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ABSTRACT
Product-linearchitectures(PLA)sareanemergingparadigmfor de-
velopingsoftwarefamiliesfor distributedreal-timeandembedded
(DRE)systemsby customizingreusableartifacts,ratherthanhand-
craftingsoftwarefrom scratch.To reducetheeffort of developing
software PLAs and productvariantsfor DRE systems,develop-
ersareattemptingto leveragegeneral-purpose– ideally standard
– middlewareplatformswhosereusableservicesandmechanisms
supporta rangeof applicationquality of service(QoS) require-
ments,suchas low latency and jitter. The generalityand �e xi-
bility of standardmiddleware,however, often resultsin excessive
time/spaceoverheadfor DREsystems,dueto lackof optimizations
tailoredto meetthespeci�c QoSrequirementsof differentproduct
variantsin aPLA.

This paperprovidesthe following contributionsto the studyof
middlewarespecializationtechniquesfor PLA-basedDREsystems.
First,we identify key dimensionsof generalityin standardmiddle-
ware,includinggeneralitystemmingfrom framework implementa-
tions, deployment platforms,andmiddlewarestandards.Second,
we illustratehow context-speci�c specializationtechniquescanbe
automatedandappliedto tailor standardmiddlewareto bettermeet
theQoSneedsof differentPLA productvariants.Third, we quan-
tify thebene�tsof applyingautomatedtoolsto specializeastandard
Real-timeCORBA middlewareimplementation.Whenappliedto-
gether, thesemiddlewarespecializationsimprovedour application
productvariantthroughputby � 65%,average-andworst-caseend-
to-endlatency measuresby � 43% and � 45%, respectively, and
predictabilityby a factorof two over analreadyoptimizedmiddle-
wareimplementation,without affecting portability, standardmid-
dleware APIs, or applicationsoftware implementations,and pre-
servinginteroperabilitywherever possible.
1. INTRODUCTION
Emerging tr ends& challenges. Product-linearchitectures(PLA-
s) [17, 1] area promisingtechnologyfor systematicallyaddress-
ing the challengesof large-scalesoftwaresystems.In contrastto
conventionalsoftwareprocessesthat produceseparatepoint solu-
tions,PLA-basedprocessescreatefamiliesof productvariants[30]
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thatsharea commonsetof capabilities,patterns,andarchitectural
styles. PLAs canbecharacterizedusingscope, commonality, and
variabilities (SCV) analysis[2], which is an engineeringprocess
that identi�es the scopeof the productfamilies in an application
domainand thendeterminesthe commonandvariableproperties
amongthem.

PLAshavebeencreatedandappliedto avarietyof domains[24,
9], including the domainof distributed, real-timeand embedded
(DRE)systems[30, 5, 31]. Examplesof DRE systemsincludeap-
plicationswith hardreal-timerequirements,suchasavionicsmis-
sioncomputing[26], aswell asthosewith softerreal-timerequire-
ments,suchas telecommunicationcall processingandstreaming
video [20]. The QoSchallenges(suchas low memoryfootprint,
latency, andpredictability)of DRE systemshave hitherto led de-
velopersto (re)inventcustomapplicationsthataretightly coupled
to speci�c hardware/software platforms,which is tedious,error-
prone,andcostlyto evolveoverproductlifecycles.During thepast
decade,therefore,a key technologyfor alleviating the tight cou-
pling betweenapplicationsandtheirunderlyingplatformshasbeen
middleware, which (1) functionally bridgesthe gap betweenap-
plicationsandplatforms,(2) controlsmany aspectsof end-to-end
QoS,and(3) simpli�es theintegrationof componentsdevelopedby
multiple technologysuppliers.

Although middleware hasbeenusedsuccessfullyin DRE sys-
tems[30,5, 31,26], key challengesmustbeovercomebeforeit can
be appliedbroadly to supportthe QoSneedsof PLA-basedDRE
systems.In particular, R&D is neededto help resolve the tension
between(1) the generality of standards-basedmiddleware plat-
forms, which bene�t from reusablearchitecturesdesignedto sat-
isfy abroadrangeof applicationrequirements,and(2) application-
speci�cproductvariants, whichbene�t fromhighly-optimized,cus-
tom middlewareimplementations.In resolvingthis tension,solu-
tions shouldideally retain the portability and interoperabilityaf-
fordedby standardmiddleware.
SpecializingMiddlewar e for PLAs. This paperextendsour ear-
lier work on general-purposemiddleware optimizations[20, 21,
23] by describingthe resultsof developingandapplyinga toolkit
to helpresolvekey aspectsof thegenerality/speci�citytensionout-
linedabove. Thistoolkit automatesthespecialization[4] of general-
purpose,standards-basedmiddlewareto meettheneedsof speci�c
PLA-basedDRE systems.This paperprovides the following re-
searchcontributions:

1. We usea representative PLA casestudyto identify key di-
mensionsof excessivegenerality in standards-basedmiddle-
ware,focusingonReal-timeCORBA [15], whichis standard
middlewareusedin BoeingBold Stroke [30, 31, 26], which
is a PLA-basedDRE systemin thedomainof avionicsmis-
sioncomputing.

2. Weshow how context-speci�cspecializationtechniques[10]



(suchas coderefactoring[6], and codeweaving [32]) can
be usedto customizethe widely usedTAO [28] Real-time
CORBA implementationto remove excessive generalityand
thusbettersupportapplication-speci�cQoSneedsof PLA-
basedDREsystems,suchasBold Stroke.

3. Wedescribethedesignof adomain-speci�clanguage,tools,
anda processfor automatingthe specializationtechniques
discussedin thepaper.

4. Wepresentandanalyzequantitativeresultsthatdemonstrate
the improvementin performanceandpredictabilityof spe-
cializationsappliedto TAO in the context of our PLA case
study.

Our resultsshow thatspecializationtechniquesguidedby context-
speci�c informationcansigni�cantly improve theQoSof astanda-
rds-basedmiddleware implementationthat hasalreadybeenopti-
mizedextensively via general-purposetechniques.
Paper organization. The remainderof the paperis organizedas
follows: Section2 identi�es key middlewarespecializationchal-
lengespertainingto PLA-basedDRE systems;Section3 explains
how context-speci�c specializationsof middleware help address
thesechallengesand describesour techniquesand tools for au-
tomatingthespecializations;Section4 examinestheresultsof ex-
perimentsconductedto validateour approach;Section5 compares
our work with relatedresearch;andSection6 presentsconcluding
remarksandsummarizeslessonslearned.

2. MIDDLEW ARE SPECIALIZA TION CHA­
LLENGES

General-purpose,standardmiddlewareimplementationsarede-
signedto be reusablesincethey needto satisfya broadrangeof
functionalandQoSapplicationrequirements.PLAs de�ne a fam-
ily of systemsthathavemany commonfunctionalandQoSrequire-
ments,aswell asvariability speci�c to particularproductsbuilt us-
ing thePLA. Resolvingthe tensionbetweengeneralityandspeci-
�city is essentialto ensurethat middleware cansupportthe QoS
requirementsof PLA-basedDRE systems.Unfortunately, imple-
mentationsof standards-based,QoS-enabledmiddleware,suchas
Real-timeCORBA andReal-timeJava, canincur time/spaceover-
headsdueto excessive generality.

This sectionusesa representative PLA-basedDRE systemsce-
narioto identify andillustratecommontypesof excessive general-
ity in standardmiddleware. Section3 thenoutlineshow context-
speci�c middlewarespecializationtechniquesandtoolshelpto al-
leviatethetime/spaceoverheadstemmingfrom this generality.

2.1 DRE PLA CaseStudy
This sectionusesa concise,yet representative, DRE PLA sce-

narioto (1) illustratehow thegenerality/speci�citytensionoutlined
above occursin productionDRE systemsand(2) identify concrete
systeminvariantsthatdrive our specializationapproach.Thesce-
nario is basedon the BoeingBold Stroke avionics missioncom-
putingPLA [31], which supportstheBoeingfamily of aircraft,in-
cludingmany productvariants,suchasF/A-18E,F/A-18F, F-15E,
F-15K, etc. Bold Stroke is a component-based,publish/subscribe
platformbuilt atoptheTAO Real-timeCORBA ORB.

Figure1 illustratestheBasicSPapplicationscenario,which is an
assemblyof avionicsmissioncomputingcomponentsreusedin dif-
ferentBold Strokeproductvariantsandrepresentativeof rate-based
DRE systemsin avionics,vetronics,andprocesscontrol.This sce-
nario involves four avionics missioncomputingcomponentsthat
periodically sendGPSposition updatesto a pilot and navigator
cockpit displaysat a rateof 20 Hz. The time to processinputsto

thesystemandpresentoutputto cockpitdisplaysshouldtherefore
belessthana single20 Hz frame.
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Figure1: BasicSPApplication Scenario

Communicationbetweencomponentsusestheevent-push/data-
pull model,with dataproducingcomponentspushingan event to
notify new dataisavailableanddataconsumingcomponentspulling
datafrom thesource.A Timer componentpulsesa GPSnaviga-
tion sensorcomponentatacertainrate,which in turnpublishesthe
data_avail eventsto an Airframe component.Aware that
new datais available,this componentthencallsa methodprovided
by the Read_Data interfaceof the GPScomponentto retrieve
thecurrentlocation. After formattingthe data,Airframe sends
a data_avail event to the Nav_Display component,which
thenpulls thelocationandvelocitydatafrom theAirframe com-
ponentanddisplaysthis informationon the pilot's heads-updis-
play.

