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ABSTRACT

Product-linearchitecture¢PLA)sareanemeging paradignfor de-
velopingsoftwarefamiliesfor distributedreal-timeandembedded
(DRE) systemdy customizingeusablertifacts ratherthanhand-
crafting softwarefrom scratch.To reducethe effort of developing
software PLAs and productvariantsfor DRE systems,develop-
ers are attemptingto leveragegeneral-purpose ideally standard
— middleware platformswhosereusableservicesandmechanisms
supporta rangeof applicationquality of service(QoS) require-
ments,suchaslow lateny andjitter. The generalityand e xi-
bility of standardmiddlevare, however, often resultsin excessie
time/spaceverheador DRE systemsgdueto lack of optimizations
tailoredto meetthe speci c QoSrequirement®f differentproduct
variantsin aPLA.

This paperprovidesthe following contritutionsto the study of
middlevarespecializatioriechnique$or PLA-basedRE systems.
First, we identify key dimensionf generalityin standardniddle-
ware,includinggeneralitystemmingfrom framevork implementa-
tions, deployment platforms,and middlevare standards.Second,
weillustratehow contet-speci ¢ specializatiortechniquesanbe
automatedndappliedto tailor standardniddlevareto bettermeet
the QoSneedwof differentPLA productvariants. Third, we quan-
tify thebene tsof applyingautomatedoolsto specializeastandard
Real-timeCORBA middlevareimplementation Whenappliedto-
gether thesemiddlevare specializationsmproved our application
productvariantthroughpuby 65%,average-andworst-casend-
to-endlateny measuredy 43% and 45%, respectrely, and
predictabilityby a factorof two over analreadyoptimizedmiddle-
wareimplementationwithout affecting portability, standardmid-
dleware APls, or applicationsoftware implementationsand pre-
servinginteroperabilitywherever possible.

1. INTRODUCTION

Emergingtrends& challenges Product-linearchitectues(PLA-
s) [17, 1] area promisingtechnologyfor systematicallyaddress-
ing the challengeof large-scalesoftware systems.In contrastto
corventionalsoftware processeshat produceseparatgoint solu-
tions,PLA-basedprocessesreatefamiliesof productvariants[30]
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thatsharea commonsetof capabilities patternsandarchitectural
styles. PLAs canbe characterizedising scope commonalityand

variabilities (SCV) analysis[2], which is an engineeringorocess
thatidenti es the scopeof the productfamiliesin an application
domainand then determinegshe commonand variable properties
amongthem.

PLAs have beencreatecandappliedto avariety of domaing24,
9], including the domainof distributed, real-timeand embedded
(DRE) system$30, 5, 31]. Examplesof DRE systemsncludeap-
plicationswith hardreal-timerequirementssuchasavionics mis-
sioncomputing[26], aswell asthosewith softerreal-timerequire-
ments,suchas telecommunicatiorcall processingand streaming
video [20]. The QoS challengegsuchaslow memoryfootprint,
lateng, and predictability) of DRE systemshave hithertoled de-
velopersto (re)invent customapplicationghataretightly coupled
to speci ¢ hardware/softvare platforms, which is tedious, error
prone,andcostlyto evolve over productlifecycles. During the past
decadetherefore,a key technologyfor alleviating the tight cou-
pling betweerapplicationsandtheir underlyingplatformshasbeen
middlevare, which (1) functionally bridgesthe gap betweenap-
plicationsand platforms,(2) controlsmary aspectof end-to-end
QoS,and(3) simpli es theintegrationof componentslevelopedby
multiple technologysuppliers.

Although middlevare hasbeenusedsuccessfullyin DRE sys-
tems[30, 5, 31, 26], key challengesnustbeovercomebeforeit can
be appliedbroadlyto supportthe QoS needsof PLA-basedDRE
systems.In particular R&D is neededo help resole the tension
between(1) the genearlity of standads-basedmiddlevare plat-
forms which bene t from reusablearchitecturesiesignedo sat-
isfy abroadrangeof applicationrequirementsand(2) application-
speci cproductvariants whichbene tfrom highly-optimized cus-
tom middlevareimplementationsIn resolvingthis tension,solu-
tions shouldideally retainthe portability and interoperabilityaf-
fordedby standardniddleware.

SpecializingMiddlewar e for PLAs. This paperextendsour ear
lier work on general-purposeniddlevare optimizations[20, 21,
23] by describingthe resultsof developingandapplying a toolkit
to helpresole key aspect®f thegenerality/speci citytensionout-
linedabove. Thistoolkit automateghespecializatior{4] of general-
purposestandards-basediddlenvareto meetthe needsof speci ¢
PLA-basedDRE systems. This paperprovidesthe following re-
searchcontritutions:

1. We usea representatie PLA casestudyto identify key di-
mensionof excessivgeneality in standards-basediddle-
ware,focusingon Real-timeCORBA [15], whichis standard
middlewvareusedin BoeingBold Stroke [30, 31, 26], which
is a PLA-basedRE systemin the domainof avionics mis-
sioncomputing.

2. Weshav how context-speci cspecializatiortechniqueg10]



(suchas coderefactoring[6], and codeweaving [32]) can
be usedto customizethe widely usedTAO [28] Real-time
CORBA implementatiorto remove excessie generalityand
thusbettersupportapplication-speci cQoS needsof PLA-
basedRE systemssuchasBold Stroke.

3. We describethedesignof adomain-speci clanguagetools,
and a processfor automatingthe specializationtechniques
discussedn thepaper

4. We presentandanalyzequantitativeresultsthatdemonstrate
the improvementin performanceand predictability of spe-
cializationsappliedto TAO in the contet of our PLA case
study

Our resultsshav thatspecializatiortechniquegyuidedby context-
speci ¢ informationcansigni cantly improve the QoSof astanda-
rds-basedniddlevare implementatiorthat hasalreadybeenopti-
mizedextensiely via general-purpostchniques.

Paper organization. The remainderof the paperis organizedas
follows: Section2 identi es key middlewvare specializationchal-
lengespertainingto PLA-basedDRE systems;Section3 explains
howv contet-speci ¢ specializationsof middlevare help address
thesechallengesand describesour techniquesand tools for au-
tomatingthe specializationsSection4 examinesthe resultsof ex-
perimentsconductedo validateour approachSection5 compares
our work with relatedresearchand Section6 presentsoncluding
remarksandsummarizegessondearned.

2. MIDDLEW ARE SPECIALIZA TION CHA-
LLENGES

General-purposestandardmiddlevareimplementationsare de-
signedto be reusablesincethey needto satisfy a broadrangeof
functionalandQoSapplicationrequirementsPLAs de ne afam-
ily of systemghathave mary commonfunctionalandQoSrequire-
ments,aswell asvariability speci c to particularproductsbuilt us-
ing the PLA. Resolvingthe tensionbetweengeneralityandspeci-
city is essentiato ensurethat middlewvare can supportthe QoS
requirementof PLA-basedDRE systems.Unfortunately imple-
mentationsof standards-baseoS-enableaniddlevare, suchas
Real-timeCORBA andReal-timeJava, canincur time/spacever-
headsdueto excessve generality

This sectionusesa representatie PLA-basedDRE systemsce-
narioto identify andillustratecommontypesof excessie general-
ity in standardmiddlevare. Section3 thenoutlineshow context-
speci ¢ middlewvare specializatiortechniquesandtools helpto al-
leviate thetime/spacaverheadstemmingfrom this generality

2.1 DRE PLA CaseStudy

This sectionusesa concise,yet representaie, DRE PLA sce-
narioto (1) illustratehow thegenerality/speci citytensionoutlined
above occursin productionDRE systemsand(2) identify concrete
systeminvariantsthat drive our specializatiorapproach.The sce-
nario is basedon the Boeing Bold Stroke avionics missioncom-
puting PLA [31], which supportghe Boeingfamily of aircraft,in-
cluding mary productvariants,suchasF/A-18E,F/A-18F F-15E,
F-15K, etc. Bold Stroke is a component-baseghublish/subscribe
platformbuilt atopthe TAO Real-timeCORBA ORB.

