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Anapology...

Becauseofashortageoftime,Iwasunabletodrawandtypesetall

thediagramsandtext.

So,Idownloadedtheneededitems,capturedtheirimagesonthe

screen,andinsertedthecapturedimagesintothesenotes.Foreach

image,Ihaveindicateditssource.

Iapologizeforthebadqualityofthesomeofthescreencaptures.
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1.Componentsandconnectors
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Programminghasevolved(fromthe1960s)

¨Singleprogrammer-projectshaveevolvedintodevelopmentteams

¨Single-componentapplicationsarenowmulti-component,

distributed,andconcurrent

¨One-of-a-kind-systemsarereplacedbysystemfamilies,

specializedtoaproblemdomainandsolutionframework

¨Built-from-scratchsystemsarereplacedbysystemscomposed

fromCommerical-Off-The-Shelf(COTS)componentsand

componentsreusedfrompreviousprojects
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Single-componentdesign

Welearnedfirsthowtoreadandimplementsingle-component
designs–asinglealgorithmorasingledatastructure:

isPrime(intx):boolean

pre:x>1

post:returnstrue,ifxisprime;returnsfalse,otherwise

datatypeStack

operations
push:Value×Stack→Stack

pop:Stack→Stack

top:Stack→Value

axiomstop(push(v,s))=v

pop(push(v,s))=s

etc.
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Multi-componentdesign

Itismoredifficulttodesignasystemofmanycomponents:

Howdothesystemrequirementssuggestthedesign?

Howdotheusersandtheirdomainexpertshelpformulatethedesign?

Howisthedesignexpressedsothatitisunderstandablebythe

domainexpertsaswellastheimplementors?

Howisthedesignmappedtosoftwarecomponents?

Howarethecomponentsorganized(sequence,hierarchy,layers,

star)?

Howarethecomponentsconnected?Howdothey

synchronize/communicate?

Howdowejudgethesuccessofthedesignatmeetingits

requirements?
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Programming-in-the-large

wasthenamegiveninthe1970’stotheworkofdesigning

multi-componentsystems.Innovationswere

¨theconceptofmodule(acollectionofdataandrelatedfunctions)

anditsimplementationinlanguageslikeModula-2andAda

¨controlledvisibilityofamodule’scontents(viaimportandexport)

¨logicalinvariantpropertiesofamodule’scontents

¨interfacedescriptionsforthemodulesthatcanbeanalyzed

separatelyfromthemodulesthemselves(cf.Javainterfaces)

Reference:F.DeRemerandH.H.Kron.Programming-in-the-Largeversus

Programming-in-the-Small.IEEETransactionsonSoftwareEngineering,June1976.
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Componentreuse

Bythe1980’s,virtuallyallapplicationsrequiredmulti-component

design.Somepracticaltechniquesarose:

¨incrementaldevelopment:workingsystemswereincremented

andmodifiedintonewsystemsthatmetasimilardemand

¨rapidprototyping:interpreter-likegeneratorsystemswereused

togeneratequick-and-inefficientimplementationsthatcouldbe

testedandincrementallyrefined.

¨buy-versus-build:“CommercialOffTheShelf”(COTS)modules

werepurchasedandincorporatedintonewsystems.

Thesetechniquespromotedcomponentreuse—itiseasiertoreuse

thantobuild-from-scratch.But,toreusecomponentssuccessfully,

onemusthaveanarchitectureintowhichthecomponentsfit!
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Motivationforsoftwarearchitecture

Weusealreadyarchitecturalidiomsfordescribingthestructureof

complexsoftwaresystems:

¨“Camelotisbasedontheclient-servermodelandusesremote

procedurecallsbothlocallyandremotelytoprovide

communicationamongapplicationsandservers.”[Spector87]

¨“Theeasiestwaytomakethecanonicalsequentialcompilerinto

aconcurrentcompileristopipelinetheexecutionofthecompiler

phasesoveranumberofprocessors.”[Seshadri88]

¨“TheARCnetworkfollowsthegeneralnetworkarchitecture

specifiedbytheISOintheOpenSystemsInterconnection

ReferenceModel.”[Paulk85]

Reference:DavidGarlan,ArchitecturesforSoftwareSystems,CMU,Spring1998.

http://www.cs.cmu.edu/afs/cs/project/tinker-arch/www/html/index.html
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Architecturaldescriptionhasanaturalposition
insystemdesignandimplementation

AslidefromoneofDavidGarlan’slectures:

Reference:DavidGarlan,ArchitecturesforSoftwareSystems,CMU,Spring1998.

http://www.cs.cmu.edu/afs/cs/project/tinker-arch/www/html/index.html
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Hardwarearchitecture

Therearestandardizeddescriptionsofcomputerhardware
architectures:

¨RISC(reducedinstructionsetcomputer)

¨pipelinedarchitectures

¨multi-processorarchitectures

Thesedescriptionsarewellunderstoodandsuccessfulbecause

(i)therearearelativelysmallnumberofdesigncomponents

(ii)large-scaledesignisachievedbyreplicationofdesignelements

Incontrast,softwaresystemsuseahugenumberofdesigncomponentsandscale

upwards,notbyreplicationofexistingstructure,butbyaddingmoredistinctdesign

components.

Reference:D.E.PerryandA.L.Wolf.FoundationsfortheStudyofSoftware

Architectures.ACMSIGSOFTSoftwareEngineeringNotes,October1992.
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Networkarchitecture

Again,therearestandardizeddescriptions:

¨starnetworks

¨ringnetworks

¨manhattanstreet(grid)networks

Thearchitecturesaredescribedintermsofnodesandconnections.

Thereareonlyafewstandardtopologies.

Incontrast,softwaresystemsuseawidevarietyoftopologies.
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Classicalarchitecture

Thearchitectureofabuildingisdescribedby

¨multipleviews:exterior,floorplans,plumbing/wiring,...

¨architecturalstyles:romanesque,gothic,...

¨styleandengineering:howthechoiceofstyleinfluencesthe

physicaldesignofthebuilding

¨styleandmaterials:howthechoiceofstyleinfluencesthe

materialsusedtoconstruct(implement)thebuilding.

Theseconceptsalsoappearinsoftwaresystems:thereare

(i)views:control-flow,data-flow,modularstructure,behavioralrequirements,...

(ii)styles:pipe-and-filter,object-oriented,procedural,...

(iii)engineering:modules,filters,messages,events,...

(iv)materials:controlstructures,datastructures,...
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Acrucialmotivatingconcept:connectors

Theemergenceofnetworks,client-serversystems,andOO-based

GUIapplicationsledtotheconclusionthat

componentscanbeconnectedinvariousways

MaryShawstressedthispoint:

M: Central

Reference:MaryShaw,ProcedureCallsaretheAssemblyLanguageofSoftware

Interconnections:ConnectorsDeserveFirst-ClassStatus.WorkshoponStudiesof

SoftwareDesign,1993.
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Shaw’sobservations

Connectorsareforgottenbecause(itappearsthat)thereareno

codesforthem.

Butthisisbecausetheconnectorsmustbecodedinthesame

languageasthecomponents,whichconfusesthetwoforms.

Differentformsoflow-levelconnection(synchronous,asynchronous,

peer-to-peer,eventbroadcast)arefundamentallydifferentyetareall

representedasprocedure(system)callsinprogramminglanguage.

Connectorscan(andshould?)becodedinlanguagesdifferentfrom

thelanguagesinwhichcomponentsarecoded(e.g.,unixpipes).
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Shaw’sphilosophy

Components—compilationunits(module,datastructure,filter)
—arespecifiedbyinterfaces.

Connectors—“hookers-up”(RPC(RemoteProcedureCall),event,
pipe)—mediatecommunicationsbetweencomponentsandare
specifiedbyprotocols.
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Example:

M: Central

InterfaceCentralisdifferentfromaJava-interface;itliststhe“players”
—inA,outB,linkC,Gorp,Thud,...(connectionpoints/ports/
methodinvocations)—thatuseconnectors.
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Theconnector’sprotocollists
(i)thetypesofcomponentinterfacesitcan“mediate”;
(ii)orderingsandinvariantsofcomponentinteractions;
(iii)performanceguarantees.