The BasicSPscenarioillustratesa rangeof commonalitiesand
variabilities in the Bold Stroke PLA. Commonalitiesinclude the
setof reusablecomponents(suchasDisplay , Airframe , and
GPS) in Bold Stroke and middleware capabilities(suchas con-
nectionmanagement,datatransfer, concurrency, synchronization,
(de)marshaling,(de)multiplexing, anderror-handling)thatoccurin
all productvariants.Variabilities includeapplication-speci�ccom-
ponentconnections(suchashow GPSandAirframe components
areconnectedin anF/A-18Evs. anF-15K),differentimplementa-
tions (suchas whetherGPSor inertial navigation algorithmsare
used),andcomponentsspeci�c to particularcustomers(suchasre-
strictionson exportingcertainencryptionalgorithms).Theratesat
which thesecomponentsinteractis yetanothervariability thatmay
changein differentproductvariants.

Analysisof commonalitiesandvariabilitiesin theBasicSPsce-
nario helpsidentify functional (e.g., speci�c communicationpro-
tocols)andQoS(e.g., end-to-endlatency) characteristicsof PLAs.
In turn, thesecharacteristicsmapto speci�c requirementson– and
potentialoptimizationsof – the underlyingmiddleware. The re-
mainderof this paperfocuseson thespecializedmiddlewareopti-
mizationsbasedon PLA functionalandQoScharacteristics.

2.2 CommonTypesof ExcessiveGenerality in
Middleware

Wenow identify anddescribekey typesof excessivemiddleware
generalitythat arerelevant to PLA-basedDRE systems.We use
the BasicSPscenariofrom Figure 1 to show how this generality
manifestsitself in a PLA-basedDRE system. The challengesof
eachtypeof generalityareshown in Figure2 anddiscussedbelow.1

Challenge 1. Overly extensibleobject-oriented frameworks.
Middleware is often developedasa setof object-orientedframe-
works thatcanbeextendedandcon�gured with alternative imple-
mentationsof key components,suchasdifferenttypesof transport
protocols(e.g., TCP/IP, VME, or sharedmemory),eventdemulti-
plexing mechanisms(e.g., reactive-, proactive-, or thread-based),
requestdemultiplexing strategies (e.g., dynamichashing,perfect
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sicSPPLA, which we usesimply asexamplesto make thediscus-
sionconcrete.



hashing,oractivedemuxing),andconcurrency models(e.g., thread-
per-connection,threadpool, or thread-per-request). A particular
DRE productvariant,however, mayonly usea smallsubsetof the
potentialframework alternatives.As aresult,general-purposemid-
dlewaremay be overly extensible,i.e., containunnecessaryover-
headfor indirectionanddynamicdispatchingthatis notneededfor
usecasesin a particularcontext.

In the BasicSPscenario,for instance,the transportprotocol is
VME, theeventdemultiplexing mechanismis reactive, therequest
demultiplexing mechanismsare perfecthashingand activate de-
muxing, and the concurrency model is threadpool. A different
variantof thisscenariofor adifferentsetof customerrequirements,
however, may use a different set of framework components. A
challenge is to developmiddleware specializationtechniquesthat
caneliminateunnecessaryoverheadassociatedwith overly exten-
sibleobject-orientedframework implementationsfor certainprod-
uct variantsor application-speci�ccontexts.

Figure2: BasicSPSpecializationPoints

Challenge2. Redundant requestcreation and/or initialization .
To senda requestto the server, the middlewarecreatesa request,
which containsbuffer spaceto hold theheaderandpayloadinfor-
mation for eachinvocation. Rate-basedDRE systemsoften re-
peatedlygenerateperiodicevents,suchastimeoutsthat drive pe-
riodic systemexecution. Since most requestinformation (such
as messagesize, operationname,and servicecontext) doesnot
changeacrossevents,middlewareimplementationscanusebuffer
caching[20] strategiestominimizerequestcreation.Thisapproach,
however, canstill incur theoverheadof initializing theheaderand
payloadfor every request.

In the BasicSPscenario,for instance,the Timer component
always sendsthe sametimeout event to the GPScomponent.
Similarly, the GPSand Airframe componentssendthe same
data_avail eventto their consumers.A differentvariantof this
scenario,however, maynot sendthesameeventsto consumersre-
peatedly. A challenge is to developmiddlewarespecializationtech-
niquesthatcanreusepre-createdrequests(i.e., frompreviousinvo-
cations)partially and/orcompletelyto avoid redundantinitializa-
tion for certainproductvariantsor application-speci�ccontexts.
Challenge3. Repeatedresolutionof the samerequestdispatch.
To minimizethetime/spaceoverheadincurredby openingmultiple
connectionsto the sameserver, middlewareoften multiplexesre-
questson a singleconnectionbetweenclient andserver processes.
Multiple client requeststargetedfor different requesthandlersin

a server processare thereforereceived on the samemultiplexed
connection.StandardReal-timeCORBA serverstypically process
a client requestby navigating a seriesof middleware layers,e.g.,
ORB core,objectadapter(s),servant, andoperation.To optimize
requestdemultiplexing, Real-timeCORBA implementationscan
combineactivedemultiplexing [20] andperfect-hashing[20] strate-
giesto boundworst caselookup time to

�������

, irrespective of the
nestingof the layers. This optimization,however, canstill incur
non-trivial overheadwhennavigatingmiddlewarelayersandis re-
dundantwhenthe target requesthandlerremainsthe sameacross
differentrequestinvocations.

In theBasicSPscenario,for instance,theAirframe andNav_
Display componentsrepeatedlyusethesameget_data() op-
erationto fetch new GPSand Display updates. In a connection
betweenGPSand Airframe components,therefore,the get_
data() operationis sentandservicedby the samerequestdis-
patcher. A differentvariantof this scenario,however, mayservice
operationsvia differentrequestdispatchers.A challenge is to de-
velopmiddleware specializationtechniquesthat avoidtheexpense
of navigatinglayers of middleware to resolvethesamerequestdis-
patch for certainproductvariantsor application-speci�ccontexts.
Challenge4. Redundant(de)marshalingoverheads. PLA-based
DREsystemsmaybedeployedonplatformswith differentinstruc-
tion setbyte orders. To supportinteroperablerequestprocessing
regardlessof byteorder, standardReal-timeCORBA implementa-
tionsthereforeusetheGeneralInter-ORB Protocol(GIOP),which
performsbyteordertestswhen(de)marshalingrequests/responses.
Thesetestsincurunnecessaryoverhead,however, whenall theDRE
systemcomputingnodeshave thesamebyteorder. TheGIOPpro-
tocolalsorequiresalignmentof primitive types(suchaslong and
double ) within a request/responsefor certainhardwarearchitec-
tures,which forcesmiddleware implementationsto maintainoff-
set information within a request/responsebuffer and pad buffers
up to thenext readable/writablelocations.Frequentalignmentand
paddingcan force costly buffer resizingand datacopying. The
overheadassociatedwith alignmentcanbeeliminatedin homoge-
neousenvironments,i.e., whenthesameORBimplementationand
compilerareusedfor (de)marshaling.

In the BasicSPscenario,for instance,the two nodeson which
the componentsaredeployed (NodeAandNodeB) have the same
byte order. ThestandardTAO Real-timeCORBA middlewarere-
sidingonthesenodes,however, still testswhether(de)marshalingis
neededwhenrequests/responsesareexchangedbetweennodes.A
differentvariantof this scenario,however, mayrun on nodeswith
differentbyte orders,but with the samecompiler/middlewareim-
plementation,in which casedataneednot bealigned.A challenge
is to develop middleware specializationtechniquesthat evaluate
ahead-of-timedeploymentpropertiesto removeredundant(de)mar-
shalingoverheadsfor certainproductvariantsor application-spe-
cific contexts.
Challenge5: Generality of deploymentplatform. Anotherkey
dimensionof generalitystemsfrom the deploymentplatformson
which middlewareandPLA applicationsarehosted.Examplesof
this deployment platform generalityincludedifferentOS-speci�c
systemcalls, compiler �ags andoptimizations,andhardware in-
structionsets.EveryOS,compiler, andhardwareplatformprovides
differentcon�gurationsettingsthatperformdifferentlyandcanbe
tunedto minimizethetime/spaceoverheadof middlewareandap-
plications.

In the BasicSPscenario,for instance,a productvariant could
run theLinux OSwith Timesyskernelandg++compileronNodeA
andtheVxWorksOSwith theGreenhillscompileron NodeB. Yet
other variantscould usedifferent combinationsof OS, complier,



andhardware. A challenge is to developspecializationtechniques
that discover and automatethe selectionof right combinationof
OS,compiler, andhardware settingsfor a givendeploymentplat-
form.

2.3 Summary
This sectiondescribedkey dimensionsof excessive middleware

generality, using Real-timeCORBA middleware as an example.
Thesechallengesarealsoapplicableto otherpopularmiddleware
platformsthatusecommonpatterns[7, 29] to accommodatePLA
variability, suchasdifferentprotocols,concurrency, synchroniza-
tion, and(de)marshalingmechanisms.Alleviating unusedobject-
orientedframework generality(challenge1) canspecializethemid-
dlewarefor differentproductvariants.Avoiding redundantrequest
creation(challenge2) occursin middlewareimplementationsthat
providenotionof arequestmessage,includingCORBA, .NET, and
Web Services. Optimizing repeatedresolutionof samethe dis-
patch(challenge3) canbene�t middlewareimplementations(such
asCORBA, COM, andEJB) that navigatemultiple layers/lookup
tablestoprocesstargetrequests.Specializing(de)marshaling(chal-
lenge4) anddeploymentplatformgenerality(challenge5) canbe
appliedto other middleware that target heterogeneousOS, com-
piler, andhardwareplatforms.

