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Sergio Arévalo1† FabioKon3‡ Roy H. Campbell3§

1DistributedOperatingSystemsGroup.TechnicalUniversityof Madrid
2SystemsandCommunicationsGroup.CarlosIII Universityof Madrid
3SystemsResearchGroup.Universityof Illinois at Urbana-Champaign

Abstract

What do well-known techniquessuchasgather/scatterfor input/output,code
downloadingfor systemextension,messagebatching,mobileagents,anddeferred
callsfor disconnectedoperationhave in common?

Despitebeingratherdifferenttechniques,all of themshareacommonpieceof
design(and,possibly, implementation)astheir cornerstone:theCompositeCalls
designpattern.

All techniquesmentionedabovearedesignedfor multiple-domain1applications.
In all of them,multiple operationsarebundledtogetherandthensentto a differ-
ent domain,wherethey areexecuted. In somecases,the objective is to reduce
thenumberof domain-crossings.In othercases,it is to allow for dynamicserver
extension.

In this paper, we describethe CompositeCalls patternand identify eight
classesof existing techniquesthat instantiateit. We, then, discussthe circum-
stancesin which the patternshouldandshouldnot be used. Finally, we present
somework donewith a priori knowledgeof thepattern.
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cat() {
while (FileServer::aFile.read(buf))
write(FileServer::otherFile.write(buf));

}

Figure1: CatCode

1 Intr oduction

Applicationssuchascodedownloading,messagebatching,gather/scatterandmobile
agentsfollow theclient-servermodelof interaction.But thatis nottheonly featurethey
share.A closerlook revealsthatall of thembundleasetof operations,andsubmitthem
to a server for its execution.Thesubmissionof operationsis aimedto reducedomain-
crossingsand/orallow dynamicserver extension. For instance,codedownloadingis
intendedto save domain-crossingsand at the sametime to allow systemextension.
Messagebatchingandmobileagentsareintendedto savedomain-crossings.

Consideraprogramusingafile server like thatof figure1. On typicalclient-server
interaction,the client sendsa command(read, write) to the server, waits for the
reply, andthencontinues.

SupposeFileServer::File::read andFileServer::File::write arehandled
by thesameserver. Besides,supposethatcross-domaincalls (i.e. calls from client to
server) aremuchheavier thancalls madewithin the server. Then it would be much
moreefficient to sendthewholewhile loop to thefile server for execution.

Insteadof having multiple crossdomaincalls (figure 2.a)a singleonesufficesif
the client sendsthe codeto the server for its execution(figure 2.b). To do so, it is
convenientto extendthe file server to allow the executionof programssubmittedby
differentclients.

Read(f1,buf)
ack(buf)

Write(f2,buf)
ack()

Read(f1,buf)
ack(buf)

Write(f2,buf)
ack()

....

Cat(f1,f2)

ack()

(a) (b)

Figure2: Interactionscorrespondingto read/writeservicesandacatservice

In what follows, the problemand its solution aredescribedin sections2 and3.
TheCompositeCalls designpatternis describedin section4. Section6.1showshow
clientscanbuild programsfor CompositeCalls. Executionof programsis explained
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in section5 aswell ashow to dealwith exceptionhandling.Applicability of thepattern
is discussedin section8. Section9 presentssomewell-known designpatternsrelated
to CompositeCalls. A moredetaileddescriptionof CompositeCalls applications
canbefoundin section10. Finally, someconclusionsarepresentedin section11.

2 The problem

Bothcross-domaindatatraffic andcross-domaincall latency havea significantimpact
in theefficiency of a multiple-domainapplication.

Note thatcross-domaincallsanddatacross-domaindatatransfershappenalsoon
centralizedenvironments.For instance,almostevery operatingsystemhasa domain
boundarybetweenuserspaceandkernelspace(bothenteringandleaving thekernelre-
quiresadomaincrossing).Besides,centralizedenvironmentsusingmultipleprocesses
have a domainboundaryaroundevery processconsidered.Of course,in a distributed
system,thenetwork behavesalsoasadomainboundary.

Theline separatingtwo differentdomainshasto beconsideredwhile designingthe
application.Therearetwo main issuescausingproblemsto any applicationcrossing
theline: datamovementandcall latency.

Within a protectiondomain(e.g. an unix process),an objectcanpassdataeffi-
ciently to any otherobject. For passinga large amountof data,a referencecan be
used.However, whenever an objecthasto passsomepieceof datato anotherobject
at a differentdomain,datahasto be copied. (Although somezero-copy networking
frameworksavoid datacopying within a singlenodein a network, datastill hasto be
“copied” throughthenetwork in distributedapplications.)