Example:Shaw’sdescriptionofaunixpipe:

Reference:M.Shaw,R.DeLine,andG.Zelesnik.AbstractionsandImplementations

forArchitecturalConnections.In3d.Int.Conf.onConfigurableDistributedSystems,

Annapolis,Maryland,May1996.
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Connectorscanactas

¨communicators:transferdatabetweencomponents(e.g.,

messagepassing,buffering)

¨mediators:managesharedresourceaccessbetween

components(e.g.,reader/writerpolicies,monitors,criticalregions)

¨coordinators:definecontrolflowbetweencomponents(e.g.,

synchronization(protocols)betweenclientsandservers,event

broadcastanddelivery)

¨adaptors:connectmismatchedcomponents(e.g.,apipe

connectstoafileratherthantoafilter)

Perhapsyouhavewrittencodeforaboundedbufferoramonitorora

protocolorashared,globalvariable—youhavewrittenaconnector!
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Connectorscanfacilitate

¨reuse:componentsfromoneapplicationareinsertedinto

another,andtheyneednotknowaboutcontextinwhichtheyare

connected

¨evolution:componentscanbedynamicallyaddedandremoved

fromconnectors

¨heterogenity:componentsthatusedifferentformsof

communicationcanbeconnectedtogetherinthesamesystem

Aconnectorshouldhavetheabilitytohandlelimitedmismatches

betweenconnectedcomponents,viainformationreformatting,

object-wrappers,andobject-adaptors,suchthatthecomponentisnot

rewritten—theconnectordoesthereformatting,wrapping,adapting.
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Ifconnectorsarecrucialtosystemsbuilding,whydidwetakesolong

to“discover”them?Oneansweristhatcomponentsare

“pre-packaged”tousecertainconnectors:

But“smart”connectorsmakecomponentssimpler,becausethe

codingforinteractionrestsintheconnectors—notthecomponents.

Thephilosophy,system=components+connectorswasastrong

motivationforatheoryofsoftwarearchitecture.

Reference:M.ShawandD.Garlan.FormulationsandFormalismsinSoftware

Architecture.ComputerScienceToday:RecentTrendsandDevelopmentsJanvan

Leeuwen,ed.,Springer-VerlagLNCS,1996,pp.307-323.
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2.SoftwareArchitecture
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Whatisasoftwarearchitecture?(PerryandWolf)

Asoftwarearchitectureconsistsof

1.elements:processingelements(“functions”),connectors(“glue”—

procedurecalls,messages,events,sharedstoragecells),dataelements

(what“flows”betweentheprocessingelements)

2.form:properties(constraintsonelementsandsystem)andrelationship

(configuration,topology)

3.rationale:philosophyandpragmaticsofthesystem:

requirements,economics,reliability,performance

Therecanbe“views”ofthearchitecturefromtheperspectiveofthe

processelements,thedata,ortheconnectors.Theviewsmightshow

staticanddynamicstructure.

Reference:D.E.PerryandA.L.Wolf.FoundationsfortheStudyofSoftware

Architectures.ACMSIGSOFTSoftwareEngineeringNotes,October1992.
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Whatisasoftwarearchitecture?(Garlan)

[Asoftwarearchitecturestates]thestructureofthecomponents
ofaprogram/system,theirinterrelationships,andprinciplesand

guidelinesgoverningtheirdesignandevolutionovertime.

Thearchitecturaldescription

1.describesthesystemintermsofcomponentsandinteractions

betweenthem

2.showscorrespondencesbetweenrequirementsand

implementation

3.addressespropertiessuchasscale,capacity,throughput,

consistency,andcompatibility.
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MaryShawcallsthepreviousdefinitions

structural(constituentparts)models.

Shenotesthattherearealso

framework(wholeentity)models,
dynamic(behavioral)models,

andprocess(implementational)models

ofsoftwarearchitecture.
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¨Structural(constituentparts)models:components,connectors,
and“otherstuff”(configuration,rationale,semantics,constraints,
styles,analysis,properties,requirements,needs).Readilysupports

architecturaldescriptionlanguages;underemphasizesdynamics.

¨Domain-specific(whole-entity/“framework”)models:asingle
structurewellsuitedtoaproblemdomain(e.g,
telecommunications,avionics,client-server).Thenarrowfocusallows

onetogiveadetailedpresentationofsyntax,semantics,andpragmaticsand

toolsupport.

¨Dynamic(behavioral)models:explainspatternsof
communications,howcomponentsareaddedandremoved,how
systemevolves.(e.g.,reactivesystems,π-calculus,chemicalabstract

machines).Emphasizesdynamicsoverstatics.

¨Process(implementational)models:Constructionstepsfor
convertingarchitectureintoimplementation.Disappearing.
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Webeginwiththestructural(constituentparts)model:

¨Components:Whatarethebuildingblocks?(e.g.,filters,ADTs,

databases,clients,servers)

¨Connectors:Howdotheblocksinteract?(e.g.,call-return,event

broadcast,pipes,shareddata,client-serverprotocols)

¨Configuration:Whatisthetopologyofthecomponentsand

connectors?

¨Constraints:Howisthestructureconstrained?Requirementson

function,behavior,performance,security,maintainability....
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Wehaveseencomponentsandconnectors,butwhatisa

configuration?

TheslideisfromNenadMedvidovic’scourseonsoftwarearchitectures,

http://sunset.usc.edu/classes/cs5782002
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ArchitecturalStyles(patterns)

1.Data-flowsystems:batchsequential,pipesandfilters

2.Call-and-returnsystems:mainprogramandsubroutines,hierarchical

layers,object-orientedsystems

3.Virtualmachines:interpreters,rule-basedsystems

4.Independentcomponents:communicatingsystems,eventsystems,

distributedsystems

5.Repositories(data-centeredsystems):databases,blackboards

6.andtherearemanyothers,includinghybridarchitectures

Theitalicizedtermsarethestyles(e.g.,independentcomponents);theromanterms

arearchitectures(e.g.,communicatingsystem).Therearespecificinstancesofthe

architectures(e.g.,aclient-serverarchitectureisadistributedsystem).Butthese

notionsarenotfirm!
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Data-flowsystems:Batch-sequentialandPipe-and-filter

Parse ScanGenCode
tokenstreecode text

BatchsequentialPipeandfilter

Components:wholeprogramfilter(function)

Connectors:conventionalinput-outputpipe(dataflow)

Constraints:

componentsexecuteto

completion,consuming

entireinput,producing

entireoutput

dataarrivesinincre-

mentstofilters

Examples:Unixshells,signalprocessing,multi-passcompilers

Advantages:easytounplugandreplacefilters;interactionsbetweencomponents

easytoanalyze.Disadvantages:interactivitywithend-userseverelylimited;performs

asquicklyasslowestcomponent.
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Call-and-returnsystems:subroutineandlayered

main

sub1sub2sub3

.........

params params
params

Kernel

basic utilities

user interface
args

args

args

SubroutineLayered

Components:subroutines(“servers”)functions(“servers”)

Connectors:parameterpassingprotocols

Constraints:hierarchicalexecution

andencapsulation

functionswithinalayer

invoke(APIof)others

atnextlowerlayer

Examples:modular,object-oriented,N-tiersystems(subroutine);
communicationprotocols,operatingsystems(layered)
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main

sub1sub2sub3

.........

params params
params

Kernel

basic utilities

user interface
args

args

args

Advantages:hierarchicaldecompositionofsolution;limitsrangeof

interactionsbetweencomponents,simplifyingcorrectnessreasoning;

eachlayerdefinesavirtualmachine;supportsportability(byreplacing

lowest-levelcomponents).

Disadvantages:componentsmustknowtheidentitiesofother

componentstoconnecttothem;sideeffectscomplicatecorrectness

reasoning(e.g.,AusesC,BusesandchangesC,theresultisan

unexpectedsideeffectfromA’sperspective;componentssensitiveto

performanceatlowerlevels/layers.
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Virtualmachine:interpreter

program
interpreted

program’s
state

Interpretation
engine

interpreter’s
state

fetch

ins. &
data

outputs

inputs to program

Interpreter

Components:“memories”andstate-machineengine

Connectors:fetchandstoreoperations

Constraints:engine’s“executioncycle”controlsthe

simulationofprogram’sexecution

Examples:high-levelprogramming-languageinterpreters,byte-code
machines,virtualmachines

Advantages:rapidprototypingDisadvantages:inefficient.
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Repositories:databasesandblackboards

interface + logic engine

database process1

process2processn

transaction

transactiontransaction

. . .
. . .

DatabaseBlackboard

Components:processesanddatabaseknowledgesourcesand
blackboard

Connectors:queriesandupdatesnotificationsandupdates

Constraints:transactions(queriesand
updates)drivecomputation

knowledgesourcesrespond
whenenabledbythestateofthe
blackboard.Problemissolved
bycooperativecomputationon
blackboard.

Examples:speechandpatternrecognition(blackboard);syntax
editorsandcompilers(parsetreeandsymboltablearerepositories)
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interface + logic engine

database process1

process2processn

transaction

transactiontransaction

. . .
. . .