3. RESOLVING MIDDLEW ARE GENERAL­
ITY VIA CONTEXT­SPECIFIC SPECIA­
LIZA TIONS

Thissectionexaminestechniquesthatfocusontheuseof context-
speci�c specializationsto enhancethe QoS of PLA-basedDRE
systemsby alleviating excessive generalityin middleware imple-
mentations.Context-speci�c specializationtechniquesarerelated
to partial evaluation, which createsa specializedversionof a gen-
eral programthat is more optimized for time and/orspacethan
the original [12]. Context-speci�c specializationscanbe realized
using code-refactoringand weaving[32, 6], which usesaspect-
orientedprogrammingmechanismsto factorout andweave cross-
cuttingconcerns,aswell aslanguagemechanisms, suchasprogram
optimizationtechniques[11]. Below we describehow we applied
context-speci�c specializationsto TAO to resolve the challenges
describedin Section2. Thespecializationtechniquesandtoolsare
reusableandapplicableto variousmiddlewareimplementationsbe-
yondTAO.

3.1 Applying Context­Speci�c Specializations
to Middleware

Context-speci�c specializationsdescribedin this paperinclude
constantpropagation,layer-folding,memoization,code-refactoring,
andaspectweaving. Thesespecializationaredriven by invariant
properties[14], which arespeci�c application-,middleware-,and
platform-level characteristicsthat remain�x ed during systemex-
ecution,but which may vary for differentsystemcon�gurations/-
requirements.Theinvariantsthemselvesmaybespeci�c for a par-
ticular PLA or applicableto many PLAs. Invariantpropertiescov-
eredin thispaperincludeparticularattributesettings(suchastimer
rates),parametervalues(suchasargumentsto amethod),andinter-
nal/externalcontexts (suchasa dispatcherfor a requestandhard-
ware,OSandcompilersettings).

In simplecases,aninvariantpropertymanifestsitself in theform
of a call to methodm() , whereoneor moreof the parametersof
themethodis alwaysboundto thesamevalue. Our programspe-
cialization strategies pushinvariant datathroughthe middleware
code,simplifying along the way. For example,we createa spe-
cialized versionof m() where the parameterswith �x ed values

are removed and the body of m() is simpli�ed accordingto the
informationprovidedby the�x edparametervalues.Below, wede-
scribethe intent (purpose),invarianceassumptions(conditionsin
our BasicSPcasestudy that enabledcertainspecializations),and
type(technique)of specializationweappliedto resolvethemiddle-
waregeneralitychallengesdescribedin Section2.

To evaluateourmiddlewarespecializationsin arealisticcontext,
weappliedthemto theTAO implementationof Real-timeCORBA,
which is written in C++ andcontainsmany general-purposeORB
optimizations[21, 23]. We usegeneral-purposeoptimizedTAO as
a baselineto quantify the bene�ts of specializationsthat help re-
solve thechallengesfor PLAs describedin Section2.2. We focus
on TAO sinceit is a mature,ef�cient, andopen-sourceimplemen-
tationof theReal-timeCORBA standardthatis usedwidely in pro-
ductionDRE systems(www.dre.vanderbilt.edu/users.
html ).

3.1.1 SpecializeMiddleware Framework Extensibil­
ity via AspectWeaving

We �rst describespecializationtechniquesfor resolvingchal-
lenge1 in Section2.2.
Intent . Eliminateunnecessaryextensibility mechanisms(suchas
indirectionsand dynamic dispatching)in object-orientedframe-
works along the critical request/responseprocessingpath. This
specializationcan be appliedto many internal ORB frameworks
that handletransportprotocols,requestdemultiplexing, andcon-
currency models.Forourcasestudy, wechoosetospecializeTAO's
(1) Reactorframework [27], which is responsiblefor demultiplex-
ing connectionanddataeventsto their correspondingGIOPevent
handlers,and(2) pluggableprotocolframework [16] which allows
ORBsto communicatetransparentlyvia differentprotocol imple-
mentations,suchasTCP/IP,VME, SSL,SCTP,UNIX-domainsock-
ets,and/orsharedmemory.
Invariance assumptions. After a Reactorframework implemen-
tation is selectedfor theBasicSPscenario,it doesnot changedur-
ing the lifetime of theORB. Likewise,aftera protocolimplemen-
tation is selectedit alsodoesnot changeduringthelifetime of the
ORB.
Specialization. Figure3(A) shows differentReactorimplementa-
tionssupportedby TAO. TheSelect_Reactor usesthesingle-

Figure3: Reactor& ProtocolSpecialization

threadedselect() -basedevent demuxer, the Thread_Pool_
Reactor usesthe multi-threadedselect () -basedevent de-
muxer, and the WFMO_Reactor usesthe Windows WaitFor-
MultipleObjects() event demuxer. To work transparently
acrossall Reactorframework implementations,TAO usesan ab-
stractbaseclass(i.e., a genericReactor_Impl ) that delegates
to concretesubclassesvia virtual methodcalls. Specializingthe
Reactorframework with a concretesubclass(i.e., a subclasswith
novirtual methods)eliminatestheindirection(generality)by using
theconcretereactorinstancedirectly.

TAO'spluggableprotocolframework usestheTemplateMethod



pattern[7] to con�gure differentprotocolimplementationsduring
theORBinitializationphase.As shown in Figure3(B), this frame-
work consistsof protocol-independentcomponents,such as the
Transport classthat providessend() andrecv() hooksto
encapsulateaconnectionandprovideaprotocol-independentmeans
of sending/receiving data. Protocol-speci�cclasses,suchas the
IIOP_Transport class,overridethesehooksto implementprot-
ocol-speci�c functionality. The Transport classinteractswith
otherframework components,suchastheProfile classthaten-
capsulatesaddressinginformationin TAO, which in turn usesthe
TemplateMethodpatternto supportmultiple protocol implemen-
tations.Specializingthehookmethodsin a templatemethodwith
protocol-speci�cbehavior eliminatesthe indirection(i.e., the vir-
tual hookmethods).

The specializationsdescribedabove are an exampleof aspect
weaving, wherethe generality(i.e., virtual methodsand indirec-
tions) that crosscutsdifferentclassesand�les is customizedfor a
speci�c context. For example,ourBasicSPPLA scenarioonly uses
theSelect_Reactor andVME protocol,sothereis no needto
incur additionalindirectionandgeneralityoverhead.

3.1.2 SpecializeRequestCreation/Initialization via
Memoization

We now describespecializationtechniquesfor resolvingchal-
lenge2 describedin Section2.2.
Intent . Ratherthancreatinganew CORBA requestrepeatedlyfor
eachinvocation,create/initializea requestonceandonly updateits
statethatchanges.
Invarianceassumption. Many (oftenmost)operationparameters
and/orcontext informationin a requestdo not changeacrossinvo-
cationsin DRE systems.
Specialization. Figure4 showsthestructureof atwo-wayCORBA
requestusing GIOP version1.2. As shown in the �gure, every

Figure4: Opportunities for RequestCreationSpecialization

requesthas threecomponentsde�ned by the CORBA speci�ca-
tion: (1) a requestheaderthat indicatesthe type of CORBA re-
quest(i.e., GIOPversion1.0, 1.1, or 1.2) andthe total sizeof the
message,(2) a request-speci�cheadercontainingthe object key
thatuniquelyidenti�es theservantandservicecontext information
containingservice-speci�cinformation,suchastherequiredprior-
ity and transaction/securitycontexts, and(3) optionalparameters
thatwerepassedasargumentsto theoperation.

Figure 4 also shows threetypesof specializationsof increas-
ing strengththat canbe applied. In somesituationsonly the re-
questheadercanbespecialized,i.e., its contentsareheldconstant,
updatingonly the total size of the message.In other situations,
both the requestandthe request-speci�cheaderscanbeheldcon-
stant,updatingonly the payload. Finally, the entireCORBA re-
questcansometimesbe reusedwholesaleacrossmultiple request

invocations.
This specializationis an exampleof memoization, wherea re-

sult is precomputedandsaved ratherthanrecomputedeachtime.
In our BasicSPPLA casestudy, the precomputed“result” is the
CORBA request.This specializationthusavoidsunnecessarycre-
ationand/orinitializationof requests.

3.1.3 SpecializeDispatch Resolutionvia Layer­Fold­
ing

We now describespecializationtechniquesfor resolvingchal-
lenge3 describedin Section2.2.
Intent . Resolve the targetrequestdispatcheroncefor the�rst re-
questandreuseit to serviceall otherrequestssentover the same
dedicatedconnection.
Invarianceassumptions. Thesameoperationor operationsin the
sameIDL interfaceareinvokedona multiplexedconnection.
Specialization. Figure5 shows a normal layereddemultiplexing
paththroughaCORBA server, i.e., theORBcorelocatesthetarget
POA, which locatestheservant,which locatestheskeleton,which
dispatchesthe requestto an application-de�nedmethod. Rather

Figure5: SpecializingRequestDispatching

thannavigatingthis layeredpath,aspecializedimplementationcan
cachetheskeletonservicingtherequestandinvoke themethodon
the skeletondirectly. A similar approachcanbe appliedto cache
thetargetPOA(s) andservant.

This specializationis an exampleof layer-folding plus memo-
ization, wherean answer(in our casethe dispatcher)is saved for
laterusethanrecomputingit eachtime. Thisenablesmultiplemid-
dlewarelayersto becollapsedduringrequestprocessing.