Figurel illustratesthe BasicSPapplicationscenariowhichis an
assemblyof avionicsmissioncomputingcomponentseusedn dif-
ferentBold Stroke productvariantsandrepresentatie of rate-based
DRE systemsn avionics,vetronics,andprocessontrol. This sce-
nario involves four avionics missioncomputingcomponentghat
periodically send GPS position updatesto a pilot and navigator
cockpitdisplaysat a rateof 20 Hz. Thetime to processnputsto

the systemandpresenbutputto cockpitdisplaysshouldtherefore
belessthanasingle20 Hz frame.
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Communicatiorbetweencomponentsisesthe event-push/data-
pull model, with dataproducingcomponentgushingan eventto
notify new datais availableanddataconsumingcomponentgulling
datafrom the source.A Timer componenpulsesa GPSnaviga-
tion sensoicomponenttacertainrate,whichin turn publisheshe
data_avalil eventsto an Airframe  component. Aware that
new datais available,this componenthencallsa methodprovided
by the Read_Data interface of the GPScomponento retrieve
the currentlocation. After formattingthe data,Airframe  sends
adata_avail  eventto the Nav_Display componentwhich
thenpullsthelocationandvelocity datafrom the Airfframe  com-
ponentand displaysthis information on the pilot's heads-updis-
play.

The BasicSPscenariaillustratesa rangeof commonalitiesand
variabilities in the Bold Stroke PLA. Commonalitiesnclude the
setof reusablecomponentgsuchasDisplay , Airframe , and
GP9 in Bold Strolke and middleware capabilities(such as con-
nectionmanagementlatatransfer concurrenyg, synchronization,
(de)marshaling(de)multipleiing, anderrorhandling)thatoccurin
all productvariants.Variabilities includeapplication-speci ccom-
ponenttonnectiongsuchashowv GPSandAirframe  components
areconnectedn anF/A-18Evs. anF-15K), differentimplementa-
tions (suchaswhetherGPSor inertial navigation algorithmsare
used),andcomponentspeci ¢ to particularcustomergsuchasre-
strictionson exporting certainencryptionalgorithms).Theratesat
which thesecomponentinteractis yetanothevariability thatmay
changan differentproductvariants.

Analysisof commonalitiesandvariabilitiesin the BasicSPsce-
nario helpsidentify functional (e.g., speci c communicatiornpro-
tocols)andQoS(e.g., end-to-endateng) characteristicef PLAs.
In turn, thesecharacteristicenapto speci ¢ requirement®n—and
potential optimizationsof — the underlyingmiddlevare. The re-
mainderof this paperfocuseson the specializedmiddlevare opti-
mizationsbasedcon PLA functionalandQoScharacteristics.

get_data ()

Figure 1: BasicSPApplication Scenario

2.2 CommonTypesof Excessve Generality in
Middleware

We now identify anddescribekey typesof excessive middlevare
generalitythat arerelevant to PLA-basedDRE systems. We use
the BasicSPscenariofrom Figure 1 to shav how this generality
manifestsitself in a PLA-basedDRE system. The challengesof
eachtypeof generalityareshavn in Figure2 anddiscussedbelav.
Challenge 1. Overly extensible object-oriented frameworks.
Middleware is often developedas a setof object-orientedrame-
worksthatcanbe extendedandcon gured with alternatve imple-
mentationof key componentssuchasdifferenttypesof transport
protocols(e.g., TCP/IR VME, or sharedmemory),eventdemulti-
plexing mechanismge.g., reactive-, proactve-, or thread-based),
requestdemultipleing stratgies (e.g., dynamichashing,perfect

Thesechallengesrenot limited to Real-timeCORBA or the Ba-
sicSPPLA, which we usesimply asexamplesto make the discus-
sionconcrete.



hashingoractive demuxing) andconcurreng models(e.g., thread-
perconnection.threadpool, or thread-perrequest). A particular
DRE productvariant,however, may only usea small subsebf the
potentialframeavork alternatves. As aresult,general-purposmid-
dleware may be overly extensible,i.e., containunnecessargver
headfor indirectionanddynamicdispatchinghatis notneededor
usecasesn a particularcontext.

In the BasicSPscenario for instance the transportprotocolis
VME, theeventdemultiplexing mechanisnis reactive, therequest
demultipleing mechanismsre perfecthashingand activate de-
muxing, and the concurreng model is threadpool. A different
variantof this scenaridor a differentsetof customerequirements,
however, may use a different set of framevork components. A
challenge is to developmiddlevare specializationtechniquesthat
caneliminateunnecessargverheadassociatedvith overly exten-
sible object-orientedrameavork implementation$or certainprod-
uctvariantsor application-speci ccontexts.

Figure 2: BasicSPSpecializationPoints

Challenge2. Redundantrequestcreation and/or initialization .
To senda requesto the sener, the middlevare createsa request
which containsbuffer spaceto hold the headerand payloadinfor-
mation for eachinvocation. Rate-basedRE systemsoften re-
peatedlygenerateperiodic events,suchastimeoutsthat drive pe-
riodic systemexecution. Since most requestinformation (such
as messagesize, operationname, and service context) doesnot
changeacrossevents,middlevareimplementationsan usebuffer
cachindg20] stratgiesto minimizerequestreation.Thisapproach,
however, canstill incur the overheadof initializing the headerand
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 theirconsumersA differentvariantof this
scenariohowever, may not sendthe sameeventsto consumerse-
peatedly A challenge is to developmiddlevare specializatiortech-
niguesthat canreusepre-createdrequestgi.e., frompreviousinvo-
cations)partially and/or completelyto avoid redundaninitializa-
tion for certain productvariantsor application-speci ccontexts.
Challenge3. Repeatedresolutionof the samerequestdispatch.
To minimizethetime/spaceverheadncurredby openingmultiple
connectiongo the samesener, middlevare often multiplexesre-
gueston a singleconnectiorbetweerclientandsener processes.
Multiple client requestdargetedfor differentrequesthandlersin

a sener processare thereforereceved on the samemultiplexed
connection.StandardReal-timeCORBA senerstypically process
a client requestby navigating a seriesof middlevare layers,e.g.,
ORB core,objectadapter(s)senant, and operation. To optimize
requestdemultipling, Real-timeCORBA implementationsan
combineactive demultiplexing [20] andperfect-hashinfR0] strate-
giesto boundworst caselookup time to , irrespectie of the
nestingof the layers. This optimization,however, canstill incur
non-trivial overheadvhennavigating middlevarelayersandis re-
dundantwhenthe tamget requesthandlerremainsthe sameacross
differentrequestnvocations.

