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Abstract

Adopting the object-orienteparadigm forthe development of large admplexsoftware

systems offers several advantageswbich increased extensibilitgnd reusabilityare the
most prominent ones. The object-orientewdel is also quite suitableor modelling

concurrent systems. However, it appears #densibility and reusability ofconcurrent
applications is far from trivial. In addition, very littlattention hasbeen paid by the
conventional object-oriented development methodologieshéoanalysisand design of
synchronisation constraints for concurrent objects.

To address these problems, in this théssframework otomposition-filtersan extension
to the object-oriented model, aglopted. Aranalysis ioresented of thproblems involved
in reusing and extending concurrent objects, in particth@ so-calledinheritance
anomaliesBased on this analysis, a set of criteriagifective extensibleoncurrent object-
oriented programming languages is formulated.

The thesis introduces techniques ttog creation of concurrency and techronisation of
concurrent activitiedully integratedwithin the (object-oriented) composition-filtemsodel.
Important properties of the proposed objexidel are: all objects arepotentially- active,
intra-object concurrency is supported aytchronisation specificatiorsse fully separated
from method implementations. Thapplicability and expressivgpower of the proposed
technique are demonstrated, and it is shown temsability andextensibility ofconcurrent
objects are achieved.

The implementatiomspects that arn@avolved inthe proposedynchronisation scheme are
addressed, and some optimisation technicures presented. It is also shown how the
synchronisation specifications can be translated into boolean synchronisation constraints on
messages; this is applicab®th for implementationpurposes and for reasoning about
synchronisation specifications.

To employthese techniques for the development of concurrent applications, a software
development method is introduced that focuses on atiysis and specification of
synchronisation constrainfer objects.This includes a graphical tagion for specifying
synchronisation and a number of metrsidps anchints for the derivation ofreusable
synchronisation specifications. The graphical notation can be tranalgtedhmically to
composition-filters synchronisation specifications.

The presentethaterial can aigoftware engineers e development of concurrent object-
oriented applications in several ways: potential problems in reusing and extending
concurrent objects ammade explicit and analysed, a techniqu@rissented to overcome
these problems, and tlamalysisand design of synchronisation constraints, withaid of

an intuitive and precise notation, is addressed.
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Preface

A PhD thesis is almost bgefinition are very specialistic documentnost of the research
investigateghe far corners of the knowscientific universelndeed the research that is
presented here focusses on the constructicomfurrent object-orientedorogramswithin

the composition-filterparadigm. Thigopic is addressed however, for the various phases in
software development; from analysis and design up to the execution phase.

The primary aim of this work is to investigate how concurrentactivities and the
synchronisation between these carsbecesfully modelled ithe object-orientegaradigm.
The composition-filters model of computationadopted as a framework faddressing
these issues. One of tipgime concerns is to ensutke reusability andextensibility of
software componentsyell-defined components should be reusable in various contexts.
Through extension components can be tailoredcfmnging requirements or different
contexts.

At the core of thesenodelling issues is a suitabtemputation modelThis is achieved by
integrating constructs for concurrency asyhchronisation withirthe compositiorfilters
model. The resulting computation model is adopted by the programming lar§jnage

Themodellingand programming languadgvel is onlyone phaseglbeit an essentiane, in
the development of softwarBropermodelling of a system is only feasildace it is known
preciselywhatto model andhow to model it; thesare the respective goals of thealysis
and the design phase. In this thésesanalysisand design of objects is addresdedussing
on the aspect of synchronisation of activities.

The eventual goal of software development is to come up with an execapabitcation;
the introduction of grogramming language cannaimpletely ignoreghe implementation
aspectsnvolved. Thereforéhe thesis addresséise issues involved ithe realisation of the
synchronisation mechanism, and proposes optimisation techniques for improving efficiency.
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1. Introduction and Background




1.1 The Problem Statement

1.1 The Problem Statement

The problems of concurrent programming a&ydchronising access shared resources by
concurrent processémve been studieektensively duringhe past three decadésitially,
these studies were intended dm the design of multi-programmable operatisgstems
[Dijkstra 68] running on a singlgrocessor. Wh the introduction ofparallel computers,
high-level language construcfKallstrom88] were required taexpressparallelism and
synchronisation. Duringhe last 15 years, furth@dvancements in software, hardware and
communication technology facilitatetthie use of distributed computers co-operating via
local area networks [CoulourB3]. This motivated language designers it@orporate
language structures that are more suitable for distributed programming.

The continuous growth isize and complexity of todaytomputersystems increase the
necessityfor new software development methods and languagghanisms thagupport a
high degree of modularityextensibility and reusability [Meye88]. The object-oriented
paradigmsupported by softwargevelopment methodg.g. OMT[Rumbaugl91], Booch
[Booch 90], OOA [Coad 91a, 91b]) andprogramming languages(e.g. Smalltalk
[Goldberg83], C++ [Stroustrup 86&and Eiffel [Meyer 88,92]), lends itself well tothese
objectives.

In addition, has beedaimed thatobject-oriented language constructs are alstable for
expressing concurrency and synchronisation [Yone&¥jaln fact, ithas been suggested

that the notion of concurrent objects is essential for the construction of distributed and open
systems [Tokoro 94]. However, most concurrent object-oriented languadab in
combining their concurrency and synchronisationechanisms with inheritancelhis
problem is referred to athe inheritance anomalyldeally, development methods and
language constructs should lable to express concurrency and synchronisatibiiew
maintaining a high degree of modularity, extensibility and reusability.

Problem Statement

Theaim ofthis thesis is to investigatke integration of concurrency asgnchronisation in
object-oriented software development. One of pigne concerns ighe provision of
suitablesoftwareengineeringoroperties. Of these, we focoginly onthe extensibility and
reusability ofconcurrent software. In particular, concurrency shouldleanly integrated
with objects without causing interference with other object properties.

Apart from thesemodelling issues, weonsider it important to address thealysis and
design ofconcurrent objects asell. In particular, weare interested in the derivation and
specification of synchronisation constraints on objects gmar& of anobject-oriented
software methodology.

The Approach

First of all, the composition-filtersmodel for computation is adopted. Tr@mposition-
filters model provides techniques to man#gecomplexity inobject-oriented systems. It is
a modular extension to tle®nventional object modelhich offers composable techniques
for specifyingthe behaviour ofthe object. It can beiewed as a framework that allows for
specifying differentaspects of the objedtehaviour in a rigid, consistent manner. These
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aspectsinclude data abstractiotechniques such as inheritance and delegababalso
include multiple views or roles, object-oriented queries and real-time constraints.

The composition-filters framework is open-ended in the sense that new aspects of the object
behaviour can be added by introducing nawnitive filter types Important properties are

that the various aspects asghogonal i.e. they can bé&eely combined witheachother,

and that they are integrated with the object-oriented model.

After an analysis ofthe potentialreusability problemsfor concurrent objects, and in
particular of the interference betwesgnchronisation and inheritance, we address the
integration of concurrency and synchronisation whe (object-oriented) composition-
filters model. A new primitive filtertype will be introduced, that allowsor specifying
synchronisation constraints on objects.

An additional concern is to providgeipport for the softwaranalysisand design process; an
object-oriented software development method is described that focuses on the
synchronisation of messages. lattempted to support thepecification of synchronisation
constraints in an intuitive manner by describing them with a graphmation. These
synchronisation constraints can be mapped fifloagraphical neation to the composition-
filters model in astraightforward manner. The development of reusable concurrent objects
is supported through a number of hints and guidelines.




1.2 Background

1.2 Background

As a general background to this thesis the concepts of the object-oriented model and object-
oriented software development are introduced. A notation is describegrdphically
specifying the most important object-oriented concepts.

1.2.1 The Object-Oriented Model
This subsection describes the most important concepts of the object-oriented model.

Objects

An object is a module th@bmbinesdataand operations working on thiata (cf. abstract
data types). The data isidden, orencapsulatedwithin the object boundaries. The
operations are calledethod$ and they constitute the interface of the object. The behaviour
of an object is determined by the methods that can be invisked outside through
message invocation®& message is eequest for an object to perform a particular method.
The data, or state, of the objexanonly be changed througimessage invocations. The
state is constituted by mumber ofinstance variablesThis is depicted irthe following
figure:

\ message invocations
\
\ -

\ -
\ ya
V

interface = = P

encapsulation
boundary =— =—

[nstance
Variables

object _ — — —

implementation

>

Figure 1.2.1 The Object Model

Encapsulation ensures that the implementation of an object isvigitabr from the outside;
this includeghe implementation of methods atite number and types of instance variables.
In a pure object languageyery variable is aobject (cf. Smalltalk-80 [Goldberg3]). In
some languages, such as J&troustrup 86] orEiffel [Meyer 88], variables can beoth
simple data types such as integers and booleans, or fully-fledged objects.

Classes
A classis an abstraction of a group of objeuwtkich defines their common behaviour. A
class also functions as tamplate for creating new objects. These objects are termed

1 The termmethodcan refer both to the operations of an object, and to a softkessopment
method. Theaneaning willusually be clear from the context, andsomecases wawill use the
term operation to avoid confusion.
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instancesof the class. Eacimstance of a class has @#/n copy of thenstance variables,
whereas the methods of all instances have the same definition.

Inheritance

The mechanism ahheritanceallows for reusing the specification of a clasthimdefinition
of a new class. A class reushs behaviour of itsuperclasdy offeringthe methods of the
superclass on its interface. Thabclassmay add new methods, aiedefine ¢verride
methods defined bihe superclass. Inheritance is a structural relation betalasseghat
provides a secontbvel of abstraction on objects. Inheritance increasesmageability by
additional structureand improvesmodelling power by offering a classification relation
between components.

Apart from single inheritance where each class has a single superclasgfiple
inheritanceis provided by some systems as welltHa case of nitiple inheritance, a class
can have multiplesuperclasses. This can even imprakie modelling power and reuse
potential.Single inheritanceesults in a tree-shaped inheritameerarchy with a singleoot,
whereas multiple inheritance creates a lattice with possibly several roots.

Delegation

Inheritance is areuse relation between classedelegationis a similarreuse relation
between objects; delegatingobject can re-direct the requestsdteives to alelegated
object. An important property of delegation is that the delegated object mpatthaf the
extended identity othe delegating object. As such, self-refereneihin the delegated
object must designate thdelegating object. Ensuring thiproperty, which futher
distinguishes delegation from message sending, is referred ttheaself-problem
[Lieberman86].

It is claimed thadelegation is more powerful than inheritance, becéajsdelegation can
simulate inheritancgSciore 86],and (b) delegatiorsupports thedynamic evolution of
systems, whereas inheritance relatians statically defined relations between classes. A
further distinction is that a delegating object can shath thebehaviourand the state of
the delegated object, whereas a subclass only inherits behaviour from its superclass(es).

Polymorphism

The property opolymorphism distinguishes message sending from a functiorm batlugh
polymorphism differenbbjects can respondifferently to the same message. This is an
important property, as iallows for defining afstract protocols for interaction between
objects, regardless dpecific object identity. Polymorphismthrough inheritance is the
redefinition of method implementations in subclasses.

Self-Reference

The polymorphic pseudo-variabkelf (also termedthis, current or serverin various
programming languages) provides a mefansself-referenceSelf provides a reference to
the object that received tmequesteven when thatequest is performed by a methibeit
has been inherited froanotherclass or delegated @nother object. As a resu#tending a
message tself maycause the execution of a method that is (re-)definedsoypeassThis
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provides a form of open-endedness that can be used for tailoring and extending the
behaviour of an object without modifying its definition.

Classification of Object Models

In [Wegner 8790] the following classification of languages thatloptobject models is
presented: anobject-basedlanguage provides objects, i.e. abstraetta typesthat
encapsulate the implementation and are accessed thpolyghorphic message invocations.

Adding the concept otlasses to objects results irtlass-basedanguage. A trulyobject-
orientedlanguage offers both objects, classes and inherit@imaously, amobject-oriented
language is also a class-based language, and a class-based language is automatically object-
based.

Examples of object-based languaga® Ada [Ada80], SELF [Ungar 87] and Actor-
languages [Agh&8]. An example of a class-based languag€lidJ [Liskov 77]. Famous
examples of object-oriented languagesare Simula [Birtwistle73], Smalltalk-80
[Goldberg 83], C++ [Stroustrup 86] and Eiffel [Me\&S8].

Types of Relations between Objects

The relationships between objects canclassified intothree categoriesieuserelations,
aggregationrelations andisagerelations. A reuse relati@rcan represent botfmultiple)
inheritance and delegation. An aggregation relation is the contaironertcapsulation- of
objectswithin another object, asealised by instance variables. A usage relation from one
object to another indicates that the first object sends messages to the second.

1.2.2 Object-Oriented Software Development

Thetarget ofobject-oriented software development is digect-oriented decompositiaof
user's needs into executable languagmstructs. The object-oriented decomposition
process can be sub-divided irtoalysis designandimplementatiorphases.

In the analysisphase, the softwarengineeraims atprecise andorrectidentification and
specification othe user's needs in anderstandablevay. This phase isainly directed by

the user's problem, or the salledreal-world domain In thedesign phasehe software
engineer revises and extends the analysis model by specifying how the user requirements can
be realised. The implementation phase detds design model by means of specific
language constructs.

An important characteristic of object-oriented development is theadrtalysis, design and
implementation phasesloptsimilar models, although each phase has a different emphasis.
This enables a smooth transition between the different phases. Each phase in object-oriented
software development can kdivided into three sub-componentgpreparatory work,
structural relationsandobject interactions

2 We distinguish aeuserelationship from aiserelationship. The lattemyhich is implemented by
message connections, canvi®ved ashe passive form of reuse: there is no added value to the
server object, whereas in a reuse relationship, the client object tries to baitteasion to the
server object. The lattenay evenrequire redefinition okome of thebehaviour of the server
object.
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Preparatory Work

The preparatoryvork in the analysisphase consists of mapping betwehe real world
entities and the entities in ttanalysismodel: objectd This mappingprocess iscalled
domain analysisAnother important activity ighe partitioning of thgroblem domain into
manageable sub-components caiatisystems

As an example othe application of real-world knowledge, most thedigoks introduce
classification hierarchies to organise knowledge. These hieranahirdly can be directly
represented as object-oriented class hierarchies. Since the basic aim of theory is to introduce
sound and generic solutionfhe softwareengineer can thercreate highly reusable
inheritance hierarchies.

The preparatory work for the design phase consists mainly of maggiagalysis model to
a design environment. Ithe design environment, libraries of predefined classey be
available. The objects identified in the analysis pleaeemapped, as far psssible, to these
predefined classes. Anothereparatoryactivity of the design phase is collecting and
formulating design requirements whialmy not have been relevant ithe analysisphase.
For example, efficiency and alternative realisations are typical design requirements.

The preparatorywork for the implementation phase is concerned witie enwonment
within which the design il be implementedFor examplethe properties and restrictions of
the implementation languag®ay require a non-trivial mapping betweéme design model
and the language model.

Structural Relations

Object-orientedanalysisconcentrates on &ew specifictypes of relations. Thewo most
important relations are thelassification and part-of relations. These correspond
respectively tothe reuse relations and the aggregation relations of the object-oriented
model. In addition, some methoff€oad 91a] anfRumbaugi91]) introduceassociations
which describe relations other than classification and part-of relations among classes.

Classification relations indicate thahe classmay beconsidered as a generalisation or
specialisation ofnother classThis is a common way of makirgpstractions, resulting in
classificationtrees, with the mostgeneral cases dhe root of the tree,and the most
specialised and dedicated cases as the leaves.

Part-ofrelationsmayreflect part-whole relations such abkeelsare part of avhole car, or
for example, organisations consist of departments. Subsystem partitionitig ainalysis
phase often matches part-of relations.

In the design and implementation phases, classificagioncturesmanifest themselves as
class-inheritance and delegation hierarchies. During design and implementation, the
identified structural relations may be modified for several reasons. Design rules may result in
restructuring to obtain better modularity, encapsulatetensibility and reusability, and
mapping multiple inheritance to single inheritance.

3 In the analysis/preparatory phase, the term objects may correspond to both classes or instances.
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Object Interactions

As where the structural relatiodsfinethe architecture of aystemthe dynamic behaviour

of thesystem is realised by object interactions, corresponditigetosage relation€bject
interactions are represented byessage connectichsA message connectiogsimply
indicates thatwo objects communicate. Message connectionsuaually identifiedafter
structural relationsrave been determined. the design and implementation phases, object
interactionamay be modified as @esult of various design decisiofst instance tamprove
reusability.

In general, softwarengineering principles such as encapsulation and modutanty to
collide with performance requirements. Aseault, the interactions between objettsy be
modified during design and implementation phases to fulfil performance requirements.

In [Bergman®1] importantcharacteristics of object-oriented software development are
described, and thgroblems that iattempts to tackle. IfAksit 92b] anumber of obstacles

in object-oriented software development are addressedn#oer ofsoftware development
methods are described in [Wirfs-Brock 90b].

1.2.3 A Graphical Notation for Objects

In the subsequent chapters the structure of objeditbeavillustrated a number dfimes

through agraphical presentation. Thetaton we use in thesexamples is irfact a subset
of the notation that is describeddetail in chapter 4. Arief explanation of thisubset is
shown here.

An object is depicted by a rectangle:

<instance id>

<class name>

_/‘ ~
<method> | <inst.var.>

<method> |

<method> |

Figure 1.2.2 Graphical representation of an object.

Just inside the rectangle, at the top, is nhene ofthe classfollowed by a number of
instance variable names, eguteceded by a dash. If tlspecifiedobject denotes aingle
instance, rather than a class, tmme ofthe instance can be specified just above the
rectangle. The figure shows a number of methods of the object, tistearged as labelled
bars attached to the rectangle.

4 The termsnstance connectiorsndcollaborationsare used by some methods.
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Three types of structural relations are discussed I@neritance, delegation arghrt-of
relations. The notation for these structural relations is defined as follows:

A inherits from B A D B
A delegates to B A > B
Al a part of B A } B

Figure 1.2.3 The notations for specifying the structural relations between objects.

As stated before, in chapter 4 a mdsetailed notation is describdualt for thefirst part of
this thesis the notation we described here is sufficient.

10
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1.3 Thesis Outline

The contents othis thesis derive fronthe highlevel software development trajectory as
shown in figure 1.3.1; a problem specification is the input for the analysis and design phases,
which eventually leads tthe creation of programs. These programs are expressed in a
particular language, with an underlyingmputation model. The execution of the programs
requires tools like interpreters or compiledsich mapthe high-evel programspecifications

to a machine-understandable form (designated as ‘executable’ in the figure).

Problem
Specification
I
Analysis & Design I

Ncurrency ¢
Method C;onc’u. rmg}
oynenronisarion

(o \
(Chapter 4) (Chapter 3)
* Language

Prograrn 4———————— Definition

. " Implementation
{ er —————— "
Lompiler Aspects

(Chapter 5)

Executable

Figure 1.3.1 An overview how the chapters in this thesis relate to
software development phases

In the forthcoming chapters the topic of concurrency symthronisation is dealt with in
relation to all these phases of software development. sfart with, the underlying
computation model is discusserthis is the basis that determindsoth theprogramming
language and thanalysisand design method. The reason is tet computatiormodel
determines the software engineering properties that we focus on.

The computation model iglivided in two parts; one part is theomposition-filters
framework, and oneart consists of thenechanismdor concurrency andynchronisation.

The composition-filters framework is discussed elaborately, as it is the foundation of the
work presented hergnd should therefore be well-understodthis is the content of
chapter 2; iexplainsthe mechanism o€omposition filters and describéds mostcommon

filter types.Chaptertwo in fact describes backgroumnwdork as it does nointroduce new
research results.

In chapter 3 the topics of concurrency ayhchronisatiorare introduced. Irthis chapter

the integration of concurrency amsynchronisation catructs in thecomposition-filters

model is described. The prevalent issue igutly supportreusability andextensibility of

objects in the presence of concurrency aydchronisation. Chapter 3 starts with an
introduction to concurrency and synchronisation in object-based languages and systems.
Subsequently ananalysis is made ofthe interference betweennheritance and
synchronisation. This interference prohibits effectreeise and extension of concurrent
objects, a phenomena that has been camtegtitance anomaly

11
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Section 3.3=xplainshow the creation of concurrency and #yachronisation of activities
are addressed by the composition-filters model. &pplicability of this approach is
exemplified by a number of exampleshe chapter concludes with an evaluation of the
introducedmechanismsThe most important contribution of the propodedhniques are
the reusability and extensibility properties of concurrent objects.

In chapter 4 the attentiaghifts fromthe modelling techniques tthe issue ofhow tocome

up with an object-oriented representation of the entities irapipdication domain, and in
particular how to come up witynchronisation specificatioisr objects. A simple analysis
and design method is presented that is suiti@oléhe development ofomposition-filters
objects. Therimefeature of the method is isipport for the derivation &ynchronisation
constraints for objects. Agraphical notation resemblingtate-transition diagrams is
introduced that allowsor the graphical specification and composition of synchronisation
constraints. The notation can be translat@dorithmically into composition-filters
synchronisation specifications.

The implementatiomspects of the concepts thtve been introduced ehapter 3 are the
topic of chapter 5. The threeam topics that are addressed aespectively; reasoning
about waiffilters, optimisation of condition evaluations ahe architecture of a framework
that offers composition filter functionalitChapter 6finally, enphasiseshe contributions
of the work and discusses future research.

The preferred order for reading chapters 2 to 5 is described by the following figure:

Composition
Filters Model
(Chapter 2)

o~ J) PH +in
Synchironisation

(Chapter 3)

|
v v

Concurrency & I

Analysis & Design Implementation
Method ‘A@P@C“{;g
(Chapter 4) (Chapter B)

Figure 1.3.2 Dependencies between chapters.

The figure illustrates thathapter 2 is background work thaintains necessary information
to understand the other chapters. Readers thaegrenuch familiamwith the composition
filters modelmay skip chapter 2. In chaptertBe foundation of théhesis is laidthe key
mechanismsre introduced here. These appagain in subsequenhapters. Chapter 4 and
chapter 5 are independent from each other, and can be read in either order.

At a number of locations in this thesis we deemed a formesleptation of definitions and
specificationsappropriate. We adopted theENANOT notation [Meyei90], which largely
adheres to mathematical conventioos, these cased his notation is brieflydescribed in
appendix A. In chapter 2 the programming language Sina is described. Appesp#izifes

12
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the syntax of this language. In appendixh@ interface description of some thfe primitive
classes of the Sina programming language is specified.
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The Composition-Filters Object Model
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2.1 Introduction

In this chaptethe computatiomodel ofthe composition-filters objeehodel is explained.
The composition-filters modedims atproviding a basidor the solution of a range of
problems inthe construction o¥ery large and complex applications. It focusesnly on
modelling problems.

The composition-filters model is an evolutiontbé objectmodel in early versions of the
languageSinal as described in [AksB8], [Tripathi 88], [Aksit 89], [Tripathi 89] and
[Aksit 91]. The terminterface predicatavas coined here asmaechanisnfor describing a
range of data abstracticechniques. Further research in various applicatiomain3,
includingconcurrency and synchronisation, stregbedneed foadditional costructs to be
added to the language (see ifmstance [Aksit 92b] and [[ROT 94]). Instead of extending
the language with numerous new languegestructs, the framework abmposition-filters
was introducedwhich integratesall these desired constructs and theerface predicates
into a single, unified model.

The presentation in this thesis first introdudbe composition-filters framework, and
subsequently discusséise incorporation of concurrency amsgnchronisation within this
framework. Moreoverall the issues related to concurrency and synchronisation ese
deliberately removed frorthe discussion in thixhapter, to béeft for chapter 3. Abrief
discussion ofthe concepts andpplicability of composition-filters can be found in
[Bergmans 92b].

The programming language Sina thaingsoduced in this chapter is amplementation of
the composition-filters computation model. glays the role of a researcliehicle for
demonstrating anderifying the concepts that are introduced in t@mposition-filters
model. Since Sina is alased for thesyntactical presentationthe distinction between the
computation model andhe language is often blurredhis shouldnot cause serious
problems, as Sina strictly adheresatithe concepts of the composition-filters computation
model.

The Goals of the Composition-Filters Computation Model

The composition-filters modelims atproviding techniques tsupport the construction of
large-scale softward’(ogramming In the Very Larg¢Wegner90]). One of the important
aspects is the attempt to manage the complexity of such systems. The object-omeieied
provides techniques tsupportthis: strongencapsulation of modules gmnotescohesion
and reduces couplingPolymorphism and inheritan€esupport effective reuse and

1 Namedafter the medieval philosophescientist and physician Ibni Sina (alkeown under the
Latin name Avicenna).

2 |t must be stressed thtite development of the composition-filters framewbdsbeen a team
effort of the TRESEproject at the University of Twente as a whole, not of the author only.

3 Or similar reuse techniques such as delegation and composition.
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extensibility of software,which in turn improves maintainabilityThe composition-filters
computation model is based on the object-oriented model.

There are somether observations thainfluence our gals; firstly, variousabstraction
techniques can help in managiripe complexity. Secondly, large-scalsoftware
incorporates mitiple technical application-domaths Thus we need a general-purpose
computation model that offers high-level abstraction techniques.

The third observation ithat, because of the largavestments in terms of money, time,
educating people, and equipment ati@d large life-time of these softwaresystems,
maintenanceproperties are of utmost importance. Thus we foresee gngatrtance for
evolving systems, demanding a highel of extensibilityand reusability ogoftware.This in
particular requiresufficient modellingpower to construct aystemwithout infringing its
extensibility and reusability properties.

Even very simple and primitive languagssch as for instance assembly languages, casduk

for constructingvery large and complex systems. However, it is genesakypowledgedhat
more modellingpower is required to effectively cope with the problems involved in the
construction of such systems. Examples of thidaarguage constructs suchaiile-loops and
if-then-elsefor managing the control flow, aabstractionmechanismsuch as functions and
abstract datéypes. What wevould like tostress is thathe ability to computsomething is not
the onlyissueinvolved in the design of a language system. Software-engineering properties
are very important as well.

Therefore, we adopt the following two requirements:

(d Support multiple application domains in an extensible way. We want to covemiittese
a single framework, with consistent syntax and semantics. The model should provide a
form of open-endedness to be able to cope with new application domains.

[ A declarativé approach: thisneans thathe externally visiblebehaviour of an object
must be defined orthe interface ofthe object, rather thabeing embedded in its
implementation. Mst library-basefl approaches are based explicit calls to library
functions, merged in thapplication code. This is severely affects reusability and
modularity.

The issue of performance has not been touched upon as yet,rast ibisfirst priority: if a

certain expression exploits thiery corners offlexibility and expressiveness of a model, this

may lead to costly -interms ofefficiency- operations. We consider this to be acceptable.

However, if an expression conforms tovery simpleand straightforward concept, for

instance one that isupportedefficiently in other computatiormodels and programming

languages, it should be possible to recognise this situation, and come uplikathise
efficient implementatiorfior thatspecific expression.hus (during theptimisation phase) it

4 Examples of such domaiase: distributed systems, databaseal-time systems, concurrency &
synchronisation, etcetera. Séer instance [RCOT 94], [Yicesoy92] for a discussion on
application domains.

5 Not in the sense of declarative programming languages such as Prolog.

6 The various applicatiodomainscan be each addressed with a spetffi@ry, offering tailored
functions or modules for the particular application domain.
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should be guaranteed thaimple'expressions have an efficient implementation, whereas
complex and expensive expressions with inefficient implementations are acceptable.

One of the arguments supporting thjgproach is that, if aomplex expression is applied in a
program, the applicatiomwill require this. Thus, in alanguagethat does notsupport this
construct,the programmer will have toplement it byhand. Although this may be perfectly
possible, it requires (a@dditional implementatioaffort, (b) it islikely to beless efficient than a
built-in construct and (c) the resulting program is vékgely to have worse maintenance
characteristics.

It should be clear, though, that we are interested nmodel that hashe potential to be
effectively applied inpractice. Therefore, we strictly want to avoitheérently inefficient
constructs that offer no perspective of efficient realisation at all.

An Overview of the Composition-Filters Model

Before discussinghe various aspects of the composition-filters computation modedjlwe
briefly outline its concepts and components. The compostiitens model is a modular
extension to theonventional object model. The behaviour of an object, that is also referred
to as the&kernel objectcan bemodified and enhancetirough themanipulation of incoming

and outgoing messagesly. To achieve thisthe kernel object is surrounded bylayer
called the interface part. The resulting model and its componeate shown in the
following figure:

Input Filters

intertace part\
AN

implementation part e
(kernel object)

Output Filters

sent messages
Figure 2.1.1 The components of the composition-filters model.

We will briefly discuss each dhe components and the rokagy play inthe composition-
filters computation model. The maosignificantcomponents are thaput filters andoutput
filters. A single filter specifies a particular manipulation of messages. Various filter types are
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available.The filterstogether compose theehaviour ofthe object, pssibly interms of

other objectsTheseother objectan be eithemnternal objects orexternal objects. The
behaviour of the object is a composition of the behaviour of its internal and external objects,
although these remain fully encapsulated.

In addition,-part of- thebehaviour ofthe object Wi be implemented byhe kernel object,
which is therefore also referred to as theplementation part The kernel object
encapsulates get of instance variables. Othe interface ofthe kernel objects appear
methodsandconditions The methodsnay beinvoked through messagessuming that the
filters of the objectallow this. Conditionsre essentiallypboolean expressions that represent
the state of the object. Theonditions are used by thiters in decidingupon the
manipulation of messages. As an example, a specific filteregact messages, based on its
properties or based on twalue of a conditionAll the components of the composition
filters model will be explained in detail in this chapter.

On the Forthcoming Chapter

In the rest othis chapter, we Vil explainthe composition-filters computation model, and
the programming language Sina thsipportsthis model. Theemphasis is orconcepts,
rather than a detailediscussion othe languagethis isnot a hnguage referenamanual.
Frequently, however, we do give thgntactical representations, as far as tlaesaelevant,
and when the explained constructs will be used in later chapters.

Not all -currently afined- aspects of the composition-filtersodel are discussed. In
particular we omitted:

1 Associativity, or ‘queries’, as we will not need it in the reshisfthesis and a discussion
would complicate the explanation and formal model of filters. In [AkSia]
associativity in the composition-filters model is described.

(d The support defined for some particular domains: the model provides a certain degree of
open-endedness, which allows for adding support foramwainswithout affecting the
semantics of the model. For example, the support for real-time constraints [Aksit 94b] is
not discussed here.

The rest of this chapter is organised as follothis: next sectiordescribeshe so-called

kernel object model. In sectid3 theprinciples and specification of composition filters are
explained. Sectiof.4 discusseiow these areefined in Sina withirthe interface partof

an object definition, and shows a number of applications, amdmch the basic data
abstraction mechanism. In section 2.5 further aspects of the language, such as type-checking
and scope rules are described2l6 aprecise definition othe basiccomputation model is

given, the final section describes relatedlork and discusseshe characteristics of the
composition-filters model.
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2.2 The Kernel Object Model

The composition-filters model is an extension to the object-oriented niisdsbjectmodel
can be presented &0 separate partitions: orart is an-almost- conventional object-
based model, which surrounded by an encapsulatiager. The latter ishe second part,
containingthe extensions that ameade bythe composition-filters model. THest part is
the kernel ofthe object, and isalledtheimplementation partthe second part =alled the
interface part as it manages the incoming and outgoing messages.

The following figure shows thetwo layers, with some additional detail of the
implementation part:

received
tessages

interface part

implementation part 7
(kernel object) 4

Figure 2.2.1 The two layers of the composition-filters object model.

The interfaceartreceiveghe incoming messageprocesses them in aamner that vil be
elaborately discussed later in ththapter, and thenoptionally- hands them to the
implementationpart, where they lead téhe execution of a metho@his implementation
partfollows the conventional object-based computation model; daitedthe kernel object
model

The implementatiorpart can be replaced without severe consequencegirtyally any
conventional object-based or object-oriented language, suSmatitalk [Goldberd@3],

C++ ([Stroustrup 86], [Ellis 90]), CLOS [DeMichiel 87], Self [Ungar 87] or actor
languageqe.g. [Agha 86], [Agha 88]). Thediscussion ofthe kernel object model itthis

section is specific to the language we use, Sina, and almost indepentientahposition-
filters model.

The composition-filters model islass-basedfor an applicationmodel consisting of a
number of objectsll objects with common characteristiase instances othe same class.
Objects ar@nly specified orthe class level; thisupports the creation of itiple instances,
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and reuse through th@heritance mechanisnThe now following discussion of object
specifications deals with classes.

As we can observe in the preceding figure kel object model contairtse threemain
componentsmethods conditions and instance variables The names of methods and
conditions arevisible onthe encapsulation boundary of tkernel object. They can be
accessed from outsidihe kernel object, whereas this ispossible for the instance
variables: these are fully encapsulated.

Instance Variables
Instance variableare declared as follows, where tleft hand side declaresne or more
instance variable identifiers, and the right hand side defihgsea

instvars
firstName, lastname : String;
isMale : Boolean;
birthDate : Date;
home : Address;

All instance variablearefirst-class objects, we deot distinguish basidata typesuch as

the typesString andBoolean from user-defined object types (classes). The system provides
the basicdata types through mumber ofprimitive classes. Exampleare: Integer, Real,

String and Boolean. Because thelifference between a user-defined class anuiraitive

class isnot visible to other objects in theystem,the distinction wil not bemade explicit
unless needéd

The right hand side of object declarations must always hdemtifier that isassociated
with a class. From the specification of that class, a dgbaition is derivedThe type in the
instance variable declaratidhen serveswo purposes: first, it expresses the type of the
instance variableall future assignments t¢he instance variable must obdlye subtyping
rules. Secondly, the type is used for thialisation of the instance variable; when the
object is created, for each instance variable an instance of the specified class is created.

Message Passing Semantics

One object can requestsarvice fromanother object bgending it a message. Message
passing between composition-filters objects follows a request-reply modeliethieobject

sends a message the server object, requesting a service. Thent object halts its
execution until it receives a reply tbhe message fronthe server object. Anessage may
include a number oparameters, where each parameter can be an arbitrary object. The
server object is fully responsible for servicing the request, or eventually rejecting it.

In the general case, a messagguest W result in the execution of a methodhén the
execution isfinished, a reply value iseturned to theclient object. Thereply value is an

1 And infact, itdepends on the specific system implementation. New primitive typegveaybe
introduced later to encapsulate low-level (system) features.

2 The notion ofclient objects anderverobjects is not meant to suggest the client-server paradigm
for distributed computingRather,sending a message is considered a request to pestona
service, therefore the notion of server (the object performing the service) and client (the object
receiving the service) is adopted.
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object. If no information needs to eturned, thereply can be ail object. This is an
instance of clasklil, and represents the madementary object, with no internsiate and
only the minimal required behaviour. Aexplicit return statement in the method designates
the result object. In absence of this statemensg returned.

Since the execution of a method body consists of message invocations as well, the execution
of an object-oriented program results in a nested thread of message invocations, as
illustrated in the following figure:

03
(receiver)

01
(caller)

04
(receiver)

Figure 2.2.2 The chain of requests and replies between objects.

The subsequent message invocations form a thread of contrelideassively visits objects
01, 02, 08, 02, 04, 02 and back t@1 again.

Methods

The behaviour of an objectimplemented by itsnethods: thesdefine a number of actions

that are performed in reaction to the invocation of the method. We refer to these actions as
the method body The method body consists of a message expressions and control
structures. Théull definition of amethod consists of a method declaratiwhich specifies

the name ofthe method, th@ames and types dfhe arguments and the return type. We
illustrate this with an example of a complete method definition:

methods
getFullName(order : Boolean) returns String
comment "compose a full name from the first and the last name, when <order> is true,
the normal order (firstName-+lastname) is used, otherwise this is reversed"
temps
fullName : String;
begin
if order
then fullName := firstName.cat(' ').cat(lastName)
else fullName := lastName.cat(', ').cat(firstName) ;
return fullName
end ;

This codeexample defines methodgetFullName, with a single, Booleaargumentprder.
The method must always return an object of tgpang. A methoddefinition includes a
comment clause, which is intended to descrittee meaningand responsibilities of the
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method. After the method declaration, the temporary objects that are used in the method
implementationare declared. Irthis examplethe string variable fullName is the only
temporary object declared for the object.

The body of methodjetFullName consists oftwo statements; aif-then-elsestatemerst
that chooses among tit@o possible representations and assitires properly formatted
string to the temporaryariable. Thecat message is used to concatenate strings.lagte
statement is eeturn statement that returns the value offthimame variable.

Conditions

Conditions are gpecial type of methods; a condition is a method tddats no parameters
and returns a Boolean result. The purpose of conditions is to priafadmationabout the
current state of the object (i.e. the objiscris notin a particulastate).This is similar to
guards in forexampleProcol [Bos 89Jjand ABCL [Matsuoka 93b]. Conditions should not
have anyside-effects, as theyay beevaluated repeatedly and in a non-deterministic way.
Conditions argorimarily intended to be used in th&erfacepart of the object, bunay be
referred to within the implementation of methods or other conditions.

Two examples of conditions:

conditions
IsBirthday
comment "compares the current date, stored in the global <Calendar>, with the
birth date"
begin
return (birthDate.day=Calendar.day) and (birthDate.month=Calendar.month)
end;
IsLocal
comment "compare the city of the home address with <ThisCity> "
begin
return home.city=ThisCity
end;

These exampleshow that the conditions are expressed by arbitreggsage expressions.
Usually just a single expression is sufficiediut the use of nitiple statements and
temporary variables is allowed.

The restrictions that apply tthe implementation of conditions (especially side-effects and
returning a Boolean value) cannot be fudlyecked at compile time, due to the dynamic binding
in object-oriented languageSor instance, the expressidmrme.city' in the implementation of
the isLocal condition abovecalls thecity method on thénome instance variable. Because in
general, any objecthat satisfiesthe subtyping rules can be assignedntone during the

3 Apart from thesecommentclauses, lexicatommentbrackets '/* */* and//' are supported asell.
The explicit comment clauses can be exploited by a programming environment because they carry
additional semantic information: it is known what entity the comment describes.

4 We do not go into the details of thgntax, such athefact that insome implementations of the
language all controstructures are translated by a pre-proces#or message expressions on
blocks (i.e. first-classnethodbodies), similar to thepproach in Smalltalk-80Goldberg83].
Commonoperators such as f@erforming arithmetic and relational operati@re translated to
message expression as well by a pre-processor.
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execution of thgprogram, it cannot behecked at compile time whether ttigy methodhas any
side effects. Similar argumerdpply to thefact whether the returnedesult really is éBoolean
object. Weconceive threapproaches to this problem: thiest is by run-time checks, theecond
is through extended subtyping rules and the third is to make it the responsibility of the developer.

(1 Returning a Boolean object as the result of the condition is a generic type-checking problem,
and can beolved asuch. Notdhattype-checking igpartially performed at run-time, again
because of dynamibinding®. A compiler can insertcode for run-time checks on side-
effects, however, this ikely to bring substantial performance loss. In addition, this is a
'late’ solution that can only indicate conflicts when a violation is detected.

(d A more secureapproach is byenforcingstrict sub-typing rules. The sub-typing rules are
then to be extended with thale that arobjectSub is only asubtype of another objestp
if for all methods ofup that are free of side-effec&,b provides corresponding side-effect
free methods. Although a minpart ofthe sub-type checlkare performed at run-time, this
allows for a largelystaticverification of the constraints. The disadvantage of this approach
is thatthe newsubtyping rule imposes a strong restricéiowe feelthat this is aoo strong
limitation on the expressiveness of the language.

(1 The last alternative is tonake the developer responsilfler avoiding side-effects in
condition expressions. The main motivatifwr this is that no satisfactorgompile-time
techniquescan bedefined without severémitations. This ismainly due to the dynamic
binding in object-oriented programs.

For Sina,the third approach was adoptedhich leaves the responsibility to the developer.

Potential problems can laoided through methodologicalipport and bynaking the developer
aware of the problems.

Initial Method
The final property of thekernel object model that is discussed herthésso-callednitial
method This is a dedicated method bodpecified optionally, whicttakes care of the
initialisation of the object:when a new instance isreated,first the initial method is
executed, before any other method. For example:

initial

begin birthDate := Calendar.date end;

This initial method assignghe current date to thieirthDate instance variable when the
object is created. Thimitial method is in general used tatimlise instance variables, and
may initiate other activities in the system.

5 In a closed systertan application with dixed number classedpr each expression a set of
potential classes can bieterminedPalsberg 91]Based on this information possible violations
can be detected. However, this is a pessimagijoroach thawill not approve a large share of
correct condition implementations, and in addition can only be applied in closed systems.

6 We should note, however, that this approach can be very advantageous for optimisation purposes,
e.g. for anefficient implementation of synchronisatiaczonstraints, or for replication in a
distributed system.
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An Example of a Class Definition

We combinghe examples given above into a single class specification. This specification is
the implementationpart of a composition-filters class definition. The class labelled
'Person’, a separate comment clause aiailable to describghe responsibilities and
properties of the class:

class Person implementation
comment "This is the implementation of class Person; it stores the common properties
of all person objects in the system”;
instvars
firstName, lastname : String;
isMale : Boolean;
birthDate : Date;
home : Address;
conditions
isBirthday
comment "compares the current date, stored in the global <Calendar>, with the
birth date"
begin return (birthDate.day=Calendar.day) and
(birthDate.month=Calendar.month) end;
isLocal
comment "compare the city of the home address with <ThisCity> "
begin return home.city=ThisCity end;
initial
begin birthDate := Calendar.date end;
methods
getFullName(order : Boolean) returns String
comment "compose a full name from the first and the last name, when <order> is
true, the normal order (firstName+lastname) is used, otherwise this is
reversed"
temps
fullName : String;
begin
if order
then fullName := firstName.cat(' ').cat(lastName)
else fullName := lastName.cat(', ').cat(firstName) ;
return fullName
end ;
end // class Person implementation

The last line of thelass definitiondemonstrates anotheray of writing comments in the

code: thé//' symbol, followingthe C++ conventions, designates sit@t of acommenthat
takes up the rest of that line (and no more).

After the description of th&ernel object modelthe following section will describe the
extensions provided by the composition-filters model.
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2.3 Composition Filters

2.3.1 The Extended Composition-Filters Object Model

The composition-filters object model extertie kernel object model with &yer that is
called the interfacepart. The majoraspect ofthis layerare theinput filters and output
filters. Inputfilters deal withthe messages thatre received by the object, whereagput
filters deal withthe messages thatre sent by the object. Thalowing illustration depicts
the object model including the filters:

Input Filters

interface part

implementation part 7
(kernel object) 4

Output Filters

sent messages
Figure 2.3.1 The composition-filters object model with input and output filters.

The filters are the crucial aspect of the composition-filters paradigm: besdbastvities in

an object-oriented computation modale performed througmessage invocations, the
manipulation of messages caontrol virtually everyaspect of object-oriented computation.
The composition-filters model applies a form of reflection on messagesatioldooadapt

to thevarying constraints and requirements imposed by different application domains. See
for instance [FerbeB9] for adiscussion orthe various approaches teflection in object-
oriented languages.

An important distinction with most approaches to reflection is tth@tomposition-filters
model providedimited reflectionon messages; it intends to providéewzel of abstraction
that combines expressiyp®werwith befitting softwareengineeringproperties. It supports
the construction of complex applications by providing a rang®ofain-specific techniques
in a single framework, such that every solution can be specified in a consistent manner.

In this sectionthe syntax and semantics of composition filten®e discussed, thether
components of the interface part will be introduced in the subsequent section.
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2.3.2 The Principles of Composition Filters

We will explainthe basic mechanism @omposition filters witithe aid of figure 2.3.2that

is shown below. The discussion focuses on input filtass the outpufilters are described
in exactlythe same manner. Theamm difference is thabutputfilters deal withsent instead
of received messages.

To understand thechemathe following should bekept in mind: filters are defined in an
ordered set. Anessage that is receivedlvpass thdilters in the setuntil it is discarded or
can be dispatchédIn this chapter we doot botherwith the issues related to concurrent
activities and multiple -simultaneous- message invocations on an object.

’ ( i o 3
. VO {arriving messages) - g\ 777777777777
- () PO

m() P

filter type 0 , filter pattern
I

v -

, rejected messages

(tmessage continues to next filter)
(message matches)

(message is modified,
continues to next filter)

‘»\» (message is dispatched)

Figure 2.3.2 A schematic representation of the filter mechanism.

The figurevisualiseghe processing ahessages by thrégters, A, B andC. An object can
receive a variety of messages,the figure respectively labellech(), n(), o() andp(). All
received messagese subject tananipulation bythe successive filters. Different types of
filter existfor different manipulations on messages. We foltbe@messagen() as it passes
through the filters.

Each filter specifies gpattern that anessage is compared. The pattern iglefined by a
syntax that is independent tife specific filtertype. It can bealefined interms of message
properties, but the atchingmay also depend on the curresiiate of the object. In the
figure, message() does nomatch with thepatterndefined by filter(A). Thus, themessage
is rejectedby thefilter. All messages thatre rejected by thilter are treated in avay that
depends on the specific type of the filter.

1 with dispatchingwe mearthatthe message is activatadain, forexample tostartexecuting a
method body, or to be offered at the interface of another object.
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In theexamplethe rejectednessage is simply passed orthie nexffilter. The pattern that
is defined by filter(B) matches with the messagéhis is referred to aacceptanceof the
message byhefilter. This initiates a particulaaction, that depends on thiker type. The
message may be manipulated and modified thadlter type also determineshvathappens
next to the message. In tagample of filterB), themessage is modifiefdlesignated in the
figure by its changed shape and colour), and then passed on to the next filter.

For thelast filter in the example, filter(C), the pattern alsonatches the message. The
acceptance of the message again implies an action to be performed that depentiéeon the
type. In this case, this caush® message to be dispatched, ésample to a local method
of the object. Themessage itself containthe information as to where it should be
dispatched (i.e. théargetobject and thanessage selectorput this information can be
manipulated by the filters.

In general, every filtesetcontains a filter that causes messages to be dispatched, as this is
the only means tdrigger the execution of a methdgor outputfilters, dispatching means

that themessage is sent tihe target object. dte that uponts reception by théarget
object, themessage must first pafise inputfilters of the target object. Except for the
functionality of message dispatching, filter typesay define actions that generate
exceptions, or modify certain properties of the message.

In summary, a filter consists ofpatterndefinition and a filtetype. Messages amatched
against thepattern, then thdilter type determineghe action to be performed upon
acceptance, respectively rejectioneXyl we wil discussthe mechanismfor matching a
message in a filter and the definition of the matching pattern with more detail.

2.3.3 The Filter Mechanism

The filter mechanism aims giroviding a generic notation foratching and modification of
the two most important message properties. These properties amdeitterand thetarget
of the message. The selector is lddgel ofthe message, requestingecific service, and
the target is thebject that is supposed tmplement this servicél ogether, the target and
the selector designatespecificmethodimplementatio. To match orother properties of
messages, or select messages basdHeostate of thesystem,conditionsare to be used.
The modification of messageroperties other then the selectand target is the
responsibility of specific filtetypes. Conditions and filter typese discussed idetail later
in this section.

In figure 2.3.3 the filter mechanisfar matching and modification of messages is illustrated.
We refer to themodification ofthe targetand selector of a messagetaget substitution
respectivelyselector substitutianThe figure demonstratéke processing of messagen

by four successivélters A to D. A received message has to passughall the filters to
result in a successful dispatch.

2 This is precisely what distinguishes messseading from a conventional function call: different
targetsmay have a different implementatidor the same message selectthrus realising
polymorphism.
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Each filter consists of aardered set ofilter elements Each filter element is aeparate
message processing entity that can perform matching and substitution. The message is
applied to each ofthe filter elements, from left to right, until a match hascurred. A
substitution will only be performed by a filter element when the message has first matched at
the same filter element.

— , Legend:
RS~ received message m g
filter element: S
& qf
| <
v == Q@
: MbADA ‘{}\C(\\&{\%&&O
O X0
= o \
‘ &

B: | =] (=] Mﬁiﬁ [EEE € 2€2 . selector

<+ target
N =< wild card

SR N — M@ REE | e

~ 5@ector
target
D: S Yoo ’
conditions:

PN true false

Figure 2.3.3 A visual representation of filter specifications

A filter element consists of three parts:

[ A condition which specifies a necessary condition to be fulfilled in order to continue the
evaluation of a filter element.

1 A matching partin which the evaluated message is matched agapagternconsisting
of a message selector and a target specification.

[ A substitution partwhich specifies replacement valdes the targetand selector of the
message. If the substitutiopart is awild card, the targetand selectorremain
unchanged.

We explainthe filter mechanisnthrough the concretexample in figure 2.3.3. In filteh,

the selector of the receivedessage is matched agaitist selector of the atchingpart of
each filter element; whethe filter elementdoes notmatch the subsequefiiter element is
tried. In filter A only the second element matches the messagetsaeselectospecified by
thefirst filter element differs fronthe selector omessagen. When a message matches one
or more of the filter elements, the message is accepted byAfdteia whole.

In filter B, matching isot restricted to theelector of the message, lnolvesthe target
of the message as well. The first element of B does not match (selector differs),duosther
the secondilter element(targetdiffers) but the thirdelementdoes match. Thenessage
proceeds, unchanged, to the third filter. It should be noted that upon receptioesdage
by the object, the target of thakessage is alwayhe object that just received itnfy after
modification ofthe target in one of thidters the targeimay bedifferent fromself (this is a
pseudo-variable that always refers to the current object).
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Filter C differs fromthe previoudfilters in that each filter element specifies a condition,
which can be eithetrue or false A condition can be considered as a constraint or
precondition on filter elementgnly whenthe condition igrue, thefilter element vl be
evaluated, otherwise it is skipped. A conditiorspecified by an expression of arbitrary
complexity. Inthe previous section, we described how conditionsrapteemented in the
implementation part of an object. In thigure we onlyshow theresulting Boolean value. In
filter C, the message would match with the first filter elemientthis is skipped because its
condition isfalse In the secondilter element,both the condition isatisfied and the
message matches, and thus the filter accepts the message.

Filter D demonstrateall components of filter elements. It shows substitution of selectors
and targets. Wien both the condition of dilter element is satisfied anthe message
matches, a newarget and/or select@man be substituted. filter D, thefirst filter element
does notmatch and the secoriiter element has a condition thatfase The message is
accepted at the thirellement and new valuésr the targetand selector of thenessage are
substituted, unless the filter type designates otherwise.

The type of thdilter determines Wwat will happen with the messagéommonlythe last
filter dispatcheshe message to destination that is specifiedhey-updatedeombination of
target and selector.

The conditions, the atiching andhe substitution that are provided filfers form a generic
mechanism for selecting messages based either optbperties (selector or target), or on

some condition specified bthe receiving object. They alsocsupport therenaming of
messages (substitution of selectors) and redirection of mes@agesibstituting new
targets). Based on the acceptancereection of a message, tHdter can perform
appropriate actions such as bouncing a rejected message or dispatching an accepted
message.

2.3.4 Syntax of Filter Specifications

Now that the ratching and substitution of filters has been explained, ilvedescribe how
they are specified. The specification of filters in a $ir@gram is in fact the declaration and
initialisation of a filterobject. Asanydeclaration, this consists of a filter label, a filtgpe,
and an initialisation. An ordered set of filters is defined through a number of sucdissive
declarations, the declaration order defines the ordering of the filters in the set.

The reason fomaking filtersfirst-class objects is to prepare omodel for the future: the
representation of filters as objects maintains a unified presentatientifis inour model. This

allows for accessing and manipulating filters, just as any other object. In addition, as a filter is
an instantiation of a classewfilter classes can baefined. These magubstantiallyextend the
expression power of the object model, withoubdifying the model that is offered to the
programmer. This modular extension of the semantics of the object model makes the composition
filters particularly useful as a researehicle. But it can also be significant for a practical
application of the model in industrial software development environments.

Because a filter is a first-class object, there is no theoretipattion to let programmedsefine
their own filter class, and creating instantiations of such a class. wbidd implement full
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reflection on message acceptance and message sending, providing a very pioatful
However, we consider this as an inappropragpgroach, as itoes not sufficiently help in
solving the problem of how to manage complexapstractiontechniquesare still needed.
Instead we proposdimited reflection where domainexperts can provide powerful and
expressive tools (i.e. filter classes) to express domain-specific functiomeilityn a rigid
framework of abstraction techniques.

One might conceive problems with infinitecursion because objects have filterisich are
objects themselves and tarn may have filters, etceterdhis would indeed be thease if all
objects and filter definitions were user-defirdasses. However, because the system provides a
number of built-in primitive classes and filter types, this boot-strapping problem caivbd.

In fact, the functionality ofsomefilter classes caonly be defined athis lowerimplementation
level, as they are too much interwoven with the object semantics.

Consider thdollowing example oftwo syntactic filter declaration®r the classPerson of
which the implementation part was defined in the previous section:

select : Error = { True=>[*.getFullName]*.*, IsBirthday=>[*.getPresent]*.* };

disp : Dispatch = { inner.* };
On theleft hand side othe '=" symbol we findordinary object declarations; eatiter
object has #abeland a -filter-type, or-filter- class. In this exampline first filter is of type
Error. An errorfilter has verystraightforward semantics: when a message matches, it can
just pass to the nexitter (provided this isavailable). When a messagannot matctwith
any ofthefilter elements, aerrorexception is raised, and the execution is halted. Thus, an
error filter is used to reject unwelcome or unacceptable messages.

The expression betweecurly brackets is thefilter initialisation clause. This is the
specification of a number of filter elements that fdime initialisation of the filter object.
The select filter consists otwo filter elementsseparated by commas. \egaminethe first
element in detail:

True=>[*.getFullName]*.*
This filter element consists of the three parts: a condition, a matghimgnd a substitution
part. The conditionpart, "True", is followed bythe enable operator'=>". The condition
True is availablefor all objects. As th@amesuggests, it is alays valid.The following two
definitions describe the semantics of the condition and the enable operator:

Definition 2.3.1: Conditions
A conditionC that is part of a filter elemefE, causes thEE to be rejected whe@ is not
valid (i.e. has the Boolean valtedse).

Definition 2.3.2: Theenableand theexclusionoperators
A filter elementC=>M, with the enable operatoe®" defines that, ifC is valid, all messages
that match withM are accepted, and substitutions are applied to the message. The messages
that do not match witM are rejected.

A filter elementC~>M, with exclusion operator~>" defines that, iC is valid, all messages
are accepted, except those that métcloptional substitutions defined W are discarded.

3 This is in fact very similar to the model proposed bymheD language [Fralund 93].
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On the righthand side othe enableoperator wdind, between square bracke{s and ",
the matching part, inthis case " getFullName". The matchingpart consists of aarget
specification and a&elector specificationseparated by a dot. Tharget specification is
either an identifier of anbject, or thewild card symbol™". Thewild cardsymbol, which
can be appliedor both targetand selector specifications, hide function of a don't care:
any target or selectoritvmatch with it.This means thahe nmatchingpart wil match on all
messages with selectgetFullName, regardless of the target of the message.

The substitutiorpartfollows the matchingpart,and in theselect filter it is defined as™*".
This means thaor both the targeand the selector wild card isspecified, whichdoes not
modify the currentvalues ofthe message. Teummarisethe meaning ofthe first filter
element, we can suffice Isaying that itacceptsall messages with a selectgstFullName,
and rejects all others.

The secondfilter element, I'sBirthday=>[*.getPresent]*.*", is almost thesame as the
previous one, but inatches on message seleetPresent, and instead of the condition
True, it hasthe conditionlsBirthDay associated with itfThis condition waglefined in the
previous section as:

IsBirthday

comment "compares the current date, stored in the global <Calendar>, with the birth
date"

begin return (birthDate.day=Calendar.day) and (birthDate.month=Calendar.month) end;

The mostignificantaspect othis condition is that it depends tre state of the object and
it is obvious that thisnay change during thdifetime of the object. Thus, whenever a
getPresent message is received, dependingtib@a currentvalue ofthe instance variable
birthDate, and of thestate of theCalendar object, themessage is either accepted or
rejected by this filter element.

Sincethe getPresent message cannot be accepted by andther element,the condition
IsBirthday directly determines whetheahe select filter accepts or rejects thmessage.
Whenthe condition igstrue, the message W be acepted by the errdiilter, and it may
continue to the nexfilter in the set. Butwhen the condition isfalsg the getPresent

message will be rejected by the filter, thus raising an error.

The second example filtediép) demonstrates sonsamplifications thatreallowed in filter
expressions and an extension tofter semantics described so fargnature-based target
substitution The filter is of typeDispatch, and isinitialised with a single filter element,
"inner.*". The filter elementdoes notspecify acondition, has no enable or exclusion
operator, nor a matching part.

For unspecified conditions and operators the following filter simplification rules apply:

Definition 2.3.3: Default condition
If no condition is specified by a filter element, the default condifio, which is always
valid, is assumed.

Definition 2.3.4: Default enable operator
If a filter element does not specify an enable or exclusion operator, by default the enable
operator is substituted.
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Through application of these rules it can be shownttiedlisp filter initialisation above is
equivalent to {' True=>inner.” }". Because of thenissing matchingpart (between square
brackets) default matching rules apply:

Definition 2.3.5: Absence of Matching Part
If the matching part of a filter element is not specified, the following two rules define the
matching criterion:
(a) The selector of the message must match the substitution selector.
(b) The signature of the substitution target must include the selector of the message.

Because the substitution selector must matcimtbgsage selectdhe latter vill always be
substituted with thesame value, having neet effect. Thearget of themessagenay be
replaced with a new valudjough. Each objedtas asignature which is formed byhe set
of all messages that an object may accept during its liféttime

Thetargetinner in thefilter element thner.*" is a pseudo-variable that refers to kKeenel
of the current object. Thus, in its signature andy the methods that aieplemented by
the objectitself. As aresult, thisfilter element Wll match onlyfor all the messageshat
conform to local methods of the object.

The Dispatch filter type causesll accepted messages to be delegatethéo-possibly
substituted- targets. If the target atyinner, this isthe kernel object, that W simply
execute the method with tlsame label athe message selector. Winthe target is another
object then themessage W be redirected to the target objeaising the delegation
mechanism [Lieberma®6]. Theeffects and applications tfie dispatcHilter type will be
discussed in detail later in this chapter.

Thetwo filters select anddisp describethe following interface behaviouior classPerson:
only two methods are acceptegktFullName andgetPresent, the latteronly under certain
conditions. Theséwo messageare dispatched to tHecal methods othe class with the
same name (assuming these methods are indeed defined).

A few additional ruledor filter specificationsare providedmainly for convenientfilter
specification:

Definition 2.3.6: Missing target specifications
The target specifications in both the matching part and the substitution part are optional.
When these are not defined, the dot between target and selector specification must be omitted
as well. The default target specification that is assumed in these cases, is the wild card
symbol.

Wild cards alvys matctthe target or selector in theatohingpart,and donot modify the

target or selectowhen specified irthe substitutiorpart. Wecan apply definitions 2.3.3,

2.3.4 and 2.3.6 ttheselect filter specification, to simplify the filter initialisation clause:
select : Error = { [getFullName]*, IsBirthday=>[getPresent]* };

4 |n the context of type checking teignature includefor each messaghe types ofts arguments
and its return type.
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However,when considering definition 2.3.5 that defirtee semantics when no matching
part isspecified, it appears thatfiter element [getFullName]*" is equivalent tahe filter
element getFullName". Thus, we can suffice with the following filter specification:

select : Error = { getFullName, IsBirthday=>getPresent };

Finally, we will addresstwo more syntactic extensions to the notation fidter

specifications. The first allowthe definition of multiple, alternative, conditiorier a single
filter element,the secondallows the definition of multiple matchingand substitution
patterns, henceforth calledessage processoin a single filter element:

Definition 2.3.7: Alternative conditions
A filter element with multiple conditiongC71, C2, .., Cn}=>FF" is equivalent to multiple filter
elements C1=>FE, C2=>FE, ..., Cn=>FF". The condition7?, C2, .., Cn are alternatives;
when one of these conditions is satisfied, the filter element will be further processed.

An example of multiple conditions would be:

select : Error = { getFullName, { IsBirthday, isXmas }=>getPresent };
In this filter the getPresent message is accepted when eitierisBirthday or theisXmas
condition is valid.

Definition 2.3.8: Multiple message processors
The message processor may be replaced with a set of message processors between curly
brackets; a message then matches if it can match one or more of the message processors in the
list.

An example of multiple message processors:

disp : Dispatch = { True=>{inner.getFullname, inner.getPresent} };
In this example we have defined separated message processors for each of the thassages
is accepted by theeslect filter. For illustrative purposes we added the default condition and
enable operator.

Note that &ilter element with an enableperatorand mitiple messag@rocessors can be
split into separatdilter elementsput thatthis isnot possible in casthe exclusionoperator
is specified.

2.3.5 A Formal Description of Message Processors

The precise semantics thfe filter mechanism is given isection 2.6. Here we describe the
syntax and semantics thfe messag@rocessors, tgive a precise definition dhe matching
and substitution rules. We conclude with a table that provides instant senfantals
combinations of identifiers and wild cards.

The slightly complicated, and ipart redundant semantics for filtetementspecifications are
partly due to historicareasons, and partlgue to an effort tanake the filter specifications
effective from a softwareengineering point-of-view.The current notation foispecifying
composition filters is compatible with the notation adoptedirtgrface predicateqe.g. in
[Aksit 88] and [Aksit89]). But amore importandesign issuavas toprovide a notation such
thatmuch used and intuitive simppatterns can bspecified in a simple, straight-forward way.
The previous filter example demonstrates this: matching purely on a message seleetbr
requires specifying only the message selector.
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The syntax of message processors is defined as follows:
<filterElement & (<matchingPart, <substitutionPart).
<matchingPart « T, (<matchTap, ."YOPT, matchSet, 7.
<substitutionPart & (<substTap, ."YOPT, ssubstSet.

<matchTap & | <ldentifier>.
<matchSet & | <ldentifier>.
<substTar & | <ldentifier>.
<substSet & | <ldentifier>.

The following definition specifies an algorithm in pseudo-code that gives a pdedisi#on
of matching and substitution in a message processor.

Definition 2.3.9: The semantics of message processors
A messagenesswith a selectomess.selectaand a targetiess.receivethat is processed by
a message processor of the form&fchTarmatchsdlsubstTarsubstSelwill result in a new
message and a Boolean value that designates whether the message matched. The values of the
results are defined by:

MessageProcessnatchTar matchSel, substTar, substSaks$<Message, Booleans

if matchingPartUndefined (1)
thenif (substSel=' [ substSel=mess.selector 2
O (substTar=*" I mess.selectaisig(substTay ) 3

then if substTaz™ then mess.receiver= substTarend, <mess, true 4
else<mess, false end )
else if(matchTar=* O matchTar=mess.receiver (6)
O (matchSel=' [0 matchSel=mess.selecjor @)

thenif substTaz™' then mess.receiver= substTarend, (8)

if substSed™ then mess.selectar substSeénd, (9)

<mess, true (10)
else<mess, falsexnd (11)

end (12)

The algorithm igdivided intwo parts: thefirst part, inlines 2-5, deals with signature-based
matching, andhe second part, iimes6-11,deals with complete matching and substitution
rules. The input consists of a matching target and selector, a substitution target and selector,
and the message that is to be processed. The components anenei¢fieed the wild card
symbol'*', or anidentifie®. The relevant components of theessagere its receiver (cf.
target), and the message selector. These can be accesisemligh the expression
"mess.receiver" and 'mess.selector”, respectively.

In line 1 thedistinction whether a matchingart is defined, or not, is made. Undefined
targets arageplaced by their default value:vald card. Whenever matching dfargets or
selectors is done, the presence ovild card wil alwaysresult in a match. In addition, a
wild card never substitutes a selector or target.

S We do not go into the implementation details of matchihis could be based on string
comparison, as is suggested in this secthont, this is not necessaryFor example, in an
implementation, target matching could well be done through comparison of object pointers.
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If no matchingpart isdefined, matching i be based on the signature of ttagget.This is
done inlines 2and 3: in line 2 the substitution selector is compared withnteesage
selector and in line 3 the signature of the substitutoget(designated assig(substTar))

is compared with thenessage selector. tioth the matchingselector and the signature of
the targetmatch the message, tlmessage is accepted. tiis is applicable (when the
substitutiontarget is not avild card) a newarget isassigned tahe message. Thaodified
message anthe Booleanvalue true are the result. If thenessage didot match, the
unchanged message and the védlseare returned.

In the case that aatchingpart isspecified,the specification in lines 6 to 11 llowed.

The matching condition is théioth the targeaind the selector must match, whereil

card alvays matches (lines 6 an. Whenthe match succeeds, both ttazgetand the
selector are substituted. For each of these substitutions trepplies that in case ofvald

card, no substitution is made. Timeodified messagd¢ogetherwith the value true is

returned, andvhenthe matchfailed, the -unmodified- messagmgetherwith the Boolean
valuefalseis returned.

nr. |la |b |c |d |Preconditions Tar. S$el Explanation

1 a|b|c|d]tar=aOsel=b c d only if <a,b>, substitute <c,d>
2 a|b|c|* |tar=aOsel=b c - only if <a,b>, tar:=c

3 alb d | tar=a Osel=b - d only if <a,b>, selector:=d

4 al|b|* |* |tar=aOsel=b - - only if <a,b>, just match

5 al|* |c|d]|tar=a c d if tar=a then substitute <c,d>
6 al|* |c|* |tar=a c - if tar=a then tar:=c

7 al|* |*|d]|tar=a - d if tar=a then selector:=d

8 a|* |* |* |tar=a - - if tar=a then just match

9 *1b|c|d]|sel=b C d if selector=b, substitute <c,d>
10 |* |b|c |* |sel=b c - if selector=Db, tar:=c

11 |* (b |* | d | sel=b - d if selector=b, selector:=d

12 |* |b|* | * |sel=b - - if selector=b, just match

13 |* |* |c |d]true c d always substitute <c,d>

14 | * | * |c | * |true c - always substitute target ¢

15 | * | * d | true - d always substitute selector d
16 | * | * | * | * | true - - don't change the message

17 |O|O0|c |d|(sel=d)Osig(c) |c - if selector=d, and d in signature of .6
18 |O (0| c |* |selOsig(c) c - try to match signature of c.
19 |O(O|* |d|sel=d - - match selector only, since Od:dUsig("*")
20 (O[O * |* [true - - always match

6 If d is not in the signature of ¢, then this expression can never match.
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The preceding table enumerates most of gbesible variations in messageopessor
specificationsRows 1 to 16 showll combinations of identifiers andild cards, and rows
17 to 20 show the signature based target substitution that is asdpEerdho matchingart
is defined.

The table adopts on the following definitions:
1. The message processor is definedasjc.d"
a & matching target
b & matching selector
¢ & substitution target
d & substitution selector
2. The message has a receiver"and a selectorsg/".
3. The signature of a targets designated as/y(c)".
The columns labelled, b, c, andd define the message processor. The colprenonditions
defines the conditions for message acceptance and matching. The substitution values defined
by the columnsTar." and 'Sel' are only substituted when the preconditions are satisfied.
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2.4 The Interface Part

The previous sectioexplainedthe mechanism ofcomposition filters, and described its
semantics in detail. In this section it is explaifedv compositiorfilters fit in the object
model and how they can be applied.

2.4.1 The Components of the Interface Part
The following figure shows the components of the object model:

€

—

1

j
o @
o =
[\

Input Filters

intertace part\

implementation part e

Output Filters

sent messages
Figure 2.4.1 The components of the composition filters extension in the interface part.

Thefollowing components can be distinguishedhirinterfacepart of acompositiorfilters
object:internalsandexternals whichare nested objectsgspectively references to external
objects,input filtersandoutput filters

Further it can be observed in figure 2.4.1 that the conditions that are visiblebmutitary

of the implementationpart (kernel object) are connected to the outside boundary of the
interfacepart. This shows thathe conditions araccessible othe interface ofthe object,

albeit for a limited category of clients. The same is true for the input and output filters: these
can be referred to by other objects as well.

Internals arefully encapsulated objects that are used to compos®ehaviour of the
composition filtersobject. The declaration of an internal object is analogous to the
declaration of instance variables, and requires the specification of a label and an object class.
Upon the creation of the object, its internal objects are automatically created as well.
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Externals declare objects that exist outsidéhef compositiorfilters object, butwithin its

scopé, such as for instance global objects. Within both the interface and the implementation
part of theobjectall objectidentifiers must bdocally resolvable. An identifier must either

refer to a locally declared object or parameter, or to an object that is declared as an external.
As a result, for all these objects the types are known at compile-time.