On many applicationdomains,like file systemsanddatabases,datamovementcan
betheactualperformancebottleneckfor theapplicationconsidered.Therefore,avoid-
ing unnecessarydatatransferoperationscanbecrucial.

Moreover, undermany circumstances,extra datatransfersoccur just becausethe
objectcontrollingtheoperationbeingperformedresidesfarfrom thedatasourceand/or
thedatasink. Thatis preciselywhathappenedin thefile copy examplein theprevious
section:theclientobjectperformingthecopy andthefile serverobjectswereplacedat
differentdomains,thusdatacameto theclient just to go backto theserver.

Anotherissueis call latency. A call betweentwo objectsresidingat differentdo-
mainsis muchmoreexpensive thana typical methodcall within a singledomain.The
reasonis simply that a domainboundaryhasto be crossed;that usually involvesei-
thertheoperatingsystemkernel(in asinglenode),network messaging(in adistributed
environment)or both.

Therefore,avoiding domaincrossingwhenperformingcalls is crucial for perfor-
mance. Any solutionwhich could usefewer domaincrossingsto performthe setof
callstheapplicationmakes,would bemuchmoreefficient.

Whendesigninga solution,it shouldbetakeninto accountthat,undercertaincir-
cumstances(e.g.whencheapdomaincrossingisavailableandefficiency is yourprima-
ry objective),theoverheadintroducedto solvetheproblemmightactuallydegradeper-
formance.However, evenwhencheapdomaincrossingis available,overheadcaused
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by cross-domaindatatransfers(e.g. messagessentover a network) might still be a
problem.

Thatis, thesolutionmusttakeinto accountcarefullywhatis therealpenaltycaused
by datacopying andcall latency. Suchsolutionshouldbe employed only when the
overheadit causesis smallenoughcomparedto thepenaltiesavoided.

3 The solution

By composingseparatemethodcallsinto a singlecross-domaincall, unnecessarydata
copying canbeavoidedandthenumberof cross-domaincallscanbereduced.

Clientscanbuild a “compositecall” andsendit onceto theserver. Thecomposite
call containsthe interactionwith the server (i.e. it knows what hasto be donein the
server). Suchcompositecall might performmultiple operationson that server even
thoughtheclient only hadto sendit once.

In our example(seefigure2, theinteractionsfor cat),if theCompositeCalls pat-
ternwerenot used,file contentswould travel twice acrossthenetwork. However, if a
cat compositecall is submittedto theserver, thefile will not leavetheserver, thatis, it
will becopiedlocally. Moreover, a singlecross-domaincall suffices(theonesending
thecat programto theserver).

4 Pattern structur e

4.1 Participants

Theclasshierarchycorrespondingto theCompositeCalls patternis shown in figure
3. It follows theOMT notation[13] variantusedin [5].

InterpServer behavesasafacade[5] to servicesprovidedby theserver. An object
of this classis locatedat the server side. It suppliesinterpretationfacilities to
servicecallers,sothatclientscouldnow sendaprogramto theserversideinstead
of makingdirectcallsto theserver. TheExecute methodis anentrypoint to the
interpreter[5], which startsprogramexecutionand returnsany resultsto the
client.

ConcreteServer representsa server beingused.This classis only presentat the
serverside.It providesthesetof entrypointswhich canbecalledby theclient.

Note that theConcreteServer is actually the class(or the setof classes)you
have in theserver sidebeforeinstantiatingthepattern.It is mentionedherefor
completeness.

CompositeCall is anabstractclassthat representsthe programto be interpreted.
It is built by the client andthensentto theInterpServer for execution. It is
alsoresponsiblefor maintaininganassociatedtableof (program)variables.The
run methodof aCompositeCall evaluatesit.
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// Assuming

// it’s an IntVar

memcpy(bytes,

_the_int,sizeof(int))

// Assuming ConcreteCommand
// is a CallService1Command...
args = build_args_from_vars(vars)

  ConcreteServer::service1(args)  calls[program_counter].run(vars)
while(!terminated())
// is a SequenceInstruction...
// Assuming ConcreteInstruction

InterpServer

ConcreteServer VarTable

ConcreteInstruction ConcreteCommand

CompositeCall

CommandInstruction

Var

ConcreteVar

execute(vars,aCompositeCall)

service1(parms)
service2(parms)

VarTable vars;

Mode mode

run(vars)
terminate()

Instruction(someCompositeCalls)
run(vars)
terminate()

run(vars)

terminate()
run(vars)
terminate()

set(bytes)
get(bytes)

get(bytes)

set(bytes)

terminate()
run(vars)

Figure3: CompositeCalls

TheCompositeCall is alsoresponsibleof performinganorderlyprogramtermi-
nationwhenanerroroccurs.Theterminate methodis providedasanabstract
interfacefor programtermination.