In theBasicSPscenariofor instancethe Airframe  andNav_
Display componentsepeatedlyusethesameget_data()  op-
erationto fetch nev GPSand Display updates. In a connection
betweenGPSand Airframe  componentstherefore,the get_
data() operationis sentand servicedby the samerequestdis-
patcher A differentvariantof this scenariohowever, may service
operationsvia differentrequestdispatchers A challenge is to de-
velopmiddlewvare specializatiortechniquesthat avoid the expense
of navigatinglayers of middlevare to resolvethe samerequestis-
patch for certainproductvariantsor application-speci ccontexts.
Challenge4. Redundant(de)marshalingoverheads PLA-based
DRE systemsnaybedeplo/edon platformswith differentinstruc-
tion setbyte orders. To supportinteroperableaequestprocessing
regardlesof byte order standardReal-timeCORBA implementa-
tionsthereforeusethe Generalnter-ORB Protocol(GIOP),which
performsbyte ordertestswhen(de)marshalingequests/responses.
Thesedestsincurunnecessargverheadhowever, whenall theDRE
systemcomputingnodeshave the samebyte order The GIOP pro-
tocol alsorequiresalignmentof primitive types(suchaslong and
double ) within arequest/responder certainhardwarearchitec-
tures, which forcesmiddlevare implementationgo maintainoff-
setinformation within a request/responsauffer and pad buffers
up to the next readable/writabléocations.Frequent@lignmentand
paddingcan force costly buffer resizingand datacopying. The
overheadassociatedvith alignmentcanbe eliminatedin homoge-
neousenvironmentsj.e., whenthe sameORB implementatiorand
compilerareusedfor (de)marshaling.

In the BasicSPscenario for instance the two nodeson which

the componentare deplged (NodeAand NodeB have the same
byte order The standardTAO Real-timeCORBA middlevarere-
sidingonthesenodeshowever, still testswhether(de)marshalings
neededvhenrequests/responsaseexchangedetweemodes.A
differentvariantof this scenariohowever, may run on nodeswith
differentbyte orders,but with the samecompiler/middievareim-
plementationjn which casedataneednot be aligned.A challenge
is to develop middlevare specializationtechniquesthat evaluate
ahead-of-timeleploymenpropertiesto remaeredundan{de)mar-
shalingoverheaddor certain productvariantsor application-spe-
cific contexts.
Challenge5: Generality of deploymentplatform. Anotherkey
dimensionof generalitystemsfrom the deployment platformson
which middlevareandPLA applicationsare hosted. Examplesof
this deplayment platform generalityinclude different OS-speci ¢
systemcalls, compiler ags and optimizations,and hardware in-
structionsets.Every OS,compiler andhardwareplatformprovides
differentcon guration settingsthatperformdifferentlyandcanbe
tunedto minimize the time/spaceoverheadof middlevareandap-
plications.

In the BasicSPscenario,for instance,a productvariant could
runtheLinux OSwith Timesyskernelandg++compileron NodeA
andthe VxWorks OS with the Greenbhillscompileron NodeB. Yet
other variantscould usedifferent combinationsof OS, compliet



andhardwvare. A challeng is to developspecializatiortechniques
that discover and automatethe selectionof right combinationof
OS,compiler and hardware settingsfor a givendeploymenplat-
form.

2.3 Summary

This sectiondescribeckey dimensionof excessie middlevare
generality using Real-time CORBA middlevare as an example.
Thesechallengesare alsoapplicableto other popularmiddlevare
platformsthatusecommonpatterng7, 29] to accommodat®LA
variability, suchasdifferentprotocols,concurreng, synchroniza-
tion, and (de)marshalingnechanismsAlleviating unusedobject-
orientedframenork generality(challengel) canspecializéhemid-
dlewarefor differentproductvariants.Avoiding redundantequest
creation(challenge?) occursin middlevareimplementationghat
provide notionof arequestmessagencludingCORBA, .NET, and
Web Services. Optimizing repeatedresolutionof samethe dis-
patch(challenge3) canbene t middlewareimplementationgsuch
asCORPBA, COM, and EJB) that navigate multiple layers/lookup
tablesto processametrequestsSpecializing/de)marshalingchal-
lenge4) anddeplgymentplatform generality(challenges) canbe
appliedto other middlewvare that target heterogeneou®S, com-
piler, andhardwareplatforms.

3. RESOLVING MIDDLEW ARE GENERAL-
ITY VIA CONTEXT-SPECIFIC SPECIA-
LIZA TIONS

Thissectionexaminegechniqueshatfocusontheuseof context-
speci ¢ specializationgo enhancethe QoS of PLA-basedDRE
systemsby alleviating excessve generalityin middlevare imple-
mentations.Contet-speci ¢ specializatiortechniquesarerelated
to partial evaluation which createsa specializedsersionof agen-
eral programthat is more optimizedfor time and/or spacethan
the original [12]. Contet-speci ¢ specializationganbe realized
using code-efactoring and weaving[32, 6], which usesaspect-
orientedprogrammingmechanismso factorout andweave cross-
cuttingconcernsaswell aslanguage medanismssuchasprogram
optimizationtechniqueg11]. Below we describehow we applied
contet-speci ¢ specializationgo TAO to resole the challenges
describedn Section2. The specializatiortechniquesndtoolsare
reusableandapplicableo variousmiddlevareimplementationge-
yondTAO.

3.1 Applying Context-Speci ¢ Specializations
to Middleware

Contet-speci ¢ specializationglescribedn this paperinclude
constanpropagationlayerfolding, memoizationcode-refctoring,
andaspectweaving. Thesespecializatiorare driven by invariant
properties[14], which arespeci ¢ application-,middlevare-,and
platform-level characteristicshat remain x ed during systemex-
ecution,but which may vary for differentsystemcon gurations/-
requirementsTheinvariantsthemselesmaybe speci ¢ for apar
ticular PLA or applicableto mary PLAs. Invariantpropertieov-
eredin this paperincludeparticularattributesettinggsuchastimer
rates) parametevalues(suchasamgumentgo amethod) andinter-
nal/external contets (suchasa dispatcherfor a requesiandhard-
ware,0Sandcompilersettings).

In simplecasesaninvariantpropertymanifeststself in theform
of a call to methodm() , whereoneor more of the parametersf
the methodis alwaysboundto the samevalue. Our programspe-
cialization stratgies pushinvariant datathroughthe middlevare
code, simplifying alongthe way. For example,we createa spe-
cialized versionof m() wherethe parametersith x ed values

are removed andthe body of m() is simpli ed accordingto the
informationprovided by the x edparametewalues.Below, we de-
scribethe intent (purpose),nvarianceassumptiongconditionsin
our BasicSPcasestudy that enabledcertainspecializations)and
type(technique)pf specializatiorwe appliedto resohe themiddle-
waregeneralitychallengeslescribedn Section2.

To evaluateour middlewarespecializationsn arealisticcontext,
we appliedthemto the TAO implementatiorof Real-timeCORBA,
which is written in C++ andcontainsmary general-purpos®RB
optimizationg21, 23]. We usegeneral-purposeptimizedTAO as
a baselineto quantify the bene ts of specializationghat help re-
solwve the challengedor PLAs describedn Section2.2. We focus
on TAO sinceit is a mature ef cient, andopen-sourcémplemen-
tationof theReal-timeCORBA standardhatis usedwidely in pro-
ductionDRE systemgwww.dre.vanderbilt.edu/users.
html ).