Advantages:easytoaddnewprocesses.

Disadvantages:alterationstorepositoryaffectallcomponents.
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Independentcomponents:communicatingprocesses

process

process

process

α
βγ

δ

Communicatingprocesses

Components:processes(“tasks”)

Connectors:portsorbuffersorRPC

Constraints:processesexecuteinparallelandsendmes-

sages(synchronouslyorasynchronously)

Example:client-serverandpeer-to-peerarchitectures

Advantages:easytoaddandremoveprocesses.Disadvantages:difficulttoreason

aboutcontrolflow.
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Independentcomponents:eventsystems

object
object

object

event registry

!

?

!

!

?

Eventsystems

Components:objectsorprocesses(“threads”)

Connectors:eventbroadcastandnotification(implicitinvocation)

Constraints:
components“register”toreceiveeventnotifi-

cation;componentssignalevents,environment

notifiesregistered“listeners”

Examples:GUI-basedsystems,debuggers,syntax-directededitors,
databaseconsistencycheckers
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object
object

object

event registry

!

?

!

!

?

Advantages:easyfornewlistenerstoregisterandunregister

dynamically;componentreuse.

Disadvantages:difficulttoreasonaboutcontrolflowandtoformulate

system-wideinvariantsofcorrectbehavior.
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Otherformsofarchitecture

Processcontrolsystem:Structuredasafeedbackloopwhereinput

fromsensorstriggercomputationwhoseoutputsadjustthephysical

environment.Forcontrollingaphysicalenvironment,e.g.,softwarefor

flightcontrol.

Statetransitionsystem:Structuredasafiniteautomaton;forreactive

systems,e.g.,vendingmachines.

Domain-specificsoftwarearchitectures:architecturestailoredto

specificapplicationareas.Requiresadomainmodel,whichlists

domain-specificobjects,operations,vocabulary.Requiresareference

architecture,whichisagenericdepictionofthedesiredarchitecture.

Thearchitectureistheninstantiatedandrefinedintothedesired

softwarearchitecture.

Examples:Client-servermodelslikeCORBA,DCOM(in.NET),Enterprise

Javabeans(inJ2EE).
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Threearchitecturesforacompiler(GarlanandShaw)

Thesymboltableandtreeare

“shared-dataconnectors”

Theblackboardtriggers

incrementalcheckingandcode

generation
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Whatdowegainfromusingasoftware
architecture?

1.thearchitecturehelpsuscommunicatethesystem’sdesign
totheproject’sstakeholders(users,managers,
implementors)

2.ithelpsusanalyzedesigndecisions

3.ithelpsusreuseconceptsandcomponentsinfuture
systems
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Anexampleofanapplicationand
itssoftwarearchitecture
Anarchitecturethatisheavilyusedforsingle-user,GUI-based

applicationsistheModel-View-Controller(MVC)architecture.
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Ademonstrationexample:HeartAnimation

Whenstarted,aviewappearsofananimated,beatingheart:

Whenthe“Mood”buttonispressed,theheartchangesfromits

“happy”colortoits“sad”color:
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Butthereisanotherviewoftheheart—twoadditionalwindowsdisplay

thestateoftheheartintermsofitshistoryofhappyandsadbeats:

Theheartismodelledwithintheanimationandisviewedintwo

differentways(bycolorandcounts).Itiscontrolledbya“clock”anda

Moodbutton.

Thesourcecodeisavailableatwww.cis.ksu.edu/santos/schmidt/ppdp01/Heart
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MVCArchitectureoftheHeartAnimation

while true {
heart.beat();}

heart.resetMood();

size = ++size mod2;
mood.increment();
notifyObservers();

mood = ++mood mod2;
notifyObservers();

! update

HeartbeatController
run()

MoodController

actionPerformed()

size:{large,small}

Heart

beat()

mood: {happy, sad}

resetMood()

Counter
increment()

ActionListener
update()

HeartWriter

CounterWriter
update()

Observer
update()

Observable
notifyObservers()

JButton

heart

sad

happy

? actionPerformed

heart

? update

! actionPerformed

! press

? update

MVCisahybridarchitecture:thesubassembliesareobject-orientedandare

connectedasaneventsystem.(Thejava.utilandjavax.swingpackages

implementtheeventregistries.)
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HeartbeatController
run()

actionPerformed()

MoodController

size:{large,small}

Heart

beat()
resetMood()

mood: {happy, sad}

Counter
increment()

update()

HeartWriter
CounterWriter

update()

VIEW(S)

MODEL CONTROLLER(S)

MVC

Components:classesandinterfaces(toeventregistries)

Connectors:call-returnmessagepassing,eventbroadcast

Properties:

ArchitectureisdividedintoModel,View,and

Controllersubassemblies.Controllerupdates

Model’sstate;whenupdated,Modelsignals

View(s)torevisepresentation.
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Analyzingthearchitecture:Couplings

Considerthedependencystructureoftheheartanimation,where

self-containedsubassembliesarecircled;thesecanbeextractedfor

reuse:

HeartbeatController

MoodController
HeartCounter

Observable

Observer

HeartWriterCounterWriter

!

?
?

Couplingscanbestudied:AiscoupledtoBifmodificationstoB’s

signatureimplymodificationstoA’simplementation.(Normally,

dependencyimpliescoupling,andwewilltreatitassuchhere.)
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Asageneralrule,asystemshouldhaveweakcoupling—changesto

acomponentimplyminimalchangestotherestofthesystem.

(Butdata-centeredsystems,likeadatabase,havestrongcoupling—alluser

processesarecoupledtothedatabase,makingchangestothedatabaseexpensive!)

Intheexample,theObserver/Observableeventregistrydecouples

theanimation’scontrollersfromitsviewsandensuresthatthemodel

isdecoupledfromallothersubassemblies:

HeartbeatController

MoodController
HeartCounter

Observable

Observer

HeartWriterCounterWriter

!

?
?
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WithouttheObservereventregistry,wemightdesigntheanimation

likethis,wherethecontrollerstellthemodeltoupdateandtellthe

viewstorefresh:

HeartbeatController

MoodController
HeartCounter

HeartWriterCounterWriter

Thestructureishierarchical,couplingthecontrollerstoall

subassemblies;unfortunately,thecontrollersoperateonlywithfixed

views.
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Analternativeistodemandthatthemodelcontactallviewswhenever

itisupdated:

HeartbeatController

MoodController
HeartCounter

CounterWriter HeartWriter

Thislooksclean,butthemodelcontrolstheviews!Anditoperates

onlywithfixedviews.

Bothofthelattertwoarchitectureswillbedifficulttomaintainasthe

systemevolves.Subassemblyreuseisunlikely.

Thefirstarchitectureisthebest;indeed,itusestheobserverdesign

pattern.
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Designpatterns
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Whenanarchitectural(sub)designprovessuccessfulinmultiple

projects,itdefinesadesignpatternthatcanbeusedinfuture

designs.Themodelandviewsubassembliesoftheanimation,

Observable

Observer

HeartCounter

HeartWriterCounterWriter

!

HeartbeatController

MoodController

?

?

areassembledaccordingtotheobserverdesignpattern:

ConcreteSubject
state

getState()
setState()

ConcreteObserver
copyOfState

handle()

Observer
handle()

Observable
Observer[] registered

register(Observer)
notify()

?

s

r
r

!
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Adesignpatternisasolutionschemetoacommonarchitectural

problemthatarisesinaspecificcontext.Itispresentedby

¨statingtheproblemandthecontextinwhichitarises

¨statingthesolutionintermsofanarchitecturalstructure(syntax)

¨describingthebehavior(semantics)ofthestructure

¨assessingthepragmatics

Varieties:

1.Creational:patternsforconstructingcomponents

2.Structural:patternsforconnectingcomponents

3.Behavioral:patternsforcommunicatingbetweencomponents

Reference:E.Gamma,etal.,DesignPatterns:ElementsofReusable

Object-OrientedSoftware.AddisonWesley,1994.
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Abehavioralpattern:observer

ProblemContext:Maintainconsistencyofcopiesofstateamong
multipleobjects,whereoneobject’sstatemustbe“mirrored”byallthe
others.

Thepatterndesignatesonesubjectobjecttoholdthestate;observer
objectsholdthecopiesandarenotifiedbyindirecteventbroadcast
whenthesubject’sstatechanges.Theobserversthenquerythe
subjectandcopythestatechanges.