Thenameof theCompositeCall comesfrom the fact that it borrows from the
Compositepattern[5] its basicstructure.

Instruction is a constructmadeof CompositeCalls. Its purposeis to bundle
severalCompositeCalls togetheraccordingto somecontrol structure(e.g. se-
quence,iteration,etc.).

ConcreteInstruction representsconcretecontrol structureslike conditionals,
while constructs,sequences,etc.At theserverside,thisclassis responsiblefor
executingtheconcretecontrolstructurerepresentedby theclass.ConcreteInstruction
constructorscanbeusedat theclient sideto build complex CompositeCalls.

Command is a leaf CompositeCall which representsa single operationto be per-
formed.(It resemblesthecommandpatternshown in [5], hencethename).
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ConcreteCommand is aconcreteoperationtobeperformed.ExampleConcreteCommands
can be arithmetic operations,logic operationsand calls to ConcreteServer
entry points. The only purposeof the CompositeCalls is to bundle several
ConcreteCommands together.

VarTable keepsthe program(readCompositeCall) variables. It provides local
storagefor the programbeing interpretedand also holds any input parame-
ter for the program. Outputvaluesfrom the programarealsokept within the
VarTable. Suchtable is built at the client using the set of input parameters
for theCompositeCall. However, it is really usedwithin theserver, while the
CompositeCall is being interpreted.The table is finally returnedbackto the
userafterCompositeCall completion.

ThereisavariabletableperCompositeCall (pairsof VarTable andCompositeCall
are senttogetherto the InterpServer). Thus, all componentsof a concrete
CompositeCall shareasinglevariabletablesothatthey couldsharesomevari-
ables.

Var is an abstractclassrepresentinga variableof the programsentto the server. It
hassomestorageassociated(bytes,in thefigure).Var instancesarekeptwithin
aVarTable. Variableshaveamode, whichcanbeeitherinput (parametergiven
to theCompositeCall), output (resultto be given to the user),inputoutput
(both),or none (local variable). By including themode qualifier, this classcan
beusedfor local variablesaswell asit canbeusedfor input/outputparameters.

ConcreteVar is a variableof aconcretetype(integer, character, etc.).Its construc-
tor is usedat the client to “declare” variablesor parametersto be usedby the
CompositeCall. At the server side, instancesof this classareresponsiblefor
handlingsingle,concrete,piecesof datausedby theprogram.

4.2 The pattern applied to a file server

In termsof our file server example,the concretestructureof classesis asshown in
figure4. Intuitively, theCompositeCalls instancefor thefile serveraddsaninterpreter
(seetheInterpreterpatternin [5]). Thatinterpretercanexecuteprogramswhich(1) call
to read andwrite and(2) canusewhile asa controlstructure.

We took asanstartingpoint theFileServer classwhich providesbothread and
write methodsto operateon afile.

As it canbeseen,we have simplifieda bit the typical interfaceprovidedby a file
server. A typical file server would containseveralFile objectswhich would supply
read andwrite methods. To illustrate the patternin a more simple way, we have
omittedtheactualfile beingused2.

Startingwith thepatterninstantiation,anInterpFileServer hasto beimplement-
ed. It will becollocatedwith theFileServer, providing anew execute servicewhich

2Nevertheless,obtaininga completeimplementationis a matterof addingaFile classandaddingFile
parametersto thosemethodsacceptingabuffer to bereador written.
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get(bytes)
set(bytes)

CompositeCall

Instruction Command

Var

InterpServer

FileServer VarTable

BufferVar

SeqInstruction WhileInstruction Read Write

run(vars)
terminate()

set(bytes)
get(bytes)

run(vars)

terminate()

run(vars)

terminate()

execute(vars,aCompositeCall)

VarTable vars;

read(buff)
write(buff)

Mode mode

SeqInstruction(
    instructions)
run(vars)
terminate()

WhileInstruction(aCond,aSeq)
run(vars)
terminate()

run(vars)
terminate()

while(aCond.run(vars))
  aSeq.run(vars)

call in sequence to 
  calls[current].run(vars)

fetch aBuff from vars
  if (!FileServer::read(aBuff))
     terminate();

run(vars)
terminate()

Figure4: File serverCompositeCalls

suppliesan interpretative versionof FileServer services.The InterpFileServer
correspondsto theInterpServer in thepattern(seethepatterndiagramin figure3).

TheInterpFileServer will accepta CompositeCall, which is a programbuilt
in termsof Instructions andCommands.

To execute

while (FileServer::read(buf))
write(FileServer::write(buf));

theCompositeCall sentto theInterpFileServer shouldbemadeof aWhileInstruction,
usinga Read asthe condition. Thebody for theWhileInstruction shouldbe a se-
quencemadeof a singleWrite command.