3.1.1 SpecializeMiddleware Frameavork Extensibil-
ity via Aspect\eaving

We rst describespecializationtechniquesor resolving chal-
lengelin Section2.2.
Intent. Eliminateunnecessargxtensibility mechanismgsuchas
indirectionsand dynamic dispatching)in object-orientedframe-
works along the critical request/responsprocessingpath. This
specializationcan be appliedto mary internal ORB frameworks
that handletransportprotocols,requestdemultipleing, and con-
curreny models.For our casestudy wechooseo specializeTAQ's
(1) Reactorframework [27], which is responsibldor demultiplex-
ing connectionranddataeventsto their correspondingsIOP event
handlersand(2) pluggableprotocolframenork [16] which allows
ORBsto communicateransparentlyia differentprotocolimple-
mentationssuchasTCP/IR VME, SSL,SCTRUNIX-domainsock-
ets,and/orsharednemory
Invariance assumptions After a Reactorframavork implemen-
tationis selectedor the BasicSPscenariojt doesnot changedur
ing the lifetime of the ORB. Lik ewise, after a protocolimplemen-
tationis selectedt alsodoesnot changeduringthelifetime of the
ORB.
Specialization Figure3(A) shavs differentReactorimplementa-
tionssupportedby TAO. TheSelect_Reactor  useghesingle-

Figure 3: Reactor & Protocol Specialization

threadedselect()  -basedeventdemuser, the Thread_Pool_
Reactor usesthe multi-threadedselect () -basedevent de-
muxer, andthe WFMO _Reactor usesthe Windows WaitFor-
MultipleObjects() event demuwer. To work transparently
acrossall Reactorframevork implementationsTAO usesan ab-
stractbaseclass(i.e., a genericReactor_Impl ) that delegates
to concretesubclassesia virtual methodcalls. Specializingthe
Reactorframevork with a concretesubclasgi.e., a subclasawith
no virtual methodskliminatestheindirection(generality)by using
theconcretereactorinstancedirectly.

TAO's pluggableprotocolframevork useshe TemplateMethod



pattern[7] to con gure differentprotocolimplementationsluring
the ORBiinitialization phase As shawvn in Figure3(B), this frame-
work consistsof protocol-independentomponentssuch as the
Transport  classthatprovidessend() andrecv() hooksto
encapsulataconnectiorandprovide aprotocol-independemeans
of sending/receing data. Protocol-speci cclassessuchasthe
IIOP_Transport  classpoverridethesenooksto implementprot-
ocol-speci c functionality The Transport  classinteractswith
otherframewvork componentssuchasthe Profile  classthaten-
capsulatesddressingnformationin TAO, which in turn usesthe
TemplateMethod patternto supportmultiple protocolimplemen-
tations. Specializingthe hook methodsin a templatemethodwith
protocol-speci cbehaior eliminatesthe indirection(i.e., the vir-
tual hookmethods).

The specializationslescribedabore are an example of aspect
weaving wherethe generality(i.e., virtual methodsand indirec-
tions) that crosscutdlifferentclassesand les is customizedor a
speci ¢ context. For example,our BasicSFPLA scenarimnly uses
the Select_Reactor andVME protocol,sothereis no needto
incur additionalindirectionandgeneralityoverhead.

3.1.2 SpecializeRequestCreation/Initialization via
Memoization

We now describespecializationtechniquedor resolvingchal-
lenge2 describedn Section2.2.
Intent. Ratherthancreatinganen CORBA requestepeatedlyor
eachinvocation,create/initializea requesbnceandonly updateits
statethatchanges.
Invariance assumption Mary (oftenmost)operationparameters
and/orcontext informationin arequestdo not changeacrossnvo-
cationsin DRE systems.
Specialization Figured shavsthestructureof atwo-way CORBA
requestusing GIOP version1.2. As shavn in the gure, every

Figure 4: Opportunities for RequestCreation Specialization

requesthasthree componentsle ned by the CORBA speci ca-
tion: (1) a requestheaderthat indicatesthe type of CORBA re-
quest(i.e., GIOP version1.0, 1.1, or 1.2) andthe total size of the
message(2) a request-speci cheadercontainingthe object key
thatuniquelyidenti es thesenantandservicecontet information
containingservice-speci cdnformation,suchastherequiredprior-
ity andtransaction/securitgontets, and (3) optional parameters
thatwerepassedisargumentgo the operation.

Figure 4 also shaws threetypes of specializationsof increas-
ing strengththat can be applied. In somesituationsonly the re-
questheadercanbe specializedi.e., its contentsareheld constant,
updatingonly the total size of the message.In other situations,
boththe requestandthe request-speci cheadersanbe held con-
stant,updatingonly the payload. Finally, the entire CORBA re-
guestcan sometimede reusedwholesaleacrossmultiple request

invocations.

This specializations an exampleof memoizationwherea re-
sultis precomputedand saved ratherthanrecomputeceachtime.
In our BasicSPPLA casestudy the precomputedresult” is the
CORBA request.This specializatiorthusavoids unnecessargre-
ationand/orinitialization of requests.

3.1.3 Specializebispatt Resolutiorvia Layer-Fold-
ing

We now describespecializationtechniquedor resolvingchal-
lenge3 describedn Section2.2.
Intent. Resole thetametrequesdispatcheioncefor the rst re-
questandreuseit to serviceall otherrequestsentover the same
dedicatedconnection.
Invariance assumptions Thesameoperatioror operationsn the
samelDL interfaceareinvoked on a multiplexed connection.
Specialization Figure5 shavs a normallayereddemultipleing
paththrougha CORBA sener, i.e., the ORB corelocateshetarget
PQA, which locatesthe senant, which locatesthe skeleton,which
dispatcheghe requestto an application-de nedmethod. Rather

Figure5: SpecializingRequestDispatching

thannavigatingthislayeredpath,a specializedmplementatiorcan
cachethe skeletonservicingthe requestaindinvoke the methodon
the skeletondirectly. A similar approachcanbe appliedto cache
thetargetPQA(s) andsenant.

This specializationis an exampleof layer-folding plus memo-
ization, wherean answer(in our casethe dispatcher)s saved for
laterusethanrecomputingt eachtime. This enablesnultiple mid-
dlewarelayersto be collapsedduringrequesprocessing.

3.1.4 SpecializeRequesDemarshalingvia Constant
Propagation

We now describespecializationtechniquesor resolvingchal-
lenge4 describedn Section2.2.
Intent. Eliminateredundantestsfor byte orderwhendemarshal-
ing a CORBA requestinddo not align theindividual elds within
therequest.
Invariance assumptions The communicatingentitiesresideon
nodeswith the samebyte order compilerpadding/alignmentules,
andthesamgde)marshalingnechanisméor client(s)andsener(s).
Specialization Standard-complianCORBA ORBs are required
to testfor byte ordercompatibility for every partof a CORBA re-
quest(notjustthe payload),includingall elds in the CORPBA re-
questand request-speci cheaders. Figure 4 shaws the different
partsof a CORBA request.For a typical requestwith a few basic
types(suchaslong , short , andoctet parametersihesetests
translateto  15-20byte ordertestsper request.Remwing these
redundanttestson homogeneousompiler/middlevare platforms
cansigni cantly improve demarshalingef ciency, particularly as



the datatype compleity increases Similarly, while marshalinga
CORERBA requestORB implementationslign the individual com-
ponentse.g., requessize,id andobjectleys, to theirnaturalbound-
aries.For atypicalrequestvith basictypes,allthe 15-20compo-
nentsmustbealigned.Ignoringalignmentcanimprove marshaling
ef ciency andeliminatepaddingtherebyreducingrequessize.
Thesespecializationsare an exampleof constantpropagation,
wherethe byte-orderis propagatecalong with the requestto the
recipientand checled to ensurethe validity of the invarianceas-
sumption. Similarly, unaligneddatais sentalongwith the request
to therecipientwheredemarshalindails if datashouldbealigned.