Syntax:ConcreteSubject
state

getState()
setState()

ConcreteObserver
copyOfState

handle()

Observer
handle()

Observable
Observer[] registered

register(Observer)
notify()

?

s

r
r

!
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ConcreteSubject
state

getState()
setState()

ConcreteObserver
copyOfState

handle()

Observer
handle()

Observable
Observer[] registered

register(Observer)
notify()

?

s

r
r

!

Semantics:

I.TheConcreteSubjectownsaneventregistry,r.Observable.

II.EachConcreteObserverinvokesr.register(this),registeringitself.

III.WhentheConcreteSubject’ssetStatemethodisinvoked,themethod
updatesstateandsignalsr.notify(),whichbroadcastseventstoall
registered[i],startingtheseobjects’handlemethods.

IV.Eachhandlemethodinvokess.getState()andupdatesitslocalstate.

Pragmatics:

✔weakcoupling:thesubjectknowsnothingaboutitsobservers

✔observersarereadilyadded,modified,anddetached

✘aminorstateupdatesignalsallobservers
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Astructuralpattern:composite

ProblemContext:Compounddatastructures,constructedfrom

“leaves”and“compound”classes,mustbemanipulatedbyaclient,

whichtreatsallstructuresuniformly.

Thepatternaddsanabstractclasstonamethe(disjoint)unionofthe

dataclassesandholddefaultmethodsforalloperationsonthedata

classes.Theclienttreatsallobjectsashavingtheuniontype.

Syntax:

signal error;

Union d;
d = new Compound(...);
d.getChild(1);

... children[i] = c; ...

Union
op()
addChild(Union c)
getChild(int i): Union

Leaf
op()

Compound
Union[] children

addChild(Union c)
getChild(int): Union

Client
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signal error;

Union d;
d = new Compound(...);
d.getChild(1);

... children[i] = c; ...

Union
op()
addChild(Union c)
getChild(int i): Union

Leaf
op()

Compound
Union[] children

addChild(Union c)
getChild(int): Union

Client

Semantics:

I.Unionholdsdefaultcodingsforalloperationsofalldataclasses.Each
subclassoverridessomeofthedefaults.

II.TheClienttreatsalldataashavingtypeUnionandinvokesitsmethods
withoutemployingdown-casts.

Pragmatics:

✔clientcanprocessthedatastructuresrecursivelywithoutdown-casts

✔easytoaddnewdataclassestoUnion

✘difficulttorestructtheclassesthatmaybechildrenofCompound
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Acreationalpattern:abstractfactory

ProblemContext:Aclientusesa“productfamily”(e.g.,widgets—
windows,scrollbars,menus),constructedondemand.Theclient
mustbeseparatefromthefamilysothatthefamilycanbeeasily
changed(e.g.,adifferent“lookandfeel”).

Thepatternusesaninterfacetolisttheconstructorsfortheproducts,
andeachfamilyimplementstheinterface.

Syntax:
AbstractFactory
createA(): AbsProductA
createB(): AbsProductB

ConcreteFactory2
createA(): AbsProductA
createB(): AbsProductB

ConcreteFactory1
createA(): AbsProductA
createB(): AbsProductBProductB1ProductB2

AbsProductB

ProductA1ProductA2

AbsProductA

Client
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AbstractFactory
createA(): AbsProductA
createB(): AbsProductB

ConcreteFactory2
createA(): AbsProductA
createB(): AbsProductB

ConcreteFactory1
createA(): AbsProductA
createB(): AbsProductBProductB1ProductB2

AbsProductB

ProductA1ProductA2

AbsProductA

Client

Semantics:

I.TheAbstractFactoryinterfaceisimplementedbyoneof
ConcreteFamily1orConcreteFamily2,andinterfacesAbsProductAand
AbsProductBareimplementedbytherespectiveconcreteproducts.

II.TheClientinvokesthemethodsinAbstractFactorytoreceiveobjects
oftypeAbsProduct1andAbsProduct2—itdoesnotknowtheidentitiesof
theconcreteproducts.

Pragmatics:

✔Clientisdecoupledfromtheproductsituses

✔interfaceAbstractFactoryforcesallproductfamiliestobeconsistent

✘itisdifficulttoaddnewproductstojustonefactory
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Ofcourse,theabstractfactorypatternisacompensationforthelack

ofapolymorphicclass—butitdoesindicateacontextwhenthe

“polymorphism”canbeprofitablyapplied.

Andthecompositepatternisacompensationforthelackofadisjoint

uniontype—butitdoesindicateacontextwhendisjointunioncanbe

profitablyapplied.

Inthissense,designpatternsareuniversalacrossprogramming

paradigms,althougheachprogrammingparadigmwillsupportsome

designpatternsmoresimplythanothers.
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3.Architecturalanalysis
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Howdoweclassifyarchitecturalstyles?

1.Formsofcomponentsandconnectors.Seeearlierslides.

2.Control-flow:howcontrolistransferred,allocated,andshared.
topology:geometricshapeofcontrol—linear,hierarchical,hub-and-spoke.

Staticordynamic.synchronicity:lockstep,synchronous,asynchronous.binding

time:whenthepartnerofatransferofcontrolisestablished:compile-,link-,or

run-time.

3.Data-flow:howdataiscommunicatedthroughthesystem.
topology:geometricshapeofthedataflow;continuity:continuous,sporadic,

high-volume,low-volumeflow;mode:howdataistransferred:passed,shared,

copy-in-copy-out(fromsharedstructure),broadcast,ormulticast.

4.Control/datainteraction.shape:arecontrol/datatopologiessimilar?

directionality:dodataandcontroltravelinthesamedirection?

5.Whichformofreasoningiscompatiblewiththestyle?state

machinetheory/processalgebra(forindependentcomponents);function

composition(forpipe-and-filter);inductive/compositional(forhierarchical).
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(Thepipe-and-filterexampleseenearlieriscalledpipelinehere.)

Reference:M.ShawandP.Clements.AFieldGuidetoBoxology:Preliminary

ClassificationofArchitecturalStylesforSoftwareSystems.Proc.COMPSAC’97,

21stInt’lComputerSoftwareandApplicationsConference,August1997,pp.6-13.
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Andrew’sclassificationsofcommunicating-processarchitectures:

¨one-waydataflow

¨client-server-stylerequestandreply

¨back-and-forth(heartbeat)interactionbetweenneighboring

processes

¨probesandechoesfromaprocesstoitssuccessors

¨messagebroadcast

¨tokenpassing(forcontrol/accessprivileges)

¨coordinationbetweenreplicatedservers

¨decentralizedworkers
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Atwo-slidetableofarchitecturalstyles:
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Howdoweselectastyleofsoftware
architecture?

ShawgivesthissimplechecklistfromAFieldGuidetoBoxology,

COMPSAC’97:

(1)Iftheproblemcanbedecomposedintosequentialstages,
consideradata-flowarchitecture:batchsequentialorpipeline.

Inaddition,ifeachstageisincremental,sothatlaterstagescanbegin
beforeearlierstagesfinish,considerapipelinearchitecture.

(2)Iftheprobleminvolvestransformationsoncontinuousstreamsof
data(oronverylongstreams),considerapipelinearchitecture.

Buttheproblempasses“rich”datarepresentations,avoidpipelines
restrictedtoASCII.

(3)Ifthecentralissuesareunderstandingthedataoftheapplication,
itsmanagement,andrepresentation,considerarepositoryor
abstract-data-typearchitecture.Ifthedataislong-lived,focuson
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repositories.

Iftherepresentationofdataislikelytochangeoverthelifetimeofthe

program,thanabstractdatatypescanconfinethechangesto

particularcomponents.

Ifyouareconsideringrepositoriesandtheinputdatahasalow

signal-to-noiseratioandtheexecutionordercannotbe

predetermined,considerablackboard.

Ifyouareconsideringrepositoriesandtheexecutionorderis

determinedbyastreamofincomingrequestsandthedataishighly

structured,consideradatabasemanagementsystem.

(4)Ifyoursysteminvolvescontrollingcontinuingaction,isembedded

inaphysicalsystem,andissubjecttounpredictableexternal

pertubationsothatpresetalgorithmsgowrong,considera

closed-loopcontrolarchitecture.
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(5)Ifyouhavedesignedacomputationbuthavenomachineonwhich

youcanexecuteit,consideraninterpreterarchitecture.

(6)Ifyourtaskrequiresahighdegreeofflexibility/configurability,

loosecouplingbetweentasks,andreactivetasks,considerinteracting

processes.

Ifyouhavereasonnottobindtherecipientsofsignalsfromtheir

originators,consideraneventarchitecture.