The order in which nested objeetie created aniditial methods executed is as follow4) the
externals of the objectre located in the scope of the obje¢®) the internalsare created
(because thesare independent of the definition of trabject), (3)the instance variables are
created and (4the initial method is executed. Notikat this process iapplied recursively; thus
the initial methods of the internals and instamagables arexecuted before the initiahethod
of the encapsulating object.

In the next subsection, th&ina syntaxfor specifyingthe interfacepart of anobject is
described, followed by a number of important applications of composition filters.

2.4.2 Defining the Interface Part in Sina
The declaration of the interface part conforms to the following template:

class ... interface
comment ;
internals

externals

conditions
met,hods
ianltfiIters
outbutfilters

end // ,class ... interface
All the components in@ass definitiongxcept for thevegin andend clauses, are optional.
In general, mostlasses Vil at least definemethods, and one or more ingilters. We will
discuss each component, continuingr example of classPerson from the previous
sections.

The first clausedefinesthe name ofthe classwhich can beextended with a number of
formal parameters between brackets, thass parametersit is followed bythe class
comment, that describes the purpose and responsibilities of the class. For example:

class Person(pid:Integer) interface
comment "This class defines the basic properties of person objects. It takes a single
initialialisation parameter, the PID number";
The formal parameters are declared identically to other object and parameter declarations. A

class parameter gmilar to an internatleclaration: botldefine anested object. Thenly

1 The exact scope rules are explained later in this chapter.
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difference isthe initialisation: the class parameterare initialised with values that are
provided by the statement that causes the object crdation

Internals are object declarations, the creation ofetheapsulating object ilv cause the
creation ofall the internal objects. Thereatedinternal object Wl be aninstance of the
declared class:

internals  // not in the Person example
examplel, example2 : Dummy;
test : Person(5432866);

These internal declarations catise creation ofwo internals of clas®ummy, and another
internal, test, is created as amstance of clas®erson. The latterexampledemonstrates
how the values for class parameters are defined.

The declaration of externals takes the same form:

externals // not in the Person example
X, y : SomeSpecificClass;
This declaratiordoes notause the creation of a néstance of clasSomeSpecificClass.
Instead the declarationindicates that an object that is type-compatibhégth
SomeSpecificClass is in the scope of the encapsulating object.

The conditions clause declareall the conditions that are used in thleers of the object,
and makes themisible onthe interface ofthe object. Conditions are eithlecally defined,
in which caseonly the conditiondentifier suffices, or thegre reusedrom other objects. In
the latter case, the conditiodentifier is preceded by an objeadentifier. This must be
either a class parameter, an internal or an external:

conditions
isBirthday; isLocal;
test.aCondition ; // not in the Person example

The condition declarations are separatedsémicolons. When reusing conditions from
other objects thdorm "anObject.*" may be specified as well; it indicates thall the
conditions on thenterface ofanObject are nowavailable onthe interface ofthe current
object.

Note that thisdoes notbreak encapsulation because conditiares abstractions dhe object
implementation, andan be replaced by otheondition implementations without consequences
for the clients of the object. In addition, conditicea® used only byreuse clients', such as
subclasses.

The interfacepart of anobject must also declaadl the methods that aieplemented by
the implementatiorpart and should becomavailable onthe interface ofthe object.They
are declared as follows:

methods
getFullName(Boolean) returns String;
getPresent(Thing) returns Nil comment "accept the argument as a present”;

2 As the nameclass parameters suggedtsey mayalso be used to specify parameterised, or
generic classes (séar examplgMeyer 86]). This isachieved by introducingummyparameters
of type Class, which can be used on the right haside of object declarations within the object.
Since we did not fully investigate the consequencésifechnique, iparticularwith respect to
type checking algorithms, we do not further consider this.

41




2. The Composition-Filters Objects Model

In theinterfacepartonly the header, osignaturé, of the methods idefined:the types of
all the method arguments aspecified, as iglone for the return typelhis makes the
interface specification independent of a specific implementatam, although it causes
some redundancy in the complete obmgmecification. Optionally, @omment clause may
be specified, which explains the responsibility of the method.

After the method declarations the input and output filters are declared. For example:

inputfilters
select : Error = { True=>[*.getFullName]*.*, IsBirthday=>[*.getPresent]*.* };
disp : Dispatch = { inner.* };

outputfilters
continue : Send = { [x.*]y.*, * }; // not in the Person example

These input filtersvere discussed in the previous section, dogut filter that is shown
here gives aexample ofhow outputfilters can be useful: a filter of tyggendis declared,
which isthe equivalent otthe Dispatchfilter in the set oinput filters: it causehe message
to be transmitted to the target object.

The filter initialisation '{ [x.*]y.*, * 1" consists oftwo filter element. The firstelement
matchesall messages that havetargetequal tox, and then substitutdéargety. Thus, all
themessages thélhe object sends to the external objecare redirected to external object
y. All the othermessagesre transmitted unchanged, #ey matchthe secondfilter
element.

The complete interface definition of clagsson is then as follows:

class Person(pid:Integer) interface
comment "This class defines the basic properties of person objects. It takes a single
initialialisation parameter, the personal ID number";
conditions
isBirthday; isLocal;
methods
getFullName(Boolean) returns String;
getPresent(Thing) returns Nil comment "accept the argument as a present”;
inputfilters
select : Error = { True=>[*.getFullName]*.*, IsBirthday=>[*.getPresent]*.* };
disp : Dispatch = { inner.* };
end; // class Person interface

We will refer to this class later in this section, as iit form the root in aninheritance
hierarchy with several direct and indirect subclasses.

2.4.3 Data Abstraction Techniques with Composition Filters.

We will now discuss a number afata abstractiotechniques that can be expressed with
composition filters. The composition filters mod#bes notprovide techniques such as
inheritance and delegatiathrough dedicated languag®nstructs, but uses the geic
framework of composition filters to express these.

3 Not to be confused with the signature of an object, which isdftection ofall the signatures of
methods that are available on the interface of the object.
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The data abstraction mechanism of the composition filters model is basedpoindipte of
composition rather than adopting a single data abstradgehnique, thdehaviour of an
object is composed frotie behaviours of one or moxher objectsObject composition
allows to express most well-known techniques, such as inheritance and delegation.

Because th®ispatchfilter is thefilter that eventuallycauses the dispatch ofm@essage to
the designatethrget, it iscommonlyused to express data abstractiechniques. This is
also the case ithis subsectionHowever, theessentials othe data abstractiotechniques
lie in the manipulation ofthe targetand selector of message#ich can bedone in most
filter types.

The Example

To illustrate the various techniques w# iurther develop th€erson class, taking this as
the basisfor modellingthe people in @mall businessOur example maysometimedook a

bit contrived, as we combined a numberpobperties into amall set of classes, Wile
keepingall classes very simple. Imore complex applicationsiowever, each of thdata
abstraction techniques that we descrifmy appear as a natural consequence of real-world
modelling. This has been confirmed by pilot-studies such as [Gig¢efBreunese?2],
[Jonge 92] and [Tekinerdogan 94].

The following figure gives an overview dhe objects and relations between them that we
will discuss in this subsection:

Ferson
-firstName
-lastNarme
-birthDate
Spouse Employee
’ —tazk v Legend
A
E B inherits from A
2y & |
Secretary Clerk )
-calendar -workHours Ly
C /T Bdelegates to A
!75“

Figure 2.4.2 An overview of the reuse relations that are discussed in this subsection.

As an example we mod#éhe people working in @ompany. Clas®erson describes the
basicaspects of people and has been described previously. To thedetople thatvork
in the company, a clasEmployee is introduced.This class inherits fronfPerson as an
employee haall the properties of a person and addeve specificproperties. In particular,
each employee has a personal task. Thus, we resjugle inheritanceéo model this.

We distinguish betweetwo types of employees: 8ecretary and aClerk. Both classes
inherit fromEmployee, butSecretary in addition inherits from clasSoouse. This requires
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multiple inheritance As a further refinement it can lbeted that a person does mbvays
behave like an employee. As a simplification state thabnly from 9 to 5,the secretary
behaves as an employee, amdly duringthe remaining time, she can behave aspause.
The technique to model this is calléghamic inheritance

Furthermore, the clerks redirealt requests they receive fonaking appointments to the
secretary, who keeps a central calendar. However, each clerk may have preferences, and has
particular working hours. As W be demonstrated, this caonly be modelled with the
mechanism of trudelegationLieberman 86].

Single Inheritance

The classEmployee inherits from clas$erson, addstwo new methods and one or more
instance variables. THellowing interface definition realises thithe instance variables are
defined in the implementation part, which we do not show here):

class Employee interface
comment "this class, a subclass from class Person, models an employee. Each
employee has its own task, which can be accessed with the methods
<getTask> and <putTask>"
internals
pers : Person;
methods
getTask returns String comment "retrieves the string representing the current task™;
putTask(String) returns Nil comment "offers a string representing a new task”;
inputfilters
inherit : Dispatch = { inner.*, pers.* };
end // class Employee interface

The most interesting parts of this code are the definition of the internals and thitersut
a single internal is declared, thatlabelledpers and is an instance of claBsrson. The
class defines a single filter, tfpe Dispatch The first filter element,ifiner.*" allows the
execution of all local methodgetTask andputTask in this particular case.

The secondilter element, pers.*" substitutes the targeters for all messages with a
selector that is in the signature frs. Becausepers is declared as an internal ofass
Person, this happens ithe message selector defined by clas®erson. As a result, the
subsequent dispatch of threessage iV cause it to be transmitted4cand executed by, the
internalpers.

The mechanism that wgust described simulategbe conventional inheritance mechanism.
We will show this by consideringhe following three properties ofnheritance:data
structure inheritance, method inheritance and dynamic binding.

A brief discussion of these three propertiBgita structureinheritance meanthat the data
structure, as it iformed by the instanceariables, that islefined by asuperclas® is replicated
for all instances of its subclaBs Notethat strong encapsulationay prohibit direct access to
the inherited data structure (see e.g. [Snyder 86], [Micallef 88]).

4 Such a message dispatch has in fact the same semantics as delegation [L&blerman
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Method inheritance mearisat allthe methodshat areaccepted by instances of theperclass,
are also available ame interface of the instances of ggbclasseventhough the methods are
defined in thesuperclas®nly. However, it is possible to redefifar override) the definition of
an inherited method with a new definition in the subclass.

Dynamic binding is an essential property of the inheritance mechanism. Due to dynamic binding,
within the superclasslefinition onecan refer to anethodthat isdefined by asubclass. This
requires a form of self-reference that can dynamically change at rurdépending on thelass

of the objectthat received an -inherited- message, calling a method reqyire differing
implementations.

Data structurenheritance is achievethrough theinternal declaration: this causes each
instance oEmployee to contain an instance of claBsrson. As a result, the data structure
defined for persons is replicated for all employee objects. Because the data strudtas® of
Person is encapsulated withithe pers object, it cannot be accessdiectly (i.e. strong
encapsulation).

Methodinheritance is achievetirough redirection of theessage ithe dispatcHilter. As
a result, all the messages that are implemented l3ethen class, are executed by thers
internal objectHowever,all thatthe client objects can observe is thihe employee object
supports all the methods that are defined by ¢lassn, and adds a few more.

Note that thesubclass canasily override methods defined by cla&srson; because of the
ordering of thefilter elements inthe dispatcHilter, it is first tried to match amcoming
message witinner. Only when that fails, it idried to match with the secoffitter element,
that represents all the methods defined by the superclass.

# (messages)

SErver.

]

m,. x
firstName
lastname

birthDate

Figure 2.4.3 Inheritance in the composition filters model.

Dynamic binding idased ordynamicself-reference, which means that it is possible to refer
to theoriginal receiver othe message. 18ina, this is achieveithrough thgyseudo-variable
serveP. This pseudo-variable alwaysfers to the object théitst receivecthe message. By

S5 This pseudo-variable is comparablesédfin Smalltalkthisin C++ andcurrentin Eiffel.
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sending a message server an inherited method ithe superclass canvoke a method
defined in one of its subclasses.

The specification of inheritance is illustrated by figure 2.4.3. This figure shows an instance
of classEmployee that encapsulates an instance of cRsson as an internal. Thdata
structure (i.e.instance variables) defined in claBsrson, as well asthe additional data
structuredefined by clas€mployee, are both encapsulatedthin the instance of class
Employee. The methodslefined by clas®ersonmpers, areavailable onthe interface of
the employeeobject. Anincoming message that is defined the superclass ilv be
redirected to the person objeethich triggers the execution of the correspondiagal
method. The pseudo-variatderverwill refer to theemployeeobject, as this ithe receiver
of the message. The obsentmhaviour ofthe employee object is that supports both the
messages from clad3erson, and awumber of own, employee-specifimethods. This
technique for simulating inheritance is also called delegation-based inheritance.

Multiple Inheritance
We demonstrate multiple inheritance with the following definition of a secretary object:

class Secretary interface
comment "This class models a secretary; it inherits from class Employee and class
Spouse, and maintains a shared calendar through the schedule method";
internals
work : Employee;
private : Spouse;
methods
schedule(Appointment) returns Boolean;
inputfilters
multinh : Dispatch = { inner.*, private.*, work.* };
end // class Secretary interface

ClassSecretary definestwo internals, one for each superclasgernalwork is an instance

of classEmployee, and thanternalprivate is an instance of cla§pouse. We showonly a
single methodnamedschedule, that takes an appointment as an argument, and returns a
Boolean indicating successful schedulifidne classdefines a single input filter, of type
Dispatch, with theinitialisation '{ inner.*, private.*, work.* }". Incoming messageare first

tried to match with the signature her, then with the signature qfrivate, andfinally

with that ofwork.

The effect of this filter expression is thiéie object can accept thré&eds of messages:
firstly, all the messages thairelocally defined (in thiscase,only schedule). Thenall the
messages defined by claSpouse, andfinally the messages thare provided byclass
Employee. This mechanism simulates multiple inheritancezaas be motivated by adopting
the same arguments we used for explaining single inheritance.

6 It may seem it overdone taise the *wild card for asingle methodbut this ismore a matter
of style; it expresses that all the locally defined methods are made available on the interface of the
object. Further, this immediately takes care of methods that are added in the future.
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Multiple inheritancemay cause conflicts when riiple superclasses offenethods with the

same name. Various solutiofa this problemhave beerproposed, forexample method
renaming in [MeyeB8] and linearisation ofthe inheritance graph in CommonLoops
[Kempf 87]. The composition filters model avoids inconsistencigsough the filter
matching rules: a received message is accepted at the first filter element that matches. In our
example, methods provided Bgcretary have precedenamver methods ofpouse, which

in turn precede over the methodsaiployee.

To simulate inheritance, filters specify the assignment of a new target to a received message,
based on the selector of the messdgkers allow for specifying this onthe level of
individual messages, if necessary.

As an alternative, methods with conflicting names can be renamed, tobaitbwnherited
methods to be accessible. The following variation torihienh filter of the Secretary class
shows bothrenaming of conflicting methods arkde ordering offilter elements to select
specific methods from one of the superclasses:

multinh' : Dispatch = { inner.*, [callPrivate]private.call, [calllwork.call, private.*, work.* };
We assume, for the sake thfis example, thaboth class Spouse and classEmployee
provide acall method. The secorfiter element renames message|Private to call, and
substitutesorivate as itstarget. The third filter element ensures thitie call message is
inherited from clas&mployee. Note thathis filter element is necessary, because otherwise
thecall method from th&pouse class would be selected, in the fourth filter element.

It should be notedhat the mechanisnfor multiple inheritance may bring problems in the
occurrence of shared ancestor classes. The proldeendue to the replication of thdata
structure ofthe parents. Consider for instandeat in ourexample, theclassSpouse inherits
from classPerson as well. In this case single instance ofecretary contains two instances of
classPerson: one as ammternal ofwork, andone as arnternal ofprivate. This isshown in the
following figure:

Secretary

Figure 2.4.4 The object nesting structure of multiple inheritance with shared parents.

If a message is receivéidat isinherited, it is dispatched to either tBpouse or theEmployee,
and will thus update and accesigherPerson’ or Person”. This can cause two problenghen
some of the inherited messagae executed byPerson’ andsome byPerson”, this may lead to
inconsistencies. On the other hawtienboth the methods &fpouse andEmployee refer to the
state of theirespective superclass through messageling, in at leagine case this stateill
not be up-to-date.

This problem can be partiallsolved by a mechanisthat is similar tovirtual superclasses
C++ (see [Ellis90] for adiscussion of the problems of virtual classes). Tikchanism allows
for specifying asuperclass to be virtualhich causes repeated inheritance fridmat class to
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result inonly a singlenstantiation of thelata structurelefined by theslass. In our examplis
would causé@erson’ andPerson” to be references to a single instance of ¢tasson.

However, this is not a trulyatisfactory solution, ae decisiorfor making asuperclass virtual

is made at a place where the problem is not relevanopigtin theclass thatefines multiple
inheritance, such &ecretary in our example, this problem appears. It would make sense to take

a decisionabouthow to handlerepeated ancestomly atthis place. However, encapsulation
should not be violated by referring to the inheritance hierarchy other than the direct superclasses.
The composition filtersnodeltherefore does not provideich a mechanisrbut leaves it to the
programmer to avoid inconsistenciés;, example byrestructuring the system gbat Spouse
andEmployee share a single instance of cl&ssson.

Dynamic Inheritance

The previousxampleshowed that we can model a situation where an object has more than
one role.This is a common modelling issumyt often the roles of an object depend on the
status of the objecThis can bahe context of the object or thaternalstate of an object.

In particular for objects that travel through various parts afystem, changing roles
frequently occur. In subsection 2.4.4 it is discudsed parts of théehaviour of an object

can be temporarily hidden. Here we discuss the problem of dynamically changing inheritance
relations.

We adopt théermdynamic inheritancéto designate anechanisnthatallows for enabling
anddisabling an inheritanceelation with a superclass at runtime. The starting point is the
definition of a fixedset ofsuperclasses, ljefiningthe correspondinmternals. Inthefilter
specification each inheritance relation is then constrained by adding a condithefilter
element.

We demonstrate this bghangingthe secretargxample, so that a secretary objetterits
only from classEmployee during busines$ours, andinherits only fromSpouse after
business hours:

class Secretary? interface
comment "this class models a secretary that dynamically inherits from class Employee
and class Spouse, depending on the time of day";
conditions
WorkHours; OffTime;
internals
work : Employee;
private : Spouse;
methods
schedule(Appointment) returns Boolean;
inputfilters
dyninh : Dispatch = {WorkHours=>inner.*, OffTime=>private.*, WorkHours=>work.*};
end // class Secretary?2 interface

The mechanismfor dynamically changing the inheritance relations is achieved by
constraininghefilter expressions with condition$wo conditions, respectivelyorkHours
and OffTime aredefined bythe object (andmplemented irthe implementatiorpart, which
is notshown here). Although thevo conditions arenutually exclusive in this example, this

7 The language &.F [Ungar 87] supports dynamic inheritance as well.
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IS notnecessary ithe general casehe inheritance relationmay dynamicallyary between
no inheritance relation at all, to stuation whereall possible inheritance relations are
enabled.

For consistency, the methods that defined locally, which also deal withe working role
of the secretary object, are constraisedilarly to the inherited methods ithe first filter
element. This ismot dynamic inheritanceahough. To keep thélter specification small, we
ignored the renaming of tlell method here.

Dynamic inheritance does not vemgll combine with type-checking in the serbatthe type-
checking mechanisman nolonger ensure at compile tintleat allthe message invocations in a
type-checkegbrogramwill be acceptable by the receiver obfecthe reason for this is that the
condition expressionsan be arbitrarilycomplex, andthus inthe general case it cannot be
predicted whether an inherited methodigilablewhen the message s&nt. Type-checking is
based on the largest possible signaturentenall inheritance relationareenabled. We do not
consider this as a severe restriction, as we astheha@nimplementation without the dynamic
inheritance mechanism will behave similarlyut implement explicittests inthe bodies of
methods.

An important application fodynamic inheritance is to realiséternative implementations
Alternative implementations means that the same methods, received by the same object, may
have different implementations. This mechanean be verjadvantageous tachieve truly
reusable frameworks (chlack-box frameworks [Johnson 88a]). Wenthe interface of

the object doesot change over thdéife-time of the object,dynamic inheritancean be
simulated withirthe conventional object moddBut theconventional object-orientadodel

does not support changing interfaces of obfects

Delegation

The composition-filters modetupports bothinheritance and delegation. Delegation is
particularly useful to express behaviour sharing in combinationdaithsharing: inheriting
from a class replicatake data structureproviding each instance die subclass with its
own copy of thedata. Tosharedata, objectsnayrefer to global objects thaire accessible
by more than one object. Such shared objects must be addressed tmesggdye
invocations.

Message sending is different from behavioewse, thoughThis is described byhe so-
calledself problem [Liebermai®6]. When reusing a servicthe server object must be 'part
of the extendeddentity’ ofthe clientobject. In [Aksit 92Db] it is showmhy bothinheritance
and delegation are needéd

8 The work on type inferencing A\gesen93] does address the issue of dynamic inheritance in the
dynamically typed languageES-, we have not fully investigated the applicability of this work to
Sina, however.

9 In object models that provide delegation, dynamic inheritaanée simulated, though.

10 In a strict sense, delegation only is sufficient, as delegation can be used to simulate inheritance. In
fact, the message dispatéhplemented by th®ispatchfilters has semantidhat are similar to
delegation. We support inheritance because it is an important modelling tool.
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It is now shown how delegation can be expressed in the compdsiemmodel. Wegive
the definition of aClerk object,which is a subclass from claBsployee. All clerk objects
delegate thechedule message to a shared secretary object, as follows:

class Clerk interface
comment "this is a clerk object, a subclass of Employee. The schedule message is
delegated to an external secretary object.";
internals
empl : Employee;
externals
administrator : Secretary;
methods
getWorkingHours returns WorkingHours
comment "this returns the regular working hours of the clerk";
setWorkingHours(WorkingHours) returns Nil
comment "set new values for the working hours of the client";
inputfilters
delegate : Dispatch = { inner.*, empl.*, administrator.schedule };
end // class Clerk interface

ClassClerk defines an internal, which is an instance of its superdtagsloyee, and two
methods; getworkingHours and setWorkingHours. The class alsalefines an external,
namedadministrator, that is declared to be of tyf@ecretary. The dispatch filter otlass
Clerk consists of threélter elements. The first filter element malakthe locally defined
methodsavailable onthe interface, the seconelement realises inheritance from class
Employee.

The last filter element, dtministrator.schedule” specifies thatfor all messages with
selectorschedule the target vil be substituted withedministrator, provided thatchedule
IS in the signature addministrator. This is obviouslthe casesince classSecretary offers
the schedule method on its interface. As a result of this filter element, receivieedule
messages are redirected to dkieninistrator object.

Thus, the administrator object takes caresdafeduling appointmentsr instances otlass
Clerk. The scheduling othese appointments is partly determined by the calethddris
maintained bythe administrator object.Multiple instances of clasSlerk that operate in the
samecontext, forexample withinthe same encapsulating company objedt, all refer to
the samedministrator object. Thus, they all share the same calendar data.

Scheduling of appointments lige secretary takes into account the working hours of the
clerk thatoriginally received theschedule message. The secretary object can reflisto
through the pseudo-variakderver, which alwaysefers to the object théitst received the
message leading time current execution. A dispatch in tfikers of an objectdoes not
affect the value oferver, only a message invocation changes it.

To conclude, the presented example implements the delegation mechanism, aealiiess
sharing ofboth thebehaviour ofthe secretary objeeidministrator and its internastate, in
particular the calendar. The spioblem is solvedhrough theserver pseudo-variable. The
same variations afr inheritance can be applied to delegation. Multiple delegations are
possible, and dynamically changing delegation relations are possible as well.
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In this subsection we have demonstrateuiimber ofdata abstractiotechniquesall based
on the application of the dispatchfilter. These techniquesre partly based on the
functionality of the dispatch filter, and partly on thatahing and manipulation tiie target
and selector of messages. The latter is allowditens of othertypes as well. Irthe case
that a messageoes notmatchany ofthe filter elements of a dispatch filter, @mror will
occur. Therefore &lter of type Dispatch will always bethe lastfilter in the set ofinput
filtersll,

2.4.4 Multiple Views & Preconditions with the Error Filter

Anotherfilter type isintroduced now, and a few possible applicatians described. The
filter type weare concerned with is tygeror. The semantics ahe errorfilter are very
simple: when a messagedscepted (i.e. it matches for one of filer elements), it can
simply proceed to the nefitter, while the substitutions that areade tothe message are
retained. Wen the filter rejectsthe message, aarror wil occur, and the execution is
halted.

The most straightforward applicationtbie errorfilter is to screenncoming messages, and
enable only aestricted set oessages tproceed to subsequeifiliters. This wasalready
demonstrated in the previous section. Aegample, clas€lerk is extended with agrror
filter:

class Clerk interface
comment "This is a clerk object, a subclass of Employee. The messages putTask and
getPresent are excluded from the interface of the object";
... Il some parts that were defined in the previous subsection are skipped here
inputfilters
exclude : Error = { ~>{putTask, getPresent} };
delegate : Dispatch = { inner.*, empl.*, administrator.schedule };
end // class Clerk interface

The error filter, namedexclude, consists of a single filter element, which starts with the
exclusionoperator.This means thatefilter element matche®r all messages except those
defined betweethe curly bracketsputTask andgetPresent. Thus, wherone of these two
messages is received, the filter will generate an error. As a result, both these methods, which
are otherwisanherited from clas€mployee and Person, are notavailablefor the clerk

objects now. Thislemonstrates that we can remove methods thatedireed byone of the
superclasses from the interface of the object.

Multiple Views

We noted before, in théiscussion on dynamic inheritance, thatodject cantake several
roles during itdife-time. Theseoles can be determined by timernal state of theobject
itself, or may depend on theenvironment. In particular, an object likely to behave
differently for different clients (see also[Pernici90], [Hailpern90], [Aksit 92a] and

11 We have alsdeen experimenting witdispatch filters thapassthe message when rejected,
thereby allowingfor multiple dispatch filters in @ingleset. The dispatch semantics adopted in
this thesis give more safe and well-structured filter specifications, though.
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[Aksit 92b] for discussions on this topic). Some messages should be irvdigdn) certain
clients, and are not acceptable from all clients.

The Clerk class is modified t@lemonstrate this: assume tlla¢ putTask message should
only besent by an object that isNenager, and that thenessageetWorkingHours is only
acceptable from Blanager or theadministrator object. These situations can be checked by
looking at the pseudo-variabkender. This pseudo-variable revedtlse identity of the
object that sent the message, based owdahe ofthe server pseudo-variable just before
the message invocation.

The value okender can be tested in traefinition of a condition inheimplementatiorpart
of an object:

conditions
SentByManager begin return sender.isSubTypeOf(Manager); end;
SentBySecretary begin return sender=administrator; end;

The isSubTypeOf message, that iavailable for all objects, returns a Booleavalue
indicatingwhether the receiver is a subtype of thess provided as an argument. This has
the advantage that specialisations ofNfa@ager class are allowed as well.

We can then realis®ur constraints on received messages wiitle following filter
definitions:

inputfilters
select : Error = { SentByManager=>putTask,
{SentByManager, SentBySecretary}=>getWorkingHours,
True~>{putTask, getWorkingHours} };
delegate : Dispatch = { inner.*, empl.*, administrator.schedule }; // unchanged

The select filter consists othreeelementsthefirst filter element defines thdhe putTask
message is onlgccepted whethe SentByManager condition is satisfied. The secofilter
element states that thegetWorkingHours message is onlaccepted when either the
SentByManager or the SentBySecretary condition is satisfied. The last filteglement
enables allmessages, exceptutTask and getWorkingHours to be accepted under all
circumstances.

This exampleshows how thenterface of an objeanayvary depending otthe identity of
the client that sendthe messagelhis implements different views ¢iie -interface of the-
object for different clients.

Preconditions

The selectiveadmission of messages can be basedtber criteria than thedentity of the
sender of the message: poviding anotherimplementation othe conditions, aifferent
selection criterion can be effectuated. Thrgechanismcan be used tamplement
preconditions for methods, similar to assertions in Eiffel

12 However, we cannot easiignplement post-conditiorsnd class invariants, and lattle language
support for expressing assertionthat Eiffel provides. For details seee.g. [Meyer88] or
[Meyer92].
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Consider forexamplethe Employee class that wadefined inthe previous subsectiofhis
class provideswo methods, respectivelyetTask andputTask. Preconditions can now be
defined for each of these messagesyrder toavoid inconsistenciegietTask shouldnot be
accepted whetthe task instance variable is an empgyring, andputTask shouldnot be
allowed wherthetask instance variable isot an empty string. Thillowing updatedclass
definition realises these preconditions:

class Employee? interface
comment "This class models an employee. Each employee has its own task, which can
be accessed with the methods <getTask> and <putTask>. "
conditions
NoTask; // true when no task to do is currently defined.
TaskLeft; // true when there are one or more tasks left to do.
internals
pers : Person;
methods
getTask returns String comment "retrieves the string representing the current task™;
putTask(String) returns Nil comment "offers a string representing a new task”;
inputfilters
preConditions:Error={TaskLeft=>getTask, NoTask=>putTask, ~>{getTask, putTask} };
inherit : Dispatch = { inner.*, pers.* };
end // class Employee?2 interface

The importanpart ofthis definition isthe errorfilter preConditions; it associates condition
TaskLeft as the precondition of thgetTask message, the conditioNoTask is the
precondition of theutTask message, all other messages can always pass the error filter.

2.4.5 Abstracting Object Interactions with Meta Filters

The concept oAAbstract Communication Typé€scTs) was introduced in [Aks&9], and
presented in thdorm of composition filters in [Aksi®2c] and [Aksit 94a]. An ACT
implements coordinated behaviour between objects; it is a first-class object representation of
the message interactigpatterns. As a result, it can express patternsoofmunication or
message interaction protocols.

An ACT class is an ordinary Sina class wilie same syntax and semantics. What makes a
class amcr class is the way its behaviour is composed with its participating objegtsTan
manipulates first-class representations of messages. The participating algedtdined
such that their message interactioae intercepted and transformed inficst-class
representationslhis is achievedhrough the introduction of a nefiter class,the Meta
filter.

A Meta filter has astructuresimilar to the Dispatchfilter. If the receivedmessage is not
accepted by the meta filter it is passed to the filext However, if the receivethessage is
accepted by the mefdter the message is first converted to an instancelagsMessage
and then passed as an argument of a new messdage AaT object. This conversion
operation is also known asification. TheACT object can retrieve the relevantormation
about themessage frorthe argument. ARCT can alsanodify the contents of themessage
by invoking the operations o€lassMessage Finally, anACT can convert an instance of
Messagdack to a message execution.
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As an example, wereate asubclass oClerk so that althe messages sent and received by
clerk objects are logged by global ACT object. TheLoggedClerk class requires the
addition of a single input filter and autputfilter, and an external that declaré® ACT
object:

class LoggedClerk interface

comment "This is a subclass of clerk of which all the incoming and outgoing messages
are logged by the external ACT object named bigBrother";

internals

clerk : Clerk; /I inherit from clerk
externals

bigBrother : LogACT; // this declares an external ACT object
inputfilters

reifyln : Meta = { [*.*]bigBrother.logMessage }; // reify and send message to the ACT
inherit : Dispatch = { clerk.* };
outputfilters

reifyOut : Meta = { [*.*]bigBrother.logMessage }; // reify and send message to the ACT
end // class LoggedClerk interface

All the receivednessages must first pabe reifyIn filter. This meta filter matches with all
messages, due to the matching pgirt]". Thusall messages Whbe reified, and supplied as
the argument of thenessagégMessage that is sent to the external objeayBrother. We
call the messagegogMessage a meta-messageas it contains meta-informati@bout the
original messagelhe ACT objectbigBrother logs the (meta-inessage anthkes care that
the activemessage resumes its execution, starting whih subsequentilter. All the

outgoing messages pabe outputfilters of the object, and are at that point intercepted by

thereifyOut filter. This behaves exactthe same ashe reifyIn filter, and sendsall the meta
messages tthe bigBrother ACT. This is an instance of clag®gACT, that is defined as
follows:

class LogACT interface
comment "this class logs all the received meta-messages, and fires them again” ;
methods
logMessage(Message) returns Nil;
inputfilters
disp : Dispatch = {inner.* };
end; // class LogACT interface

class LogACT implementation
comment "we implement logging by adding the first class message representation at
the end of the <log> collection object. Then the message is fired, causing it to
resume its execution:"
instvars
log : OrderedCollection;
methods
logMessage(mess : Message) returns Nil
begin
log.addLast(mess);
mess.fire;
end;
end; // class LogACT implementation
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A typical property of anacT is that it can handle meta-messages, i.e. messages with an
argument of clas¥lessage. In this example this ithe logMessage method. To keep the
example simple, logging of messages is implemented by addengrst-class message
representations to an ordereallection. The second statement of ihgmessage method

invokes an operation othe first-class message, causing it to resume executi@nfire

operation re-creates a real, active message from the current values of the meta-message, and
fires the newly created message, so that it can resume its execution (perhaps at another
target, or with a different selector).

The interface of classlessage offers a number obperations. Fstly, there are operations
to getand set thevaluesfor the sender, the targedelf, the message selector and the
message arguments. Secondly, tregee afew operations tananipulate messagete fire
method,which creates a message executitom a meta-level representation of messages.
The copy method returns a copy of the message, but withoutaiting context3. The
methodreply takes a single argument and setids argument as a reply tbe sender that

is defined inthe first-class message. The interface of cld&sssage is given in the
appendix.

The currentlydefinedoperations on first class mage representations may lead to problems
when not applied carefullyFor instance, the identity of the sender of a message must be
maintained when the message is intercepted carand then firecigain. These problems can
be avoid through a propeedesign of the operations dinst classmessages, although this
requiressome limitations on the manipulation afessages. Such @design is shown in
[Wakita 93]. We leave the responsibility to the programmer.

Abstract communication types offer a number of advantages:

(1 Expressivepower ACTS increasehe expressivepower of themodel, as they allow for
tailoring the semantics of message passing.

[ Complexity:ACTs can makehe complexity of programsmanageable by moving the
interaction code to separateodules. This allowsor reducing thenumber of inter-
module relations antiding communicatiordetails. ACTS can be applied toonstruct
layered systems.

(4 Separating functional- and interaction-codecTs promote thenigration of interaction
code to separate modules, thereby improving maintainability and reusability.

(1 Reusability: Different types of classesway have commorpatterns ofcommunication
and synchronisation. Such commonalities caralb&tractedusing ACTs. Programmers
may applyobject-oriented techniques, such as inheritance and delegation, to achieve a
more systematic reuse a£Ts, and thus of interaction code.

(d Enforcing invariant behaviourit is easier to enforce thavariant behaviour among
objects if there is a module explicitly representing this behaviour.

However,AcTs should be applied wittare:ACTs areonly appropriate as modelling tool,

and should thusnly be appliedfor modelling real-world or desigentities. Carelessly

13 This is to avoid that multiple replies are created for a single message invocation.
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shifting interaction codefrom participating objects taCTs may violate the important
object-orientedprinciple that everyobject isself-sufficient and independent. This would
result in bad design characteristics. Nevertheless, if applieccaniéhiacTs offer a powerful
technique for addressing certain types of modelling problems [Aksit 92b].
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2.5 Further Language Aspects

This sectiorbriefly describes a number of languagmpects that haveot beencovered yet

in the previous sectiondhis includes type-checkingcope rules, an overview of the
pseudo-variables, and theechanism o&tomic delegationsThese aspects complement the
description of the language that has been given so far.

Type-Checking

The generakim of type-checking, phrased in object-oriented concepts, is to etizaire
whenever a message is sent to an object, this has itfueeksired effect. It igery well
possible that different objects (i.e. instances for different classes)l ¢emdle anessage in
a satisfactory way. This is even essential, as it alltavsreplacing an object in an
application with a specialisation df without modifying other parts (objeatefinitions) of
the program. Thus the most important goal in type-checking is to guasa&é@utability,
or conformanceof objects.

The preferred approach to type-checking is to determine semantic substitutability of objects,
in the sense that an objegtmay replace an object (i.e. Sis a subtype ofl) only if the

effects ofthe messages thatre sent tdS are semantically compatible witthe effects of
sendingthe same messages 10 As noted in [Mcaleff 88], this is only possible when based

on precise formal specifications thie semantics of an objedtowever, aghis approach is

not feasible, practicatype checking algorithmsire based on the conformance of the
interfaces of objects Type checking is thereduced to théollowing goal: to ensure that
every message that is sent to an object, will indeed be supported by the object.

Sina is astrongly-typedanguage: assignments, objects this passed as parameters and
return values must satisfy their respective typitgnstraints. Foeach instance variable,
temporary object, message argument and messag@avalue its type must be declared. It
is attempted to detepbssible violations othetyping rules as much as possible at compile-
time. This is also referred to agtic typing However, in thegeneral case, it isot possible

to fully type-check a program at compile-time. Thus, a part of the type checkimplgare
performed at run-time (calledi/namic typiny

In general static type-checking is considered essefdrathe construction ofeliable
software; indynamicallytyped software that hasot beennot exhaustivelytested,type
conflicts may be encountered at run-time. Onaterhand,dynamically-typed systems are
considered to be more suitable for (rapid) prototyping of software.

The type-checking rules in Siaae based on the rule obntra-variance and ensure that a
receiver in a message expressialh always support themessage that is seftor instance
Emerald [Black 87], provides the same rules. The radedefined interms of thesignature
of objects. The signature of an object is the sehefsagethat it supportseach with the
types of their arguments and return type.

1 The approach taken ifAmerica90] is to characteris¢he semantics of the object by user-
specified identifiers.
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Definition 2.5.1: Type compatibility rules

An objectSis a subtype of an objettif, and only if, it satisfies all of the following rules:

(i) Ssupports at least all the messagesTidues.

(i) For each message @f the corresponding messagesgfvith the same selector) has the
same number of arguments.

(iii) The types of the arguments of a messagef T conform to the types of the arguments of
m defined byS.

(iv) The type of the result of a messagef S conforms to the type of the result of m defined
by T.

With these rules, subtypsompatibility is independent dhe inheritance hierarchy. This is
desirable [Americ®0], but not thecase for themajority of the object-orientedanguages
(e.q. Eiffel, C++). To relax the typing constraints, the special Aypeis availableany type
iS a subtype ofAny. This can be very usefdbr instance inthe prototyping phase of
software construction. In some cases, the type of an objrot relevant, forexample in
objects thatdefine storage structures, the type of the objects thatséweed is not
importan®.

Recent advances in type inferencing, as documengedin [Palsberg 91]Agesen93], may
bring type inferencing closer tpractical application. An importanproblem with these
approaches, however, is that they work only on a clesedf application classes. This is both a
problem because of the computational effort, and because it clashes with ndegtalapment
and incremental compilation of software.

The signature of a Sina object is formeddaynbiningthe set ofmessages defined by an
object with themessages thalhe objectinherits or delegates. The latter is derived from the
dispatch filter of an object, by stripping all its conditions (i.e. assuming these are inge). S
internals and externals are typed, their signature can be determined as well.

At instance creation timehe signature of the object is constructed and the types of
externals areerified. The signature of an object is alsed for matching and substitution

in filters. This lateconstruction of thefinal signature supports open-endedness, as the
evolving interfaces of e.g. superclasses detegated objects are incorporated into the
interface of the object.

Scope Rules

The scope ruledefine how objectnamesare bound to objects. The concéghind the
scope rules is based on thesting of objects and adhereghe rule of encapsulatioithis
means thabbject boundaries are transpargriten looking fromthe inside to the outer
context, but that it isnpossible tosee what isvithin anobject boundary fronthe outside
of that object. Figure 2.5.1 illustrates this concept.

2 The use of genericity is not alwagstisfactory in such situations, becausethef following
problem: consider a collection object withea and aput operatiorthat store®bjects of a typd
-indicated asoll(T)- that isdefinedthrough parameterisation. The problenthat, for different
typesS andT, col(T) cannever be aubtype ofoll(S), even ifT is a subtype o0& This isdue to
the contravariance between arguments (e.gutpand return types (e.g. gét).
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The figure shows an objeetSecretary, with an internakmployee. From the point-of-view
of a method of themployee object, thefollowing objectsarevisible: theinstance variables
of employee, theinternals ofemployee, theinternals ofaSecretary (includingemployee),
and the objects in the contextaffecretary (includingaSecretary). The instanceariables
of aSecretary, within its implementatiompart (notshown in the figure), areidden by the
encapsulation boundary of the implementation part, or kernel object.

Figure 2.5.1 A schematic representation of the scope rules.

An important property of these scope rules is thay donot require unique namdsr all

objects. For example, consider an application &s& that delegates to an external object
administrator. In principle instances d@lerk shareadministrator with all otherinstances of

the class. However, this is only true if all instances of the class have the same external object
in their individual scope. An objeatestingstructure agjiven inthe following figure shows

that this is not always the case:

(instarnce

of Clerk)

(instance
of Clerk)

(instance
of Clerk)

(delegate)

administrator

(a) administrator

(b)

Figure 2.5.2 An object configuration demonstrating multiple objects with the same name.

In this figuretwo objects that aréabelledadministrator are shown, but each indiferent

context. Note that in thabsence othe administrator object (a), theadministrator (b)

would be used byall four instances ofClerk in the figure. But in the absence of
administrator (b) the two right instances of clas€lerk in the figure would find no

administrator in their scope.
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Pseudo-Variables
In the previousdiscussions a number of pseudo-variablesre discussed. Here we
summarise their definitions, based on the following example of an execution thread:

asecretary

empldyee

i Zglmetahce

Variables

Instance
Variables

Figure 2.5.3 An illustration of an execution thread with the current pseudo-variables:
®=sender@=server,@=self, ®=inner, ®=message

The figure shows an executithread of a message that is sent to olg8etretary, which
dispatches themessage to its internamployee, where it triggers the execution of a
method. During the execution tifis method, a new message is serh# objectaClerk,
which dispatchethe message to its internaimployee’ at the inpufilters. This causes the
execution of a local method tie employee’ object. The number® to ® at that moment
correspond to the following pseudo-variables:

®

@
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sender This is the object that wasesponsiblefor sendingthe currently executed
message (i.ehe message referred to by pseudo-variaéssage Thiscorresponds to
thevalue ofserverat themoment ofthe message invocation. the examplethe sender
pseudo-variable does not refer to #heployee object, although thmessage invocation
was executed during the execution of a methoctroployee, but it refers to the
aSecretary object insteadObviously, it is in general onlgnown at run-time what the
sender object, or even the type of the sender is (as an object can have several clients).

server The original receiver of the message that caused the current execution is referred
to by server A message invocation modifiise value ofserver, but a dispatch at the
filters does notmodify it. Thus, inour example the message that is sent ttoe aClerk

object is first dispatched to tkeenployee’ object,whichtriggers the execution of one of

its methods. Theerverpseudo-variable thus refersdGlerk, and this isiot affected by

the subsequent dispatches at the irjters. The value olervercanonly be safely
determined at run-time, due dgnamic bindingServercorresponds teelfin Smalltalk,
current in Eiffel andthis in combination with virtual functions i€++. The usage of
server is essentialfor extensibility, as it allowsor overriding methods in (future)
subclasses.
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Q self This refers to the object that executes the current method. A message that is sent to
self must pass theutput filters and thenthe input-filters of the object. Thus, the
messages thatreinherited or delegated lilie object can bealledthroughself Selfis
staticallybound, it supportsfficiencyand safety, because a message sesglt@an be
resolved at compile-time. This alloiar the generation of morefficient code,because
the receiver object and its type can be determined at compile-time. It is safer because the
designer of theclass hadull control with respect tavhich method is executed as a
resul@, and this cannot be overridden in a future subclashelexample the method
that is being executed is defineddwyployee’, thusselfrefers tcemployee’.

@ inner. The kernel, or implementatigrart of the currentbject can be referred twith
the inner pseudo-variable. A message itmer will not passany filters, and must
conform to a method that defined inthe implementationpart of the currenbbject.
Some of these methodsay not bedeclared in thenterfacepart atall, in which they
case theyare only accessible byhe objectitself throughinner. This is similar to the
definition of 'private’ member functions in C++.

® messageThis pseudo-variable refers tie message that caus#te current execution.
The messaggyseudo-variable is an instance of classiveMessagewhich allows for
retrieving the properties of messages, but modifications. Other properties of the
message that can be accessedthe selector rflessage.selector”), and the arguments
(through an index:rhessage.argAt(..)").

In fact thevalues ofthe pseudo-variablesender server self andinner can be accessed
through themessageseudo-variable as weklror convenience these much-used values are
provided as pseudo-variables.

Default Behaviour of Objects

Typically, in most object-oriented languagesvery class inherits -either directly or
indirectly- some default behaviour from raot class calledObject. The Sinasystem
contains a primitive class callédbject which provides a number aftandard operations.
Typical examples of standard operations used in this thesisjaaie print andcopy.

Thefollowing actions must b&aken torealise such default behaviour: Add an interea,
default, of classObject. All the default properties adefined by clas©bject. Apartfrom
the standard method#)is may also include conditions and filter$he programmer may
thendefine an input dispatch filter that makée methodslefined bydefault available on
the interface of the object:

internals
default : Object;
conditions
default.*;

3 Unless the message is dispatched to an otijattis not controlled by theurrent classthis
object may be redefined, or replaced with a subclass.

4 Some languagesuch asC++ do not enforce programmers to inherit from a singlass.
However,evenfor C++ programmers it icommonpractice to introduce a base class such as
Object
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inputfilters
aDispatchFilter : Dispatch = { default.*, .... } ;

To reliefthe programmefrom this 'burden’, and ensure tlaédlitobjects support theefhault
behaviour, theompiler can automatically insert these débns, includingthe 'default.*
filter element in the dispatch filter of the filter set.

In addition, in case no filterare defined at allthe compiler wil insert default filters, for
both the input and the output filter set:

inputfilters
default.defDispatch;

outputfilters
default.defSend;

The definitions of these filters by cla®gject are as follows:

defDispatch : Dispatch = {default.*, inner.*};
defSend : Send ={[*]*}; // simply send all messages to their respective targets

A more detailed definition of clag3bject and its methods can be found in the appendix.

The automatic insertion of default behaviour is subject to an additional rule: an internal,
condition or filter isnot insertedvhenthe concernedlass already defines such an entity
with the same namefor example, to replace clagidbject with another class, ainternal
default can be defined as an instancetloé desired classThis will avoid the eéfault
insertion of an internal, but not of the other code that is inserted by default.

Atomic Delegations

The mechanism oftransactions is a well-known, high-level technique for ensuring both
intra- and inter-object consistency. Transactiattempt tomaintain system consistency by
dealing with possible problenthie to exceptionsystem failure, and nitiple concurrent
activities, and in mossystemsguarantee th@ermanence othe updatesnade during a
transaction as well.

According to [Haerde83], a transactiormechanismmust provide these four properties:
atomicity, consistencyisolation anddurability. These properties ensure that a transaction
always yields econsistent and stabkgate,even inthe presence afystem and program
failure andconcurrent access to sharddta. Atomicity, consistency and isolation are
provided by themechanism ofatomic delegation [Aks#®1]. Durability is here separated
from transactions, and providegtrough object persistence. Wallwnot discuss object
persistence here.

Transactions provided by databases tgmcally defined insome query language, for a
sequence of database operations. Languages such as Argus f{$kawd Avance
[Bjornerstedt 88] support transactionshich are called atomicactions, as a general
mechanism in the language for preserving consistency of concurrently accessed resources.

Most object-orientedsystems provide transactiofts a program block bgelimiting it with
constructs likebegin-transactiorandend-transactionor by makingthe complete method
body atomic. Thisnechanisntdoes notprovide integration with object-oriented constructs
such as inheritance. This is becagsmbining inheriteanethodswithin an atomicconstruct
requires -inthe extreme case- the separate declaratiall atomic method combinations,
which is not feasible.
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Atomic delegatiod combinesthe concepts of delegation and atomic action imiorm
model whichsupports open-endedness of atomic actiortsm#c delegation allows an
object to delegate a sequence of messages to one or more designated objstigleas a
atomic action; such atomic actions amdivisible and recoverable. Thimechanism allows
the programmer tdefine classes of atomactions rather thadefining each atomic action
separately. Construction of open-endgdtems isupported because new atorations
may beadded orexistingonesmay be modified byhangingthe delegationrelationships
between objects without requiriraqy redefinition ofatomic actions, or recompilation of
the objects performing the atomic actions.

We nowgive an example of atomic delegation. Assume tihat(paranoidgmployer in our
example wants to verify all the servi@quests that clerks receivinis would be expressed
as follows:

class VerifiedClerk interface
comment "This is a subclass of clerk, all the operations of clerk must first be verified";
internals
clerk : Clerk; // to inherit from clerk
externals
bigBoss : Boss; // takes care of verifying requests
inputfilters
atomDel : Dispatch = { <bigBoss.verify, clerk.*> };
end // class VerifiedClerk interface

In the example the inputfilter atomDel specifies thathe methodsnherited from clerk are
only accepted when thegre preceded by theessageverify, which isdelegated to the
bigBoss object. Note thatthis requireghe client of the object to send thisvo messages
atomically?, which is expressed with the same brackets, for instance:

<aVerClerk.verify; aVerClerk.schedule>;
These two messagesare executedatomically; either both messagesare executed
successfully and commit, or an abort and subsequent roll-back takes place.

Note that theatomDel filter declares a number of atomic transacti@tisshe combinations
of verify and methods of th@lerk class. This can be even extended whihfollowing filter
declaration:

atomDel' : Dispatch = { <bigBoss.*, clerk.*>};
This declaresll the combinations of a method tie Boss class and a method tife Clerk
class as possible transactions. Extensions to these clabdms supportedautomatically,
supporting the open-endedness of $istem. Itmay beclear that thenumber of possible
method combinations can be quite large, and it wooldbe feasible tdeclareall possible
transactions separately, as conventional mechanisms would require.

5 The term atomialelegationis a bit misleading,for instanceatomic dispatchwould be more
precise, because tmeechanism of atomic delegationapplicable to locally definedjelegated
and inherited methods.

6 One of the reasorfer this is that for a trulyeliable transaction, iparticular in adistributed
system, the system mukhow that messagesre sent atomically from the point where the
invocation is made.
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Becauseour realisation of atomic transactions applies locking of objects, dead-locks may
occur. This can bthe casavhentwo transactions, directly, andirectly, want to access an
object that is already locked liye other transaction. Susituations cannot be predicted,

as they depend osother transactionand thetiming, ordering and execution speed of the
activities. To resolve such situations, a dead-lock detection algorithm is prowidied,
restarts one of the transactions that caused the dead-lock.
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2.6 Specification of the Object Model

In this section aemi-formal model is specified that partially descrittessemantics of the
composition-filters computation modérhis computation model can be considered as an
abstraction of the langua&#na that weused in this chapter to demonstrtte features of
the composition-filters computation model. The motivationpi@mviding this specification

is two-fold: firstly, it gives a precise specification tife computation model, in particular of
the compositiorfilters mechanismThe second reason is that in chapter 4 weuse the
computation model described here the target forgenerating object specifications, in
particular synchronisation specifications.

The first subsection gives ansitact syntax othe object modelshowingthe essential
components of the composition-filter model. The second subselesmibethe semantics
of the model as the effects of sending a message to an object.

2.6.1 The Composition-Filters Object Model (CFOM)
We assumehe following albstract syntaxor compositionfilter objects. Mte thatthis is a
description of the computation modebt the abstractyntax of a particular language such
as Sina! In particulathe objectmodelabstracts fronall the features that are provided to
satisfy software-engineering requirements. Roughly, this can be sede dsstinction
between a theoretical and a practical language.
Object® symTable:Dictionary; om:ObjectManager; methods:Dictionary; sig:Signature;
outputFilters:FilterSet; inputFilters:FilterSet.
Dictionary & Association*.
Associatiore key:ldentifier; value:Object.
Method® PrimitiveMethod | UDMethod .
PrimitiveMethod® Objectx Message- Objectx Obiject.
UDMethod¥ arguments:Dictionary; implementation:Expression.
Expressiore Operation* .
Operation® MessInvocation | Assignment .
Assignmente target:ldentifier; source:ObjectSpec.

MesslInvocatiore receiver:ObjectSpec; selector:ldentifier;
arguments:ObjectSpecList.

Messaged selector:ldentifier; arguments:ObjectList; receiver:Object;
sender:Object; self:Object.

ObjectList® Object*.
ObjectSpecList ObjectSpec* .
ObjectSpec® Obiject | Identifier | Expression .
FilterSet® Filter* .
Filter & type:FilterType; init:FiltElems.
FilterType % DispatchFilter | MetaFilter | ErrorFilter | SendFilter | ..
FiltElems ¥ FiltElem* .
FiltElem & cond:Condition; operator:ExclOper; messPart:MessProcs .
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Condition® impl:Expression.
ExclOper% Enable | Exclusion .
MessProcs2 MessProc* .
MessProc® matchPart:MessSpec; substPart:MessSpec .
MessSpe¢ target:FiltTargetSpec; selector:FiltSelSpec .
FiltTargetSpec® Object | Wildcard .
FiltSelSpec Identifier | Wildcard .
ObjectManager .
OMinstr & Continue | Dispatch | Done | Exception | Reify .
Identifier & valueS.

2.6.2 The Composition Filters Computation Model (CFCM)

In this subsectiothe denotationademantics othe composition-filters computationodel

is presentedAgain, a number of featurege ignored osimplified. Firstly,thesesemantics
only describethe functional aspects of the computatiorodel: the effect of sending a
message to an object ¢ime state of that objeeind the object that is returned as a result.
Thus, dynamic issues that ilv be discussed in the forthcoming chapters, such as
concurrency, synchronisation, delays, etc.ratalescribed by this model!

Object

The semantics of objectse defined aghe semantics of sending a message to an object.
The result of this is ampdatedversion ofthe object (the state of the objexdn be
changed), togethewith the result of the message. Timessage is forwarded tbe set of
input filters; these Wi evaluate the receivadessage one lgne, pasibly resulting in the
execution of that message.

Object : Message» Objectx Object
Object[ objJ(mes3 ¢ FilterSet[ obj.inputFilters] (mess, obj).

Dictionary
This is astorage structure that associat#mntifiers with values (whiclare alwaysObject
compounds in the compositiditter computation model). ThBictionary compound is a
list of Associationcompoundswhich contain &key field that stores thedentifier, and a
value field thatstores the object. Theemantics oDictionary aredefined to behe value
associated with the identifier that is offered as an argumdren¥We identifier isnot found
in the list,[1is returned:
Dictionary : Identifier— Object
Dictionary[ dict](id) «
if dictEMPTYthen [J else
if dictFIRsTkey=idthen dict.FIRSTvalueelseDictionary[dict.TAIL ](id) end
end.

Method
The semantics of Methodcompound arelefined by its execution: it requirése message
that caused the execution and the current object as arguments and returns the updated
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object and the result of the method executiims compound realisébe choice between
primitive methods and user-defined methods, and calls the appropriate semantic functions:

Method : Message Object— Objectx Object
Method[ method] (mess, obj)
casemethodof
PrimitiveMethod PrimitiveMethod method (mess, obj) |
UDMethodlD UDMethod method (mess, obj)
end.

PrimitiveMethod

A primitive methodimplements basic functions. An exampléhie manipulation othe basic
object types such as integers, reals and strings. Featuresehaftered by thenderlying
virtual machine or operating system, such as inputaputmust be provided gximitive
methods as well. Ithe formal model primitivemethods are ndelled as functions. It is
assumed that these functicm® pre-defined. Theemanticsare then simply thapplication
of the pre-defined function to the arguments.

PrimitiveMethod: Message Object— Objectx Object
PrimitiveMethod] fn ] (mess, obj} fn(obj, mess) .

UDMethod

A User-Defined method consists of a number of expressions, where each expression is an
assignment or a message expression. A metias anumber of parameterghich can be
referred to in message expressions through identifiers. Therefore the list of argument objects
provided by themessage is copied into a dictionary that assoctagefrmal parameters

with the actual parameters. The functammbperforms this merge of a dictionary antisa

of objects. Obviously, it is assumed ttia¢ number of formaparametergin the dictionary)

is equal to the number of actual parameters (the arguments providesshyNote that the
dictionary withthe arguments is passed on asadditional argument tdéhe Expression
function.

UDMethod : Message Object— Objectx Object
UDMethod[ <args, impl>] (mess, obj}
Expressiorfimpl J(mess, obj, comb(args, mess.arguments) )
wherecomb® A dict, liste
if dictEMPTY
then <>
else(dict.FIRSTexceptvalue=listFIRST) ++ comb(dictTAIL, liSt.TAIL)
end.

Expression

An expression consists of a series of operatithressemantics oExpressiorevaluates each
of these, and returns the result of the last operation ifdigheThe auxiliary function

evaluateevaluates a single operation. After that it involkesnext operatiorhanding it the

result of the current operation and tlesulting objectstate. Wienthere are no -more-
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operations, the result of the previous operatpe\j is returned, togethevith the updated
object Ebj). Notice the use of the pre-defined objeitt an empty list obperations returns
the valuenil:

Expression : MessageObjectx Dictionary+> Objectx Object
Expressiorf operationg] (mess, obj, args¥
evaluate(operations, mess, args, obj, nil)
where evaluate®® A ops, mess, args, obj, prev
if opsEMPTYthen <obj, prev> elseevaluate(opSAIL, mess, args, obj', prevénd .
where <obj', prev'> & Operatioff opsFIRST] (mess, obj, args)

Operation
There aretwo kinds of operations: a message invocation, or an assignrogrgration
dispatches the appropriate semantic function:

Operation : Message Objectx Dictionary+> Objectx Object
Operation[op ] (mess, obj, args¥
caseop of
MessInvocatio] Messinvocatioffop ] (mess, obj, args) |
Assignmeni] Assignmenfop](mess, obj, args)
end.

Assignment

The assignment, just likether operations, returns a tuglensisting ofthe updated object
and the result of the operation. Tassignmenbperation always returnsl as its result.
Because no assignment candmne to aformal parameterpnly the symboltable of the
object is searched and modified. The assignnmyaivesthe evaluation ofthe right-hand
side ofthe assignmen(the sourcg; this is donghrough theObjectSpesemantic function.
The auxiliary functionassignreplaces thevalue of a variable in a dictionary with a new
object. The function returns the modified dictionary.

Assignment : MessageObjectx Dictionary> Objectx Object
Assignmenf <target, source>] (mess, obj, args¥
< obj exceptsymTable=newSymTable, nil >
where
newSymTableéd assign( target, ObjectSeourcq (mess, obj, args), obj.symTable )
assign A id, newVal, dice
if dictEMPTYthen <> else
if dict.FIRSTkey=id
then (dict FIRSTexceptvalue=newVal) ++ dictTAIL
elsedictFIRST++ assign(id, newVal, dictAIL ) end
end.

MessiInvocation

This effectuateshe specification of a message-invocatidhe receiver is evaluated, the
arguments are evaluated, and a neessage isonstructed andnitialised. When the
receiver of thanessage is defined to bener', then the corresponding method is executed
immediately. In all other cases, the new message is evaluated by the set of output filters.

MessInvocation : MessageObjectx Dictionary+> Objectx Object
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MessInvocatiolf <rec, sel, args>] (mess, obj, methodArgs)

if rec="inner'

then Method[ Dictionary[ obj".methodg (newMess.selectof)) (newMess, obj")

elseFilterSet[ obj".outputFilters] (newMess, obj"end.

where
<obj', rec' > & ObjectSpegrec](mess, obj, methodArgs) .
<obj", args' > @ ObjectSpecLidgtargs] (mess, obj', methodArgs) .
newMess® Message( selector:sel; arguments:args'; receiver:rec’;

sender:obj"; self:rec').

Message

The semantics of a messagye its executionyhich isexpressed by sendinige message to

its receiver object. The result is the value returned by the message exenlytighis is the

second component of the tuple returned by the semantic fuiiec).
Note that we permitted ourselves aather importantomission in this specification: the
assumption is that argide-effects resulting from sending the messageffectivefor the state
of the sender object and &tk conponents. This problem could besolved through the
introduction of a globalstate, which must then begiven as an additionahrgument to
(practically) all the semantic functions. In an attemgtdepour specificatiorsimple, we opted
not to do this.

Message : Object .
Messagd mesq () & Object[ mess.receivef(mess) (2)

ObjectSpeclList
This is a list of 'object specifications’ (see next item).

ObjectSpecList : MessageObjectx Dictionary+> Objectx ObjectList
ObjectSpecLigf objects] (mess, obj, args¥
where evaluate®® A\ objs, mess, obj, args
if objsEMPTYthen <obj, <> > else< obj", denot ++ tail >end .
where<obj', denot>% ObjectSpepobjsFIRST] (mess, obj, args) .
<obj", tail> « evaluate(objgAIL, mess, args, obj') .

ObjectSpec
An 'object specification’ can be either a straightforward objedtemtifier that refers to an
object, or an expression that results in an object when it is evaluated.tfifeeseases are
workedout here, where in case of &fentifier, firstthe list of arguments ofthe method is
searched, and then the symbol table defined for the object.
ObjectSpec : MessageObjectx Dictionary+—> Objectx Object
ObjectSpegod](mess, obj, args¥
caseod of
Objectd <obj, od> |
Identifier 0 if getArgel
then <obj, getArg>
else<obj, Dictionary[obj.symTabld(od) > |
Expressiort] Expressiorfod](mess, obj, args)
end.
where getArg% Dictionary[args](od).
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FilterSet

This implementghe sequence difiters in a filterset: each filter is evaluated the object
manager. As one of the results, a Booleaon{ is returnedwhich indicatesvhether the

next filter(s) inthe setshouldstill be evaluated, or not. In thierst case FilterSetis called

with the rest of the filters in the set, and the updated message and object as its arguments. In
the latter case, the result from the last filter evaluation is returned.

FilterSet: Message Object— Objectx Object
FilterSet[ fs](mess, obj)
if fSEMPTY then [ else
if contthen Filterset[fsTAIL J(mess', obj' klse<obj', res> end
end
where <cont, mess', obj', res¥ ObjectManageifl om] (mess, obj, fEIRST)

ObjectManager

The object managamplementsmost of thevirtual machinefunctions, such as message
dispatch etc. This enables the OM to keep an up-to-date representation of the current object
state (e.gnumber of active tlgads, etc.). The objestanager semantics definénat to do

for a specific filter with aparticular message. Thisilwresult in a Boolean thalefines
whether the nexfilter in the set must bevaluated(e.g. when anError filter has been
passed), onot (e.g.when arerrorhasoccurred, or a dispatdias taken place). In addition

the modified messagehe new objecstateand the result of thenessage execution (when
applicable) are returned.

ObjectManager : MessageObjectx Filter > B x Messagex Objectx Object
ObjectManagef om](mess, obj, filty
casefiltAction of
CONTINUE [0 <true, mess', obj,]1> |
DoNE O <false,l, obj, 0> |
DispATCHO <false,[, obj', result>where <obj', result> & dispatching(mess', obj)
SEND [0 <false,], obj, result>whereresult® sending(mess')
EXCEPTION] <false,[], obj, > where error // no result can be returned now].
REIFY O <true, mess, obj, resultwhereresult  reification(mess, mess') .
end
wherefiltAction & FilterType[filt.type] ( mess', acceptance, obj ).
where <mess', acceptance® Filter[filt J(mess, obj).
dispatching® A message, obj
if message.receiver=obj
then Method[ Dictionary] obj.methodg (message.selectof)(message, obj)
else<obj, Messagpmessagl) > end.
sending® A message Messagpmessagl) .

reification ¥ A newMess, oldMegsMessagpnewMesgxceptargs=<oldMessj ()

Filter

This implementshe semantics of a single filter: it evaluatbe message fothe list of filter
elements, and returribe result ofthis (a Boolean indicatingcceptance pluthe -possibly
modified- message):

Filter: Messagex Object - Messagex B
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Filter[ <t, elems>](mess, obj}
FiltElemq elems](messobj)

FilterType
This is the supertype of the various filtertype implementations. It thus implements the choice
between the various filtertypes through a case statement:

FilterType Messagex B x Object - OMInstr
FilterType[ ft J(messacceptanceob)) «
caseft of
DispatchFilter() DispatchFilter[ ft J(acceptancemessobj) |
ErrorFilter O ErrorFilter [ ft J(acceptancemessobj) |
MetaFilter 0 MetaFilter [ ft J(acceptancemessobj) |
SendFilterdd SendFilter] ft J(acceptancemessobj) |

end
DispatchFilter
This implementshe Dispatchfilter: whenthe message is accepted, titee OM instruction
DISPATCH s the result, otherwise it iISOBITINUE.

DispatchFilter B x Message< Object — OMiInstr

DispatchFilter[ df J(acceptancemess, of)j %
if acceptancéhen DISPATCHelse CONTINUEend

ErrorFilter
This implementghe Error filter: whenthe message is accepted, thime OM instruction

CONTINUE is the result, otherwise it iSKEEPTION.

ErrorFilter: B x Messagex Object —»~ OMInstr

ErrorFilter [ df J(acceptancemess, ol)j
if acceptancéhen CONTINUEelseEXCEPTIONend

MetaFilter
This implementghe Meta filter: whenthe message is accepted, thine OM instruction
REIFY is the result, otherwise it iSOBITINUE.

Note that, although we give theemantics of the MetaFiltethese semantics do not describe the
semantics of firing and continuing messagdéss is apart ofthe primitive object typenessage

It requires the addition of context information to Messageeompound, though, because after a
fire it must be known where (at which object and filter) to continue the message.

MetaFilter. B x Messagex Object - OMInstr

MetaFilter [ df J(acceptancemess, of)j %
if acceptance¢hen REIFY elseCONTINUEend

SendFilter
This implementghe Sendfilter: whenthe message is accepted, thigre OM instruction
SEND is the result, otherwise it iSOBITINUE.

SendFilter B x Message< Object -~ OMInstr

SendFilteq df J(acceptancemess, of)j &
if acceptancéhen SEND elseCONTINUEend
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Other types of filter are not described here, but can be defined analogously.

FiltElems

The evaluation of the sequence of list elements results in a tuple consisting of a message and
a Boolean, where the lattedicates message acceptance. If a filter-element is encountered
that accepts the message, thessibly substituted- message fisturned, and no further
elementsare checked. If nanessage element matchése original message iseturned,

along with the Booleafalseto indicate that the message is not accepted:

FiltElems : Messag® Object . Message< B
FiltElems] elemg] (mess, obj}
if elemsEMPTYthen <mess, falsexlse
if accepthen <mess', true>elseFiltElems[ elemsraAiL J(mess, objgnd end
where <mess', accept® FiltElem[ elemsdeAD ]J(mess, obj)

FiltElem

For each filter element, firdhe condition is evaluated,; if it tsue, then it is tried to match
the right-handside ofthe filter element, otherwis¢he original message anithe Boolean
falseis returned, indicating that the filter element does not accept the message:

FiltElem : Message Object - Messagex B

FiltElem[ <cond, oper, messpart} (mess, obj}
if Condition] cond](mess, obj)
then ExclOper] oper] (mess, MessProgsmessparf (mess) )
else<messfalse>end

Condition
A condition is an expression without side-effects that returns a Boolean value. The
conversion from anObject to an element ofB is performed by thefunction
convertObject2BoolearThe implementation of this function dependshomv booleans are
represented a®bjects We do not bothewith this, and leavehe implementation of
convertObject2Booleampen. Note that theemantic functiorExpressionexpects as an
argument a dictionary with Identifier-Object associationsorigher tofulfil this, an empty
Dictionary is provided:
Condition: Message Object— B
Condition[ <impl> ] (mess, obj)
convertObject2Boolean( Expressipimpl J(mess, obj, Dictionary(<>) ) ).
where convertObject2Boolean : Object B

ExclOper

This is the operator that separates the conditmn the message processipgrt. Itcan be
either '=>', which ighe enableoperator, of~>', which isthe exclusionoperator Depending
on the type ofoperator, theresult of the ratching phase can be affected, ahd new
message is either adopted or discarded:
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ExclOper: Message Message<x B —» Message< B
ExclOper[ oper](mess, newmess, accegt)
caseoper of
Enablel if acceptthen <newmess, acceptelse<mess, accept> |
Exclusion] < mess-accept>
end.

MessProcs

This has semanticemilar to the FiltElems compound: it iterates over tleements in the
list until the evaluation of an element results in acceptance. The result ttedtiised is a
tuple consisting of the acceptance Boolean and the (optionally) modified message.