3.1.5 Specializé’latformGeneality viaAutoconfMe-
chanisms

We now describespecializationtechniquedor resolvingchal-
lenge5 describedn Section2.2.
Intent. Choosethe right hardware, OS, and compiler settingsto
maximizeapplicationQoSwithout affecting portability, interoper
ability, or correctness.
Invariance assumptions Thedeploymentplatformthathoststhe
productvariantremainsx edduringthe systems lifetime.
Specialization WeuseGNU autoconf (www.gnu.org/sof-
tware/autoconf ) toolkit to apply platform-speci cspecializa-
tion techniquesincluding:

Exceptionsupport. For certainDRE systemstheuseof na-
tive exceptionsupportis unavailable (e.g., not supportecby
older C++ compilers)or undesirablge.g., incurs excessie
time/spaceoverhead).Certainmiddlevare solutionssupport
platformsthatlack exceptionsg.g.,, CORBA canemulateex-

ceptionsby addingan Environment  parameteattheend
of eachoperationsignature.We extendedTAO to useGNU

autoconf  to automaticallyemulateexceptionswhencom-
pilerslack suchcapabilitieswhenusersexplicitly selecthis
con guration, or whenperformanceestsindicatethatemu-
latedexceptionsaremoreef cient thannative exceptions.

Loop unrolling. Middlewareimplementationseedto copy
databetweerkernelandmiddlevareandapplicationbuffers.
An optimizationapplicableto certainOS/compilemplatforms
is to unroll theloop of memcpy() standardibrary function
up to a certainbuffer size. We extendedTAO to use GNU
autoconf tocon gure middlevareautomaticallyto usethe
eitherthe optimizedor default versionof memcpy() , de-
pendingon performanceeststhat deemone more ef cient
thanthe other

For both specializationswe use GNU autoconf to perform
theseperformanceestsautomaticallyjust beforethe ORB compi-
lation procesdegins. Basedon thetestresults GNU autoconf
setscertainmacrosn the TAO sourcecode which arethenusedto
selectwhich specializationso apply.

3.2 AToolkit for Automating Context-Speci c
Specializations
Large-scaleDRE systemssuchas Boeing's Bold Strolke PLA,

containmillions of lines of sourcecode. Implementingspecial-
izationtechniguesy manuallyhandcraftinghe optimizationsde-
scribedin Section3.1 into suchlarge codebaseswill clearly not
scale.To augmeniGNU autoconf , thereforewe have createca
domain-speci danguaggDSL) andassociatetbolsthathelpsim-
plify two stepsn thespecializatiorprocess(1) identifying special-
ization pointsandtransformationsnd(2) automatinghe delivery
of thespecializations.

The remainderof this sectiondescribesthe Featue Oriented
Customizer(FOCUS),which is an open-sourcédSL-basedtool-
suite and processwe developedto automatethe specializatiorof
middlevarefor PLA-basedDRE systems.FOCUSis available at
www.dre.vanderbilt.edu/ arvindk/FOCUS

3.2.1 FOCUSRequiementsand Goals

Our primary goal for FOCUSwas to build a general-purpose
DSL, supportingtools, anda processo automatecontext-speci ¢
middlevare specializationsand then to validate our approachby
applyingit to TAO. Thetypesof specializationgliscussedn Sec-
tion 3.1yieldedthefollowing requirementfor FOCUS:

1. Ability to manipulate code Applying aspectveaving to frame-
work specializatiorrequiresheability to manipulatecode suchas
performingsearchandreplacespecializations$o devirtualize hook

methodsgn theReactor_Impl  baseclassandreplacethemwith

thenameof concreteeactorimplementation.

2. Ability to refactor coderegions Object-orientedramenork

specializationsieedto move specializedcode (e.g., concreteim-

plementation®f hook methods)from a derived classto the new

concreteclass.Similarly, additionalheaderles andmethodsmay
may needto be moved from/to a derived classto/from a new con-

creteclass.Likewise,layerfolding optimizationsrequirethe capa-
bility to injectcodethatbypassefayersatspeci c locationsin the

code.

3. Ability to remove code Coderefactoring,memoizationand
aspectweaving specializationgequirethe removal of certainre-

dundantfunctionality In memoizatioroptimizationsfor instance,
redundantfunctionality that repeatedlycreatesthe samerequest
mustbereplacedvith codethatcachegherequesheader

To supportheseaequirementssOCUSusegyeneratie program-
mingtechnique$3] thatcombineannotationgdirectives)with code
templateg25] to specializemiddlevareimplementationsFOCUS
annotationsreembeddeadvithin themiddlevaresourceto identify
pointsof variability, e.g., wherea dispatchingdecisionis madeor
a particularprotocolis created.This approactenablesnostof the
basicinfrastructureof the middlevare to remain x ed, but iden-
ti es well-de ned variability points wherespecializationsan be
wovenautomatically It alsoenablesniddlenvaredevelopersto ex-
plicitly know the variability pointswhensourcecodechangesare
made therebyminimizing the skew betweerspecializationgandan
evolving middlewvaresourcebase.

3.2.2 AutomatingMiddleware Specializationsvith FO-
CuUs

Theprocesf applyingFOCUSDSL andtools canbe executed
in threephasedy middlevaredevelopersandapplicationPLA de-
velopersasdiscussedbelow.

Phasel: Capturing specializationtransformations. Inthisphase,
middlevare developerscapturethe code-leel transformationge-
quired to implementa specializationusing the FOCUS Special-
ization Languaye (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 ontoadestinationle ( copy-from-
source ), (3) commentingregions of a program( comment ),
and(4) removing text from a program( remove ). FSLusesan
XML DTD to capturethe transformationswhich facilitatesease
of (1) extensioni.e., additionaltransformationganberepresented
via new XML tagsand(2) transformationi.e., XSLT transforma-
tionscanbeusedto transformthespecializationgntodifferenttool
input formats. Similar approachesave beenusedin commercial
tools,suchasAnt (ant.apache.org ), which useXML to cap-



turebuild stepsandrules.

The output of phasel is a setof FSL specializationles that
captureall thetransformationsieededor the specializationsSec-
tion 4.2.lillustratesportions of the transformationsequiredto
automateaspectvearing specializationén TAO.

Phase2: Middlewar e annotation. In this phasemiddlevarede-
veloperausetheFSL specializationles to annotatehemiddlevare
with metadatarequiredfor the desiredtransformations.Annota-
tionsin FOCUSare only requiredfor transformationghat copy,
commentor addcode,i.e., whenusingthe comment , copy-
from-source , or add tags,respectiely. Othertransforma-
tions, suchas searchand replace,and remove do not requirean-
notation. Metadatais insertedas specialcommentsn the source
codeusing sourcelanguagesyntaxfor comments. This metadata
is usedby FOCUSto aid in thetransformatiorof sourcecode,but
is opaqueto compilersfor general-purposknguagesdike C++ or
Jara and imposesno extra overheadon general-purposeniddle-
waresourcecode.