Ifthetasksareofahierarchicalnature,considerareplicatedworker

orheartbeatstyle.

Ifthetasksaredividedbetweenproducersandconsumers,consider

client/server.

Ifitmakessenseforallofthetaskstocommunicatewitheachotherin

afullyconnectedgraph,consideratoken-passingstyle.
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Architecturalviews:statingandsatisfyingrequirements

Abuildingistoocomplextobedescribedinjustoneway—multiple

viewsarepresented.Anarchitectmightdrawtheseviews:

¨floorplans

¨elevationdrawings

¨electricalandplumbingdiagrams

¨trafficpatterns

¨sunlightandsolarviews

Theviewshelpshowhowthebuilding’srequirementsaresatisfiedby

thearchitecture.

Buttheviewsalsodirecttheimplementation:Someoftheviewsare“aspects”that

mightbe“woven”intotheconstruction;othersare“properties”oftheconstruction

(thatshouldbemonitoredorenforced).
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Process-drivendesign:4+1viewmodel(Kruchten)

Asoftwarearchitecturemightbe“viewed”fourdifferentways:

1.logical:behaviorrequirements—function,keyabstractions,

domainelements,dataflow

2.process:distribution,concurrency,coordination,synchronization

3.development:organizationofsoftwaremodules

4.physical:deploymentontohardware—performance,reliability,

scalability

Finally,scenariosdirectthedesignandshowhowtheviews“operate”

and“worktogether”(scenariosgeneratean“executionview”)

Someoftheviewspresentaspectsthatcanbewovenintothesystem;

otherspresentproperties(thatshouldbemonitoredorenforced).
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DiagramisfromMedvidovic’scourse,http://sunset.usc.edu/classes/cs5782002
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YouarenotlimitedtojustKruchten’s“4+1”views.

ThedifferentformatsofUMLdiagramscanbeusedtopresent

differentviewsofanarchitecture:

¨use-casediagramslogical/scenarios

¨classdiagramslogical/development

¨packagediagramsdevelopment/process

¨sequencediagramsprocess/physical

¨collaborationdiagramsprocess/physical

¨state-transitiondiagramsprocess
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4.ArchitectureDescription
Languages
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Alanguageforconnectors:UniCon

Shawdevelopedalanguage,UniCon(UniversalConnector

Language),fordescribingconnectorsandcomponents.

Componentsarespecifiedbyinterfaces,whichinclude
(i)type;

(ii)attributeswithvaluesthatspecializethetype;

(iii)players,whicharethecomponent’sconnectionpoints.Each

playerisitselftyped.

Connectorsarespecifiedbyprotocols;theyhave
(i)type;

(ii)specificpropertiesthatspecializethetype;

(iii)rolesthattheconnectorusestomediate(make)communication

betweencomponents.
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Graphicaldepictionofanassemblyofthreecomponentsandfour
connectors:

Adevelopmenttoolhelpsthedesignerdrawtheconfigurationand
mapittocoding.

Reference:M.Shaw,R.DeLine,andG.Zelesnik,AbstractionsandImplementations

forArchitecturalConnections.In3dInt.Conf.ConfigurableDistributedSystems,

Annapolis,Maryland,May1996.
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usesstatementsin-

stantiatetheparts

composed

connectstatements

statehowplayerssat-

isfyroles

bindstatementsmap

theexternalinterfaceto

theinternalconfigura-

tion
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ConnectorsdescribedinUniCon:

¨data-flowconnectors(pipe)

¨proceduralconnectors(procedurecall,remoteprocedurecall):

passcontrol

¨data-sharingconnectors(dataaccess):exportandimportdata

¨resource-contentionconnectors(RTscheduler):competitionfor

resources

¨aggregateconnectors(PLbundler):compoundconnections
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Wright:Unicon+CSP

GarlanandAllendevelopedWrighttospecifyprotocols.Hereisa

single-client/single-serverexample:

TheprotocolsarespecifiedwithHoare’sCSP(Communicating

SequentialProcesses)algebra.
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TheglueprotocolsynchronizestheClientandServerroles:

Client||Server||glue

⇒result?y→Client||Server||Server.invoke!x→...

⇒result?y→Client||return!y→Server||

Server.return?y→...

⇒...⇒Client||Server||glue

(-:/86



FormsofCSPprocesses:

¨prefixing:e→P

plusOne?x→return!x+1→···||plusOne!2→return?y→···

⇒plusOne!3→···||plusOne?y→···

¨externalchoice:P[]Q

plusOne?x→···[]plusTwo?x→···x+2···||plusTwo!5→···

⇒···7···||···

¨internalchoice:PuQ

plusOne?x→···||plusOne!5→···uplusTwo!5→···

⇒plusOne?x→···||plusTwo!5→···

¨parallelcomposition:P||Q

¨halt:§

¨(tail)recursion:p=···p(Moreformally,µz.P,wherezmayoccur
freeinP.)
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ApipeprotocolinWright

Reference:R.AllenandD.Garlan.Aformalbasisforarchitecturalconnection.ACM

TOSEM1997.
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C2:anN-tierframeworkandlanguage

DevelopedatUniv.ofCalifornia,Irvine,InstituteofSoftware
Research:http://www.isr.uci.edu/architecture/c2.html

DiagramsarefromMedvidovic’scourse,

http://sunset.usc.edu/classes/cs5782002
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ExamplearchitectureinC2:videogame
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HereisaC2SADELdescriptionofthevideogame’s“Well”
component:

Reference:N.Medvidovic,etal.ALanguageandEnvironmentfor

Architecture-BasedSoftwareDevelopmentandEvolution.21stInt.Conf.on

SoftwareEngineering,LosAngeles,May1999.
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Andhereisadescriptionofaconnectorandpartoftheconfiguration:
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Sothen,whatisanarchitecturaldescription
language?

Itisanotation(linearorgraphical)forspecifyinganarchitecture.

Itshouldspecify

¨structure:components(interfaces),connectors(protocols),

configuration(bothstaticanddynamicstructure)

¨behavior:semanticalpropertiesofindividualcomponentsand

connectors,patternsofacceptablecommunication,global

invariants,

¨designpatterns:globalconstraintsthatsupport

correctness-reasoningtechniques,design-andrun-timetool

support,andimplementation.

Butitisdifficulttodesignageneral-purposearchitecturaldescription

languagethatiselegant,expressive,anduseful.
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5.Domain-specificdesign
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Domain-specificdesign

Iftheproblemdomainisastandardone(e.g.,flight-controlor

telecommunicationsorbanking),thenthereareprecedentstofollow.

ADomain-SpecificSoftwareArchitecturehas

¨adomain:definestheproblemareadomainconceptsandterminology;

customerrequirements;scenarios;configurationmodels(entity-relationship,

dataflow,etc.)

¨referencerequirements:featuresthatrestrictsolutionstofitthe

domain.(“Features”arestudiedshortly.)Also:platform,language,user

interface,security,performance

¨areferencearchitecture

¨asupportingenvironment/infrastructure:toolsformodelling,

design,implementation,evaluation;run-timeplatform

¨aprocessormethodologytoimplementthereference

architectureandevaluateit.
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fromMedvidovic’scourse,http://sunset.usc.edu/classes/cs5782002
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Domain-specificlanguage(DSL)

isamodellinglanguagespecializedtoaspecificproblemdomain,

e.g.,telecommunications,banking,transportation.

ADSLisusefulfordescribingaproblemanditssolutioninconcepts

familiartopeoplewhoworkinthedomain.

Itmightbeusedtodefine(entity-relationship)models,architectures,

andimplementations.

Ineffect,definingthedomainandreferencerequirements(features)of

aDomainSpecificSoftwareArchitectureisdefining(mostof)aDSL.

WhenaDSLisdesignedexplicitlyfordescribingacomputer

implementation,itisadomain-specificprogramminglanguage.
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Domain-specificprogramminglanguage

IntheUnixworld,theseare“littlelanguages”or“mini-languages,”

designedtosolveaspecificclassofproblems.Examplesareawk,

make,lex,yacc,ps,andGlade(forGUI-buildinginX).

OtherexamplesareHTML,XML,SQL,andevenregular-expression

notation(asembeddedin,say,PerlorPython)

Thesearegoodexamplesoftop-downdomain-specificprogramming,

becausetheygivehigh-level,directexpressionofdomainconcepts.

Thebottom-upapproachtodomain-specificprogramming,sometimes

calledin-languageDSL,usesalanguagelikeSchemeorSmalltalkor

Pythontowritemanylittlefunctionsthatencode

domain-concepts-as-code,thus“buildingthelanguageupwards

towardstheproblemtobesolved.”