Here,WhileInstruction andSeqInstruction correspondtoConcreteInstructions
in thepattern.Besides,Read andWrite matchConcreteCommands in thepattern.

The buffer to be readandwritten is handledby a Buffer classinstance,which
correspondsto aConcreteVar in thepattern.
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Oncethepatternhasbeeninstantiated,aclient is ableto build acompositecall (for
thefile server)usingconstructorsprovidedby WhileInstruction, SeqInstruction,
Read, andWrite. SuchCompositeCall canbe later submitted,by the client, to the
InterpServer::execute method.

5 Dynamics

Whenaprogramis receivedat theserverside,it will bedeserialized.

WhileInterpServer CompositeCall Seq FileServerRead Write

Execute(vars,program)
Run(vars) Run(vars) Run(vars)

Run(vars) Run(vars)

Run(vars)

Run(vars)
Read(buffer)

Write(
 buffer)

Read(buffer)

Write(
 buffer)

Run(vars)

Figure5: Interactiondiagramfor a catcompositecall.

An InterpServer objectat theserver sideis in chargeof interpretingclient pro-
grams.Whenits Execute methodis called,a program,anda tableof variablesmust
besupplied.TheExecute methodwill call theRun methodof theprogramproviding
thetableof variables;this methodwill interprettheprogram.OnceExecute finishes
resultsarereturned.

TheRun methodof theCompositeCall classimplementsrecursive interpretation.
Whentheprogramhasbeeninterpreted,thatis, theRun methodhasfinished,resultsof
theprogramexecutionarestill in the variabletable. As partof theExecute method,
thetablewill beserializedandsentbackto theclient.

In our example,we cansee3 the interactiondiagramfor a cat compositecall in
figure5.

TheRunmethodof theCompositeCallwill call theRunmethodof theInstruction
representingtheprogram(theWhile in the interactiondiagram).Instructions pro-
vide a Run methodto interpretthemselves. That is, a programhasbuilt-in its own
interpreter;it is an instanceof theInterpreter pattern[5]. So,theWhile command
callstheRun methodof its commands (Seq in theinteractiondiagramfor cat).

It must be noticedthat instructionsetssuggestedin the patternare very simple
comparedto the onesusedin othersystems.For instance,µChoices[9] andAglets

3Callsto Open andClose hasbeensupressedfor thesake of simplicity.
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[12] usea Java interpreter. A Modula-3compileris usedin SPIN[4], andNetPebbles
[11] usesascriptinterpreter.

6 Implementation issues

Two importantaspectsarehow to build compositecall programsandwhatto do if they
fail.

6.1 Composingprograms

Programsaremadeout of statementsandvariables.In a CompositeCall, eachstate-
mentcorrespondsto a concreteInstruction or Command. Variablesareinstancesof
a ConcreteVar class. To build a program,clients have to declarean object of the
CompositeCall classandinvoke its constructormethod.

Instruction constructorsarefunctions.Thus,codein theclientfor aCompositeCall
lookslikethecodethattheuserwouldwrite withoutusingthepattern.Command objects
arenot declared,they arebuilt with functionalconstructors.

To allow usageof expressionswithin theCompositeCall, functionalservicesin-
heriting from anExpr classcouldbe provided(seefigure6). Expr representsan ex-
pression,andcanbeusedasa functionwithin expressions.Notethatnothingprevents
from encapsulatinga functionalservicewithin a proceduralcall andvice-versa.

GetValue -> Value

Expr

GetValue -> Value
Get(bytes)

GetValue -> ValueGetValue -> ValueGetValue -> Value

GetValue -> Value

Value BinOp RelOp Var

FuncServCallBoolValueIntValue

GetInt -> Int GetBool -> Bool

IntVar BoolVar

IntVar(Vars,mode) BoolVar(Vars,mode)

theInt : Int theBool: Bool

Figure6: ExpressionHierarchy

Programvariablesarestoredin a table. They containinitial valuesaswell asin-
termediatevaluesandresultsof theprogramexecutionat theserverside.To build that
table,theprogrammerof theclientmustdeclareanobjectof theclassVarTable. When
variableobjectsareconstructed,they areconstructedandstoredin that tablewith an
initial value,if any, andtheirmodeIn, Out, InOut or None. Whenavariabletableis
sentto theserveronly valuesof In andInOut variableshaveto becopiedto theserver.
TheNone typemeansthata variableis a local one,that is, its initial andfinal values
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vars: VarTable;
program : CompositeCall;
f1, f2 : IntegerVar(vars, None);
car : CharVar(vars, None);

Program:= Seq((
Open(f1, StringLit("name1")),
Open(f2, StringLit("name2")),
While(Read(f1, car),

Write(f2, car)),
Close(f1),
Close(f2)

));
Execute(program, vars);

Figure7: Programfor Cat

arenot neededby neithertheserver nor theclient respectively. After theexecutionof
theprogram,Out andInOut variablesaresentbackto theclient. Variablesonthetable
canbeconsultedandmodifiedon bothsides.