During middlewvare evolution, suchasfeatureaddition/modi c-
ation,middlevaredeveloperamustrespectheannotationsFor ex-
ample,ary new codebetweerannotationshatmarkthe begin and
end of a copy/commentdoesnot require changedo the special-
ization les. Section4.2. lillustrateshow annotationsalongwith

copy-from-source tagscanbeusedto minimize skew between
specializationgndmiddlevaresourcecode.

Annotationshelpthe FOCUStransformatiomprocessy enabling
a lightweight specializatiorapproactthat doesnot requirea full-
edged languagédront-endto parsethe entiresourcecodeto iden-
tify the specializatiorpoints (hooks). This approachenables=O-
CUSto work acrossmiddlenvareimplementationsn differentlan-
guagesge.g., hookscanbe left within a C++- or Java-basedmid-
dleware implementationfor FOCUSto weave in code. FOCUS
ascribesno signi canceto the namesfor hooks,i.e., they canbe
arbitraryaslong asthereis acorrespondingiamein the specializa-
tion le.

Phase3: Executingspecializationtransformations. Inthisphase,
PLA developersperformthe stepsshavn in Figure6. First, they

Figure6: Stepsin the FOCUS Transformation Process

selectthe specializationssuitablefor the variant (step 1) during
theofine SCV analysisphase.Basedon the featuresselectedor
specializationthe FOCUStransformatiorenginequeriesthe spe-
cializationrepositoryto selecttheright le(s) (step2). Basedon
the transformatiorrulesin the specializationle, the transforma-
tion engineexecutesthe transformationgstep3). A compilerfor
the general-purposkanguageusedto write the middlevareis then
usedto generatexecutableplatformcodefrom themodi ed source

le(s) (step4).

The FOCUStransformationengineis written in Perl to lever
ageits matureregular expressionssupport. Regular expressions
enhancehe richnessof the transformationghat can be speci ed
within FSL specializationles. For example,searchandreplace
capabilitiesin FOCUSleverageregularexpressiongo ignorelead-
ing trailing white spacesindnewline characters.

3.3 Summary

This sectiondescribedthe specializationtechniquesjanguage,
andtoolswe developedo resolhe middlevaregeneralitychallenges
in Section2. Tablel lists the specializatiortechniquesalongwith
the corresponding=SL featureswe appliedto resohe the gener
ality challengeqSection4.2 describesvhy we did not use FO-
CUSto resole (de)marshalinghecksanddeploymentgenerality).

Similar to the challengesthe FOCUS specializatiortechniques

Specialization Technique FSL features
Requestreation Memoization searchreplaceadd
Demarshalinghecks | Constanpropagation Not Applicable
Dispatchresolution Memoization+ layerfolding | searchreplaceadd
Framevork generality | Aspectweaving add,copy-from-source
searchreplace
Deploymentgenerality | autoconf Not Applicable

Table 1: Summary of SpecializationTechniques

we describeare reusableand applicableto middleware thatincur
generalitychallengesThesetechniquesnodify only copiesof the
object-orientedrameavork andmiddlevarecodeanddo not neces-
sitatearny modi cationsto applicationcodeor original framevorks
andmiddleware.

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

This sectionpresentghe resultsof applying our specialization
toolsdescribedn Section3 to a TAO-basedmplementatiorof the
BasicSPscenario. Theseresultshelp in quantitatvely and quali-
tatively evaluatingthe extentto which specializationsmprove the
throughputaverage-andworst-caséatene, andjitter of standard-
basedmniddlevareimplementationsThe constanpropagatiorand
coderefactoringtechniqueslescribedn the papemwereautomated
usingGNU autoconf  conditionalcompilationtechniquesiescrib-
edin Section3.1.5 The memoizationJayerfolding, andaspect
weaving wereautomatedzia the FOCUStoolkit describedn Sec-

tion 3.2.2

4.1 Analyzing General-purposeMiddleware

To specializeggeneral-purposkeal-timeCORBA middlevarefor
PLA-basedDRE systemsye rst analyzedhe end-to-enctritical
codepathof the following synchronouswo-way CORBA opera-
tionin TAO:

result = object operation (argl, arg2)

A pathrepresenta seggmentof the overall end-to-endo w through
the system. The critical pathis the sequencef stepsthatareal-
waysnecessarin TAO to procesgvents,requestsor responsefor
synchronousand asynchronousperationinvocations. This code
pathis thesamefor processingheget_data()  two-way opera-
tion anddata_avail  andtimeout eventsin the BasicSPsce-
nario describedn Section2.1. We usethis codepathto provide a
baselindor comparingour context-speci ¢ specializationso quan-
tify thenumberof stepsspecializedlongthecritical request/respon-

se processingpath shavn by the numberedbullets in Figure 7.



Using this gure asa guide,we now describethe stepsinvolved
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Figure 7: End-to-End RequestProcessingPath

whena clientinvokesa synchronouswo-way operation.After the
connectionfrom client to sener processhasbeenestablishedthe
following actities are performedby the TAO client ORB when
a client applicationthreadinvokes an operationon an objectref-
erencethat designates particulartarget objecton a TAO sener
ORB?2

1. Buffer_Manager allocatesabuffer from amemorypool.
The GIOP messag@arseris usedto marshalthe parameters
in the operationinvocation.

2. Sendthe marshalediatato the sener usingthe established
connectiore.g.,

3. TheleaderthreadwaitsontheReactor for areplyfromthe
sener. Thefollower threadwaits on a conditionvariableor
asemaphore.

The sener ORB actiities for processinga requestare described
below:

4. Readthe heademnf therequestarriving on connection  to
determinegthesizeof therequest.

5. Buffer_Manager allocatea buffer from a memorypool
to hold therequestandanappropriateaGIOP messag@arser
is usedto readtherequesdatainto the buffer.

6. Demultiplex the requestto locatethe target portableobject
adapter(PQA) [22], senant, and skeleton— then dispatch
the designatedupcall to the senant after demarshalinghe
requesparameters.

7. Sendthereply (if arny) to theclienton connection

8. Wait in thereactors eventloop for new connectioranddata
events.

Finally, theclient ORB performsthefollowing actvitiesto process
areply from thesener:

9. Theleaderthreadreadsthereply from the seneron connec-
tion .
10. Theleaderthreadhandsoff the reply to the follower thread

by signalingtheconditionvariableusedby thefollowerthread.

11. The follower threaddemarshalshe parameterandreturns
controlto theclientapplicationwhich processethereply.

4.2 SpecializingTAO Middleware

Having outlined the actvities at the client and sener, we now
(1) describehow we specializedTAO usinginvarianceassumptions
to resole the challengedor PLAs describedn Section2.2in the
contet of the Bold Stroke BasicSPscenaricand(2) quantitatvely

ThisdiscussiorhasbeengeneralizedisingtheReactoy Acceptor
ConnectorandLeader/Bllowers patterng29], which areusedin
mary popularCORBA ORBs, suchase*ORB, ORBacus,Orbix,
andTAO.

comparethe end-to-endateng, throughputandpredictabilityim-
provementsaccruedrom our approachAll experimentsvereper
formedon an Intel Pentiumlll 851 Mhz processomwith 512 MB
of main memoryrunningon Linux 2.4.7-timesys-3.1.21Kernel,
which containsa very predictablereal-timekernel module. The
TAO middlevareusedfor theexperimentsvasversionl.4.7 ,which
wascompiledwith gccversion3.2.2.