(-:/98



FromDSLstoproductlines(SteveCook,Microsoft)

Amodelisarepresentation,writteninaDSL,whoseelements
correspondtodomainelements/concepts.Ithelpsstakeholders
(users,managers,implementors)communicateaboutthesystem.

Aframeworkisacollectionofcomponentsthatimplementthe
domain’saspects/features.(Example:GUIframeworks)

Themodelshouldshowhowtobuilduponorextendthe
frameworktogenerateanapplication.

Apatternisa“modelwithholes”withrulesforfillingtheholes.

Avaluechainisamanufacturingprocesswhereeachparticipant
takesinputs(goodsorinformation)fromsuppliers,adds“value,”and
passestheoutputtothesuccessorsinthechain.

Aproductlineisasoftwarevaluechain,basedondomain-specific
models,patterns,andframeworks:
requirementsengineer→architect→developer→tester→user
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6.Productlines
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Productlines

arealsoknownassoftwaresystemfamilies.Theyaresoftware

productsthatshareanarchitectureandcomponents.Theyare

inspiredbyindustrialassemblylines,e.g.,formanufacturing

automobiles.

TheCMUSoftwareEngineeringInstitutedefinition:

Aproductlineisasetofsoftwareintensivesystemsthat
(i)shareacommonsetoffeatures,

(ii)satisfytheneedsofaparticularmission,and
(iii)aredevelopedfromasetofcoreassetsinaprescribedway.

Keyissues:
variability:Cantheproducts’variations(features)bepreciselystated?

guidance:Isthereareferencearchitecture,parameterizedonthe

variations,thatguidesusingeneratingtheproducts?
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Anexampleproductline:CumminsCorporation

producesdieselenginesfortrucksandheavymachinery.Anengine

controllerhas100K-200Klines-of-code.Atlevelof12engine“builds,”

companyswitchedtoaproductlineapproach:

1.definedenginecontrollerdomain

2.definedareferencearchitecture

3.builtreusablecomponents

4.requiredallteamstofollowproductlineapproach

Cumminsnowproduces20basic“builds”—1000productstotal;

developmenttimedroppedfrom250person/monthsto<10.Anew

controllerconsistsof75%reusedsoftware.

Reference:S.Cohen.Productlinepracticestateoftheartreport.

CMU/SEI-2002-TN-017.
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Featuresandfeaturediagrams

areadevelopmenttoolfordomain-specificarchitecturesandproduct

lines.Theyhelpdefineadomain’sreferencerequirementsandguide

implementionsofinstancesofthereferencearchitecture.

Afeatureismerelyapropertyofthedomain.(Example:the

features/options/choicesofanautomobilethatyouorderfromthe

factory.)

Afeaturediagramdisplaysthefeaturesandguidesauserinchoosing

featuresforthesolutiontoadomainproblem.

Itisaformofdecisiontreewithand-or-xorbranching,andits

hierarchyreflectsdependenciesoffeaturesaswellasmodification

costs.
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Featurediagramforassemblingautomobiles

engine transmission

manual automaticelectricgasoline

pullsTrailor body

car

Filledcircleslabelrequiredfeatures;unfilledcircleslabeloptional

ones.Filledarcslabelxor-choices;unfilledarcslabelor-choices

(whereatleastonechoiceisselected).

Hereisonepossibleoutcomeof“executing”thefeaturediagram:

car

manual transmission

engine

gas electric

body
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Featurediagramsworkwellforconfiguringgenericdatastructures:

−morphism

list

mono−poly−

ownership

copyreference

Comparethediagramtothetypicalclass-libraryrepresentationofa

genericliststructure.

Anadvantageofafeature-diagramconstructionofaliststructureover

aclass-libraryconstructionisthattheformercangenerateasmaller,

moreefficientliststructure,customizedtoexactlythechoicesofthe

client.
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Featurediagramsareusefulforbothconstrainingaswellas

generatinganarchitecture:thefeaturerequirementsaredisplayedin

afeaturediagram,whichguidestheusertogeneratingthedesired

instanceofthereferencearchitecture.

Featurediagramsareanattemptatmakingsoftwareassemblyappear

similartoassemblyofmass-producedproductslikeautomobiles.

Inparticular,featurediagramsencouragetheuseofstandardized,

parameterized,reusablesoftwarecomponents.

Featurediagramsmightbeimplementedbyatoolthatselects

componentsaccordingtofeatureselection.Or,theymightbe

implementedwithinthestructureofadomain-specificprogramming

languagewhoseprogramsselectandassemblefeatures.

Reference:K.CzarneckiandU.Eisenecker.GenerativeProgramming.

Addison-Wesley2000.
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Featuregenerationisimplementedby

Reference:D.Muthig,Softwareproductlinesandreengineering.FraunhoferInst.

2002
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Generativeprogramming

isthenamegiventotheapplicationofprogramsthatgenerateother

programs(cf.“automaticprogramming”inthe1950s).Acompilerisof

courseageneratingprogram,butsoarefeature-diagram-driven

frameworks,partialevaluators,andsomedevelopmentenvironments

(e.g.,forJavabeans).

Reference:Comingattractionsinsoftwarearchitecture,P.Clements.CMU/SEI-96-TR-008.
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Generativeprogrammingismotivatedbythebeliefthatconventional
softwareproductionmethods(eventhosebasedon“object-oriented”
methodologies)willneversupportcomponentreuse:

Reference:JanBosch.DesignandUseofSoftwareArchitectures.Addison-Wesley,2000.

Onesolutionistounderstandasoftwaresystemasacustomized
product,producedbygenerativeprogramming,fromaproductline.

Reference:K.CzarneckiandU.Eisenecker.GenerativeProgramming.

Addison-Wesley2000.
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Softwarefactories(Microsoft)

Asoftwarefactoryisa“meta-software-productline”:itcombines

DSLs,patterns,models,frameworks,tools,andguidanceto

“acceleratelife-cycletasksforatypeofsoftwareapplication”[Steve

Cook,Microsoft].

Thatis,itisakindof“productline”forassemblingthecorrect

language,architecture,andsoftwarecomponentsofasoftware

productline—akindofsoftware-industrialengineering.

DSLsandXMLprovidethelanguageforassemblingandusingthe

softwarefactory.

Thegoaliscompleteautomationofsofwaredevelopment—nomore

coding(exceptinDSLs(-:)

Reference:J.Greenfield,etal.SoftwareFactories,Wiley,2004.SeealsoMicrosoft

VisualStudioTeam2005.
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7.Middleware
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Middleware:apopularformofdomain-specific
softwarearchitecture

Middlewareliesbetweenhardwareandsoftwareinthedesignof
independent-component(anddistributed)architectures.Middleware
isalsocalledadistributedcomponentplatform.Itgives

¨standardsforwritingtheAPIs(andcode)forcomponents(and
connectors)sothattheycanconnect,communicate,andbe
reused.Thestandardsareindependentofanyparticular
programminglanguage,allowingheterogeneous(differentstyles
of)componentstobeusedtogether.

¨prebuiltcomponents,connectors,andinterfaces,alongwitha
developmentenvironment,forassemblinganarchitecture.

Middlewareprovides“smart”connectorsthathidethedetailsbehind
communication.Theuserwritescomponentsthatconformtothe
middleware’sstandards/APIs.
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Middlewaretypicallydemandsthesehardwareservices:

¨remotecommunicationprotocols

¨globalnamingservices

¨securityservices

¨datatransmissionservices

Warning!Theterm,“middleware,”isoverusedandabused—almost

anytoolthatprovidesarun-timeplatformiscalled“middleware”these

days.
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CORBA:CommonObjectRequestBroker
Architecture

CORBAismiddlewareforbuildingdistributed,object-based,

client-serverarchitectures;developedbytheObjectManagement

Group(OMG).

Componentscommunicatethroughacentralizedservice,theObject

RequestBroker(ORB).

Anobjectcanbeaclientoraserver(orboth).

TousetheORB,aservercomponentmustimplementanAPI

(interface)thatletsitconnecttoanobjectadapter,whichitself

connectstotheORB.(Objectadapterscontaincodeforobject

registrationwithaglobalnamingservice,referencegeneration,and

serveractivation).
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ObjectadaptersareavailableinJava,C++,Perl,etc.;componentsare
writtenintheselanguagesandcommunicateviaprocedurecalls.

Thephysicallocationsofobjectsarehidden—references,heldina
namingservice,areusedinstead.

Theimplementationsofobjectsarehidden.

Thecommunicationsprotocols(TCP/IP,RPC,...)arehidden.

Onlytheinterfacesareknown.