MessProcs: Message Messagex B
MessProc procs] (mess)
if procseMPTYthen <mess, falsexlse
if accepthen <mess', acceptelseMessProcf procsTAIL J(messend end
where <mess', accept3 MessProf procsHEAD ] (mess)

MessProc

This implements amportantpart of thefilter mechanismthe matching and substitution of
messagestwo different situationsare distinguishedthefirst is whenthere is hamatching

part (between the square brackedgfined. In this case matching -atis, acceptance- is
based on matchinpe selector and the signature of thgget.Otherwise, the sgzification

of the matchingpart (of both targeand selector) is tried to match against the receiver and
selector of the message:

MessProc : Message Message< B
MessProd < <matchTar matchSel><substTar, substSeb ] (mess)
if (matchTar=J) O (matchSel<])
then if matches(message.selector, matchSeignMatches(substTar, message.selector)
then < substTarget(substTas)substSelec(substSel)(mess), true>
else<mess, false>end
else ifmatches(message.receiver, matchTamatches(message.selector, matchSel)
then < substTarget(substTas)substSelec(substSel)(mess), true
else<mess, falsexend
end
where
signMatches® A tar, sels
casetar of Wildcard true | Identifief] Signaturd tar.sig] (sel)end.
substTarget A mess, ta®
casetar of Wildcard mess | Identified (messexceptreceiver=tar)end.
substSeleg A mess, sel
caseselof Wildcard] mess | Identifiéd (messexceptselector=sel}end.
matches® A pattern matche
casepatternof Wildcardd true | Identifief] (pattern=match)end.
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Signature
The semantics dhe signature are those of inclusievhenthe argument can be found in
the list of selectordrue is returned, otherwisilse

Signature : Identifier- B

Signatur€] list ] (selector)
over list apply A eleme elen¥selectorcombine 0 empty falseend
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2.7 Discussion

This section evaluatethe compositiorfilters approach that habeen presented ithis
chapter. First some relategbrk is described, then the properties of the composiiltars
model are summarised.

2.7.1 Related Work

The distinction betweethe composition-filtersnodel andthe conventional objecinodels
should be rather clear, #ss is basicallydescribed by thenterfacepart of a corposition
filters object:the kernel object, oimplementatiorpart, adheredargely tothe conventional
object model, and the extensions ttus model are described in thénterface part.
Inheritance is an exception to thibe kernel object model is object-based adwks not
supportthis mechanism. lrour model, inheritance is realised the interfacepart of an
object.

Thus, we dmot further compare with programming languages #adpt theconventional
object model, such @&Smalltalk[Goldberg 83],Eiffel [Meyer 88,92] and C+{Stroustrup
86], but discuss a few languages that provide specific construdsfiioingtheinterface of
objects, and themanipulation of received messages. As fartheese languages provide
facilities for concurrent programming, waostly omitthese in this discussion. the next
chapter the support fazoncurrency and synchronisation in object-oriented languages is
discussed.

Concurrent Aggregates

This language, described in [Chigh] and[Chien93], isaimed athe programming ofine-

grain parallelarchitecturegmassive parallelism). It isoncerned wittderiving a sufficient
number ofconcurrentactivities from a program, and with managitige complexity in
writing large programs.

The aggregate construct is motivated by the fact that most concurrent object-oriented
programming languages serialise messagegs$ted parts. Therlguage focuses on the use

of aggregates to represent collections of objdetair additional conceptsupportthis:
intra-aggregate addressinghich enableshe parts in an aggregate to accetfser parts.
Delegation is provided tsupport thecomposition of thébehaviour of araggregatdrom

other aggregates. This is somewhat similar to the functionality of a dispatch filter.

First class representations of messames providedallowing the software developer to
write abstractions that manipulate messagsg;h canfor instance be used implement
control structured-inally, Concurrent Aggregates treatsntinuations as first-class objects,
and user-defined objects can be used as continuafibisssupports the construction of
various synchronisation techniques. The latteno concepts are comparable to the
application ofacTs in Sina.

MAUD

ThemAUD language [Fralun@3] is related td&inamainly because it providesraechanism
for interceptingincomingand outgoing messages. Each objectAwD owns three meta-
objects called adispatcher a mail queueand acquaintances The sent and received
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messagesare handled bythe dispatcher andnail queue objects respectively. The
acquaintances object containdist of objects thatnay beaddressed by its owner object.
With MAUD, one canmplementcoordinated behaviour kyeplacingthe meta-objectsvith
the objectsimplementingthe required protocol. Tanstall a protocol for an object the
original mail queue and dispatcher must be replaced by aipplementingthe required
protocol.

In MAUD a shared protoc@mong objects is divided intoail queue and dispatcher objects
which are created separately for each object. An importhffiierence with the filter
mechanism is that filterprovide a consistent framework faonanipulating incoming
messages, with predefined filter tydes common problemsApplication-specific message
manipulation problems and coordinated behaviour are solved thraagh

Procol

This concurrent object-based language ([B8%, [Laffra 92]) provides amechanism called
protocolthatdefinesthe interactiorprotocol between the sendand receiver of a message.
Further properties of the language are that it provides concurrency, delegation, persistence
and a constraint mechanism.

The protocol of an objeatescribes interactiopatterns with extended regular expressions.
Received messagese matched based on the sender of tiessaggor its type), the
message selectdhe arguments of message anthe current state of theceiving object.
The latter appears itwo forms: firstly the sequence (history) of receivedessages
determineghe current state of the protocdlhis determineshe one-or more- messages
that are expected next according to the regular expression. Settendigulaexpressions
can be augmented with guard#jich are boolean expressions on theernal state of the
object, such as the values of instance variables.

Protocols serve the following purposes [Laffra 92]:

1 They serve as an interface specification for other objects.
(d They sequence interactions between objects.

(d They control access to the methods of the object.

(d They perform type or identity checking on clients.

4 They function as a composition rule, since they s@etifyrelations with client objects,
and can delegate requests to other objects.

In the next chapter the role of protocols in concurrentlybe& discussed. The constraint
mechanism provides sorsapport forspecifyingcoordinated behaviour. It cannot death
first-class message representations, though.

Encapsulators

The encapsulatorsframework [Pasco86] offers an approach that smilar to the ideas
motivating the composition-filtersnodel: an application object can be surrounded with a
layer thatintercepts messages thae sent to the object and treplies ofthosemessages.
The encapsulators aspecial objects thamplement this layer. Arncapsulatodefines a
pre-action, that is executed upon message reception, podt@ction, that is executed
when the result of the message is returned.
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Encapsulators anenplemented as an extensionthe Smalltalk-80 system. Applications of
the encapsulatorsnechanism thatare discussed in [Pasc86] are aMonitor, which
enforces mutual exclusidor Smalltalkobjects, arAtomicencapsulator that offerssample
roll-back mechanismfor message execution, andMeodel that generates triggerghen
certain messages are executed by the object.

One of thedifferences withthe composition-filtersnodel is thathe encapsulators do not
associate actions with messages Hrat sent, whereas the composition-filtersdel does
not associate actions to replies. The actions in encapsu®rstraightforwar@®malltalk
method implementations. The composition-filters maels atproviding abstractions to
manage complex object behaviour. In additittve compositiorfilters are also used to
express data abstraction techniques, whereas encapsulators do not deal with this.

Contracts

In the area of object-orientadodelling, the idea of specifyingobject interactions as an
explicit module is applied bgontracts(defined in [Helm90] and [Holland92]). Contracts
are used tepecifythe contractual obligationghat a set oparticipantsmust satisfy. It is
possible tarefine a contract in order tonake it morespecific and it is possible toclude
existing contracts in a newontract. Inits first version[Helm 90] a declarative language
was introduced todefine contractual obligations. In the secomdrsion [Hollandd2],
however, a procedural language vea®ptednstead of a declarativene. In thefollowing
sections we refer only to the second version of contracts.

A contract specification includesthe specification of the participating objects, the
contractual obligations dll participants, thénvariants to be maintained liye participants
and the method which instantiates a contract.

A contract can be seen asabstract classdefining both abstract and concrete methods for
its participants. The abstract methods must be provided by the parti¢hmantelves. The
concrete methods of the contrgot its refinement) overridéhe concreteémplementations

of the participants. A contraanay also define variables thaare shared byall the
participants. Inorder to put a contract to usecanformance declaration must bede
which initialisesthe contracwith actual participants. Obviouslthese participants have to
satisfy the contractuabbligations ofthe contract. An objecinay participate in several
contracts. Contractsffer two alternatives: either the methods amgplemented at the
contract specification, or they are distributed over the participating classes.

Contracts areprimarily targeted as alesigntool. Contracts arequite usefulfor the
implementation otoordinated behaviour aridle abstraction of object interactions but are
unable to reflectipon the actuahessage interactions between objects for purposes such as
monitoring, synchronising and manipulating messages.

Conclusion

The most important distinction betwethre languages and systems discussed here and the
composition-filters model is thdhe latter is a framework that offelimited reflection on
messages in a declarative way and with a consistent notatide,offeringopen-endedness

so that it can be applied in a range of application-domains. This framé&xkek the lace
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of numerous language constructs that would be required to offeate functionality in a
conventional approach.

2.7.2 Evaluation
We summarise the most important properties of the composition filters model and Sina:

1 The composition-filters object model is a modular extensidhextonventional object-
based model. This alsgeparates themplementation of an object from its interface
specification.

(4 The model providesstrong encapsulation; even subclasseannot access the
implementation aspects of their superclasses.

1 Interaction between objects is based on a single, request-reply model of communication.

(4 Strong typing is supported by théanguage, based on the signature of objects, and
thereby independent of the inheritance hierarchy.

(4 Several variations oflata abstractiomechniques arsupported. Thdehaviour of an
object is defined asthe composition of thébehaviour of its internal or external
components.

1 The filters completelycontrol theexternally visiblebehaviour of objects as they can
check and manipulate the incoming and outgoing messages.

1 The filter framework offers a consistent notation and mtmedpecifyingthe properties
of an object. Filter types offer an open-ended solufmnincorporating mdelling
techniques from a range of different domains in a single system.

(d The various techniques that are offered byfitters for solving problems in a variety of
domains ar@rthogonal which means that they can be composed without interfering.

d Abstractcommunicatiortypes provide the software developer with a tooldefining
abstractions that manipulate messages as first-class objects.

The filter mechanisnprovides tailored, declarative, reflectioapabilities on messages with
a granularity and specification technique tsapports themanagement of complexity in
large programs. In addition, the filter declaration is a specificatitimeonterfacethe object
offers to other objects: itcan be considered ascantract for the clients of the object
[Meyer 88].

In this chapter we discuss#treefilter types:Error, Meta andDispatch These filter types
can be used to accomplish the following techniques:

d Multiple views the externainterface of an objechay differ per client object ordue to
the state of the receiver object or the system.

(d Assertions a limited form ofassertions, or preconditions, is possible by associating
conditions with messages. This can be applied to received as well as sent messages.

(1 Data abstraction techniqueghe dispatching mechanisraupports avariety of data
abstraction techniques. It allows for expressing both inheritance and delegadinglein
and mitiple forms, and with thepossibility of dynamically disablingand enabling
inheritance and delegation relatioAdl these variations can desely mixed. Naming
conflicts can be resolvetirough the ordering ifilter definitions orthroughrenaming
of messages.
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4 Atomic transactionsthe specification of atomic transactions is integrated with the
object-oriented model. Isupports the atomic execution ocbmbinations oflocally
defined andreused methods without eombinatorial explosion othe number of
transaction definitions.

(4 Evolving behaviour dynamic inheritance allowsor the behaviour of an object to
change during its life-time, according tloe particular circumstanceshis meanghat
the methods that are visible on the interface of the object may vary.

[ Alternative implementationshe notion of alternativenplementations is a special case
of dynamic inheritance. It means thhe interface of an objeaoes nothange, but the
same message can be implemented by and inherited from a different parent.

(4 Coordinated behaviourAcTs can be used tdefine coordinated behaviour between
objects. This allowgor monitoring, checking, controlling andanagingthe messages
that are interchanged between objectsTsAarefully integrated first-class objects, and
thus have all the expressivepower, reusability andextensibility properties of the
composition filters object model.

1 User-defined message passing semanficss can also be appli¢dr manipulating the
semantics of message passing. Thay beused formodifying messageontents, for
changingthe semantics to multi-cast doroadcasts, or fozthangingthe synchronisation
properties of message sends.

A range of variations and techniques with composition filters caimnbgined, have been
investigated already, or are the subject of current research. These include:

(4 The provision of a querynechanism that isntegratedwithin the object-oriented
composition-filters model (described in [AkSa]).

(4 The combination ofthe query mechanismand inheritance leads tthe notion of
associative inheritancavhich has been published in [Aksit 92a] as well.

1 The reusable and extensible specification of real-time constraints is described in
[Sterren 93] and [Aksit 94b].

Further, the concept of compositidiiters can befruitfully applied to reusable and

extensible synchronisation specifications. This is the topic of the forthcoming chapter.
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3.1 Introduction and Background

This chapter deals witlthe issues involved in introducing concurrencytl®e composition-
filters model. Tocoordinate the concurremtctivities, a mechanisrfor synchronisation is
required. In this chapter we investigatiee appropriate techniques for creating and
controlling concurrencyOur prime concern in this investigation is fmmd mechanismshat
retain thetypical object-oriented characteristics of encapsulation, reusabgiignsibility
and maintainability.

In this section we exploréhe reasons for introducing concurrency, concurrent object
models and various message passing semantics. Then we gief averview of the
various approaches to synchronisation in object-oriented moBEeially we define a
number of criteria for effective concurrent object-oriented programming languages.

3.1.1 The Need for Concurrency.

Our most importanmotivation for this research derives fralme goal of object-oriented
software development: twonstruct anodel ofthe real world. We dthis because we want

to build aconceptual model, or a description, of the real world. Mé&y also do this
because we want to perform some computation, adoptingcdahgutation-through-
simulation paradigm. A closer look at the real wonldveals that concurrergctivities
appear everywhere. According to Wegner: 'The real world is concurrent rather than
sequential.” [Wegnéd1]. In the object-orientegharadigm a program is a collection of
objects thatll represent ghysical orconceptual entity ithe real world. Each of these
entities may represent or contain one or more activities [Yonezawa 87].

The entities in the real world are often nested, and so are the objectsystem. Each of
these nested objeatsay encapsulate nested activities again, anttiplelinteractions may
occur between these objectsparallel. For example, consider a bank with a number of
clerks serving customers. Provided it is open, customayenter thebank and wait itine
until they caninteract with one of the clerks at theunter. Theclerksmay inturn interact
with other employees or departments tbfe bank inorder tofulfil the requests of the
customers. This is illustrated by figure 3.1.1.

According to the object-oriented paradigm, each object is an autonomouscagabte of
handling receivedequestsActive objects are objects that areapable of controlling and
scheduling the received requests before they are served by the object [Ni8fdtrasz

This observation leads tohe following conclusions: to properly model real-world
situations, concurrenactivities must be modelled [Wegr@t]. Each objectmust be
capable of dealing with multiplepncurrent requests. Requestay beserialised otrigger

1 In the literature, the termctive objectss sometimes used to denote #ssociation of a process
with an object. This isiot what wemean with active objects! At eertain point in time, no
activities may be performed by an objectadlf whereas at anothdime it performs several
activities at once. The distinction between active objects and passive objeatshis latter have
no control over the activities that they perform.
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concurrentactivitieswithin the object. Objects can be nested, ewben they encapsulate
or serve -concurrent- activities. summary, we demanalctive objects, that allowntra-

object concurrencyand suppomestingof active objects.
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Figure 3.1.1 An example of a real world model showing nested active entities.

As stated beforegur primary motivationfor adopting concurrenclyes with the nodelling

issues thatvere just discussed. It should be remarked, however, that an object-oriented
model lends itself muclmore for a realisation on a distributed perallel architecture,
because objects are concurrbptnature It is thusrelatively easy to identifyasks that can

be executed in parallel [Agle0].

3.1.2 Models of Concurrency
There arananyalternative approaches for introducing concurrency symghronisation in
an object-oriented language. In this subsection we categorise these approaches. The

categorisation leans on the classifications made in [Wegner 92] and [Papa®@idmas

Module of Synchronisation:
We previously discussed objects that hanbdesynchronisation of messagestla¢ object

boundary. This isiot theonly level for applying synchronisatiorthough. Wedistinguish

two categories:

1 code level In this category, messagese always accepted for execution. Concurrency
is controlled through conventional mechanisms such as semaphores and nvanitors,
appear as statements that ardedded withinthe implementations of method bodies.
This category is referred to gsassiveobjects and isexemplified by Smalltalk-80
[Goldberg83], Emerald [Black86] and Trellis/Owl[Moss 87]. Theinternal state of
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objects isonly protectedagainst inconsistencies whre methods thaffectthe state
contain synchronisation statements.

(1 object level In this case we speaboutactive objects: upon reception, messages can
be delayed untipt forexecution. Thus, synchronisationcurs at the object boundary,
thereby protecting thmternal consistency of objects. Various types of synchronisation
mechanismgan be applied at this level. Examples of languages that synchronise at the
objectlevel are POOL[America87, 90], Procol ([Bos 89%nd [Laffra92]) and Guide
[Decouchant 91].

Of thesetwo approaches, synchronisationtla¢ objectievel ispreferred, as it morelosely
reflects the notion of autonomous aself-sufficienobjects in modelling.

Homogeneity of Synchronisation

A number of systems distinguish between synchronised and unsynchrobjsets, or
active and passiveobjects. We call this &eterogeneouspproach. In thdvomogeneous
approach this distinction isiot made. Passive objectsannot be protectecggainst
simultaneous accessSome languages require passive modules to be encapsulated by an
active module, whiclthen becomes responsilfla its protection.Examples of languages

that adopt a heterogeneous approachAageis [Liskov 87], ACT++ [Kafura89,90] and

Eiffel// [Caromel90].

A homogeneous, object-level approach is preferable; because it nhekesbject the
granularity of concurrencgontrol, each object becomes less dependent of a particular
context, thusmproving reusability. The heterogeneous approastems to be motivated
mainly by an efficiencyargument. Théollowing tableshows a number @xampledor each
category:

Synchronisation ft the object level at the code level
homogeneous POOL, Procol, Guide, Sina/st | Smalltalk, Trellis/Owl, Emerald
heterogeneous ACT++, Eiffel// Argus

Granularity of Concurrency

One approach to promoting tlw®nsistency and safety tiie object is by reducing the
amount of concurrency that is allowed: large-grained concurrencyprodect groups of
objects to keep them in a consistetdte. Forexample, consider a collection atcount
objects in a banking system: whenly a singlethread can executeithin this collection,
transferring money fromene account to another can be dsately. If multipleconcurrent
threads can be actiwgithin the collection, it is morelifficult to maintain consistency, in
particular when they access the same objects.

2 Notethat weconsider only the synchronisation affjects, in hybrid languagésat supporboth
objects and conventional data types, the latter are always passive.
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Following [Wegne92] we distinguishthe following levels of granularity o€oncurrency in
object-oriented systems, from large to fine-grained:

1 mutual exclusionThis means that the object or module allows only a single thread to be
active withinit. Other (possibly pendingyequests arenly allowedafter the current
request icompletely finished. Examples of thapproach are objects in ABCL, POOL
and Orca [Bab2].

1 quasi-concurrencyA quasi-concurrent object is one ttadibws onlyone thread to be
active at a timeput once that threadecomes blocked, another thremdy become
active; threads can be interleaved. Tdpproach is adopted by monitors [Hoare 74] and
domains in Hybrid [Nierstrasg7].

d internal concurrencyIf multiple threads can be active at teeame moment within an
object, we term thisintra-object concurrency This allows for very fine-grained
concurrency, and is supported by églde [Decouchar21], Sina/st [Tripath88] and
Parallel Objects [Corradil].

Internal concurrency is desirable, because it allmwvsnoreeffective real-worldnodelling.
Intra-object concurrency is alsdesirablefor reusability reasons; nested activities can be
modelledwithout breaking encapsulation [Nierstra&f]. In addition, sequential and quasi-
concurrent objectshave a serialising effect iobject-oriented programsyhich is in
particular severe in the casehoérarchicallynested object structureBhis serialisation can
have a negative influence guerformance in implementations on paraléchitectures
[Chien91], as it reduces the amount of concurrent threads in an application.

In [Nierstrasz 91]and [Papathom&&l] a distinction is made between controlled and
unconstrained internal concurrency. Controlled internal concurrency rniedrenobject itself
can control andimit the amount of internal concurrency, whereas indhge of unconstrained
internal concurrency this is not the case. As this can expressed as the didigtotesn passive
and active objects, we do not treat it separately.

In summary, we havstated irnthis subsection thahe preferrednodule of synchronisation

is at the objedcievel, that allobjects in a system should be capable of determining their own
synchronisation conditions, and that allowingra-object concurrency improvesodelling,
reuse and performance properties.

3.1.3 Message Passing Semantics

Since objects caonly interact bysending messages, message passing is an impogans

for creating concurrency and faynchronisation among objects. The invocation of a
message incorporat@sany aspes: it interrupts the current thread of contriololves a
synchronisation witlthe receiver of the message, and triggers an execution edctieer
object. In addition, thenessage invocatiamay cause aeply to besent back to the sender
of the message.

We distinguishtwo fundamental one-way message-sendo@nstructs: asynchronous
respectivelysynchronousnessage passifign the case of asynchronotmmmunication the

3 The terms synchronous and asynchronats sometimes used differentlge.g. to denote a
request-reply model respectively a one-way message passing model.
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sender object continues its activities by executing subsequent statemenserafiieg the
message. It doe®ot matterwhether the receiver object is readycwmmunicate or not. In
case the receiver it ready, abuffering mechanism ieequired. Wienthe receiver is -or
becomes- readythe resulting execution is performed in parallel witle activity of the
sender objectThis is illustrated bythe following figure. It is an event diagram that shows
the executiorflow of two objects, sender objeét and receiver objed. Time progresses
from the top to the bottom of the lines. The thick lines designate activities, or précesses

object A object B

invoke m
\ receive m:

vvvvv

start thread

A 4 A\ 4

Figure 3.1.2 Asynchronous message passing.

An asynchronous one-way message-passing model is appéetbmbasednodels such as
ABCL/1 and Act-1 [LiebermaB7], and in systems such as SR [André4$, Eiffel// and
Parallel Objects [Corradi 91].

In the case of synchronousessage passintf)e sender object is blocked afteitiating a
message invocation unttie receiver object is ready to communicatéewsthis ighe case,
both the sender and the receiver object continue executpayatiel. This is illustrated by
the following figure, wherethe "B" symbol designates that the corresponding thread is
blocked:

object A object B

invoke m
. ~ 1 )
thread blocked | receive m:
thread cortinues create thread

A\ 4 A 4

Figure 3.1.3 Synchronous message passing

The synchronous message passing model is us€drmmunicating Sequenti&rocesses
(csP [Hoare 78]and Procol [Bo89]. This mode of communicatiodoes notrequire any
message buffering.

We continueour discussion with a number oéquest-replybased message passing models.
These are based on theonventional function call in procedural languages. The

4 Thebeginning of a thick linean, butdoes not necessarily, mean the creation wéwprocess.
We abstract here from these issues: a message invocation could also awake a blocked process.
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implementation of such languages on distribuéechitectures led tahe notion of the
Remote Procedure Calkpc [Nelson81]), which simulates a conventionatocedure all.
The main difference is thathe sender and receiver objectrut necessarilyexecutewithin
the same process or physical processor:

object A object B

invoke

return the reply of m

A

Figure 3.1.4 (Blocking) Remote Procedure Call

The client object completely blocks its executimtil it receivesthe reply to the sent
message. Therefore this message passing model is also referreloldokasyRPC. At all
times, there i®nly a singlethread of control activeThis model has been applied in Ada
[Ada 80], Argus, DP [Brinch-Hansef8], POOL, and SR.

A variation to theblocking RPC is the non-blockingrrc®. This is similar tothe blocking
RPC except that the receiver objenay continue executing after it has sehe reply. In
this caseéhe sender and receiver object executearallel,but only after thereply has been
received by the sender object:

object A object B

invoke m
thread blocks
]
]
]
]
]
]
Y

return the reply of m;
and continue activity
continue thread

4
Figure 3.1.5 Non-blockingpC

Returning a replywhile continuingexecution is also referred to as early return The
advantage of this model is that it offers a conventiema protocol to theclient (i.e. the
sender object), whereas the serwaay determine tocreateadditional parallelism. This
mechanism has been adopted by Ada and POOL (the so{uadiedrocessing sectipn

Another variation to thercmodel isthe so-calleduture RPC. This model retainthe basic
RPC semantics, while allowing additional parallelisiine model letshe sender objecend
an asynchronous request to the receiver object. The sender olfjettew continue

S5 In the distributed systems domain the terom-blockingrRPCis commonlyused to designaerc
calls with semanticthat are similar t@synchronous message passing; the caller can continue its
activity immediately after making the invocation.
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execution, up to thenoment thatthe result of the invocation is required for further
processing. Wen the receiver objechas alreadyreturned thereply, the sender may
immediately continue its execution, but whenteigly hasnot been received yethe sender
thread is blocked. The threadlveontinue its execution whehe reply is received. This is
illustrated by figure 3.1.6.

The futuremechanism is realised lytroducing aproxy object,which isreturned after the
messageequest, to replace thieply object. Whenthe reply hasnot beenreturned yet, all

requests to the proxy are blocked. Oncerd@y has beemeturned, the proxy provides
access to the returned object. Futures are supported byndtance ABCL/1 and

ConcurrentSmalltalk [Yokote 87a, 87b].

object A object B
invoke m
result needed;

thread blocks 1
| return the reply of m
I

A 4

Figure 3.1.6 Futur&kPC

Other message passing semantics include multi-q@sts in ABCL/1) and coordinated
termination(e.g. INABCL/1 and Orient84/K [Ishikaw&7]). A multi-cast means that the
same message sent inparallel to several receivebjects. Coordinated terminatiomeans

that the sender is blockadtil eitherone of thereplies pr synchronisation) or until all
replies @andsynchronisation) have been received.

In generathe RPGstyle of communication iattractive as it offers protocolwith a higher
level of abstraction between thelient and server [Papathom@k]. In particular the
association of a specific reply withe correct request is @oblem in one-way message
passing models. An important motivati@r the application of one-way message passing
models is that they increase the amount of concurrency in the application.

The one-way message passing models can be used to construct higher-level message passing
models, thoughSimilarly, in [Yonezawa 87] the futur&PC and asynchronous message
passingare shown to bexpressible in terms dhe blocking RPC The choice of message
passing model(s) to apply in a system or languhgse depends on the desirledel of
abstraction, thefficiency ofthe individual constructs and the amount of concurretiey

introduce.

3.1.4 An Overview of Synchronisation Schemes.
In the recentyears a tremendous amount of concurrent object-based and object-oriented
programming languages have been devef@everal publications give an overview of the

6 A quick survey of publicationshowed over 50 differeqiroposals for concurrent object-based
models.

89




3. Concurrency and Synchronisation

relevant concepts and languages,eicample, [Tomlinso®9b], [Agha 90], [Wyatt 92] and
[Papathomas 91]. In [Nierstrasz 91, 92ajd [Matsuoka 93a] moranalytical studies of
concurrent object-oriented languages are presented.

In this subsection we wilbriefly discuss a selection of relevant language proposhlsh is

by no means completehut merely intended as a mearn®r demonstrating various
approaches to concurrent object-oriented programming. The discussion is structured around
the applied techniquedor scheduling receivedequests, also denoted by the term
synchronisation schenj#®atsuoka 90]. In [Papathomas 91] a relat&ssification scheme

can be found.

Syhchronisation

/SChzrrs
Unconditional Conditional
Acceptarce Acceptance
(Smalltalk-50, Emerald,
Trellis/Owl)
Object-level Meta-level Inter-object
(ABCL/R, Actalk) level
/ \ (Demeter,
transactions)
Explicit Activation !
Acceptance Conditions
(ABCL/1, POOL, / \
Eiffel//) , .
Direct Indirect

(Sina/st, Hybrid,

ctors)

N

guards path state
(Guide, Conc. expressions ab?jract[org
Annotations)  (Procol) (Rogette,
ACT++)

Figure 3.1.7 A classification of synchronisation schemes

Before discussinghe various categories in tlsgheme, we should make explicit that the
various languages and systemay belong to more thaone category ithis classification
scheme, evethoughthis may not be apparerftom the example systems thatre shown.
For example, iNfMatsuoka 93a] aombination of indirect activation conditions based on
state abstractiongand a meta-levehpproach is proposed, one of tkey issues in
[Matsuoka 93b] is theombination of multiple schemeand in Guide activation conditions
are expressed in eombination ofthe direct object statand theindirect state (through
synchronisation counters).

The first distinction that we make @ne that wealready discussed beforeamely the
module of synchronisation. We distinguish conditionatceptance (objectlevel
synchronisation) from unconditional acceptafmadelevel synchronisation). We i focus
on the conditional acceptance of messages.

An importantclassification inthree essentially differenapproaches to thgpecification of
message acceptance synchronisation by objects can be made:

(1 object-level specificatianThis isthe most important categorfiting nicely into the
conventional object-oriented paradigm. Every object is resporfsibtiefining its own
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synchronisation. Obviouslyhe specification of this is part of theclass description of
the object. In the subsequent text we will focus on this approach.

[ inter-object level specificatiorSynchronisation deals withe interdependencies of the
various activities in a system. Since these activipiepagate through thgystem by
message invocations, imposing (synchronisatemmstraints on object-interactions can
tackle mossynchronisation problems. Examples of thpgproach are thapplication of
transaction mechanisms(e.g. [Moss 85], [Aksit 91] and [Wakita9l]), Abstract
Communication Types (secti@.5 ofthis thesis and [Aksi4a]) andsynchronisation
patterns[Lopes 94].

[ meta-level specificatiorAn extension to the object-orientpdradigmare thereflective
architectures. For thgpecification of synchronisation this means tthat reception and
acceptance of messages can be observethffurehced on a meta-levdBecause at the
meta-level, the full expression-power of the language asailable, virtually any
synchronisation scheme can be programmed. ExanapéeABCL/R [Watanab88],
Actalk [Briot 89] and MAUD [Frglund 93].

Reflectivearchitectures can realig®th object-level specificatiorfthroughindividual-
basedreflection) and inter-object level specifications (throggbup-widereflection), or

a combination of theséthrough ahybrid architecture [Matsuoka 91]). But the
application of reflection to synchronisation seems to be more pragmatic in approaches
that offer afixed (object-level) synchronisation scheme with a meta-lem@esentation.

This is poposed in [Matsuoka 93a] andpplied -albeit implicitly- in Rosette
[Tomlinson89a] and Maude [Meseguer 93a, 93b].

As was already indicatethe succeeding textilvfocus on theobject-levelapproachThis
fits in with the object-oriented paradigm, byaking objects responsibléor their own
synchronisation constraints. lIbrings the associated advantages of encapsulation of
implementation, reuse through inheritance, and improved extensibility through modularity.

In contrast, the inter-objedtvel synchronisatiotechniques deal with synchronisation at
anotherlevel of abstraction, separating synchronisation frtime objectspecifications.
Although this is effective, it conflicts witthe autonomy of objects. It should be pointed
out, though, that transactions -although these ardy partially solveall synchronisation
problems- and synchronisation pattérde not cause such problems.

The reflectiveapproach is less attractive four purposes: dull reflective approach to
synchronisation requires a paradigm shift withspect to meta-level programming.
Synchronisationcode at themeta-level islikely to consist of message expressions
implementing synchronisation, instead of a synchronisation specification.

The objecievel acceptance of messages appeatwaforms: throughexplicit acceptance
and throughactivation condition® Explicit acceptance igatured by e.g. ABCL/1, POOL
and Eiffel//. 1t realises synchronisation witlhde thatexplicitly considers thestate of the

7 The reason is that these are converted to object-level specifications in a pre-compilation phase.

8 In [Kafura 89] asimilar distinction is made. Here explicit acceptance is teroedralised
control and activation conditions are termagtcentralised -interface- control
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object and then determines what messageadoept next.This approach, although
straightforward, is in generalot suitable for synchronisation reuse (these aspects are
discussed in detail in the next section).

Two types of activation conditions amistinguished:direct activation conditionsand
indirect activation conditionsApproaches thaadoptdirect activation conditionslefine
explicitly within the method bodiesvhich messageare enabled and whiclare disabled.
This differs from explicitacceptance in that theecision of acceptance is distributeder
the relevant method&xamples of thispproach are Actdanguages [Agh&6], that can
define the subsequertiehaviour (includinghe messages it accepts) of an object with a
becomestatement. Otheexamplesare thelanguages HybridNierstrasz 87]and Sina/st
[Tripathi 88], which employ explicit respectively implicit messaggeues and cagnable or
disable the acceptance of messages.

The mechanisms thasupportindirect activation conditions decouplee acceptance of
messages frorthe implementation in method bodies. @fe many ppoposed mechanisms,
figure 3.1.7 showsthree importantschemes:guards path expressionsand state
abstractions Guards specify synchronisatiorconstraints for eachndividual message.
Guards are used fanstance in Guide [Decoucha®it] and Concurrency Annotations
[Lohr 92]. A pathexpression[Campbell74] is aspecification that defines sequences of
allowedrequests. Path expressions oafy express dimited set of constraints. Extended
path expressions [Andrev@8] provide additional guards that can be inserted in a path
expression, this can conveniently expres®st synchronisation constraintsState
abstractions descrilihe state an object is. After the execution of each mettfhdhe new
abstract state of the objectdstermined. A separateapping specifiethe messageshat
are accepted for each abstratdte. INACT++ [Kafura89], RosettdTomlinson89a] and
Synchronizing Actions [Neusius 91a] state abstractions are applied.

The object-level synchronisation schemeis appearagain inthe next section, wheitheir
respective characteristics with respect to reuse and extensgyndironisation code is
analysed.

3.1.5 Criteria for COOPLs

Before proposing dist of criteria that wefeel a successfutoncurrent object-oriented
programming language¢orl) should address, weake a look asome criteriaguidelines
and requirements that were proposed in other publications.

In [Nierstrasz 91] the following requirements for reusabilitgobpLs are defined:

4 Homogeneous modedll objects must be potentially activallowing them to prtect
their internal state.

1 Intra-object concurrency objects should allow internal concurrency asdpport
hierarchical composition of active objects.

d Reply scheduling transparencihe client object should keble to continue witlother
activities while waitingfor a reply, in such avay that this igransparent to the server
object (not necessarily to the client). An example is the use of fease

9 This technique has been applied mainly in systems that do not support intra-object concurrency.
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[ Request scheduling transparendyhe server must bable to block receivedequests
when the object is not ready to serve these (yet). This must be transparent to the client.

d Incremental modificationlt must be possible to extend objects with new features in
subclassesvithout extensive redefinitions. The cases where thisospossible should
be resolvable through reorganisation of the class hierarchy.

These requirements for reuse shaalldw for the composition of an objetbm a number
of existing objects. Certaiaspects of objects, such as application codesgnchronisation
may be composed from separate objects.

Bloom discussethe evaluation of synchronisation mechanisms in [Blot®h independent
of an object-oriented context, bugry well applicable tat. The discussiorconcentrates on
two main aspects: modularity and the expression of synchronisation constraints:

The modularity requirementsare that (a) amodule must encapsulatéoth its
synchronisation anthe resourcewhile (b) the synchronisation anthe resource must be
kept separateBloom distinguisheswo types of synchronisation constrainexclusion
constraintsand priority constraints Exclusion constraints ensutke consistency of the
encapsulated resources, whereas priority constrapesify the precedence of certain
requests over others, usually for efficiency reasons.

Bloom defineshe following categories of information that can be usedyinchronisation
constraints of both types:

(1 Typeof the requests (in an object oriented context this would be message selector of the
received message).

1 Request reception timespecially to determinie order inwhich requestshave been
received.

1 Theparameterf the request (i.e. message arguments).

(d The synchronisation statef the resourcewhich meanghe stateinformation that is
specific to synchronisation.

(1 Thelocal stateof the resourcewhich inthe object orientedhodelcorresponds to the
instance variables of an object.

1 History information this is informatioraboutpreviouslyfulfiled requests. Foexample,
this could bethe number ofrequests of a certain type, or the type of the last served
request.

For testing theseriteria, Bloom evaluatesvo agpects,being(a) theexpressivgpower of a
mechanisnand (b) the ease of use. The latter is expressed Isyitability of a mechanism
for decomposition and composition efnchronisation constraints. As tast case the
readers/writers problem is suggestedhree variations(a) with reader priority, (b)with
writer priority and (c) with equal priority.

Grass andCampbell emphasis¢hree forms of modularity [Gras86]: (a) resource
modularity, which basically means thatch resource should be encapsulated by an abstract
data type or object thatefinesboth the operations that amowed onthe resource and the
synchronisation of requests. @n)capsulation of concurrencwhich means thatoncurrent
activities within a module should be allowed, af@ synchronisation modularitythe
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specification of synchronisation constraints shouldseparatedrom the resource data
abstraction (application code).

Our Criteria

In selecting the criteria farooprLs we focus on software engineering propertieactoeve a
language that is suitabler the convenient and effective csimuction of extensible and
reusable concurrent applications.od of the properties that weequire havebeen

discussed in this section.

(4 Modular concurrencythe modularity criterion applies to a number of aspects:

1. Each entity inthe system is a potential modufer concurrency, and therefore a
system should consist of active objects only.

2. Each objectmay encapsulate nhiiple threads,and may encapsulate objecthat
contain one or more threads as well: intra-object concurrency must be supported.

3. Synchronisation specifications and application code must be separated.

4. Synchronisation must be decomposable into modules that can be selected and
composed separatéf}

(1 Expression-power Synchronisation catructs of a language must lgeneral and
powerful. A language should provide a plensynchronisation scheme orper object
basis that can be conveniently appliedtdd tailored concurrency and synchronisation
constructs.Preferably, synchronisation can be based on a wide range of information
types, for example as defined in [Bloata].

1 Encapsulation the introduction of concurrency amsgnchronisation shouldot cause
breakage of encapsulation, in particular in combination with inheritanceusing and
extending concurrent objectsor examplethe synchronisation policy of aabject is an
implementatioraspect that shouldot beaffected by extensions in a subclass. Another
example isthe protection ofocal data(instance variables) againsbncurrent access:
this should not be violated by subclasses.

(1 Support reuse and composition of concurrent objaédts want to beble toreuse and
extend concurrent objects (i.e. objects wsnchronisation specifications). We also
want to beable to independentlgxtend or reus@ollowing synchronisation modularity)
both theapplicationcode and theynchronisatiorcode.Extension and composition of
concurrent objects should be possible without requiring extensive redefinitions.

1 Efficiency The mechanismsntroduced by a language must be suitafole efficient
implementationsthe synchronisation mechanisshould not incur too much inherent
overhead.

These criteria areometimes overlapping with each othiéor example, encapsulation and
modularity are closelyelated, and thelgothimprovethe reusabilityproperties of an object.
In addition to these criteria, there are sdaurable properties in a concurréamguage
that we want to address as well:

10 In section3.2 it will appear that this is amssential property for successful integration of
synchronisation code within the object-oriented model.
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(1 Declarative synchronisation specificationa specification ofthe synchronisation
constraints at the interface has a number of advantages; it can offer a clearéiginaore
level description of thebehaviour of an object. Imay support reasoningl about
specifications, which can be usefol both the software developer and fataining
efficient implementations.

(1 Data-consistencyA concurrent system designer has to struggle between two conflicting
goals: to maintain the consistency ofthe information stored in thesystem, \hile
providing maximum accessibility to information, includitige ability to referto, delete

or update the data. Concurrent executions can cause inconsistencies if one activity refers

to datawhile anotheractivity is modifying it. Therefore, concurrenprogramming
languages should providéools such as mutual exclusiofor maintaining data
consistency.

(1 Model Integration The features for concurrency argynchronisation should be
smoothly integratedvithin the computatiormodel ofthe language. In particular, we
would like the features for reuse and extension to apply to concurrent objects as well.

We will usethese criteria later to judge the concurrent composition-filters aijedelthat
is presented later in this chapter.

3.1.6 About this Chapter

In this section several approacheghe integration of concurrency with the object-oriented
model have been described. It is generalyeed that objectdend wellwith concurrency.
However, concurrent programs are mooeplex than sequentiahes. The properties of
the object-orientegaradigm can help in managing complexigwever. Encapsulation can
hide and protect resources, inheritance can be applied to reuse concurrent objects.

Thus,not only fits concurrencywell into the object-oriented model, concurreystems can
benefit fromthe object-orientegharadigm inreturn. We are in particular interested in the
reuse and extension of concurrent objedtss can be appliedor the construction of
libraries and frameworkdor synchronisation techniques (see e.g. [Maekd®a
[Johnson 88a], [Campb3])

This chapter is organised as follows: in the next sectionlis@isshe problems of reusing
and extending concurrent objects. A frameworksfarchronisation schemes is defined, and
the reuseproblems are explained usingthe framework.This leads to a number of
requirements on languages &woidingthe reuse problems. In secti8r8 thecomposition-
filters approach to concurrency argynchronisation is introduced. Firtte means for
creating concurrent threads are described, thersyhehronisation of messages on the
interface of objects is described. In sectd thesdechniques arapplied to a number of
example problems. Section 3.5 presents an evaluation and related work.

11 The reason is that @eclarative synchronisation specification may offer a more restriotele!
with well-defined semantics. Thisnakes it much easier to reasabout it, compared to
synchronisation statements that are embedded within a fully expressive programming language.
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3.2 Inheritance Anomalies in Concurrent Programming

This section discussdbe so-callednheritance anomaliesproblems that arise with the
reuse of synchronisationode. The concept ahheritance anomaly is explainednd a
generic framework foisynchronisation schemes iistroduced. Then therigins of the
inheritance anomalyre discussedjivided into three categories. Fagach category the
anomaliesare illustrated with concretexamples and explained usitlge framework for
synchronisation schemes. The section concludes vgitimanaryand a discussion alosely
related work.

3.2.1 Reuse and Extension of Concurrent Objects

In section 3.1, we discussed the approaches for synchronisation in an object-oriented model.
The most important approach is that inferface contral which means thathe object
synchronises messagegon arrival. The synchronisation constraints of an object are
defined as goart of its specification and implementatiomwo goals of object-oriented
concurrent programmingre (a) to supporeffective concurrent programming through
reuse, and (b) to improve the modelling power through inheritance hierarchies.

Concurrent programming generallyconsidered to be moudfficult and error-pronghan
conventional, sequential programming. The object-oriented paradigyportseffective
software development through encapsulatmymorphism and inheritance. In particular,
inheritance and related reusechanismgan be applied toeuse pre-defined, well-tested
code. Reuse o$table concurrentode may have even more impact dhe development
effort for concurrent software.

The classification relations thareidentified inobject-orientedanalysisresult inhierarchies

of objects. Classes in this hierarchy inherbperties from their paren{both direct and
indirect), and extend these with new properti€Bis applies to methods and instance
variables, but to synchronisation properties as well.

However, the reuse and extension of concurrent objects appears to be fdriviiadm
several researchers have indicafedg. in [America87], [Briot 87], [Kafura89] and
[Nierstrasz 91]) that there is anterference between inheritance and concurrency. In
particular, conflictsoccur due to thenheritance of synchronisation specifications in
subclasses. These conflicts typically reveal themselves by enforcing superfluous redefinitions
in a subclass. For example, introducing a new method or overriding an inherited method in a
subclass may require additional redefinitions ofeemingly unrelated methods. In
[Matsuoka 90], théerminheritance anomalyas coined to designate such problems.

These problems have even caused language designers to abstain from atopiagce
as a primarydata abstractiontechnique (e.g. POOL-T [America87] and ABCL/1
[Yonezawa 90]). In amumber ofother languages, classes with synchronisatamnot be
extended (e.g. Dragoon [Atkinson 91]), amly if the synchronisation idully re-specified
(e.qg. Eiffel// [Caromel 90] and POOL-I [Ameri€D]).

It is important to note, however, thdttis problem isnot inherent tothe combination of
concurrency and the object-oriented paradigm. Instead, irtheritance anomaly is
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completelydue to the particulasynchronisation scheme and inheritance semantics of a
language. In the case that thesetarerestricted to express certain desired behaviour, the
programmer must 'program around' th@blem in method implementations. tiirns out

that this often requires the redefinition of seemingly unrelated methods.

In this section, we W describe an@nalysethe inheritance anomalies and defineset of
criteria foravoiding them. We would like tstress that th&lentification and description of
inheritance anomalies was first made by Matsuoka, Yonezawa and Wakita in [Matsuoka 90]
and [Matsuok®3a]. However, thanalysispresented here is different the sense that it
focuses more on therigins rather than alassification ofthe amomalies. A firstattempt
towards the analysis presented here was made in [Bergmans 92a].

The analysis startswith a description of a framework fosynchronisation schemes.
Subsections 3.2.4 to 3.2.6 then procesti a discussion afhree categories of sources for
the inheritance anomaly. Section 3.2.7 gives some conclusions.

3.2.2 A Generic Framework for Synchronisation Schemes

In this subsection we make attempt atdescribingthe undamentals of synchronisation in
an object-oriented concurrent computation model. By constructing a precdsd of the
synchronisation schemes, ware able to explainthe potentialproblems in inheriting
concurrent codeand we cananalyse why previously pposed mechanisms fail in
overcoming the inheritance anomaly.

We assume the following simplified object model:

[m]

—JJ
message

Object Manager

———— =

ﬂcol\ect’on

Figure 3.2.1 A simplified model of the synchronisation of messages

In this model, each object has aloject managera message queue, a collection of methods
and an objecstate. Theobject manageirs responsibldor scheduling messages: based on
the state of the object, the state of tessage queue atite synchronisation constraints, it
is decided whether a received message can resuthnmediate method execution, or
whether it will be put in the message queue. The object managé¢alasocare that queued
messages W eventually lead tahe execution of a method, once thsynchronisation
constraints arsatisfied. The object managaeperates on onmessage at a time to ensure
that competing messages are handled consistently.
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If we consider the synchronisation with more detail, we can identify a number of thetbrs
determine whether a message is acceptable or netatesl beforeinessage acceptance
ultimately depends on thstate of object, in the broadesgnse possible. We term this the
abstract object stateo avoid confusion witlthe common use of objedtate todesignate
the values of instance variables onlyhe abstract object stateay include the values of
instance variableghe properties of the message, such asnteesage selector and the
message argumentdie currentactivities withinthe object (forexample,the number of
active threads), themessage queue (i.e. withermessagearewaiting to be served), and
the history of the object (for instanaehich messages have been executedhamd often).
Depending on the particular object model, propermag beadded to or removed frothis
list.

The abstract object stateaffected by several types of everitg arrival of new messages,
the acceptance of message ostart of amessage executiothe termination of a method
execution, and theffects of method executions themselves. The dependemeiestlined
in the following diagram:
Abstract Object
State (ADS) Message Acceptance
Y (MA)
message acceptakce \

MESSAGE ATV mmmmmmpn syhnc

>
method termination ="
instance variables p\ enables
message properties 5?:?”_“9” execution
current activities arecls of
message queus
histo
Y methods

Figure 3.2.2 Schematic outline of (one-step) synchronisation specification

In this figurethe abstract object stat®QS is modelled by @etconsisting of elementhat
each represent one particutdate of the objecSynchronisation of messages is modelled
by a set of acceptedessages (so-calletcept sgt Thus, synchronisation the mapping
between the abstract object stAteSand theset ofpossibleaccept sets of an objedtA.
this is formalised as follows:

Definition 3.2.1: One-step synchronisation specification
Assume an objeat with a -current- abstract object stafAOSand a -current- accept set
allA.
(1) A messagenis accepted by if and only ifmJa.
(2) The synchronisation specification of an objeghg is the mapping fromAOSto MA:
sync: AOS - MA, and thusynds) =a

As a refinement of this model, wetroduce an intermediate between the obgate and
the messageaccept setwhich we term synchronisation conditionsThe synchronisation
conditions can be considered intuitively as an abstraction, or characterisation, of the abstract
state of the object. The abstract object staexmessed as a set sdtisfied conditions.
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This is formally represented as a set ilentifiers, where eacldentifier represents a
satisfied condition. The definition of synchronisation then becomes:

Definition 3.2.2: Two-step synchronisation specification

Assume an objeat with an abstract object stadlgAOS synchronisation conditiort§1SC

and an accept safIMA.

(1) A messagenis accepted by if and only if mUa.

(2) Thestate abstractiorsarepresents the mapping between the object state AQx®and
the synchronisation conditioset SCsa AOS - SC

(3) Thecondition mappingm represents the mapping between the synchronisation condition
setSCand the message acceptance spisecm SC - MA.

(4) The synchronisation specification of an objeghg is the mapping fromAOSto MA:
sync: AOS - MA ¥ sae cm,and thussyngs) = cm(c)= a, wherec=s&s)

The reasons for introducing thé$agedsynchronisation schemare two-fold:firstly, it is
necessary to properly mod#ie synchronisation specifications in a number G@orLs.
Secondly, it will be shown that suctstagednodel is necessafyr effectively reusable and
extensible active objects. Thdollowing figure graphically depicts this staged
synchronisation scheme:

Abstract ~ o
Object Synchronisation Message
State Conditions Acceptarce

message acceptame ~—

MESBAGE ATV memmmmmnlin

method termination —

instance variables
message properties
current activities
message queue
history

”k enables
5>1<:;:u4 i0 execution
attects of

methods

Figure 3.2.3 Schematic outline of two-step synchronisation specifications

To demonstrate howhis modelcorresponds to actualynchronisation schemes, consider
the language ACT++ [Kafura 89]. This language specifies synchronisatmnghso-called
behavioural abstractionFor this purpose,every objectdefines aset of behaviournames
and forevery behaviour namthe methods that are accepted for that behaviewery
methodspecifiesthe nextbehaviour with ebecomestatement. Theehavioural abstractions
in ACT++ correspond to the synchronisation conditions in our formal model.

The become statemenisiplementthe mapping fromthe abstract object state to the
synchronisation conditions, arttle definition of acceptablenethods for eaclbehaviour
realises the mapping between synchronisation conditions and the message accept set.

In some synchronisation schem#s mapping fromthe abstract object state toethod
acceptance is madenmediately, without the intermediatestep of synchronisation
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conditiond. This isthe case in guard-like approaches such as Guide [Decouchant 91]; a
method guardlirectly mapsthe current state of the objeahto message acceptance. We
will use this framework fosynchronisation schemes to desctifseproblems with reuse of
synchronisatiorcode in alanguage-independent way, and al@m thatmostcoorLs that
support interface control and object-level synchronisation can be mapped onto this model.

3.2.3 The Origins of Inheritance Anomaly

To illustrate theconflicts between inheritance and synchronisation, weheseell-known
bounded buffeexampl@. This is an example of shared resource that must pr@tected

against simultaneous access, and that requires synchronisation between different clients. A
bounded buffer object providesgat and aput operationwhich respectively remove from

and add elements to the buffer.

In two boundary situations this requires synchronisafexcept for mutual exclusiothat

we assume in all cases). The first case is when the buffer stores no element at all: in this case
a get operation must be blockaghtil new elementsire added (throughut operations).

The second case is whéme buffer isfilled to its limit with elements; then no morsut
operations should be accepted until additional space comes available.

We will use pseudo-code fatescribingthe examples. Thgseudo-code is based on the
syntax of Sinabut will be extendedvhen necessary wittonstructs that argpecific to the
particular synchronisation schemes. Thdefinition of the boundedbuffer without
synchronisation is as follows (we omit the implementation details of the methods):
class BoundedBuffer
inherits Object // declare superclass(es)
constants
limit = 10; // the maximum number of elements in the buffer
instvars // instance variable declarations
store : Array(limit); // index ranges from 1 to <limit>
head, tail : Integer;
methods // the methods on the interface of the object.
get returns Any; // returns the element pointed at by <tail>
put(newElem:Integer) returns Nil; // stores the argument at position <head> in
<store>
end;
In theremainder of this section several extensionthéboundeduffer will be introduced
to illustrate the variouproblems that can be encountered when trying to extend concurrent
objects. The origins of these conflicts between inheritance and synchronisation can be

divided into the following three categories:

1. Synchronisation modularity.

2. Synchronisation granularity.

3. Expressiveness for synchronisation conditions.

1 Although this can bemodelled ashaving a one-to-one mapping between synchronisation
conditions and acceptable messages.

2 Although this is not a very creative choice, the bourtleiter and its variationsave become a
canonical example for demonstrating expressiveness and reusability of synchronisation schemes.
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In the next three subsections these three categories are discussed one by one.

3.2.4 Synchronisation Modularity

The modularity of synchronisation specifications is an important requireimentfective
reuse and extension. mheans thathe synchronisation specification geparated from the
applicationcode of the object. The importance yfnchronisation modularity has been
widely recognised (yetvidely ignored incoopris as well), e.g. in [Bloord9], [Grass 86]
and [Frglund 938,

The prime reason for requiringynchronisation modularity is teeduce thedependencies
between theapplication code, such as method implementations, a&hé acceptance of
messages. Because in subclasisesynchronisation W virtually always changéf only to
cope with newly added methods), dependencies between application codenesshge
acceptance will require the redefinition of application code in many situations.

We discuss thredevels of synchronisation modularityhe synchronisation in so-called
bodies explicit messageacceptance and specification of synchronisation conditions in
methods.

Synchronisation in Bodies

In a number ofcoorls each objectlefines apart called the body, this is code that is
executed independently fronthe execution ofincoming messagege.g. POOL-I
[America90], Eiffel// [Caromel90]). In thesesystemsthe body representthe high-level
specification of aprocess that is associated with the object: the receivessages are
considered and when deemed appropriate (i.e. accepthblexecution of corresponding
methods is initiated (i.e. the process performs them).

Message
Acceptarce
5p6@1ﬁfaT
T enables
execution
of
methods body

Figure 3.2.4 Schematic representation of body synchronisation.

The previous figure visualises the dependencies. The parts and relations that play no role are
greyed out. The body can be considered to be a special typetlodd. Thepossibility of

3 We should mention th@pproach taken bweseguer [Mesegu&3a, 93b], tocompletely
eliminate synchronisation code by replacing the conventioetiod implementations terms of
message expressions by so-catkegrite rules This is based on the same motivatiouat taken
to an extreme.
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inheritance anomaly can loketected by the presence of a direct connection between the
body and message acceptance.

Except forrealisingthe synchronisation constraints tife object, the bodgnay implement
some general house keeping operations/gls The problem with thigpproach appears
when additional synchronisation semantcs required irsubclasses; in this cades whole

body must be defined again. dgt important, in thesubclassall the synchronisation
constraints for the methodsefined inparentclasses must be programmed agdihis
conflicts with incremental specification. It also violates encapsulation, because the
synchronisation constraints thate implementation-dependent must be redefinedvels

This requires knowledge ofie implementation othe superclasses, anthkesthe subclass
dependent of the implementation of the superclasses.

Explicit Specification of Message Acceptance

A closely related approach is througdxplicit messageeception. Some languagés.g.
Ada, ABCL/1) provide the programmer wiflcilities to put explicit messageeception
statements in thapplicationcode. The drawbacks eixplicit messageeception arégwo-
fold: firstly, whenthe programmer extends amisting synchronisationonstraint through
subclassing,the complete methodbody must be redefined. Secondly, eantividual
method becomes responsilfler defining messag@cceptance. Thus the extensions in
subclasses must -ithe worstcase- be taken care of @l methods, requiring their
redefinition.

Message
Acceptarce

specifies
enables

execution
of

]

methods

Figure 3.2.5 Schematic representation of explicit message acceptance.

The figure illustrateshe essence of theroblem:the tightcoupling betweerthe method
implementations and message acceptance prohibits the adaptation to changes and extensions
in subclasses.

Specification of Synchronisation Conditions in Methods

To overcome the problems that are encountered by the previously discussed approaches, the
concept of behavioural abstraction has been introduced in [K&8fa Behavioural
abstractions are ®rm of synchronisation conditions: thegpresent an abstraction of the
current state of the object, with an associated set of acceptable messages. At the end of each
method ébecomestatement specifies the new state the object will be in. In pseudo-code, the
definition of a bounded buffer object with behavioural abstraction may look as follows:
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class BoundedBuffer
inherits Object // declare superclass(es)
constants
limit = 10; // the maximum number of elements in the buffer
instvars // instance variable declarations
store : Array(limit); // index ranges from 1 to limit
head, tail : Integer;
behaviour // here the behavioural abstraction with associated accept sets are defined
empty = { put };
full = { get };
partial = { put, get }
methods // the methods on the interface of the object.
get returns Any;
begin ... if head=tail then become empty else become partial ; end;
put(newElem:Integer) returns Nil;
begin ... if tail-1=head.mod(limit) then become full else become patrtial ; end;
end;
Some important properties of this approacé that (a) ireach method the nestate after
the method execution must be determimaglicitly, (b) the object can be ionly one
-abstract- state attane, and(c) with each abstracttate the set of associated methods is

hard-coded.

Now consider a subclasabelledTestBuffer, introducing a new metho&Empty, that tests
whether thebuffer is empty. As this method has no side-effects and can be executed in any
state of the object, it would be natural for tedinition of thismethod to be independent of

any synchronisation specificatioridnfortunately, this ishot thecase, as is shown by the
following definition of TestBuffer:

class TestBuffer

inherits BoundedBuffer

behaviour
empty = { put, iISEmpty };
full = {get, isEmpty };
partial = { put, get, iISEmpty }

methods // the methods on the interface of the object.
isEmpty returns Boolean;

begin

if tail-1=head.mod(limit) then become full
elseif head=tail then become empty
else become partial ;
./l and return the result.
end;
end;

The introduction of thésynchronisation-less3Empty method requires redefinitions related
to synchronisation at 2 pointsstly, all the behavioural abstractions must be redefined to
incorporate the new method. Apdmdm beingtedious, this is an important shortcoming:
whentheinterface of a superclass changeslithe subclassethe behavioural abstractions
must be redefined. This happens if methods or behavioural abstracgoadded, removed
or renamed.

The second location in thaefinition of TestBuffer where synchronisation must beped
with explicitly is atthe end of thésEmpty method: here Aecomeis required tadefine the
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new behavioural abstraction tfe object,eventhough itsstate has not changed.This
requires a completanalysis ofthe current state of the objewaiith the corresponding
becomestatements. The problem is tlilaé synchronisation, evefor inherited methods, is
fully implemented here again. Thus, a change to the synchronisation iBalastdBuffer
may require updating the methods in all its subclasses.

For brevity, in ourexamples we directly access the instance variables of the superclasses. This
in fact breaks encapsulation, the internaldata structure of a clashiould be invisible to its
subclasse$Snyder86]. In ourexamples, this can be easidyercome by adding methods for
accessing the relevant instance variables in the (super-)class, and replacing atioess to
instance variables by calls to corresponding metholis doesnot affect the pointhat the
examples are making; the unnecessary redefinitions of synchronisation specifications. In the case
of the classe8oundedBuffer and TestBuffer, methods should be addedRoundedBuffer for
retrieving the values of theead and tail instance variables, respectively. would also be
possible tqput moreabstractmethods on the interface BbundedBuffer, such as foretrieving
the current size of thbuffer, oreven methodsor testing vihether thebuffer is empty or full.
This would still require the redefinitions that we pointed out.

The concept of behavioural abstractions is visualised in the succeeding figure:

Synchronisation Message
Conditions Acceptarce

epsciﬂy

methods

Figure 3.2.6 Schematic representation of specification of synchronisation conditions.

enables
execution
of

One of theproblems is thathe coupling betweerthe methodimplementations and the
synchronisation conditions (behaviour abstractions in this cassllizoo tight: each
methodexplicitly specifieshe nextsynchronisation condition. This problem canpagtially
solved byspecifyingthe stateanalysisand becomestatements separately, and shathmgm
among multiplemethods. Anexample of thisare the defaultransition specificationsn
ABCL/onAP1000 [Matsuoka 93bJrhis makes it unnecessary to defihe same become
statements repeatedly.

The problem ofthe redefinition of the behavioural abstractions idue to the strict
one-to-onemapping between synchronisation conditions and mesaagept sets (the
relationCM). Forinstance irRosettg Tomlinson89a]this problem is addressed making
the behavioural abstractions first-class objexdlied enabled setsA number of operations
are defined on enabled sets allowitige definition of an enabledet as acombination of
other enabled sets:

class TestBuffer' // demonstrating enabled set approach
inherits BoundedBuffer
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behaviour

empty = {isEmpty} + super(empty); // extends the empty set defined by the

superclass

full = {isEmpty } + super(full);

partial = {isEmpty } + super(partial);

. Il the rest is similar to the previous definition of TestBuffer
Although this definition isot shorterthan the previousersion ofTestBuffer, it can cope
with changes to thsuperclassds More complex enabledetexpressions arpossible, but
these Wl be discussed in theontext of thegranularity of synchronisation specifications in

subsection 3.2.5.

One problem wittihe specification techniques that we have seen oot can be observed

in figure 3.2.6: wherdue to thelack of synchronisation modularitthe execution of a
method,directly or indirectly, determines synchronisation, this requirpeediction of the
actual object state at tieoment a message arrives. ®iate of the object, however, can
change in themeanwhile,due to the reception or acceptance of otm&ssages. The
techniques based dpecomestatements at the end of a method, although intricate and
powerful, cannot copeith such problems. Related to this, intra-object concurrency cannot
be dealt with properly because the analysis priortdec@mecan be invalidatesthmediately
afterwards by another active thread.

Consider forexample an extension the BoundedBuffer class that introduces a method
lowPriorGet. This method has a lower priority thive normalget method,meaning that no
lowPriorGet message ilVbe accepted if there is get message ithe queueAssumingthat
we have means tdest the currenhumber of blockedget messages irthe queue,
determining message acceptance within methods can not be specified correctly.

3.2.5 Synchronisation Granularity

The granularity of synchronisation specifications is an impofttbr for effective reuse

and extension of synchronisation specifications. Thissgyaanderstoodvhen considering

a synchronisation specification that is a single, monolithic uniexsmple of thisare path
expressiongCampbell74]. A path expression is a single expression that imposes constraints
or a relative orderingupon requests. Path expressions extended with guards can
conveniently express most synchronisation constraints [And8jvs

Specialisation, extension or reuse of sunbnolithic synchronisation specifications in
subclasses isot possible inthe general case. It isot possible to replacgarts of the
specification. Adding new constraints tize specification is only feasible in specific cases
(when the additional constraints are fully orthogonal taettisting specification). Wargue
that this isdue to the largegranularity ofthe specification, whichdoes notallow the
selection or replacement of a part of the synchronisation specification.

Consider forexample gpath expression that controls access to a resource sucfilas a
(based on aexample in [Laffreéf2]). The " symbol definesequence, the+" denotes a
selection and™ designates repetition:

(OpenForRead ; ReadRecord* ; Close) + (OpenForWrite ; WriteRecord* ; Close)

4 |nheritance anomalies are not about saving keystrokes...
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This expression allowsepeated read or write actionsnly when preceded by a
corresponding open statemeNbw suppose that we want to afld a subclass) a new
operationReadCharacter. This hasthe same constraints as hofdr the ReadRecord
operation. A path expression that satisfies this is as follows:

(OpenForRead ; (ReadRecord + ReadCharacter)* ; Close) +
(OpenForWrite ; WriteRecord* ; Close)

However, theonly way to achieve this is by completely redefinitige existing path
expression. There is no straightforwandy to extendthe path expression with new
constraints, or to reuse ttspecification of constraint®r ReadRecord. The illustrated
problems appear in languages thdbptmonolithic synchronisation specifications, such as
PROCOL [Bos 89], that adopts extended pathresgions, POOLAmerica 87,90] and
Eiffel// [Caromel90].

This example illustrategswo important aspects of synchronisation granularity: the
composition of a synchronisation specification fromo or more components (this covers
extension as well), anthe reuse of a constraigpecification in a differentontext (e.qg.
another class, asther methods). The latter is concermath the polymorphic application

of a (part of apynchronisation specification twher objects or method¥hesetwo issues
will next be discussed separately.

If we consider thegranularity problem irthe schematic representation of synchronisation
mechanisms, wenust focus on theynchronisation conditions and time relationsSA and

CM. The synchronisation conditions provifig an intermediate that is independent of both

the implementation details of the object and the precise interface specification. This makes it
suitable as a reusablestitact synchronisation specificationthout violating encapsulation

and that can be tailored to the exact interface of the reusing client class:

Abstract N o
Object Synchronisation Message
State Conditions Acceptance

[$))

[

Figure 3.2.7 The synchronisation conditions introduce a level of granularity.

Note thatsynchronisation conditions detimply aparticular synchronisation scheme; they
can range from behavioural abstractiongjt@ards. The relatio®A describeghe mapping
between the abstract object statel thesynchronisation conditions, at@M describes the
relation between the synchronisation conditions and the acceptance of messages.

Polymorphic Synchronisation Specifications

The requirement fopolymorphic synchronisation specifications is basedthen goal of
reusing and extending synchronisation specifications. Confdezxamplethe possible
extensions to bounded buffer. We give a few examples:

getLatest : returns and removes the element of the buffer that was added latest.
getX(x) : returns and removes the x-th element in the buffer

peekFirst : returns, but does not remove, the first element of the buffer
smallest : returns the smallest element in the buffer
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For each of these example methods a range of variations caagred.The notablehing
is that allthese methods require tkame synchronisation #se simpleget method:they
can be appliednly whenthere areslements irthe buffer, otherwise they cannogturn a
result. Instead oSpecifyingthe same synchronisatiooode repeatedly, thpolymorphic
application of the synchronisation constraintg@fto the other methods is preferable.

Polymorphic application of synchronisation constraints is particularly important in cases
where thesynchronisation depends on implementatspects of the (super-)class, and the
constraints are reused sabclasses. A changetime implementation othe superclass may
require a redefinition ofhe synchronisation constraint$his should remain hidden to the
subclasses, whicliloes nothold whenthe synchronisation constraints have been re-
implemented.

We show that guard-like approaches such as Guide [Decowhlan€oncurrency
Annotations [Lohr 93] and the synchronisersin [Matsuoka 936] suffer from these
problems. The bounded buffexample is redefined with synchronisation dpyards: for
each method a guard condition defined that specifies a necessary condifion the
acceptance of the corresponding method:

class BoundedBuffer
inherits Object // declare superclass(es)
constants
limit = 10; // the maximum number of elements in the buffer
instvars // instance variable declarations
store : Array(limit); // index ranges from 1 to <limit>
head, tail : Integer;
guards // we assume a guard approach
get : ( head<>tail ) ;
put : ( tail-1<>head.mod(limit) );
methods // the methods on the interface of the object, we omit the implementations.
get returns Any;
put(newElem:Integer) returns Nil;
end;

We define a subclass thatdstwo methods,peek and getLatest, with synchronisation
constraints that are equal to those ofghemethod:

class PeekBuffer
inherits BoundedBuffer // declare superclass(es)
guards // we assume a guard approach
peek : ( head<>tail ) // re-implementation
getLatest : ( head<>tail ) // re-implementation
methods // the methods on the interface of the object, we omit the implementations.
peek returns Any; // returns the element at the head of the buffer.
getLatest returns Any; // returns and removes the latest added element.
end;
The problems with this implementation arider example when we change the
implementation othe BoundedBuffer such that théead andtail instance variableare no

longer available. Assume that the new implementation is as follows:

5 Although this is less severe because tapiproach supports behavioural abstractionsvels
which can cope with this particular problem.
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class BoundedBuffer
inherits Object // declare superclass(es)
constants
limit = 10; // the maximum number of elements in the buffer
instvars // instance variable declarations
store : Collection(limit); the array is replaced by a collection object of variable size
guards // we assume a guard approach
get : ( store.size>0) ;
put : ( store.size<limit) ;
methods // the methods on the interface of the object, we omit the implementations.
get returns Any;
put(newElem:Integer) returns Nil;
end;

This requireghe modification ofthe subclas$’eekBuffer as well. We should rematkat, if
message invocatiorseallowed as gart of the guar@éxpressionge.g. inGuide this is not
allowed), theproblem can be circumvented. The implementatiorthefsynchronisation
constraints must then be done in separate methoclassBoundedBuffer, e.g. a method
nonEmpty, and in classPeekBuffer the guard expressions must be replaced with an
invocation ‘server.nonEmpty”. The method thaimplementsthe guard expression can be
applied polymorphically, which solvethe problem. Mte thatthis requires a separate
method implementation for every guard expression in an object.

In our schematic model of synchronisation mechanisths, property ofpolymorphic
synchronisation specifications is a characteristic of the mapping betwesmdmeonisation
specifications andthe message acceptance. In particular, with each synchronisation
condition mutiple acceptable messages must be associated, and it must be possible to
extend the mapping incrementally, in order to associate additional messagesexigtiag
synchronisation conditior{as exemplified by the union operation onenabled sets in
[Tomlinson89a]).