Theadequacy of theimplementationof thetablewill dependon thecontext of the
patterninstance.For example,it canbeinterestingin anoperatingsystemto implement
the table as a chunkof raw memory, whilst a remoteserver could representit as a
heterogeneouslist of concretevariables.

CompositeCalls programshavetheadvantagethatmostof type-checkingis done
at compilationtime. Note, that server calls are type-checked, as the parametersof
constructorsof servercall commandsaretyped.

Revisiting our example,thecodefor thecat programis shown in figure7. In the
figure,constructorsarefunctionswhich build objectswithin thecompositecall.

In thisexampleSeq andWhile areconcreteInstructions of thelanguage.Open,
Close, Read, andWrite areclassesderived from Command andclients invoke their
constructorsto let theCompositeCall issuecallsinto theserver.

Programvariablesarestoredin thevars variabletable.In thiscase,f1, f2 andcar
arelocal variables,sotheirmodeis None.

Finally, note that the concreteinstructionsetusedthroughthis sectionis just an
example.Any otherone,like a byte-codebasedprogramcouldbeusedtoo.

6.2 Exceptionhandling

Oneof theproblemsof submittingtheclient codeto theserver is whathappenswhen
a call fails. The server programmerknows whena server call hasfailed, so he/she
candecidewhena call hasfailed to terminatetheprogram.This canbedoneby call-
ing the Terminate methodof the CompositeCall classfrom a Run method. How-
ever, the client could wish to continuethe programdespiteany failures. To support
this, we have includedtwo Commands in our patterninstances:AbortOnError and
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DoNotAbortOnError. They allow the userto switchbetweenthe two modes.When
AbortOnError hasbeencalled,a call to Terminate causesprogramtermination,oth-
erwiseit hasnoeffect. In thisway, theclient cancontroltheeffectsof a failedcall.

Theimplementationof Terminate dependson boththekind of instructionsetbe-
ing implementedandontheimplementationlanguage.A byte-codebasedprogramcan
be stoppedvery easily(dueto iterative interpretation)asthereis a main control loop
(in theRun method),just by settinga terminated flag to true. Stoppinganstructured
program(e.g.theoneusedin ourfile serverexample)is alittle morecomplicated.This
is dueto recursiveinterpretation:Run callsof CompositeCalls will propagatecallsto
theRun methodof its components.To stopthatprogram,it will benecessaryto finish
all thenestedRun calls. Dependingon theimplementationlanguageit canbedonein
a way or another. In a languagewith exceptions,like C++ or Ada, it will be enough
to raiseandpropagatean exceptionin the codeof Terminate, catchingit in theRun
codeof CompositeCall. In otherlanguagessetjmp canbeusedin thetop-level Run
methodbeforecalling any otherRun, andlongjmp in thebodyof theTerminate, for
thesamepurpose.

7 Variants

Serverscanbeextendedby acceptingCompositeCalls from clients.Thoseprograms
couldbekeptwithin theserver, andbeusedasadditionalentrypointsinto theserver.
Shouldit be themainmotivationto usethepattern,theconcretecommandsetshould
bepowerful enough.

In fact,systemextensionby codedownloading(like in SPIN[4] or µChoices[9])
canbeconsideredto beaninstanceof thispattern.Suchsystemsusecode-downloading
as the meansto extendsystemfunctionality. The mechanismemployed is basedon
definingnew “programs”,which areexpressedin termsof existingservices.

In thiscase,ConcreteServer is thesystembeingextended;theCompositeCall is
theextensionperformed;thesetof Instructions dependson theextensionlanguage;
andtheRun methodis implementedeitherby delegationto theextensioninterpreteror
by thenativeprocessor(whenbinarycodecanbedownloadedinto thesystem).

8 Consequences

Thepatternhasthefollowing benefits:

1. ProvidesanAbstractmachineview of theserver. WhenusingCompositeCalls,
clientsno longerperceive serversasa separatesetof entry points. Serversare
now perceivedasabstractmachines. Their instructionsetis madeof thosecalls,
which canbemade,togetherwith somegeneral-purposecontrollanguage.

Therefore,it is feasiblefor usersto reuseinstructions(andprograms)for differ-
entcompositecalls. Commonprogramsto interactwith theserver canbebuilt,
andreusedlater.
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2. Reducesprotection-domaincrossings, asthecat programdid above. Shouldit
be the main motivation to usethe pattern,domaincrossing(client/server invo-
cation)time mustbecarefullymeasured.Whenever complex controlstructures
aremixedwith calls to theserver, or whenclient computationsneedto bedone
betweensuccessivecalls,thepatternmightnot pay.