3.1.4 SpecializeRequestDemarshalingvia Constant
Propagation

We now describespecializationtechniquesfor resolvingchal-
lenge4 describedin Section2.2.
Intent . Eliminateredundanttestsfor byteorderwhendemarshal-
ing a CORBA requestanddo not align theindividual �elds within
therequest.
Invariance assumptions. The communicatingentitiesresideon
nodeswith thesamebyteorder, compilerpadding/alignmentrules,
andthesame(de)marshalingmechanismsfor client(s)andserver(s).
Specialization. Standard-compliantCORBA ORBs are required
to testfor byteordercompatibility for every partof a CORBA re-
quest(not just thepayload),includingall �elds in theCORBA re-
questand request-speci�cheaders.Figure 4 shows the different
partsof a CORBA request.For a typical requestwith a few basic
types(suchaslong , short , andoctet parameters),thesetests
translateto � 15–20byte ordertestsper request.Removing these
redundanttestson homogeneouscompiler/middleware platforms
cansigni�cantly improve demarshalingef�ciency, particularlyas



the datatypecomplexity increases.Similarly, while marshalinga
CORBA request,ORB implementationsalign the individual com-
ponents,e.g., requestsize,id andobjectkeys,to theirnaturalbound-
aries.For atypicalrequestwith basictypes,all the � 15–20compo-
nentsmustbealigned.Ignoringalignmentcanimprovemarshaling
ef�ciency andeliminatepadding,therebyreducingrequestsize.

Thesespecializationsarean exampleof constantpropagation,
wherethe byte-orderis propagatedalongwith the requestto the
recipientandchecked to ensurethe validity of the invarianceas-
sumption.Similarly, unaligneddatais sentalongwith therequest
to therecipient,wheredemarshalingfails if datashouldbealigned.

3.1.5 SpecializePlatformGenerality viaAutoconfMe­
chanisms

We now describespecializationtechniquesfor resolvingchal-
lenge5 describedin Section2.2.
Intent . Choosethe right hardware,OS, andcompilersettingsto
maximizeapplicationQoSwithout affectingportability, interoper-
ability, or correctness.
Invariance assumptions. Thedeploymentplatformthathoststhe
productvariantremains�x edduringthesystem's lifetime.
Specialization. WeuseGNUautoconf (www.gnu.org/sof-
tware/autoconf ) toolkit to applyplatform-speci�cspecializa-
tion techniques,including:

� Exceptionsupport. For certainDREsystems,theuseof na-
tive exceptionsupportis unavailable(e.g., not supportedby
older C++ compilers)or undesirable(e.g., incursexcessive
time/spaceoverhead).Certainmiddlewaresolutionssupport
platformsthatlackexceptions,e.g., CORBA canemulateex-
ceptionsby addinganEnvironment parameterat theend
of eachoperationsignature.We extendedTAO to useGNU
autoconf to automaticallyemulateexceptionswhencom-
pilerslacksuchcapabilities,whenusersexplicitly selectthis
con�guration,or whenperformancetestsindicatethatemu-
latedexceptionsaremoreef�cient thannative exceptions.

� Loop unrolling. Middlewareimplementationsneedto copy
databetweenkernelandmiddlewareandapplicationbuffers.
An optimizationapplicableto certainOS/compilerplatforms
is to unroll theloop of memcpy() standardlibrary function
up to a certainbuffer size. We extendedTAO to useGNU
autoconf to con�guremiddlewareautomaticallyto usethe
either the optimizedor default versionof memcpy() , de-
pendingon performanceteststhat deemonemoreef�cient
thantheother.

For both specializations,we useGNU autoconf to perform
theseperformancetestsautomaticallyjust beforetheORB compi-
lation processbegins. Basedon thetestresults,GNU autoconf
setscertainmacrosin theTAO sourcecode,whicharethenusedto
selectwhichspecializationsto apply.

3.2 A Toolkit for Automating Context­Speci�c
Specializations

Large-scaleDRE systems,suchasBoeing's Bold Stroke PLA,
containmillions of lines of sourcecode. Implementingspecial-
izationtechniquesby manuallyhandcraftingtheoptimizationsde-
scribedin Section3.1 into suchlarge codebaseswill clearly not
scale.To augmentGNU autoconf , therefore,we have createda
domain-speci�clanguage(DSL) andassociatedtoolsthathelpsim-
plify two stepsin thespecializationprocess:(1) identifyingspecial-
izationpointsandtransformationsand(2) automatingthedelivery
of thespecializations.

The remainderof this sectiondescribesthe Feature Oriented
Customizer(FOCUS),which is an open-sourceDSL-basedtool-
suiteandprocesswe developedto automatethe specializationof
middlewarefor PLA-basedDRE systems.FOCUSis availableat
www.dre.vanderbilt.edu/˜arvindk/FOCUS .

3.2.1 FOCUSRequirementsandGoals
Our primary goal for FOCUSwas to build a general-purpose

DSL, supportingtools,anda processto automatecontext-speci�c
middleware specializationsand then to validateour approachby
applyingit to TAO. Thetypesof specializationsdiscussedin Sec-
tion 3.1yieldedthefollowing requirementsfor FOCUS:
1. Ability to manipulatecode. Applyingaspectweaving to frame-
work specializationrequirestheability to manipulatecode,suchas
performingsearchandreplacespecializationsto devirtualizehook
methodsin theReactor_Impl baseclassandreplacethemwith
thenameof concretereactorimplementation.
2. Ability to refactor coderegions. Object-orientedframework
specializationsneedto move specializedcode(e.g., concreteim-
plementationsof hook methods)from a derived classto the new
concreteclass.Similarly, additionalheader�les andmethodsmay
mayneedto bemoved from/to a derivedclassto/from a new con-
creteclass.Likewise,layer-folding optimizationsrequirethecapa-
bility to inject codethatbypasseslayersat speci�c locationsin the
code.
3. Ability to remove code. Coderefactoring,memoization,and
aspectweaving specializationsrequirethe removal of certainre-
dundantfunctionality. In memoizationoptimizations,for instance,
redundantfunctionality that repeatedlycreatesthe samerequest
mustbereplacedwith codethatcachestherequestheader.

Tosupporttheserequirements,FOCUSusesgenerativeprogram-
mingtechniques[3] thatcombineannotations(directives)with code
templates[25] to specializemiddlewareimplementations.FOCUS
annotationsareembeddedwithin themiddlewaresourceto identify
pointsof variability, e.g., wherea dispatchingdecisionis madeor
a particularprotocolis created.This approachenablesmostof the
basicinfrastructureof the middleware to remain�x ed, but iden-
ti�es well-de�ned variability points wherespecializationscan be
wovenautomatically. It alsoenablesmiddlewaredevelopersto ex-
plicitly know thevariability pointswhensourcecodechangesare
made,therebyminimizing theskew betweenspecializationsandan
evolving middlewaresourcebase.

3.2.2 AutomatingMiddlewareSpecializationswithFO­
CUS

Theprocessof applyingFOCUSDSL andtoolscanbeexecuted
in threephasesby middlewaredevelopersandapplicationPLA de-
velopers,asdiscussedbelow.
Phase1: Capturing specializationtransformations. In thisphase,
middlewaredeveloperscapturethe code-level transformationsre-
quired to implementa specializationusing the FOCUSSpecial-
ization Language (FSL), which is a DSL that supportsthe fol-
lowing typesof specializations:(1) searchand replacetransfor-
mations( � search� ... � replace� ), (2) copying text from differ-
entpositionsin multiple �les ontoa destination�le ( � copy-from-
source� ), (3) commentingregions of a program( � comment� ),
and(4) removing text from a program( � remove� ). FSL usesan
XML DTD to capturethe transformations,which facilitatesease
of (1) extension, i.e., additionaltransformationscanberepresented
via new XML tagsand(2) transformation, i.e., XSLT transforma-
tionscanbeusedto transformthespecializationsontodifferenttool
input formats. Similar approacheshave beenusedin commercial
tools,suchasAnt (ant.apache.org ), which useXML to cap-



turebuild stepsandrules.
The output of phase1 is a set of FSL specialization�les that

captureall thetransformationsneededfor thespecializations.Sec-
tion 4.2.1 illustratesportionsof the transformationsrequiredto
automateaspectweaving specializationsin TAO.
Phase2: Middlewar eannotation. In this phase,middlewarede-
velopersusetheFSLspecialization�les to annotatethemiddleware
with metadatarequiredfor the desiredtransformations.Annota-
tions in FOCUSare only requiredfor transformationsthat copy,
comment,or addcode,i.e., whenusingthe � comment� , � copy-
from-source� , or � add� tags, respectively. Other transforma-
tions, suchassearchandreplace,andremove do not requirean-
notation. Metadatais insertedasspecialcommentsin the source
codeusingsourcelanguagesyntaxfor comments.This metadata
is usedby FOCUSto aid in thetransformationof sourcecode,but
is opaqueto compilersfor general-purposelanguageslike C++ or
Java and imposesno extra overheadon general-purposemiddle-
waresourcecode.

During middlewareevolution, suchasfeatureaddition/modi�c-
ation,middlewaredevelopersmustrespecttheannotations.For ex-
ample,any new codebetweenannotationsthatmarkthebegin and
end of a copy/commentdoesnot requirechangesto the special-
ization �les. Section4.2.1illustrateshow annotationsalongwith

� copy-from-source� tagscanbeusedto minimizeskew between
specializationsandmiddlewaresourcecode.