Diagramisfrom:S.Vinoski.CORBA:IntegratingDiverseApplicationsWithin

DistributedHeterogeneousEnvironments.IEEECommunications,Feb.1997.
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Howconnectorswork

AclientknowstheAPIoftheserveritwishestouse.

Theclientusesthenamingservicetoobtainareferencetoaserver;

thereferenceisusedtoobtainalocalcopyoftheserverobject,a

“proxy,”calledastub.Tosendarequest,theclientinvokesamethod

ofthestub.Thestubencodes(marshalls)therequestandforwardsit

totheORB,whichtransmitsittothetrueserverobject.

Therequestisreceivedbytheserver’sskeleton,whichdecodes

(unmarshalls)therequestandinvokestheappropriatemethodofthe

server.

Theresultisreturnedalongthesame“path.”
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Fromtheclient’sperspective,asendconnectionlookslikeamethod

invocation:

Reference:S.Vinoski.CORBA.IEEECommunications,Feb.1997.
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StructureoftheReferenceModelforCORBA

AnimplementationofCORBAmustsupportthisstructure:

ObjectServicesareinterfacesfortheORB,providingtransmission,
security,andserverlookupbynamingand“trading”(property).
DomainInterfacesaretheobjectinterfacesfortheproblemarea
(telecommunication,financial,medical).
ApplicationInterfacesareobjectinterfacesfortheapplication;written
bythesoftwarearchitect.
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CORBAhasbecomepopularbecauseitisastandardthatis

supportedbymanyprogramminglanguages.Itsarchitectureisuseful

becauseitallowsheterogenouscomponentsthatcommunicateby

implementinginterfaces:theORBinterfaces,theobject-adapter

interfaces,thestubandskeletoninterfaces.

ButCORBAhassomedisadvantages,too:

¨thearchitectureisdifficulttooptimize

¨thereisnodeadlockdetectionnorgarbagecollection(inthe

middleware)

¨allobjectsaretreatedaspotentiallyremote

¨allobject’sreferencesarestoredinaglobaldatabase
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DCOM:Microsoft’sDistributedObject
ComponentModel(nowin.NET)

hassimilarobjectivesandstructureasCORBAbuttriesto
addresssomeofCORBA’sdeficiencies:

supportsreference-countinggarbagecollection(uses“pinging”to

detectinactiveclients)

batchestogethermultiplemethodcalls(andpings)tominimize

network“roundtrips”

exploitslocality:thread-localandmachine-localmethodcallsare

implementedmoreefficientlythanRPCs.Usesavirtualtabletostandardize

methodcalllookupandhidethedifferencesbetweenimplementations

makesiteasiertoprogramproxyobjectsandimplementdynamicload

balancing

allowsacomponenttolearndynamicallytheinterfaceofanother.

ButitusesadifferentIDLandinterfacesthanCORBA’s)-:
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Reference:DCOMTechnicalOverview.MicrosoftWindows/NTwhitepaper,1996.
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DCOMusesavirtualtabletoimplementcommunication,asfunction
call,asefficientlyaspossible:

Reference:http://sunset.usc.edu/classes/cs5782002

(-:/123



Javabeans:middlewareforJava

AJavabeanisareusable(Java-coded)component,thatcanbe

manipulated(itsattributessetanditsmethodsexecuted)bothat

design-timeandrun-time.

Forthisreason,abeanhasadesign-timeinterfaceandaseparate

run-timeinterface—thisisthekeyarchitecturalconceptforbeans.

Thedesign-timeinterfacealmostalwaysincludesaGUIthatisdisplayedbythe

buildertool.

Therun-timeinterfacelistsproperties(attributes),methods,andeventsthatthebean

possesses.

Theinterfacesaremoregeneralthanusual:theyinclude“properties”

(attributes–localstate),methods,andeventbroadcast-listening.The

interfacesneednotbewrittenbytheprogrammer;theycanbe

extractedfromthebeanbyadevelopmenttoolthatusesthebean’s

“introspection”methods.
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Adevelopmenttool(thebeanbox)usesabean’sdesign-time

interfacetohelpanapplicationbuilderpositionabeaninthe

application,customizeitsappearance,andselectitsrun-time

behaviors(methods).

JavabeanswereoriginallytailoredtowardsGUI-buildingapplications

—buttons,textfields,andslidersareobviouscandidatesforbeans—

buttheconceptalsoworksfordatastructuresandalgorithms.

Examples:

¨insertasorting-algorithm-beanintoaspreadsheetbean

¨insertaspreadsheetbeanintoatablebean

¨insertatablebeanintoaweb-pagebean
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Acalculatoranditsassemblyviabeans:

Examplesarefromhttp://www.tcs.tifr.res.in/man/javaTutorial/beans
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JavabeanscommunicatebyJava-styleeventbroadcast;abeancan

beaneventsourceoraneventlistenerorboth.

Beansexecutewithinarun-timeenvironment,aformofmiddleware.

Theenvironmentbroadcastsanddeliversevents;itrestsontopofthe

JavaVirtualMachine.

Becauseitiscomplextoconstructthedesign-timeandrun-time

interfaces,beanshaveanintrospectionfacility,basedonaJava

interfaceProperty,whichthedevelopmenttoolusestoextractthe

bean’sinterfaces.Theextractionisdoneinaprimitiveway:thebeanmustuse

standardnamingconventionsforitsattributes,methods,andevents.Better,the

programmercanwriteaclassBeanInfowhosemethodssurrenderthe

property-method-eventinterfaces.
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TheJavaBeanBox:asimpledevelopmenttool

Slideisfromhttp://sunset.usc.edu/classes/cs5782002
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Beansandremoteaccess
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Servlets:beansasproxies
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EnterpriseJavaBeans(EJB)(nowinJ2EE)

areavariantofJavabeans(andnottrulycompatiblewiththem),

orientedtoclient-serverapplications.

AnEJBisaservlet-likeobjectthatisremotelyconstructedbyaclient,

usingmethodsintheserver’shomeinterface.TheEJBisplacedina

container(an“adaptor”or“wrapper”)thatreceivestheclient’s

transaction,decodesit,andgivesittotheEJB.SuchanEJBiscalled

asessionbean.

(AnentitybeanisanEJBthatissharedbymultipleclients;ithasno

internalstate.)

TheEJBimplementsmethodsintheremoteinterface,whicharethe

methodnamesinvokedbytheclienttorequesttransactions.

Theclientusesmethodsinthehomeinterfacetoremovethesession

bean.
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8.Model-drivenarchitecture
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Animprecisedescription:amodel-drivenarchitectureissoftware

(architecture)developmentbasedonamodelwritteninamodelling

language.(Example:usingUMLtodescribeandsuggest

implementationofasystem.)

Aslightlymoreprecisedescription:amodel-drivenarchitectureis

atwo-stagesoftwarearchitecturedevelopment:

1.startingatthe“businesslevel,”defineaplatform-independent

model(PIM)ofthesystem,

2.nowatthe“architecturallevel,”mapthePIMtoaplatformspecific

model(PSM)atthe“technologylevel.”

3.implementtherequiredPSMinterfaces

ButthemostprecisedescriptioncomesfromtheOMG’sresponse

totheCORBA/COM/EJBcompetition....

(-:/134



TheOMG’sMDAmethodology

CORBA,EJB(now,J2EE),DCOM(now,.NET)arecompeting
frameworksforbuildingclient-serverarchitectures.Thereareeven
interchangelanguagesformappingbetweentheirIDLs.

TheOMGdefineda“meta-model”(thePIM)ofclient-serverand
mappingsfromthePIMtoPSMsforCORBA,J2EE,etc.

ThePIMistobewritteninUML2,whichisUMLextendedtowrite
PIMs.(UML2includesconceptsfromSPL,atelecommunications
designlanguage.)

ThemappingfromPIMtoPSMmapsarchitecture,dataforms,and
IDLtothePSM’s.Amappingfromtheclient-serverPIMtoJ2EEis
wellunderway.

Advantages:hidesmultiplicitiesofprogramminglanguages,IDLs,etc.;supports

upgradesofthePSMs.Disadvantages:requirestwomoremeta-languages,MOF

andXMI;reliesheavilyonUML2;unclearitwillmaptonon-J2EEPSMs
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DomainSpecificModelling

isabacklashtotheUML-basedMDA:

ItisMDAusingDSLs(insteadofUML).

EachlevelofarchitectureiscodedinaDSL,andtranslatorsmap

eachlevelofdomain-specificprogramtoa(doman-specific)program

atthenextlower-level(andfinallytoassemblycode).