Synchronisation Composition

The term composition applies to the composition oftipla predefineccomponents awell

as the extension of predefined component with new, local, components. Synchronisation
composition is essentifdr the reuse and extensionsyinchronisation constraints. In some
systems this objective has been discardesdially motivated by thecomplexity of the
problem andthe relatively smallamount of reused cod&xamples of thisare POOL-I
[America90], Eiffel// [Caromel90] and Dragoon [Atkinso®1], [Reglizzi 91]. In these
systems synchronisation specifications can be inherited (once), but not extended afterwards.

The inheritance and extension of synchronisation is more than a reductienaimount of
code that must by typed, though. Tinkeritance and incremental modification of classes
that incorporatesynchronisation is essentitdr effective componenteuse. Wealready
demonstrated that re-implementation of synchronisation constraints in subaelag®late
encapsulation of the superclass.

We illustrate theproblems in synchronisation composition with an examplenokiple
inheritance. Consider a classckingBuffer that inherits fromboth classBoundedBuffer
and classLocking. ClassLockingBuffer is a bounded buffer that can be locked and
unlocked. If thebuffer is locked no methodse accepted for execution, except the method
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unlock that removes this restriction. Thenctionality of locking and unlocking of messages
is defined in claskocking.

The -partial- definition of classLocking is shown. In theexample synchronisation is
expressed using behavioural abstractions:

class Locking
inherits Object // declare superclass(es)
behaviour // we adopt the behavioural abstraction approach
locked = {unlock};
unlocked = {lock};
methods // the methods on the interface of the object.
lock returns Nil; begin ... become locked end;
unlock returns Nil; begin ... become unlocked end;
end;
The problems with the realisation ladckingBuffer are two-fold-firstly, the synchronisation
constraints that ardefined bythe two classesare sometimescontradictory. Foexample,
suppose an instance bfckingBuffer is in the lockedstate,and contains a few elements.
ClassLocking dictates that no method excejptock is to be accepted. However, according
to classBoundedBuffer, the methodgut andget should be acceptable. Thesenflicting
constraints must be resolvedhich is not trivial, in particular inthe general case. For
example, synchronisation that is based on behavioural abstractions is faced pntiblgra
that the abstract state space of the objechuttiplied due to thecombination of two

orthogonal state spaces (iemptypartial/full versudockedunlocked.

The second problem is th#te synchronisation constraintefined bylLocking are to be
applied onthe methods of gubclass. These methodse notknown yet wheriocking is
defined. It isthus important tadefine a form ofopen-endedness the synchronisation
specification. This is achieved in [Frgluggd] through a construaalledall-except which
definesconstraints for an open-ended set of methout$iding those in futuresubclasses.
Another approach to solving this is by defining operations on message accept s#isnhat
for extending them in aubclasge.g. in RosettéTomlinson89a] and in [Matsuoka 93b]).
This makesthe accept setfirst-class objects, a form of reflection. Approaches that are

based on method guards cannot do this.
eC MA,

MA_..

Figure 3.2.8 lllustration of synchronisation composition
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We briefly consider how th@roblems of synchronisation compositiappear in théormal
model for synchronisation mechanismthere is adifference withthe previous aspects,
which dealt with the properties of th®/nchronisation mechanism itseWhereas now we
are interested in theombination oftwo synchronisation specifications. Assume that we
want to composdwo synchronisation specification§Speg and Speg. Each of these
specifications consists of a condition mappi@lyl: SG — MA, and astate abstraction
functionSA. Because the state abstraction functi®Asare implementation specific, we are
only interested incombining CM; with CM,. The combination of synchronisation
specifications is illustrated in figure 3.2.8.

The following two situations can be distinguished when composing synchronisation:

(a)CM; andCM, are orthogonalthis isthe casewhen they deal with differentets of
messages:[{as; 0 MA; ) (Has, 0 MA, ) » as; n as, = . In this case they can be
easily combined into a new condition mapping:

CMcomp: (SC. 0 SG) — (MA; 0 MAy) & CMcomds9 = CMy(s§) 0 CMy(s9
Thus, in eaclstate of the objedcll the messages that were acceptedSpeg or by
Speg are now accepted in the composed specification.

(b)CM; andCM, conflict: when theséoth define synchronisationonstraints for theame
message, this ikkely to be contradictory. Thus, we muslkefine someoperation for
combining two condition mapping functions into a neane. Obviously, this is an
important issue inthe semantics of a synchronisation schenk@r instance in
[Frelund 92] it is madexplicit thatthe constraintsnade in a superclass should never be
relaxed.

A special case of conflicting specificationscurswhen componentslefine open-ended
constraints, i.e. thapply tothe future methoddefined in subclasses as well. These must
be treatedseparately in théormal model.for instance as a highlevel function by itself,
operating on the condition mapping function.

3.2.6 Expressiveness for Synchronisation Conditions

The expressivepower for specifying synchronisatiorconditions varieswidely among
synchronisation schemes. Ane end of thecalearemechanismsuch as path expressions,
which canonly express acceptance based on \agcific information(i.e. the history of
executed messages). Extended path expressions provide guards to extexupldbsive
power. Another specific mechanismfor expressing synchronisation is based on
synchronisation counters [Robert 77]. The more sophisticated synchronisation sghgmes
in [Frglund92] and [Matsuoka 93b])allow -almost- the full expressiveness of the
programming language for expressing synchronisation conditions.

Insufficient expressivenedsr synchronisation conditions can reveal itseltwo -closely
related- ways: itmay completely prohibitthe expression ofspecific synchronisation
constraints. But itmay well bepossible to ‘program arounthe problem, by witing
additional applicatiorcode (i.e. in methods). The latter situation is a frequent source for
inheritance anomaly.

One particular example of this is the so-calestory-sensitiveneddlatsuoka 90]which is
exemplified by arextension to the boundduffer. Suppose that we want to addwbclass
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of BoundedBuffer that provides a methagiget. This is an ordinarget operationexcept
that it shouldnot executeimmediatelyafter aput. The essential problem of this is that it
requires theexpressivepower to access thastory of the objectThis can be provided by
the system (cf.the wait_oncetransitions in [Matsuoka 93b]), or tteoplication must do
some explicit bookkeeping.

In thegget example, consider that there is no special langsagport forkeeping a history
administration, themhe only way toknow that the latest executed method wasitais by
modifying allthe methods of the object toaintain aBoolean variable. This is shown in the
following code example, based on guards for synchronisation:

class HistoryBuffer
inherits BoundedBuffer // declare superclass(es)
instvars
justPut : Boolean;
guards
gget : (justPut.not) // only allowed when the previously executed method was not a
put
methods // the methods on the interface of the object.
get returns Any; begin justPut:=false; return super.get end;
put returns Nil; begin justPut:=true; return super.put end;
gget returns Any; begin justPut:=false; return super.get end;
end;
Note that wecan use themplementations othe superclass methods bging the super
pseudo-variable, buhis does noimakethe inheritance anomaly leseverenot only must
all methods be redefine@hcluding the onesnherited indirectly) but in futuresubclasses

thejustPut Boolean must be maintained as well.

A solution to this bookkeeping problemasailable insome systemthrough thedefinition

of genericpre- and post-actions that are executedafiomessages thatre received by the
object (e.g. in Encapsulators [Pascoe 86], oreitective languages such as ABCL/R
[Matsuoka 91] and Maude [Frglund 93]).

Abstract ~
Objest Synchronisation Message
State Conditions Acceptarce

message acceptance g,
MESBAGE ATV memmmmmnlin
method t@rm’rajior

5><’futmm

fErte enables
7 execution
of
methods
Figure 3.2.9 Schematic illustration of the expressiveness problem

The relevance of thiexample is todemonstrate hovack of expressiveness can cause
inheritance anomalietmportant is theossibility of makinghe mapping fromany abstract
object state to aynchronisation condition (illustrated by relatiSA in figure 3.2.9). The
problem, however, is that the notion of abstract obgtate is quite broadnd in fact
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system-dependent. The requirements for expressing synchronisation conswaiose @by
Bloom in [Bloom 79] seems to be broad enough for most purposes, though.

We summarise the information that may be relevant for synchronisation:

1 Message properties, such as the message selector, message arginmsendy. include
the sender of the message and the message arrival time as well.

O The state of the instance varialSles

d The synchronisatiostate of the resourcevhich meanghe stateinformation that is
specific to synchronisation. It includes informataimout thecurrently pending requests
and the current activities within the object. One particular exampied be the state of
the message queue of the object.

(4 History information; this is informatioabout preiously fulfilled requests. Foexample,
this could bethe amount of requests of a certain type gyhchronisationcounters
[Robert 77]), or the type of the last served request.

It is not ourintention to suggest thé&ilure to meetll these aspects is a seriaiesiciency

for any concurrent language or systerRor instance, in a (softyeal-time system,
information regardinghe arrival time of a message and deadlines can be essential, whereas
this is of no value in typical business applications.

It should benoted that the approachbssed on behavioural abstraction that perform a
becomestatementt, orafter the end of methodg.g. ACT++ [Kafura89] and ABCL+
[Shibayamé1]) areobliged to predicthe state of the object at tmeoment of message
arrival. Thus they cannot deal witdmy informationabout arrived messages ithe time
between thdecomeand the (test for) acceptance of a particular message.

3.2.7 Conclusion

This section is concluded withe necessary requirements favoidingthe occurrence of
inheritance anomalgnd a comparison with thenalysis of inheritance anomalies made by
Matsuoka et. al.

Requirements for Avoiding Inheritance Anomalies

From the sources afiheritance anomalies thatere presented ithis chapter, wedirectly

derive a number of requirements to avoid the anomalies. These are all based on the structure

of figure 3.2.10.

Synchronisation modularitythe specification of synchronisation must be completely
separated from the method implementations. Further, it must be decomposadibgen a
abstraction function and a conditiomapping function. The first covers the
implementation specifi@aspects for abstracting the current state of the olijgct
synchronisation conditions, aride latter provides enapping fromthe synchronisation
conditions (bothlocal and inherited) tdhe acceptance ahessagegboth local and
inherited). This corresponds to the structuring described by figure 3.2.10.

6 Although not supported by all languages, in the general case instance vaaabkesfirst-class
objects themselves.
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Synchronisation granularityfine-grained synchronisation specificatiosie necessary to
facilitate the reuse of -parts of- thepecifications. Firstly a synchronisaticonstraint
must be polymorphically applicable to additional messages. Secomdiytiple
synchronisation constraints must be composable to fon@ new synchronisation
constraint in a descendant cla3dis is necessarypoth for singleinheritance and
multiple inheritance of synchronisation. Synchronisation granularityaisly concerned
with an incremental specification of the mapp@ in figure 3.2.10.

Expressivenes®r Synchronisation Conditionshe expressivepower that isavailable for
specifying synchronisationonditions (i.e. thamappingSA in figure 3.2.10) must be
sufficient so that all important synchronisation criteria can be expressed by it.

Abstract ﬁ
Obiect Synchronisation Message
State Conditions Acceptarce

@ @
instance variables

message properties
current activities
message queue

history

Figure 3.2.10 The generic structure of synchronisation schemes.

These requirements can be used as design criteria when developing new synchronisation
schemes. Existing synchronisation schemes can be evaluated by judgimgt textenthey

fulfil the criteria. MNte that thegeneral framework can model a wide range of
synchronisation schemes. The design spaceynchronisation schemes tHatfil all the
requirements is restricted, but still a variety of mechanisms can be imagined.

Comparison with Analysis of Matsuoka et al.

The pioneeringvork in [Matsuoka 90hnd [Matsuoka 93a] presentslifferent analysis of
the inheritance anomaly. Theanalysis isfocused on, butot specific to, a model with

behavioural abstractioifhis assume&) that the state of an objectdisscribed by aet of

mutual excludingstates, i.e. an objectin be in onatateonly, and(b) that with eaclstate

the set of all messages that are acceptable is associated.

Three classifications of the anomaly are distinguished:

(1 State Partitioning The introduction of a new method in a subcladkedy to require a
morespecialised synchronisation, resultinghe specialisation obne of the states: that
state vill then be partitioned itwo sub-states. The problems thigl wause are due to
the lack of synchronisation modularity; whethe methods(or the body) of the
superclasexplicitly dealwith the synchronisation, these must bedified inorder to
deal with the newly introduced states.

1 History-only Sensitiveness of Acceptable Stafdss is arather specific example,
demonstrating that in some casesdiechronisation must be expressed in terms of the
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history of the object. It is aexample ofthe expressivepower for synchronisation
conditions.

1 Modification of Acceptable Statetnh a subclasgshe acceptable states ofherited
methods can be affected by néar inherited) behaviour othe object; astate that
allowed a messaga may be modified intdwo substates, whena is notallowed any
more in one of these substates. If it net possible to composehe existing
synchronisation specification with additional constraints, that can be either inherited or
newly specified, thisstate modification requires redefinition ofhe synchronisation
conditions of the superclass.

This categorisatiorgives an intuitive presentation what goes wrong in certain categories
of anomalies, whereas we focus moreadty things go wrong.
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3.3 The Composition Filters Approach

In this sectionthe creation of concurrency and tlgpecification of synchronisation
constraints in the composition-filtersodel is explained and illustrated with a number of
examples.

3.3.1 The Approach

Before proposing amechanismfor integrating concurrency anslynchronisation in the
composition-filters object model, the importatgsign criteriaare reconsidered, and it is
explainedhow these are reflected our solution. The three most important criteria are
(1) integrate with composition-filters modé2) avoid inheritance anomalies a(®) adopt
the criteria proposed in section 3.1.

Integration with the Composition-filters Model

The composition-filters modedttempts to separatomain-specificaspects agnuch as
possible into distinct modules, by concentrating them in filter types. Thisvoasnportant
advantages: (aparticular features, in this case concurrency and synchronisation, can be
completely ignored whenot required, and (b) the varioudmain-specificfeatures are
orthogonal to each other, allowing them to be combined without interférence

Thus, the introduction of newilter types provides a clean methddr extending the
computation model with new featuragithout violating the currensemantics othe object
model. As far as extensions aret concentrated inew filter types, they should be smich

as possible transparent to the programmer.

An important consequence of the integratwithin the composition-filtersnodel are the
semantics of inheritancehe delegation-basethheritance mechanisraupported by the
composition-filters modeldoes notmerge thecode of theclasses inthe inheritance
hierarchy,but createdully-fledged instancefor each of the ancestofasses andoes not
weaken their encapsulation. It is obvious that in this apprdaEkynchronisatiorfor a
method that islefined byone of the ancestmlasseannot be weakened in a subclass, as
messagesre subject to theynchronisation defined Iihe ancestor instance, befdrey
can be executed.

Although this limts the freedom indefining synchronisatiorconstraints forinherited
methods, it corresponds tagyood software-engineering practice: wherelaxing
synchronisation constraints of an inherited method consistency can never be guaranteed.
Therefore the freedom in concurrent access offered byldks that definethe method can

only be restricted in subclasses. A similar argument is presented in [F82llund

1 This does not meathateach filter of an object is completéhdependent of the othélters, but
that filters that ar@ot contradicting can bieeely merged. In general, a message is subject to all
the constraints and manipulations imposed by each filter of an object.
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Avoid Inheritance Anomalies

Because one ajur primary goals is tesupport the construction d¢drge systemshrough
reusable and extensible software componeat®iding the occurrence ofnheritance
anomalies is anmportant aspect. Based on the criteria3i2.7 thefollowing design
decisions for the synchronisation scheme are taken:

(d Synchronisation modularitythe synchronisation scheme must consistwb separate
components: a state abstractfanction, which mapshe abstract state of the object to
a synchronisation condition, and a condition mapping that associa@gtdmeonisation
conditions with messages. Tlstate abstractiorfunction is implemented with the
conditionsof the composition-filters model, the conditiorapping is defined by a filter
specification.

(d Synchronisation granularity: By separating dabelling -synchronisation- conditions,
they can be referred to and applied to different mesgagssbclasses as well), thereby
obtaining polymorphically applicable synchronisati@onstraints. Composition of
synchronisation constraints can tbene withAND semantics; i.ethe constraints of all
components must be satisfied. This is achievedpegifying multiple filters. If this is
too restrictive, the conditiomapping can be redefinédithout violating constraints in
superclasses, though). Open-endgachronisation specificatiormse supported asell
through the wild card mechanism in filters.

d Expressiveness faynchronisation conditionshe conditions in theomposition-filters
model havethe full expressivepower of message expressioraly restricted by the
constraint that they must be side-effect free. The propertit® afessagareavailable
through a pseudo-variable, amdormation regardinghe synchronisatiorstate of the
object is available as well.

Criteria for COOPLs

The important properties of the objesbdel that weadopt are that it supportsly active
objects, allowsfor intra-object concurrency and nesting of active obje&song
encapsulation is maintained, neither client objactssubclasses can accelssinternaldata
structure of an object. Through tleacapsulation of synchronisatidhe mechanisms for
reuse and composition of -sequential- objeggly toconcurrent objects asell. Separate
reuse and composition of synchronisati@pecifications requiresthe labelling of
synchronisation specifications and makthgselabels visible orthe interface of objects
The aspect oéfficiency is onlydealt with to the degree that tegnchronisationmechanism
is defined such that it has a straightforward computation.

3.3.2 Creating Concurrency

The creation of concurrency in a composition-filter program is achieved by adopting the
message passing semanticshafnon-blockingrpc. This maintainghe request-replynodel

for communication; a clientannotdistinguish a blockingRPc invocation from a non-
blocking invocationHowever, the server object casue arearly return which replies the

2 This is already possible fohe behaviour of objectsyhich is visible through the names of the
messages that the object supports.
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result of the invocation to thelient object, while continuing executing theremaining
statements of the method.

We illustrate this with a method thatdefinedfor a buffer object. This method is named
killBefore and takes a single argument. The method searchdsittes, starting with the

newest element, to find an element that equals the argument. Success of this search returned
as a reply to the client. This causles blocked thread of thadient to continue. Athe same

time the killBefore method continues to remowad the elements irthe buffer thatare older

then the locate@lement (providedhe latter wasavailable, ofcourse). At the end of the
method, this thread is terminated.

ClientObject ABufferObject
clientMethod(..) killBefore(value:Integer) returns
begin Boolean
begin
/I all elements that were put /I search for <value>
before return /* <value> found */;
the first element '10' are /I remove rest of elements, if
removed available
if aBufferObject.killBefore(10); end;

then self.print(‘cleaned up")
else self.print('no 10 found’);

end;
In general, a method can besided intwo parts: the parbefore the return and theart
after the return statement.héhthere are no more statements after the return, the method
corresponds to a conventional message invocatitventliere are no statements before the
return, thesemantics of callinghe method araimilar to synchronous one-way message
passing;the client canimmediately resume its execution, after theessage has been
accepted by the receiver object. The obvidifference is that it is possible teturn areply
value as well.

A problemappearsvhen a methoexecutes mor¢han one return statement: this gossible
because aftehefirst returnstatement the thread can continue. In this cassrranwill occur,
since it is not possible t@turnmultiple repliesfor a single message invocation. To avoid such
problems and structure tineethod implementation, it is go@aactice to usenly a singlereturn
statement in a method body.

One patrticular application dihe early return statement iithin the initial method: when a
threadinitiatesthe creation of new object, after the creation of the nested objectsifithe
method is executed/leanwhile,the creating thread is blockedhich ensures that the new
object cannot be referred to gy other objectand thus no messages can be sent to it. By
placing an earlyeturn statement in theitial method, the thread that created the object can
continuewhile the initial method continues as well. This ctor instance beapplied for
defining a process that executes 'in the background' during the lifetime of thé.object

3 We intend to investigate the possibility of killireyich (active) processeshen theobject is
garbage collected. Thesual approach isot to garbage collect an objexdtben it isstill referred
to by a process (see also [Kafura 90b, 91]).
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This is exemplified with the following example of a clock object:

class Clock interface
comment implements a 24-hour clock object;
externals
systemTimer : Timer; // assume an interface to a hardware clock
methods // for example
curMinute returns Integer comment returns current minute value;
curHour returns Integer comment returns current hour value;

inputfilters
disp : Dispatch = { inner.* };
end // class Clock interface

class Clock implementation
instvars
hour, minute : Integer;
initial
begin
hour := 12; minute := 0; return ; // return without an argument returns nil
while true do begin systemTimer.waitMinute; server.incrMinute; end;
end;
methods
incrMinute returns Nil comment "increments minutes, and hours when necessary"
end // class Clock implementation

The initial method firstinitialisesthe instance variables and then issuegtarn statement.
After the return statement amfinite loop is startedhich waits until anotherminute has
passed and then updates the state of the object.

It must be noted that thepplication of an earlyeturn, in particular in théitial method,
may not combine with mutual exclusivebjects. Thisaspect W be touched upon later in
this section.

3.3.3 Synchronisation with Wait Filters

We now continue t@xplainhow the actuasynchronisation of messages is integrated in the
composition-filters modelFor the sake obrevity, we focus orthe messages that are
received by an object, but the discussion is fully applicable to both input and output filters.

The Object Manager

Theresponsibilityfor handling messagesd evaluating filteres with the object manager
This is a system-defined object that handhesreception of messages, thevaluation by
filters, message-dispatch, atite scheduling of messages as well. In addition, an object
manager maintains informati@bout thereceived messages, active threadsetera. The
object manager is a first-class encapsulation pai of thevirtual machine, and can be
accessed from within the object through message invocations.

The receptionfiltering and synchronisation of messaghss all takesplace within the
object manager, as illustrated in figure 3.3.1. This figure asmonstrates how
synchronisation of messages is achieved: we introduce a new type oiMigtierthat can
block messages. The blocked messagesut in anessage queue, and can piassilter
only when they are accepted for execution and removed from the queue. A naessage
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at a Wait filter is evaluated according tthe filter specification, resulting in either
acceptance or rejection of the message. Infitisé case,the message cammediately
proceed to the nexfilter. Optional message substitutioase ignored by walitilters. When
themessage is rejected byefilter, it will be put in the queueand removednly once the
evaluation of the message against the filter specification does result in acéeptance

manager

Figure 3.3.1 The manipulation of messages by the object manager

An important property othis mechanism is thahe composition-filtersnodel andfilter
specifications can be applied consistently, includorgthe specification of synchronisation
constraints. The details of synchronisation specificatiares discussed further ithis
section.

The concurrency model othe composition-filtersmodel supports internal object
concurrency because thember of activeahreadswithin anobject isnot restricted by the
model itself,nor does theoncurrency model imposany synchronisatiogonstraints. The
consistency of an object must be guarantéeebugh definition of the appropriate
synchronisation constraints Wait filters.

By default, the pre-processarncludesfor every object a filterdefSync, that provides
mutual exclusionnot accepting requestahile there isstill an active threadwithin the
object. Mutual exclusion ensures that no inconsistenciésoacur in thevalues of the
instance variabledue to concurrent access. Byecifying a compileoption, the default
filter for mutualexclusion can be excluded, allowing less restrictive concurremastraints
to be specified.

The scheduling ofequests is theesponsibility ofthe object manager. The objecamager

ensures that the following properties hold:

1 Messages are receiveadivisibly: only one message is dealt with at a timich
imposes arorder on thereceived messages. Thisder isreflected in themessage
queue.

1 Filter evaluation is atomicthe objectmanager evaluates messages oner®. This
ensures that two competing messages will not inadvertently be accepted both.

4 |n this presentation of the schedulingreteived messages it is assurtteat noother messages
-thatwere receivecearlier and remain in the messapeue-are acceptable for activation at that
instance. Otherwise rewly received message might inadvertenthabeepted earlier thdalder'
messages in the queue.
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d When two messages are subject to the same constraints, the message that is closer to the

head of the queue will be dispatched fir3this does not mean that messagyeslways
executed in first-come-first-served order. A message that arrived earlier burod ges
fulfil the conditionamposed bythe filters will remain blocked and allovthe execution
of another message, provided that message does fulfil its conditions.

The object manager is also responsiblethe re-evaluation of wafiiters to enable blocked
messages to resume execution. Re-evaluation of a waibfiiters at least avery change
of the objectmanagerstate. Thuswhenever thestate of the objecthanges such that a
blocked message can be unblockidw message iV be accepted before ammediately
whenthe state of the objechanager changes. Examples of changekdrobject ranager
state are message arrival, dispatching, method termination, etcetera.

As discussed previously, a synchronisation scheme should consigh eéparate parts: a
state abstractiofunction and a condition mapping function. lilwow be described how
these are specified in the composition-filters model.

State Abstraction with Conditions

The conditionmapping function is achievetirough thespecification ofthe conditions of

the composition-filters object model. Thasglement a mapping froitihe abstract state of
the object to dinite set ofconditions; with each of these a boolean value is assod¢ized

designates its validity. We use the bounded buffer to illustrate the application of conditions:

class BoundedBuffer(limit:Integer) interface
comment implements a bounded buffer with synchronisation;
conditions
Empty; Partial; Full;
methods
put(Any) returns Nil;
get returns Any;
inputfilters
/I a synchronisation filter will be included here
disp : Dispatch = {inner.* };
end // class BoundedBuffer interface

class BoundedBuffer implementation
instvars
store : Array(limit); // index ranges from 1 to <limit>
head, tail : Integer;
conditions
Empty begin return head=tail end; // no elements in the buffer
Partial begin return (inner.Empty.not and inner.Full.not) end;
Full begin return (limit+tail-head).mod(limit)=1; end; // the buffer is full
initial
begin head:=1; tail:=1; end;

S Oneapproach to realising this is moake asnapshot of thetate ofthe object, or of the values of
the conditions, before iterating over the messages in the queue. The iteration msistrtfrem
the oldest and end with the latest message.
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methods
put(elem:Any) returns Nil
begin store.atPut(head, elem); head:=head.mod(limit)+1; end;
get returns Any
begin return store.at(tail); tail:=tail. mod(limit)+1; end;
/I other methods, e.g. for allowing direct access to the buffer by subclasses
end // class BoundedBuffer implementation

This examplelemonstrates how conditions can be used to abstrastatieeof the object in
a similar way as idone inbehavioural abstraction approachiae state space sibdivided
into three statestEmpty, Partial and Full. However, the programmer responsible for
ensuring that these stbact states do natverlap (and cover the entistate space of the
object). This is not anecessary requiremerthough. An alternative conditiodefinition
would be the following:

conditions
ContainsElements begin return head<>tail end;
SpacelLeft begin return (limit+tail-head).mod(limit)>1 end;

This shows that the state spadefined by a conditioare notecessarily mutual exclusive.
We would like to maketwo further observations. The first is thatlowing the full
expressivepower ofarbitrary message expressions defining conditions isnot overdone,
as even in theseelatively simple examples variougperations are used. The second
observation is that it is possible to refemtmther condition in thdefinition of a condition,
as exemplified by theartial condition.

Condition Mapping with Filters

The secondpart of thesynchronisation scheme ike mapping fromthe synchronisation
conditions to the acceptedessages for that condition. We introduce a fiker type for
expressing this mapping. The typdabelledWait and haghe following intuitive definition:
when a message arrives avait filter, it canonly proceedvhenthe message is accepted by
the filter, and it will be blocked otherwise, until the messzayebe accepted by the filter.

Consider the following input filter specifications for the bounded buffer example:
inputfilters
bufferSync : Wait = { Empty=>put, Partial=>{put, get}, Full=>get };
disp : Dispatch = { inner.* };
The first filter is of typeWait; it defines when a message ascepted.This exactly
corresponds to mapping fromthe conditionEEmpty, Partial andFull to themessageput
andget. The '=>" symbolaccepts thenessages on its right hand side whene of- the
conditions on theeft hand side is satisfied. This also allofes different styles for
expressing the synchronisation of the bounded buffer:
inputfilters
bufferSync : Wait = { {Empty, Partial}=>put, {Partial, Full}=>get };
disp : Dispatch = { inner.* };

The same synchronisation constraints can be expressed as followthéngtternative set
of conditions that were previously defined):
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inputfilters
bufferSync : Wait = { ContainsElements=>get, SpacelLeft=>put };
disp : Dispatch = { inner.* };
This mapping resemblesguard-based specification, as for each message that is currently
defined by the class, there is a single condition. When new methods are added to the class or

one of its subclasses, additional messages can be associated with the conditions, though.

To illustrate thesynchronisation of messages, we stlibemessage queue for amstance
of classBoundedBuffer that subsequently receivdse messagesut, get, get’, get” and
put. We assumehe following input filters and condition implementatiorfer class
BoundedBuffer:

inputfilters
bufferSync : Wait = { Empty=>put, Partial=>{put, get}, Full=>get };
conditions
Empty begin return head=tail end; // no elements in the buffer
Partial begin return (innerEmpty.not and inner.Full.not) end; // not empty, not full
Full begin return (limit+tail-head).mod(limit)=1; end; // the buffer is full

The arrival, buffering and dispatching of these messages is shown in figure 3.3.2.

As thefirst messageut is receivedno. 1), it ismatched against theufferSync wait filter.
The put matches with thdirst filter element, aghe Empty condition is valid. Thus the
message igmmediatelydispatched and therefore removed frédm queueagain(no. 2).
Now thebuffer containsone elementcausing conditiorPartial to becometrue. Sowhen
messageet arrives(no. 3), it is accepted by thiter, andimmediatelydispatchedno. 4).
ConditionPartial is no longer valid, causing the received messgegieo be blocked (no. 5).
When messagget” subsequently arrives, it is placed in the queue, géeras well (no. 6).

Whenput' arrives, it vill be placed at theail of the queue (no. 7), bince it isthe first
acceptable messagetime queue, it W be dispatched prior to thget messagegno. 8).
After put' has completed its execution (as was mentioned before mexahlsion is
enforced by default), conditioPartial is valid once againThis enabledoth get’ andget”,

in which case thefirst applicable messageydt’) in the queue is dispatched. After the
execution ofget’, the conditiorEmpty will becometrue and conditiorPartial will be false,
thereforeget” remains in the queue (no. 9).

Time

5 0% oo el ®

message puT
queue: . -
get get get’
put get get’ get’ get’ get’ get”
dispatched . ,
e B! !

Figure 3.3.2 Example of message scheduling in a bounded buffer.

The composition-filtersnodelallows the specification diVait filters in both input and output
filters. The synchronisation of outgoing messagess notappearfrequently in the examples.
The most important reason is that the object-oriented paradigm emphasises a client-server model,
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where the server object receives a message and detewhiaie® do with it: rejecit, accept it,

or block for a while until the object is ready to serve the request. In this approach
synchronisation by the client (i.e. the object that sends the messagedprupiriate. There are
somesituations, thoughwhere synchronisation inutput filters canvery useful.One typical
example is when the client object can, or should not perform the synchronisation. This can be for
modelling reasons, omwhen using predefined objects from ldorary that donot provide the
desired synchronisation. This should not be a problelonasas the client is not taking over the
responsibilities of the server object.

Multiple Wait Filters

The definition of multiple wait filters provides a mean®r composingsynchronisation
specifications. This servesvo purposes:firstly, it allows for decomposingcomplex
synchronisation specifications into smalfeairts that aresasier to developmaintain and
reuse, and secondlyhe composition ofsynchronisation specifications is an important
property for effective reuse, and therefore necessary to avoid certain inheritance anomalies.

As an example, wadd a methodet2 to theBoundedBuffer class. This is get operation
that removestwo elements fromthe buffer. One of the approaches tadefining
synchronisation would be testructure th&mpty/Partial/Full conditions, but, in particular
because we want a modumchronisation specification, it is simpler to definguard for
the new method with the following filter:

get2Sync : Wait = { TwoOrMore=>get2, True=>{get, put} };
The implementation of conditiofwoOrMore is as follows:

TwoOrMore begin return (tail-head+limit).mod(limit)>2 end ;

The filter specification reveals an important issheugh: becausall the messages to the
object -normally- pass all the filters, the wait filter specification must alscspecify
synchronisationfor all messages, even when this is no synchronisation at all. In the
get2sync filter this appears as the secofilter element, True=>{get, put}". The exclusion
operatorcan be applied to avoid having specify allthe other methods of thebject
(including the inherited ones) one by one:

get2Sync : Wait = { TwoOrMore=>get2, True~>get2 };
This means that all messages excepp#he are always accepted by thet2sync filter.

However, a similar argument applies tothe bufferSync filter that defines the
synchronisation for thget andput message: in the current definition thidl wever match a
get2 message, which illv thus block forever. Theame appliesor the methods that are
inherited by default fron®bject. Therefore, it iggood design practice to associatd e
condition with all the messages thahe synchronisation isnot concernedwith®. The
bufferSync filter is accordingly changed to:

bufferSync : Wait = { Empty=>put, Partial=>{put, get}, Full=>get, True~>{get, put} };

6 An additional advantage that messagethatthe object does natupportwill passthe filter as
well, andprobably cause an error later, e.gthe Dispatch filter, instead eémaining blocked
forever. This is alseolved with arerror filter asthefirst filter in the sethatrejects all unknown
messages.
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Note that thedefinition of multiple filters specifies amND constraint between the separate
synchronisation specifications, as each message musbetsSliters. In principal, with
each wait filter sseparate message queue is associated. Howleigecan lead to awkward
and unintuitive problemslue to thetime delaybetween thefilter evaluations. This is
illustrated with theollowing example filter definition that is applied the boundeduffer
class:

inputfilters
memorySync : Wait = { MemAvail=>put, True~>put };
bufferSync : Wait = { Empty=>put, Partial=>{put, get}, Full=>get, True~>{get, put} };
dispatching : Dispatch = { inner.* };

For this example we assume that in a particular application each objedinhitesdaamount

of memory availabléor storingelements irthe buffer, thismay change during théfe-time

of the application. Therefore this specification an additional constraindsfinedfor put
messages: they are only allowed while there is still enough memory available, otligewise
must be blocked. Now consider the following sequence of events:

(1) A put messages is received while the object is out of memory.

(2) The processing of the message at the memorySync filter causes it to be blocked.
(3) After a while, the object regains some memory, and the put message is enabled.

(4) Theput message passes onthe bufferSync filter and is blockedhere because the
buffer is full.

(5) Meanwhile, the object runs out of memory again...

(6) Due to the execution of one or m@ret messages, the out message is enabled again
(7) The last filterdispatching, causes the execution of thet message.

The problem here is th#tte execution of theut message is initiated whitbe object has

insufficient memory availablélThe constraintslefined bythe first wait filter are ‘forgotten’
once the filter is passed.

The solution to this problem is offered the following extension tahe semantics of the
wait filters: subsequent wait filters ihe filter set of an object are mergetiey share a
single message queue, and a messagelygemoved fronthe queuevhenall constraints
by all the subsequent wait filters that apply to the message are satisfied.

For theprevious example this means thfa¢ synchronisation constraint dfe put message
is definedas: MemAvail O (Empty U Partial)), whereas thesynchronisation ofhe get is
defined asTrue [ (Partial LIFull) ). This avoids the problem that we just described.

It may seem &it awkward tohave multiple message queues in the set of input filbetghere
are at leastwo important applications of this: firstly, consider a filter set with ftilewing
structure:

inputfilters
syncl : Wait; /I synchronise messages before redirected to ACT
sync2 : Wait;
toACT : Meta; // the ACT manipulates or rearranges messages and fires them again
sync3 : Wait; /I synchronise messages after they return from ACT

disp : Dispatch; // dispatch the messages
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In this filter set,between thesync2 wait filter and thesync3 wait filter the messagean be
modifiedand delayed by thecT. It would beinappropriate to requirthatthe constraints of the
sync1 andsync? filters are to be satisfied -again-.

The second reasdior supportingthe multiple message queuesthst this can beised as a
technique to implememiertain synchronisation constraintsparticularwith respect tonessage

arrival time. This is can be used as an alternative to rearranging the order of messages in the
gueue, because we do not allow queue manipulation. An example of this ignipldraentation

of the readers/writers problem with equal priority (in section 3.4).

Synchronisation Counters

To managdehe amount of concurrency in an object, inecessary to collect information
about the status of the object: homanythreads are activeithin the object, howmany
pendingrequests, etceterdhis information is maintained e objectmanager of each
object. An object can refer to its object manager through the pseudo-vafisdite, ‘'and to
the objectmanager othe server object throughgerver". The object manager provides a
number of methods for retrieving information.

The information is based aynchronisation counter&ee e.g. [Robert 77], [Gerber 77]):
these arenaintained bythe objectmanager and¢ount thenumber of times certain events
occur. Examples ofhese events are tlagrival, acceptance, execution and termination of
messages. Synchronisati@mounters are als@dopted inGuide [Decouchar?l] and
behavior counter§Neusius 91Db].

We distinguishtwo categories of events: thiest category deals witthe events caused by
messages thatre processed by (walifijters, the second categoeals withthe initiation
and termination of local method executions. The first tdbfmesthe methods provided by
the object manager that deal with the message processing in filters:

Filtering counters:

in(filterld) The number of messages received at filter
<filterld>

inFor(filterld, messageld) The number of messages <messageld> received at
filter <filterld>

out(filterld) The number of messages that passed filter
<filterld>

outFor(filterld, messageld) The number of messages <messageld> that passed
filter <filterld>

In the second table thgynchronisationcounters thatdescribethe local execution (and
terminatior/) of methods are made available through the interface of the object manager:

7 Note that the counters presented here cannot detect the termination of delegated mbssémges.
becausence a message is dispatched to an internekternal object, the dispatching object is
not concerned with the message anymore.
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Execution counters:

started The number of started local methods.

startedMethod(methodid) The number of started local methods <methodld>.

done The number of terminated or aborted method
executions.

doneMethod(methodld) The number of finished <methodld> methods.

For conveniencethe most important expressions basedsgnchronisationcounters are
provided as separate methods of the object manager. We call these 'derived counters':

Derived counters:

blocked(filterld) The number of messages currently blocked at
<filterld>
( = in(filterld)-out(filterld) ).
blockedFor(filterld, The number of messages <messageld> that are
messageld) currently blocked at filter <filterld>.
blockedReq The sum of all currently blocked requests in all

message queues of the input filters.

blockedRegFor(messageld) The sum of all currently blocked requests
<messageld>.

blockedInv The sum of all currently blocked message
invocations in all message queues of the output
filters

blockedInvFor(messageld) The sum of all blocked invocations <messageld>

active The number of currently executing local methods
( = started-done)

activeMethod(methodld) The number of currently executingmethods
<methodIld>

Although the bookkeeping ddll these synchronisationountersmight incur significant
overhead, this can be avoided rogintaining onlythose counters that is referredvithin
the implementation of objects.

Note that notevery message that arrives at an object resultseirexecution of docal
method: themessagemay bounce, or be delegated to an internal or external object.
Examples demonstratinigow thesesynchronisationcounters can bapplied Wl appear
later in this chapter.

3.3.4 Extension of a Concurrent Class

We will now demonstrate the reuse and extension clafsses thatincorporate
synchronisation specifications. We useample of introducing get2 method againthis
time added to a subclass BbéundedBuffer, calledBuffer2. Theget2 method retrieves two
elements instead obne element fromthe buffer, and therefore requires adapted
synchronisation specification.

class Buffer2 interface
internals
buf : BoundedBuffer;
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conditions
buf.*; // to maintain the synchronisation interface: discussed later in this subsection
TwoOrMore; /[ new condition, defined in the implementation part
methods
get2 returns Tuple; // we assume a predefined class <Tuple> that stores 2 objects
inputfilters
sync : Wait = { TwoOrMore=>get2; True~>get2 };
disp :Dispatch = { inner.*, buf.* };
end // class Buffer2 interface

class Buffer2 implementation
comment "the implementation of the condition <TwoOrMore> and the method <get2>"
conditions
TwoOrMore begin return buf.size>=2; end; // the size of the buffer must be
accessible
methods
get2 returns Tuple
temps pair : tuple;
begin pair.init(server.get, server.get); return pair end;
end // class Buffer2 implementation

Defining inheritance fronBoundedBuffer is done in thesame manner aatroduced in the
previous chapter. Thiaternalbuf represents an instance adssBoundedBuffer, and the
dispatch filter specifies thadll methods defined bynner are executedocally and all
methods defined bgoundedBuffer are delegated to thmeif internal object.

The synchronisation specification Biiffer2 is incremental; onlyor the additional methods
need thesynchronisation constraints be specifiall,other messagesre notconstrained.
This is expressed witthe sync wait filter: "{ TwoOrMore=>get2; True~>get2 }". Thus the

get2 message is acceptedly if the TwoOrMore condition is valid, which means thidiere

are two or more elements in the buffer.

get/putiget?

Figure 3.3.3 The structure of the Buffer2 example.

Figure 3.3.3 illustrates the extension of a concurctags:the inherited methods that are
defined byBoundedBuffer aresynchronised ahe internal 'superclass' object. Thebclass
neednot botherwith the synchronisation othe inherited methods (as this 'isherited’ as
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well). However, thesubclassmay define additional synchronisatiaonstraints, asil the
inherited messages must pass its filters as well.

Inheritance of synchronisation thus has the following important properties:

1. Synchronisation can be specified incrementdlg synchronisation constraints of the
new methods in theubclass can be specified independently flloesynchronisation of
the methods of the superclass.

2. The synchronisation constraimsfinedfor the methods of the superclass can never be
weakened. It is only possible to define additional constraints on the inherited methods.

The importance omaintainingthe (synchronisation) interface of an object is illustrated
through arexample that again extentte Buffer2 class. This is a claguffer2Latest, that
adds a methodetLatest, which is similar tahe get, but retrieves the latest addeldment,
i.e. LIFO behaviour instead dhe FIFO behaviour ofthe get. The interfacalefinition of the
class is as follows:

class Buffer2Latest interface
internals
buf2 : Bufferz;
conditions
buf2.*; /I we make the conditions on the interface of buf2 available!
methods
getLatest returns Any;
inputfilters
sync : Wait = { {Partial, Full}=>getLatest; True~>getLatest };
disp :Dispatch = { inner.*, buf2.* };
end // class Buffer2Latest interface
/I the implementation part, consisting of the definition of the getLatest method is omitted

The synchronisation dhe getLatest method is exactlyhe same ashe synchronisation of
the get. The conditions that are requireddpecify this synchronisatioare defined by the
BoundedBuffer class. It is thus important to makée conditionsavailable to the
subclasses. Therefore, even wharlagsdoes nouse the conditiondefined by itgarents,
as is the case f@uffer2, it is important to make these conditiansilable orthe interface
so that they can be used in subclas3déss is achieved by declaringodf2.*" in the
conditions clause dhe interfacewhich makesall the conditions on thenterface ofbuf2
available.

This is essentiallghe same aghe transitiveinheritance of methods alorige inheritance
hierarchy. By making this explicit, it is possible to redefine conditions and to sahagng
conflicts when multiple parents define conditions with the same name.

3.3.5 Default Synchronisation

In chapter 2 we described the defab&haviour of objects. The default behaviour is
provided for the convenience of the developer, and can be turnedifrusing a compiler
option. As the defaulsynchronisation, mutual exclusionadopted. Thelescription of the
default synchronisation also serves as an exaimple atypical synchronisation problem
can be expressed with wait filters.
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Mutual Exclusion

Mutual exclusion is a generic techniquept@tect anobject againstiatainconsistency due
to concurrent access. iheans that we allow only a singhkeethod executiomwithin an

object at a time. The important advantage of enforcing mutual exclusiba iaterface of
the object is that iallows for ignoring concurrency ithe implementation ofthe object
while the object can still be used safely in a concurrent environment.

In the composition-filtersnodel a distinction is made betwe#re local execution of a
method and the execution @fherited and delegated methods, becahse latter are
encapsulated within the internals respectively externalseobbjectThis haghe advantage
that theymay beprocessed concurrently withoaausingdatainconsistency as they all
execute within a separate encapsulated object.

Therefore, mutual exclusion neenldy be enfoced on the execution &dcal methodsThis
is achieved by théollowing synchronisation specification (consisting of a wait infiter
and a condition implementation):

inputfilters
defSync : Wait = { Free=>inner.*, True~>inner.* };
conditions

Free begin return “self.active=0 end ;

The defSync wait filter defines a synchronisatiooonstraint forall the messageghat
correspond tdocal methods othe objec® Only when conditionFree is satisfied, these
messageareallowed to continue. This e casevhenthe number of local methodhat

are executing e@ls zero.All othermessages cammediatelypass thdilter. Thus, adong

as there is still an active thread inside the object, no other local methods can be executed.

Allowing the execution oinherited and delegated messageparallel with local methods
brings a number of advantages but has some drawbacks as well. The advantages are:

« It can increase the amount of parallelism in an application.

« A message invocation that is delegated and then block#ét atelegated object does
not prohibit other (inherited) messages to be acceplidds may benecessary iorder
to bringthe delegated object into another stieh that the blocked invocation can be
accepted afterll. This is alsothe casewhen a local method invokes (directly or
indirectly) a message of a delegated object.
This also allows foavoiding a problem explained in [B82] that occursvhen a message to a
nested object is blocked. If the message is sent by a mutual exclusive object, deddlock
occur. Thiscould also occurwhen dispatching to an internal object would block the
encapsulating object, as illustrated in the figure below:

8 The filterelement Ihner.*" selects all the messagimt arelocally defined. In the -unlikelyease
where a locaimethod isnot madeavailable on the interface of an object, twSync filter may
need to be redefined to adopt to the desired synchronisation.
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mutual
exclusive
object [::}

Figure 3.3.4 Blocking invocations on encapsulated objects.

mutual
exclusive
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By always allowingaccess to the encapsulated object through the dispachanism of the
encapsulating object, thetate ofthe encapsulated object can rbedified sothat the blocked
thread can benabledagain.Although the problem described IBal can still occumwhen the
nested object is an instaneariable, this can be tackled by relaxing the muttlusion
constraint of the encapsulating object, or when the nested object encapsulates internal threads.

There are aumber of potential problem&yough, that camccur due to theelaxation of
the mutual exclusion:

d When an inheritednethod invokes a message server theremay have beerother
requests accepted and executed bystrgerobject,interleavingthe execution of the
inherited methodThis may in some circumstances be undesirable, and can then be
avoided by adding an additional synchronisation constraint that blickeessage
acceptance by theerverobject during the execution of the inherited method.

(1 Consider a methotlansaction that subsequently invokes several methods defined in its
superclass to read amadodify the state of thesuperclass object. To avoid that these
invocations arenterleaved withother messages directly inherited frattme superclass,
additional synchronisation constraints must be defined.

(d Assume a subclass @ie BoundedBuffer example,Buffer22. This class defines the
methodsput2 and get2, that are bothmplemented by callinghe put respectivelyget
methods of the superclassgo times. When ayet2 message followed by @ut2 is sent
to an emptyBuffer22 instance, the nestegtt invocations in the body @fet2 will block
the object, prohibiting the execution of thdocal methodput2. Through proper
specification of synchronisatidor theinheritedput andget messages this problem can
be solved, as will be demonstrated later in this chapter.

The rigorous synchronisation constraints imposed by mutual exclusion may lead to deadlock
in certain situations. The default synchronisation wappsed relaxethe constraints, but

this may introduce new problems thatre due to the distribution of trsynchronisation
constraints overinherited and inheritingobject. These problems can be resolved by
reproducing the synchronisation of the superclass methods in the subclass.

Recursive Messages

One of the problems with mutual exclusion synchronisation is that recasdis¢oselfand

server could normally block, as there iglready an activéhreadwithin the object.This

problem was alsadentified in [Briot 87] and [Yokote 86]. Supportingecursivecalls is
necessary fotwo reasons. First, the pseudo-variabsedf and server allow for calling
methods defined in superclasses or subclasses respectively. As inheritance is achieved
through a dispatcfilter, a message sent &elf for example, must necessarpass the
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filters of the object. The second reason is that the methods thatabed during the
execution of an accepted message may need to synchronise again.

Thus, recursive messages must be subjected to evaluation by wait filters and may be blocked
as well.But arecursive message shouldt beblocked because of thautual exclusion
synchronisation constraint. This problem is resolved by redefining the mutual exclusion filter
so that it can deal with recursive messages:

defSync : Wait = { {Free, Recursive}=>inner.*, True~>inner.* };
The inner methodsare nowallowed to execute when eith#re Free or the Recursive
condition is satisfied. Th&ecursive condition istrue only whenthe currently evaluated
message is a recursive message. The recursivpngssrty can be obtained from the
message representation, as shown in the condition implementation:

Recursive begin return message.isRecursive; end;
All messages thaire sent to the pseudo-varialdedf serveror senderare recursiveNote
that messages sent toner (i.e. directcalls on local methodsare notsubject tofilter
evaluation, and thus will never block.

Mutual Exclusion vs. Early Returns

The definition of mutual exclusive synchronisation prohilit® concurrent execution of
message requests dhe interface ofthe object. Consider th®llowing two example
methods that are defined for the same object:

m returns Nil; spawn(n:Integer) returns Nil;

begin begin
return ; // returns nil
self.spawn(10); while n>0do // repeat n times
self.spawn(5); [* perform some action */
end ;

end ;

Whenever methoeh is executed, it W call the methodspawn. Because théarget of the
message invocation eelf this is a recursive message and iit wot beblocked at the
interface. Thespawn methodimmediatelyperforms an earlyeturn, and proceedsith the

subsequent while-loop, parallel withthe -nowresumed- methoch. Therefore, after the
two method invocations aspawn, three concurrent threads can be acwithin the object,

regardless of the mutual exclusion input filter!

We consider this form of intra-object concurremot as aserious threat to theonsistency

of the object thoughThis is becausghe intra-object concurrency achievedthis way is
only possible irthe presence of recursiealls. It isthus theresponsibility ofthe developer

of theclass to avoid inconsistencidae to concurrency. Because intra-object concurrency
cannot be created this way by calls fronexternal clients, it shouldot cause consistency
problems.

Inserting the Default Synchronisation

The default synchronisationilivbe inserted(when appropriateyvithin the set ofinput
filters, immediatelyafter the last walifilter definedfor the object. Thdilter specification is
defined bythe internal objectdefault. This makes it possible tadopt adifferent default
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synchronisation by redefining clag®ject or replacingthe internal default with another
class.
inputfilters

userSync : Wait = .. ; // this is the last wait filter
default.defSync;

As a reminder: default filterare not insertedvhen a filter withthe same label is already
defined bythe object.This makes itfor instancepossible to overridenly the default
synchronisation by definingnotherfilter defSync, while retainingall other default object
behaviou?.

On themessages thatre sent by the object, rgynchronisation constraintse imposed.
Thus, no wait filters are inserted in the set of output filters by default.

The primitive objects in thesystem, such as integers, booleans and staliggovide a

behaviour that is equivalent tbe default behaviour. Thus, application programmer is
not necessarilyconcerned with synchronisation issuest can enforcenutual exclusion for
all objects by inserting the default filters through a compiler option.

9 Although the rules regarding the default behaviour of objectsseey ait complex, it must be
noted that theseare completely optional, and irfiact aim at increasingconvenience in the
definition of classes.
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3.4 Examples of Wait Filters Applicability

In this section a number of examplese given to demonstrate theapplicability,
expressiveness arektensibility of synchronisatiothrough waitfilters. Theexamples are

divided into a number ofategories. First it is shown hogeveral variations of message
passing semantics can be defined, in particular asynchronous message passing and future
message passing. Then we use reader/writer synchronisation to illbstnaiatra-object
concurrency can be managdénally we show two extensions to the bounddaliffer
example, addressing more complex synchronisation. The éa#@rpical examples leading

to inheritance anomalies in some other approaches.

3.4.1 User-defined Message Passing Semantics

We showtwo examples ofidaptednessage passing semantics. In subse8tibi3 various
message passing semantiwere explained. In this subsection asynchronous message
passing and future message pasamggshown to bexpressible withhe composition-filters
model. In bothexampleghe object that sends theessage selects these alternative message
passing semantics explicitlper message invocation. Several variations to this can be
realised, forexampletransparenmodification ofthe message passing semantibsough
ACTs or server-based modification of semantics.

Asynchronous Message Passing

Asynchronous message passing is a usefulfemohcreasinghe amount of concurrency in

an application, because the client and the server proceed in parallel. It assumes that no result
is returned by a request, corresponding nd gesult type in our model.

The example defineswo classes: a clasiclient that serves as an example clasiating
asynchronous message invocations. To do this, it inhetsnessagesendAsync from
class Async. By supplying the sendAsync message withthe desiredtarget, message
selector and argument, an asynchronous message is defined and executed:

class Aclient interface
internals
mps : Async; // (asynchronous) Message Passing Semantics
methods

inputfilters
inh : Dispatch = {inner.*, mps.* }; // inherit methods of class Async
end // class Aclient interface
class Aclient implementation

methods
m() returns ...
begin

server.sendAsync( serverObject, 'request’, 1000 );

end;
end // class Aclient implementation
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After the invocation $erver.sendAsync( serverObject, 'request’, 1000 );" the subsequent

statement can be -almostmmediately erformed. ClassAsync implements the
asynchronous semantics through ¢bhedAsync message:

class Async interface
comment "This class offers explicit asynchronous message sending through the
message <sendAsync>. This message takes the target, message selector and
an argument, and asynchronously sends a message with these properties”
methods
sendAsync(Any, String, Any ) returns Nil;
/I default filters
end // class Async interface

class Async implementation
methods
sendAsync(rec:Any; sel:String; arg:Any) returns Nil
comment for brevity, we do not deal with multiple arguments;
temps mess : Message; // creates a first-class representation of a message
begin
return ; // caller resumes execution with nil reply
mess.setReceiver(rec);
mess.setSelector(sel);
mess.setArgAt(1, arg);
mess.fire;
end;
end // class Async implementation

Asynchronous message sending is achieved by first performing anretariy, andthen
composing the actuahessage and sendinig After the receivermessage selector and
argument of an instance of clasessage have been definedhe first-class message is
activated through thire message.

Although the mannerfor specifyingasynchronous message sending is a bit cumbersome,
asynchronous message passing semantics cafullpesimulated with thisapproach,
comparable to e.gABCL that offers various message passing constructs.

Future Message Passing
The implementation of future message passing semantics is orgsim#éadtothe previous
example: an example classClient, inherits from class-uture, that provides a method
sendFuture. This methodmmediatelyreturns a proxy object, an instancectdssProxy,
and then sends the message tadifenedtarget. Thus, thelient canproceed its execution,
with the proxy object as the result of the future message. As long a$etitedoes not
access the proxy object, it can continue its activities awgle the result of the prior future
message invocation isot available.However, themessages thare sent to thgroxy
object will be blocked until the result of the invocation is available:

class Aclient' interface

internals

fut : Future;
methods
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inputfilters
inh : Dispatch = {inner.*, fut.* }; // inherit method(s) of class Future
end // class Aclient' interface

class Aclient' implementation

methods
example(x, y : Integer) returns Integer;

temps
resultl, result2 : Integer; // will in fact be replaced with a subtype of Integer

begin
resultl := server.sendFuture(100, 'faculty' );

/I spawns a new thread, and continues with next statement

result2 := server.sendFuture(50, ‘faculty' );
resultl.print;  // the print messages are blocked until the result of the
result2.print;  // previous invocations have been returned
return resultl + result2 ;

end;

end // class Aclient’ implementation

The class-uture provides the methoskndFuture to construct futurenessage invocations.
This methoddoes threahings; it creates a proxy object and returns it to dhent that
invoked thesendFuture message. Then it createfirat-class message representati@m
the receiver and selector that are provided as parametetsr€foty, message arguments
are omitted), anfires the constructed messad@nally, the result of thenessage is handed
to the proxy object that was returned to ttadler of the future messagdhis will then
unblock all pending requests on the proxy object.

class Future interface
methods
sendFuture(Any, String, Any ) returns Nil;
/I default filters
end // class Future interface

class Future implementation
methods
sendFuture(rec:Any; sel:String) returns Nil
comment for brevity, we do not deal with arguments;
temps
mess : Message; // creates a first-class representation of a message
proxy : Proxy; [/ creates a proxy object
begin
return proxy; // caller resumes execution
mess.setReceiver(rec);
mess.setSelector(sel);
proxy.setReplyTo( mess.fire ); // fire message and assign result to the proxy
end;
end // class Future implementation

The mostsignificant property of theclass that implementthe proxy object is that it
dynamicallyinherits fromthe result of the future message: thessages tthe result alue
are all dispatched to an internghr. Whenthe reply of the future becomeavailable, it is
assigned taar. Thedisp filter makesall the messages dhe result objecavailable on the
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interface ofthe proxy. There is a singlecal method,namedsetReplyTo, that accepts a
reply and assigns it tear.

The synchronisation idefined bythe defSync wait filter that overrideshe defaultmutual
exclusiort. The setReplyTo message is alwaysccepted bugll other messagesre only
allowed wherthe conditiorReady is true.This isthe casenly after thereply value of the
future message invocation has been installed; until this is the case, all requests are blocked.

class Proxy interface
internals
var : Any;
conditions
Ready; // has the result arrived?
methods
setReplyTo(Any) returns Nil;
inputfilters
defSync : Wait = { True=>setReplyTo, Ready=>* }; // overrides default
synchronisation!
disp : Dispatch = { inner.setReplyTo, var.* };
end // class Proxy interface

class Proxy implementation
instvars
replySet : Boolean;
conditions
Ready begin return replySet; end;
initial
begin replySet:=false; end;
methods
setReplyTo(returnValue) returns Nil;
begin var:=returnValue; replySet:=true; end;
end // class Proxy implementation

The important ingredients fordefining the modified message passing semantics
demonstrated in this subsectiare (a) thepossibility for constructing first-classnessage
representations and activating these, and (b) the creation of concurrency throeagitythe
return nechanismand (c) theability to specifysuitable synchronisation constraittisough
wait filters.

3.4.2 An Example of Resource Management: Reader-Writer Synchronisation

Reader-writer synchronisation assumes a partitioninghef operations that access a
resource intdwo kinds: read operations thaonly retrieve information and doot change
the state of the resourcandwrite operations that do affetihe state of the resource. In
order tomaintain consistencyyrite operations have to be performed with mualusion
-no other read or write methoday beactive simultaneousfy However, it ispossible to

1 This is because the object encapsulated by the proxypmaide any type of synchronisation
and internal concurrency, this should not be restricted unnecessarily by the proxy object.

2 Notethatthe read and write operations may maniputataplexdata structures, iwhich case a
data structure that is being written can be in an inconsistent state when it is read concurrently.
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execute severakad operations concurrentlyhich obviouslymay increasethe throughput
of the system.

We presentwo examples of classes implementirepder-writersynchronisationthe first
example is astraightforward implementation, thanly enforces mutual exclusion during
write operations. For the sake of teeample, we simply defineraad and awrite method
for the object, these are assumed to access some encapsulated resource:

class RdrWrtr interface
comment this class implements a combined reader/writer class with reader priority ;
conditions
default.Free;
NoWrtrActive;
methods
read returns Any;
write returns Nil;
inputfilters
defSync : Wait = { NoWrtrActive=>read, Free=>write }; // override mutual exclusion
disp : Dispatch = { inner.* };
end;

class RdrWrtr implementation

conditions
NoWrtrActive begin return “self.activeMethod(‘write")=0; end;
methods
read returns Any; begin ... end ;
write returns Nil; begin ... end ;
end;

The synchronisation ispecified by a wait filter wittthe label defSync in order tooverride
the defaultmutual exclusion. Mutual exclusion is enforcédwever, forwrite messages,
applying the conditionFree that is available bylefault, whereas thesad messages are
accepted as long as there ismae message executing within the object.

However, this implementationmay lead to starvation ofvrite messages. A series of
infinitely arriving read messages ivall be accepted as long as there ati# one or more
read messages actideanwhile, nowrite message ithe queue of the object can proceed.
Thus, theead messages have a prioriyer thewrite messagés It is also possible tgive
priority to write methods bgllowing read methodsnly to execute whethere are no write
methods active or in the queugut this approactagain might lead tstarvation of read
methods.

A modifiec* implementation that gives equal priority ead andwrite messages is defined
below. Equal priority means thall messageare served on frst come, first serverCr9g
basis, where subsequeriad operations can executeparallel. Such an implementation,

3 Sometimes the notion oéad priority (respectively write priority) is used to designate a situation
where an arriving read request has priooier all the write requests currently in the queue. This
is not the case here.

4 Extension of the example through inheritance would be equallypossible, although requiring
additional condition or method definitions by therWrtr class.
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however, cannot beealised by an object with a single messgqgeue,since messages do
not have any information regarding their (relative) position in the queue.

The problem that we face is that we carglistinguish betweeread messages ithe queue
before and after thirst write message. Thead requests that arrived before timst write
are allowed to execute (when there is no writer method actitbanobject) whereas the
read messages that arrived aftée first write in the queue ar@ot acceptable yet. The
adopted solution is illustrated by the following diagram:

{ NoWrtrinQ=>"}

v

{ NoWrtrActive=>read, Free=>write }

read i write
Figure 3.4.1 The multiple queues for the equal priority readers/writers solution

The solution is based on usihyo messages queues, to sepatiagdearly’ messages from
'late’ messages. Messages can pasBrst message queue whérere is nowrite message
in the second queue; thus there can be at most a siriglenessage ithe second queue.
Because no more read messagesallowed afterthe first write message has entered the
second queue, the 'latedd messages do not compete withthize message:

class RdArWrtrEP interface
comment "This class allows concurrent read operations, but enforces mutual exclusion
for write operations. Read and write operations have equal priority: they are
served on FCFS basis"
conditions
default.Free;
NoWrtrActive;
NoWrtrinQ;
methods
read returns Any;
write returns Nil;
inputfilters
equalSync : Wait = { NoWrtrinQ=>* }; // ensure equal priority
dummy : Error = {*}; // dummy that separates the wait filters, to create two queues
defSync : Wait = { NoWrtrActive=>read, Free=>write };  // override mutual
exclusion
disp : Dispatch = { inner.* };
end; // class RArWrtrEP interface

class RArWrtrEP implementation

conditions
NoWrtrActive begin return “self.activeMethod(‘write')=0; end;
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NoWrtrInQ begin return “self.blockedFor(defSync, write)=0; end;

methods
read returns Any; begin ... end ;
write returns Nil; begin ... end ;

end; // class RArWrtrEP implementation

The class introducesvo additional filters, respectivelgqualSync anddummy. The latter

is a rathetinelegant toolfor separating théwo wait filters so that theget their separate
message queuesThe first message queue is themchronised bythe equalSync wait
filter, that imposeghe conditionNoWrtrinQ on all messages. This condition is expressed
using the blockedFor method of the objectnanager that we previously introduced,
supplying the filter label and message selector as an argument. It returns the nwber of
messages thatre in themessage queue associated witle defSync wait filter. The
synchronisation othe secondmessage queue the same ador the previousRdrWrtr
example.

This exampledemonstrates that rtple messagequeues can be used to perform
synchronisation that depends order ofmessage arrival, eveéhough we do not support
direct access to thmessage queue agata structure. It is important to note that in the
case of inheritance or delegation, lnple messageueues are createcherently, and this
can be exploited fosimilar purposes. Thdifficulty with this is that it Wl often require the
subclass to accesbe objectmanager ofthe superclass. The superclass muake this
available through conditions or methods.

3.4.3 Inter-Object Synchronisation

As an example ointer-object synchronisation we ugee boundeduffer, which functions
as an intermediate betwedwo or more clients. We showwo extensions of the
BoundedBuffer class thatare typical representatives leading to certaategories of
inheritance anomaliefMatsuoka 93a]. Thdirst example is a composition ohultiple
synchronisation constraints from different classies,seconéxampledemonstrates history
sensitiveness.

Synchronisation Composition

We illustrate the composition of concurrent objects by composing a boboffedwith a
class providing 'lockingfeatures. First theclass Locking is defined. It provides two
methodsock andunlock, which respectively 'lockhe object,causing no method except
for theunlock to be accepted, andnlock'the objectcausingall methods to be acceptable
again. The status of the object is stored in a boolean instance vdreble,

class Locking interface
methods
lock returns Nil;
unlock returns Nil;

5 We have alsbeen experimenting withperations on -sets of- filtersherewait filters sharing a
message queugre surrounded bthe brackets<' and '>'.For simplicity we use the implicit
merging rule for subsequent wait filters.
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conditions
Unlocked;
inputfilters
locksync:Wait={ True=>unlock, Unlocked=>*};
end;

class Locking implementation
instvars
free:Boolean;
conditions
Unlocked begin return free; end;
methods
lock begin free:=false; end;
unlock begin free:=true; end;
end;

The methodunlock is always acceptable, independent of $tede of the object. The other
methods of the object amnly allowed wherthe object is théJnlocked state. Note that,

due to the usage of thald card ™", this synchronisation specification is open-ended in the
sense that thgpecification wll still be valid when new methodare addeqassuming these
have to be blocked in theck state as well). This open-endedness makes it possible to reuse
the synchronisation specification directly in another context.

ClassLockingBuffer is a composition of cladsocking and clas8oundedBuffer that was
shown in the previous section. Therefanstances of thesevo classesare provided as
internals. Becausthe synchronisation that is defined ltlgesetwo classes needs to be
combined, their synchronisation filters are directly used for this class:
class LockingBuffer interface
internals
buf:BoundedBuffer;
locker:Locking;
inputfilters
locker.lockSync;
buf.bufferSync;
disp:Dispatch={ buf.*, locker.* };
end;

This realises armNnD-condition for the constraints in the subsequelitérs (since the
constraints imposed bigoth filters have to be satisfied iarder tolet the message be
accepted). The ladiiter dispatches messages ttte respectiventernals. Nte thattheir

filters have to be passed again, (redundantly) imposing the same synchronisation constraints.

History Sensitiveness

As we argued before, history sensitiveness can be tathtedgh theprovision of a

mechanism thatan modularly maintain an administration of relevant historyaspin the

composition-filters model, this can be achietleeugh theapplication ofacTs. We use the
example ofthe HistoryBuffer that was introduced in section 3.2 itlustrate this. The
HistoryBuffer class extendshe boundedbuffer with a gget method that shouldiot be

executed immediately after the execution ptiamessage.
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TheHistoryBuffer class first performs synchronisation and registers messages when they are
dispatched for executiofhis requires thaall the messages that padse metdfilter are
immediatelydispatched and areot blocked by thenternalbuf anymore. To avoid this, the
synchronisation abuf as specified by theufSync filter, is repeated here:

class HistoryBuffer interface
internals
buf : BoundedBuffer;
admin : HistoryACT; // encapsulated ACT that administers history information
methods
gget returns Any;
conditions
admin.NoRecentPut;
inputfilters
sync : Wait = { NoRecentPut=>gget, True~>gget };
buf.bufSync; // or we would register messages in the queue of buf as being executed
register : Meta = { [*]Jadmin.register }; // all passing messages are registered
disp : Dispatch={ inner*, buf.* };
end;

The ACT object, HistoryACT, receives meta-messages and sets a bodlegawhen the
message is @put message. The conditidioRecentPut looks at the booleawariable to
determine the acceptance of thg=t message:

class HistoryACT interface
conditions
NoRecentPut;
methods
register(Message) returns Nil;
inputfilters
disp : Dispatch={ inner.* };
end;

class HistoryACT interface
instvars
justPut : Boolean;
conditions
NoRecentPut begin return justPut.not; end;
methods
register(meta:Message) returns Nil;
comment "updates the instance variable <justPut> and resumes execution of the
reified message by firing it.
begin justPut := (meta.selector="put’); meta.fire; end;
end;

Note thatthis exampledoes nottruly solve the inheritance anomalybut avoids its
occurrence. Theommonly availabléechniques formplementing history sensitiveness are
not modular, and therefore cause an inheritaarg@maly(i.e. not thesynchronisation itself,
but the code fomaintaining history informationauses thenheritance anomalyHowever,
ACTs make it possible to maintain history information in a modular wggrated in the
object-oriented model, and therefore do not cause inheritance anomalies.
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3.4.4 Summary

In this section, we made attempt to demonstrate tle&pressivgpower ofsynchronisation
and concurrency control in the composition-filteredelthrough anumber of examples in
several categories.Additional examples can be found in [Bergm8@s] and

[Bergmans94].
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3.5 Discussion

In this section wdbriefly discusghe contents othis chapter. The proposesynchronisation
scheme is evaluated by comparing it while requirements that were formulated in section
3.1 and 3.2. Some related proposals that focus oncdmebination of inheritance and
synchronisation constraints are discussed and the chapter is concluded.

3.5.1 Evaluation of our Proposal
We evaluate thesynchronisation scheme weoposed in this chapter by comparing its
characteristics with the criteria that were defined in 3.1.5:

(4 Modular concurrencytheissue of modular concurrency involves a number of different
aspects:

1. Every object inthe composition-filters objectmodel may define its own
synchronisation constraints, i.e. all objects are active.

2. Intra-object concurrency is supported and nested objects may encapsulate threads.

3. The method implementations tiie objects arecompletely separatedfrom the
condition implementations andhe wait filter specifications. This achieves
synchronisation modularity.