AnnotationshelptheFOCUStransformationprocessbyenabling
a lightweight specializationapproachthat doesnot requirea full-
�edged languagefront-endto parsetheentiresourcecodeto iden-
tify the specializationpoints(hooks). This approachenablesFO-
CUSto work acrossmiddlewareimplementationsin differentlan-
guages,e.g., hookscanbe left within a C++- or Java-basedmid-
dleware implementationfor FOCUSto weave in code. FOCUS
ascribesno signi�cance to the namesfor hooks,i.e., they canbe
arbitraryaslongasthereis acorrespondingnamein thespecializa-
tion �le.
Phase3: Executingspecializationtransformations. In thisphase,
PLA developersperformthe stepsshown in Figure6. First, they

Figure6: Stepsin the FOCUSTransformation Process

selectthe specializationssuitablefor the variant (step1) during
theof�ine SCV analysisphase.Basedon thefeaturesselectedfor
specialization,theFOCUStransformationenginequeriesthespe-
cializationrepositoryto selectthe right �le(s) (step2). Basedon
the transformationrules in the specialization�le, the transforma-
tion engineexecutesthe transformations(step3). A compiler for
thegeneral-purposelanguageusedto write themiddlewareis then
usedto generateexecutableplatformcodefrom themodi�ed source

�le(s) (step4).
The FOCUStransformationengineis written in Perl to lever-

ageits matureregular expressionssupport. Regular expressions
enhancethe richnessof the transformationsthat canbe speci�ed
within FSL specialization�les. For example,searchandreplace
capabilitiesin FOCUSleverageregularexpressionsto ignorelead-
ing trailing white spacesandnewline characters.

3.3 Summary
This sectiondescribedthe specializationtechniques,language,

andtoolswedevelopedto resolvemiddlewaregeneralitychallenges
in Section2. Table1 lists thespecializationtechniquesalongwith
the correspondingFSL featureswe appliedto resolve the gener-
ality challenges(Section4.2 describeswhy we did not useFO-
CUSto resolve(de)marshalingchecksanddeploymentgenerality).

Similar to the challenges,the FOCUSspecializationtechniques

Specialization Technique FSL features
Requestcreation Memoization search,replace,add
Demarshalingchecks Constantpropagation Not Applicable
Dispatchresolution Memoization+ layer-folding search,replace,add
Framework generality Aspectweaving add,copy-from-source

search,replace
Deploymentgenerality autoconf Not Applicable

Table 1: Summary of SpecializationTechniques

we describearereusableandapplicableto middleware that incur
generalitychallenges.Thesetechniquesmodify only copiesof the
object-orientedframework andmiddlewarecodeanddonotneces-
sitateany modi�cationsto applicationcodeor original frameworks
andmiddleware.

4. APPLYING OUR SPECIALIZA TION TOO­
LS TO TAO FOR THE BASICSP SCE­
NARIO

This sectionpresentsthe resultsof applyingour specialization
toolsdescribedin Section3 to a TAO-basedimplementationof the
BasicSPscenario.Theseresultshelp in quantitatively andquali-
tatively evaluatingtheextent to which specializationsimprove the
throughput,average-andworst-caselatency, andjitter of standard-
basedmiddlewareimplementations.Theconstantpropagationand
coderefactoringtechniquesdescribedin thepaperwereautomated
usingGNUautoconf conditionalcompilationtechniquesdescrib-
ed in Section3.1.5. The memoization,layer-folding, andaspect
weaving wereautomatedvia theFOCUStoolkit describedin Sec-
tion 3.2.2.

4.1 Analyzing General­purposeMiddleware
Tospecializegeneral-purposeReal-timeCORBA middlewarefor

PLA-basedDRE systems,we �rst analyzedtheend-to-endcritical
codepathof the following synchronoustwo-way CORBA opera-
tion in TAO:

result = object � operation (arg1, arg2)

A pathrepresentsasegmentof theoverall end-to-end�o w through
the system.The critical path is the sequenceof stepsthat areal-
waysnecessaryin TAO to processevents,requests,or responsesfor
synchronousandasynchronousoperationinvocations. This code
pathis thesamefor processingtheget_data() two-way opera-
tion anddata_avail andtimeout eventsin theBasicSPsce-
nariodescribedin Section2.1. We usethis codepathto provide a
baselinefor comparingourcontext-speci�c specializationstoquan-
tify thenumberof stepsspecializedalongthecritical request/respon-
se processingpath shown by the numberedbullets in Figure 7.



Using this �gure asa guide,we now describethe stepsinvolved
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Figure7: End-to-End RequestProcessingPath

whena client invokesa synchronoustwo-way operation.After the
connectionfrom client to server processhasbeenestablished,the
following activities areperformedby the TAO client ORB when
a client applicationthreadinvokesan operationon an object ref-
erencethat designatesa particulartarget object on a TAO server
ORB:2

1. Buffer_Manager allocatesabuffer from amemorypool.
TheGIOPmessageparseris usedto marshaltheparameters
in theoperationinvocation.

2. Sendthe marshaleddatato the server usingthe established
connectione.g.,

���

.
3. TheleaderthreadwaitsontheReactor for areplyfrom the

server. The follower threadwaitson a conditionvariableor
a semaphore.

The server ORB activities for processinga requestaredescribed
below:

4. Readtheheaderof therequestarriving on connection
�

�

to
determinethesizeof therequest.

5. Buffer_Manager allocatea buffer from a memorypool
to hold therequestandanappropriateGIOPmessageparser
is usedto readtherequestdatainto thebuffer.

6. Demultiplex the requestto locatethe target portableobject
adapter(POA) [22], servant, and skeleton– then dispatch
the designatedupcall to the servant after demarshalingthe
requestparameters.

7. Sendthereply (if any) to theclient onconnection
���

.
8. Wait in thereactor's event loop for new connectionanddata

events.

Finally, theclientORBperformsthefollowing activities to process
a reply from theserver:

9. Theleaderthreadreadsthereply from theserver onconnec-
tion

���

.
10. The leaderthreadhandsoff the reply to the follower thread

bysignalingtheconditionvariableusedby thefollowerthread.
11. The follower threaddemarshalsthe parametersandreturns

controlto theclient application,which processesthereply.

4.2 SpecializingTAO Middleware
Having outlined the activities at the client andserver, we now

(1) describehow wespecializedTAO usinginvarianceassumptions
to resolve thechallengesfor PLAs describedin Section2.2 in the
context of theBold Stroke BasicSPscenarioand(2) quantitatively

�

ThisdiscussionhasbeengeneralizedusingtheReactor, Acceptor-
Connector, andLeader/Followerspatterns[29], which areusedin
many popularCORBA ORBs,suchase*ORB, ORBacus,Orbix,
andTAO.

comparetheend-to-endlatency, throughput,andpredictabilityim-
provementsaccruedfrom ourapproach.All experimentswereper-
formedon an Intel PentiumIII 851 Mhz processorwith 512 MB
of main memoryrunning on Linux 2.4.7-timesys-3.1.214kernel,
which containsa very predictablereal-timekernel module. The
TAO middlewareusedfor theexperimentswasversion1.4.7,which
wascompiledwith gccversion3.2.2.

Toensureportabilityandinteroperability, ourspecializationslarg-
ely comply with the Real-timeCORBA speci�cation and do not
modify any standardinterfacesor BasicSPapplicationcode. Our
specializationsresolvemiddlewaregeneralitychallengesillustrated
in Figure2, areappliedalongthecritical request/responseprocess-
ing pathandaffectend-to-endQoS.Ourapproachspecializesmost
of thesteps(1, 3, 11 on theclient and4, 6, 8 on theserver).

TAO providesa wide rangeof con�guration options(seewww.
dre.vanderbilt.edu/˜schmidt/TAO- options.h tml ).
For thisanalysis,weusedthefollowing con�guration: (1) portable
interceptorsarenotused,(2) servantsinheritstaticallyfromorg::
omg::PortableServer::Servant , i.e., we do not consider
CORBA'sdynamicinvocation/skeletonfeatures,(3) noproprietary
policieswereusedin theORB,and(4) TAO'sgeneral-purposeop-
timizations(e.g., activedemultiplexing, perfecthashing,andbuffer
cachingstrategies) were enabledfor all experiments. Theseas-
sumptionsarerepresentative of waysin which DRE systemscom-
monly applyReal-timeCORBA middleware[26, 31].

To showcaseour results,a samplesizeof 100,000datapoints
wasusedto generateresultsfrom following typesof experiments
for eachspecializationpresentedin Sections3.1.1through3.1.5:

1. End-to-end latencymetrics, whichmeasurethedifferences
in end-to-endlatency/throughputbetweengeneral-purpose
andspecializedversionsof TAO. For eachexperiment,high-
resolutiontimersontheclientcollectedend-to-endmeasure-
mentdatausedfor analysis.

2. Path specializationmetrics, which comparelatency mea-
suresfor specializedvs. general-purposecritical paths.For
eachexperiment,high-resolutiontimerswithin TAO's ORB
coremeasuredlatency improvementsfor thecodepathspe-
cializedwithin TAO.

3. Cumulative metrics, which measuretheend-to-endlatency
andpredictabilityimprovementsaccruedby applyingall spe-
cializations.

For eachspecialization,wedescribe(1) thestepsspecializedalong
the request/responseprocessingpath, (2) how the specialization
wasautomated,and(3) consequencesof applyingour specializa-
tion in termsof CORBA complianceand applicability. For our
experiments,we de�ne predictability as the measureof standard
deviation of thedatapoints.

4.2.1 ApplyingtheAspectWeavingSpecialization
This specializationcorrespondsto step3 and9 in theclient side

andstep8 in theserver sideof Figure7.
Specializationautomation. Specializingthe Reactorcomponent
involved (1) replacingthe ACE_Reactor_Impl classwith the
concreteACE_Select_Reactor implementationwithin there-
actor, (2) replacingthe creationof other reactorswith the spe-
cializedversionin ORB factorymethods[7], and(3) eliminating
virtual methodsfrom the reactorand interfaceswithin the mid-
dleware. To automatethe specialization,we usedFSL to cap-
ture the transformations,someof which are shown in Listing 1.
Lines 1–2 capturethe module(directoryor package)and �le on
which the transformationsaredone. Devirtualizing interfacesof
the reactoris capturedin line 3. Lines 4–8 allow replacingthe



1: <module name="ace">
2: <file name="Reactor.h">
3: <remove>virtual</remove>
4: <substitute>
5: <search>ACE_Reactor_Impl</search>
6: <replace>ACE_Select_Reactor</replace>
7: </substitute>
8: </file>
9: </module>
10: <module="TAO/tao">
11: <file name="advanced_resource.cpp">
12: <comment>
13: <start-hook>TAO_REACTOR_SPL_COMMENT_HOOK_START</start- hook>
14: <end-hook>TAO_REACTOR_SPL_COMMENT_HOOK_END</end-hook>
15: </comment>
16: </file>
17: </module>

FOCUSListing 1: ReactorSpecialization

ACE_Reactor_Impl with the desiredconcreteselectreactor.
Similarly, lines 12–15show how unspecializedcodewithin two
points in the �le ( � start-hook� ... � end-hook� ) is commented
out for thetransformations.