Reference:www.dsmforum.org
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9.Aspect-orientedprogramming
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RecallKruchten’s4viewsofsoftware:

1.logical:behavioralandfunctionalrequirements
2.process:concurrency,coordination,andsynchronization
3.development:organizationofsoftwaremodules
4.physical:deploymentontohardware

Eachviewtellsushowtocodepartofthesoftware.

KiczalesatXeroxPARCsaidthatsoftwarecontainsaspects:

¨functionalbehavior(whatthesoftware“does”)
¨synchronizationandsecuritycontrol
¨errorhandling
¨persistencyandmemorymanagement
¨monitoringandlogging

Eachaspecttellsushowtocodepartofthesoftware.

Buttheaspect’scodings“crosscut”thefunctionalcomponentsand
are“scattered”throughouttheprogram.
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Example:asynchronizedstackinJava:functionalcodeinblack,

synchronizationcodeinred,error-handlinginblue:

publicclassStack
{privateinttop;privateObject[]elements;

publicStack(intsize){elements=newObject[size];top=0;}

publicsynchronizedvoidpush(Objectelement){
while(top==elements.length){

try{wait();}catch(InterruptedExceptione){...}
}
elements[top]=element;top++;
if(top==1){notifyAll();}//signalthatstackisnonempty

}

publicsynchronizedObjectpop(){
while(top==0){

try{wait();}catch(InterruptedExceptione){...}
}
top--;Objectreturnval=elements[top];
if(top<elements.length){notifyAll();}//stacknotfull
returnreturnval;

}}
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Thesynchronizedstackexampleisnotsoelegant:

¨Thevariousaspectsare“tangled”(intertwined)inthecode,andit

isdifficulttoseewhichlinesofcodecomputewhichaspect.

¨Oneaspectisdivided(“scattered”)acrossmanycomponents;if

thereisachangeintheaspect,manycomponentsmustbe

rewritten.

¨Itisdifficulttostudyandcodeanaspectseparately.
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FromM.Wand,invitedtalk,ICFP2003:www.ccs.neu.edu/home/wand
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Howdowecodeandintegrateanaspect?

Kiczalesproposedthateachaspectbecodedseparatelyandthe
aspectsbewoventogetherbyatoolcalledaweaver.Theweaver
insertscodeatconnectionpoints,calledjoinpoints.

Astandardjoinpointisamethodcall;anotheris(theentryandexit
pointsof)amethod’sdefinition.Joinpointscanbefielddeclarations
orevenreferencestovariablenames(e.g.,formonitoring).

Theaspectsshouldbe

¨noninvasive:oneaspectshouldnotbewrittenspeciallytoallowit
tobe“woveninto”byanother

¨orthogonal:oneaspectdoesnotinterferewiththelocal,logical
propertiesofanother

¨minimalcoupling:aspectscanbeunconnectedandreused

Normally,otheraspectsarewovenintothefunctionalaspect.
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Wrappersimplementsimpleaspects

Whenjoinpointsaremethoddefinitions,whereanaspectmerely

addscodebeforemethodentryandafterexit,thenwecanmimick

weavingwithawrapper.

Example:pre-conditionerrorcheckingviaasubclass-wrapper:

publicclassNumericalOperator{
publicdoublesquareroot(doubled){...}}

publicclassNumericalWrapperextendsNumericalOperator{
publicdoublesquareroot(doublem){//checkthatm>=0:

doubleanswer;
if(m>=0){answer=super.squareroot(m);}

else{thrownewRuntimeException(...)}
returnanswer;}

}

Thetechniqueissimplebutinelegant—itchangesthenameof

classNumericalOperator.Also,onequicklyobtainstoomanylayers

ofwrappers.
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Compositionfilters:“smartwrappers”

Filtersintegrate“local”aswellas“global”aspects,inboth“horizontal”

and“vertical”composition:

L.Bergmans,Thecompositionfiltersobjectmodel,ComputerScience,Univ.Twente,

1994.
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LopesdevelopedCOOL:Alanguagededicatedto
synchronizationaspects

//InaseparateJavafile,writethefunctionalcomponent:
publicclassStack{

privateinttop;privateObject[]elements;

publicStack(intsize){elements=newObject[size];top=0;}

publicvoidpush(Objectelement){elements[top]=element;top++;}

publicObjectpop(){top--;returnelements[top];}
}

//InaseparateCoolfile,statethesynchronizationpolicy:
coordinatorStack{

selfexpush,pop;//selfexclusivemethods
mutex{push,pop};//mutuallyexclusivemethods
conditionfull=false;conditionempty=true;

guardpush:requires!full;
onexit{if(empty)empty=false;}

guardpop:requires!empty;
onexit{if(full)full=false;

if(top==0)empty=true;}
}
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Whenthetwoclassesarewoven,theresultisthesynchronizedstack:

publicclassStack
{privateinttop;privateObject[]elements;

privatebooleanempty;privatebooleanfull;

publicStack(intsize)
{elements=newObject[size];top=0;
full=false;empty=true;}

publicsynchronizedvoidpush(Objectelement){
while(full){

try{wait();}catch(InterruptedExceptione){}
}
elements[top]=element;top++;
if(empty){empty=false;notifyAll();}

}

publicsynchronizedObjectpop(){
while(empty){

try{wait();}catch(InterruptedExceptione){}
}
top--;Objectreturnval=elements[top];
if(top==0)empty=true;
if(full){full=false;notifyAll();}
returnreturnval;

}}
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TheCOOLlanguagelookssomewhatlikealanguageforwriting

connectors!

Indeed,whenjoinpointsaremethodcallsormethoddefinitions,then

weavingtwoaspectsisweavingtheconnectorcodeintothe

componentcode!
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Weavingautomata:ColcombetandFradet

Programandaspectmightberepresentedasautomataandwoven
intoaproductautomaton(enforcespoliciesforerrorhandling,
synchronization):

FromT.ColcombetandP.Fradet.Enforcingtracepropertiesbyprogram

transformation,ACMPOPL2000.
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Thepolicy,program,andproductautomaton:
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Aspectsascoordinators

Anaspectissometimesspecifiedasaglobal“coordinator”that
enforcesasynchonizationorsecuritypolicy:

coordinator
(policy)

clients

Thecoordinatoriscodedseparately,andtheweaverdistributesthe
coordinator’scodeintotheclients,givingdistributedcoordination.
(Partialevaluatorsdothisweaving.)TheresultlookslikeCORBA:

clients

residual
coordinator

local
coordinator
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Subject-orientedprogramming

IBM(HarrisonandOssher):asubjectisanaspectofadatastructure.

Example:abookviewedintwodifferentways

//asaliterarysubject:

LiteraryBook{

title

topic

abstract

getAbstract()

{returnabstract}

}

//asasubjectofproduction:

ProductionBook{

booktitle

kindofpaper

kindofbinding

kindofcover

printTheCover()

{println(booktitle,abs())}

}

Theselooklikemultipleinterfacesorabstractclasses(c.f.Java

beans);theBookclassisassembledfromthesubjects,whichare

“unioned”(akindoftensorproduct)usingcorrespondencerules.
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//asaliterarysubject:

LiteraryBook{

title

topic

abstract

getAbstract()

{returnabstract}}

//asasubjectofproduction:

ProductionBook{

booktitle

kindofpaper

kindofbinding

kindofcover

printTheCover()

{println(booktitle,abs())}}

Thejoinpointsareclass,attribute,andmethodnames,asusedinthe
correspondencerules:

ByNameMerge(Book,(LiteraryBook,ProductionBook)

Equate(attributeBook.title(LiteraryBook.title,

ProductionBook.booktitle))

Equate(operationBook.abs(LiteraryBook.getAbstract,

ProductionBook.abs))
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Wearemovingtowardsprogramming-languagesupportforthese

formatsofinterface,connection,andimplementation.Examples:

¨Jiazzi:www.cs.utah.edu/plt/jiazzi/

¨GenVoca/AHEAD:www.cs.utexas.edu/users/schwartz

¨compositionfilters:

http://trese.ewi.utwente.nl/oldhtml/compositionfilters

¨subject-orientedprogramming:www.research.ibm.com/sop

¨COOL/RIDL:Lopes,C.ALanguageFrameworkforDistributed

Programming.PhDthesis,NortheasternUniv.,1998.

¨AspectJ:www.parc.com/research/csl/projects/aspectj

Thesearethe“modern-day”architecturaldescriptionlanguages!See

www.generative-programming.orgforanoverview.
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10.FinalRemarks
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Reference:JanBosch.DesignandUseofSoftwareArchitectures.Addison-Wesley,

2000.
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