4. The synchronisation specificatioase decomposable &tvo levels inour proposal:
filters can bereused separately andombined into a new synchronisation
specification, andhe constraintspecified by conditions can reused separately.
However, it is notlear whether a different granularitgyr decomposition would be
more appropriatevery fine-grained decomposition can teglious andneffective,
whereas coarse-grained decomposititay be ineffective asell. The composition-
filters model tries to offer a workable compromise.

Concluding, our approach meets all the basic requirements for modular concurrency.

1 Expression-powerThe mechanism of interfaceontrol that is adopteesynchronising
messages oithe interface ofthe object- issufficiently powerful to express most
synchronisation problems. In particular becansescheme allows recursivalls to be
synchronised as well, thereby enabling synchronisatidheimiddle of amethodbody
as well. The variousxamples in sectioB.4 have demonstratetthe applicability of the
synchronisation scheme to a range of different synchronisation problemsufert
for synchronisation reuse prates the definition and application of generic
synchronisation policies such aesader-writer synchronisation or tailored message
passing synchronisation. Acceptance of a message can be motivated by various aspects
of the object,including the state of nested @xternal objects, thetate of theobject
manager, the properties of the message,-wlitectly- history information. Although
other types of information can be imaginethese cover most practical situations.
Additional expressivgpower is achieved bgnabling multiple messagpieues for more
complex synchronisation problems.

(1 Encapsulation The composition-filters modelupports strongncapsulation, which is
not relaxed for subclasses. Synchronisation specifications are also encapsuobati:
names of conditions and filterare visible on the interface, their respective
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implementations remain hidden. An important characteristic is that synchronissglbn
is also encapsulated, in the sense that it cannahdzéfied by inheriting or calling
clients ofthe object. Theynchronisatiorfor locally overridden methods can be relaxed,
though.

(1 Support reuse and composition of concurrent objeasing objects in a different
context is supported because concurrency symdhronisatiorare encapsulatedithin
objects and because each object is active, i.epitoiectedagainst concurrent access.
The separation of synchronisation specifications friii methodimplementations
makes it possible toeuse each of these separatelywvadl. The issue of avoiding the
occurrence of inheritance anomalies is discussed below.

(1 Efficiency The efficiency aspects of thesynchronisation mechanism hawet been
discussed in thishapter, ashis isthe nmaintopic of chapter 5. Weulffice here with the
remark that the overhead of thgnchronisation scheme liesainly inthe evaluation of
conditions. This means that (a) the programmer bears sesponsibility inthat
complex condition implementations should be avoided, (kha absence of any
activities (i.e. changes difie objectmanagerstate), nae-evaluations are required, and
(c) inactive objects incur no processing overhead, as they require no re-evaluations.

Several of these criteria have bdested through aumber of examples. Some of these
were shown in section 3.4, andchamber ofotherexamplesappear in [Bergmar@2c, 94].

In conclusion, the requirements that wetated before aressentially almet. For anumber

of aspects, such as tigeanularity of decompositiorthe expressiopower and efficiency,

no absoluteclaims can be made, but igeneral we can conclude that these criteria are
fulfilled.

We briefly consider the additional favourable properties that were defined in section 3.1.5:

(4 Declarative synchronisation specificatiortbe definition of wait filters inthe interface
of the object specifies the synchronisation constraints for the object separately.

(4 Data-consistencythedefinition of mutual exclusion abe defaultbehaviour of objects
provides a certaitevel of data-consistency, as tlistance variables of awbject are
protectedagainst concurrent accedsifferent default protection mechanisman be
defined as well.

(4 Model Integration An important design criterion washe integration of the
synchronisation scheme withhe composition-filters model. By introducirfdters of
type Wait, synchronisation specifications candmtled to applications in a modular and
consistent manner. They can foeely combined withotherapplication aspectsefined
by filters such as multiple views, real-timeonstraints, mitiple inheritance and
delegation.

Thereusability andextensibilitycharacteristics of thgynchronisation scheme can be judged
by considering the requirements for avoiding inheritance anomalies proposed in section 3.2:

(4 Synchronisation modularityThis requirement igully met by the compositiofilters
model. Conditions are thmechanisnior makingthe abstract object state concrete. It is
possiblefor mutiple conditions to bevalid atthe same time. The implementation of
conditions idully encapsulated withitheimplementatiorpart of the objectConditions
can be referred to byther objects througtheir namethough. Wait filters specify the
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mapping from conditions to message acceptance. Both the conditions &tidrghmay
be reused.

(4 Synchronisation granularity The polymorphic application of synchronisation
constraints to messages is possible, where a condifieaifiesthe synchronisation
constraint. All possible associations between conditions and messagealisable: one
or more conditions can b®mbined into aonstraint for one or more messages. The
composition of synchronisation constraints is possiblevatlevels: (1) conditions may
appear in waifilter specifications in combination witbther conditions to form a new
synchronisation specification. And (2) complete filters carrdaesed, wheremultiple
subsequent filtertogether composersew synchronisation specification. Teemantics
for composindfilters are restricted thougHilters defined by a singl®bject can be
combined only withaND semantick in the sense that the constraispecified by all
filters must be satisfied.

1 Expressivenes®r Synchronisation Conditionghe expressivgpower that isavailable
for specifying conditions is quite elaborate, as we discussed above alréhidy.is
mainly due to the fact that conditions areessage expressions of arbitrary complexity
and the provision of an object manager to access the system state.

We conclude that the gposed approach does rsaverely violateany ofthe requirements
that we stated. Fosome issues, such as theanularity for decomposition, and the
expressiveness of synchronisation conditiotiee composition-filtersmodel adopts a
specificsolution thatmay not fully exploit all possibilities.Thus, it should be clear that we
do not pretend to propose the ultimate solution. The integration witothposition-filters
framework is another important property. Wedam thatour proposal can at least meet
the reusability and extensibility properties of other proposals for concurrent object models.

This chapteronly addresses the computatiomodel and its synchronisation scheme; the
issue of reasoningboutsynchronisation specifications is beyaig scope othis thesis.
However, in section 5.2 it idescribed how &et of Wit filters can be translated into
Boolean expressions in terms of conditions that can express the acceptance constraints per
message.More research is required towestigate reasoningbout synchronisation
constraints in the presence of multiple sets of Wait filters, and of inheritance and delegation.

3.5.2 Related Work
We discuss some olfie recent relatediork in moredetail, several othe other proposals
for coopLs were mentioned in sections 3.1 and 3.2.

ABCL+

The proposal of ABCL{Shibayama1] isbased on the language ABCL/1 [Yonez&3Ga,
but has a number of extensions to enatdase of synchronisation constraintsstly,
method guards are de-couplEdm the methodsThis is done bydistinguishingprimary
methods fromconstraint methods. The firstlefine applicationcode, whereas the latter
define amethod guard. The secomtension is the introduction afansition methods.

1 Through composition of objecthat each defingheir own synchronisatioronstraints, we can
select a particular behaviour. This combines filter specificationsomtemantics.
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These camodify the synchronisation of an objeeasspecified bythe constraint methods-
throughdynamicdelegation. Abecome statement in the transition methageecifies a new
'‘parent’. Bydefining a number gbarent objects, one for each -relevasttte, it ipossible
to define state abstractionsSpecial merging rulesire defined for inheriting transition
methods.

ABCL+ has in fact awo-tiered approach tsynchronisation, adoptingoth method guards
and state abstractions thatllow to choose a particular set of methods guarfss
approach does nosuffer from the tight coupling between methodode andstate
abstractions by a clear separationpamary methods and transition methods. The use of
method guards ensure thgichronisation can be basedtbe current state of the object.
Some of thehistory-sensitiveness problems can be addressed by seleginoper set of
method guards after the execution of a method.

ABCL/onAP1000

The synchronisation schemeoposed in [Matsuoka 93b] for ABCL, thaas been named
after theimplementation ornthe AP1000 multi-compute@ims at solvingthe common
inheritance anomalies while offering an efficient implementatibhe most significant
characteristic of the approach is thepport for miiiple synchronisation schemes: this is
motivated by the observation that #m@omaliesoccurring in some existing synchronisation
schemes can be avoided ther scherms, but these in turrsuffer fromotheranomalies.
Providing the user with mitiple strategies makes it possible aolopt aspecific tool for
tackling each particular problem.

Two synchronisation schemase proposed: one that is basedtramsition specifications
which is similar tothe approach obehavioural abstractions. The common problevik
behavioural abstractiorsre avoided by associating guards with them, anddbying a
number oftransition types The latter can have particular semantics suckaasg and
restoring the currentnessageaccept set. The secomynchronisation scheme ike so-
calledsynchronizerThis is essentially method guard, but a single guard can be associated
with multiple methods. Guards can be expressed in terms ah#tence variables of the
object, message arguments dhe acceptance state of methods (i.e. whether a method or
method set is enabled or disabled).

The approach of supporting itiple synchronisation schemes hasme drawbacks,
however: the developer must understaauderal synchronisation schemes, ahdose one
that is deemed appropriate.h8h multiple schemesre required for aclass and its
subclasses, the interface of all schemes must be mairtained

The ABCL computation modetloes not supporintra-object concurrencywhich is
considered to be important foeusability as wel[Nierstrasz 93a]This restrictionallows
for more efficient implementations ofhe synchronisation schemes, however. A egah
solution fordealing with history information isot availablebut somespecific transition
types can solve certain forms thfe historysensitiveness inheritance anomdinportant

2 Itis not fully clear what the effect of multiphemes is on the efficiency of the synchronisation
scheme, this is likely to increase the amount of overhead, though.
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characteristics of the approach are the consistent use of method sets for both
synchronisation schemes, amnide separation of transitiospecifications from method
implementations. These de-couple methods from synchronisation conditions, thereby
avoiding the occurrence of anomalies.

Proposal by Fralund

In [Frelund92] ageneric synchronisation mechanism isgwsed to support the reuse of
synchronisation constraints. One tbke starting-points is thaynchronisation constraints
should be incrementallgnore restrictive in subclassekhis conforms toour opinion that
relaxingthe constraints ohherited methods in subclasses breaks encapsulatawever,
the paper does mention a mechanism caltedcurtain, which enables selective inheritance
of restrictions. Thignechanism isot workedout in [Frglund92], butshould be applied
with care to avoid breaking of encapsulation after all.

The synchronisation constraints must be defined in the form

<guard condition> prevents <message pattern>
where the guard condition ismaessage expression resulting in a booleantlaadessage
pattern selectgsvocations based on their names gadameter list. Theatternsallow the
conditions to be applied polymorphically to several messag#sugh this cannot be
specified incrementall{i.e. we cannot associate a new message vafieaificrestriction in
a subclass). The papeentions thapatterns could benade first-class, as to allow them to
be named and composed.

A problem withthe approach is that conditions @@ named, and can thumt bereused.
This is partly addressed liye disabledconstruct thaindicatesthe current acceptance state
of a particular message. Thisesallow for composition of restrictions, but depends on the
names of messages (essentially breaking encapsulationfls#syachronisation constraints
of a particular messagae anmplementation issue). Thatherproblem is thathe disabled
operation is not aeference to a known restriction, but to deenbination ofall restrictions
for aspecificmethod. As a result, one can refer to $sigachronisation o&nother method,
but not to a specific constraint, e.g. as defined in a superclass.

For example, consider adding a methodockable_get in thelocking buffer example. This
method haghe same constraints @bBe unlockedget. The expressiomisabled(get)will
however depend on tHecking state of thebuffer as well,there is noway to reuse the
synchronisation constraint that were defined forgéieonly. It seems to be inappropriate to
define synchronisation constraints for one method in terms s/tighronisation of another
method.

Oneother property of the proposal is a constraltiexcept which definesconstraints for

all methods, with the option @xcluding specifianethodsThis is comparable tthe use of

the wild card infilter specifications.However, in ourunderstanding, this constraint is
inherited and thuapplies tothe methodslefined in subclasses as well. This seems to be a
pessimisticapproach, as some constraintay not apply to newlyintroduced methods in
subclasses, but they cannot be redefined (except through the iron-curtain mechanism).
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3.5.3 Conclusion

This chapter makeswo main contributions: thefirst contribution isthe analysis of the
origins of inheritance anomaliethie second is theynchronisation scheme wopose for
the composition-filters model.

In section 3.2 ageneric framework forsynchronisation schemes is definedost

synchronisation schemes that perform synchronisation of received messiégdanatatface

of the object withobject-level synchronisation fit withithe framework. Theorigins of

inheritance anomaliesre therexplained using this framework. Asresult, aclassification

of the origins of inheritance anomalies is given. These used taderive a number of
requirements on synchronisation schemes to avoid the inheritance anomalies.

The synchronisation scheme we propose for the composition-filters model is based on a new
type of filter,the waitfilter. This filter can baused tospecify synchronisatioconstraints on
messages and fally integratedwithin the framework offered by theomposition-filters

model. Concurrency is created through the transpanemhanism of non-blockingpPc
message passing semantics. We showthieamodel can solve a range of synchronisation
problems, can avoidll categories of inheritana@omalies to a certagxtent, and adheres

to all of the criteria for concurrent object-orientggogramming languages that were
defined in section 3.1.

We stress that the propossgnchronisation scheme ®th a powerfulsynchronisation
scheme with good reuse aextensibilityproperties, and it ismoothly integratedithin the
composition-filters model.
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4.1 Introduction

4.1.1 Our Goal.

This chapter describes a method fthre development of concurrent, object-oriented
programs. The method focuses two primary aspets. The first aspect is to guide the
analysis and designprocess through method steps thgive hints, guidelines and
suggestions. The second aspect is a notation that supgpsespect. Aparfrom diagrams
for describingfairly conventional aspects of objects suchpasts, inheritance, method
interfacesetcetera, wehighlight the so-calledstate composition diagram@&cos). These
describethe synchronisation of messages the interface ofthe objects in amtuitive, yet
precise way.

The method we present is based onpteenise that we dootaddress the actubehaviour
of objects (i.e. the sequence of events), how to specify it or homptementit. Instead we
focus on theconstraintsthat must be satisfied iorder to guarantee theonsistency of
objects, or thesystem theyare part of. Weconsider a (sub-)system to consist ofed of
objects, with aset of processes that execute the methods of objects. In |esitiogre is no
restriction on thenumber ofprocesses that can be activghin anobject, or executing a
single method. The number pfocessemayvary over thesystem life-time, and smay the
number of objects that participate within that system.

The problemsnvolved inconstructing a complete -static- description of such a system are
considerable. A global system descriptionas appropriate fotwo reasons: thérst is that

during the system life-cycle certain parts of the system are likely to be modified or extended,
which affects a globatlescription. The second reason is that objewy becreated or
destroyed at run-timewhich makes it difficult to give a globatlescription of the
synchronisation. Thus we modularigee description of theystem by makingbjects the
granularity of concurrency control. Open-endedness of the object specifications is one of the
primary issues.

Our approach is based on the following two statements:

(d The description of thelynamic aspects must béne-grainedrather thanglobal. The
object level is an obvious choice although for some situations not fine-grained £nough

1 We describehe minimal constraints that are to Isatisfiedfor ensuring cosistency; this
leaves open an infinite number of event sequences. The possible sequerhesagain
restricted by themplementation othe methods of objec{svhich can be considered as
fixed event sequences) and the configuration of objects.

Thus, rather than most other approachekigarea,which focus onfixing the sequence of
events as much as possible (tloeycentrate ospecifyingthe causality relations between
events), we want to do this Bitle as possible. By specifying ontiie necessary constraints
for each component in the system, the components are less dependent of a specific context.

1 Cf. the origins of inheritance anomalies.
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4.1.2 Related Work

Two categories of relatediork aredistinguishechere. The first is methodologicalipport
for the dynamic aspects, the second is the notation anddeslying modefor representing
dynamic aspects.

In the area of methodologicalipport for thedevelopment of object-oriented concurrent
software there islittle related work, to our knowledge; we didnot encounter
methodologicalsupportand notations for developinpe synchronisation of objects. The
closest relateavork is done bypenisCaromel; in [Caromed3] a method isutlined that is
based on thearallel language Eiffel// [Carom@D], we wil refer to this method as the
Eiffel// method Other research addressing methodologsoglport for a concurrersystem
appears in the real-time research area, for instance in [Shlaer 92] an@2Buhr

Most object-oriented softwamevelopment methods do addressiisee of modelling the
causality relations between everfier example OMT [Rumbaug®1], OOD [Booch 90],
OOA/OOD [Coad 91a,b] and Objectory [Jacob8@i all address this by constructing a
model based oriinite state machines orstate charts (these adbscussed later irthis
subsection). A common problem with these approaches ithihatatanodelsare weakly,

or not atall integrated with theinheritance mechanisnand often donot support
concurrency. In addition thesalisation ofthe statemodels inthe implementation phase is
either undefined, onot properly integrated with thepplication objects. st methods
avoid the issues of concurrency and synchronisation.

The Eiffel// Method

This method is based dhe computatioomodel of Eiffel//, as described in [Carongs],

and inevitably this underlying model affetie® methodtself. Theproperties o€Eiffel// have
been discussed in secti8ril and 2.3. The method can baefly described bysumming up
the method steps:

1. Sequential design and programmirgere theconventional object-oriented techniques
are adopted.

2. Process identificatiarthe method associates processes descriptivag@utines)with
classes. In thistep foreach of the equential classes it is considered whetthey
should be provided with such amtial activity. Thenall the objects in theystemthat
are pasibly shared bytwo or more proceslasses must necessarily be turned into
process classes themselves, as this is the only means for synchronising requests.

3. Process programming he most importardctivity of thisstep is the (re-glefinition of
the live routines that determine process control and synchronisatiote tHat any
change to these in a subclass requires the complete redefinition of this routine.

4. Adaptation to constraintsThis step isprimarily intended to tailor theystem to meet
real-time specifications. It is concerned witie mapping ofprocesses (objects) to
processors and the definition of new processebufiering, distribution of activities, or
different priorities. This is a typical iterative step to tune the system.

The Eiffel// method doesiot incorporateany sipport, notational or otherwise, for the

derivation of synchronisation constraints.
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Object Life-cycles

This method is actually described two books, respectively "Object-Oriented Systems
Analysis: Modelingthe World in Data'{Shlaer88], and "Object Life-cycles: Modeling the
World in States'[Shlaer92]. Thefirst focuses on statisystem descriptions, whereas the
latter emphasiseie dynamic issues of system modellifithe most important components
of the method (we ignore subsystems and domainsatbatimarily intended formanaging
the software development process) ar®rmation models state models and process
models

Information modelsare similar to entity-relationship diagrams [Ch&®], and give astatic

system description.State models describethe life-cycle of individual objects and
relationships. Thetatemodel is aViealy [Hopcroft 79]finite statemachine(discussed later

in this subsection); with each state an action is associated that is performeithevbete is

entered due to the occurrence of some event. The actiapgenerate new eventthat

may also be destined at other objects. These interactions between objects are described in an
object communication modelhe actions themselvase workedout into more detail in an

action data flow diagran{i.e. a process model). The resulting inter-obgaia access is
described by thebject access modethich is a process model as well.

The statemodelsfor objects describthe causal relationships between actions, arelthus
not concerned with concurrency and synchronisation issi@sever, the statmodels can
also be applied to relationships between objects (relationship objectsandlle competing
events, these objects can be turned into monitorddeestructs gssignery that serialise
events.Statemodelsare described in graphical notation or in equivalestatetransition

tables.

The method also allower expressindghe creation andbrking of threadsut provides no
meansfor specifyingmore complex synchronisation specificatiastber than through the
assignerdescribed above. In the design phase, the method identifies three types of objects:

Passive classeare those that do ndtave astatemodel associated with them, and are
mapped to a conventional sequential cldsgive classediave an associatestate model

which is implemented by inheriting from aabstract clas#ctive_Instance This class
provides an interface to a finite-stat@achine simulatorobject. Through proper
initialisation, for each received event, tlimite state machine simulator determines the
appropriate newstate.Assigner classesre similar to active classedut they consist of
nothing but a statemodel that is implemented as just descrilbed active classes. The
method does not address the issues in implementing and synchronising concurrent threads.

In summary, althougthe methodgives arather complete and pragmatic approach to the
analysis ofsystems, it cannanodelthe complex synchronisation constraints that we are
interested in, and provides only partial support for the realisation of state models.

Models and Notations for Describing Dynamic Behaviour

We describe a number of approacheshtmodelling of dynamimbject behaviou(in the
sense of causal relations between actioRgctically all approaches are based some
variation of finite-state machines. #inite state machine describes a number sifites a
system can be in, and transitions betwtderse states. A transitiaarrow from state A to
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state Bdescribesthe eventa that causes the transitidrom state A to state B. Two
variations exist for adding actions tioe finite-statenachinesthe Moore respectively the
Mealy model. TheMoore model[Moore 56] attachesctions to the entrance into a new
state, whereas thidealy model [Hopcroft 79] associates actions to the transitiane khat

a finite state machine prescribesa computation; itfixes the causal relations between
successive events. This is not the same as a description of synchronisation constraints.

We will now briefly describethe formalism ofstate charts which comprises a number of
extensions to théasic finite-statanachine formalism. Mst object-orienteanethods and
techniquege.g. ObjectCharts [Colema®2], OMT [RumbaugB1] and OSA[Embley92])
adopt state charts as thasic mechanisnfor describing dynamiobject behavioueven
though theoriginal work on state charthad no connection with the object-oriented
approach. The other approaches wik describeare within an object-oriented, or at least
object-based, context.

State Charts

The work of Harel [Harel87] extends thdasicnotion of a finite-statenachine tothe so-
calledstate chartsOne of theproblems with finite-state machines is that theyndbscale
up well; the addition to aiagramof, say, 2 newstates that are orthogonal to #rastingn
states, requires thgefinition of 2xn new statesState charts try tgolve such complexity
problems by definingwo operations (expressed graglig) for combining state charts:
orthogonal combination and refinement.

State charts feature three important extensions to finite state machines:

1. Depth This is also referred to as hierarchy or refinememnhdans thator eachstate a
number ofsubstates can b#efined along withthe transitions between the substates.
Depth provides aneansgor managing complexity bgonstructing éierarchy of nested
state charts.

2. Orthogonality This means thastate chart€an be combined such thtte system is
assumed to be itwo (or more) states at theame time. The transitions arthogonal
state chartscan be completely independent. This asother tool formanaging
complexity by building a system description as a combination of state charts.

3. Broadcast The actions associated with transitions are broadicestighout theentire
system. This is also a meamgr communication between otherwise independent
orthogonal state charts. Note tltlis property contrastsvith the approach in object-
oriented systems, where communication between objects is purely bgseerdn-peer
message passing.

State charts are powerful and expressive yet intuitiaproach tamodelling the causal

relationships between events in a system. This has m#depitemier model and notation

for a wide range of software development methods.

Objectcharts

In [Bear 90]and [Colemar®2], a notation is presented fepecifying the behaviour of
objects,called Objectcharts Objectcharts are based state chartérom Harelbut do not
adopt the broadcast mectism,and integrate transitions with theessage invocations
(request-reply model) of the object-oriented model. Objectcharts providgspaical
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notation and adds more detail to this witlfloemal specification othe transitiongstart-
state, ending state, firing condition, andpost condition) and invariant specifications
(specifying states).

An interesting aspect is that theodel allowsfor makingstatements about theehaviour of

a system of interacting objectdowever,this requireshe restriction that theumber of
objects is static; no objects can be added or removed at run-time. Other restricttbas are
during a method execution (service request and execution in ObjectChart terms) no
messages can be sent dther objectsand that no inheritancenechanismfor reusing
objectcharts is provided (inheritance subtyping relations camrifeed afterwards though).

In [Coleman92] the steps of a method armutlined, without furtherdetails on
methodological support.

Object-oriented Systems Analyis

The object-oriente@nalysismethod OSA[Embley 92]adopts a notationalled state nets
for modellingthe dynamicbehaviour of systems. Thetate netsare an extension aftate-
transition diagrams. Its major features are:

[ A transition consists of a condition and an action. The transititbronly take pace
whenthe condition issatisfied. Duringhe transition the associated action is performed,
which may take some time (i.e. a transition is not considered to be atomic).

(d The model supports specialisation of state nets in subclasses:
d A single transition can be specialised, e.g. with a more specific condition or action.
(1 New transitions and states can be added in a subclass.

d A transition may have multiple in-and out-arrows,i.e. it can have nitiple start and
ending states.This allows for expressing forms of synchronisation, fexample a
transitionmay onlyoccurwhenthe object is irall start states. lalso supports (intra-
object) concurrencyor instance after a transitigche object is in mitiple subsequent
states, from each of which new transitions may occur independently.

(4 The modekupports exceptions amelal-time constraints (i.eleadlines and tim@ames
on transitions).

The OSA model offers consideralf@dellingpower but does na&ddress the topic of how
to map the analysis model to a design model and eventually to an implementation.

ObjChart

ObjChart [Gangopadhya83] is a visualformalism to specifyobjects and their reactive
behaviour. A system is specified as a collection of asynchronously communicating objects
arranged in a part-dfierarchy (inheritance isot supported)Each object in theystem is
specified by a finitestate nachine. This implementg#s reactive behaviour in reply to
received messages. Messages received by an object are events thastaiggansitions
(provided the associated conditiortrise). With each transition, aaction is associated. An
action consists of sendingne or more asynchronous messages to -eitisetf, its
componentsgiblingg or one of itsports. Relations between objects can be expressed by
either stating functional invariantsver their respective attributes, or byfiaite state
machine specifying behavioural dependencies between ports of the objects.
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One of the most interesting properties of ObjChart is that it is an executable model. Thus,
every specification is immediatetgstable, and the constructemdelsare executable. It is
shown that by object compositiamly a singlestatemachine igequired per object and no
combinatorial explosion o$tates W occur. Sincethe actions of a stateansition are
always local(i.e. may affect onlythe objectitself, its components or iggorts), semantic
analysis can be performed efficiently, compared to the state charts approach.

One of theproblems otthe ObjChart approach faur purposes is that mhakes objects the
unit for state-transition diagrams, aodmbination of these diagran(is order toprohibit
the combinatorial explosion otates)canonly be achievedhrough object composition.
While this results in a model that is elegant by itself, we feel this may conflict widklimg
issuesthe granularity ofthe finite statemachine may be finghan thegranularity required
for data abstraction. In the Obj@t approach the state-transition diagrgmeluding the
extensions) coverdasically all aspects required fodefining objects, including the
specifications of methods. Ware more interested in an approach thahlights the
dynamicaspects of objects, but doest compete withother toolsand methods steps used
in software development.

4.1.3 Requirements

To makeour objetives in defining anethod for developing concurrent objeeigplicit, we
define a number oproperties that the method shoysdeferably accommodate. These
properties are separatadain intotwo distinguishedsets: thdirst is aset ofrequirements
for the methodtself. The second is set ofrequirements on the notation that is used by the
method.

Requirements for the method:
The following list presents the most important criteria for judging a method:

1. Support for modelling and solvirgpncurrency issuesthis isour main interest. The
method we describe mainlyjust a framework inwhich the methodologicasupport for
concurrency and synchronisation issyase will refer to this asthe dynamicsor
dynamic aspectsof the application) is embeddedote however, that themphasis on
concurrency and synchronisation issuef waffect eventhe method steps that are
seeminglyunrelated. Forexample,the decisions withrespect to thelargely static)
structural relations between objeatsy beaffected by issues such e placement of
synchronisation boundaries, inter-object and intra-object concurrency, and
synchronisation reuse.

2. Integration with OO principlesand the Composition-Filters modeDur aim is to
provide a method that supports the development of object-oriented applications with the
composition-filters model. The integration tak®#o forms: first of all, we vant to
integrate thelynamicaspects with theonventional sequential object-oriented concepts.
This means thathe dynamic aspects must be integratedthin objects suchthat

2 This should not be confused with whas@@netimeslso referred to as thiynamicaspects of an
application: the flow of control due to message sending and cetiotures, as can fieund in
sequential programs.
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concepts as message sending, encapsulgimymorphism and inheritancare still
meaningfulfor the dynamicobjects. Secondly, we strive &pply these object-oriented
principles to the dynamic aspects themselvedhis should bebeneficial for the
reusability and extensibility of the dynamic aspects as well.

3. Support open-endedness and extenstansoftwaresystems continue to evolve during
their life-time, open-endedness is an essemtaperty for software. Thelynamic
aspects of objects are no exception to this. Thereforgpibafication of objects must
be open-ended and extensible. This firsalbfequires a model that allows thizjt the
method must support this as well. A method must guide and steer the developke to
design decisions that improthe open-endedness asgtensibility ofthe developed
application objects.

4. Support ReuseReuse of software is one of the much-quopedmises of object-
oriented programming. Reusiegisting objects should malle softwaredevelopment
procesdesstedious and time-consuming, improve ntanageability, angroduce more
robust software. The dynamic aspects of systems are particularly hard to analyse, specify
and implement, anthus wil profit accordingly from reusing existingtbmponents. The
software development method is expected to provide techniques for constructing
reusable objects on one hand, and to provide techniqueguaielines to achieve the
actual reuse on the other hand.

5. Reduce the implementation gahe conventional software development methods often
suffer fromthe problem thathe specification model that ihe product of thanalysis
and design phases stands far from the implementation model. This is either because
the specification istoo high-level, or becauséhe specification model is essentially
different from the implementation model. This problem is referred to as the
implementation gapThe object-oriented approach to software development reduces
this problem by takinghe same underlyingoncepts for expressiranalysis, design and
implementation models. However, this only applies to the basic and static concepts.

We try to further bridge the gap betwespecification and implementation with
automated techniques. Therefore we requirespieeification model to be transformable
to an implementation model

6. Support iterative developmen@ur approach t@nalysisand design is model-driven,
rather than method-driven; wamphasisehe construction of anodel ofthe system,
starting with asimple, high-levelpicture, andgradually developing anore detailed
description. This is @rocess where the steps in the methods are performealying
order, often repeateseveral times onhe same or differenparts of themodel. The
methodology steps and notations shouldiéiined with such chaotiout morerealistic
advancement in mind.

7. Intuitiveness:A software development method is to @gplied (largely) by humans.
Thus, it should try tocope with the abilities and limitations of human being3his

3 Note that this isnot the same as the generation ofexecutable modelThis is because the
transformed specification may still be an incomplete object specification, requiring a number of
additional implementation details to be added before being executable.
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influences the way the development process managed andhe techniques and
notations.

Requirements for the Notation

Designing a graphical designtation is not gurely technical activitythe notation is to be
usedwithin the human activity ofsoftware developmenthis requireshe notation to be
intuitive, aesthetic (although this is a very subjectivation), and most important,
convenient. It is hard to verify to which degree these issues can be satisfied, Aowever

In [Ackroyd 91] the following guidelines for notations were proposed:
1. A notation must be composed of aadimumber of simple basic symbols.
2. The notation must be easy to draw by hand or with automated tools.

3. The visual impact ahe arrangement of theasic symbolshould connote theemantics
of the situation they represent (i.e. it must be intuitive).

4. The notation must be unambiguous.

5. It should be possible to appliie elements inthe notationpolymorphically toother
notational elements.

6. The notation must be expressive (e.g. compared to source code).
We would like to add the following two requirements:

7. 1t should be possible taeep mitiple views or diagrams dealing withe same element
consistent, or at least to verify that they are not conflicting.

8. The notation should havevell-defined semantics. Preferablghe specifications
expressed in the notation must be suitable to be mapped to an implementation model.

Further, wefeel that guideline 2should bestated stronger in theense that a notation
should preferably be suitable to both drawing by hand and by automated tools. At the end of
this chapter, we W consider to what extent the requirements for the method and notation
are satisfied by the method and notation that are introduced in this chapter.

4.1.4 The Approach

Our approach to thanalysisand design ofconcurrent object-orientedystems can be
summarised as follows: weant to provide a software development method that addresses
all steps in the developmenthile focusing onthe determination ofsynchronisation
constraints. Synchronisatidmkesplace atthe objectlevel, and must be suitabfer an
implementation inthe composition-filters model. As part of themethod we require a
graphical neation that describeshe synchronisation of messages the boundary of
objects. We want to guarantee that the transftimm the notation to ammplementation is
unambiguous, straightforward, and preferably suitable to be automated.

On the Use of Annotations
Becauseour primary interestlies within the area okynchronisationthe state coposition
diagrams basicalljocus on the states and the acceptance of events. Eantse either

4 This requires empiricaxperiments in which thapplication of different notations is compared.
This is beyond the scope of our research.
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received or sent by an object. In addition, as a notational convenience, we provide a
notation forindicating causality betweeavents. These areasicallydesign annotations
However, when worked out into @mplete detail, they could function as a complete
specification ofthe methods of the object! We dot emphasise thiapproach tadealing

with causality relations for various reasons:

a) This caronly beused invery fine-grained (small, uncomplicateahjects, for otherwise
the diagrams become too large and complex, and become hard to manage.

b) We areprimarily concerned with synchronisation and concurrezaytrol. Thus, we do
not claim to present a complete methaacluding full support for thedefinition of
method bodi€s

c) In generalthe actions of a methothay be numerous, bubnly few of these are
interesting for the dynamic aspects of the object. Enforcing the entire method body to be
specified as a substep of defining the dynamics of objects seems to be inappropriate.

The reason weo allow such annotations is that they can be very usafuhe designer to
form a picture othe system(object) under developmenthey may conplete thelife-cycle
of the object. Rather than rigorousiyling out such vital information, weeel it is more
appropriate tanclude it inthe notation, but we caonly give hints as tdow they will
appear in the eventushplementation othe object. Mte that inprinciple itis possible for
the developer tcspecify the complete methodnplementations ashe actions that are
associated with an event (although tmay beinconvenient when an eveobrresponds to
multiple arrows in the diagram).

Other methods and techniques eithermit speak about theealisation ofthe causality

relations expressed Isyatetransition diagrams, or they leave itttee softwareengineer to
do an ad-hoc implementation that realii®s specification ofthe statetransition diagram
(e.g. [Booch 90]), otheysupportthis by constructing &nite statemachine simulatiomhat

is fed withthe states and transitio(es.g. in[Shlaer92] and [Rumbaug®3]). However, the
latter twosituations result in the construction of programs that are structured naitend
state machinesrather than objects. lour opinion this collides withother activities of

object-oriented software development.

Why a State-Transition Diagram Approach?

The State Composition Diagrams we ilvintroduceaim at providing an intuitive,visual
formalism for describingthe synchronisation constraints of objects. Althoupkre are a
large number oformalismsfor describing sucldynamic system aspts,few come with
attractive visual representations. State-transition diagrams are one of the main exceptions.

We adopted the state-transitiparadigm since iintegrateswell with the object-oriented
computation modektatescan be viewed as an abstractioritef status of aystem, or of a
particular object. Transitions provide amtuitive matchfor message invocations, as a
message invocation ilwin general lead to astate change. As we are interested in

5 We consider this important, as a number of technifpresbject-oriented softwardevelopment
are available that addretbe specification ofmethod bodies. We dwot want tocompete with or
overrule such techniques.
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investigatingthe relation between the&tatus of objects andyschronisation of- messages,
state transition diagrams model exactly the components that are relevant.

The choice of adopting aechanism that resemblesate-transition diagrams fgirly
common: a large number of methods and techniquiespt variations of state-transition
diagrams. It is themodel of choicefor both conventional methodologies [Wa8®],
[Yourdon 89] and, as weiscussed before, object-oriented methodologies (Shlaer & Mellor
[Shlaer 8892], OOD [Booch 90], OMT[Rumbaugi91], Objectory [Jacobso8#2] and
OSA [Embley92]). In these methodolagg, the state-transitiasiagramsare primarily used

to obtain an additional perspectivetbé system;the dynamic systenbehaviour. However,
these methods often do not take the information that is specified by state transition diagrams
explicitly into account in the subsequedé¢sign and implementation phases.the USE
method [Wasserma8b] extended statigansition diagramare used for thepecification of
human-computer interaction.

Statetransition modelsare alsofrequently adopted bytechniques that focus osynamic
system modelling, such &tate ChartgHarel 87], ObjectCharts [Colema®2], ObjChart
[Gangopadhya®3] and State Nets[Embley92]. The difference with the gerral
methodologies discussed in the previous paragraph is that these techpaguesore
attention to the semantics of the resulting diagrams, and try to exploit these. For example, in
ObjChart, a completed diagram can serve as an executable specification.

This touches on an importam¢sue;the mere description oflynamic behaviour is no

guarantee that thisspecification is actuallytaken into consideration during later
methodological steps. Therefore, the methodology shoenglicitly address the

incorporation of the dynamic aspects into the overall system architecture.

Another issue that we would like to emphasise is thaaiaéysisand design ofhe dynamic
aspects of objects is just one of #lements othe software development proceakjeit
one that we focus on in this. Thus it is important to us that the resulipplreable in a
wider context, angdan be made part of a comlete software development methodology.
The ultimate goal of this methodology is to come up with a well-balaacalysis, design
and implementation that meett criteria and properties, such msintainability, reliability,
extensibility, etcetera.

4.1.5 The Organisation of this Chapter

This chapter is organised as follows: in secté@ the notation for the static aspects of
objects is introduced. We term this notatiobject diagrams This consists actually of
several types of diagran3asic object diagramdescribe the properties of bare stand-alone
objects. Inobject structure diagramghe structural relations witlother objects are
described, andbject interaction diagramdescribe which message interactions wither
objects occur.

Section 4.3 thedescribeghe notation for thepecification of synchronisation constraints:
state composition diagramsApart from the notational aspects theemantics of the
diagrams are discussed.

The method is described in section 4.4. It consists of the presentation of eight method steps.
Before describinghese, theunning example that 8sed to illustrate some aspects of the
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method steps is introducedhis isthe well-known synchronisation problem die dining
philosophers. The section concludes with a description of the sofiewsopment
process.

In the next section, 4.5, the translation prodess the notation to the compositiditters
model is described. This presentation ubestranslation of thdining philosopherexample
to demonstrate the enhanism, followed by a discussiontbé translation for each of the
components in the object diagragsich includethe statecomposition diagrams). Section
4.6 concludes this chapter with an evaluation of the presented method and notations.
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4.2 Object Diagrams

The software development method that is introduced in this chapsupported by a
number of graphical diagrams. Each of these diagrams is intendeohtobute to the
development of a specifecspect of the applicatioBut although each diagrammghlights a
particular issue, they all have in common that they deal with the notion of objects. Hence, all
diagrams are based on tbeme graphical notatidior representing thessential aspects of
objects. A diagranonly containingthese core aspects g¢slled aBasic Object Diagram
(BOD).

4.2.1 Introduction

An important property of the notations presented here is that they are completely integrated.
This hasgwo major benefits: firstly, ipresents common aspects in a consistent manner, and
thereby reduces thiearningcurve. Secondly, the integration of the notatiensbles an
incremental and iterative developmepproach.This is of vital importancegspecially for
computer-supported tools. It posgsme restrictions, though: it requires teaery change

in any ofthediagram types can be completely and consistently mappatidiherdiagram

types. This is achieved fibr every notational element in eachtbe diagram type®ne of

the following holds:

4 The element is either completetythogonal (with respect to the objesgmantics it
represents) to all other notational elements in all other diagram types.

4 The element is common to all diagram types.

(4 There is a one-to-ongapping toanother notationaklement or to aset of other
notational elements.

Note that it isimportant that in the latter case a transformafiorction can be defined in

both directions (i.e. the transformation function is a bijection).

The following figure definesthe specialisation relations betweehe different types of
diagrams:

BOD )
- mess. intfc. 53‘515
- attribs UREC
- colls Diagram

. | | -

ijfct 05D O[D ObjﬁC/

Structure |_ struct. rels, - eSS, CONN. Interaction
Diagram Diagram
\ |
41 State
Og;c““g (FOD | Composition
Diagram | Diagram

Figure 4.2.1 An (OO) description showing how the various diagrams relate to each other.

As is shown in this (meta-level) figurthe Basic Object Diagrandefinesthe common
characteristics oéll diagramgtherefore it is shown as tl@@mmon superclass). The most
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important characteristics aspecified asttributes, preceded by a dash. Thiestude the
definition of an interfacéi.e. theincomingand outgoing messages), of nested objects, and
of object collections. Each of theubclasses ithe figure adds a particular segment of
information to these characteristics.

The various diagrams can also be interpreted as diffei@mson the same object(S)hus, the
(Full) Object Diagramin the figure above represents the diagrédmascontain complete object
descriptions, includingll details. Towardshe end of the development cyel# aspects of the
object diagrams shouldecome fully definedThe reasons for introducing distinct diagrams
along the wayare two-fold: firstly, from a softwareengineering perspective the reduced
complexity and finergranularity provides for better ways ofanaging the development.
Secondly, the use of specialised diagrams enablean#étbod -and thereby the software
developer- tdocus onone particular aspect at #ime. Besides, it allowfor the notation to be
extended modularly with additional notations that can deal with other aspects.

The Object Structure Diagramgsps) deal withthe (object-oriented) structuradlations
between objects, tH@bject Interaction DiagramgoiDs) deal withthe message interactions
between objects. In this section, thdéa® diagram types andhe BoDs are discussed.
Section 4.3discusseghe State Composition Diagram&cos), which completethe Full
Object Diagrams

4.2.2 Basic Object Diagrams (BODs)

Objects and Subsystems

We will explainthe various thgrams with an example of a company thetduces andells
products.This activity is essentially @roducer-consumer process. Timachines in the
production department (the producer) and #Hades departmenfthe consumer) are
separated by the warehouse (a boundedfer, named storage). The subsystem
representing the company is represented as follows:

Company

production storage sales
BoundedBuf

Figure 4.2.2 The company subsystem.

In object diagrams, objects are drawn as rectangles. Besahsgstemsre fully-fledged
objectd, no distinction is made between tho. Objects within a subsysteare considered
to bepartsof the encapsulating subsystem (object).

1 The reasons for using objects to represent subsysiesrtsvo-fold: firstly, becausedifferent
semantics for subsystems and objauisy cause problems during the softwaevelopment
cycle, as described in [Ak92b]. Secondly,contrary to theconventional subsystem semantics,
objects enforce encapsulatiorhis significantlyimproves the manageability and maintainability
of complex systems. Thiaconveniencghat may be caused by these semantics calarigely
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With eachobject alabel can be associated. It must be placed inttgeleft corner,just

outside the rectangle representing the objews label identifieshe object. At the togust

within the rectangle representing the object,dlagsnamé of the object ispecified. Thus,
in thefigure abovethere is asubsystem of clasSompany, which containghree objects,
respectively labelleghroduction, storage andsales. Only for the storage object itsclass
name BoundedBuf) is specified.

The distinctionbetweenclasses and instances is somewhat blurred in object diagraissis
because object diagrams are primairitgnded tqresent the dynamaspects of an application,
and therefore focus on the configuration of instances at run-time. Ultimatelyhesk
configurations areollected in theclass description of an object. Therefore, we basidgtigre
the distinction betweeadlasses and instancér example, inheritance relationshipghich are
by definition relationdetweerclasses, are supported blgject diagrams. In addition, this dual
nature of objects allows fahe specification of relationbetweenclasses and instances, for
example delegation relations.

Note thattwo or more objects representing instances of the sdesemay appear indifferent
configurations: in such casethe combination of all thesappearancesnake up theclass
description. In other words, the specification aflass isdefined by thesum of all appearances
of instances of that class (i.e. in all possible configurations).

Collections of Objects

Since an object diagrarmims at describinghe configuration of objects in an actual
-instantiated- application, it can be importantdistinguish single, unique objecfsom
multiple objects (in a certain context). This is achievedddining collections obbjects (cf.
[Gangopadhya3]). In acollection, objects can be accessed througim@ex, and can be
added to or removed frothe collectionFor instance, irour company example, we would
like to model multiple machines withthe company, whilgherestill is a singlestorage and

sales department. Figure 4.2.3 shows the notation for representing this in object diagrams:
production

Machine

Figure 4.2.3 Notation for specifying a collection of objects.

The collection igaggedwith alabel @roduction) that designates the collection of objects,
rather than a singliastancé. The type of theslements irthe collection flachine) can be

solved through appropriate scope rules (see for example section thé gmope ruledefined by
composition-filters computation model).

2 When the object at hand isreferenceto the specifiedtlass, rather than definition of a new
class, the class name should be interpreted astype specification: the name of thelass
designates a set of classes that are type-compatible.

3 Actually, the collection is a distinct object itsefiat encapsulates\arying number of objects.
Accessing, adding and removing objects is done by invoking methods of the collection object.
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specified insideéhe rectangle. Instancesay beadded to or removed frothe collection at
run-time (depending on the requirements ofdpecific application). This iBnportant as it

is the solemechanismfor dynamically adding and deleting objects in a system that the
method supports.

Note that thenotion ofmultiplicity is relative tothe context of the collectioMultiplicity is
specified explicitlybecause iinfluencesthe interaction patterns witbther objects in the

same subsysterrorinstance, in thexample system, multiple machinesyinteract with a

single storage objeciThis is important information whedesigningthe storage object,
especially withrespect to itsynchronisation. Bte that, if nomultiplicity is specifiedfor an

object, this does not necessarily mean that there is only a single instance of that object in the
whole application.

Parts and Attributes

Basic object diagrams revaék internalstructure of objectsThis structure isesncapsulated

within the object, and it could be argued thfais should remain hidden at tHesvel of
abstraction. The internal structure plays a major role in characterising the object, though. As
the internal structure isessentiafor nearly allother types of diagram and it is of major
importance for the developer, it is incorporated into basic object diagrams.

The internabktructure that isevealed consists &ty of nested objects. These appear in two
notational forms. The first form is graphical, and simpsualisesobject nesting. The term
parts is used to designate this notation for nested objectspatie are drawmithin the
rectangle that definethe encapsulating object. The notation for drawpeayts does not
differ from the one for drawing independent objects.

production storage sales
Machine BoundedBuf SalesDept
-volume -limit:nteger
-size:lnteger
Fuel -

Figure 4.2.4 Objects, nesting and attributes

The second form fospecifyingnested objects is as a textual [Bbis requires lesspace in
a drawing, which iespecially useful when drawing diagramsHand. The nested objects
that arespecified this wayare referred to aattribute. Thelist of attributes isspecified
just below the name of the class, for instance:

BoundedBuf

- limit:Integer

- size:Integer

For each attribute, a label identifying the attribute is specified, optionally followedlagsa
name to define the type of the attribute.

4 Notethat an attribute is &ully-fledged object, incontrastwith the notion ofattributes as pure
data values that isadopted by somenalysis anddesign methodge.g. [Coad®la,b] and
[Rumbaugho1]).
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Figure 4.2.4 above shows the objects inGhenpany subsystem, extended wigarts and
attributes. Thdigure showghree objectstespectively of classlachine, BoundedBuf and
SalesDept (by convention, class namese capitalised). Th&lachine object contains an
attributevolume and a nested instance of cl&ssl. Thestorage object hagwo attributes,
respectivelyimit andsize, both instances of clagseger.

Defining Message Interfaces

Thefinal aspectspecified by basiobject diagrams ithe externalnterface of objects. The
interface of an object is determined thy messages that it -potentially- interchanges with
other objectsThis consists oboth themessages thdahe object accepts (input-interface),
and themessages that an object sendstteer objects (output-interface). Theessages on
theinterface of an obje@redefined inthe basicobject diagram by attaching a bar with the
name ofthe message tthe side ofthe rectangle (this bar is also referred to as a -message-
stub. The outgoing messagase written with a dash above it, fexamplehessage'. By
convention, input messagase usuallydrawn on thdeft-hand side othe object rectangle,
and outgoing messages usually on the right-hand side.

The notation is illustrated by tHellowing figure. In this diagranthe sales object accepts
the two messagesquest andsell, and sends the messagesandinvoice to other objects.
sales

SalesDept
request get

oell| | Ihvoice

Figure 4.2.5 Definition of the interfaces for both incoming and outgoing messages.

It is now possible to describthe interface of objects, irrespective of thewntext. This
interface is primarily determined by theresponsibilities eaclobject has.Or, stated
differently, bythe serviceshe object is expected teliver. Theoutputinterface ismainly
determined by the activities the object must perform to realise its responsibilities.

Abstract Syntax of BODs

For each of thediagram types that appears in tbisapter, we W give a formal definition

of its components.This serves severgburposes; as a precisgpecification of the
components of the notation, but can also be used latewdgpurposes: thérst is to show

that the various diagrams candmmbined in a consistent manner, and that every change in
one type ofdiagram has a well-defined effect ather types of diagram. The second
purpose is todefine the input for analgorithm that generates composition-filters
specifications from diagrams.

The abstracsyntax ofthe basicobject diagrams is as follows, usitige METANOT notation
defined inthe appendix. The entities that @ecified herare taggedvith the type of the
diagram, in this caseoD'.
BasicObjectDiagrante LabeledEntitieg,*.
LabeledEntitieg,, & label:ldentifier; entity:Entity..
Entity,,p, & ObjectCollectiop,, | Object,p.
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ObjectCollectiop,, & objectDef.Objegt.

Object,op, & className:ldentifier; attribs:Attributgs;,; interface:Interfaceg, ;
parts:Parts, o -

Attributes,,, & Attribute,*.
Attribute,,, & label:Identifier; type:ldentifier.
Interface,,, & input:MessSet,,; output:MessSet.
MessSet, & MessSpeg,,*.
MessSpeg,, & selector:ldentifier.
Parts,, & LabeledEntitieg,*.

4.2.3 Object Structure Diagrams (OSDs)

Object StructureDiagramsare used in thenitial phase of the desigihey define the
structure of thesystem andhe static relations between objectsthis subsection wauill
define the notation for object structure diagrams and its semantics.

In the object-oriented paradigm, tihelationships between objects can diassifiedinto
three categories: reuse, aggregation or message connectitime @free categories, the
reuse and part-of relation are statielationships, whereas message connections deal with
the typical dynamic issue of interaction through message sending.

Objectstructure chgrams ¢sps) deal withthe static structure of agpplication only: the
reuse and aggregation relations between objects. Adistiaguishtwo types of reuse
relation, inheritance and delegation, the following three notations are availaigiesin

A inherits from B A D B
A delegates to B A > B
Al a part of B A } B

Figure 4.2.6 The three notations for structural relations.

An inheritance relation defines a specialisation-generalisation relsioreentwo objects.
Inheritanceworks at theclass-level. Thenheriting object (subclass) is a specialisation of
theinherited object (superclass): it obtaia#i the properties of the superclass, maty add

or refine someoroperties. Aclassmay have any number of subclassesl may also have
multiple superclasses (multiple inheritance).

Delegation issimilar to inheritance in that it reuses predefined objects. The important
difference, however, is that delegation reuses instaatiesr than classes. Amstance has,
apartfrom a message interface that can be reysede sharing), an encapsulatstate.
Thus the use of delegation combines code sharing with data sharing.

The notation for an aggregation relation as showigure 4.2.6 definesbjects as parts of
other objects.This is semantically exactlyhe same asthe nesting of objects and the

S This is depending on the precise semantics of the object model: in the conventional object-oriented
model,both part-of andnheritance relationare completelystatic. Thecomposition-filteramodel
supports dynamic inheritance and delegation. These dynamic aspects is not deatbsugh in
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definition of attributes inBoDs. Thisredundant notation for nested objects is provided
purelyfor pragmatic reasons, ofhich the main motivation is tosupportconvenient hand-
drawing of diagrams, in particular when iterating.

In the following figure an example of @sDis shown:

Company
/\ Ferson
Production Administration Sales N

/\ Employee

Secretary [ |Clerk

N

Figure 4.2.7 An example of asD

In this example a high-levelescription of a company is contrived. Eachtloé relation
types appears in the model. As is often the case, the aggregation rdtatorss suitable
skeleton arounavhich the application is modelléd The Company object consists of three
departments, respectiveliProduction, Administration and Sales. The Administration
consists of &ecretary and aset ofClerk objects. Mte that inthis example, no labels have
been added to the objects at all.

Both theSecretary and theClerks inherit fromthe classEmployee, which inturn inherits
from classPerson. TheClerk objectsall delegate to th&ecretary. Delegation is useful in
this case ithe secretary object performs actions for the clerks that require a skatesd
such as making appointments and arranging meetings.

OSDs versus Basic Object Diagrams

The three relations that we discussedhis subsectiorare conventional object relations.
The most important reason for introducing thesesns is that theyare well-known and
intuitive. As was mentioned earlighe nmain motivation forosps is to construct amitial
model of the applicationHowever, the composition-filters computatiomodel aopts a
different point ofview onthese relations, focusing on composition. A single reuse relation
replaces thénheritance and delegation relationsoisps. It will now be shown how these
types of relations can be mapped onto each other.

Until now, the only type of structural relation that we considered ingbe is the part-of
relation (throughnesting of objects). The second type of structural relation is a reuse
relation; this can applied to realise either inheritance (single or multiplelirerdelegation.

6 This is especiallyirue as aggregation relations caften model easily identifiable real-world
relations, such as physical or organisational containment.
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Such reuse relations can be seen aseans of redirecting (delegating) received service
requests (messages) to either a superclass or a delegated Tdbged. specified in the
object diagram nation by drawing a line fronthe interface ofthe reusing object to the
interface of the reused object as is illustrated in the following figure:

(a) (b) (e)
delegatee
SubClass SubClass Delegator Class
. |BuperClass SuperClass] TN

Superllass?

Figure 4.2.8 Three examples of reuse relations: (a) single inheritance, (b) multiple
inheritance, (c) delegation.

A reuse relation is expressed by connectingwleeparticipating objects with kne. On one
end of theline, a bullet isconnected to theeusing object. The otherend of theline

represents theeusedobject. The line can be labelled with an expression indicatingethef
messages thatre to be reused. THe wild card isavailable todesignateall messagethat

are provided by the signature of the reused object. If the reuse relationlabelled, the
wild card is assumed.

The figure above showthree examples whichdemonstrate thepplication ofthe reuse
relation. In example (a), conventional inheritancehewn: theSubClass object reuses all
messages provided ke SuperClass object. As eaclSubClass object encapsulates a
SuperClass object, it automatically contains a private copy ofitigtance variables that are
defined by SuperClass. Thus, theSubClass objects reuse both the methods and the
instance variabl&of theSuperClass object, which is exactly the definition of inheritance.

The second example, (b), demonstratedtiphel inheritance. In thicase, theSubClass
object hastwo reuse relations: one with objeSuperClass1, and one with object
SuperClass2. As no messageet isspecified, wildcards are assumed. Thus, the obijalt
inherits fromboth SuperClass1 andSuperClass2. Note thatpossible conflicts, which may
occur if bothsuperclassesupportmessages with equal names, cannot be resolvetsin
graphical notatioh

The last example, (c), demonstrates delegation.DEfegator object reuses thmessages
m andn from the delegatee object (thdabel isadded to stress the fact that theegatee
object is a unigue instance). Thtiee Delegator object -partially- shareshe behaviour

7 This emphasises that the reuse relation is specified by the reusing object.

8 As well asall othercomponents of an object in the composition-filters computation matielh
we ignore here for brevity.

9 A solution to this would be tdefine an ordering on theuse relations, e.g. counter-clockwise
from the left upper corner. However, this is quite tricky and cannot afileenflicts satisfactory
(as one may not want all messages of one superclass to prevail over all the other).
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(methods) and thenternal state of thedelegatee. Note that mliiple instances of the
Delegator object will all delegate to the same instance labeltgegatee.

The reuse relation presented hereagdually a delegation relation. It wgseviously
discussed in theontext of Dispatctiilters in section2.4.3 howdelegation can be used to
simulate inheritance angdure delegation. Irthis discussion of composition filters, the
notation target.selector' is used in thespecification of a Dispatch filter. lthe object
diagramnotation, asemantically equivalent line drawn fromthe interface of an object to
thetarget object, and theelector is written next to this line.

The following figure shows the notations insbs togetherwith the equivalent versions
expressed in thbasicobject diagrammotation. Foreach relation type, thesb notation is
shown on the left, and the composition-filterpuivalent is shown othe righthand side of
the arrow:

aggregation: delegation: inheritance:
A A A A
A B
4 “»| D 4R ((—»L lJ’l = E
B B B B

Figure 4.2.9 The mapping between dsd notation and th&obD notation.

Note that botmotations can b&eelyinterchanged. As a result every changene type of
diagram has well-defined consequences on diagramanother type(assuming they
represent theame application). Ifull object diagramsFODs), both notationsan bemixed

freely. It issuggested, however, that the develggadually moves to &lly composition-
based model of the application when objects are considered with more detalil.

Abstract Syntax of OSDs

The abstracsyntax of objecstructurediagrams is definetlere. Because thifermal model
for describing abtract syntax has no notion of inheritance, we have to redefgrgthing
that differs fromthe basicobject diagrams. However, fparts that ar&entical insop and
osD, we can simply refer to the definitions in the abstract syntéxe@fobp. This isthe case
for the LabeledEntitiesand Object The subscripts indicate where ttefinition can be
found. New parts in rules that are redefined are marked as bold.

First the object structurdiagram is defined as a combination ofedt of objectaind aset of
relations between objects:

ObjectStructureDiagrapy, & objectSet:LabeledEntitigs,, relSet:Relationgg .
The Object in theobjectSetare aslight extension othe previously definedObject,
thereforeObjectis redefined here. dte that theeuse relation is considered to bpaat of
definition of the objects, whereas the structural relations ardeftenl independent from
objects.

Objectqp, @ className:ldentifier; attribs:Attributgs,; interface:Interfacg,y ;

parts:Partg,, ; reuse:ReuseRelg, .
ReuseRelg, & ReuseRgly" .
ReuseRegl, %< mess:MessSgt, ; obj:ObjectRef, .
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Then theset of structuralrelations is defined, split intdéhe three typesinheritance,
delegation and aggregation respectively:
Relationg < Relation,g;".
Relation,q, © Inheritancegy, | Delegationy, | Aggregation, .

Inheritancegq, © superclass:ObjectRef; subclass:ObjectRgf .

Delegation,s, & delegatee:ObjectRgf,; delegator:ObjectRef, .

Aggregation, © part:ObjectRef, whole:ObjectRef;, .

ObjectRef, & (this is a reference to another object in the current object diapram

The representation of object references in the abslyatéx is somewhat problematic: in a
graphical ntation this isconvenientlydone by drawing connectintines to and from
objects. In the abstradyntax we have no means to elegantly express such relations.
Therefore we introduce the compou@thjectRef which is a reference to instances of the
Objectcompound. We do not show here how this reference is defined.

4.2.4 Object Interaction Diagrams (OIDs)

During the execution of an object-oriented program, objectgperateand interactwith
eachother tofulfil their responsibilities. A merstatic description oihdividual objects does

not capturethis. Object interaction diagramsips) provide a means to describe certain
configurations of objectancluding the interaction connections between theviultiple

oIDs, where each diagram describeseparate configuration, can be usedcope with
objects that dynamically change interaction patterns, for instance due to changing contexts.

Message connections are defined by (possibly two-headed) arrows between the participating
objects. These arrows connect at the objegilacingthe 'stubs’ thatlefine the message
interface of an object. The directiontbe arrowindicatesthe message flow. A line with no
arrows attached to it, or a two-headed arrandicates thatthe same messages are
exchanged in both directions.

The message connectioase labelled withthe message(s) that are exchanged between the
objects.Obviously,there is no need to write tliame ofthe message oboth sides of the
message connection. The following figure illustrates the notation for message connections:

clients
storage sal
BoundedBuf SalesDept Customer
put| get {request, sell}

e
&

[\))

invoice

peek| {phore, mail}

Figure 4.2.10 Message connections of the sales department in the company example.

In this example, which concentrates on the interactions aftbe object,all three types of
message connectiorsre applied. The object hasvo connectionsdefining outgoing
messages, respectivelgt to thestorage object, andnvoice to theclients. From -each of-
the clients two possible messagesay bereceivedrequest andsell. In addition, there is a
bi-directional message connection betwe#ants and sales. Both may send, aswell as
receive phone andmail messages. From this diagram we can concludehb&alesDept
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class shouldacceptany of the messagesequest, sell, phone, andmail. In addition, the
class sends the messages invoice, phone, andmail to other objects.

There is a subtle notationaonvention for objects in collections that send messages to
themselves. This is demonstrated by the following collectiofilefk objects:

workers
F‘:

Clerk

remind secondOpinion

Figure 4.2.11 Sending messages to collection members.

The elements inthis collection sendemind messages to themselvdsor a message to a
collection elemenitself thearrowends points to the left or bottom side of the collection symbol.
The secondOpinion message is sent eamotherelement inthat collection. This kind of message
connection is drawsuch thathe destinatiorarrow is onthe right or topside of the collection
symbol. To emphasise the difference, thi€ of thearrow starts orthe inside of the collection
symbol, whereas the head of tmeow points tahe outside of the symbol. Notkat the latter
message connection is potentially bi-directional: eglelnent in the collectiooan inherently
both send and receive the message.

The object interaction diagrams, @glained in this subsection, provittee developewith

a road map tothe dynamic behaviour of objects. A®IDs revealthe locations where
dynamicinteractions between objecdske place, theyare an important instrument in the
development of dynamic systems.

Abstract Syntax of OIDs
The abstract syntax of the object interaction diagrams is as follows:

ObjectinteractionDiagran® objectSet:LabeledEntitigs,; interaction:MessConng,.
MessConngp & MessCong,,*.

MessCong,p & direction:Direction,, ; from:ObjectRefy;
to:ObjectRefy,; mess:MessSgy,.

Direction, , & Right| Left| BiDir.
It is clear to see that theD is a straightforward extension (syntactically, that is) of the

BOD: it adds themessage connectiorthe interaction component- to the set of objects as
defined by theob.
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4.3 State Composition Diagrams

In this section we W explainthe basics ofState Composition Diagram@bbreviated as
'scos’). s describethe dynamicaspects of objects, focusing time synchronisation of
messages othe objectinterface in relation witlthe internal state of the objectObject
diagrams formthe skeleton inwhich the statecomposition diagramsre embedded. An

object diagram describes the static structure of objects: nested objects, the method interface,
reuse relations and message connections between objects.

After identifying which objects the system consists of, what their respettivetureis, and
how they are interrelated, weilvnow focus on thelynamicaspects of objects. Thmsic
approach is to look at theternalstate of an objecprovide abstractions of thatate, and
associate synchronisation of messages witites. We adopt a visuddrmalism that
resemblesstate-transition diagrams fanodelling thesedynamic apects. Thegraphical
notation was designed with both hand-drawing and computer-supported tools in mind.

4.3.1 A Brief Introduction to State Composition Diagrams.

A statecomposition diagranessentially describethe synchronisation of messages on the
interface of an object. An object diagram provides context for the state c@sition
diagram. Althoughscps can be constructethdependently from object diagrams, we
consider it important that the developer is aware of the context of the objashitdr
synchronisation is described.

As an example, consider the following object diagram of an application:

roduction

Machine

m storage
\ BoundedBuffer
put
sales get
SalesDept i size

Figure 4.3.1 The object diagram of a producer-consumer system.

This object diagram shows a collection gchine objects (producers)sending put
messages tthe storage object (a buffer), and 8alesDept object sendingyet messages.
The bounded buffer is tgpical server-type obbject: itonly receives, and serves, requests
from other objects, without sending messages to external objects.

From this object diagram we can obtain important information regatdelgehaviour we
require from the bounded buffer object. Firsalhf asthere are gpossibly large) number of
clients, interleavingout and get messagesire to be expected. In generalen without

multiple client objects, interleaving messagase possible, as objectsay be internally
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concurrent. We W for now assume thathe boundedbuffer object allows nanternal
concurrency (this is thielefault’ assumption ithe method)Allowing internal concurrency
within the buffer object can beone later as gefinementstep. For now we arprimarily
concerned with th@roblems of invocations afet messages on an empty buffer gnd
messages on a full buffer: synchronisation of messages.

Obviously,the synchronisation of theggut andget messages depends the internal state

of thebuffer object(in particular, of thenumber of elements thate currentlystored in the
buffer andthe number of free places).herefore, we take a closer look at the bounded
buffer object:

BoundedBuffer
get | “limit:nteger
-elems:nteger

put s
5iZe |

Figure 4.3.2 The internal structure of class BoundedBuffer

The bounded buffer object hawo attributes:limit and elems, both integers. Thémit
attribute denotes thmaximumamount of elementhe buffer canstore, theslems attribute
indicatesthe actualnumber of elements ithe buffer. The buffer contains a singbart,
labelledstore. Thisrepresents the storage structurevimch the elementsare accumulated.
We do not bother with the actual structure of this storage here.

Note that we can express synchronisation either abatract waythrough themethod interface

(the size method inthis case), or byooking at theinternal structure othe object (theslems
attribute). The first approach is preferafilem the softwaresngineering point of view, as it
abstractgrom the implementation of tHeuffer. However, it is less intuitive and less pragmatic,
as it requires a preliminary knowledge as to which information regarding the state of the object is
relevant on the interfadeof the object. In addition, an interfacefliat and static, andoes not
properly reflect the dynamics of the object (such as the interdmiween nested objects and
nested collections of varying size). Thereforepilmr examples we will often investigate the
internal structure of an object before defining the synchronisation constraihtg abject. Note
however,thatthe methodology doesddress the issue of expressing synchronisation constraints
in a more abstract way: this is addressed in a separate, iterative step.

We will now show how to construct graphical representation dhe synchronisation
constraints of the object. The approach is to dradiagram that resembles state-
transition diagram. This diagram expresfies relations between the&tate of anobject
(which isabstracted as a set of stadentifiers) and a&et of events (i.e. thmessagethat
areallowed to be dispatched) thate specified bythe diagram. We demonstratas with
the bounded buffer exampla figure 4.3.3.

1 Here, we do not make the distinction between an external and an internal interface.

2 We do not show the simplest possible solution here, which reaquitegwo states fonEmpty
andspacel eft) for illustrative reasons: states anerethan justmethodguards, asheyare first

174




4.3 State Composition Diagrams

In this diagramthree states are drawn as rounded rectangtesty, Partial andFull. By
convention,statenamesstart with a capital. Thestateicon containsthe identifier of the
state and, between round brackets, a Boagaressiorspecifying thastate. Suppose that
with a stateidentifier s, a Boolean expressidn is associated, as expressediy, b;l]
Thenthe object isin' states; only if b; istrue: by O 5 . If we assume that an objexthas
defined a set of stat&, then at a particular moment in tintee object isin' aset of states

Sur
Definition 4.3.1
A statesis valid for objecb with statesS; if, and only if,s O Sy
whereSy « { (31, b0 3y, bl ... 3, b}
Sur 2 { 3, i1 | b}

Thus, an object can be in tple states; however, we prefer tnodel thisthrough a
combination ofscos (as will be explainedlater), rather thaallowing multiple stateswithin

a singlescb to overlap. Mte thatthis constraint exists for pragmatic reasongy, not for
technical reasons.
BoundedBuffer == == == -=rm - LT

. bufSync
-limit:Integer

Full

| -elems:integer (elemo=
limit)

Empty
(elems=0)

put |

Fartial
] (O<elems
olze <|\'mJt) Put

storage

___________________________________

Figure 4.3.3 Thecbfor BoundedBuffer.

Between the states, arrows are dramhich indicatethe events that transform the object
from one state to another. this examplethe possible eventareput andget. Events are
represented bynessages when a message is dispatchedmniy affect the state of the
object, causinghe transitionfrom one state to another. #ansitionmay have the same
start and ending state.

The crucial information in thecbD s the set of outgoingansitions for each particulatate,
as no other transitions are allowedThis effectively describegshe synchronisation
constraints of the objecivhen a message is received d&hed object is in a stateith no
outgoing transition for that particular message niessage il be blocked. Only when the

of all abstractions ofhe state ofthe object. They can be associated with (sets of) messages to
express synchronisation constraints on these messages.

3 We will use the terms message and event interchangeably.
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object reaches &tate with an outgoing transition for that message, thessage is
acceptablei.e. it can be dispatched. It is important to note that the constraints only apply to
the messages that are explicitly covered by the diagram:

Definition 4.3.2:
A messagen is acceptable at a particular moment if, and only if, there is an outgoing
transition(Sfrqm, M, Stofor mfrom a valid state, i.e. om0 Sy, Or mOM, whereM is
the set of messages covered by the diagkéus; {n | OCom, Ny StoMISCD}.
(This definition will be refined later in this section.)

Returning toour examfe; it expresseghe synchronisation constrainfer the put and get
messages: as we can see indbein figure 4.3.3theput message has outgoing transitions
from the Empty and thePartial states, and thget message has outgoing transitidresn
the Partial and theFull statesThis means thate synchronisation ofhe BoundedBuffer is
such, that ngut message il be dispatched for dull buffer, and naget message for an
empty buffer, as such transitions are not indbe.