To ensuregportabilityandinteroperabilityour specializationtarg-
ely comply with the Real-timeCORBA speci cation and do not
modify ary standardnterfacesor BasicSPapplicationcode. Our
specializationsesohe middlenvaregeneralitychallengedllustrated
in Figure2, areappliedalongthecritical request/responggocess-
ing pathandaffectend-to-endQ0S.Our approactspecializesnost
of thesteps(1, 3, 11 ontheclientand4, 6, 8 onthesener).

TAO providesa wide rangeof con guration options(seewww.
dre.vanderbilt.edu/"schmidt/TAO- options.h  tml ).
For this analysiswe usedthefollowing con guration: (1) portable
interceptorarenotused (2) senantsinheritstaticallyfromorg::
omg::PortableServer::Servant ,i.e., we do not consider
CORPBA's dynamicinvocation/skletonfeatures(3) no proprietary
policieswereusedin the ORB, and(4) TAO's general-purposep-
timizations(e.g., active demultiplexing, perfecthashingandbuffer
cachingstratgies) were enabledfor all experiments. Theseas-
sumptionsarerepresentatie of waysin which DRE systemsom-
monly apply Real-timeCORBA middlevare[26, 31].

To shavcaseour results,a samplesize of 100,000datapoints
was usedto generataesultsfrom following typesof experiments
for eachspecializatiorpresentedn Sections3.1.1through3.1.5

1. End-to-end latency metrics, which measurehedifferences
in end-to-endlateng/throughputbetweengeneral-purpose
andspecialized/ersionsof TAO. For eachexperiment high-
resolutiontimerson theclient collectedend-to-endneasure-
mentdatausedfor analysis.

2. Path specialization metrics, which comparelateny mea-
suresfor specializedss. general-purposeritical paths. For
eachexperiment,high-resolutiontimerswithin TAO's ORB
coremeasuredateny improvementsfor the codepathspe-
cializedwithin TAO.

3. Cumulative metrics, which measurehe end-to-endateng
andpredictabilityimprovementsaccruedby applyingall spe-
cializations.

For eachspecializationye describg1) the stepsspecializedalong

the request/responsprocessingpath, (2) howv the specialization
wasautomatedand (3) consequencesf applyingour specializa-
tion in termsof CORBA complianceand applicability For our

experiments,we de ne predictability asthe measureof standard
deviation of thedatapoints.

4.2.1 Applyingthe AspecteavingSpecialization

This specializatiorcorrespondso step3 and9 in theclientside
andstep8 in thesener sideof Figure?.
Specializationautomation. Specializingthe Reactorcomponent
involved (1) replacingthe ACE_Reactor_Impl  classwith the
concreteACE_Select_Reactor  implementatiorwithin there-
actor (2) replacingthe creationof other reactorswith the spe-
cializedversionin ORB factory methodg[7], and(3) eliminating
virtual methodsfrom the reactorand interfaceswithin the mid-
dleware. To automatethe specialization,we usedFSL to cap-
ture the transformationssomeof which are shavn in Listing 1.
Lines 1-2 capturethe module (directory or package)and le on
which the transformationsare done. Devirtualizing interfacesof
the reactoris capturedin line 3. Lines 4-8 allow replacingthe



<module name="ace">
<file  name="Reactor.h">
<remove>virtual</remove>
<substitute>
<search>ACE_Reactor_Impl</search>
<replace>ACE_Select_Reactor</replace>
</substitute>
</[file>
</module>
10: <module="TAO/ta0">

eoNoORONE

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 </ffile>

17: </module>

FOCUSLListing 1: ReactorSpecialization

ACE_Reactor_Impl  with the desiredconcreteselectreactor
Similarly, lines 12-15shav how unspecializeccode within two
pointsin the le ( start-hook end-hook ) is commented
outfor thetransformations.

Listing 2 shavs how we annotatethe middlevare sourcecode
with hooksbasednthe FSL specializationle (Listing 1).

IIFile: advanced_resource.cpp

ACE_Reactor_Impl*

TAO_Default_Resource_Factory::
allocate_reactor_impl (void)  const

{
ACE_Reactor_Impl  *impl = 0;
/* FOCUS: Comment hook */
/l@@ TAO_REACTOR_SPL_COMMENT_HOOK_START
ACE_NEW_RETURMmpl, = ACE_TP_Reactor, 0);
//@@ TAO_REACTOR_SPL_COMMENT_HOOK_END
return impl;

FOCUS Listing 2: AnnotatedMiddleware SourceCode

Listing 3 illustrateshov FOCUS transformedsourcecode so
that the baseReactor(ACE_Reactor_Impl ) is replacedwith
thespecializedReactorfACE_Select_Reactor ). Thisspecial-
izationis validatedby our invarianceassumptiorthat after ACE_
Select_Reactor isselectedit doesnotchangeor theBasicSP
scenario Anotherobsenationis thattheannotationg@represered
duringthetransformatiorprocesswhich enablesnultiple special-
izationsto usethe samehookfor specifyingtransformationsthus
avoiding clutteringof hookswithin the middlewvaresourcecode.

To specializeTAO's pluggableprotocolimplementationywe used

copy-from-source capabilitiegrovidedby FSL.Listing 4 shovs

IIFile: Reactor.h
class Reactor

public:
int
run_reactor_event_loop (REACTOR_EVENT_HOOK 0);
/I Other public methods ...
private:
/I Code woven by FOCUS:
ACE_Select_Reactor *reactor_impl_;
/I End Code woven by FOCUS
h

/I File:  advanced_resource.cpp

/I Code woven by FOCUS:

ACE_Select_Reactor*

/I End Code woven by FOCUS

TAO_Default_Resource_Factory::
allocate_reactor_impl (void)  const

{
/I Code woven by FOCUS:
ACE_Select_Reactor *impl = 0;
/I End Code woven by FOCUS
/* FOCUS: Comment hook */
//@@ TAO_REACTOR_SPL_COMMENT_HOOK_START
/I ACE_NEW_RETURNmpl, ACE_TP_Reactor, 0);
/l@@ TAO_REACTOR_SPL_COMMENT_HOOK_END
;/ Code woven by FOCUS:

FOCUS Listing 3: TransformedViddleware SourceCode

how the concreteprotocol speci ¢ implementationsof template

methodge nedin theProfile
Profile

classarecopiedfromthellOP_
class.Asshavnin 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>

FOCUS Listing 4: ProtocolSpecialization

hook-end tagssignify the startandendlocationsof the template
methodmplementation thellOP_Profile class.Thesecon-
creteimplementationgrecopiedonto thebaseProfile  classat
alocationde ned within the Profile.cpp le. Theadwantage
of this designis that changegnadeto the implementation®of the
templatemethodsin [IOP_Profile.cpp do not necessitata
changeto the specializationle. In fact, after we completedthis
specializationsupportof IPv6 protocolwasaddedo TAO, but our
specializationsequiredno changes.
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Figure 8: Resultsfor Reactor& Protocol Specializations

Empirical results Figure8 illustratesthe improvementsto end-
to-endateng by specializingwo object-orientedramevorksused
in TAO. Sincereactorsand protocolsare usedby both client and
sener ORB, we presenthe mostrepresentate end-to-endesults.
Ourspecializatiomesultsin averagdateny improvementof 8 s-
ecs(4%) for thereactorcaseandin 10 sec(5%) for the proto-
col case.Thesespecializationslsominimize dispersiormeasures
for boththe specializationsthoughnot appreciably The 99% and
worst-casaneasuralsodecreasetherebyshaving how remorving
virtual methodindirectionenhancegredictability

Our resultsshav how minimizing dynamicdispatchalongthe
critical pathcanimprove performance Similar approachesanbe
appliedto specializeother framevorks usedwithin middleware.
Basedon the resultsobtainedin this casestudy our future work
will specializeotherobject-orientedramevorksin TAO to further
improve its performance.
Applicability and CORBA compliance Specializatiorof object-
orientedframework extensibility can be appliedto all ORB im-
plementationshat usevirtual methodsyet canbe customizedria
a single concreteinstancelate in the systemlifecycle, e.qg., dur
ing deploymentor initialization. This specializations CORBA-
compliantsincethe reactoris partof TAO's ORB coreimplemen-
tation,not partof the public API de ned by the Real-timeCORBA
speci cation. Similarly the specializationof the protocol frame-
work doesnot modify ary standardAPIs or applicationcode,but
only affectshookmethodsspeci ¢ to TAO's implementation.