In any case,thetimeusedto build theprogrammustbelowerthanthetimesaved
in domaincrossing.The latter canbe approximatedasthe differencebetween
thetime to performa cross-domaincall andthetime to interpretanddispatcha
servercall.

3. Reducesthenumberof messagesbetweenclientsandservers;providedthat the
client issuesrepeatedcalls to the server and the control structureis simplee-
nough.

Again, the improvementdueto the reducednumberof messagescanbe lower
thantheoverheaddueto theprogramconstructionandinterpretation.Therefore,
carefultiming mustbedoneprior to patternadoption.

4. Decouplesclient/serverinteractionfromthecall mechanism.CompositeCalls
providesa level of indirectionbetweentheclient andtheserver. Theclient can
performa call by addingcommandsto a program; while the program canbe
transmittedto theserverby a meansunknown to theclient.

5. Decouplesclient calls fromservermethodinvocations.As saidbefore,a client
canperformcalls by addingcommandsto a program. The resultingprogram
canbesentto theserver at a differenttime. Therefore,thereis no needfor the
client andtheserver to synchronizein orderfor thecall to bemade.

6. Allows dynamicextensionof servers. Servers can be extendedby accepting
programs from clients. Thoseprogramscould be kept within the server, and
beusedasadditionalentrypointsinto theserver. Shouldit bethemainmotiva-
tion to usethepattern,theconcretecommandsetshouldbepowerful enough.

Thepatternhasthefollowing drawbacks:

1. Client requestsmighttakea non-fixedtime to complete.A compositecall might
leadto a never endingprogram,which couldbedownloadedinto theserver for
execution.If servercorrectnessdependson shortlyterminatedclient requests,it
may fail. As an example,a server canusea singlethreadof control to service
all client requests.Shoulda program not terminate,thewholeserver would be
effectively switchedoff by asingleclient.

In suchcase,eitheravoid usingCompositeCalls, or handlemultithreadingis-
sueslike a side-effect (i.e. arrangefor eachCompositeCalls to useits own
thread,usinga giantlock4 to protectnonMT-safeservers5).

4A singlelock protectingtheentireserver. It mustbegainedprior to any server call, andreleasedright
afterevery server call. CompositeCalls instructionsnot calling to theserver canexecutewithout locking
theserver.

5Thoseserversnotpreparedto handleconcurrentrequests.
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2. High securityservers canbe compromised.The morecomplex the command
set,themorelikely theserver integrity canbecompromiseddueto bugsin the
commandinterpreter. If highsecurityis anissue,eitheravoid CompositeCalls,
or reducethecomplexity of yourcommandsetto thebareminimum.

3. It might slowdownthe application. Whencheapdomaincrossingis available
andefficiency is your primary objective, usingCompositeCalls might slow-
down your applicationif the time saved on domaincrossingsis not enoughto
compensatetheoverheadintroducedby CompositeCalls.

9 Relatedpatterns and Collaborations

BothCompositeCall andInstruction areinstancesof theInterpreter pattern[5].
Indeed,theinterpreterof aCompositeCall is behindits Run method.

Of course,CompositeCall, Instruction, andCommand are an instanceof the
Composite pattern[5]. Compositecommands,suchlike Sequence, Conditional,
etc.,areaggregatesof Assignments,ServerCalls, andotherprimitivecommands.

If aninstructionsetfor aCompositeCall languageis to becompiled,CompositeCall
might include a methodto compile itself into a low-level instructionset. Besides,
CompositeCalls shouldbe(de)serializedwhentransmittedto theserver. Oncein the
server, they canbeverifiedfor correctness.All thesetaskscanbeimplementedfollow-
ing theVisitor pattern[5].

A servercall issuedwithin aCompositeCall might fail or triggeranexception.Be
thatthecase,thewholeCompositeCalls canbeabortedandprogramstatetransmitted
back to the client—sothat the client could fix the causefor the error, and resume
CompositeCalls execution.TheMemento pattern[5] canbeusedto encapsulatethe
programstatewhile in an“aborted”state.As saidbefore,suchprogramstatecanbe
usedto resumetheexecutionof a failedprogram(e.g.afterhandlinganexception).

Mementos canalsobehelpful for (de)serializingthe programduring transmission
into theserver.

As a programcanleadto an endlessclient request,singlethreadedor a-request-
at-a-timeservers can get in trouble. To accommodatethis kind of servers so that
CompositeCalls couldbeused,theActiveObject [8] andtheRendezVous [7] pat-
ternscanbeused.