It may seenthat scDs arenot the most concise way of specifying synchronisation constraints.
Indeed, when theequired synchronisation constrairgee known, SCDs may not be the most
attractive notationHowever, the concept &fchs is introduced as a methodological toofital
synchronisation constraintsather thandefine Thus, aspects such astuitiveness and
pragmatics are importacfesign considerations. Weelievethat the scb-model issuitable for

our purposes as it addresseslitiveness (state-transitiomodel), andpresents the relevant
contextual information fordistilling synchronisationconstraints. The presentation of the
activities (events/messages) and stee ofthe object is likely to be a mofeuitful base for
thinking and reasoningboutsynchronisation than a declarative presentation of pure constraints
would be. The extraction of thactualsynchronisation constraints from teeD is a side-effect
rather than a primary concern duri&gp construction.

4.3.2 Transitions in State Composition Diagrams

In our previous example, wenly showed thebasic type of transitionlabelled with the

name of a single messad#owever, anumber of variations to this exist. Firstly, just as in
object diagrams, there is tldéstinction betweerincomingand outgoing messagesdash

above the message selector, epgt™indicates that it concerns an outgoing (sent) message,
rather than amcoming(received) message. Secondly, instead of a single message selector,
a set ofmessage selectors can be defirfent. example, "put, get}" is equivalent to two
separate transition arrows, labelled witlt respectivelyget.

Wild cards & Exclusion

Instead offixed messageelectorswild cards can be usedhis is veryimportant, as it
specifies open-endednés3here argwo forms forwild cards: gplain wild card "*" which
simply means that any messaggn makethe transition, and aexclusion "~m", which
means that angnessage, except can makehe transitionLikewise, "~{mg, my, ... m}"
means that any message except those in thengemnf, ... m,} can make that transition.

4 We will discuss the use of wild cards more extensively in the context of design considerations.
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Transition Conditions

Apart from the selectors of the message(s) that a transition represents, a transtvon
may be labelledvith a condition. This condition must be satisfied the transition to be
allowed. Conditions are denoted between square brackets precedimgdbage selector
(set). Forexample, a transitioarrow with the label"[gas>0]drive" indicates that when the
expression "gas>0" evaluates troe, the transitiondrive is allowed, butonly when the
originating state is valid! Expressed in a more formal way:

Definition 4.3.3: (refinement of definition 4.3.2)

Assume the following definitions:

t < Sfrom CcoONd, e, gLl tis a transition, where

Sfrom @ndsyg are respectively the originating and the destination state,

condis the transition-condition,

e denotes the expression that describes the messages that are allowed by this transition,

M & {n | OGfrom, cONd, €, 0SCh, nin® e}: the set of messages covered bysie.

Then a messagmais acceptable at a particular moment either when transitian occur or

when the message is not covered by the diagrammlil&l.

The transitiort will occur for a messaga if, and only if the following three conditions are

satisfied:

(1) SromISeur (the object is in stat§rom, )

(2) cond, (the associated condition is valid)

(3)isWild card(e)d (—~isExclusion(e]d mUe) U (isExclusion(e)d me)

(the transition allows for the message selecton)of

It is important to note that thedditional of conditions to transitions is purelyailable for
convenience of describing the dynamic behaviour. The same behaviour can be atitieved
only states and transitions without conditions.

Mutual Exclusive Transitions

As a notational convenience, the notion of mutual exclusive transitions is introWited.

a single objectonly one mutualexclusive transition can be performed at a tiffieis
prohibits potential conflicts between concurrently executed transitions. The mutual
exclusive transitions are drawn in theD as thick, or as double arrows:

trans S trans A

Figure 4.3.4 Two alternative notations for mutual exclusive transitions.

Obviously, this is usefulor objects with intra-object concurrenonly (the notation for
objects that allow intra-object concurrencyll lee explainedsoon), where itallows for
convenient protection of resources for transitions with side-effects. The transition is
executed as a critical section.

S "nin €' meansthatn is either syntactically specified by the expresspor e contains awild
card.
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4.3.3 Composition of SCDs

The construction oécps that capture thill dynamics ofcomplex objectsnayresult in a
combinatorial explosion astategHarel 87]. Modularisation ofstatecompositions supports
the management of complex systems, and alllwsmproved reuse anextensibility (see
section 3.2). 8ps offertwo levels ofstatecomposition modularity: object composition and
SCD composition.

Object composition is expressed by the objeéatjchms and encapsulati details of the
scDs. D composition occurwithin a singleobject, and composes tkg/nchronisation-)
behaviour of the object from sevesalDs:

Figure 4.3.5 scbcomposition.

An scD is bounded by a dashed rectangle. Each diagrdabediedfor future reference
(respectivelydiag? and diag? in the figure). Theabel isplaced just inside the dashed
rectangle, at the top.

Composition ofscis isrestrictive this means thahetwo (or more) diagramsestricteach
other. Thus, for a message to be accepted, it must be accepattdsodys. This can be
thought of as amND operation onscbs. However,from the specification of scbs
(definition 4.3.3) it follows that arl5CD defines onlyconstraints for a restricted set of
messages. Thuswo scps that deal with different messages mlat restricteach others
synchronisation constraints. Such a case could be judgedaseahcomposition o$cos.

The following figure shows howcbs can be reused from other objects:

LockingBuffer
locker
Locking

ockerlockSyre |

fl

Figure 4.3.6 8D reuse demonstrated through the LockingBuffer.

In this examplehe classLockingBuffer defines multiple inheritance from clasdesking

and Buffer, respectively. The synchronisation dfe LockingBuffer is defined as a
composition of théwo scDs that arelefined bythese classe3his is specified by referring

to thelabels ofthe internal objectsi¢cker andbuf) that represent the superclasses and the
labels ofthe respectivescbs (ockSync andbufSync). The reuse ofcps differs from the
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reuse of methods, instanevariables,etcetera, as the reusedps are interpreted in the
context of the reusing objéct

4.3.4 Internally Concurrent Objects

As statecdearlier, we use the objediagram notatiorior embeddinghe scps. There is one
notational extension to object diagrams, howeVars isfor the purpose odlefiningintra-

object concurrency. In the methodology, we follow the same approach with respect to intra-
object concurrency that we follow ithe language: by defaulevery object is mutual
exclusive.Through an additionatotation, we can remowis constraint on a per-object
basis. Thus, we introduce an additional notafion objects thatallow for intra-object
concurrency:

conc_obj

Figure 4.3.7 The notation for objects that allow intra-object concurrency.

The additional barsymbolise parallelismand aresuitable to be added to axisting
diagram. The latter is important as it allows intra-object concurrency to be added during
iteration, rather than at the first moment of drawing the object diagram.

4.3.5 Annotations

We now introducetwo more notational elementsyirtual transitions and action
annotations These elementsliffer from the previously discussed elements bging
annotations to thecb. This means thatther tharhaving aconcreterealisation associated
with them, they are considered to be only hints, or helping aids for the designer.

The first type of annotationsre thevirtual transitions Virtual transitions are transitions
(i.e. state chareg) thattake place withoutthe explicit occurrence of an event (i.e. without
specifying a message theduses the transition). Such a transitieay still bedrawn in the
scD for theclarity of the design, although it isot necessary. Virtual transitions are drawn
as a dashed arrow:

T iR _trans A
Figure 4.3.8 The notation for virtual transitions.

The second type of annotations are #ioion annotationsAction annotations associate
actions, or causal relationships with transitions and states. They correspond to the actions as
found in the Mealy, respectivelthe Mooremodel for statemachines.The notation for

action annotations is illustrated by the example in figure 4.3.9.

In this example of an engineyo states are shown, that are abstract representations of the
amount offuel: whenthe engine is instateEmpty there is nduel available inthe system

6 Note, howeverthat the implementations of the conditiong. states in ascD depend on the
object where they were defined.
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(defined by the conditionfdel=0"), otherwise the system is in st&dled (when fuel>0" is
valid). Two events arg@ossible inthe system:go, which is only possible whethe system is
in stateFilled, and which has aassociated actiorfdel--", indicating thatthe amount of
fuel decreases. Every time the event occurs, the amount of fuel is diminished by 1.

go{fuel--} go{fuel--}

Filled

Empty
(fu@p[:O) (fuel>0)
{light:=on} {light:=off}

[engine=off]
refill
{fuel:=100}

Figure 4.3.9 An example showing the use of action annotations.

The other event igefill, which may onlyoccurwhenthe engine is instateEmpty and the
‘engine is off(as indicated byhe expression between the square bracketshidrcase the
action 'fuel:=100" is performed. Upon entry ofstate, an associated actiopeformed as
well: when enteringhe stateEmpty a warning light is turned onlight:=on"), and when
entering the-illed state, the light is turned offl{ght:=off").

It is important to notehat at this pointthe action annotationare not supported by the
methodology, othethan through dew hints. We do not want to use the annotatitorsthe
generation of code. Awias argued irsection4.1, wefeel that thismight interfere with the
behavioural specification steps of thiethodology: On onband,scbs should not be used for
the specification of complet@ethod bodiesand on the other hand, the action annotations in
ScDs cannot be incorporated in the propesthod bodies of the object ins&raightforward and
controllable manner.

Parallelising Transitions

As the notion ofsynchronisation is closelyelated to concurrency gparallelism, it is
advantageous to express some forms of creating concurrescgsinWe have already seen
this inthe form of parallelobjects. The creation of additional concurrencyhmsystem is
possiblethrough theapplication ofthe early return construct. In the context e€ps this
means that part of theexecution of the transition is done after the transitidfinished'.
This is especiallymportant for the assumptions that anade wherthe object is in the

target state.

As an example, consider a transactiofrom stateA to stateB. When this transition is
finished',i.e. it returns aeply, there arédwo possible situations. The first is ththe object
is already irstateB, the second is that the objdwisnot reached thastate. Theollowing
notation is available to express either of these cases:

AN T A v 1 Tas
Figure 4.3.10 Parallelising transitions: early fork () and late fork (r).

In an early fork transition the object W not necessarily be ithe target statevhen the
transition returns eeply. Inthelate forktransition on thetherhand, it is ensured that first
the statechange of the object is effectuated, before the transition returaeplya This
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mechanism should be applied withre, to avoidnconsistenciedue to concurrerdctivities
within the same object.

4.3.6 An Abstract Syntax for State Composition Diagrams

Statecomposition diagrams a@mpletely independent from object diagramscept for
the designation of objects as 'concurrent’. The abstyatax specification othe state
composition diagrams only is given below:

SCDiagramp % SCDunig5*.
SCDunitp % label:ldentifier; states:Statgg, transitions:Transitiongqp,
Stateg.p & Statg.* .
Statg,-p & id:ldentifier; spec:Expressiop,, -
Transitiongp & Transitiony5* .
Transitiony . @ PlainTrangqp | MutexTrangqp | VirtTransyqp .
PlainTrang,.p & spec:TransSpgg; cond:Expressiofy,, ; action:Expressiofg, -
MutexTrang.p % spec:TransSpge cond:Expressiogy, ; action:Expressiogy, -
VirtTransgcp & spec:TransSpeg cond:Expressiogy, -
TransSpeg.p & excl:ExclSpeg., set:MessSet,
ExclSpegcp & Exclude.p| Permitp .
MessSe-p ¥ IDSetp| Wild cardyp .
IDSet % Identifier*.
At various locations a reference Expressiopg, can be found: this stands fomsessage
expression according to the compositidters model. This aktractsyntax refers to the
specification of the composition filters modeF{), as was given in chapter 2.

After introducing the notations fospecifying objects in the previous section, and for
defining the synchronisation constraints of objects in this secttbe, next sectiorwill
introduce a software development method. The method provides a number of stegisod
guidelines and hints teupport the actualerivation, invention and specification of objects
and their synchronisation constraints.
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4.4 The Method

4.4.1 Introduction

In this section a method for software developmeptaposed. The methazhn be roughly
divided intotwo parts: in thefirst part theconventional methodology for object-oriented
software development iadopted formodelling the static aspects of objectlthough
notation and emphas#sedifferent,the approach isimilar to conventional object-oriented
methods, as presented in e.g. [Rumbadjh [Wirfs-Brock 89,90a], [Coad 91a, 91b],
[Booch 90] and [Jacobson 92]. Therefore, we pay less attention to this part of the method.

The secongbart of themethod focuses omodellingthe dynamicaspects of objectsyith
the maingoal of coming up withthe propersynchronisation specification®ur aim is to let
the softwareengineer defineconcurrent objecspecifications withthe highest possible
degree ofreusability and extensibilityThere islittle or no relatedwork with the same
objectives.

Another important distinction betwedme method presented here andlibi of the other
methods is itsuitability for automated suppodnd the use of executabdpecifications.

This is mainly due to the notations that were presented in the previous section. The
translation is discussed in detail in the next section.

Object ldentification

l FOD definition
objects » fi c
) BOD find structure
speci
ierts Y
objects : 05D find mess. conns.
l A4
I . determine synchr.
—_——— — oD
| A
[
_______ > 5CD
Realisation
FOD FOD to CF
) translation
Design Y
Iteration CF object detailed program
ign
template desig

h 4

Sina program

Figure 4.4.1 The dependence between components and steps of the method.

An Overview of the Method Steps and Components

Figure 4.4.1 shows the steps that the methambmstructed of. Each step works on, or
delivers, a componentor example a particular diagrariihe solid rectangles represent
these components, whereas the lines represent method steps.
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Each step requires certain components to perfuatessfully and transforntbese or
creates new components. Tfigure above defines precedence graplmndicating which
step(s) must precedrher stepssuch thatll required components for a step axilable.
The solidlines indicatethe order invhich the steps W be discussed in this section. This is
also the advised order for the first iteration.

Mind that, although thefigure may suggest awaterfall-like process,this is clearly not
intended: thearrows indicate precedencequirementsrather than aflow of control.
Instead, we promote an iterative development cycle.

In addition to iterating over the various method steps by re-doing them, we devote a
separate method step to tee-calleddesign iteration In this step anumber of design
considerations are made explicit. It is shown as a transformation processon.the

We distinguistthe following 4 phases ithe overall developmenprocess. These phases by
no meansepresent division intoparts ofequal sizebut separatactivities thatare rather
different bynature. In particular phase B, the construction of@m is an extensive phase
which consists of multiple steps:
A. Object IdentificationIn this-initial- phase of the development, the objects that make up
the subsystem are defined. This is accomplished by the method step with the same name.
B. FoDp Construction The identified objects are detailed, and structural and interaction
relations among themre defined.Finally the synchronisation constraintge identified
with the help ofscps. The method steps of this phase are:
4 Specifying Objectsobjects arespecified withmore detail, such as theessage
interface, attributes and nested objects.
1 Define Structural Relationsdentify relations between objects such as inheritance,
delegation and aggregation.
(1 Define Object Interactionsdefine the -static- message connections between
objects.

(1 Determine Synchronisatiosonstruct state composition diagrams.

C. Design Iteration Consider thesystem withrespect to anumber of design rules,
achieving increased extensibilignd reusability i©one of the rain goals of this phase.
The results ardypically transformations and restructuring of tkabsystem under
consideration.

D. Realisation Whenthe design ofthe system is complete(br atleast performed with
sufficient detail), it must be realised into a workingrogram. Two steps are
distinguished in this phase:

[0 Fob to cF translation This isthe algorithmic translation of the objectiagrams into
composition-filters specifications. The result could for instance be a template for a
Sina program.

d Implementation The gaps that rean inthe generated template are to be coded in
this step. The rain examples ofuch gaps are thenplementation of method bodies
and the addition of some specific filters.

1 Ppreferably, but not necessarily automated.
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In the remainder of this chapter we will describe each of the method steps with more detail.

The Description of Method Steps

In order tobring somestructure to thedescription of the method steps, for eatbp a
template describinthe main characteristics of the stepsgizen. This templatériefly gives
the most important information about the step:

Step #: the number of the step with a descriptive hame.

Input: the components that are required to perform the step.

Output: the new or modified components after the step.

Side-effects: the most common side-effects.

Description: a brief description of the step.

Hints: a list of (brief) hints and directions.

Substeps: a list with the substeps, these are worked out (including a
template description) in subsequent subsections.

After this template, the description of the step and the hints for this step are worked out. the
substeps are either worked out in a separate subsection, or briefly explained. In the first case
the substeps are numbered, in the latter case they are presented as a bulleted list.

In parallel with the discussion ofthe method steps, theodelling of a well-known
synchronisation problem illv be demonstrated: thelining philosophers problem. The
problem description is given the next subsection.dte that thediscussions of presented
example are not intended to reflect an actual developeyel® in chronologicabrder;they

should be considered agyhlights from such a development cyddter the description of

each of the steps in the forthcoming subsections, the software development process is
discussed.

4.4.2 The Running Example: Dining Philosophers

We will illustrate the steps of the method through a step-by-step construction of a solution
to the dining philosophers problem. In this synchronisation problemhilosophers are
sharing a bowl of rice and chopsticks, as illustrated in figure 4.4.2. The philosophers
alternately think and eat. Obviously, a philosopher negdshopsticks for eating rice; the
chopstick onhis left and right hand side, respectively. The problem is didine
synchronisation constraintfor each philosopher such that no starvatioii wccur,
assuming that each philosopher eats for a finite time.

Each philosophegoes through an (assumed eteregble of thinking,then getting hungry,
eating, and thinking again. Hungry philosophers ocaly start eating once theyhave
acquired both chopsticks. Theamdanger threatening the philosophers is theycie will
occur whereall philosophers aréungry, hold one chopsticik, for example, their right
hand, and aravaiting for their left neighbour to handhe other chopstick. Irsuch a
situation, no philosopher can ever start to eat.

Several solutions foavoiding this deadlock probleare available;one solution is tgick
only two chopsticks at a time, and if this m®t possible,get neither of them (i.emake
picking the chopsticks an atomic transaction). Another solufiiat we wll adopt),
proposed by Chandy and Misra [Chargdy} is to ensure that noycle as described above
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can ever occur. Thegropose ao-calledhygienicsolution: Every chopstick can be either
clean or dirty. A chopsticigetsdirty when used for eating, andliwemain dirty until it is
cleaned. A philosophealoes notgive away chopsticksvhile eating. When not eating, a
philosopher gives away dirty chopsticks to its neighbours, and cleans them just before
handing over. A request for a chopstick that is clean is deferred.

A
\ S

8 o H
/ —
B

Figure 4.4.2 Picture representing the dining philosophers problem

This actually implements @recedence graph between the philosopherphisopher
Aristotle has precedencever another philosophétlato with respect to a chopstiakif,
andonly if, Aristotle holds chopstick andc is clean, oiPlato holdsc andc is dirty, orc is
beingtransferred fronPlato to Aristotle If the group ofphilosophers is seated at ttadble
such that the precedence graphagclic,then it wil remain acyclicbecause: precedence of
Aristotle over Plato can only be reversed wherAristotle starts eating, atvhich time
Aristotle precedes over both his neighbours, which implies that the graph is acyclic.

We will discuss an extension to this synchronisation problem cdhed 'evolving
philosophers problem’, whiclwas proposed in[Kramer90]. In this extension the
configuration of philosophers can be modified, in that philosophers can be refmaved
(death and added tobfrth) thering configuration. This extension ised to demonstrate
two properties of the method: iwupport forspecialisingand extending objects and the
support for dynamic object creation and deletion.

The extension requires the philosophers to go inpassivestate,and be activatedgain

later. This is necessary because dutivepirth or death of a philosoph#ére configuration

of chopsticks must be rearranged such thaaalic precedence graph is retained. During
this rearrangementhe current configuration shouldot change, as this could cause
inconsistencies. We will focus on the synchronisation of the philosophers only, for a detailed
discussion of the algorithm for rearranging chopsticks we refer to [Kramer 90].

185




4. Analysis and Design of Concurrent Objects

4.4.3 Step |. Object Identification
We first give the template description for this step:

Step I: Object Identification.
Input: - (requirements specification and subsystem context)
Output: a set of objects.
Side-effects: -
Description: by looking at the problem domain and requirements
specification, relevant and stable entities are identified.
Hints:
[ look at the real-world.
(1 activities or processes may be modelled as objects.
[d interaction patterns can be abstracted to objects.
Substeps:
I.1 Candidate object identification.
I.2 Candidate object elimination & merging.
1.3 Object multiplicity definition.

Description All the method steps this section deal with a single subsystem. Obviously, at
the initial step of theanalysis, no subsystemay bedefined yet.Thus, one of the tasks in
this step is todefinethe boundaries of th&ubsystem. At a later phase or during an iteration
cycle, a subsystem where (additional) objectsto badentified may begiven. In this case
the boundaries of the system are largely fixed.

The object identification phase bears some resemblance with a brain-storm sesfish:
stage is to collect asmany candidate objects as possible. This should ptsyoke some
thoughts about the nature of the sudbsyn: atthe second stage, candidate obj¢ictd are
not adequate areliminated. Inthe third stage theultiplicity of the objects that areft is
dealt with.

Note that forall steps in the method, the requiremespgcification andhe subsystem,
including its context, isassumed to be available asput. Thus, in theforthcoming
discussion of method steps these will not be mentioned explicitly.

Step 1.1 Candidate Object Identification.

Step I.1: Candidate object identification.

Input: -

Output: a list of candidate objects

Side-effects: -

Description: This is a first attempt to the definition of a proper set of
objects. It can be compared to a brain-storm session, where any
proposed object is registered. In later (sub-)steps redundant and
inappropriate objects will be removed from the list of objects.
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Hints:
[ Look at the real-world (this may be the computer science domain).
[ Activities or processes can be modelled as objects.
[d Interaction patterns can be abstracted to objects.

Description Finding candidate objects is basethinly onthe requirementspecifications
and the context of thesubsystem (when available). lthe text of the requirements
specification potentially suitable entities can be fouxdt only nounsmay point towards
suitable candidategas proposed in [Abott 83]), bwterbs, activities or processes may
indicate potential objects as well. The candidate obgretsonpiled into a list that vil be
processed in subsequent steps.

Hints: It is quite important to construct an objenbdel that closely resemblése real-
world domain. Mte that fortechnical problems ithe computerscience domair(for
exampleoperating system services), entitigghin the computesystemmay become 'real-
world': resources, devicesiemory, schedulergtcetera. Theame idrue when thisstep is
performed during desigrnihe objects that are to heentified mayinclude such things as
linked lists,cachesfiles etceteraEspeciallyresources areery suitable to be modelled as,
or encapsulated bygbjects. This allows access the resources to be controlled and
synchronised and organised through inheritance hierarchies.

In addition, theactors in theproblem domain can also be identified dgects. Mte that
certain interactions or communicatipatterns are also candidate objebtere information
on finding (and eliminating) candidate objects can be found in e.g. [Coad 91a, 91b] and

[Whiting 90].

Step 1.2 Candidate Object Elimination.

Step I.2: Candidate object elimination.

Input: a list of candidate objects.

Output: lists of accepted and eliminated objects.

Side-effects: -

Description: all candidate objects are examined, and either accepted
or eliminated.

Hints:
(1 Does the object lie within the system boundaries?
[ Look at organisational, structural and interaction relations.
(d Consider functional and storage behaviour.
(1 Merge candidate objects that represent the same entity.

Description The list of candidate objects is scanned, dodeach candidate object it is
decided whether it is a relevant object, or shoulélimeinated fronthelist of objects. The
following hints may well contain relevant criteria for deciding upon this:

Hints: Firstly, each object should have its own, unique, identity: in casepl®awbjects
representifferent views of an entity with a single identity, they should be merged. Objects
should play a significantrole in the system under consideration: by representing some
information that is to be maintained or remembered, or by offering certain services. In
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addition, they should have some relatioritte other objects in thgystem:there should be
either some form of communication, or a structural relation wither objects.Such
decisionsmay betakenonly after the method stepd and IV (usually during an iteration
phase).

Step 1.3 Object Multiplicity Definition.

Step 1.3: Object multiplicity definition.

Input: list of objects.

Output: list of objects and collection objects.

Side-effects: -

Description: For all the objects that have been identified so far,
multiplicity is considered, related to the subsystem context.

Description The approach of the method towards objects verisisses isather dual: we
emphasise regarding objectsoibject diagrams as unique instancaher than the abstract
notion of classes. On thather hand these object specificatioase mappedtraightly to

class definitions. The reason for putting emphasis on objects as instances is that it allows for
considering them in configurations of objects, whicm@e proper taevealthe interaction
between objects. The interaction between objects is crucial when considering the
synchronisation of objects.

When consideringobject configurations, theelative multiplicity of objects is very
important: whether an object has to serve requests from a single or floptenslients can
heavily influencethe synchronisation requirements. Therefda, each proposed object in
the subsystem, it must be definedhether, in a single instantiation of teabsyster a
single object exists, or a collection with multiple objects.

The exampte

For thedining philosophers problem a large number of -candidate- objects cdertiéed,
but to model the synchronisation problem, we needly a smallsubset of these. Some
candidates that can be derived fridma problem descriptiomre: philosophers, chopsticks,
ricebowl, rice, hands (holding chopsticks)eighbours, table, precedence graph, cycle,
group of philosophers, clean/dirty and think/eat/getHungry. This includesall types of
words mentioned inthe problem descriptionjncluding nouns and verbs. From these
candidates, we selected the relevant objects, and combined as shown in figure 4.4.3.

It should be mentioneexplicitly thatfor every problem, a large number of solutions exists,
including several 'good’ solutiohsThe solution that will be proposed here does not rule out
other possibilities. In this solution wery to simulate the 'real-world’ of thedining

2 Recall that we can talk about subsystems aheif are objects, becausbey are first-class
objects.

3 The judgement whether a design is 'good"lad' fully depends on the requirements: a lot of
design requirements conflict with easther, and it must thus meade explicit which properties
are considered to be the most important ones. In this thesis, we concentrate on reusability,
extensibility and maintainability.
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philosophers problem. We modéle philosophers as objects tltatmmunicate by sending
messages to eacbther (to their left and right neighbours, to bexact). Thus, the
responsibility for synchronising their actions is put at the philosopher objects.

group

\

‘ .

Philosopher Chopstick
-clean

leftNeighbour  rightNeighbour

Philosopher Philosopher

leftHand rightHand
ChopStick? ChopStick?

Figure 4.4.3 The selected objects

The relevant objects in thgystemthus are thephilosopher and thechopsticks. The
chopsticks are relevant objects fiovo reasons: they need to be exchanged between
neighbouring philosophers and they includgtate(they can be dirty or clean). The picture
already shows some tfie structure of theystem: as each dhe candidate objects is
considered, their role in the system can be visualised immediately in an object diagram.

The philosopher and chopstick are thr@ly two new classes ithe system, however a
number of candidate objectgppear in the picture idifferent roles: every philosopher
indeed has a left hand and rigignd in the form of parts thatcan 'hold'(or referto) a
chopstick. Analogously, every philosopher refers to its left and right neighbour. In addition,
we defined thathe system contains nftiple philosophers: this collection termedgroup.

We now covered the candidate objeatfosophers, chopsticks, hands, neighbours and
group of philosophers.

The othercandidate objects areot considered to be relevant objects here, for reagats
we discussper candidate objecticebowl, rice and table play norole in the dining
philosophers, even though we could for instance model eating from the rice beswvidiyg
messages (‘get some rice, using these two chopsticks') to a rice bowl object, wetbatided
this has no significance tour problem. The more abstract notionsppécedence graph
andcycle do notneed to be representedplicitly in this problem: this is already done
implicitly through the states of thghilosophers and chopsticks. The candidatesn and
dirty are notinteresting as full-blowrobjects here; thegre merelyrelevant as thetates a
chopstick can be input do not have an internalstate themselves, and have no
responsibilities to fulfil. The activitiesthink, eat and getHungry are sinple commands,
rather than complete objects: dernal stateneeds to be maintainddr them, and no
complex behaviour is expected.

Both thephilosopher and the chopstick objects defined toappear in thesubsystem as
collections. The reason is that a single ring configuration of philosophers requitgse
objects and mitiple chopsticks. Assume, faxample that wevould like to modetherice
bowl as well: thisvould appear as a single object in the diagraoteNhat thelefinition of
multiplicity is not a property of the object itself, but rather of the subsystem.
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4.4.4 Step 1. Specifying Objects

Step Il: Specifying Objects.
Input: a list of objects.
Output: a basic object diagram (BOD).
Side-effects: identification of new objects.
Description: In this step BODs are drawn, defining properties of
objects such as attributes, nested parts and object interfaces.
Hints:
(1 look at the responsibilities of the object.
(1 look at the nested objects.
(1 look at the context (subsystem & objects).
Substeps:
(1 Object labels
[d Class names
(1 Multiplicity of objects
(1 Interface of incoming and outgoing messages
(4 Attributes
1 Parts

The basic object diagram notation was presented in section 4.2. The inputdiagthen is
a list of objects; this allows tetartdrawing aset of rectangles. Weillwnow discuss the
various aspects of objects that degined inBoDs. Some hint$or finding these aspects are
inserted at the relevant locations:

labels each object in an object diagramtagygedwith a -for thatsubsystem- unique
identifier. Although theséabels donot play an essentiable, theyare requiredduring
the realisation phage andmay serve a better understanding of #ystem. Therefore,
we suggest to label all objects in the diagram immediately.

class namesas each object is an instance of a classydhee of its class must be specified.
The purpose othis may betwo-fold: theclass name can be perceived of as a reference
to the definition of the object elsewhere. On tlwher hand, it can be used as a
declaration: the class is defined by the properties of the object.

multiplicity: in step l.4multiplicity of objects was derived, this is revealedtbg object
diagram notation as well.

interface The interface of an object consiststwb aspets: thefirst is the inputinterface,
which definesthe set ofmessages thahe object acceptsThis interface islargely
determined by theesponsibilitiesof the object. Thus, messages dine inputinterface
can be found by looking at tiservices and functionality thate expected to baffered
by the object. Or by looking at the attributes aadts: does the object needpimvide
access to -some of- its nested objects? fBsponsibilities ofthe subsystem and the

4 Unique labels can be generated automaticabyt this does not contribute tour goal of
constructingwell-formedand (re-) usable objectBor rapidprototyping it could be acceptable,
though.

S This is essentially a specification of what an object should do: see e.g. [Wirfs@rakck
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other objects in theubsystenmayalso give some cluesbout themessages thatre to
be supported.
The second part of the interface is the output interface: the messages that are sent by the
object. In general, these messagéks ssmehow serve tomplementthe responsibilities
of the object. Thus, a look at the expected behaviour, and betia®iour othe nested
objects may reveal aspects of the output interface.
Another technique fodeterminingthe interface of an object hroughscenarios walk-
throughsor use-casesWe will briefly discuss these when looking at object interactions.

attributes the attributes of an object are, just like parts, nefftesi-class) objects. The
only distinction is thahested objectsvhich are reused on thiaterface ofthe current
object are always drawn asirt objects instead of attributes. In general nested objects
are denoted as attributes for layout purposescangenient drawing, and the object
is an instance of an existing, well-defined class.

parts nested objects are drawn as pdittgshe object isnot very well defined yet, the
nested object is reused on the interfacthekncapsulating class, tre nested object is
relevant fordefining the encapsulating object, e.g. f@ynchronisation or message
interactions.

The method supports thefinition of parts and attributes this phase othe development,

but it isonly discusse@xplicitly how tofind these in the section on object interactions. At

the current method step, it is attempted to characterise the objectav@dteen identified

so far as much as possible. A= attributes and pargglay animportant role in the

characterisation of objects, they are included here.

The exampte
The following picture shows treoD for the dining philosophers problem:

‘ .
. |Philosopher A Chopstick
reqRightStick| - e Any reqRightStick -clean:Boolean
reqleftStick| - right:Any reqleftStick -
’ think |- 16FEPRiLPhilRef K clean)
— - rightFhil:Philref use|
At isDirty |
getHungry|

Figure 4.4.4 The BOD of the philosophers problem.

In the BOD the object description contains the exteintdrface ofthe object asvell. To
makethe picturesmaller, weused the attribute notation for the nested parts.|&hend

right attributes are defined to be of type Any, as they will hold either a Chopstick object or a
Nil object. For theeftPhil andrightPhil we juststate thatthey are references tother
Philosopher objects: this can bmdices inthe collection, pointergjnique identifiersetc.

We do not go into this level of detalil.

The methods that aindentified at thispoint are those for requesting chopsticks, and the
methods that cause the stateanges of the philosophdrom thinking to hungry, from
hungry to eating, and from eating to thinking again.
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4.4.5 Step lll. Define Structural Relations

Step lll: Define Structural Relations.
Input: Object Diagram.
Output: Object Structure Diagram.

Side-effects: creation & elimination of objects, restructuring BODsS.
Description: This step deals with the identification and definition of
the structural relations. These are: inheritance, delegation and

aggregation.
Hints:
(1 Model real-world relations only.
[d Search for kind-of hierarchies, e.g. taxonomies for the application
domain.
(1 Reuse analysis and design models.
(4 Sharing behaviour with state.
[d Resource encapsulation.

Description An object-oriented application istructuredalong tw® orthogonal axes:
sharing relations andpart-of relations. The firsiaxis is formed bythe sharing relations,
which organisehe objects in theystemthroughgeneralisation-specialisation relations (see
also [Booch90]). Thesharing axis is formed biwo types of relations between objects:
inheritance and delegation. In general, inheritance contribuiss to a clear organisation
and structuring of theystem. It can be characterised as a kind-of relation. Delegation (as
may also be the case for inheritance) focuses more on sharing of services.

Some hints on identifying sharing relations:

Kind-of hierarchiesone of the aims of the object oriented analysis phasesisiicture the
application modethough a kind-otierarchy, whichmay actually take theform of a
lattice, in case an object has sharing relations withipteiancestors. The am goal of
such a hierarchy is tstructure objects byonsidering specialisation-generalisation
relationships between objectifie mostgeneral objectare seated at thp of the
lattice, whereas the most specific objects are at the bottom of the lattice. The application
model may contain several such lattices.

TaxonomiesAs a part of theanalysisprocess, some research into greblem domain is
required. This may reveal existing theories and knowledge, that is often structured in the
form of classification hierarchies or taxonomies. Such domain knowledge can be
adopted for structuring the objects through inheritance relations.

Reuse one of thefrequently emphasised issues in object-oriented desitireisotion of
reuse.Sharing relations like inheritance and delegaticewvery suitable to express this.

This istrue for the reuse of code in tiraplementation phaséut also forreusing an

6 This -seemingly-ignores the structuringrovided by subsystemgirstly, because this is in
general only available as a tool for the analysisdesignphasesSecondly, because our case,
we use aggregation relations to provide sub-system functionaliigh is actually thesecond
axis described here.
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analysismodel. If the developdnas access to previously developed modelgaries

of models, a sharing relation to suitable pre-existing objects can be made. Extension and
redefinitionmay tailorthe reused objects to match the properties that are required for
the system under developmént

Sharing behaviour with statehe services thatre offered by an object (‘server') aiy
require some internadtate to bemaintained. Thignay reveal itself intwo forms to
objects that share trsrvice (‘clients’): for each object that shares a service a separate
statemust be maintained. In this case an inheritance relatiappsopriate. Iimay also
be the case that a single statest be maintained evéinough mitiple objects share the
service. In this cas®oth thebehaviour(the services offeredhrough methods) and the
state (the nested objects) are to be shavkh requires a delegation relation from the
client to the server object.

The seconaxis isthe part-of structure of objectshis relationappears irmanyforms in
the real-world: forinstance as physicatontainment, organisationastructures and
conceptual grouping. The part-of relation alssthe property othiding the parts.This
property can beapplied for the encapsulation of resourc&his allows for controlling
unauthorised accessnanaging synchronisation, schedulingquests, etcetera. Part-of
relationsmay also be derived by considerirtige -part-objects that could be required to
provide the services of the -whole- object.

With all the suggestions above, it should Kept in mnd thatthe udtimate goal in both
analysisand design ishe propemodelling ofthe real-world relations: ltas been observed
that the'invention' of relationgnay work outwell in a given subsystentut is likely to
cause problems when it is attempted to extend or reuse -parts of- the subisystem

The exampte

The dining philosophers problem that we use asaample iquite simple with respect to
the objects and their structural relations. pYeposesome extensions to thasic problem
to demonstrate more interesting structural relations. The first extengioa iequirement
to provide a more complete interface to make philosophers behaveeastdas human
beings. Assuming thahe modelling of human beings has besame beforde.g. for other
parts of theapplication containing this subsystem), we tle¢ philosophersnherit from
Person. ClassPerson featurestwo attributes,id andsex, and has an aggregation relation
defining two part objects; onedescribing anaddress, and ondescribingthe physical
properties of a person.

The second extension is to make chopstickgart of ahierarchy of (pre-definedjool
classesChopstick is a specialisation dutlery, which inreturn is aspecialisation off ool.

7 Reuse during the analysis phassbeen largely ignored in tHierature. This is possiblgiue to
the riskthat 'easy’ reuse ofgyexisting object specifications leads to imprapedelling.For the
realisation of a 'software factoryipwever, the use dibraries of -analysiscomponentdor a
certain domain is a must.

8 In fact, the combination of expressive power with strong encapsulation of compgsiticided
by the composition-filtersnodelgreatly reduces this riskpmpared to e.g. modelthat supports
single inheritance only. We still advise prudential utilisation of structural relations.
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In the figure we added classé¢sammer and Fork to indicate how thespecialisation-
generalisation tree may extend in its width:

Ferson Tools
- id - material

- sex /K - weight
| A

Address PhysicalProps ‘ ‘
Philosopher - street - age _
-lefthand - city - weight Hammer Cutlery
-rightHand - length - clean
-leftNeighbour

-rightNeighbou

DynPhilosopher Chopstick

activate | .
- active

passivate |
connect |

- #teeth

disconnect |

Figure 4.4.5 ThesD including some optional extensions.

4.4.6 Step IV. Define Object Interactions

Step IV: Define Object Interactions.

Input: Object Diagram.

Output: Object Interaction Diagram.

Side-effects: extension of the interface of objects.

Description: The message interchange between objects in a typical
configuration is defined. This reveals aspects of the dynamic
behaviour of objects and details their interfaces.

Hints:

(1 look at the interfaces of the objects.
(1 use scenarios.

[d activities that are to be synchronised.
[d access to shared resources.

9 Actually, suchmethodsarerequired as well in thstatic case for initialisation purposes. The real

extension irDynPhilosopher is the additional synchronisation that is required.
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The last structural aspect thatvisible in the osD is the introduction otwo kinds of
philosopher objectsPhilosopher and DynPhilosopher. The latter is an extension of the
plain philosophers, and allowfsr dynamicallyadding and removing philosophers from the
cyclic configuration of philosophers. This requirkte methodsonnect, and diconnect,
which make newinks to neighbouringphilosopher®. For a proper rearrangement of the
chopsticks, the philosophers must be made passive, and active again, ptssivete and
activate methods, respectively.
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Description Object Interaction Diagramsoips) define so-callednessage connections
between objects. The existence of a message connection bétweeanjects means that a
certain set of messages is exchanged between the objects durififetheale. However, it
does nogive any cluesibout the pattern of thegateraction3®. We do notpay attention
here to a more detailegkfinition of the messages, such as #pecification of arguments
and return typeslhis is onlybecause it inot ourprimaryinterest, it shoulahot beignored
however in a more general development method.

Hints:

(1 By looking at theinterfaces othe objects, we seshich messages thesxpect (input
interface) and which message® senfoutputinterface). This vll give importantclues
as to which messages are interchanged between objects.

4 Use scenariogor walk-throughs, use cases) to investigégemessage interactions. A
scenario can be seen as a test-drive: fortyipecal services ofthe system under
consideration it is observe@hich messagesre sent towhich objects, and what
messagesire triggered as a resulthis is especially useful as a verification of the
completeness of message connections and object interfaces that hawkemhEed so
far. More extensive discussions of scenarios can be found in [Wirfs-B0clkand
[Rumbaugto1].

1 A message is not only a means of exchanging information, or a request for some service,
it can also be a meafw synchronising activities. Messages carubed tosynchronise
activities in different objectdyut it is very well possible to synchronigbe activities
within an object by sending messages to itself.

4 The use of shared resources syatemimplies that anumber of client objectsillvsend
messages tthe shared objecThis may be toretrieve information fronthe resource
(queries), the requests can be commands to affect the behaviour, mathbgupdates
of the state of the object.

The exampte

We distinguishthree types of interaction relations in the philosopher siésy firstly the
messages thadre sent by the philosopher objects to the chopstick obfasisg the
chopstick,cleaningit, and retrieving itstate espectively). Secondlthe messages that the
philosopher objects sent to eamher (requesting chopstick®m neighbours). Andhirdly
the messages thaire to be sent in order thanagehe configuration of philosophershis
includesthe messages to changjee state of th@hilosophers between thinking and eating,
and the messages for configuring et ofphilosophers in the case DfnPhilosopher. We

10 0On onehand, the interaction patterns, or protocbktween objectsan often have a significant
effect on the synchronisation requiremefuas objects. From thigoint-of-view, it would be
relevant to specify the interactigratterns. Orthe other hand, we strive tievelop objectshat
are asmuch self-contained anicidependent of theicontext, as this increases reusability and
reduces maintenaneadforts. Therefore we opted not to promote the specification of interaction
patterns.
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do not make explicit whichobject sends these messages, bilt assumethere is a
'scheduletl. The resultingoip is as follows:

Philosopher reqleftStick | Philosopher Agglfﬂ£§ﬁE§EEﬁgg,
- left ightStic caRightStic
thHU”@Ws - /jghj < quR[&HZ, Lck M
eat, = |- gftPhil

think} |- rightPhil

If e, {use,
{use, Chopstick o R

clean, clean, clean,

isDirty} ~clean isDirty} isDirty}

{disconnect, |DynPhilosopher
connect,
activate,

passivate}

Figure 4.4.6 The object interactions in the dining philosophers problem.

4.4.7 Step V. Determine Synchronisation

Step V: Determine Synchronisation.
Input: Object diagram.
Output: ScCD.
Side-effects: new sharing/reuse relations, new methods.
Description: In this step and its substeps the synchronisation of
objects is determined. This is done on a per-object basis, where the
context of the object, especially the reuse relations and message
connections to other objects, are particularly important.
Hints:
[d shared resources require synchronisation
(1 when in doubt, model the synchronisation
(d complex interaction patterns
Substeps:
V.1 Reuse of scDs
V.2 Decompose the Synchronisation Specification
V.3 ldentifying states
V.4 Identifying events

Description For all objects in the currensubsystemthe synchronisation is to be
determined. Depending dhe application domainthe majority of objects wil not deal with
synchronisation issues. These objects do enforce mutual excliagh:this will avoid
inconsistencies in a concurrent environment.

For the objects that afi&ely to involve synchronisation, we identifiwo issuesthefirst is
to allow intra-object concurrency (sestep VI.3 for adiscussion on intra-object
concurrency). This means ththe defaulsynchronisatiorior objectswhich realises mutual
exclusion, must be discarded. The secortiescheduling of certain messagesnder to

11 There areseveral options: each philosopher could higvewn internal scheduler, there could be
a separate scheduler object in the subsystem, or the scheduler could be external to the subsystem.
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avoid inconsistencies.dte that in thecase of intra-object concurrency it is vdikely that
some scheduling of the received messages is required.

For each object that requires synchronisatithe substeps V.1 up to V.4 are to be
performed, which results in an object wittlzero or morescbs The following figure
visualises the contribution of each step to the specification of the object:

Vi reuse V.2: decomposition V.5 states V.4 events

— — — —»
object Tosed object “oocd i object ez | object Toecd i
Gt o I B I

_________________________________

Figure 4.4.7 An overview of the substeps for the constructieanst

As the figure shows, in substep V.1 it is tried to rex@ms from pre-existing objec{s the
figure from an objecto the scD labelled scd is reused). Step V.2 decomposes the
synchronisation, definingvo new scos. In steps V.&ndV.4 thesenew scbs are worked
out, by defining respectively the states and the events stthe

The ordering of these steps supports a top-down approach to etihatidn of
synchronisation specifications. This is mergitended to guide the developer through the
initial phase. The steps are saich intertwined and interdependent that an incremental
approach is inevitable.

Hints:

O Likely candidates for active objeétsare objects that encapsulate shared resources, or
instead objects that compete for shared resourcesothiér objects. In thérst case,
synchronisation W concentrate on thecoming messagesyhereas in the latter case
synchronisation of outgoing messages is more likely to be required.

 In the cases where it i®t clear whether synchronisation of messages is required, or
not, it is advisable to followthe forthcoming stepghis will determinethe appropriate
synchronisation, whicimay turn out to be nosynchronisation at all, ojust mutual
exclusion.

[ Synchronisation constrainteay berequired because of tlemmunication withother
objects: toorderand synchronisthe respectivactivities. Complex interactiopatterns
are a clue that synchronisation may be necessary.

12 Remember that an object is called 'active’ when it can control its own synchronisation.
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Step V.1  Reuse of SCDs

Step V.1: Reuse of SCDs.
Input: Full object diagrams.
Output: new reuse relations.
Side-effects: -
Description: We start defining synchronisation by trying to reuse
synchronisation constraints from other objects.
Hints:
[d adhere to naming conventions to facilitate reuse.
(1 follow the incremental specification approach.
(4 synchronisation constraints of a reused object can not be
weakened.
[d consider the composition of synchronisation specifications and
methods that are reused independently.

Description Reuse is aaluable techniquéor limiting the development efforgecreasing
complexity and size of applications, and providing additional systemcture through an
inheritance/delegation hierarchy. In addition, it can result in maigble systems: if the
library of components is well-tested, tla@plication that reuses objects can berfedin
this.

Our method supports the reuse syinchronisationcode (onwhich we focus)through
inheritance and delegation. This requires saong understanding of thedesired
synchronisation constraintsincethe developehas to make aroperjudgement as to the
suitability of the reused synchronisation constraints.

Hints:

1 Finding components to be reused is tough: ap@om knowing the desired
synchronisation behaviougne must also know how and wheig a possibly large
library- to findit. This problem, which isiot restricted to theeuse ofsynchronisation
code, is notyet resolved. The use of a common terminology whaming objects,
methods andcps may reduce the problems.

1 When reusing and extending actmgiects: focus on the methods that lacally added
(i.e. in thesubclass or delegating objecdur approach teynchronisation specification
is incremental: onlyhe new and changed requirements ireasing object have to be
taken into consideration. BcDs the reused methodsay wellappear as virtual events,
though.

(1 When reusing arobject, and adding additional synchronisation constrdmtsthe
inherited methods: just redesigre synchronisation specification. One should be aware
that thesynchronisation constraints tfe object we areeusing remain in effect, and
can never be weakened. Itadvisable to reviewhe resulting specification and remove
redundant constraints: try to 'program the difference’.

(d It is possible to compose a synchronisation specification that is reused with nie#tods
arenewly defined, oreused fromanother object. Try to reuse completends, maybe
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add anothescbp locally to constrain that specification. thay benecessary to rename
messages.

The exampte

In the dining philosophers example wend no explicit reuse ofscos. However, the
philosophers arenutual exclusive. Althougthe reuse omutual exclusion synchronisation
is normally implicit, for the sake of illustratirscD reuse we make it explicit now:

Philosopher
-left obj
-right iec
reqleftStick | ‘ Objff? _—— -
o e mm | imutex !
regRightStick | obj.mutex : '
eat| _.._..__... : Dot
think |
getHungry

Figure 4.4.8 Reuse sts: reusing the Mutex synchronisation from Object

Step V.2  Decompose the Synchronisation Specification

Step V.2 : Decompose the Synchronisation Specification.
Input: Object diagram.
Output: A set of SCDs.
Side-effects: -
Description: We try to decompose the synchronisation specification
into several SCDs.
Hints:
(d Find orthogonal life-cycles.
[d Look at resources/nested objects.
(1 Look how the states or values of nested objects may affect
synchronisation.
[d Having similar states in an SCD may suggest splitting.

Description In this step, we try to decompose tegnchronisation specification into sub-
specifications. This W give us a number of sub-problems tlaaé mostlikely easier to
model and solve than a single, complex specification.

The aim is to find apartition intosmallerscos that are eithecompletely independent, or
mustall be satisfied. Thisstepcan be performed recursively time resulting sub-diagrams.
Thus, it may be required to do this several times during step V.

Hints:

1 Determine aset of orthogondlife-cycles': as amwbject is a composition ather olpects
and methods, it is ofteflairly easy to divideéhe scbinto two ormore subscos that are
independent of each other.

(4 Each subdiagrammayfocus on a particular (set of) resource(s), as represented by a set
of objects. The synchronisation that is requinegly serve toprotectthese resources
from inconsistencies. Inconsistencies aaccur due totwo situations: thefirst is
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concurrent access by messages thatlify the state of the resourceshich is only
possible wherthe objectallows intra-object concurrency. The second situatiomhisn

the execution of aessage in a particulatate of the objectilead to an inconsistent

state. For example, getting elements from an empty buffer, or a philosopher that grants a
request for a chopstick while continuing eating.

(1 On the other hand, thstate orvalue of objectamay directly imply synchronisation
constraints for messagdsor instance, a Boolean attribute thadicatesthe sleep or
active mode of the object, or\ariable that can hold token which enables certain
operations.

d An indicationfor splitting anSCD intotwo or more scos is the -partialteplication of
state specifications, orthe occurrence of -groups of- states that shegeivalent
characteristics (includinthe outgoing events). In general, repetitiorspécifications or
properties is a hint that splitting may be advantageous.

(1 Note that thenested objectmay have theirown synchronisation constraints. In some
cases this fine-granularityay beadvantageous as reusable abstractions or for further
refinement later.

The exampte

The first importanscb component that we cadentify isone thatdefinesthe life-cycle of

the object: each philosopher goes through a cycle of thinking, getting hungry (i.e. starting to
collect the chopstickfrom both sides), eating (once hias collectedhe chopsticks) and

then thinking againThe stagewithin the life cycle affectsthe acceptance of requests for
chopsticks: for instance, when eating, a philosophémet give away itschopsticks.This

scDis labelledifeCycle. The otherelevantscb components can be obtained by looking at
the states that are made up by the parts of the objects: it is quite relevant that the chopsticks
arereally heldbefore starting to eat. Thus wientify two additionalscps that each model

the availability of the left respectivelythe right chopstickleftSync and rightSync. The
motivation fordistinguishingtwo separatescos for this is two-foldfirstly, it gives a more
modular specification, and secondly, it concetws separate constraints on tlsame
message that mulsbth be satisfied3. The resulting diagrams is as follows:

losopher  TihBine

reqleftStick |-right : ;
reqRightStick ;_;i_g_'h.:c_éz/;;: -
think tifeCycle .
getHungry ! :
o . 1

Figure 4.4.9 The components for the synchronisation of the dining philosophers.

13 The reason fohaving distinguished methodsr the left and right chopstick is purely practical:
the alternative of havingne method with @arameter thaspecifies whether it concerns the left
or right chopstick gave slightly more complicated and less readable code.
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Step V.3  State Identification & Specification

Step V.3: State Identification & Specification.
Input: SCD (this can be an empty template).
Output: SCD (with states).
Side-effects: Identification of new parts.
Description: The identification of new states for the scb. This includes
a full specification in terms of the object state.
Hints:
[d Look at nested objects, external objects or the object manager.
(d Find messages and events that may cause inconsistencies.
[ Keep states within an SCD mutual exclusive.
Substeps:
(1 Identify a new state, define appropriate name.
(1 search for reuse of state specifications
[d Specify the state condition.
(d Specify the action annotation.

Description In thisstep, (that is to bappliedfor eachscD), a set of states identified and
specified. The synchronisation of messages is gegiionmechanism: it is meant tguard
the object againsindesirable situations and inconsistenciess@n presents the states an
object can be in in an abstract mannerstate isrelevant when it describes a situation
where the acceptance of a particular messagesebrof messagesmay endanger the
consistency othe system. Onthe otherhand, astate may berelevant aswell when it
indicates a situation where messacgasbe accepted safely.

In this step, thesésafe' and 'dangeroustates are to be found argpecified. The
specification of astate is anessage expression in termstloé values orstates of nested
objects, or the state of the objecanager. Refer to chapter 3 for a detailed description of
the object manager characteristics.

Hints:

1 Look at attributesand parts of the object, as thesake upthe larger partition of the
interestingstates. However, it is of no interest to try define aparticularstate for
every configuration of instance variable valugtatesmust have gpurpose andneaning
with respect to synchronisation problems.

d In some situations, the state of external objects may be relevant for the synchronisation.

1 Look at theobject-manager: irmany situations, the state of the objectanager,
reflecting the number of active orqueued requests, is relevant with respect to
synchronisation problems.

(1 Look at themessages othe objectinterface and consider for each whether théyhin
cause inconsistencies in particular situations. Thestrati these situations into an
object state specification.

1 For the purpose dflarity andreliability, it is advised tkeep the statewithin a single
scb mutually exclusive. This means that within a sirg®, at each particular moment,
only one stateshould be valid, otrue. The method doesot grictly demand this,
neither are thermeans to check thibutthis approach W result inscos that readike

201




4. Analysis and Design of Concurrent Objects

finite statemachinesThe method promotes theseiatuitive, readable abstractions of

the dynamics of objects.

Substeps:

1 ldentify a new state, using the hints given above, and define an appropriate name.

(4 Search for possible reuse of the stecifiation; is there aimilar statedefined by any
of the otherscos, or by one of the nested objects? Do keepiimal thatthe reused state
should not merely have acorrect condition, but both stateshould be intended to
express exactlthe same situation. This is important order to copewith future

changes and system evolution.

(1 Specify aBoolean expression that characterises the sidienthe expressiopvaluates
to true, the object isaid to be irthe corresponding statehenthe evaluation of the
expression results in thealue false, the object isnot in that state. Note that the

message expression should not involve messages that cause side-effects.

1 (Optionally) specifythe action annotation that is associated withstiage. Theaction
annotations ar@rimarily intended as a documentation for the developeatiotvs for
the explicit specification ofstatechanges and thilow of control. Action annotations

can be expressed informally by natural language, or by (pseudo-)code.

The exampte

For each of the threscps that werddentified, the states thamnake upthe life-cycle are
drawn. At thesame timethe events that cause the transiticom one state to another are
drawn: these are an important clue for an intuitive interpretation of the diagrams.

Philosopher
-left
-right

reqleftStick |

reqRightStick | 11feCycle
T think ™4
eat| think
think| 1
getHungry

Thinking) :
%ﬂ g@jHuriy |
I

m
AV
o
S
&

T !
. HoldLeft NolLeftot) |
' (left<>nil) (lefe=nil) |

r@quESthk

1
! "
1
1

_r[’_g.ljaés,fr_c_ iem o - _v ___________
reqRightStick

ST T
HoldRight NoRightSt
(right<>nil) (right=nil)

Figure 4.4.10 The definition of states, with the basic transitions that define the life-cycle.

The life-cycle scD consists of three stateBhinking, Hungry andEating. The transitions
from one state to another are caused byrélspective messagegstHungry, eat andthink.
These transition messagase -happen to beallowed only whenthe object is in the

14 Even thouglFsms aim at describing causal relations that we are not primarily interested in.
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corresponding state (therefotbey can be drawn as solidrcs, i.e. theyare also
synchronised). Nte that the states are repecified by a Boolean expression: this indicates
that eachstate isdefined by aseparate Booleamariable. The messages that cause the
transitions must update these variables.

The leftSync and rightSync scbs model the ownership of thdeft respectively right
chopstick. the object mssumed to hold a chopstick witee left respectivelyight variable
is notnil. The transitions between th&ldX and NoXSt states (whereX" can belleft' or
‘Right’) are caused by thesgXStick messages. A receive@gXStick message ionly
allowed to execute whethe philosophereally holds the corresponding chopsfiek The
transition back is drawn as a virtual transition, caused by sendiegX&tick to the
neighbour philosopher. The transition is made virtual because we want taiameiessary
synchronisation, and we can be sure thatphilosopher W only send aregXSt message
when the corresponding chopstick is not available.

For theDynPhilosopher class(we left out the reuse ofmutex from Object) we define the
following diagram:

DynPhilosopher
- active
connect
ice ec B .
dicconnect | statPhil
Philosopher

O
passivate

activate |

Figure 4.4.11 The states and basic transitions of the DynPhilosopher object.

The scb modelsthe following two states ghilosopher can be irictive or Passive. The
implementation othese states mgain to begenerated with the introduction of one or two
Boolean instance variables. Ttveo methodspassivate andactivate take the objectrom
one state to the other (Thus they must modify the corresponding instance variables).

Step V.4  Identification and Specification of Events

Step V.4: Identification and specification of events.

Input: SCD (not including all events).

Output: SCD (possibly complete).

Side-effects: Identification of new methods, new message
connections.

Description: The second component of SCDs, events, are identified in
this step. Properties such as conditions on events and action
annotations are to be defined as well.

15 Actually, this constraint is not necessary, as the neighbour shewdask for a chopstickvhen
the philosopher does not hatdbecause thisnpliesthatthe neighbour itself holds. But we do
not want to depend on assumptions about the behaviour of the clients of an object.
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Hints:
(d Only deal with relevant events.
(1 Virtual events may be derived from the object manager state.
(d Distinguish received events from generated events.
[ Specifying read- and write-behaviour of events may reveal
possible inconsistencies.
Substeps:
(d Identify events.
(d Distinguish virtual events from real events.
(d Specify conditions on events
(d Define action annotations on events.
(1 (Optionally) define early or late forks on events.

Description Events modethe transition between states. An evenadtually a message
activation: forincoming messages this means ti@messageareallowed to be executed.
For outgoingmessages this means thlé messagesre sent to their respectiveceiver
object. Events irsCcbs havetwo purposes. The an purpose is thepecification of which
message is allowed to execute in a certain state. This is what synchronisation is all about.

The second purpose is to indicate the transitfoor® one state to another. éssentially

does not matter what the target state thasition is: this information has rafluence on

the synchronisation specifications derived frahre scb. The rationale fomodelling the
transitions completely is that this is expected to have a positive influence on the intuitiveness
and readability ofcps.

All events that appear in @&tD must be defined athe interface ofthe corresponding
object. Wedistinguish several kinds of eventeceivedrespectivelygeneratedevents, and
virtual versugreal events. These will be discussed below.

Hints:

(1 Each message that is accepted by an object, is an eveetitifion. However, for our
purposes, we arenly interested in those (message) events that are syrwhronised
or cause relevant state changes.

1 To find virtual events)ook at the states that are expressed in terms dft#te of the
object manager.

4 We distinguishreceived events, i.e. received messages, frgameratedevents, i.e.
outgoing messages, sent by the object at hand. Synchronisdtioaramonlyoccur for
received events mainly, synchronisation of generated events is especially useful when the
target object for some reason does not provide synchronisation. This can be because it is
a pre-existing object, or because the object shoetdctivelydeal with synchronisation
of messages for modelling reasons.

[ For some applications ihay beadvantageous tspecifythe read- and write-behaviour
of all events, as this is @ood clue forfinding dataconsistency problems amdsource
sharing conflicts.For generated events, tharget object of the event should be
specified.
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SubSteps

[ Look at possible inconsistencies, from these detive relevant events (i.@rimarily
those that need to ®ynchronised). Inconsistenciase largely due toproblems with
resourcesharing, and resourceme represented by objects. Thus, look for objects
(either instance variables, internals or externals) tbatesent some shared resource,
andfind the events thahay conflict with each otar. The latter igacilitated by looking
at the read/writebehaviour of events. Try to characterige situations where no
conflict will occur (and sometimeke situations whertheydo occur asvell) and make
sure the events leave only 'safe’ states.

(d Specialisehe events int@irtual events andeal events: virtual eventare thosesvents
that are nosynchronisedbut do cause stateansitions. Theynerelyserve schematic
convenience, promotintpe insight intothe objectife cycle bymaking amore complete
diagram. Changes in the object manager state can only be modelled as virtual events.

d Specify conditions orvents. Nte that theranay bemore than one occurrence of an
event in ansch, and inotherscos of thesame objectAll the occurrences of an event
for an object have by definitiche same conditions! A conditio@ can be replaced by a
separatescD that allowsthe transitiononly whenthe object is in a stat§. whereC
holds. The latter representation of conditions is preferred as it is less error-prone.

d When this is dgired, associate actions (these are annotatmnlg) with event
occurrencesSimilar to the association of conditions with events, an action annotation
with an event should be replicated for each occurrence of the event in the object.

(1 Annotate transitions with the notion eérly or lateforks, whenapplicable. Be aware
that these -especially the early fork- may cause inconsistencies due to concurrency.

The exampte
The following figure shows the full object diagram of Eélosopher class:

Philosopher o oo
-left leftSyne reqLeftStick
-right [left.isDirty]

reqLeftStick | : HoldlLeft
ATt P SUSTTT (left<>nil)
reqRightStick | 1feCycle regRightStick 1 & |1 '

; J 1 - rightSync reqRightStick

: eat getHungr : right.isDirty
! A\ 2 ij regleftStick ! [g/\‘]
! !

reqleftStick  reqRightStick

think |
getHungry

»

TeqRightat

___________________________________________________________

Figure 4.4.12 The compleseDfor the Philosopher object.

The Chopstick object wll not bediscussed, as it do@®t synchronise incoming messages.
This is inaccordance with the real-wontdodellingapproach that we promote: a chopstick
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is a purely passive object. Thaly methods that are provided oniit$erfaceare those that
affect its state.

This is differentfor the Philosopher object; this can actively affethe receivednessages.
The added events angainly the messages that need to be synchronised!ifE@ycle sCD
defines synchronisatioconstraints for thenessagesgeqleftStick andreqRightStick; only
when a philosopher is not thinking or hungry, such a message is allowed.

The leftSync and rightSync scbs impose additional constraints time reqlLeftStick and
regRightStick messages: a request for a chopstiatniy accepted whenthe philosopher
really holds it and (the additional condition written in square bracketis¢ chopstick is
dirty. Another important constraint pecified bythesetwo scps: theeat message isnly
accepted wherhe object is in both théloldRight state(in the rightSync scp) and the
HoldLeft state(in the LeftSync ScD). Because theat message appearshoth thesescos,
the corresponding constraints mabtbe satisfied. Thesat messageloes not appear in the
lifeCycle scb, however: thismeans that thiscD does notimpose any synchronisation
constraints orat messages.

The synchronisation fddynPhilosopher is described in the following figure:

DynPhilosopher - o o o oo ,
- Active ' statesync .
ive ! :
connect ' ~{connect, ) onnec |
N : di{accmmsct} passivace 3?;T'o:i£t} i

" c C
dicconnect , ! hungry.not] '
- statFhil ! - .
Philosopher | | !
—— | !
passivate . |
al X '
. . 1
activate . activate __ .. __.__! '

Figure 4.4.13 The complete synchronisation of DynPhilosopher, including all events.

The mostsignificant feature of this diagram e use of thexclusionoperator'~'. The

event specification~{connect, disconnect}' means that allnessages excepbnnect and

disconnect are allowed in the Active state. The result is that thdiagram specifies
constraints forall messages that arrive dhe interface ofthe DynPhilosopher object,

including the inherited methods. Thus, whehe object is in thé’assive state,only the

connect, disconnect andactivate messageare accepted. Transition to thessive state is
only allowed wherthe object imot yet in thePassive stateandnot in theHungry state,

whereHungry is defined by the nestexthtPhil object (informally: by the superclass).

4.4.8 Step VI. Iterating with Design Considerations

Step VI.: lIterating with Design Considerations.

Input: Full Object Diagram

Output: (modified) Full Object Diagram.

Side-effects: -

Description: The current configuration of objects is reconsidered, now
focusing on typical design aspects.
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Hints:
(1 Extensive scD definitions for one object may suggest object
splitting
Substeps:
6.1 Open-endedness.
6.2  Full specification of interfaces.
6.3 Sequential vs. parallel objects.

Description This step tries to look at tteeD that was obtained from the previous steps not
from a modelling perspective, but rather from the design perspective: focusing orlikesues
reusability, extensibility and maintainability.

Obviously, it is better tdake thedesign issues discussed here into consideravem
during thefirst iteration. Onthe otherhand, firstthe modelling aspects should be
concentrated on. Iaddition, we promote iterativdevelopment as an effective technique
for creating reliable, well structured software. The re-consideratiorsystam withrespect

to design considerations only fits well into this philosophy.

Hints:

d When a singlebject contains a lot adcbs, thismay be arindicationfor splitting the
object into separate parfBhis shouldnot break up thescps, but group thecps that
share common events.

Step VI.1  Open-endedness

Step VI.1: Open-endedness.

Input: SCD.

Output: SCD.

Side-effects: -

Description: Reconsider the synchronisation specifications with
respect to open-endedness, making the specification useful in
extended contexts as well.

Substeps:

(4 Synchronise-set only.
[d Synchronise-for-the-Future.

Description This step focuses orensuring the open-endedness of th#escribed
synchronisation: open-endedness benefits from writing a synchronisation specification such
that it does notully prescribe synchronisation constraifas a fixed set ofmessages, but
takes into account that in the future thgecificationmay beused in a context where
additional messagegppear. Thé&ey to open-endednesstie appropriate use @fild cards

and exclusion.

Substeps There aretwo basic approaches todescribing open-ended synchronisation
specifications. In either case a distinction is made betwdigrdset of'known' messages,
and an open-endeskt ofunknown-or irrelevant- messages. The latteay change when
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new messageare added to the object or to one of its superclasseswhed the
specification (i.e. thecp) is reused in another context:

(d Synchronise Set Onlyhis approachimposes synchronisation constraintstba fixed
set of knownmessages, and leave# other messages undisturbed (i.e. imposes no
synchronisation restrictions othese). This corresponds to thedea of 'minimal
restriction’. A normalscb without wild cards andexclusive transitions realises this
approach:all messages that isot dealt with explicitly in an scD are assumed to be
unconstrained.

[ Synchronise-for-the-Futurélhe second approach assumes thate aretwo kinds of
messages: a fixedet of messages that each requiraividual synchronisation
constraints, whereas upoall other -including yet unknown- messagemother
synchronisation constraint is imposetdhis means that inthe latter case, the
synchronisation constrainge generic, anthay beapplied to messages thate not in
the picture at the time of specification. This kind of specification is achi&wvedgh the
use of wild-cards: the events on particular transitions can be replaced wilthcard
(denoted by an asterisk). Sometimes exclusion of certain events may be necessary.

Actually, thefirst approach is @pecial case ahe second, where tigeeneric constraint is
replaced by an empty, Grue, constraint.

The exampte

If we consider forexamplethe leftSync scD defined byPhilosopher, we see that ilefines
synchronisatiorfor a limited set of explicitly specifiedmessageseat and regleftStick.
Other messages thadre received by the object an®t restricted bythis diagram: the
'synchronisesetonly’ situation. When this synchronisation specificatioreigsed in another
context, it will still only constrain the two explicitly specified messages.

statesync
connect, ) c

{ ‘ passivate {connect,
[hungry.not]

disconnect}

___________________________________

Figure 4.4.1 The leftSyrscbDand the stateSyrscbDfrom the Philosopher object.

ThestateSync scDon the right hand side of the figure is an example o$yhehronise-for-
the-future approach: due to the use of tHeoperator(wild card with exclusion), the
diagram affectsll the messages thatre received by the object.n&h this synchronisation
specification isreused in another contewtith other messages, or the object is extended
with new methods, the constraint will also apply to these new messages.

Step VI.2  Full Specification of Interface

Step VI.2: Full Specification of Interface.
Input: SCD.

Output: SCD.

Side-effects: -
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Description: For optimal reuse of -reused- synchronisation
specifications in subclasses, reused components must explicitly be
made available on the interface of the object.

Hints:

(1 offer an abstraction of the internal object state at the interface.
(1 when the object state is accessible through methods most
synchronisation problems can be resolved.

Description An important requirement for reusable software is thatrtfeefaces of objects
aremaintained properlysee also [Matsuoka 93bJ)his is a slightlycomplicated issue, as
there is a trade-off between encapsulation and reuse. The compositionHfitiees
simulates inheritance by redirecting messagesugh thedispatching mechanism. Thus, a
'subclass’ putsnly the inherited methods on its interface (as is specified by reuse relations in
scos, and by thd®ispatch filter in a composition-filters applicationfiowever, foroptimal

reuse of synchronisation specifications, compggtes and single statespecifications (cf.

filter specifications and condition implementations) must be available for reuse.

The key issue here is thidite object igesponsibldgor putting the SCDs and states it reuses
on the interfacegventhoughthis partly reveals its interndteuse) structureThis istrue
both for inheritance and delegation.

There is a language designrade-off hereweakening ofencapsulation so that filters and
conditions visibility is a transitive property over the subclassing hierarclyd solve the
reusability problems. Howevegpart from the fact that thisdoes notfit in well with
composition-filtersapproach to reuse, it generally recognisetthat this isnot a good thing

to do from the softwarengineering perspective [Snyd8]. Therefore, the application
programmer is responsible foraking inheritedsCbs and states available to its 'subclasses'
(i.e. those objects that include the object as an external or internal).