Listing 2 shows how we annotatethe middleware sourcecode
with hooksbasedon theFSL specialization�le (Listing 1).

//File: advanced_resource.cpp
ACE_Reactor_Impl*
TAO_Default_Resource_Factory::

allocate_reactor_impl (void) const
{

ACE_Reactor_Impl *impl = 0;
/* FOCUS: Comment hook */

//@@ TAO_REACTOR_SPL_COMMENT_HOOK_START
ACE_NEW_RETURN(impl, ACE_TP_Reactor, 0);

//@@ TAO_REACTOR_SPL_COMMENT_HOOK_END
return impl;

}

FOCUSListing 2: AnnotatedMiddlewareSourceCode

Listing 3 illustrateshow FOCUStransformedsourcecodeso
that the baseReactor(ACE_Reactor_Impl ) is replacedwith
thespecializedReactor(ACE_Select_Reactor ). Thisspecial-
ization is validatedby our invarianceassumptionthat after ACE_
Select_Reactor is selected,it doesnotchangefor theBasicSP
scenario.Anotherobservationis thattheannotationsarepreserved
duringthetransformationprocess,which enablesmultiple special-
izationsto usethesamehookfor specifyingtransformations,thus
avoiding clutteringof hookswithin themiddlewaresourcecode.

TospecializeTAO'spluggableprotocolimplementation,weused
� copy-from-source� capabilitiesprovidedbyFSL.Listing4 shows

//File: Reactor.h
class Reactor
{
public:

int
run_reactor_event_loop (REACTOR_EVENT_HOOK= 0);

// Other public methods ....
private:
// Code woven by FOCUS:

ACE_Select_Reactor *reactor_impl_;
// End Code woven by FOCUS
};

// File: advanced_resource.cpp
// Code woven by FOCUS:
ACE_Select_Reactor*
// End Code woven by FOCUS
TAO_Default_Resource_Factory::

allocate_reactor_impl (void) const
{
// Code woven by FOCUS:

ACE_Select_Reactor *impl = 0;
// End Code woven by FOCUS

/* FOCUS: Comment hook */
//@@ TAO_REACTOR_SPL_COMMENT_HOOK_START
// ACE_NEW_RETURN(impl, ACE_TP_Reactor, 0);
//@@ TAO_REACTOR_SPL_COMMENT_HOOK_END
// Code woven by FOCUS:
}

FOCUSListing 3: TransformedMiddlewareSourceCode

how the concreteprotocol speci�c implementationsof template

methodsde�ned in theProfile classarecopiedfrom theIIOP_
Profile class.Asshown in thelisting, � copy-hook-start� � copy-

<file name="Profile.cpp">
<copy-from-source>

<source>IIOP_Profile.cpp</source>
<copy-hook-start>PROFILE_METHODS_COPY_HOOK</copy-hook-s tart>
<copy-hook-end>PROFILE_METHODS_COPY_HOOK_END</copy-hook -end>
<dest-hook>PROFILE_SPL_ADD_HOOK</dest-hook>

</copy-from-source>
</file>

FOCUSListing 4: ProtocolSpecialization

hook-end� tagssignify thestartandendlocationsof thetemplate
methodimplementationsin theIIOP_Profile class.Thesecon-
creteimplementationsarecopiedon to thebaseProfile classat
a locationde�ned within theProfile.cpp �le. Theadvantage
of this designis that changesmadeto the implementationsof the
templatemethodsin IIOP_Profile.cpp do not necessitatea
changeto the specialization�le. In fact, after we completedthis
specialization,supportof IPv6protocolwasaddedto TAO, but our
specializationsrequiredno changes.
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Figure8: Resultsfor Reactor& ProtocolSpecializations

Empirical results. Figure8 illustratesthe improvementsto end-
to-endlatency byspecializingtwoobject-orientedframeworksused
in TAO. Sincereactorsandprotocolsareusedby both client and
server ORB,we presentthemostrepresentative end-to-endresults.
Ourspecializationresultsin averagelatency improvementsof � 8� s-
ecs(4%) for the reactorcaseandin � 10� sec(5%) for the proto-
col case.Thesespecializationsalsominimizedispersionmeasures
for both thespecializations,thoughnot appreciably. The99%and
worst-casemeasurealsodecrease,therebyshowing how removing
virtual methodindirectionenhancespredictability.

Our resultsshow how minimizing dynamicdispatchalong the
critical pathcanimprove performance.Similar approachescanbe
applied to specializeother frameworks usedwithin middleware.
Basedon the resultsobtainedin this casestudy, our future work
will specializeotherobject-orientedframeworksin TAO to further
improve its performance.
Applicability andCORBA compliance. Specializationof object-
orientedframework extensibility can be appliedto all ORB im-
plementationsthatusevirtual methods,yet canbecustomizedvia
a single concreteinstancelate in the systemlifecycle, e.g., dur-
ing deployment or initialization. This specializationis CORBA-
compliantsincethereactoris partof TAO's ORB coreimplemen-
tation,notpartof thepublicAPI de�ned by theReal-timeCORBA
speci�cation. Similarly the specializationof the protocol frame-
work doesnot modify any standardAPIs or applicationcode,but
only affectshookmethodsspeci�c to TAO's implementation.



4.2.2 ApplyingtheMemoizationSpecialization
This specializationcorrespondsto step1 in the client side of

Figure7.
Specializationautomation. In TAO,theGIOPenginecreatespro-
tocol speci�c request/responseobjects.Listing 5 illustratesa por-
tion of the transformationsfor this specialization.During the �rst

<add>
<hook>TAO_HEADER_CACHING_ADD_HOOK</hook>
<data>

1. if (__header_cached__)
2. {
3. // First invocation -- normal path
4. __header_cached__ = 0;
5. this->write_header (...);
6. skip_length__ = this->total_length ();
7. }
8. else
9. {
10. // All invocations -- Optimized path
11. this->skip (skip_length)
12. }

</data>
</add>

FOCUSListing 5: SpecializingRequestCreation

invocationof a request/response,the length of the actualheader
is computedandcached(asshown in lines 1–6). For subsequent
requeststhe cachedpre-marshaledheaderis usedby moving the
currentwritablelocationby thetotalheadersize.

WeappliedspecializedrequestcreationtoTAOonaper-connect-
ion basis,i.e., therequestheaderscachedarespeci�c to a connec-
tion. This designstemsfrom our invarianceassumptionfrom the
BasicSPscenario,wheretheget_data anddata_avail oper-
ationaresentalongseparateconnections.
Empirical results. Figure 9 illustratesthe end-to-endand code
pathspecializationimprovementsthat resultfrom applyingthere-
questcreation/initializationspecializationontherequestandrequest-
speci�c CORBA header. Theaverageend-to-endlatency measures
improved by � 8� sec(4%), while the path specializationresults
improved by 25%. This discrepancy shows how much our spe-
cialized codepath in�uences end-to-endlatency. The dispersion
measuresimprove, but not signi�cantly, by applyingthis special-
ization. Both 99%andworst-casemeasuresimprove, which show
thisspecializationimprovespredictability. Theseresultsshow how
theend-to-endpathspecializationresultsarein�uencedby thecon-
tribution from theactualpathspecialized.
Applicability and CORBA compliance. Specializingthe entire
requestis possibleonly if therequestdoesnotchange,which is the
casefor control messagessentbetweenTimer andGPScompo-
nents.Specializingthe requestandrequest-speci�cheaderis pos-
sible if only the contentschangebetweenrequests,which is the
casefor the get_data() operation. This specializationcanbe
appliedfor the standardReal-timeCORBA SERVER DECLARED

priority model,wherethepriority informationis seta priori during
object referencecreation. Specializingonly the requestheaderis
applicableto all requests,thoughit hasthe leastpayoff in terms
of improvementsin performancesince it representsa relatively
small portion of the request. All threeapproachescomply with
theCORBA speci�cationsincethey do not changethetypeof the
CORBA requestmessage.The third approach,however, doesnot
updatethe requestidenti�er, which is usedto uniquely identify
the client threadprocessingthe responsewhen multiplexed con-
nectionsareused.

4.2.3 ApplyingtheLayer­FoldingSpecialization
This specializationcorrespondsto step6 to step8 in theserver

sideof Figure7.
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Figure 9: Results for RequestCreation/Initialization Special-
ization

Specializationautomation. Weimplementedthelayer-foldingspe-
cialization (Section3.1) by cachingthe target requestdispatcher
determinedwhenthe�rst requestfrom theclientonaconnectionis
serviced.Subsequentrequestsusedthecacheddispatcherdirectly,
i.e., theskeletonthat servicesthe requests.FSL annotationswere
addto TAO's POA so FOCUScanweave in codethat cachedthe
skeletonservicingtherequest.Anotherannotationwithin theORB
coremarkedthestartof thenormalrequestpath.