A Composite Message can be usedto transferthe Composite Call from the
client to the server. The Composite Messages designpattern[14] applieswhend-
if ferent componentsmust exchangemessagesto perform a given task. Composite
Messages allows to bundleseveralmessagestogetherin anstructuredfashion(it does
with messageswhatCompositeCall doeswith serverentry-points).In thatway, extra
latency dueto messagedelivery canbeavoided,andcomponentsdecoupledfrom the
transmissionmedium. The main differenceis thatCompositeCall is targetedto the
invocationof concreteserver-providedservices,andnot to packagedatastructuresto
beexchanged.

Last,but not least,ComposedComands [16] aresimilar to CompositeCalls in that
they bundleseveral operationsin a singleone. However, CompositeCalls aremore
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genericin spirit.

10 Applications

Our experiencewith CompositeCalls startedwhenwe noticedthata singlepieceof
designhadbeenusedto build systemswealreadyknew well. Then,wetriedto abstract
the coreof thosesystems,extractingthe pattern. Oncewe identifiedthe pattern,we
tried to find somenew systemswhereit couldbeappliedto obtainsomebenefit. We
did so[1], andobtainedsubstantialperformanceimprovements.

For us,this patternhasbeena processwherewe first learnedsome“theory” from
existingsystems,andthen,appliedwhatwe hadlearnedbackto “practice”.

In this sectionwe try to show how different existing systemsmatchthe pattern
describedin the previous section—hopefully, this will allow a betterunderstanding
of thepattern,asit happenedin our case.We alsoincludea brief overview of thetwo
systemswhereweappliedthepatternourselves,with a-prioriknowledgeof thepattern.

Note that theCompositeCalls designallows a singleinstanceto handlesomeof
the“applications”below. As theserverbeinghandledis specifiedonaper-Composite-
Call runbasis,thesamepieceof codecouldperfectlyhandlemostof theapplications
shown below. On theotherhand,existingsystems,built withouta-priori knowledgeof
thepatternhardlysharethecommoncodeneededto implementapplicationsdescribed
below (e.g. gather/scatteris always implementedseparatelyfrom messagebatching
facilities,whenbothareprovided).

Systemextensionsby codedownloading(like in SPIN [4] or µChoices[9]) canbe
consideredto beaninstanceof thispattern.Suchsystemsusecode-downloading
asthemeansto extendsystemfunctionality. Themechanismemployedis based
on definingnew “programs”,whichareexpressedin termsof existingservices.

In thiscase,Servicesarethoseof theexistingsystem;theProgram is theexten-
sionperformed;thesetof Commands dependson theextensionlanguage;andthe
Run methodis implementedeitherby delegationto the extensioninterpreteror
by thenativeprocessor(whenbinarycodecanbedownloadedinto thesystem).

Agents. An agentis a programsentto a differentdomain,which usuallymove from
one domain to another[12]. The aim is to avoid multiple domaincrossings
(or network messages),and also to allow disconnectionfrom the agenthome
environment.

Programsbuilt usingCompositeCalls arethoughtto stayat theserveruntil ter-
mination,andthereis no go statement.However, CompositeCalls alreadyin-
cludemostof themachineryneededto implementanagentsystem.Ontheother
hand,ago statementcouldbeprovidedby thecommandlanguageemployed.

Gather/Scatter IO. Gather/Scatterinput/outputis yetanotherexamplewherethispat-
ternappears.In gather/scatterIO a list of inputor outputdescriptorsis sentto an
IO device in a singleoperation.Eachdescriptordescribesa pieceof datagoing
to (or comingfrom) the device. Datawritten is gatheredfrom separateoutput
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buffers.Datareadis scatteredto separateinputbuffers. Its aim is mainly to save
datacopies.

In this case,theprogramis just thedescriptorlist, whereeachdescriptorcanbe
supportedby aCommand. TheprogramRun methoditeratesthroughthedescrip-
tor (i.e. command)list, andperformsthoseIO operationsrequested.Services
provided(i.e. call commandsneeded)arejustread andwrite.

Notehow by consideringthis pattern,gather/scatterIO couldbegeneralizedso
that theIO device involveddoesnot needto bethesamefor all descriptorssent
by theuser. Moreover, separateread andwrite operationscouldbebundledin
a singleone

Messagebatching. Groupingasequenceof messagesinto asinglelow-level protocol
dataunit is yet anotherinstanceof thepattern.In this casetherun method(i.e.
the interpreter)is the packet disassembler. A programis a bunch of packets
bundledtogether. Eachpacket, or eachpacket header, is a commandwhich
will be interpretedby the packet disassembler. This is the CompositeCalls
applicationwhich morecloselyresemblesComposedComands [16].