Hints:

(4 One shouldaim at offering an abstraction dfhe internal state of the object at the
interface. This must be satract enough as tdide implementation a@®cts, and
sufficiently expressive so that subclassas implement synchronisatidrased on the
state of the inherited object.

1 Whenthe internal state of the (reused) objectascessibléhrough methods, theeed
for putting the conditions anfilter specifications orthe interface becomes lessgent:
this allowsthe (re-)implementation of conditions and filter specifications. This is more
flexible, but it is less abstract anday require extensive redefinition of conditions and
filter specifications.

The exampte

The issue ofmaintaining interfacescan be appropriately illustrated usirige dining
philosophers example: firstly lifae interface thathe Philosopher object must offer sthat

the DynPhilosopher subclass can be implementdide neighbours are encapsulated by the
Philosopher class, but must be accessed bydbenect anddisconnect methods defined in
the DynPhilosopher class. Thus, thenterface of Philosopher must be extended with
methods for reading and writing the left and right neighbour.
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A second interface issue is tiiathPhilosopher refers to the statdungry that is defined by
Philosopher; states are alays accessible to theidirect descendants, but now
DynPhilosopher hasthe responsibility to makéhe relevanstates ofPhilosopher available
to its own descendants by putting them on the interface.

Step VI.3  Sequential vs. Parallel Objects

Step VI.3: Sequential vs. Parallel Objects.
Input: Full object diagram.
Output: Full object diagram.
Side-effects: Intra-object concurrency, additional synchronisation.
Description: Reconsider for which objects internal concurrency is
relevant, and which should remain mutual exclusive (sequential).
Hints:
(4 Creation of additional concurrency.
[d Avoid externally visible side-effects after an early return.
(1 Intra-object concurrency increases the amount of concurrency.
(1 Watch for inconsistencies in case of intra-object concurrency.
1 Beware of creating concurrency only for increasing performance.

Description Concurrency, orparallelism, and synchronisaticare interdependent: if a
systemsupports concurrency then sosychronisation is requiretut the reverse is true
as well: synchronisatiowithout any concurrency is useless,nbt impossible. Consider for
example the bounded buffer example: bloclgegior put messages in a program with only a
single thread causes dead-lock. Therefore pag attention here to the creation and
preservation of concurrency in the system.

Intra-object concurrency isspeciallyimportant because we promogsgstems that are
strongly hierarchicallgtructured througlencapsulation and scope rul&sis is incontrast
with the approach of a so-called 'sea of objects' wdlkobjects drift in a globadcope, and
canall directly access eadbther withoutpassing -multipleobject boundaries. In addition,
we promotemutual exclusiveobjects as the default strategy faghting inconsistencies.
This has the effect of serialising the activities in the system.

Hints:

1 There aretwo ways for creating new concurrent activities. The firsttiisough the
mechanism of earlyeturns in methodmplementations. This is also dealt with in the
form of early and latdorks in step V.4. The seconday of creating additional
concurrency is bynitial processes: whenever a new objedtreated, a new thread is
started to execute the initial method. It is common that the initial method performs some
initialisation of the objectonly, and then terminate8ut the initial methodmay well
send messages twher objectsand could remain actiiroughout thdife-time of the
object.

1 To achievethis, an early return statement must be issuethéyinitial method, otherwise the
thread that caused the creation of the object cannot resume its execution.
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(d The use of aearlyreturn should be avoideadhenthe fquential execution of actions is
important. Because the server canteterminethe requirements of the -futurekents,
externally visible side-effects should be avoided after an early return.

(4 Allowing intra-object concurrency in general increatbesamount of concurrency in the
system. Thismay be attractive if an object is composed of ltiple active parts;
especiallythe types of objects thdiinction as aggregation or subsystem objects are
likely candidates to allow intra-object concurremayhout this causing inconsistencies.
Note that the parts of an object that are composed antdréace vill acceptmessages
concurrently.

(1 The danger of inconsistencies occurring walmwing multiplethreadswithin an object
is limited in the compositionfilters object model. Becausall the nested objects
(internals, instance variables, and temporary objects alikefirst-class objectdhat
manage their own local synchronisation, inconsistencies are not liketgtw. Theonly
situation thatmay lead to datainconsistencies is when a certain 'transaction’ (i.e. a
method body) performs both read and write actions on nested objects that can be
simultaneously modified bgther threads. The other type in€onsistencies deals with
the synchronisation and sequencing of activities. This must be performtek abject
boundary, which may require making calls&f or server within method bodies.

4 In general, we dmot promote thecreation of concurrency for performance reasons:
additional concurrencynly increasegerformance on specifiarchitectured and we
prefer not to make assumptionaboutthis. In addition, a general application already
incorporatessufficient concurrency to allowhe application to be distributed over
multiple processors. @ly when performance liits are hit, itmay bedecided during a
design iteration that an increased amount of concurrency is redairgeerformance
reasons. On anassively- parallehrchitecture thisnay wellincreasehe performance of
the system. See [Rein 94] for a more extensive discussion on parallel architectures.

The exampte

In the philosophers problem, intra-object concurrenayoisvery important: a philosopher
canonly doonething at a time: think, collect chopsticks cateCollecting chopsticks,
however, can be done in parallel at the left and at the right neighbour.

S leftSyne reqleftStick
[left.isDirty]

; X e :
! HoldLeft NoLeftot) |
! (left<>nil) (left=nil) | ,
f @ v |

Figure 4.4.2 Increasing the amount of concurrency through an early return.

2 On thecontrary, as concurrency incorporagesne overhea¢e.g. taskswitching), on asingle
processor architecture increasing concurrency may even reduce performance.
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To achieve this, a method that serlds reqXStick message to a neighbour philosopher
must be defined such that it performs an eestyurn beforesendingthe message. In the
graphical neation this isdefined bythe dash in thesgXStick transition (as indicated by the
arrow), as illustrated by figure 4.4.2.

Another option folincreasinghe amount of concurrency in tegstem is by allowing intra-
object concurrency in the philosopher objects, and restritliingso that onlyegLeftStick
and reqRightStick methods can be executed parallel (but for each methocbonly one
execution at a time). This is showntire ensuing figureFour states ardistinguished: the
Free statemeans that nthreads are activevithin the object: inthis caseall messages are
allowed (except fothe constraints that adefined bythe other threecos). In theBusy
state amessageother thanreglLeftStick or reqRightStick, or both are activevithin the
object: no othemessagesre allowed until the messageeturns. The object is in state
ReglLbusy (RegRbusy) whenthe reqLeftStick (reqRightStick) method is executed. lhis
caseonly theregRightStick (regLeftStick) message is acceptémhly when this happens we
have concurrent activities within the object):

Ph”ggoph@r R I I .
et ; concurSync Busy !
right : N () ;
reqRightStick | | 1 __ .. __ ' (Free eal eftotick o [Realbusy .
19 e | () (N LofLStiok (_b)q - reqLeftSticks
eat|| ,rightSync v @ regLetLoter '
think || | ! ; _ regRightStick :
e ' s , ReqRbusy !
ethungry || TiZdeyne ~ T regRighiltick  ¥(c) |
(a): ("self.active>0 and reql.busy.not and reqRbusy.not )
(b): ( “eelfactiveFor(reqleftStick)>0 )
(c): ( “self.activeFor(regRightStick)>0 )
(d): ( "selfactive=0)

Figure 4.4.3 An example of intra-object concurrency for the Philosopher class.

The use of the carét' in the virtual transitions is aninformal- designation of message
termination or reply; ¥i' means the termination of messagdn the rest othis chapter we
will not further consider intra-object concurrency in the philosopher example.

4.4.1 Step VII. Translating FODs to Composition Filters Specifications

Step VII: Translating FODs to Composition Filters Specifications.

Input: Full object diagram.

Output: A composition-filters template specification of the subsystem.

Side-effects: -

Description: The full object diagram is to be translated into an
implementation in the composition filters model. This gives a
template for the implementation of the complete application.
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Description The translation fronFobs to a composition-filters specification is detailed in
section 4.5. As is discussed there, gtepcan be performefllly automated, provided that
the FOD specification is complete. The translatiomather straight-forward, and can also be
performed by hand. The result of tlegep is a template aflass descriptionor all the
objects in thesubsystem. The mossignificant gaps in these templates are the
implementations of method bodies. The translatiothefdining philosophers example is
also demonstrated in section 4.5.

The exampte

We show here &ina templatewhich is the output of thetranslation process. The
translation of the example is explained in section 4.5.

class Philosopher interface
conditions
Eating; Thinking; Hungry;
HoldLeft; NoLeftSt;
HoldRight; NoRightSt;
HoldLeft_regLeftStick; HoldRight_reqRightStick;
methods
reqLeftStick() returns ... ;
regRightStick( ) returns ... ;
eat() returns ...;
think( ) returns ... ;
getHungry( ) returns ... ;
getLPhil( ) returns ... ;
getRPhil() returns ... ;
putLPhil(') returns ...;
putRPhiIl( ) returns ... ;
inputfilters
lifecycle : Wait = { Eating=>think,
Thinking=>{regRightStick, reqLeftStick, getHungry},
Hungry=>{reqRightStick, regLeftStick, eat},
True~>{think, getHungry, eat, reqRightStick, reqLeftStick} };
leftSync : Wait = { HoldLeft=>eat, HoldLeft_reqglLeftStick=>reqLeftStick,
True~>{eat, reqLeftStick} };
rightSync : Wait = { HoldRight=>eat, HoldRight_regRightStick=>reqRightStick
True~>{eat, reqRightStick} };
interface : Dispatch = { inner.* };
end // class Philosopher interface

class Philosopher implementation

instvars
left : Any;
right : Any;
leftPhil : Philref;
rightPhil : PhilRef;
Eating : Boolean;
Thinking : Boolean;
Hungry : Boolean;

conditions
Eating begin return Eating end;
Thinking begin return Thinking end;
Hungry begin return Hungry end;
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HoldLeft begin return (left<>nil) end;
NoLeftSt begin return (left=nil) end;
HoldRight begin return (right<>nil) end;
NoRightSt begin return (right=nil) end;
HoldLeft_reqgLeftStick begin return HoldLeft cand (left.isDirty) end ;
HoldRight_regRightStick begin return HoldRight cand (right.isDirty) end ;
methods
/l we omit the method templates
end // class Philosopher implementation

4.4.2 Step VIII. Implementation

Step VIII: Implementation.

Input: A composition-filters template specification of the subsystem.

Output: A full composition-filters specification (e.g. a Sina program).

Side-effects: identification of new parts & new methods.

Description: The template specification that is delivered by step VII
must be completed. This consists mainly of coding the method
bodies.

Description In this phasethe templates thahave been defined andenerated are
completed. This consists mainly of the coding of the method bodies. The implementations of
methods are based on theecifications and documentation that has been collectsdps

Il (the interface of objects), IV (object interactions) avidl (eventspecification)mainly.

During these implementation activitiesnay wellappear that new parfsstance variables,

as we are dealing with implementation issues) or new (local) methods are required.

The exampte

We do notshow thefull implementation othe Philosopher andDynPhilosopher classes, as
we areprimarily interested in theynchronisation geects,which appeared in the template
that was shown in the previous step.

4.4.3 The Software Development Process.

A software development method consists only of adescription of thendividual method
steps. These stepsive to be performed in a certarder,where some stepsilibe visited
several times. Irthe beginning of thissection, in figure 4.4, we outlined the various
method steps. Ithis summary, as well ithe discussion irthe remainder othe section we
adhered to one particular ordering. Howevkis sequenceoes ingeneralnot reflect the
order in which a developer will go through the method steps. In this subgbetisoftware
developmentife-cycle (the primary ordering of method steps) and iteratidevelopment
(redoing parts of the development cycle) are discussed.

The Software Development Life-cycle

The often cited distinction betweanalysisand design is thatnalysisdescribes 'what’, and
the design phase describes 'how'. Tharetwo problems in constructing a methdlaat
follows this approachfirstly, a method cannot prescribe how to obtain the solutions to
solve the 'how' problem: this is a creativ@rocess that depends on a lot ddsign
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requirements. Secondly, once a solution to the 'how' is inventeahothel that wasuilt of
the application inthe analysisphase is to be extended. Whatadually required here is an
analysisof the invented solutions.

Thus theanalysisphase is intended fanodellingthe application based othe real-world

and requirement specifications, whereaghia design phasehe (design-) solutions are
analysed and modelled. This means that duanglysisand designbasically the same
activities are performed, butith a different focus. The design phase is more extended, as it
includes a reconsideratiostep where the softwarengineering properties such as
reusability, reliability and maintainability ofthe constructednodel are considered. The
model may also be changed to improve thges®perties.This approach toanalysis and
design is outlined by the following figure:

Analysis

)
Object | |construct Design
, ) es]
Ident. oD » >
Object | |construct | | design ‘
ldent. oD iteration I;:p\@m@mtailom
Realisation
» P> P >
Maintenance Maintenance Maintenance

Figure 4.4.4 The software development life cycle.

Based on this figure weivide the software developmelife-cycle intothe following four3
stages:

Analysis Based on the requiremerggecifications a real-world model tife application is
constructed.This stage consists of three phases: definition of a subsystefn object
identification and costruction of object diagrams. Concurrency and synchronisatsoes
may well appear in this phase if theye required for appropriataodelling ofthe real-
world system.

Design The developer must construct solutions to'tiosv' problems thadreleft open by

the analysisphase. These problemsay include searching osorting problemspumerical
algorithms, inventing efficienstorage structuresncreasing system performance e.g. by
caches or hashing tables, and synchronisation problémssolutions to theroblemswill
require the addition of new objects, new structural relations, extended oligrtaces,
etcetera. Thus thdesignstage comprises objedentification andthe construction (or
modification) of object diagram&inally, the resulting model is reconsidered witypical
design issues in mind: extensibility, reusability, maintainability, reliability, minimisation of
inter-object dependenciestcetera. The moreomplex synchronisation problems are

3 We omitted thetestingstage from this listmainly because it is not very different from testing
conventional systems.

4 This is not really different from defining new objects, and will usually be available as the result of
a previous activity, except for the root subsystem.
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typically solved during thedesignstage (‘how' torealise the synchronisation of some
activities).

Implementation This is the realisation ofthe design. It incorporates code generation,
resulting in object templates, and a programnsiteg,whichfills in the gaps that areft in

the templates. Themplementation should bstraightforward:any reconsideration of the
application model is considered to be design practice.

Maintenance We consider maintenance to be a form of iteratwer the developed
application model. lmay start atany particular phase and step of the method, @uudt
necessarily continue up the final implementatiorstep in order tanaintain afully defined
and consistent system. Thusaintenanceanay range fromfixing a typing mistake up to
extending the requirements specifications, leading to the identification of new objects.

Iterative development cycle

We already saw that certain methsigps Wl be performed more than once during the
development cycle. Thenost important reason fanaking iteration explicit is that the
results of a method stepilwhardly ever be permanent: as thgstem extends, amther
method steps are performed, changessarglikely to occur.The required proced®w is
shown in the following figure:

NN

Object | |construct

Ident. oly \, m m

Object | |construct | | design

[dent. oD iteration \v

Realisation

Figure 4.4.5 lteration: the ordering of method steps may follow the arrows.

The figure shows that any point during the development ongay goback to one of the
previous steps. Howevaerhen making changes the application model in a methalep,
one should work out the effects the changes may cause in subsequent steps.

Apartfrom re-doing a certaistep for somgiven subsystem, eadtep is to bgerformed
repeatedly forall the subsystems thadre nestedvithin the currentsubsystem. Thus, we
distinguishtwo axes of iteration: a horizontal axis, thapeats theamesteps for thesame
subsystem, and a vertical axis, whreipeats the software developméet cycle for nested
subsystems (this process can be recursive).

This doescomplicatethe ordering ofctivitiesfor the software developer: after eathp in
the process, there are several options to select the next activity to be done:

4 Proceed with the next method step, on the same subsystem.

(1 Start the development cycle for one of the subsystems.

4 Go back to the encapsulating subsystem, and select an activity.
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(1 Go back to a previous method step (i.e. iterate).
We do not address the issues involved in multi-developer projects here.

An iterative approach isuitablefor prototyping systems: thimeans that certaiaspects of
the system (say, a particular subsystem) canwloeked out independently up to the
realisation phase. Meanwhile, iteratiofes that particularsubsystem can be performed.
Such an approach to the development of a laygeem has important benefits: it allows to
test, demonstratand verify certain -critical-parts of thesystem, before committing on it,
and basing other parts of the system on the committed version.

217




4. Analysis and Design of Concurrent Objects

4.5 Generating Composition Filters Specifications from FODs

In previous sections we have emphasigexlimportance of a straightforward translation
from the (analysisand design) diagrams tbe implementation model. Ithe absence of a

clear mapping betwedhesetwo, the effortput into the costruction is partialijost, as the
developer has to re-invent a solution, this time expressed in a notation that suits the
implementation model. We have made an effort to prothéedeveloper with a notation

that is bothsuitablefor the analysisand design phases, and has a well-defined mapping to
the composition-filters model, which is our preferred implementation model.

The most important exception to this genstituted by themplementation of method
bodies: for reasons that we outlined before wendbgenerate methodnplementations.
Therefore we cannot translate interactions relations, causal transitions and state changes.

In this section we descrif®w the translation can lmeade fromthe full object diagrams to
the compositiorfilters model. First we give amformal description, based oaxample
translations. Then we givesammarywhere for each component in the object diagrams an
equivalent in the composition-filters computation model is described.

4.5.1 Informal Description of the Translation

In this subsection weillvdiscusshow all important components ddill object diagrams can
be translated to a composition-filters specification. Wi wse Sina codefor the
representation of the composition-filtesgecification. To illustratéhe translation, we use
the dining philosophers problem that was introduced amaked out in section 4.4. The
result of the translation illv be a Sina code templatewith its full synchronisation
specification defined, and #se mostignificant missingpart theimplementation of method
bodies.

We startwith a very simple exampléhe Chopstick object.Its object diagram is shown in
the following figure. This diagram defines ontyvo things: each chopstick object has a
nested partlean, and three methodsse, clean andisDirty:

Chopstick
Use| -clean:Boolean
clean|
isDirty|

Figure 4.5.1 A simple class with only methods and nested objects.

The translation of this diagram is given here, interleaved with comments on specific issues:

class Chopstick interface
methods

use() returns ...;

clean() returns ... ;

isDirty( ) returns ... ;
This is apart ofthe translation of thenethods on the interface of the object. Clallythe input
interface this is done. Notiat we -explicitly- ignored the full definition of the interface
methods. Otherwise information such as the types of argumentetand valuesould be used
here to generate more complete method specifications.
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inputfilters
interface : Dispatch = { inner.* };
All the methods that are defined locally are made available on the interface of the object.

end // class Chopstick interface

class Chopstick implementation
instvars
clean : Boolean;
The nested objedfattribute) clean is mapped to an instance variable of the speciiype:
because it does nafppear orthe interface of the object, it can be fully encapsulated in the
implementation part.

methods
use() returns ... begin ... end;
clean() returns ... begin ... end;

isDirty( ) returns ... begin ... end;
These are the templates for the methods defined by this class.

end // class Chopstick implementation
This isthe template foclassChopStick; it provides the structure for theefinition of the
class, withoutmuch detail. @ly for synchronisation specificatioriee implementatiorwill
be generated in detail.

The next example is concerned with the translation of the Philosopher object, which features
an extensive synchronisation specification:

Philosopher e e e e
-left:Any leftSyne reqleftStick
-right:Any [left.isDirty]

-leftPhil:PhilRef

e -rightPhil:PhilRef : HoldLeft NoLeftSt) |
reqleftOtick | s oot | (lefoesnil) (Ieft=nil) | 1
‘ | lifeCycle reqRightStick | - ' ) e
reqRightStick | _ ’ = .

eat |1 (Eating v"’fﬂka B m !

think | 1 T

: 1 - rightSync reqRightStick \

etH ' J o Mgt !
g ungri; eat  getHungry N ! [right.isDirty] X
g@tLPhl[ X Humgry r@q ETLOTICK - //—\A . _ I
—: S NoRightst)
getRFPhil |1 = (right<>nil) (right=nil) |
putLPhil 1 C/A A\) ¥ :
pULRPhil : reqleftStick  regRightStick : : reqéw’é%t&t !

Figure 4.5.2 Theob of the Philosopher class.
The translation, interleaved with the explanations, is as follows:

class Philosopher interface
conditions
Eating; Thinking; Hungry;
HoldLeft; NoLeftSt;
HoldRight; NoRightSt;
For each of thestates in allthe scbs, a condition with the same name is declared. The
implementation of the conditions is in the implementagiart. The purpose of thillowing two

219




4. Analysis and Design of Concurrent Objects

condition declarations will be explained at fiteers where theyappear. Fonow wesuffice by
saying that these combine a state with a condition on a transition:

HoldLeft_regLeftStick; /I more condition declarations
HoldRight_reqgRightStick;

The declaration of the methods on the interface of the object:

methods
reqLeftStick() returns ... ;
regRightStick( ) returns ... ;
eat() returns ...;
think( ) returns ... ;
getHungry( ) returns ... ;
getLPhil( ) returns ... ;
getRPhil() returns ... ;
putLPhil() returns ...;
putRPhiIl( ) returns ... ;
inputfilters
lifecycle : Wait = { Eating=>think,
Thinking=>{regRightStick, reqLeftStick, getHungry},
Hungry=>{reqRightStick, regLeftStick, eat},
True~>{think, getHungry, eat, reqRightStick, regLeftStick} };
This wait filter specification is the translation of thecycle SCDin the diagram above: ttiest
property of thisscb thatshould be noted ithat itdoes not contain anyild cards. Thismeans
that all messageshat arenot explicitly specified in thescD should passthis filter without
constraints. This iachieved by théastline of thefilter specification: True~>{..}". In the three
lines beforethat, foreach of thestateskFating, Thinking andHungry all the messagebat are
allowed inthat particular state argpecified.For instancewhen theobject is instateFating,
only thethink message is allowed, all other messages are blocked on the interface of the object.

leftSync : Wait = { HoldLeft=>eat, HoldLeft_reglLeftStick=>reqLeftStick,
True~>{eat, reqLeftStick} };

This wait filterimplements théeftSync scb. The filter largely follows thetructure that we saw
for thelifecycle filter; at the end of the filter we allow all messat®s the SCD is not concerned
with to passwithout constraintsFor all states irnthe sCD we associate the corresponding
condition with the messagékat areaccepted inthat state. Arexception is madéor those
messagethat have an additional constraifds specified between thequare brackets). In this
case the messages thati#itSync SCD deals witheat andreqLeftStick, areonly acceptedvhen
in theHoldLeft state. Buteqgl eftStick has armadditional constraint,|&ft.isDirty". Thusthe only
message associated witholdLeft is the eat message. With theeqgleftStick message a
specialised conditiortioldLeft_reqglLeftStick, is associated, that is satisfiedly whenboth the
HoldLeft condition and thel&ft.isDirty" constraint are satisfied.

The outgoing messageeqLeftStick is not synchronised because #re isdrawn as a virtual
transition. Otherwise, in the outpultfilters of the object, this synchronisation shosfabbéed
(analogous to the input filters). The translation ofrthetSync SCDis analogous to theftSync
SCD:

rightSync : Wait = { HoldRight=>eat, HoldRight_reqRightStick=>reqRightStick
True~>{eat, reqRightStick} };
interface : Dispatch = { inner.* };
The only messages that are supported are those that are defined in the implementation part.

end // class Philosopher interface
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class Philosopher implementation
instvars
left : Any;
right : Any;
leftPhil : Philref;
rightPhil : PhilRef;
All the nested objects of Philosophare encapsulated dsstance variables. Three additional
instance variables are defined to model the states the object can be in:

Eating : Boolean;
Thinking : Boolean;
Hungry : Boolean;
conditions
Eating begin return Eating end;
Thinking begin return Thinking end;
Hungry begin return Hungry end;
The implementation of the previous three conditioas be generated automaticalyhen no
Boolean expression is specifital a state in &CD, the assumption is madeat there is aone-
to-one mapping between tetate and @ooleanvariable. It is important to notdpowever that
all the transitions in thecb to and fromthat state areesponsible for updatinthese Boolean
variables. In this case these aredht think andgetHungry methods.

HoldLeft begin return (left<>nil) end;

NoLeftSt begin return (left=nil) end;

HoldRight begin return (right<>nil) end;

NoRightSt begin return (right=nil) end;
The implementation of these methods is directly derived frorstite specifications itihe SCD.
We show theNol eftSt andNoRightSt conditions here, although thesee not used in the filters
of this object. However, it is still possibkaat a -future- subclass refers ¢me of these
conditions. Therefore, they must be implemented.

HoldLeft_reqLeftStick begin return HoldLeft cand (left.isDirty) end ;
HoldRight_regRightStick begin return HoldRight cand (right.isDirty) end ;
The implementation of these two conditions is derived fromsthe state othe transition,
ANDed with the constrainthat arespecifiedfor the regl eftStick andregRightStick transitions,
respectively.

methods
reqLeftStick( ) returns ...
begin ... end;
regRightStick( ) returns ... ;
begin ... end;
eat() returns ...;
begin ... ; Hungry :=false; Eating := true; ... end;

think( ) returns ... ;
begin ... ; Eating :=false; Thinking := true; ... end;
getHungry( ) returns ... ;
begin ... ; Thinking :=false; Hungry := true; ... end;
In the bodies of these methods the céole maintaining the variablethat model states is
inserted. Notehat it isthe responsibility of the developer/programmeenabedthis code in the
functional method code The other methods are to be implemented completely yet:

1 A more robust approachvould be to generate axcT objectthat updateshe state variables
wheneverappropriate: this can ba&chieved by reifying and delegating received messpges
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getLPhil() returns ...;

begin ... end;
getRPhil() returns ... ;
begin ... end;
putLPhil() returns ...;
begin ... end;
putRPhiIl( ) returns ... ;
begin ... end;

end // class Philosopher implementation

As thefinal example, weshow the translation of thBynPhilosopher, which incorporates
inheritance. First the diagram is shown:

DynPhilosopher - oo oo

passivate

' statesync !
connect ' ~{connect, { +
N : dw{accmﬂec ) passivate Q?,Ofgf?;c,}
dicconnect .y ! [statPhilhungrynot] 2% g
- statPhil '
Philosopher | |
—O— 1
1
1
1

activate |

___________________________________

Figure 4.5.3 Theob of the DynPhilosopher class.

Except forinheritance, this class featurasother interesting issuthe use ofwild cards in
the synchronisation specification affecthe nmanner in whichthe Wait filters are
constructed:

class DynPhilosopher interface
internals
statPhil : Philosopher;
ThestatPhil object appears as an internal rather than an instance variable, rmadeiswvailable
on the interface obynPhilosopher by a reuse relation. This reuse relation is translated into an
appropriate definition of the interface (Dispatch) filter below.

conditions
Active; Passive;
Active_passivate;
methods
connect( ) returns ...;
disconnect() returns ...;
passivate( ) returns ...;
activate( ) returns ...;
inputfilters
stateSync : Wait = { Active ~>{ connect, disconnect, passivate},
Active_passivate=>passivate,
Passive=>{connect, disconnect, activate} };
This filter implements the synchronisation defined by dtaeSync ScD. Because the wildard
(exclusion) operatoappears irthe scp, the synchronisation applies to all the messagat

before dispatching them tihis ACT, which modifies thestate variablegorresponding to the
particular messages. Subsequently, the messagesfired and really dispatched to the
appropriate methods. This is similar to the implementation dflidteryBuffer in 3.4.3.
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arrive at the object, and naypass' isieededThus inthe filter the associations state-event can
be straightly mapped to condition-messagsociations. This idone in thefirst (which features
wild card exclusion) and third filter element.

In thefirst filter element thepassivate message is excluded as well, since this messamayis
satisfiedwhen theActive_passivate condition is satisfiedThis is expressed by ttsecond filter
element.

interface : Dispatch = { inner.*, statPhil.* };
The reuse relation ismplemented bythis Dispatch filter: except fothe local methods
"inner.*"), all (asthis is the defaultjnethods of thestatPhil objectare madeavailable on the
interface.

end // class DynPhilosopher interface

class DynPhilosopher implementation
instvars
Active : Boolean;
Passive : Boolean;
The implementatiopart of DynPhilosopher mainly deals with the management of #tates of
the object, as expressed by the Boolean instance varkabies andPassive.

conditions
Active begin return Active end ;
Passive begin return Passive end ;
Active_passivate begin return Active cand (statPhil.Hungry.not) end ;
methods
connect( ) returns ...
begin ... end;
disconnect( ) returns ...
begin ... end;
passivate( ) returns ...
begin ... ; Active := false; Passive :=true; ... end;
activate( ) returns ...
begin ... ; Passive := false; Activate := true; ... end;
The codefor updatingthe variableghat represerthe statesPassive andActive is inserted into
the bodies of thactivate andpassivate methods.

end // class DynPhilosopher implementation

This subsectionrdemonstrated the translation of some complete olgexgrams to a
composition filters implementation. Thishowed the translation of the moslevant
constructs. In thdollowing subsectionfor all the components in object diagrarieir
translation is discussed.

4.5.2 The Translation of Object Diagram Components

We will now describethe translation offull object diagrams by discussingr each
component of theliagramshow it is translated to the compositiGihers model. Wetake
the abstracsyntax offull object diagrams, and discus® components that aspecified by
it one by one (sometimes grouping and re-orderangall sets ofcomponents for
convenience):

FullObjectDiagram¥ objectSet:LabeledEntities; relSet:Relations; interaction:MessConns.
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In an object diagram aet of objects isdefined, among with a number of relaticthsit
connect them. The structural relations maiste converted into compositional relations
(nesting and reuse relations). The interaction relationsnatdranslated, as these are
implemented in the bodies of methods.

LabeledEntities? LabeledEntity*.

LabeledEntity® label:ldentifier; entity:Entity.
An object diagram describes a subsystem. As a subsystem is an objec¢hésetfjects in
the subsystenare apart-of the subsystem object. Each object hagdamtifier label, and a
class that is defined ntity.

Entity & ObjectCollectiorj Object.
ObjectCollection objectDef:Object
An Entity can be either a collection of objects, or a single object: when it is a collection, a
collection ofobjectDefobjects is definedithin the subsystem. Then (inoth cases) for the
definition of the object a class (template) is generated.

Object className:ldentifier; attribs:Attributes; interface:Interface; parts:Parts;
reuse:ReuseRels; parallet: scd:SCDiagram.
It must first be checked whethtre classclassNamealready exists: when this tke case,
the existing class definition must lextended, otherwise a new claidinition isgenerated.
The parallel component determines whettiee mutual exclusion filter is to be inserted or
not. The other components are discussed below:

Attributes® Attribute*.
Attribute & |abel:ldentifier; type:ldentifier
Attributes correspond timstance variables, as thage notconnected to thmterface of the
object (no reuseelation with attributes). Thiabel andtype are used for propenstance
variable declaration.

Interface® input:MessSet; output:MessSet
For each message that is definedtly input interface, a method declaration and a method
implementation templatare generated. As ttroD does notdefine arguments and return
types, aull declaration cannot be generated. The messagée @futputinterface have no
directmapping tothe composition-filtersnodel (outgoing messages needt bedeclared);
they are the result of message invocations in method bodies.

Parts & LabeledEntity*.
For each of thepart objects, when thegre connected to thaterface ofthe object with a
reuse relation, thegre translated intoternal declarations, otherwise to instawvesiable
declaration. Thepart object can be arewly definedobject itself, which requires the
recursive application of the translation algorithm.

ReuseRels ReuseRel* .
ReuseRetd mess:MessSet ; obj:ObjectRef.
All reuse relations anealised by a single Dispatch filtehe definition of this filter is as
follows:
interface : Dispatch = { inner.*, .... };
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The first element in the filter definition ensures that the locally defined medhedsailable
on theinterface ofthe object asvell (possibly overridingeused methodsThis is followed
by the reuse relationebj is the target of thélter elementsfor each of thenessages in set
mess All target objects must be either internals (igart objects), or areleclared as
externals.

Relations® Relation*.
Relation® Inheritance| Delegation| Aggregation .

Inheritance® superclass:EntityRef; subclass:EntityRef .

Delegation® delegatee:EntityRef; delegator:EntityRef .

Aggregation® part:EntityRef; whole:EntityRef .
These structural relations are transformed into composition relationdefaged in
subsectiord.2.3. Inheritance is transformed into a combineart-of and reuse relation,
delegation is mapped to a reuse relataly, andaggregation of an object is equivalent to
defining the object as a part.

MessConng MessConn*.
MessConr¥ direction:Direction ; from:EntityRef; to:EntityRef ; mess:MessSet
Direction & Right| Left| BiDir.
Message connections amet translated (as thegre implemented as message invocations
that are woven into the bodies of methods).

SCDiagram®’ SCDunit*.

SCDunit¥ label:ldentifier; states:States; transitions:Transitions.
A single object definition may consist of a numbesob(-unit)s. Foreachscp, at least one
Wait filter is generated. \Wen no wildcards appear iany ofthe transitions in thdiagram,
a filter element icreated thaenables almessagesn{1, ... mx) that are nosyntactically
available in thescD:

scdLabel : Wait = { True~>{m1, ..mx}, ... }
The other elements of the filter are the translation of the transitions$cihe

Transitions® Transition* .
Transition¥ from:Identifier; to:Identifier; spec:TransSpecond:Expressiog,, ;
type:TransitionType .
The translation of the transition depends on the type of transition that iswitmlt
therefore we describthe translation separately for eackdividual transition type below.
Common to these translations is the to component never appears in thier
specification, and thahe presence of a constrandnd results in the creation of a new
condition. The condition ilRbelled aghe concatenation of tifeom stateand themessage
label (anotherlabel is constructed in case of duplicatemes or wherthe transition
represents nitiple messages). Theefinition of the condition isequivalent to from AND
cond’; only whenthe object is in statérom and the expressionond is satisfied, the
associated messaggsecare accepted.

TransSpee excl:ExclSpec; set:MessSet.
ExclSpec® Exclude| Permit .
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This isthe specification ofthe messageset that theransition covers: theetcan consist of
one (e.g. ") or more (e.g. {1, m2, m3}") messages, thexcl component is mapped to
the "~>" (Excludg or "=>" (Permif) operator.

TransitionType PlainTrans| MutexTrang VirtTrans.
PlainTrans® action:Expressiog,, .
PlainTrans describes a normal transition; this consistshef conditiondefining the from
state,followed bythe translation of thepecmessage specification. Examplestloé filter
elements thatare generated as the result of the translation &tetel=>m" or
"State2~>{m1, m2, m3}". The action annotations are pnincipal not translated, although
the expressions can be put within the bodies of the methods that are to be executed.

MutexTrans® action:Expressiogy,, .

A mutual exclusive transition is a transition which defib@s additional synchronisation
specifications: firstly,the transition caronly be madeonce there are no othectivities
within the object. Secondly, all other transitions in the object are blocked until this transition
is finished.Thesetwo additional synchronisation constrairie defined in aseparatdilter.
The translation of the transitiatself is similar tothe translation of normal transitions. The
additional filter for, say, messageis defined as:

mutex_m : Wait ={ Free=>m, No_m~>m }
Where the conditionSree andNo_m are defined as:

Free begin return “self.active=0 end;

No_m begin return “self.activeFor(m)=0 end;
This filter ensures that messagéas only acepted whethe number of activehreads in the
object is zeroandall messages except are acceptedhenthere is no thread in the object
active executingn.

VirtTrans &' .
As this is a virtual transition, no synchronisation specificatiogeiserated for ityirtual
transitions are only provided to make #@bs more readable and complete.

States® State* .
State® id:ldentifier; spec:Expressiqn,, .
The statespecificationsare used to generate conditions tmaidelthe states the object can
be in:id is used as the condition identifier, aspkcas the implementation of the condition.

This informal discussion ofhe translation can presented in a more prefos® as a
translation algorithm. The algorithm can be seethadranslationasemantics fronthe FOD

specification tothe composition-filters computatiomodel €CFM). We omit such a
presentation here as it requiresignificantamount of spaces but doeet introduce new
perspectives.
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4.6 Conclusion

In this section we W evaluate the method that was presentadigchapter. First, weill
compare the method and its notation to the requirementgladelines that westated in
section 4.1. Secondly, wellxcompareour approach to &w publications that we consider
as relatedvork. Then we vill discuss some directions for further research,fawsh with a
discussion of the contributions that are made in this chapter.

4.6.1 Comparison with Requirements.
We will now one by one discuss the requirements for methods as proposed in section 4.1:

1. Support for modelling and solving concurrency issuBlsis support is provided
through a number of method steps that offer a view on the application that is suitable for
considering concurrency issues. In particula presentation of thapplication as a
configuration of interacting objects, anthkingthe nesting of objects for reusxplicit,
is intended to provide an informative diagraior considering concurrency and
synchronisation. ThecD notation offers an intuitive, yet precise, notation fadeiling
synchronisation constraints. In additihe steps of the method addressidewange of
hints and clues that help in finding and resolving synchronisation issues.

2. Integration with OO principleand the CF modelThe model that w@roposestrictly
adheres to the object-orientedodel; objectsare the unit ofsynchronisation, and
synchronisation is performed on message®stMmportantly, the synchronisation
specifications are well integrated with inheritance and delegation relations, both between
objects, and between tlsgnchronisation specifications themselves. Encapsulation and
polymorphismarefully supported. Thenly datamodellingaspect in the method that is
specific tothe compositionfilters model isthe view on reuse and inheritance, the
method supports the transformation betwdas model andhe conventional object-
oriented view. The translation of synchronisation specificationshéo composition
filters model is addressed elaborately.

3. Support open-endedness and extensidbhe properties of open-endedness and
extensibility are obtained by constructing model of objects that conforms to the
important composition-filters object modploperties. Refer to theonclusions of
chapter 3 for adiscussion why this modgbrovides improved open-endedness and
extensibility properties. Thesemantics ofscps, which allow them to be specified in
either the synchronise-set-only orthe synchronise-for-the-future approach (see
subsection 4.4.8), also contribute to the open-endedness.

4. Support ReusdReuse is supported Ibywo aspectsfirstly it is made possibleecause of
the open-endedness asgtensibility properties of thainderlying model, asvas just
discussed. Secondly, the method promotes reuse by addressisguthexplicitly at
various stages during the development. Reusaipportedalong fouraxed; reuse of

1 In fact, the composition-filteramodel supports reusalong the following 4axes: datareuse
(object state), behaviour reugenessage interface), condition reyabstractobject states) and
filter reuse. We specialise this to focus on synchronisation.

227




4. Analysis and Design of Concurrent Objects

behaviour of objects (inheritance), reuse ddita of objects (throughmessage
connections or delegation), reuse of states and reuse of cosyieste

In order to supportextensibility of synchronisation specificationsur style of
specification can be characterisedoasgramming-the-differencé\n essentiaproperty

in obtaining reuse e ability to composespecificaspects from pre-existing objects. In
our case, this revealstself through the ability of fine-grained synchronisation
specification reuse, such as reuse of state specifications.

5. Reduce the implementation gdgy fully specifyingthe translation from thgraphical
design notation to a composition-filters specificatitie implementatiorgap islargely
bridged: the rain gap that isremaining isthe implementation ofmethods, plus some
domain-specificaspects that areot considered here, such as real-tispecifications,
query facilities, atomic delegationgpstraction of object interaction, etcetera. The
translation can be done by hand, or with automated tools.

6. Support iterative developmentterative development iexplicitly supported and
promoted by thelevelopment process. Eastepcan be performed either as a creating
step or as an adaptation of a&@xisting component. An important property for
developingCASE tools that support the method is frecise definition of notation and
semanticsfor the various diagramslhis allowsfor the precisespecification of the
effects that changes in omagram have omther diagrams that represent theme
objects or subsystem.

7. Intuitiveness:An attempthas been made to achieve intuitivendss, it is difficult to
verify how successful thismttempthas been. Examplewe the introduction ofisual
representations of objects, relations between objects and, the most important
contribution, synchronisation specifications. In additidhe steps and substeps
presented by the method are intended to let the devetgpstruct, step-by-step, a
model ofthe application. The various aspects, such as object properties, structural and
interaction relations, and tlegynchronisation specificatioare incrementallyaddressed.
The steps are presented in an orslech that eaclstep supplementshe context for
successfully performing the successive method step.

In addition to the requirements for methods, in section 4riunaber of requirements on
notations weredefined. We W not discuss each of these requirements, as they are
guidelines rather than concrete and exact requirespaaifications. As a result it is hard to
make statementabout success ofailure to meetthe requirements. We ilivconfine
ourselves to arnnformal discussionabout the properties of the notationjith a few
examples to illustrate these.

The elements iur notations areall simple geometrical shapes, the amountddferent
symbols is limitedfor entities in the notations, such as objestss and statedjifferent
types of rectangles are uselelations between entities, such as structural relations,
interaction relations, reuse relations, and transitions between ditsedegind arrows are
used, with afew icons to distinguiststructural relations. Entity nesting can always be
expressed by drawing one entity within the boundaries of the other. We have tak®atcare
all elements othe notation arsuitable to be drawn by hanthe use of tools fodrawing

the diagrams should not give any problems.

228




4.6 Conclusion

In addition, for each type ofiagram we have provided an exagecification of the
components, and each component has unambiguous semantics. The latter is illustrated by
defining the translation to the compositiditters model (this could even be changed into
translational semantider the formal representation of the notation). The pregemantics

also allow to define a mappirgetween thdifferent diagrams; components different
diagrams are either exactlye sametheyarefully orthogonal (such as in structural relation
diagrams and object interaction diagrams), or #reyrelated to each @h inwhich case a
mapping betweethe two representations exists (such as for inheritance, delegation and
part-of relations).

4.6.2 Comparison with Related Work

No publications weknow of have exactljthe same goals athe method presented this
chapter, namely providing methodological and notationgupport for theinvention,
derivation and reuse of synchronisatgpecifications in object-orientehalysisand design.
We will suffice in a comparison witthe relatedwork on methods that was discussed in
section 4.1.

The Eiffel// method, although it addresses rougthlg samearea of research, dodardly

pay attention to thenalysisand specification of synchronisation specifications. The issue of
data consistency andlata sharing is discussedyut its influence on synchronisation
specifications isiot investigated. In addition, the properties of thelerlyingcomputation
model make effectiveeuse of synchronisatiospecifications difficult(see chapter 3 for a
more detailed discussion).

The Object Liecycles method provides rather elaboratgportand notations in the
analysisphase, but the authoexplicitly state thathey are unable to outline a realisation
schemefor concurrent environments. ddt other object-oriente@dnalysis and design
methods suffer fronthe same problemfor instance fothe OMT methodRumbaug91],
the translationfrom the dynamic model to an implementation model described in
[RumbaugtB3], following roughlythe sameapproach as the Objekifecycle method. The
issue of concurrency is neglected in [Rumba®gh

For thedevelopment of th@arallel object-oriented operating systenH@CES a notation
based on contrdlow graphs was appliefdr describingthe dynamicaspects of frameworks
[Campbell93]. No specific support for thespecification of synchronisation constraints is
provided.

4.6.3 Further Research

By no meanshe work presented ithis chapter idinished, although the method is rather
elaborate in its presentation of those aspects of an object-oriented method that focus on
concurrency, particularly synchronisation agpeHowever, tanakethe step to @omplete

method that can be applied in practice, mattention must be paid tthe conventional
object-orientedanalysisand design. A number of specifmpics need to be addressed more
elaborately as wellFor instance, thedentification and specification ofCTs, an explicit

notion of distribution aspects, and theombination of atomic delegations and
synchronisation.
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Another interesting issue is the integration of the method presented here withoncdléed
hermeneuticapproach to software development. Hermeneutics provide a framework to
explicitly modelthe variousdesign decisions, hints and alternatives, sungport these in a
computer-aided softwarengineering environment. An importgmtoperty ofhermeneutics

is that all development information i&ept and used to dively support iteration and
maintenance. More information on hermeneutics can be found in [Ak3jt[8éehorst 94]

and [Algra94].

A different topic for future research is the exploitation ofgtegecomposition diagrams: in
this chapter thesare usedonly to express synchronisation constrainktowever, the
diagrams actuallyare a visual representation fifer specifications. Thisuggests that the
samenotation, or aclosely related one, can be used vsualise the specification for
arbitrary filter types, such as dispatch ardbr filters. It isnot clear at this point to what
extent this is possible, and whether such a notation will be effective for these domains.

4.6.4 Contribution
The method that has been introduced in this chapter has the following contributions:

(1 A novel graphical n@tion for expressingynchronisation constraintsoselyrelated to
thewell-known paradigm of state-transition diagrams, offergantive presentation of
the life cycle of anobject and thesffect ofthe object state on th&ynchronisation of
messages.

(4 The graphical nation haswvell-defined semantics, whidreexpressible in terms of the
composition filters computation model.

[ The notation is composabhich allows synchronisation specifications to be split in a
number of independent diagrams. These diagrams can be freely combined and reused.

d The implementatiogap between thgraphical notation anthe implementation model
is bridged with a translation algorithm. This provides imporsaport forincremental
development

1 An object-orientedanalysisand design method is introduced with extensiupport for
synchronisation gects.This includeghe analysis of synchronisatiaesues, thelesign
of synchronisation strategieje derivation ofsynchronisation constraints and the
detection of consistency problems. An importagpect is that the method supports the
invention of new, tailored synchronisation specificatioather tharbeing a discussion
of mostly well-known, pre-defined synchronisation problems and their solutions.

d The method is integratedithin the object-oriented paradigm, and it promotes and
supports the construction of reusable and extensible objects.

One important issue that we would likesivess here is tHellowing: An attempthas been
made in this chapter to present a method thabik self-sufficient andcomplete, in the
sense that the entire pdtbm analysis up to maintenanceaddressed. On the othesnd,
we emphasise that ware strongly focused on thesue of specifying synchronisation
constraints for objects in a reusable and extensible manner. A wide rastherodspects of
object-oriented software development needs to be addressed as well.

Most of theexisting techniques and methods that do so casabdy integrated with the
presented material, howeveFor example, design ruleqe.g. [Johnson 88a] and
[Lieberherr89]) for improving the structure of theapplication classes can be applied
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directly. Thestructure we brought into the notaticalows for adding additional notations
in an integrated manner, such #asing diagrams[Booch 90] or even associations

[Rumbaugh 91]. Fully integrating such notations and techniquesalvgbbsequent steps in
the development may be difficult, though.
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5.1 Implementation Issues

5.1.1 Introduction

The aim of this chapter is targue that the proposed tools in the previous chapters, in
particular the waifilter mechanism irchapter 3, can indeed l@plemented effectively.
Attention is paid in particular tdhe efficiency of implementationgand our approach
towards efficiency.

One of the important considerationsimplementation is performance. Singar primary
objective is to offer the software engineer expressive power that is practically applicable, we
do not simplydiscardmechanisms when thegre difficult to implement efficiently. This

issue is considered elaborately in the next subsection.

5.1.2 Our Approach towards Performance

We define efficiency athe extent tavhich aprogramclaimsthe availableresources. The
most important resources ansually memoryand processocycles. Inmany cases these
two complement eacbther: bysacrificing memoryspeed can be increasgslg. through
caching mechanisms) and memory carcdeserved through -repeated- computations. It is
common practicethough, to consider speed as the most impotitsiute whenmaking
design decisions. Iother words, processayclesare considered to be the most scarce
resource in a computesystem. This isexemplified by the importance ofcaching
mechanisms ircurrentimplementations (cfthe implementation of &F [Chamber®92],
[Holzle 91]).

The language designer is frequently confronted with design decisions that require a trade-off
betweenefficiency and expressivgpower. We use the terraxpressivepower in this
discussion todenote any mechanism ortechnique that relieveshe burden of the
programmer in some manner. This includeschanisms likeggarbage collectiongdynamic
binding, reusenechanismsgtcetera. Wen makinghese design decisions, often techniques
with more expressivpower arediscarded because they compare poorly wépect to
implementation efficiencyThe usual motivation for this is thatsystem with very bad
efficiency characteristics is very unlikely to have any practical impact.

Although we agree with the motivation for sudkcisions, we feel that sometimes a
potential reduction in performance is inappropriately used as an argument to discard
expressivepower. Inmany cases, potentiallynefficient techniques canvell be adopted
without seriously affecting all-over system performance. fidllewing argumentsupport
this claim:
 First of all, some forms of expressigewer arevery valuable, andre thus wortlreven
a significantreduction inefficiency. An example of this igarbage collection: although
this incurs significanbverhead, it is considered a@mvaluable toolfor object-oriented
programming [MeyeB8].

(4 Second, related to the previotesm, although most ahe mechanisms in programming
languages can be 'simulatéafoughapplicationcode aswell, this will in many cases
conflict with reusability andextensibility properties. Forexample,the mechanism of
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delegation can be simulated by defining for each message that is delegated by an object a
separate methodyhich sends a message ttee delegated objecproviding self (i.e.

server in Sina)explicitty as anargument.Obviously, this can achievthe goals of
delegation but requireg¢a) the delegated object texplicitly deal with an extra
argument, and (b) cannots#g cope with new methods for the delegated object. In
such cases, we consider it important to have a modelstipgdortsextensibility and
reusability, andfor these purposes provid@sechanisms that may invohedditional
overhead.

 Third, it has been argued that somechanisms in programming languages that incur a
certain implementation overheade required by thapplication anyway, anthus do

not (orhardly)reduce the performance characteristics of the applicatioexample of
this is inheritance andynamic bindingthe additional overhead din C++) thevirtual
function table that realisatynamic bindingcan probably be neglected, compared to the
overhead that would havolved if the application programmer had to realitbe same
behaviour through additional coding.

4 Fourth, somamechanisms, imarticular those thaincreasethe flexibility or dynamic
adaptability of a systempncorporate an overhead that wouldt beneeded in more
static applications ofthe nechanism. When suatases can be identified, they can be
optimised so thathe generic mechanismequires just as mucbverhead as &mited
version of the mechanism.

An example of this ishe dispatching mechanism the composition-filters modethat
supportsdynamic inheritance. Atraightforwardimplementation othe dispatcHilter
would assume thidynamicbehaviour of objects all times, involving acertaincost
(i.e. conventional inheritancenechanismswould be more efficient)However, by
consideringthe conditions in the dispatdliter, it can be dedtted that in most cases
these conditions W not change atll (i.e. theyare True). In this case a morefficient
implementation can be generated.

Concludingthe point that waenake here is thageemingly inefficient laguagemechanisms
are not ahays as inefficient as thelpok, or may well beworth some performance
overhead. In particular, it is important to consider whethenezhanism is inherently
inefficient, in allsituations, or that simple and static cases can be optind&sbusly, the
language designer mustill choose betweepxpressivepower and (potentially) reduced
performance.

To includethe opinion of performance-oriented researchers, we reféhea@opPsLA 1993
workshop 'Efficient Implementation of Concurrent Object-Oriented Programs'. Even though
thecommon interest was echieving maximunperformance with the current software and
hardware architectures, it wasmmonlyagreed that ".. in the future, the foausy shift

from efficiency to software productivity.." [Kak4].

An additional point we would like to make is thtéie programmer doesill carry some
responsibilityfor potential loss of performance when certaiechanismsare applied. By
providing methodologicasupport for these situations, amplicit trade-off can bemade
during the design phase of application development.
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An important property of compositiofilters for optimisation purposes is that it is a
declarative mechanism, the sense that théter initialisation is a specification of certain
properties, rather than atgorithm that implementsertain behaviour. As a result, tailored

or optimised implementations can generated in most situations. It nsuch easier to
derive object properties fromféter specification than it would be these properties were
embedded iriully expressive method implementations. Thigxemplified insection 5.2,
where a sequence of wait filter specifications is simplified into a single boolean expression in
terms of the conditions of an object.

5.1.3 About this Chapter

In the subsequent sectionstbfs chaptertwo implementationaspects of walifilters are
addressed. The firsispect, covered by section 5d&als with reasoningbout waitfilters.

It demonstrates how the acceptance ohessage by a sequence of wait filters can be
expressed by a boolean expression.

The second aspect that is treatedhis chapterin section 5.3- is theptimisation of the
evaluation of conditions. A message that is blockethe queue of an object must be
activated wherthe conditions it depends on becomge. In anaive approach this would
require the re-evaluation afl the conditions after eadtatechange of the objectanager
(according to thedefinition, only whenthe state of the objeathanager changes, an
acceptable message needs to be dequeued, althougmaiglso be done earlier). In
section 5.3 it isshown how to avoid re-evaluations of conditiamsen the state of the
object hasnot changed, and how teinimise the amount of computatiomvolved in
condition computation. The contents of sect® have been described previously in
[Bergmans93].

In section 5.4 tharchitectural issues involved the realisation ofthe composition-filters
modelare discussed based on a frameworknierging Smalltalk-80 anthe composition-
filters model. Section 5.5 concludes this chapter.
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5.2 Reasoning About Wait Filters

In this section we W discusshow we can reasaabout -sets of- waitilters. This can serve
severalpurposes, one of these is tt@mbination of multiplesubsequent wait filters into a
single synchronisation specification. This ¢aninstance be used inline synchronisation
specifications in method bodies, or map wait filter specifications to method guards.

In addition to aspects of implementation, the techniques presented in this section can also be
applied for different purposes. Forinstance to compare different synchronisation
specifications and determine their equivalence. Anatkample is taletectmessageghat

can never be accepted by the wfdiers, i.e.the associategdynchronisation constraint is
alwaysfalse

5.2.1 The Abstract Syntax of Wait Filter Specifications

We use the abstrasyntax ofthe composition-filters computationodel defined in section
2.6 as the starting point ajur discussion. Tosimplify the presentation, we strifhis
abstract syntax so that it representenof walitfilters only. We alsasimplify the message
processor part dilter specifications to deal only with matching of messagkectors. As
this is common for waifilter specifications this isiot a severe restriction (there are no
technical problems involved in including messagdstitution parts anthrgetmatching).
Subsequently the synchronisation semantics of a set of wait filters are defined.

Assume we have a set of wait filtéiaitSetwith the following abstract syntax definition:
WaitSet® Filter* .
Filter & init:FiltElems .
FiltElems ¥ FiltElem* .
FiltElem & cond:Condition; operator:ExclOper; messPart:MessProcs .
Condition¥ selector:ldentifier . // we omit details that are not used here
ExclOper% Enable | Exclusion .
MessProcs2 MessProc* .
MessProc¥ Identifier | Wild card .  // simplified version of definition in section 2.6
Message selector:ldentifier .  // we omit details that are not used here

As an example avait filter specifying synchronisatiofor a boundeduffer is expressed in
terms of the abstract syntax. Thgnchronisation specification defindgse synchronisation
constraints of a bounded buffer object with mutual exclusion.

bufferSync : Wait = { Empty=>put, Partial=>{get, put}, Full=>get, True~>{get, put} };
mutexSync : Wait = { Free=>*, Recursive=>*},

This syntactical filter specification is expressed in terms of the abstract syntax as follows:
syncSpec® WaitSetbufferSyn¢ mutexSync>).
bufferSync® Filter( init:FiltElems(<ell, el2, el3, el4p).
ell ¢ FiltElem( condEmpty,operator:Enable, messPart:MessProcg{ut">) ).
el2 & FiltElem( condPartial,operator:Enable, messPart:MessProcfet”, "put™>) ).
el3 ¢ FiltElem( condFull, operator:Enable, messPart:MessProcgfet">) ).
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el4 « FiltElem( condTrue,operator:Exclusion, messPart:MessProcget", "put™>) ).
mutexSync¥ Filter( init:FiltElems(<el5, el63 ).

el5 ¢ FiltElem( condFree,operator:Enable, messPart:MessProcé(ild card>) ).

el6 ¢ FiltElem( condRecursionoperator:Enable, messPart:MessProc#(ild card>) ).

We assume thathe definitions of the conditionsEmpty, Partial, Full, True, Free and
Recursion as boolean expressions aeailable, and W restrict ourselves to referring to
these conditions through their respectigentifiers. Next wedefine meaning functions for
the abstract syntax.

5.2.2 Deriving Synchronisation Constraints from Wait Filters

By defining meaning functiori®r the rules in the abstract syntax, wdé wemonstrate how
simple synchronisation constraints can be derfoedeach message selector (cf. guards).
The important property ahis transformation is that turns thefilter specifications into a
boolean expression. This l®th moresuitablefor straightforwardimplementation and is
easier to manipulate, evaluate and reason about.

WaitSet

The semantics of set of waifilters is defined by offering a message teed of walitfilters,
whichreturns a boolean valughis value is determined by a boolean expression in terms of
the conditions that appear in thikers. The results ofhe respectivdilters in the set are
combined with a booleasnD operation. Thus, a message must match alitie filters, or

it cannot be accepted.

WaitSet : Message B

WaitSef filters] (mess)
over filters apply A filter « Filter [ filter ] (messkombine ] empty trueend

Filter
This rule in the abstract syntax is derived friti@original alstract syntax in 2.6ut has no
function here.

Filter : Message- 1B

Filter [ <init> ] (mess) FiltElems[ init ] (mess)

FiltElems
The subsequent elements in a filkee combinedthrough a booleawr; when a message
matches with any of the filter elements, it is accepted.

FiltElems : Message- 1B
FiltElems[ elemg] (mess)
over elemsapply A eleme FiltElem[ elem] (messkombine dempty falseend

FiltElem

A filter element consists dhree parts: a condition, axclusionoperator(either enable or
exclude) and a messageocessor parDepending on whethéhe messagéhat isprovided

as an argument is accepted by thessagerocessor partand on the type oéxclusion

operator, thafparticular message is either never accepted, or it is acceyted the

associated condition is true.
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Two cases appear here: by looking at éielusionoperatorand themessag@rocessor on
the right hand side of tHéter element, eithethe message can match withe filter element
or it can never match. In tHest case a matchtill depends on the condition of thiker
element, which is then returned. In the second fedseis returned.

The meaning function othe ExclOpertakes the mtching ofthe message as an argument,
as determined by thmeaning functiomMessProcsThen either the result of the condition is
returned, or the boolean valtase

FiltElem : Message- B

FiltElem[ <cond, oper, messpartp (mess)
if ExclOper[[ oper]( MessProcf messparf(mess) )
then Condition] cond] (mess)
elsefalseend

ExclOper

This is the operator that separates the conditmn the message processipgrt. Itcan be
either =>', which isthe enableoperator, or~>', which isthe exclusionoperator. Aboolean
argumentmatchis provided that designates whether thessage matched #ite message
processor part. If the operator is t@ableoperator, anatch of themessage iV result in
-conditional- acceptance, and in cabe messageloes notmatch, it is rejected. If the
operator is thexclusionoperator, howevermessages that mateine never accepted, but
only messages that do not match are accepted:

ExclOper:B - B
ExclOper[ oper] (match)
caseoperof
Enable[] match |
Exclusion] - match
end

MessProcs
This iterates over thelements irthe list until one of theelements matches. If none of the
elements matchdalseis returned.

MessProcs: Message B
MessProcq procs] (mess)
if pProcSEMPTY
then false
else ifMessProf procsHEAD ]| (mess)
then true
elseMessProcf procsTAIL ] (messkend
end

MessProc

This deals withthe matching of messageswo different situationsare distinguished: the
filter defines a wildcard, inwhich caseall messages W match. Otherwise the selector is
tried to match against the selector of the message:
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MessProc : Message B
MessProd selec] (mess)
caseselecof
Wild card] true |
Identifier] selec=mess.selector
end.

Condition
We do notelaborate on the conditions here and simply substitute the conidigiotifier
here:

Condition : Identifier
Condition] cond] () ¢ cond.identifier.

These semantider a set of waifilters take amessage and result in a boolean expression,
consisting of logicalaAnDs andoRrs, and conditions. This boolean expression defines the
acceptance of that message.

In the bounded buffer synchronisation example, this results in the following expressions:

WaitSef syncSpeg (getMessage® (falseld Partial] Full O false) [ (Freeld Recursive)
= (Partiald Full) O (Freed Recursive)
wheregetMessages Message( selector(identifigied ).
WaitSef syncSpeg (putMessage® (Empty [ Partial(l falsel false [ (Freel] Recursive)
= (EmptyU Partial)[J (FreelJ Recursive)
whereputMessagee Message( selector(identifiguit) ).
For all messages with a selector thatasequal to theout or get, thefollowing constraints
apply:
WaitSef syncSpeg (otherMessagése (falsefalseldfalsed Trug) O (Freeld Recursive)
= True O (Freeld Recursivey Freell Recursive.
whereotherMessage® Message( selector(identifier:sel) ).
where (setpuf) [ (sekgel).

5.2.3 Equivalence of Synchronisation Specifications

We can use the transformation technique above alsadei@rmine whether two
synchronisation specificatiorsre equivalent. We refrain here from comparing different
condition implementations; this is possiblevasll in many cases, butlifficult in general
because of the full expression power available for condition implementations.

As an example consider the following synchronisation specification:

mutexSync : Wait = { Free=>*, Recursive=>* };

syncSpecl : Wait = { {Partial, Full}=>get, True~>get };

syncSpec?2 : Wait = { {Empty, Partial}=>put, True~>put };
We will now show thathis specification is equivalent tte synchronisation specification
shown in the previous subsection.

The firststep is to transform nitiple conditions intoseparatdilter elementdor thefilters
syncSpec1 andsyncSpec2:

{ {Partial, Full}=>get, True~>get} = { Partial=>get, Full=>get, True~>get };
{ {Empty, Partial}=>put, True~>put} = { Empty=>put, Partial=>put, True~>put };
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Then we can apply the transformation algorithnthisresultingset of three waitilters, this
results in the following expressions:
WaitSef syncSpeg (getMessage®
(FreeJ Recursive)] (Partiald Full Ofalsg [ (falseO false True)
= (Free Recursive)l] (Partial ] Full) O True= (Partial Full) O (Free Recursive)
wheregetMessage? Message( selector(identifigied ).
WaitSef syncSpeg (putMessagep®
(Freeld Recursive)] (falsedfalsed True) O (Empty O Partial [l falsg
= (Free Recursive)l] TrueJ (Empty [ Partialr (Empty O Partial) [ (Freel] Recursive)
whereputMessagee Message( selector(identifiguit) ).
For all messages with a selector thatasequal to theout or get, thefollowing constraints
apply:
WaitSef syncSpeg (otherMessaggse
(FreeJ Recursive)] (falsefalsed True) [ (falseUfalse True
= (Free RecursivellTrueld True= Freeld Recursive.
where otherMessages Message( selector(identifier:sel) ).
where (setput) O (sekget).
The importance of the transformatialgorithm is that it maps filter expressions to boolean
expressions. The characteristics of the bootgzeratorsaND andoRr can then be used for
manipulating and simplifying the synchronisation expressions.
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5.3 Condition Evaluation

In this section we discuske evaluation of conditions. The conditions must be re-evaluated
repeatedly in order tprovidetimely synchronisation as required by changetha object
state.This potentially involves a significant performarmeerhead. We proposetechnique

to reduce this overhead, without prescribing a particular implementation for conditions.

In this section firsthe problem is definedthe approach that weavetaken isexplained.

Then thealgorithm is described arithe technique is illustrated with @axample. We end

with some concluding remarks. The technique that is presented here was first described in
[Bergmans93].

5.3.1 Problem Statement & Approach

Our choice of adopting arbitrary message expressionsgecifyingconditionsmay have
significant influence orthe performance of the application. The reasont is that the
mechanism embodies the concept of repeated condition (re-)evaluation: after each change in
the state of the objeamnanager,all conditions must be evaluated agaf@bviously,
implementing this in atraightforward manner by indeed executthg bodies ofall the
conditions after eaclstate change of the objeamnanager incurs a serious amount of
overhead.

In order to reduce the amount of overhead, we set two goals: (1) to red@egtieacy of
condition evaluation, and (2) to minimise the computational cost involved in the evaluation.

Two ideas formthe basis ofour approach: first, byinding the locations where thelevant

state changestake place we can avoid (redundant) continuous evaluation. The second
objective is to minimise the amount of conditionevaluation code (and thus the
computational expense) by tailoritige code to thepecificstatechange anaontext. We

will now briefly explainhow this is achieved. The algorithm is applietiile compiling a
single object, though better results can be obtained if the source-code aintpéete
application is available.

For every condition defined bthe object, a dependency-graph is constructéddch is
similar to aparse-tree. The nodestims tree are(simple) message expressionstod form
receiver.mess(args). A re-evaluation of a condition is initiated when (locabde is
executed thatonflicts with the condition. Condition re-evaluation code is generated and
inserted after theonflicting code in the method. The re-evaluation cod#ersved from the
dependency graph by consideringly the subset of the graph that is relevant for the
particular conflict(s).

A piece ofcode issaid to conflict with a condition, whethe read-setof the condition
overlaps with thevrite-setof the codelntuitively, this means thahe codeaffectsthe state

of one or more objects that the condition depends on. The read-set of a code-block (either a
condition or a method) is theet of objects that is 'read’, i.e. that read(-onlgssages are
sentto. Similarly, the write-set is the set of objects thdileck of code sends one or more

write message®. The read/write behaviour of a method can be deternireedirsively)

243




5. Implementation Aspects

from the read/writdbehaviour othe method italls inturn. Read/writdoehaviour is known
for all system-defined (‘primitive’) objects.

The optimisation algorithm is partitioned into the following phases:

1. The creation of dependency graphs for conditions.

The construction of read-sets for every condition.

The construction of write-sets for every method.

Detecting conflicts between conditions and method code.

Generating and inserting condition evaluation code for every method.

gk owbn

5.3.2 The Algorithm

We will now discuss each dhe five phases separately. Although tHiscussion is quite
detailed, there arstill a large number of issues thate ignored onot touched upon ithis
discussion. A number of these are discussed at the end of this subsection.

1. Construction of Dependency-Graphs
A condition is a message expression having the following format:

messEXxpr ::= receiverselectorargument®*.

receiver ::=object.
argument ::= object.
object ::= constant variable| messExpr.

A (rather complex) example of this is:

condition::= 01.m1( 02.m2(03, 04).m3.m4(05.m5) ).m6( 06, 07.m7, 08.m8(09.m9) ).m10
It is possible to make a transformation of #iisicture into another structu@nsisting of
simple assignments only. This new structure is expressed by the following rules:

messExpr ::=assign*.

assign ;.= variable':=' receiverselectorargument*.
receiver = object.

argument ::=object.

object ;.= constant variable

argument and receiver objects arenmessage expressions in thtsucture, butanonly be
variables that contain the result of a message expression. Thus a number of new -temporary-
variablesare introduced. Foexample,the conditionexample above can be transformed
into:

19 := 02.m2(03,04) ;

t8 := 05.m5 ;
t7 :=t9.m3 ;
16 := 09.m9 ;

t5 :=t7.m4(t8) ;

t4 := 08.m38(t6) ;

t3:=07.m7;

t2 := 01.m1(5) ;

t1 :=12.m6(06, t3, t4) ;

condition :=t1.m10 ;
We canconstruct a tree that represetits condition. Every node ithe tree represents a
single message expression. Th#''symbolsrepresentunnamed- temporary variables. The

tree is shown in figure 5.3.1.
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Thistreecan also be regarded as a dependency geaphynode in the treelepends on its
child nodes. Thus, when some thie objects bthat appear in the expression-tree are not
changed, it i;ot necessary t@e-compute the completeee. A noden needs to be re-
evaluated when its expression contains modidiegcts. In addition, the nodes that depend
onn need to be re-evaluated. These are the nodes that are encowhtmnedllowing the
path fromn to the root of the tree.

.m0
fl.m@(o&f,g\
ol.m1([1) 07.m7 08.m8([)
fﬂwﬂ:)\‘ 09.m9
O.m> 05.m%

02.m2(03,04)
Figure 5.3.1 The dependency tree

We will use this dependency information in phase Bitmmisethe amount of re-evaluation
code.

2. Construction of Read-sets

For detectingpossible conflicts aead-set must be determined fvery condition. The
read-set is the set of objects that thadition refergo. Due to the rulghat acondition is
side-effect freeall methods that arejirectly or indirectly, called by a conditicare read-
only methods.

To determine itsead-set, the conditioexpression must be parsed,fired all the message
expressions of théorm "receiver.mess(args.. )". In order to proceedirst the class of
receiver is to be determined as accurately as possible. Although preferable, it is not
necessary t&now the precise class. It sifficient to determine get ofclasses with the
guarantee that the actudéss ofreceiver during execution must always be contained in the
set. In the subsequediscussion we W usually refer tothe class of an object, where we
actually mearthe set otlasses. In some cases no assumptions can be maltlabatut the

class of the receiver; then it is taggediadependable

The informationabout theclass ofthe receiver is used teterminethe set of objects that
are readwhile executing an expressiometeiver.mess(args.. )". If receiver is a message
expression by itself, it il be parsed firstmeanwhile maintaininghe read-set, and a result
type will be determined. Mte that thearguments that are provided by theessage

1 The algorithm fordetermining theread-set can also be used to detect violations of this rule,
although due to dynamic binding, rexeryviolation can be detected statically.
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invocation can be read or writtenwasll. This recursivgrocess continuastil thereceiver
is a primitive object (an object with an implementation that is provided by the system).