Thesespecializationtransformationsweresimilar to the aspect
weaving andmemoizationspecializationsdiscussedin Section3.1
andareappliedon a per-connectionbasis.Multiple simultaneous
client connectionsthathave differentrequestdispatchercanthere-
fore beservicedconcurrently. This designconformsto our invari-
anceassumptionfrom theBasicSPscenariothattheoperationsare
sameonly ona per-connectionbasis.
Empirical results. Figure10 illustratesthe end-to-endandcode
path performanceimprovementsresultingfrom the dispatchres-
olution specialization.The averageend-to-endlatency measures
improved by � 30� secs,which is � 16% betterthan the general-
purposeTAO implementation.For theactualcodepathspecialized
this translatesto � 40% improvementin latency. The dispersion
measuresfor end-to-endlatenciesimproved by a factor of � 1.5,
while thosefor the specializedpathwere twice asgoodas those
for the general-purposepath. The 99% measuresare similar to
thedispersionmeasures,indicatingimprovementin predictability.
Theworst-casemeasuresimprovedby 20%whenapplyingthedis-
patchresolutionspecializationto thespecializedpathandby � 14%
for theend-to-endresults.Theseresultsshow thatapplyinglayer-
folding specializationto theTAO middlewareimprovespredictabil-
ity andlatency considerably.
Applicability and CORBA compliance. This specializationap-
pliesto theget_data() operationin theBasicSPscenariowhere
the sameoperationis invoked repeatedly. Cachingthe target ser-
vantandskeletonsacri�cessomeCORBA compliancesincethread-
speci�c state(e.g., CORBA CurrentandPOA Currentarenotmain-
tained. This context information is often unnecessary, however,
e.g., thePOA currentinterfaceis usedprimarily whenthePOA is
associatedwith a Default_Servant (whereoneservant han-
dlesall invocations)or Servant_Manager (whichcreatesaser-
vantdynamicallytohandlerequests).SincethesedynamicCORBA
policiesarerarely– if ever – usedin DRE systems,the impacton
CORBA complianceis negligible in this context.

4.2.4 ApplyingtheConstantPropagationSpecializa­
tion
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Figure10: Resultsfor DispatchResolutionSpecialization

This specializationcorrespondsto steps1 and11 on the client
andsteps4 and6 in theserver of Figure7.
Specializationautomation. The(de)marshalingenginewithin TA-
O usedseveralOSplatform-speci�ccapabilitiesthatwereautomat-
ically (un)setusingGNU autoconf . GNU autoconf necessi-
tatedtheuseof conditionalcompilationto implementthis special-
ization. Two �ags, CDR_IGNORE_ALIGNMENTandDISABLE_
SWAP_ON_READwereaddedto thewrite() andread() meth-
odswithin TAO's CommonDataRepresentation(CDR) engineto
ignorealignmentandbyte-ordervaluesin therequest/response�elds.
This designconformsto our invarianceassumptionthat the com-
municatingentities run on homogeneousmiddleware, OS, com-
piler, andhardwareplatforms,which is often thecasefor produc-
tion DREsystems.
Empirical results. Figure11 illustratesthe end-to-endandpath
performanceimprovementsfromapplyingtherequest(de)marshali-
ng specialization.The specializedpathfor this experimentbegan
when a server demarshaleda requestuntil the responsewas re-
turnedto theclient. Applying thespecializationthatignoredalign-
ment improved end-to-endlatenciesby � 8� secs(a 4% improve-
mentover thegeneral-purposeTAO implementation),while elimi-
natingbyteorderchecksimprovedbyteorderchecksby � 9� sec(a
4% improvementover thegeneral-purposeTAO implementation).
Path specializationresultsimproved by � 4 – 5� sec(a 10% im-
provement)for boththecases.Althoughthegeneral-purposeTAO
implementationperformstestsontheclientandserver for all �elds
in aCORBA requestheader, ourspecializationimprovementswere
relatively smallsinceourinitial experimentsentasinglelong data
type,which requiredvery few byteordertests.

To quantify theimprovementsfrom this specializationfor more
complex datatypes,we conductedanotherexperimentthatsentan
IDL structurewith four primitivetypes,ashort , long , double
and float interspersedwith a char . The useof a char type
forced the general-purposeTAO middleware to re-align the indi-
vidualprimitive types.ThespecializedTAO middleware,however,
did not incur this overhead.

A sequence of this structurewith varyingsizeswassentover
thenetwork to measuretheimprovementin performance.Bothspe-
cializationswereenabledsimultaneouslyfor this experiment.Ta-
ble2 illustratesthespeedup in averageend-to-endlatency accrued
from applying our specialization. The resultsshow that latency
measuresimprove between12 – 30% with increasingsequence
lengths.

Theseresultsunderscorethe fact that thebene�ts of specializa-
tions often dependheavily on the usecasesthat exercisethe spe-
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Figure11: Resultsfor Request(De)marshalingSpecialization

SequenceLength Speedup
64 11.5%

128 17.35%
1,024 20.12%
2,048 25.64%
4,096 30.12%

Table 2: Performance Speedup as a Function of Sequence
Length

cializedcode.
Applicability andCORBA compliance. Eliminationof byte-order
checksandignoringalignmentspecializationsareapplicableto de-
ploymentsonhomogeneousenvironmentsi.e., nodeswith thesame
byteorder, e.g., NodeAandNodeBin ourBasicSPscenario,and/or
the sameplatform implementationsat senderandreceiver. These
specializationsarenot CORBA compatible.A middlewareimple-
mentation,however, canaddrecovery mechanisms,suchascheck-
ing for byte order within the requestbeforeusing the aforemen-
tionedspecializations,thoughthesemechanismsviolateour invari-
anceassumption.

4.2.5 ApplyingAutoconfTechniquesfor PlatformSpe­
cialization

This specializationcorrespondsto the underlyingplatform on
which theBasicSPscenariowasrun.
Specialization automation. To automatethe loop unrolling op-
timization,we usedGNU autoconf 's AC_RUN_IFELSEcapa-
bility thatcompiledandexecuteda benchmarkto compareperfor-
manceboth with andwithout our optimization. If our optimiza-
tion wasfaster, autoconf setstheACE_HAS_MEMCPY_LOOP_
UNROLL�ag to enablethefeature.For exceptionsupport,weused
GNU autoconf 'sAC_COMPILE_IFELSEfeatureto determine
if a compilersupportedexceptionsandthenempiricallyevaluated
whetherusingnative exceptionswas fasterthanemulatedexcep-
tions.
Empirical results. Figure12illustrateshow applyingourloopun-
rolling andexceptionemulationspecializationtechniquestogether
improved averageend-to-endlatency measuresby � 17%. Worst-
caselatency improvedby � 12%,while the99%latency measures
werecloserto theaveragefor our specializations,therebyindicat-
ing betterpredictability. Theseresultsshow that specializingde-
ploymentplatformsvia GNU autoconf canimproveQoSsignif-
icantly.
Applicability and CORBA compliance. The GNU autoconf
specializationtechniquesdo not affect speci�cationcomplianceat
all.
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Figure12: Resultsfor SpecializingDeploymentPlatform

4.2.6 ApplyingtheSpecializationsCumulatively
Figure13 illustratestheQoSimprovementsaccruedby applying

all of the middlewarespecializationsdiscussedabove to a remote
CORBA operation. The averageend-to-endlatency for the spe-
cializedTAO droppedby � 43%,while thedispersionmeasurewas
twice asgoodasgeneral-purposeoptimizedTAO implementation,
indicatingconsiderableimprovementin predictability, which is es-
sentialfor DREsystems.
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Figure13: Resultsfor Cumulative SpecializationApplication

Similarly, the 99% boundvaluesfor the specializedTAO im-
provedby � 40%whileworst-casemeasuresimprovedby � 150� se-
cs, which is a 45% improvementover the general-purposeTAO
implementation.End-to-endthroughputmeasuresimprovedby an
averageof � 65%. To measureperformancespeedup for a com-
plicateddatastructure,we ran the experimentusing the complex
datastructurefrom our demarshalingexperiments.For a sequence
lengthof 64averagelatency improvedby � 26%,while for alength
of 4,096latency improvedby � 51%.

4.3 Evaluating FOCUS
Now thatwehaveillustratedhow FOCUS'sDSL, tools,andpro-

cesscanbeappliedto helpmiddlewaredevelopersbuild andeval-
uatemiddleware specializations,we canevaluateits bene�ts and
drawbacks.
Bene®ts. In resolvingthechallengesdescribedin Section2, FO-
CUShasthefollowing bene�ts:

� It preservesportabilityof themiddlewareimplementationsit
specializes,i.e., thespecializedmiddlewareshouldrunonall
platformson which themiddlewareruns. TheFSL snippets

in Section4.2.1do not changethe interfaceof Reactoror
protocolcomponentsin TAO.

� It hasno externaldependencies,i.e., it doesnot requireex-
ternallibrariesto belinkedfor execution.

� It supportsrole separation,i.e., middlewaredeveloperscap-
turethespecializationandannotatethemiddleware,whereas
PLA applicationdevelopersselectthe specializationsbased
onSCVanalysis.

� It usesCOTS tools andstandardtechnologies,suchasPerl
andXML, to automatethe delivery of thesespecializations
to enhanceits usein productionmiddlewareplatforms.

� Its transformationsincurnounnecessaryoverheadatruntime
sincethey areperformedstaticallyatcompile-time,similarto
othersource-to-sourcetransformations,suchasAspectC++
(www.aspectc.org/ ),DMS(www.semdesigns.com ),
TXL (www.txl.ca ), andStratego-XT(www.program-tr-
ansformation.org/Stratego/ ). Thetransformedmid-
dlewaresourcecodewoven by FOCUS(Section4.2.1) il-
lustratesthat thereis no tool-speci�c codeinsertedasa part
of thetransformationprocess.