Deferredcalls. They can be usedto supportdisconnectedoperation. Clients build
programswhile they perform operationson non-reachableservers—whenever
wearein adisconnectedstate.On reconnection,eachprogramis finally submit-
ted to the target domainfor interpretation.Note that several clientsmight add
codeto a singleprogramto besentto theserver lateron.

Eachoperationis aCommand, thelist of operationssenttoaserverisaCompositeCall.
Theinterpretercouldbeeither:

1. thepieceof codesendingeachcommandin turnwhenit is reconnected,or

2. anactualCompositeCalls interpreterin theserverdomain,acceptingjust
a list of commands(a compositecall)—tosave somenetwork traffic.

Futuresor Promises[10] canbeusedto allow usersto synchronizewith server
responses.

Impr oving latency in Operating Systems.Many userprogramshappento exhibit very
simplesystemcall patterns.That is anopportunityfor usingCompositeCalls
to savesomedomaincrossings,and,therefore,someexecutiontime.

As a matterof fact, we have doneso by instantiatingCompositeCalls for t-
wo systems,Linux andOff++ [2]. In both systems,we obtainedaround25%
speedupsfor acat programwrittenwith CompositeCalls [1].

We implementedtwo new domainspecificlanguages(i.e. Instruction and
Command sets)which allowed usersto bundleseparatecalls into a singleone,
like in thecat exampleof section1.

Thefirst languageweimplementedwasbyte-codebased.Weincludedjust those
commandsneededto codeloops, conditionalbranchesandsimple arithmetic.
This languagewasusedbothon Linux andOff++.

15



The secondlanguageimplementedwasa high-level one,designedspecifically
for Off++. It includesjust thosecommandsneededto repeat a givenoperation
n times,andto performasequence of operations.

Heterogeneousresourceallocation. Most systemsarestructuredasa setof resource
unit providers;separateserversprovide resourceunit allocationfor differentre-
sources.In thesesystems,usersissuemultiple requestsat a time.

TheCompositeCalls canbeusedto requestallocationof multipleheterogenous
resourcesin a singlecall. It canbedoneevenusinganemptyControlCommand
family.

Being Off++ a systemmodeledas a set of hardware resourceunit providers,
CompositeCalls havebeenusedto improveOff++ applications[1].

Transactionprocessing. A transactionis a setof operationsexecutedatomicallyon
isolation[6]. A giventransactioncaneitherterminatenormally, by committing,
or abnormally, by aborting. Shoulda transactionabort, its effectsmustbe un-
done;otherwise(i.e. whenit commits),its resultsshouldbemade“permanent”.

Commitmenttypically involves multiple disk writes for different data items.
Writes mustfollow a carefullychosenorderin orderto preserve persistenceof
results,evenwhenfailuresoccur. Oneof thestrategiesis to usearedo algorith-
m [3]. Suchalgorithmdoesnot modify thepersistentdatauntil commitment:it
workson a volatilecopy of thedatauntil thetransactioncommits.

At commit time, a sequenceof redorecords is written into a disk log, followed
by acommitrecord.Redorecordscontainnew valuesfor objectschangedby the
transaction.Finally, persistentstatefor objectsinvolvedis updated.If thesystem
fails beforethewrite of commitrecord,thetransactionis abortedandtheir redo
recordsare ignored. If the systemfails after writing the commit record,redo
recordsarereplayed.

TheCompositeCalls canbeusedbothto implementcommit,andcrashrecov-
ery. Performanceof transactionaldistributedobjectsystems(e.g. Arjuna [15])
couldbeimproveddueto thereducednumberof domaincrossings.

Wewill usethetransactionlog asour legacy server, andthenapplyComposite-
Calls to it. Operationsperformedon thelog are:readRedo readsa redorecord
fromthelog,writeRedo appendsaredorecordto thelog,writeCommit append-
s a commit recordandwriteObj updatesstatefor thegivenobjectin persistent
storage.

All of themwill bewrappedin CallCommands. For controlcommands,a while
loop (while) anda sequence(seq) will suffice.

11 Conclusions

A new designpattern,CompositeCalls, hasbeenpresented.CompositeCalls u-
nifies many—apparentlyunrelated—techniques.Most notably, the patternintegrates
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techniquesbothto reducedomaincrossingsandto dynamicallyextendexistingservers
andto avoid copying datamorethanneeded.

Oneof the advantagesof the patternis that it allows instancessimplerandmore
efficient thanknown instanceslike [4].

Encapsulationof thecommandlanguagehasbeena key featurein the integration
of existing techniques,decouplingthecommandsetfrom thesubmissionmethod.

We have shown alsoeight differentapplicationswherethe CompositeCalls has
beenpreviously used,andseveral caseswherethe patternhasbeenappliedwith a-
priori knowledgeof it.
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