We do notelaborate here on how tdeterminethe class(es) of the receiver. Various
approaches arpossible, e.gthe type inferencealgorithm in [Palsber§1] doesexactly
what we need here, forampletely untyped language. Sinmagr implementation language
Sinais typed, in most cases the class of an object can be determined more easily.

By consideringhe class ofthe receiver object, the object candiessified ane of these
three kinds:

d primitive object for every method of grimitive object, it is known whether it reads
and/or writes the state of tipeimitive object and the method arguments. Basethn
information, the receiver object and the arguments can be added to the read-set.

(1 user-defined objecthis means thahe object is amstance of a user-defined class, of
which the source-code must beailable. Therthe read-set ahess is to be determined
(this is a recursive process), andl Wwe added to the read-set of the condition. In the
case that no source code and furtimormation is availablethe object is tagged as
undependable.

(1 undependable objector some receiver objects no static assumptions can be made,
usuallydue todynamic bindingFor examplethe values and classes of pseudo-variables
such asserver (comparable to Smalltalkel) and sender(refers to the sender of the
message) can sometimesly be known at run-time. Objects are also marked as
undependable when theynay be modified implicitly by other processes. For
undependable objectgorst-casebehaviour is assumed; thaye alvays included in the
read-set (and in the write-set a&ll), andthe arguments that amupplied in the
message invocation as well.

3. Construction of Write-sets

In this phasethe methods of the object aezamined to determinthe write-sets of all
message expressions. Tdien of determiningwrite-sets is tdind asaccurately as possible
the locations in the code thaffectthe state of the objecand thusndirectly the state of
the conditions for that object.

A method body consists of a sequence of message expressions or assignments:
body = exprt.
expr ::= assignmenfmessExpr.
assignment= variable':=' messExpr.
messEXxpr ::= receiverselectorargument®*.

receiver ::=object.
argument ::= object.
object ::= constant variable| messExpr.

Each of the expressions is parsed¢doostruct a write-seThis isdonesimilarly to the way
read-sets are constructed. Howewvdren an assignmenteésncountered, theariable on the

2 Although we allow to specify a type to ey, which basically meanshat the variable is no
longer type-checked statically.
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left-hand side is added the write-set, an@rimitive objects arenly added to the write-set
if the messagkthat is sent to it is specified to be a write-message.

The result of this phase the association of the write-set with eatlessage expression
within the method or with each method (e.g. for mutual exclusive objects).

4. Detection of Conflicts

The detection of conflicts between conditions and methods is used to tbegiaces
where the execution of method cadaydirectly cause a condition to change frinme to

false orreverse.This may occurwhenthe objects owvaluesthat a method writes t6.e.
modifies)appear in the expression ttdsfines a condition. This the case if the write-set

of an expression overlaps with the read-set of a condition (or: the intersection of the two
sets is non-empty).

The detection of conflicts serveso purposes: (a) fodeterminingthe locations where the
condition re-evaluations can be inserted in the metiooi@. Inthis case for each statement
in a method the write-set must be determined, thodgid (b) to generate tailored
condition re-evaluation code, by considering which objects are involved in the conflict.

5. Generation of Condition Evaluation Code

The dependency graptonstructed in phase 1 is now used to tailor (nheimise) the
amount of code that is to be executed for the re-evaluation of condifioisss achieved

by considering onlyhe part of thedlependencyree thatreally needs to be executegain.
These are the nodes whose resulleisending on an object that has (presumably) changed.
These nodes can be found by taking the fratin the changed object up to theot of the
tree.

When expressinthe condition as a sequenceaskignments, as was shown during phase 1,
the temporaries that are introduced can be usedafching of intermediate results. Thus,
for every condition a 'cach&r intermediate results is reserved. Itpisssible to avoid
redundant caching, foexample of valuemear theroot of the tree that arelways
recomputedThis can be achieved by first markiatj the nodes in the tree that aptry
points for re-evaluation, and 'inlining' the other nodes of the tree.

There areseveral alternative strategies #ploitingthe dependency graph arlde caching
of intermediate results:

(1 Code generationthe dependency graph can be used for generating optimised re-
evaluationcode: when detecting a conflict between a method and a condition on a
particular object, the nodén thedependency graph that refers to that object is located.
From the pathfrom that node tahe root of the tree are-evaluation expression is
constructedwhich uses the cachedhluesfor sub-trees that neewt be re-computed.
Obviously,the cachedialues should bap-to-date. The code for thevaluation of the

3 Strictly, when the method of the primitive clabat corresponds tihe messagghat issent to the
instance of the primitive class is defined to be a write method.

4 There can actually be multipleodes referring to the same objeittis meansthat there are
multiple paths that have to be combined. We will further ignore this.
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sub-tree can beénlined into the method that caused the stateange. Whenever,
possible, we take this approach, as it is the most efficient.

1 Run-time tree traversah run-time evaluatiomechanisnctan be defined that starts the
evaluation at a particular nodetime tree(some representation of tihweeneeds to be
available). This evaluation must biggered by the -suspected- change ofstete of
one of the objects in th&ee. This approach can beseful whenadopting a trigger
mechanism foundependablebjects; these objects initiate re-evaluation themselves, but
this cannot be inlined.

(4 Hybrid: codecan be generated for eapbssible re-evaluation entry point: whirere
are n objects the condition dependm, this will result inn generated evaluation
expressions. Then at run-time, hooks to these entry-points can be hautdéd
combination with a@rigger mechanism). Agairfor the generatedvaluation expression
better optimised code can be generated. A space/performance trade-off must be made to
determine whether this approach is useful.

As a further optimisation, it is possible to colledlt conflicts arising inthe ody of a
method, and insert the condition re-evaluation code at the end of the method@tisdy.
especially useful whethe presence ofindependableobjects would otherwise (without
further measures) result in condition re-evaluation after every statemémé¢ onethod.
However, it should baoted thathis strategymay be visible tahe application programmer

in certain cases. For mutual exclusive objects it can be applied without causing problems.

Another consideratioomay be to inlinevery simple expressions instead of cache the
intermediate resultd his may bemoreefficient, as itdoes notequire space to be reserved

for caching results, and storing and retrievihgse resultsCompiler heuristics should
decide when to do caching of intermediate results, and when to do complete re-
computations.

Additional Aspects

In the previous discussion we did not address the following issues:

(d Conditions frequently consider typicgynchronisation information, such #mee number
of executing threads, theumber of messages thate waiting in the queue, etc. Such
information is maintained by, and can be retrieved frtm, object managerof an
object. Adummyobject representing the objeuanager can be inserted as an instance
variable during the execution of the algorithm. Updating and retrieval of synchronisation
information is modelled by inserting message sends to dinsmy object at the
appropriate places.

1 We have assumed that orthe local methods caudbe statechangethat thecondition
depends on. This is certainly not always the casexi@rnal(or global) objects, and for
objects that contain internpfocesses. Such situations are taken into consideration by
marking such objects amdependableA similarapproach is taken for objects that may
be overridden dynamically with other (subtype-) objects.

(d Specialattention is needed to take care of thikowing issues: pseudo-variablese(f,
server senderandmessagg inherited and delegated methods, and recursive calls.
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1 The actual acceptance and activation of messages asscussed here; this requires the
insertion of additionatode that takes into account timedified state ofconditions to
determine message acceptance.

d The algorithm as we described it can be characterised as perforgobgl
optimisation in the sense that the soume ofall the classes irthe application must
be availableIncremental optimisations also possible: it determinesad- and write-
behaviour on per-class basis. This meansttietontext invhich a class isised is not
taken into account, thus reducing the amountpsimisation that is possibl&ut the
source code of the accessaasses is no longer required, andremental optimisation
greatly reduces the amount of code that is traversed to determine read/write behaviour.

(d We didnot address th@roblem of concurrency during condition evaluation here. If the
acceptance of a message requiredtipher conditions to berue at thesame time, and
message acceptance is done concurrently with condition re-evaluatiorsistermies
might occur. A solution is teatomically- make &opy of the states @l the conditions
before determiningthe synchronisation of a message. This avoids that message
synchronisation is based on inconsistent condition states.

5.3.3 An Example

To demonstrate this technique we tise boundedbuffer example again, includirgpme of
the behaviour that is usuallyadded implicitly by default. In particular this is the
synchronisation filter that realises mutual exclusiontéxSync) and the conditions that are
used by this filter.

The definition of this class is as follows:

class BoundedBuffer(limit:Integer) interface
comment implements a bounded buffer with synchronisation;
conditions
Empty; Partial; Full;
methods
put(Any) returns Nil;
get returns Any;
peek returns Any
inputfilters
bufferSync : Wait = { Empty=>put, Partial=>{get, put}, Full=>get, True~>{get, put} };
mutexSync : Wait = { Free=>* Recursive=>*}; // this is usually added by default
disp : Dispatch = {inner.* };
end // class BoundedBuffer interface

class BoundedBuffer implementation

instvars
store : Array(limit); // index ranges from 1 to <limit>
head, tail : Integer;

conditions
Empty begin return head=tail end; // no elements in the buffer
Partial begin return (inner.Empty.not and inner.Full.not) end;
Full begin return (limit+tail-head).mod(limit)=1; end; // the buffer is full
Free begin return “self.active=0 end ;
Recursive begin return message.isRecursive; end;

initial
begin head:=1; tail:=1; end;
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methods
put(elem:Any) returns Nil
begin store.atPut(head, elem); head:=head.mod(limit)+1; end;
get returns Any
begin return store.at(tail); tail:=tail. mod(limit)+1; end;
peek returns Any
begin return store.at(tail); end;
/I other methods, e.g. for allowing direct access to the buffer by subclasses
end // class BoundedBuffer implementation

Phase 1:The dependency graphs fahe conditions are formed by thellowing
restructured condition implementations:

Empty = head.equals(tail);

Partial = t1.and(t2); t1=t3.not; t3=inner.Empty; t2=t4.not; t4=inner.Full;

Full = t1.equals(1); t1=t2.mod(limit); t2=t3.minus(head); t3=limit.add(tail);

Free = tl.equals(0); t1="self.active;

Recursive = message.isRecursive;

Phase 2:The read-sets of the conditions are then determined, thisisomeinlining is
required (forocal conditions and methods this is alyg possible). This givehe following
read-sets for each condition:

Empty : { head, tail }

Partial : { head, tall, limit}  // the objects referenced by other conditions included

Full : { limit, tail, head }

Free : {"self } /I this means that the condition depends on the state of the object manager

Recursive : { message } // for every newly arrived message, this condition can be changed

Phase 3The write-sets of the methods are determinedsiméar way. We assume that the
state of the object manager and of the pseudo-variaddeage is taken care of separately.
initial : {head, tail }
put : { store, head } //the characteristics of primitive class Array are known
get : { tail }
peek : O

Phase 4:Detection of conflictfor each method. Because in tl@gamplethe object is
mutual exclusive, we determine conflicts opexr-methodbasis onlyFor each method, we
compare the write-set with the read-sets of all the conditions:
initial :
initial n Empty = {head, tail}
initial n Partial = {head, tail}
initial n Full = {head, tail}
initial n Free =0
initial n Recursive = [
put :
put n Empty = {head}
put n Partial = {head}
put n Full = {head}
put n Free =0
put n Recursive = [
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get:
get n Empty = {tail}
get n Partial = {tail}
get n Full = {tail}
get n Free=0
get n Recursive = [
peek :
peek n Empty = [
peek n Partial = O
peek n Full =01
peek n Free =0
peek n Recursive = [
If the intersection of the write-set of a method and the read-set of a condition is empty, then
the condition W never be affected by the execution of the metkodexamplethe peek
method doesot change thestate of the object ail, andtherefore doesot require the re-
evaluation of conditions. Athe objectmanager and pseudo-variablesnst dealt with

within the bodies of the methods, thee andRecursive conditions never conflict here.

Phase 5:Generation of condition evaluati@ode. Inthis example, we insethe following
condition evaluatiorcode at the end ofdach method. At least fall the conditions a
variable is reserved to maintain (cache) their states.
initial:
Empty := head.equals(tail );
full3:=limit.add(tail ); full2:=full3.minus(head); fulll:=full2.mod(limit);

Full:=fulll.equals(1);
partiall:=Empty.not; partial2:=Full.not; Partial:=partiall.and(partial2);

Because the initial method initialises both the head and tail, all conditions must be evaluated.
Note however, that if subsequently messages arrive thatodanodify the state of the
instance variablege.g. get messages thatre blocked opeek messages), the conditions
Empty, Full andPartial arenot re-evaluated.
put :

Empty := head .equals(tail);

full3:=limit.add(tail); full2:=full3.minus(head); fulll:=full2.mod(limit); Full:=fulll.equals(1);

partiall:=Empty.not; partial2:=Full.not; Partial:=partiall.and(partial2);

The put methodonly affectsthe value ofthe head instance variabletherefore it is not
necessary to computke value ofthe temporaryariablefull3 again. We W later remove
such redundant code from the evaluation expressions.

get:
Empty := head.equals(tail );
full3:=limit.add(tail ); full2:=full3.minus(head); fulll:=full2.mod(limit); Full:=fulll.equals(1);
partiall:=Empty.not; partial2:=Full.not; Partial:=partiall.and(partial2);

After the execution of aget method the conditions must Wally re-evaluated.Note
however, that thealues ofthe conditions are cachedhich always avoidsecomputation
of theFull andEmpty conditions when computing the value of conditiantial.

peek:
/I no re-evaluation code is added to the body of the peek method at all

Because the peek method has no conflicts, no re-evaluation code needs to be generated.

The code that we showed heran be optimised by removing redundant computation and
unnecessary temporary variables. This resultherfollowing code that must be added to
the implementation of method bodies:
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initial:
Empty := head .equals(tail );
full3:=limit.add(tail );
Full.=full3.minus(head).mod(limit).equals(1);
Partial:-=Empty.not.and(Full.not);
put :
Empty := head .equals(tail);
Full.=full3.minus(head).mod(limit).equals(1l); // here we minimise recomputations
Partial:-=Empty.not.and(Full.not);
get:
Empty := head.equals(tail );
full3:=limit.add(tail );
Full.=full3.minus(head).mod(limit).equals(1);
Partial:-=Empty.not.and(Full.not);
peek:
/I no re-evaluation code is added to the body of the peek method at all

A number of remarks can be maalaoutthis example. Firstlythe boundeduffer example
was chosen because it is well-understood, and has been usedumsirg example
throughoutthis thesis. lItdoes nodemonstratdully the potentiabptimisations that can be
achieved with the technique presented here, though. Secothlly, particular
implementation othe boundedbuffer is by no meanthe mostefficient one.Again, this is
because we found this more illustratiee demonstrating certain properties of conditions in
previous chapters where we used the same example.

Finally, we want toemphasise that this examplees demonstrate some importaehefits
of the optimisation technique. Therimary goal of the technique wpropose here is to
minimisethe amount of condition re-evaluations, with ide-effect' of optimisinghe re-
evaluation code itself through avoiding redundant computations. In particelamount of
re-evaluations of conditions that depend on ttadue of instance variables only is
minimised.

In this example this can bégerved for the conditiormpty, Partial andFull. Instead of
re-evaluating these conditions repeatedly, #r@only computed after the execution of the
initial method, theget and theput method. If a lot oimessages such psek, equals and

print are sent to the objedhis will not require these conditions to re-evaluatedalatA
straightforwardimplementation would require thigfter each change in thstate of the
object manager, i.e. message reception, method execution, method termination, etcetera.

5.3.4 Conclusions

We have shown a techniqt@ reducing the amount of overheiastolved inthe evaluation
of conditions. In particular if conditions and the objetisy are definedfor are static and
self-sufficient minimisedcondition re-evaluation codeilivbe insertedonly at the points
where state changes are made that affect the conditions.

We summarise the following aspects:

1 The technique ispplicablefor state abstraction in objects that suppotta-object
concurrency.

1 Only atthose locations in methachplementations where relevastatechangeccur,
re-evaluation code needs to be inserted .
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(1 Re-evaluationcode isminimised by employing @aching mechanisrfor intermediate
results.

(4 The approach isuitablefor bothglobal (i.e. for all classes othe applicationthe source
code isavailable) and incremental optimisation and can cope dyttamic binding.
Global optimisation can in many cases statically determine the exact nature of arguments
and dynamically bound pseudo-variables, which allows for better optimisations.

d There is no performance 'overheawolved in applying this technique. So even if no
minimisation ofcondition evaluations ocode reductiorcan be achieved, there is no
performance penalty. However, if an object has a lot of complex conditiongckives
almost only messages that require few condition evaluations, an on-dappodch to
condition evaluation may be more efficient.

The technique W usually involve some additionatosts though; thérst is the duplication
of code because -tailoredlersions ofthe conditionimplementationsare inserted into the
method bodies. The second is the requirementadditional memoryfor caching
intermediate results and tistates of the conditions. The latter deoleans only, but
intermediate results in condition expressions might be congigects. This W probably
be exceptions, though.

Additional tuning ofthe proposednechanism mathus be necessary desirable; in several

cases a space/performance trade-off has to be madtke tizit thepresented optimisations

are independentrom conventional program optimisation techniques, such as constant
propagation, or elimination of redundancies. Such techniques can be applied in a subsequent
phase. Fomstance irthe boundedbuffer example, if condition re-evaluation code is added

to the body of the initial method, constanfolding can reduce the generated code
significantly.

An interesting aspect dhis optimisation technique is that it offers a compromise between
message guards argkhavioural abstractiondzor instance, in [Matsuoka 93b] it is
remarked that the guard approdehds to dot of -redundant- guardvaluations when a
large number of messages istire queue of the objedBehavioural abstractions, on the
otherhand, must predict thetate of the objeavhenthe message is evaluatedhich is not
always possibleOur approach teynchronisation is more related to metlgegirds, but the
optimisation technique in fact results in a computation thasinslar to behavioural
abstractionswithin the bodies of methods theehavioural abstraction @mputedwhich

can then be used directlpr synchronisationpurposes withoutdditional evaluations.
However, we are able to deal with intra-object concurrency.

The problem ofefficiently implementingconditions is more general thamly for the
implementation ofthe synchronisation mechanism i8ina First, the synchronisation
mechanism we prasedcan be applied, with some modifications,atbier object-oriented
concurrent languages. Second, conditions provide, in essemeeghanisnfor detecting
when an object is in a particulatate.This is also useful imtherdomains, such as for the
generation of events and exceptions, or the detection of constraint violations.
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5.4 The Sina Framework in Smalltalk

To test theexamples in this thesis, a framewdok integrating compositiofilters with the

Smalltalk systenwas developed. This framework hsiefly described in this sectiohis

reveals some important architectural issussolved in the implementation of the
composition filters object model.

An essential techniquér implementingthe compositionfilters computation model is
reflection on messages; a message that is received by anrobjetietested ornvarious
characteristics, such as theessage selectahe arguments or the sender of thessage,
and modified by filters. This means that a received message bereified to a first-class
representation that can be manipulated byfiliees and activated into a message invocation
agairt. We will show how this can be realisedtop ofthe Smalltalk-80 system such that it
is transparent to the calling -Smalltatibject.

The framework that is discussed in this sectams atintegrating Smalltalk with the
composition-filters computation model; tmgeans that a Smalltatibject can be extended
with one or more composition-filter$his creategwo types of objects in theystem: pure
Smalltalkobjects, and objects with composition filters. Jimplify the discussionthe latter
will be termed asSina objectsand thefirst as Smalltalk objects Similarly, a Sinaobject
can havewo kinds of methodsSina methodsireonly invokedafter passinghe filters of
the object, an®dmalltalk methodsan be called directly bgnother object, withoytassing
any filters.

As the framework involves no compilation or pre-processing phase, the filterssargially
interpreted during message evaluatiofihe body ofthe methods of &ina object consists
of pure Smalltalk statements. Instanceariables and message arguments canbdii
Smalltalk or Sinaobjects. Thismeans thathe performance o&pplicationcode is not
reduced because of unnecess#igring overheadpnly if composition-filter functionality is
needed, some additional overhead is involved.

Message Reification

Figure 5.4.1 illustrates howiters are integratedvithin Smalltalk, and in particular how
message reification is achieedEach Sina object inherits from claSi®aObject, which
definesthe common behaviour of Sina objects, in particular filtering messages. An
important distinction betweeBmalltalkmethods and Sina methods is ttiet names of the

1 This is also the essential functionality of Meta filters.
2 Whereas in fact all are essentially Smalltalk objects.

3 In fact, during object initialisation, the syntactical filter specificatieme parsed andonverted
into a more convenierind efficientdata structure forun-time evaluation. Thidoes noinvolve
significant optimisations or code generation.

4 The actuareification is performed by the Smalltalk system itself. If thive not thecase (for
instance inC++ this cannot belone) it would not be possible smld composition filters to an
object without the clients of the object being aware.
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latter are extended with the t&jNA'". Thus, the methoeh defined by objecD2 is declared
as SINAm. As a result, wheimvoking a message witthe selectom on objectO2, the
appropriate method will not be found.

If a message is sent to an object i the figure) thatdoes not support thahessage
(including inheritednethods from superclasse)e Smalltalk system invokethe message
doesNotUnderstand: on the receiver objec®]. This is in fact a reification dhe message,

as a first-class representation of the actual message that was sent is provided as an argument
of thedoesNotUnderstand: message. This reification ised to intercept th@essagethat

are sent to an object, and létem be evaluated bthe filters of the object. The
doesNotUnderstand: method is (re-)defined in claS$aObject.

SinaObject

doesNotUnde

SINAmM

#7

Figure 5.4.1 The flow of a message that is intercepted by filters.

However, before the inpdiiters of the receiver object are evaluated, theputfilters of
the sending object are to be evaluated yet. This is taken care ofdyetidtUnderstand:
method: it tests whether the sender ofrttessage providemny outputfilters. Obviously, if
the sender object is@malltalkobject, it wil not have anyoutputfilters at all. Ifthe sender
object doeshave output filters, they are evaluatedproviding the reified message as an
argumerR. This is shown by arrow in figure 5.4.1.

S5 |In, fact, thisshows a limitation of the mixing @malltalk and Sina objectsnly messagethat
aresent to a Sina objedre intercepted through theoesNotUnderstand: method, andhus only
these messages will be evaluated by the outputfilters of the sender object.
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If the outputfilters of object1 do not redirect thenessage, themessage is offered again to
object O2 (arrow ®). The methodorocessin: handles such -reified- messages, it is also
called directly bydoesNotUnderstand: if the sender object do@®t haveany outputfilters.
The next step is to evaluate tileers thataredefined bythe receiver objecd2 one by one
(®). In thefigure this evaluation results the dispatch to socal methodn. The dispatch
filter extendsthe selector of the receivedessage witlthe prefix SINA', and invokes the
method with the corresponding select@),(in the example this iSSINAm. After the
execution @) of the method, the result of the method is retur@dt¢ the method oD 1

that initiated the call.

First-class Message Representation

The crucial issue in this flow of control is the reification of the Smalltalk message invocation
to a data structure that represents that message. The information about the mpashge is
generated by th&malltalk system; this providébe message selectaihe receiver object

and the arguments. This first-class message representation is exteodleslygtem with an
additional data structureThis consists of aerver variable, asender variable, and a
semaphore.

The server variable of a reified message is initialisedth the original receiver of the
message. Subsequent dispatches by the disfilggchio affectreceiver, but do notmodify
thevalue ofthe server variable. Thevariablesender is only initialised immediatelgfter the
reification as welllts value is determined by accessiig context of theatl (as provided
by theSmalltalk system)The semaphore that is provided for each message is ubtatko
the thread associated with the message and activate it again later.

Object Manager

The object manageanaintainsthe state of the object. At mumber of eventsthe object
manager is informed of a change time state of the object. The receptidatocking,
activation or dispatch of a message #mal startand termination of method executions are
all signalled tothe object managemyvhich adaptsthe varioussynchronisationcounters
accordingly. The object manager is also respongablqueuing andgcheduling of messages
that are blocked by wait filters.

Scheduling is non-preemptive the current frameworkthis means that eacthread is
responsible for rescheduling, by invoking a so-callei operation.Sina objects perform a
reschedulingor every message send. This means thatethodmay claim all processor
time until it makes a Sina message invocatiorméthod body withonly pure Smalltalk
code may thus cause starvation of other threads.

The synchronisation dhcoming messages is, in this Smalltbdkmework implementation,
achieved by executing the following steps (and similarly for output filters):

1. A received message is reified and offeredthte inputfilters. The input filters are
evaluated by the calling thread.

2. When a message arrives at (a group of subsequenfjlteest themessage iput at the
back of the message queue (i.e. the one associated with these wait filters).

3. The semaphore associated with the message is set to O.
4. A snapshot is made from the values of the conditions.
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5. The message queue of the object is searched from start to end to find a message that can
be unblocked.For the first one that is encounterethe associated semaphore is
signalled, and no more messages are checked.

6. The thread performs a wait on the semaphore that is associated with the current
message (i.ehe one that was just receive@his may cause the thread to be blocked,
and another thread to continue,-tfrthe semaphore was jusgnalled-the thread may
immediately pass the semaphore.

7. The message is removed from the queue, and the next (non-Wait) filter is evaluated.
If a message is blocked, it can be resched(bgdsignallingthe semaphore as in step 5)
whenever the objectnanager is notified of astate change. This means that this
implementationcannot deal withstatechanges that areot local, but are due to a state

change in a nested or external objectm&chanismbased on thenotification of state
changes to dependent objects has been implemented and tested 8%#]Rein
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5.5 Discussion

In this chapter we discussednamber of issues involved ife implementation of Wait
filters. In particular we focused on the optimisation of the evaluation of wait filters. This has
been addressed two steps; thdirst step is concernedith reasoningabout walitfilters.

The second stepleals withthe evaluation of conditions. lattempts todetermine as
precisely as possiblehena condition needs to be re-evaluated, anghittmisethe amount

of evaluation code through caching of partial results.

For reasoningabout waitfilters a translational semantics is defined that magpst afwait

filters to a function which expresséise synchronisation constraints of a message as a
boolean expression in terms of condition values. The resulting mathematical specification of
synchronisation constraints can be u$adrealisation or optimisatiopurposes, e.g. for
constructing method guards, or femplifying the synchronisation expressions. Another
application is thathe equivalence of synchronisation constraints can be determined. The
key issue is that wport the synchronisation specifications to a well-known mathematical
domain(i.e. that of boolean expressions) that bettgyportsnanipulation of and reasoning
about the synchronisation constraints.

The optimisation of condition evaluations is achietl@dugh a technique for reducing the
amount of overheathvolved inthe evaluation of conditions. In particular if conditions and
the objectsthey are defined for are static andself-sufficient minimisedcondition re-
evaluationcode Wl be inserted only athe points where stathanges arenade that affect
the conditions.

Important properties are that the techniquapiglicablefor implementingstate abstractions
in objects that support intra-object concurreraryd that the approach ssitableboth for
global andfor incremental optimisation and carope with dynamic binding. Global
optimisation can itmany cases statically determintbe exact nature of arguments and
dynamically bound pseudo-variablesyhich allowsfor better optimisations. Intermediate
forms, forexample when onlyhe source code @pplication classegut not oflibraries is
availableare possible as wellHowever, if lessinformation is availablemore -probably
redundant- condition evaluations are required.

The optimisation techniques that have beeayppsed in this chaptareonly related to the
semantics of wait filters anthe evaluation of conditions. Aull implementation of the
composition-filters computation modielvolves numerousother aspects. Esting work on
theimplementation of object-oriented languagedudesthe Deutsch-Schiffman techniques
[Deutsch 84] and the Hurricane [AtkinsB6], TS [Johnson 88b] and @CKTALK
[Ballard 86] optimising compilersfor Smalltalk (dialects)Other optimisation techniques
have been coinefbr the ELF system(e.g.[Chamber92], [Holzle 91]). Butconventional
optimisation and code generation techniques are often still applicable.
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Evaluation

To test theoptimisations that were presentedtis chapter, wemade someoreliminary

benchmarks, adoptinye boundedbuffer class that wassed as aexample in thichapter.

The testapplicationcreated a single boundédffer with spacdor b element. Then four

concurrentactivities were createdwhich all competed for accessintipe buffer. Two

processes each performput operations, one process perfor@rspeek operations, and
one process perforndh get operations.

The benchmarks measurete totaltime requiredor this application to execute, up to the
termination of the last process. Variations wexade forthe number ofoperationsrf) and

for the size ofthe buffer (). We testedwo implementations othe boundedouffer; an
unoptimised version and an optimised version that incorpothtedechniques that were
introduced in thischapter. Theonly differencebetween theséwo versions is that the
unoptimised version evaluates messages by a -compiled- filter expression, whereas the
optimised version has reduced this to a boolean expression in tethes ainditions. The
conditions themselvesre evaluateavithin the bodies of methods, as illustrated in section
5.3. Apart from this both versions usethe same scheduling routines and method
implementations.

The results of thé@enchmarksre shown in théollowing table.The tests were written in
the Smalltalk-80 system and executed 088%, 25 MHz PC. Théable shows the average
executions times -imilliseconds- of 25uns, andgives the relative improvement of the
optimisation.

nj 1 10 100
b: opt. |unopt.| A% | opt. |unopt.| A% | opt |unopt| A%

1 64.8 | 65.2 0.7 | 5142|5384 | 4.7 ]5034.9/5343.0| 6.1
3 64.1 | 64.5 0.7 | 509.6|542.7| 6.5 |5071.7/5393.0| 6.3
5 63.3 | 64.3 1.6 | 509.7 | 533.6 | 4.7 |5068.8|5383.6] 6.2
10 635 | 644 15 5004 | 521.7| 4.3 |5068.8/5345.8| 5.5
100 63.4 | 64.4 15 | 501.9|518.7 | 3.3 |4859.8/5047.4| 3.9

The most important result from thenchmark is thathe optimisation technique gives an
improvement inall the test-cases. Although the performamo@rovement isnot avery
significantpercentage of the total executitime, it must benoted thabnly the evaluation
of conditions has been optimised, whereas we meatheddtal executiotime of the test
application, including for example the application code and the task switching overhead.

If we consider theffect ofthe buffer size orthe results, it appears that a largaffer size
in generalkslightly reduces the total executidime. An increase ithe number of messages
shows aslightly reduced executiohme per message (i.ehe total executiotime divided
by the number of messages).

The reduction in executiotime of the optimised version variesignificantly with the
number of messages and witle size ofthe buffer. Probablythree aspects determine the
relative amount of performance improvement:

1 This requires an array bft1 elements.
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1 An increase irthe number of messagesent to thebuffer decreasethe overhead of
initialisation andask (threadjnanagement. lthe overhead ismall, the optimisation of
condition evaluations has moirdluence onthe overall execution time. This increases
the improvement of the optimised version.

4 If the buffer size is verngmall alot of messageare blockedvhen first received by the
buffer, and must wait untibther messages have beexecuted.This increases the
amount of overheadnvolved in task management, and thus leads to a reduced
optimisation percentage.

[ On the othehand, theoptimised version performs relatively betteithe case omany
filter (re-)evaluationsTherefore, wherthe size of the buffer is small related to the
number of messages thare sent to 4 a lot ofmessages Wbe blocked in the queue,
which causes more filter evaluations.

Although these benchmarks indicate ttiet proposedptimisationsare worthwhile(in fact

they areindispensabldor objects with intra-object concurrency), they cannot be used for
making claimsabout the overheadvolved inthe synchronisation scheme. This is because
the over-all executiotime of the application has been measured, insteathefcondition
evaluation overhead onlyHowever, the over-all executiotime gives amore realistic
impression othe effect ofthe optimisation, and in fact it mt feasiblgin the system used)

to accurately measure the overhead of the condition evaluation only.

Further Research

The implementatioraspects of the compositidilters model form a continuing research
activity. Current workincludes a Sina compiler thatwgitten in, andgenerates code for,
Smalltalk-80 [Koopman84]. This system primarily aims airoviding an environment for
experimenting with, and evaluating new composition filtemicepts. TheSmalltalk
environment encourages design iteration and experimentation, and offers a number of
facilities for implementing languageoncepts through itslass library.For moreefficient

and practical application of composition filters, future reseailthaddress both eompiler

that generates C or C++ code, and the integration of C++ with composition filters.

Another current researdttivity [Rein94] addresses thmplementation of Sina on parallel
and distributed architectures. We are in particular interestedeweloping an object-
oriented framework thafl) supportdully automatic code generation for ade/ range of
architectures, an@2) can be specialised and tailored wabject-oriented techniques to
optimise and fine-tune this code generation algorithm for particular architectures.

The framework consists of three hilgivel components: (aprchitectural layer(b) the
technique layer an¢t) the costayer. The architecturddyer specifiedoth the source and
the target architectur@he source architecture is thietual architecturethat -in this case-
Sina offers tothe programmer. Theéarget architecture is thértual architecturethat is
offered by the operatingystem. This generallgorresponds to thphysicalarchitecture of
the target system. Architectures are defined by a numlmethafgonalcomponents.

2 Notethatthe amount of messages sent to the bufferrigiui2messages,r2get messages, an
peekmessages, whereis the number specified in the header of the table.
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The techniqudayer compares thaarget architecturevith the source architecture and
collects a number of techniques that can brithgegap between these. Fexample, the
shared address space assumedhleySina language can be implemented by providing
technigues formplementing message-sendsrémote objects. Often therelivbe several
alternative (sets of) techniquesailable;then a choice is made basedtbe costs of the
alternatives. For determining costs, the cost layer is used. Various strategigoritpms,
can be imagined for determining the optimal combination of techniques.

The cost layer models andomputes the costigsvolved in applying specific techniques.
These costs depend on both the target architecture and the characteristiepplicagon.
The costlayer estimatethe order of theaumber of times that a piece of code is@xed.
This isused to make an estimationtbe total executiolgosts,based on theostsinvolved
in executing a technique on the target architecture.

With this approach applications can becofady portable and architecture-independent.
However, it is in generadxtremely difficult insuch a generic approach fidly exploit the
characteristics of a particular architectoreapplication. By designinthe generator as an
object-oriented framework, a number loboks areavailablefor tailoring the generator;
additional architectural components can be defined, new techniques casdéd, the
computation of costsan be fine-tuned, and different optimisation algorithms and heuristics
can be defined. With such specialisatitins generator can be tailoredftmction optimal

for certain circumstances without losing its general applicability.
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6. Conclusions

This chaptergives a brief overview afhe work thathas been presented in this thesis, the
contributions that have been made and the perspectives for further research.

6.1 Overview and Contributions

We follow the structure othis thesis, and discughe material inchapters 3, 4 and 5
respectively. Theontents of each chapter anemmarised anthe contributions and points
of novelty are described.

Wait Filters

Chapter 3 maketsvo main contributions: thdirst contribution isthe analysis ofthe origins
of inheritance anomalieshe second is theynchronisation scheme wwopose for the
composition-filters model.

In section 3.2 ageneric framework forsynchronisation schemes is definedost
synchronisation schemes that perform synchronisation of received messigastatface

of the object withobject-level synchronisation fit withithe framework. Theorigins of
inheritance anomalieare thenexplained using this framework. A classification of the
origins of inheritance anomalies is given. Thaseused taerive a number of requirements
on synchronisation schemes to avoid the inheritance anomalies.

The synchronisation scheme we propose for the composition-filters model is based on a new
type of filter, the waitfilter. This filter is used tospecify synchronisatioconstraints on
messages and fally integratedwithin the framework offered by theomposition-filters

model. Concurrency is created through the transpanemhanism of non-blockingpPc
message passing semantics. We showtheamodel can solve a range of synchronisation
problems, can avoidll categories of inheritana@nomalies at least to a certa&xtent, and
adheres tall the criteria for concurrent object-orientptbgramming languages that were
defined in section 3.1.

We emphasise that our proposal combines a powerful synchronisation scheme gahas
reusability andextensibility properties with a smooth integratiavithin the composition-
filters model.

The Analysis and Design Method

The method that is described in chapter 4 is intendetipport theanalysisand design of
concurrent objects and thevention, derivation and specification of synchronisation
constraints for concurrent objects.

The method features a novel graphical notat@rexpressingsynchronisation constraints.
The notation is related to theell-known paradigm of state-transition diagrari$is
provides an intuitive presentation thie life cycle of anobject and theffect ofthe object
state on thesynchronisation of messages. The graphicahtian haswell-defined and
precise semantics, whicre expressible in terms dhe compositiorfilters computation
model. The notation is composablehich allows synchronisation specifications to be split
in a number of independent diagrams. These diagrams caeehecombinedand reused
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independently. The implementatiogap between thegraphical ntation and the
implementation model is bridged with a translation algorithm. This is importasugport
incremental development.

An object-orientedanalysisand design method is introduced with actisepport for
synchronisation geects.This includesthe analysis of synchronisatiassues, thalesign of
synchronisation strategigbe derivation oBynchronisation constraints atite detection of
consistency problems. An importaagpect is that the method supports ithesntion of

new, tailored synchronisation specificatiorether tharbeing a discussion of mostly well-
known, pre-defined synchronisation problems and their solutions. The method is integrated
within the object-oriented paradigm, and it promotes aungports the construction of
reusable and extensible objects.

Implementation Aspects

In chapter 5 we discussechamber of issues involved the implementation of wait filters.
In particular we focused on tloptimisation ofthe evaluation of wait filters. This hdseen
achieved in twosteps; thefirst step is concernedith reasoningabout waitfilters. The
second stepleals withthe evaluation of conditions. Ettempts tadetermine as precisely as
possiblewhen a condition needs to be re-evaluated, andmiaimise the amount of
evaluation code through caching of partial results.

For reasoningabout waitfilters a translational semantics is defined that magpst afwait

filters to a function which expresséise synchronisation constraints of a message as a
boolean expression in terms of condition values. The resulting mathematical specification of
synchronisation constraints can be u$adrealisation or optimisatiopurposes, e.g. for
constructing method guards, or femplifying the synchronisation expressions. Another
application is thathe equivalence of synchronisation constraints can be determined. The
key issue is that wport the synchronisation specifications to a well-known mathematical
domain (i.e. that of boolean expressions) that betapports themanipulation and
reasoning about the synchronisation constraints.

The optimisation of condition evaluations is achietl@dugh a technique for reducing the
amount of overheathvolved inthe evaluation of conditions. In particular if conditions and
the objectsthey are defined for are static andself-sufficient, minimised condition re-
evaluationcode Wl be inserted only athe points where statthanges arenadethat affect
the conditions.

Important properties are that the techniquapiglicablefor implementingstate abstractions
in objects that support intra-object concurrency, that the approach is sha#bkerglobal
and for incremental optimisation and that it caope with dynamic binding. Global
optimisation can itmany cases statically determintbe exact nature of arguments and
dynamically bound pseudo-variablesshich allowsfor better optimisations. Intermediate
forms, forexample when onlyhe source code @pplication classesut not oflibraries is
availableare possible as wellHowever, ifless information is availablanore -probably
redundant- condition evaluations are required.
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Conclusion

The research that has been presented in this thesis demonstratbe toabbination of
concurrency and synchronisation with object-oriented programmifegstle. 1t describes
the potentiaproblems involved in this combination aptbposes one particular solution to
these problems, based on composition-filters technology. By provalipgort for the
analysisand design aspects and by addresgiegmplementatioraspects that anevolved,

it is attempted to ensure the practical applicability of the proposed solution.

This thesis can aidoftware engineers that develop concurrent object-orieagplications

in several ways: first of althe potentialproblems anditfalls in reusingand extending
concurrent objects ammade explicit and analysed. Secondly, a techniqyeesented to
overcome these problems, and itlved implementatiomspects are addressddhirdly,
the analysisand design of synchronisation constraints emdcurrent objects is addressed,
supported by an intuitive notation with a straightforward realisation.

6.2 Further Work

A wide range of interesting research topies still ahead of thework that has been
presented in this thesis. Wellvlriefly discuss a number of thesmics in three categories;

the first category isthe application and extension dhe current research. The second
category addresse®rmal apects. The third category discusses some extensions and
improvements tahe compositiorfilters computation model. In sectioh6.3 further work
related to thenalysisand design method has been described, and in sécE@uditional
research with respect to the implementation aspects was outlined.

Application and Extension of the Current Work

The work thathas been presented in this thesis hasraber of natural extensions; this is
partly concerned with thapplication ofthe introduced techniques, and partly with a further
elaboration of the presented material. We describe a few of the issues:

(1 One of the important goals of object-orientptbgramming isthe development of
application frameworks[Johnson 88a]. Anapplication framework offers generic
solutions for a specific application domain which can be effectively reused and tailored to
specific needs. An application framework forntee core of alibrary of reusable
components.

The development of ibrary with reusableomponents for a wide range of concurrency
and synchronisation cetructs is arexcellenttestcase forwverifying the applicability and
reusability properties of the proposedechanisms. (&h alibrary mayinclude various
synchronisation techniques (cf. [Maeka®@) and synchronisation strategies (such as
variations to reader-writesynchronisation and message passing semarftfsgtively
reusable componentge of prime concern for a software development process that is
based orsoftware compositiofNierstrasz 93a], rather than progmaing.

d For a broadapplication ofthe research results, it would be relevaninwestigate to
what extent the composition-filters approach to concurrencysyamchronisation can be
embedded in a programming language watlre inheritance. The composition-filters
approach taachieve inheritancéhrough object compositiohas particular advantages,
but also some drawbacks. In particular, tbaventional inheritance mechanismmsre
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efficient (due to reducedexibility), and has more practical impact. At this point it is not
clear yet howmuch functionality is to be sacrificed when making #tisp, except for
losing some flexibility.

d An interesting topic is the integration of the method presentedvhtttia the so-called
hermeneuti@approach to software development. Hermeneutics provide a framework to
explicitly modelthe variousdesign decisions, hints and alternatives, sungport these in
a computer-aided softwarengineering environment. An importargroperty of
hermeneutics is thaill development information ikept and used to d@ively support
iteration and maintenanceviore information on hermeneutics can be found in
[Aksit 94c], [Koehorst 94] and [Algra 94].

[ Yet another topic for futurgesearch is the exploitation of thetate corposition
diagrams: in this chapter thesge usedonly to express synchronisation constraints.
However, the diagramactuallyare a visual representation fifer specifications. This
suggests that theamenotation, or acloselyrelated one, can be used \sualise the
specification of arbitrary filter types, such as dispatch exndr filters. It is not clear at
this point to what extent this is possible, and whether such a notalite effective in
other domains at all.

Formal Specification and Verification

One important topic that hast been addressed in this thesishis formal semantics of a
concurrent composition-filters application. In particular, in section 2.6, wephdify the

semantics of sending a message tolgect. Butthis isnot afully formal specification, it is
only concerned with theeply value thathe message wouldeturn, and it isapplicable in a

sequential environment only. Thermal aspectsnvolved in describinghe behaviour of a

dynamic system of interacting concurrent objects are beyond the scope of this thesis.

4 One of thecomplications that concurrency introduces -formally- describing the
behaviour of objects is that it requires a global perspective of an application ssiatam,
the reaction of an object to a particutaessagenay depend on the other -concurrent-
activities inthe system. Theiming (i.e. relativeorder) of the othectivities in the
system can be relevafr the eventual resulfor even successful termination) of a
message invocation. THeexibility of the composition-filteramodel such aslynamic
binding, dynamic inheritanceand run-time object creation makes it even more
complicated to make statements about the behaviour of a system.

The area oformal semantic$or concurrent object-orienteslystems is still armrea of
active research (see for instarjéenerica92], [Papathomas 92], [Meseguer 93a], and
[Nierstrasz 93a]).

d A typing system is aapproach tdormally describinghe properties of objects that is -in
current practicabystems+estricted to dew specificobject properties. One of these is
the signature of an object; tlset of messages thare supported by the object. The
mechanisnfor type checking Sina that has been described in se2tnsbased on the
signatures of objects. The type checking system then tries to determine whether a
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specific configuration obbjects is safewhich in thisparticular case means thatery
message that is sent to an object is recognised and supported by that object.

The signature of a composition-filters object depends on its filters, amdhirgy
determined by the Dispatcfhilter. By evaluating the filter specifications, static
assumptions can be maaleout themessages thatre supported, i.e. the signature of the
object.

However, ayping systenmay includeother object properties than the objsiginature

as well.Forinstance, in [AksiB9] theglobal objects that is referred to by an object are
taken into consideration in the type-checking algorithm. In [Nierstrasz 93b] a proposal is
done fortyping objects based ahe acceptance of messages. The notion regalar
typeincludes information about which messages acceptable wwhich -abstract- object
statesType substitution is based on the notion that a subtype should accept requests at
least when the supertype accepts them

A similar consideration is to view filter specifications asype specification; eacfiter
describes a particular aspect tbke externally visibleobject properties. Just likeis
information is usedior derivingthe -message- signature tife object, it can be used for
deriving other object properties. An extended tygeecking algorithmmay take this
additional information intcaccount, andapply it for avoiding system inconsistencies.
Further research is required to investigate this and determine its applicability.

(d An additionalaspect is theverification of -synchronisation- specificatiofsr objects.
Applying the steps in the method proposed in chapter 4 resulteumber ofseparate
object specifications witindividual synchronisatiorconstraints. Thenterplay between
the various objects in adynamic- configuration of objects determindke eventual
results that thepplication vill produce. One particular interest would bevawify to
what extent such an application meet®mnal specification othe overall application
behaviour. As this requires a semantics alyaamic system oihteracting objectsthis
appears to be aery complicated researdbpic, unlessthe description of theverall
application behaviour can be directly mapped to the object descriptions.

Improvements and Extensions to Composition Filters

The composition filters framework has offerdee enablingtechnology for the research
contributions in this thesis. Ireturn, the research on concurrency apdchronisation has
provided us with experience and feed-backhmapplicability of composition filters in this
domain. A number of conclusions are given here:

(4 Each composition filter specification of an objspecifies gparticular property of the
object, by manipulatingthe messages thathe objectreceives(or sends).All the

1 Although this rule avoidsurprises fothe clients of an object, there may be an interferaviie
specialisation through inheritance, where itattractive toimpose additionakonstraints on
request acceptance (fiact, in our approach it imot allowed torelax the synchronisation
constraints fofnherited methods). We have similar objections to gy of substitutability as
those mentioned in [Fralurg®].
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messages that appear at a filter-set are subject to manipulation by all the filters in that set.
However, it frequently occurs that ondilter specification is onlyconcerned with a
restricted set oimessagesFor instance, synchronisation specificatiotsough wait

filters often deal with constraints on a small set of messages. Such filter specifications are
then specified in the following form:

aFilter : Wait = { Constrl=>m1, ..., Constr2=>mi, True~>{m1, m2,..., mi} }
The last filter element in this specification ruleat all the messages thatre not
explicity dealt with in this particular filter.However, this requires anexplicit
enumeration ofall the messagesyhich is tedious and obscures the intentions of the
filter. From this perspective, it is attractive to extehdfilter specification syntax with
an else-clause that specifiescceptance for messages thatrdda appear in thdilter
specification. An example of such an extension:

aFilter : Wait = { Constrl=>m1, ..., Constr2=>mi } else True;
The else clause in thisxample specifies a conditiomaybe even aamplete filter
element would be appropriate as well.

4 As the composition-filters framework is used for addressgmgblems in more
application domains, the need for even more powerful specification techmayeasise.
It is possible thathe introduction ofnested filtersis needed to tackle new problems.
Nesting of filters means that each filter elemerthim currenfilter specifications can be
a filter by itself. The power of this is that it introduces an abstraction techniqfikefsy
a set offilters can begrouped andhamed, filters can beomposed themselv€y and the
stream of messages that arriveghetfilter setcan be split and manipulated. Although
there is little doubt that nested filters increaseetkgressivgpower forcomposing object
behaviour, it is far from clear whether this makes up for the increased complexity.

1 From the perspective oeéusability and extensibilitthe current approach tepecifying
filter sets isnot completely satisfactory. Thaefinition of a filter isnow combined with
its instantiation. Instead, thaefinition and instantiation should Iseparated, so that
different filter specifications can be instantiatethout affectingother objects that reuse
filter definitions. In the current situation, encapsulation is broken because the
implementation of a filter is not fully separated from its declaration on the interface of the
object.

d A promising directionfor the development of netiter typeslies in the definition of
filters that allowmultiple dispatch This means that a single message tcayger the
dispatch of mliiple methods. Possible applicatioase in the creation ofarallelism or
attaching pre-actions and post-actions to -reused- messages.

[ Another issue that deserves further research efforts is a searsless integration of
atomic delegations with composition filters; insteadha dedicated syntacteonstruct
for specifyingatomic delegations, treame results camaybe beobtained bydefining an
appropriate filter type. A multiple, atomic dispatch seems to be feasible.

The topic of atomic transactions requires even rattention, to address tlesue of the
interaction between wait filters and atomic delegations. An impoasect of atomic
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delegations is that it involves synchronisatlmetween competing objects. It should be
investigated whether atomic delegations and wait filters can interfere withogaah
The relation between a framework for transactions wilixible semantics
[Tekinerdogan 94] and atomic delegations should be investigated as well.

From the precedingliscussion it should be clear thatthe areas of concurrent object-
oriented software development and composition-filters techndolyya lot of interesting
research lies ahead of us.
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Appendix A. The Formal Notation

At a number of places in this thesis we deemed a formal presentation of definitions and
specificationsappropriate. We adopted a notation thawvesy similar tothe METANOT
notation [Meyer90], which largely adheres to mathematical conventiorisy these
descriptions. Below the most important aspects of this notation are briefly described.

Defining Abstract Syntax

An abstract syntax is a syntax that focusesthen structure of danguage, ignoring the
lexicographical details. It can also bsed to describe data structuréin fact, it could be

stated that iis a description of alata structure). An abstrasyntax is described by an
abstract grammar The grammar consists of a number of rules, adypctions, each
defining the structure of @onstruct

Construct¥ ....
On the righthand sidethree types of productions are allowadgregate choiceandlist.

The aggregatalefines aconstructwith a fixed number ofcomponents, where each
component is tagged:

Aggregate®’ tagl: Componentl; tag2: Component2; ..
An occurrence of an aggregate construct can be denoted as:
Aggregate( tagl:compl, tag2:comp2 )
Choice productions define a number of alternatives for a construct:
Choice® tagl: Alternative] tagl: Alternative] ...
Finally, the list productions designate a construct to consistesb or more, or one or
more, occurrences of another construct:

List0 & OtherConstruct*
Listl & OtherConstruct

The denotation for an occurrence of a list production is as follows:

<ell el2, ... >
With these productions, complete abstgretmmars can be defined. A single comporkent
of an aggregate can be replaced with a newlug,q;

c exceptk=valug,q,,

Supposec® < ..., kivalugyg, ... >before, than the newalue ofc is exactlythe same,
except that componektow has the valuealug,g,, .

Meaning Functions
We can define meaning functions for the constructs of an abstract grammar. These functions
take two sets ofarguments: one set is an occurrence of the constndt,oneset is a
number of additional arguments. We illustrate this with an example:

Object : Message» Objectx Object

Object[ objJ(mes3 ¢ FilterSet[ obj.inputFilters] (mess, obj).
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The meaning functiorObjec{ ] () takes asinge argument of typklessageand of course
an argument of typ®bjec), and deliversthe cartesiamproduct Object x Object The
meaning function itself isvritten with two types of brackets: Objectfbj J(mess). The
double brackets "[" and "]"embodythe argumentfrom the abstract syntax, further
arguments are provided between the round brackets. lexdraplethe definition of the
meaning function is again expressed in terms of another meaning fuRdtengef ] ().

A number ofcontrol structures aravailablefor specifyingthe definition of the meaning
fucntions:

Conditionals

A conditional expression can actually be considered as a function, which returns the value of
one of its branches, depending ttie value of a boolean expression. It is expressed in the
following form:

if <boolean expressionthen
.. some value..

else
.. some value..

end

Note that bothbranchesare obligatory, as the expression must alwastsirn a result.
Multiple cases are supported as follows:
if <boolean expressionthen
.. some value..
elseif<boolean expressionthen
.. some value..
else
.. some value..
end

Choice-statement

The case statement allows to switch betwe@mraber of alternatives, depending on the

semantic domaifor informally:type of an expression. This is expressed as follows:
case<expression of

type, O expression |
type, L1 expressiog |

type, [ expressiop
end

An important property othis construct is thaivhen <expressior is used irexpressiop, it
is considered to be an expression from the semantic daypain

List Manipulation
A list construct is defined by a list production such as:

MyList & Element*
The denotation for such a list is as follows:
< Element(..1..), Element(..2..), ..... , Element(..n..) >
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Thus, an empty list is denoted as:
<>

The following operators can be applied to allist
[.EMPTY is a boolean value, whichtizie when listl is empty, andalse otherwise.
|.LENGTH is a non-negative integer value, indicating the number of elemdnts in
[(i) is theith element of list.
l; ++1, is the concatenation of listsandl,.
[.FIRST =1(1), the first element of lidt
[.LAST = I(l.LENGTH), the last element if lidt
[.HEAD is the listl with the last element removed.
[.TAIL is the listl without the first element.
In order to ease iteration over lists, the following construct is available:
over | apply f combine copempty valOend

which is equivalent to a functi@mombinethat is defined as follows:
combing |:Alist ) & if |.EMPTYthen valg elsecop( f(l.FIRST), combing |.TAIL) ) end
where
| : ListType*
f: ListType— NewType
cop: NewTypex NewType'-> NewType'
valy : Newtype
Thus,| is assumed to be a sequerids,a function defined othe domain ofthe elements of
list1, copis a combinatiomperator thaierges the result @pplyingf to an element of the
list with the merged result of the rest of tist. valO is thevalue that should besturned for
an empty list. The symbol # may be used to refer to the index of the current element.
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Appendix B. The Sina Syntax

Below thesyntax ofthe Sina languagencluding the syntactic sugar that is added by the
pre-processor, igjiven. The pre-processor, amongther things, allows for writing
mathematical expressions in standard format, rather thamriting them as message
expressions. The grammar rukee shown iralphabeticorder. Therule SinaGrammar' is
the root of the syntax.

The meta-operators are bold, and have the following definitions:
x OPT ©rx | .
x SEQ © [x SEQ] X | x.
X LISTy @ [XLISTy]lyx | x.
The terminals always appear between quotes, non-terminals always start with a capital.

AndOrExpression & Expression '&&' Expression | Expression || Expression .

AtEmpNotExpression “ '@' Expression | '&' Expression | 'I' Expression .

AssignExpression & Expression ":=' Expression .

BinaryExpression © PlusMinExpression | MultDevExpression | AndOrExpression
| RelationalExpression | AssignExpression .

Block  '[' ParamDecl OPT (Expression LIST ;") 7.

BracketExpression @ '(* Expression ')".

ClassDefs & (InterfacePart ImplementPart OPT )SEQ.

ClassDescr « ClassName ('(' Expression LIST ',' )" ) OPT.

ClasslInit ' '(* ObjectDecl LIST ;" )"

ClassName  |dentifier .

Comment © <any text without a semicolon> ;" .

CompareExpression & Expression '=' Expression

| Expression '<>' Expression
| Expression >' Expression

| Expression '<' Expression

| Expression '>=' Expression

| Expression '<=' Expression .

Condition & Conditionld ('(" '# ') )OPT .
Conditionld  |dentifier .
ConditionsPart & ‘conditions’ (
(ObjectName "."YOPT Conditionld ('(' Identifier ))OPT ;'
)SEQ OPT .
ConditionSet &« Condition | '(" Condition LIST "," ")".
ConstantExpr & |dentifier | Block | Number | String .
Element « MatchPart OPT Substpart | '<' Element LIST '," >'.
Expression ' Object | ConstantExpr | Expression "' MessSel | PreProcExpr .
ExternalsPart « ‘externals' (ObjectDecl ;" )SEQ OPT .
ExclOper L= >
Filter @ 'f' ((ConditionSet ExclOper)OPT MessPattern) LIST ', '} .
FilterFrame « ‘inputfilters' ( (

(Filterld "' FilterHandler '=" Filter)
| (ObjectName "."YOPT Filterld

)5 ) SEQ.
FilterHandler <f |dentifier .
Filterld %« |dentifier .
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IfElseExpression

IfExpression
ImplConditionsPart

ImplementPart

ImplMethodsPart
InitialPart
InstvarsPart
InterfaceMethodDecl
InterfacePart

InternalsPart
MainPart
MatchPart
MatchSelector
MatchTarget
MessPattern
MessSel
MethodDecl
MethodDef
MethodImpl
MethodName
MethodsPart
MinusExpression
MultDevExpression
Object
ObjectDecl
ObjectName
OtherExpression

ParamDecl
PlusMinExpression
PreProcExpr

RelationalExpression

ReturnExpression

IE

def
def

IE

def
def
def
def
def

def
def
def
def
def
def
def
def
def
def
def
def
def
def
def
def
def
def

def
def
def

IE

iff Expression

‘then’ Expression LIST ;'
‘else’ Expression LIST ;' 'endif' .
if Expression 'then' Expression LIST ;' 'endif' .

‘conditions’ (

MethodDef 'begin' Expression 'end' ’;

) SEQ OPT .

‘class’ ClassName 'implementation’

Comment OPT
InstvarsPart OPT

ImplConditionsPart OPT

InitialPart OPT

ImpIMethodsPart OPT

‘end' ;' OPT .

'methods' ( MethodDef Methodimpl ;') SEQ OPT .
‘initial' (Methodimpl *;") OPT .

'instvars' ( ObjectDecl ;') SEQ OPT .

‘abstract’' OPT MethodDecl .

Appendix B. The Sina Syntax

‘class' ClassName ClasslInit OPT ‘input’

Comment OPT
ExternalsPart OPT
InternalsPart OPT
ConditionsPart OPT
MethodsPart OPT

FilterFrame 'end' ;' OPT .
‘internals' (ObjectDecl ;") SEQ OPT .

‘'main’ MethodImpl .

T (MatchTarget ."YOPT MatchSelector ' .

Identifier | ™' .
Identifier | ™*'| 'self' .

Element | '{ Element LIST ' }'.

Identifier ('(' Expression LIST "' ")') OPT .
Identifier TypeList OPT 'returns' ClassDescr .
MethodName ParamDecl OPT .

Comment OPT TempsPart OPT 'begin' Expression LIST ';' 'end".

Identifier .

'methods’ (InputMethodDecl ';') SEQ OPT .

'-' Expression .

Expression *' Expression | Expression '/' Expression .
‘inner' | 'self'| 'server' | 'sender'| "‘self'.
ObjectName LIST ', "' ClassDescr .

Identifier .

IfExpression | IfEIseExpression

| WhileExpression | BracketExpression .

‘(" ObjectDecl LIST ;" )"
Expression '+' Expression | Expression '-' Expression .
AtEmpNotExpression | MinusExpression | ReturnExpression

| BinaryExpression | OtherExpression .

Expression '=' Expression
| Expression '<>' Expression
| Expression '>' Expression
| Expression '<' Expression
| Expression '>=' Expression
| Expression '<=' Expression .

‘return’ Expression .
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SinaGrammar
String

SubstPart
SubstSelector
SubstTarget
TempsPart
TypelList
WhileExpression

280

def
e
e
o
def
def
o
def

ClassDefs MainPart OPT | ClassDefs OPT MainPart .
"' Astring "' .
(SubstTarget ."YOPT SubstSelector .

& |dentifier | ™' .
& |dentifier | *' | '#'| 'self* .

'temps' (ObjectDecl ;") SEQ OPT .

« ‘(" ClassDescr LIST '," ).
& ‘while' Expression 'do’ Expression LIST ';" 'endwhile’.
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Appendix C. The Interfaces of System Classes in Sina

This appendix givetheinterface definitions othe most importandystem classes that have
been usedthroughout this thesis. The classes thare described areObject,
ObjectManager, ActiveMessage and Message. These classeare all primitive classes,
which means that their implementation is hidden.

Object
ClassObject defines common behaviotor all objects in thesystem;the pre-processor by
default insert©bject as one of the superclasses of an object.

class Object interface
comment this class implements a lot of the default behaviour for objects;
conditions
Free; /I is true when there are no active threads within the object
Recursive; /I indicates whether the current message is a recursive message
Protected; //is true if the message is sent by one of its encapsulating objects
/I i.e. if the sender is a subclass.
methods
copy returns Any
comment makes a copy of the server object;
equals(Any) returns Boolean
comment compares the server with the argument;
ref returns Pointer
comment returns a Pointer object, referring to the server;
print(String) returns Nil
comment displays the argument on the screen;
error(String) returns Nil
comment displays the argument and terminates the thread,;
stringRepr returns String
comment returns string representation of the server object;
inputfilters
defSync : Wait = { Recursive=>*, Free=>* },
defDispatch : Dispatch = { default.*, inner.* };
outputfilters
defSend : Send ={ [*]* };
end // class Object interface

ObjectManager
The object manager monitatise activities withinthe object and thélters, and provides a
set of methods that can query the status of these activities:

class ObjectManager interface
comment this represents the interface that is offered by the object manager;
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methods
/I Filtering counters:
in(Identifier) returns Integer;
comment The number of messages received at filter <filterld>
inFor(ldentifier, Identifier) returns Integer;
comment The number of messages <messageld> received at filter <filterld>
out(filterld) returns Integer;
comment The number of messages that passed filter <filterld>
outFor(filterld, messageld) returns Integer;
comment The number of messages <messageld> that passed filter <filterld>
/I Execution counters:
started returns Integer;
comment The number of started local methods.
startedMethod(methodld) returns Integer;
comment The number of started local methods <methodid>.
done returns Integer;
comment The number of terminated or aborted method executions.
doneMethod(methodlId) returns Integer;
comment The number of finished <methodld> methods.
/I Derived counters:
blocked(filterld) returns Integer;
comment "The number of messages currently blocked at <filterld> ( = in(filterld)-
out(filterld) )."
blockedFor(filterld, messageld) returns Integer;
comment "The number of messages <messageld> that are currently blocked at
filter <filterld>"
blockedReq returns Integer;
comment "The sum of all currently blocked requests in all message queues of the
input filters.
blockedRegFor(messageld) returns Integer;
comment The sum of all currently blocked requests <messageld>.
blockedInv returns Integer;
comment "The sum of all currently blocked message invocations in all message
gueues of the output filters"
blockedIinvFor(messageld) returns Integer;
comment The sum of all blocked invocations <messageld>
active returns Integer;
comment The number of currently executing local methods ( = started-done)
activeMethod(methodld) returns Integer;
comment The number of currently executingmethods <methodld>
inputfilters
disp : Dispatch = { inner.* };
end // class ObjectManager interface

ActiveMessage

The pseudo-variablmessagés an instance of clagstiveMessage: it allows access to the
properties of the currently executed messhagée does noallow modifications. Theames
of most methods are self-explanatory:

class ActiveMessage interface
methods
selector returns String;
argAt(Integer) returns Any;
argOfAtEquals(String, Integer, Any) returns Boolean
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comment “for convenience: returns true only if the message selector is equal to
the first parameter and the message argument indicated by the second
parameter is equal to the value of the third parameter. Especially useful in
conditions" ;
sender returns Any;
receiver returns Any
comment this is the same as the target, or server of the message;
self returns Any;
inner returns Any;
recursive returns Boolean comment "returns a boolean indicating whether this is a
recursive message (i.e. a message to inner, self, server or sender)";
end // class ActiveMessage interface

Note that thepseudo-variableself server sender andinner can also be obtained by
accessing themessag@seudo-variable.

Message

Meta-filters reify active messages into instances of cle&ssage. This class allows
accessing ananhodifying message properties, and hasea operationsfor manipulating
messages and transforming a reified message back to an active message:

class Message interface
methods
selector returns String;
argAt(Integer) returns Any;
argOfAtEquals(String, Integer, Any) returns Boolean
comment “for convenience: returns true only if the message selector is equal to
the first parameter and the message argument indicated by the second
parameter is equal to the value of the third parameter. Especially useful in
conditions" ;
sender returns Any comment returns nil when the sender is undefined,;
receiver returns Any;
self returns Any;
inner returns Any;
recursive returns Boolean comment "returns a boolean indicating whether this is a
recursive message (i.e. a message to inner, self, server or sender)";
/I all the previous messages are also supported by class ActiveMessage
setSelector(String) returns Nil
comment replaces the selector;
setArgAt(Integer, Any) returns Nil
comment set one of the message arguments;
setReceiver(Any) returns Nil
comment set the receiver of the message to the argument;
resetSender returns Nil
comment resets the sender of the message to be undefined,;
setRecursive(Boolean) returns Nil
comment "sets the recursive property to the supplied argument”;
copy returns Message
comment "returns a copy of the message, with an undefined value for sender"
fire returns Nil
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comment "converts the meta-message to an active message, executed as the
next statement by the current thread. If the sender field is still valid, the
message will regain its previous execution context, and will not continue the
current method. if the sender field is undefined, the current (server) object will
become the sender, and when the message execution terminates, the current
method will be resumed at the next operation”

reply(Any) returns Nil

comment "if the sender is defined, the current thread will return the supplied

argument as the result to the sender. If sender is undefined, nothing happens”
end // class Message interface

Note that wecan access, butot modify, the values of pseudo-variablelf, inner and
sender Only the value of the receiver of the message can be modified.
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Samenvatting

Samenvatting

Het toepasseman het object-georiénteerdemradigmavoor deontwikkeling vangrote en
complexe software sgtemen biedt verscheidene voordelen, waarvan verbeterde
uitbreidbaarheid en herbruikbaarheid de belangrijkste Higt. object-georiénteerdaodel

leent zich bovendiebij uitstek voor hetmodelleren varconcurrente systemehlet blijkt
echter dauitbreidbaarheid en hergebruik vaancurrenteapplicaties verre vatriviaal is.
Bovendien besteden de huidigghject-georiénteerde software ontwikkelingsmethoden
weinig tot geen aandacht aan retalyseren eontwerpenvan synchronisatie specificaties
voor concurrente objecten.

Om deze problemen aan te pakk&ordt in dit proefschrift gebruik gemaakt van het
raamwerk varcomposition-filters Dit is een uitbreiding opet object-georiénteerdsodel.
Het proefschrift bevat een analyse van de problemen met betre&kingt hergebruiken en
uitbreiden vanconcurrente objecten, in hdbijzonder de zogenaamdeverervings
anomalieén Mede opbasis vardezeanalyseworden een aantal criteria geformulegobr
effectief hergebruik en uitbreidbaarheid in object-georiénteerde programmeertalen.

In het proefschrift wordetechnieken geintroduceexdor hetcreéren en synchroniseren
van concurrente activiteiten. Deze zijeheel geintegreerd mieét (object-georiénteerde)
composition-filters model. Belangrijke eigenschappen kah voorgestelde object-model
zijn dat alleobjectenzelf hun synchronisati®erzorgen, het ondersteungan meerdere
concurrente activiteiterbinnen een object en een striktecheiding van synchronisatie
specificaties en methode implementaties. De toepasbaarheid en expressiviieitrwadel
worden gedemonstreerdyenals de herbruikbaarheid en uitbreidbaarheidcearcurrente
objecten.

Tevenswordt er aandacht besteed aan de implementatie-aspectehetavnoorgestelde
synchronisatie mechanisme, erden een aantaptimalisatie-technieken gepresenteerd.
Er wordt getoond hoe deymchronisatie specificaties kunnemorden vertaald naar
booleaanse synchronisatie-eisen op boodschappen. Dit is zowel bruikbaar
implementatie doeleinden als voor het redeneren over synchronisatie specificaties.

Teneinde deze technieken te gebruikenr deontwikkeling vanconcurrenteapplicaties
wordt een software-ontwikkelingsmethode geintroduceerd wadtevoornamelijk richt op
de analyse erontwerp van synchronisatie specificatie®or concurrenteobjecten. De
methode omvat een grafischetatie waarmee de synchronisatin een object kaworden
gedefinieerd, alsmede een aantaéthode-stappen en hints ohet ontwikkelen van
herbruikbare synchronisatie specificaties a@edersteunen. De grafischeotatie kan
algoritmisch worden vertaald naar composition-filters synchronisatie specificaties.
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Het indit proefschrift gepresenteerde materiaal &aftware engineers op divens@nieren
ondersteunen tijdens de ontwikkeling vaancurrente object-georiénteerd@plicaties:
potentiéle problemen in de herbruikbaarheid en uitbreidbaarheidoranurrente objecten
wordenexpliciet gemaakt en geanalyseerd. Tewsnsden er technieken voorgesteld om
deze problemen op te lossen. Bovendmardt aandacht besteed aan aealyse en het
ontwerpvan synchronisatie specificaties, gebruik makend van een intuitieve maar precieze

notatie.
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