� Its specializationsdonotaffectbusinesslogic andonly mod-
ify thestructureof middlewareimplementations,particularly
object-orientedframeworks. The non-transformedversions
of the frameworks are thereforestill available when other
developersneedto usetheirobject-orientedextensibility fea-
tures.Noneof thespecializationsdescribedearliermodi�ed
or specializedBasicSPapplicationcode.

Drawbacks. SinceFOCUSwas developedprimarily to help us
evaluatethebene�tsof middlewarespecializations,in general,and
the TAO ORB, in particular, it currentlyhasthe following limita-
tions:

� It automatesthedelivery of specializations,but not theiden-
ti�cation of specializationssuitablefor a PLA or anindivid-
ual variant.

� Developersareresponsiblefor ensuringthatannotationsare
synchronizedwith specializationrules, i.e., if the annota-
tions arechangedthe specialization�les alsoneedchange.
This canbe amelioratedsomewhat by providing guidelines
to middleware developersandenhancingthe parserto �rst
make suretherequiredhooksarepresentin themiddleware
beforeperformingthetransformations.

� Modi�cations/enhancementsto thestateand/or- interfaceof
implementationsrequiremanualchangesto the specializa-
tions,i.e., if thenameof anoperationor itsparameterschange,
the specialization�les needto be updated.This limitation,
however, is not speci�c to FOCUSbut alsoto DMS andAs-
pectC++.

� The FOCUStransformationenginedoesnot checkthat the
woven codeexecutescorrectly, which is a commonlimita-
tion with other source-to-sourcetransformationtools, such
asAspectC++,thatrely upongeneral-purposecompilersand
automatedquality assurancetools to ensurethe transforma-
tionscompileandrunproperly.

Now thatwehave validatedthebene�tsof automatingmiddleware
specializations,we plan to addresstheselimitations in our future
work onmorepowerful specializationlanguages.

4.4 Summary
Specializationis apromisingtechniquefor alleviating thetime/-

spaceoverheadstemmingfrom excessive generalityin standards-
basedmiddleware implementationsand improving its QoS,such



asreducinglatency andjitter. This sectionquanti�ed thebene�ts
of specializationswe appliedto theTAO Real-timeCORBA based
on invariantsstemmingfrom theBasicSPscenario,which itself is
basedon the SCV analysisembodiedin the BoeingBold Stroke
PLA. Our empiricalresultsillustratetheviability of our approach
to improve the QoSof PLA-basedDRE systems,wherestringent
performancerequirementsmustbe met while alsopreservingap-
plication sourcecodeand middleware portability/interoperability
asmuchaspossible.

The specializationtechniquesdiscussedin this sectionare tar-
getedto PLA developerswho identify the applicability of vari-
ousspecializationtechniquesto a variant in thePLA during SCV
analysis. Among the specializationsexaminedand implemented
in this paper, deploymentplatform-speci�c time/spacespecializa-
tions yielded the most improvementin QoS,followed by memo-
ization,layer-folding, andaspectweaving, in thatorder. Our future
work we will examineotherdimensionsof specializationssuchas
eliminatinglayeringat theclient sideandresolvingotherplatform
speci�c generality.

5. RELATED RESEARCH
This sectioncomparesour work on context-speci�c specializa-

tions for middleware-basedPLAs for DRE systemswith related
researchin a rangeof systemandapplicationdomains.

5.1 Operating systems
Specializationtechniqueshave beenapplied to operatingsys-

tems. For example,the SynthesisKernel [19] generatedcustom
systemcallsfor speci�c situationsto collapselayersandeliminate
unnecessaryprocedurecalls. This approachhasbeenextendedto
useincrementalspecializationtechniques.For example,[18] have
identi�ed several invariantsfor an OS read() call on HP/UX.
Basedon theseinvariants,codeis synthesizedto adaptto differ-
ent situations.Oncethe invariantsfail, eitherre-pluggingcodeis
usedto adaptto adifferentinvariantor defaultunoptimizedcodeis
used.Our work extendstherangeof specializationsto encompass
middlewareinvariantsin thecontext of PLA-basedDRE systems,
which have somedifferent constraints. For example,we do not
considerdynamicre-pluggingcostssinceit would undulyincrease
jitter for productvariantsin many DREsystems.

5.2 Middleware
Specializationtechniqueshave alsobeenappliedto variousgen-

erationsof middleware.[14] describestheuseof theTempoC pro-
grampartialevaluatortool to automaticallyoptimizecommonsoft-
warearchitecturestructureswith respectto �x ed applicationcon-
texts. For instance,theauthorsshow how partialevaluationcanbe
appliedto fold togetherandoptimizelayersin earlygenerationsof
middleware, i.e., a remoteprocedurecall (RPC) implementation,
by specializingRPCinvocationsto thesizeandtypeof remotepro-
cedureparameters(yieldingspeed-upsof 1.7xand3.5x).

[14] alsocustomizea publish/subscribeframework to a context
in which subscribersof a particulareventareknown a priori . This
typeof architectureis representative of thestructuresencountered
in middlewarefor PLA-basedDREsystems,whichmotivatedusto
considersimilar techniquesthatcouldbeappliedwith goodeffect
to optimizeReal-timeCORBA implementations.In our work, we
have identi�ed additionalCORBA architecturalstructuresthatare
amenableto optimizationvia specialization.Technicalchallenges
remainingincludeextendingthe automaticC programtechniques
in [14] to richerobject-orientedlanguages,suchasC++ andJava,
thatplacea greateremphasison dynamicallycreateddata.

Otherresearchonmiddleware[32,8] hasappliedaspect-oriented

programming(AOP)techniquesto factoroutcross-cuttingmiddle-
ware features,suchas portableinterceptors,(de)marshalingrou-
tines,anddynamictyping. Somespecializationsdescribedin this
papercanbe implementedusingAOP. The primary differenceis
thatour specializationsfocusmoreon thetransformations(woven
code)requiredto specializemiddleware,whereasAOPis moreof
a delivery mechanismto realizespecializations.

5.3 Empirically­guided Optimizers
The ATLAS [13] numericalalgebralibrary usesan empirical

optimizationengineto set the valuesof optimizationparameters
by generatingdifferent programversionsthat are run on various
hardware/OSplatforms.Theoutputfrom theserunsareusedto se-
lect parametervaluesthat maximizeperformance.Similarly, our
GNU autoconf specializationsrunempiricalbenchmarksonthe
target deployment platform to determinethe OS, compiler, and
hardwareparametersthatmaximizeperformance.

6. CONCLUDING REMARKS
This paperdescribeshow specializationscanbeautomatedand

appliedto optimize excessive generalityin standards-basedmid-
dleware implementationsusedfor PLAs. We show how context-
speci�c specializationsbasedon theBold Stroke avionicsmission
computingPLA canbeusedtooptimizetheTAOReal-timeCORBA
implementation.Ourmiddlewarespecializationresultscollectively
improvedthethroughputof BoldStrokeBasicSPscenarioby � 65%,
its average-andworst-caseend-to-endlatency measuresby � 43%
and � 45%, respectively, andits predictabilityby a factorof two,
without affecting portability, standardmiddlewareAPIs, or appli-
cationsoftwareimplementations,while preservinginteroperability
wherever possible. Theseimprovementsare particularly notable
sinceTAO hasalreadybeentunedvia many general-purposemid-
dlewareoptimizations[20, 21, 23]. We alsodescribedhow GNU
autoconf , FOCUSDSL and tools were usedto automatethe
middlewarespecializationsdescribedin thepaper.

The remainderof this sectiondiscussesthe consequencesand
implicationsof ourspecializationtechniquesandtools.
Implications on QoS. Thespecializationsdiscussedin this paper
hadnointer-dependencies,i.e., thespecializationsdonotoverlapin
theend-to-endcodepath.As middlewareandsystemarchitectsde-
velopacatalogof specializations,it will benecessaryto document
the interplaybetweenthespecializationsandanalyzethe implica-
tionson mixing andmatchingdifferentspecializations.Similarly,
not all thespecializationswill beapplicableto every PLA applica-
tion scenario,soPLA developerswill needto work in conjunction
with middlewaredevelopersto determinethe applicability of the
differentspecializationtechniquesto productvariants.

Quantitative resultsshow that improvementsfrom applyingour
specializationscanbe scenario-speci�c.For example,the demar-
shalingresultsshowedhow acomplicatedstructurebene�tedmore
from the specializationthana simpletype. Whenthe specialized
pathis traversedmoreoften,therefore,its in�uence on end-to-end
performanceis moresigni�cant.
Implications onadaptability . Thespecializationmechanismsdis-
cussedin thispaperdonotconsideradaptationcosts,i.e., theover-
headof handlingandrecovering from situationswherethe invari-
anceassumptionsareviolated. Adding suchmechanismsrequire
activities (suchasloadingnew librariesor addingrun-timechecks)
thatcanincurconsiderablejitter, andthusarenotdesirablefor DRE
systems.
Implications on schedulability. In many DREsystems,real-time
tasksarescheduledandanalyzedof�ine to ensurethey complete
beforetheirdeadlines.Latency overheadscausedbygeneral-purpose



middlewareimplementationsmay causedeadlinemissesfor criti-
cal tasksscheduleda priori. Applying our specializationscould
reducemiddlewareoverheadconsiderably, helpingensurethatcrit-
ical taskscompletebeforetheirdeadlines.Ouroptimizationsmight
alsoenablesuchtasksto �nish well aheadof theirdeadlines,thereby
increasingthetotalslack, i.e., timeinterval availablefor scheduling
othertasks(suchassoftreal-timetasks),in thesystem.Moreavail-
ableslackcouldpotentiallyincreasethenumberof schedulablesoft
real-timetasksin thesystem.
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