4.2.2 Applyingthe MemoizatiorSpecialization

This specializationcorrespondgo step 1 in the client side of
Figure?.
Specializationautomation. In TAO,theGIOPenginecreategpro-
tocol speci ¢ request/responsebjects. Listing 5 illustratesa por
tion of thetransformationdor this specialization.During the rst

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

1. if (__header_cached_ )

2. {

3. /I First  invocation - normal path
4. __header_cached__ = 0;

5. this->write_header (.);

6. skip_length__ = this->total_length 0
7.

8. else

9.

10. /I All invocations - Optimized path
11. this->skip (skip_length)

12.

</data>

</add>

FOCUS Listing 5: SpecializingRequesCreation

invocationof a request/responséhe length of the actualheader
is computedand cached(asshavn in lines 1-6). For subsequent
requestghe cachedpre-marshaledheaderis usedby moving the
currentwritablelocationby thetotal headesize.
Weappliedspecializedequestreationto TAO onaperconnect-
ion basis,i.e., therequestheadersachedarespeci c to aconnec-
tion. This designstemsfrom our invarianceassumptiorfrom the
BasicSPscenariowheretheget_data anddata_avail  oper
ationaresentalongseparat&onnections.
Empirical results Figure 9 illustratesthe end-to-endand code
pathspecializatioimprovementsthat resultfrom applyingthere-
questreation/initializatiorspecializatiorontherequesandrequest-
speci c CORBA headerTheaverageend-to-endateny measures
improved by 8 sec(4%), while the path specializationresults
improved by 25%. This discrepang shavs how much our spe-
cialized codepathin uences end-to-endateng. The dispersion
measuresmprove, but not signi cantly, by applyingthis special-
ization. Both 99% andworst-casaneasuresmprove, which shav
this specializationmprovespredictability Theseresultsshav how
theend-to-engathspecializatiorresultsarein uencedby thecon-
tribution from the actualpathspecialized.
Applicability and CORBA compliance Specializingthe entire
requests possibleonly if therequestioesnotchangewhichis the
casefor control messagesentbetweenTimer and GPScompo-
nents. Specializingthe requesiandrequest-speci cheaderis pos-
sible if only the contentschangebetweenrequestswhich is the
casefor the get_data()  operation. This specializationcan be
appliedfor the standardReal-time CORBA SERVER_DECLARED
priority model,wherethepriority informationis seta priori during
objectreferencecreation. Specializingonly the requestheaderis
applicableto all requeststhoughit hasthe leastpayof in terms
of improvementsin performancesinceit representsa relatively
small portion of the request. All threeapproachesomply with
the CORBA speci cationsincethey do notchangethetype of the
CORERBA requestmessageThe third approachhowever, doesnot
updatethe requestidenti er, which is usedto uniquely identify
the client threadprocessinghe responsavhen multiplexed con-
nectionsareused.

4.2.3 Applyingthe LayerFolding Specialization
This specializatiorcorrespondso step6 to step8 in the sener
sideof Figure?7.
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Figure 9: Resultsfor RequestCreation/Initialization Special-
ization

Specializationautomation. Weimplementedhelayerfolding spe-
cialization (Section3.1) by cachingthe target requestdispatcher
determinedvhenthe rst requesfrom theclientonaconnections
serviced.Subsequentequestaisedthe cacheddispatchedirectly;
i.e., the skeletonthat serviceghe requests FSL annotationsvere
addto TAO's PQA so FOCUScanweare in codethat cachedthe
skeletonservicingtherequestAnotherannotatiorwithin the ORB
coremarkedthestartof thenormalrequespath.
Thesespecializatiortransformationsvere similar to the aspect
weaving andmemoizatiorspecializationsliscussedn Section3.1
andareappliedon a perconnectionbasis. Multiple simultaneous
clientconnectionghathave differentrequestispatchercanthere-
fore be servicedconcurrently This designconformsto our invari-
anceassumptiorirom the BasicSPscenaridhatthe operationsare
sameonly on aperconnectiorbasis.
Empirical results Figure 10 illustratesthe end-to-endand code
path performancemprovementsresulting from the dispatchres-
olution specialization. The averageend-to-endateny measures
improvedby 30 secs,whichis 16% betterthanthe general-
purposeTAO implementationFor the actualcodepathspecialized
this translateso  40% improvementin lateng. The dispersion
measuredor end-to-endatenciesimproved by a factorof 1.5,
while thosefor the specializedpath were twice asgood asthose
for the general-purpos@ath. The 99% measuresare similar to
the dispersiormeasuresindicatingimprovementin predictability
Theworst-caseneasuresmproved by 20%whenapplyingthedis-
patchresolutiorspecializationio thespecializegathandby 14%
for the end-to-endesults. Theseresultsshav thatapplyinglayer
folding specializatiorio the TAO middlevareimpravespredictabil-
ity andlateng considerably
Applicability and CORBA compliance This specializatiorap-
pliestotheget_data()  operationn theBasicSPscenariovhere
the sameoperationis invoked repeatedly Cachingthe target ser
vantandskeletonsacri cessomeCORBA compliancesincethread-
speci ¢ state(e.g., CORBA CurrentandPQA Currentarenotmain-
tained. This context informationis often unnecessaryhowever,
e.g., the PQA currentinterfaceis usedprimarily whenthe PQA is
associatedvith a Default_Servant (whereone senant han-
dlesall invocations)r Servant_Manager (whichcreatesaser
vantdynamicallyto handlerequests)SincethesedynamicCORBA
policiesarerarely— if ever— usedin DRE systemstheimpacton
CORBA compliancss negligible in this context.

4.2.4 Applyingthe ConstantPropagationSpecializa-
tion
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Figure 10: Resultsfor Dispatch Resolution Specialization

This specializationcorrespondgo stepsl and11 on the client
andsteps4 and6 in the sener of Figure7.
Specializationautomation. The(de)marshalingnginewithin TA-
O usedseveral OSplatform-speci ccapabilitiegthatwereautomat-
ically (un)setusingGNU autoconf . GNU autoconf necessi-
tatedthe useof conditionalcompilationto implementthis special-
ization. Two ags, CDR_IGNORE_ALIGNMENandDISABLE_
SWAP_ON_REA#Rereaddedothewrite()  andread() meth-
odswithin TAO's CommonDataRepresentatio(CDR) engineto
ignorealignmentandbyte-ordewvaluesin therequest/responselds.
This designconformsto our invarianceassumptiorthat the com-
municatingentitiesrun on homogeneousniddlevare, OS, com-
piler, andhardware platforms,which is often the casefor produc-
tion DRE systems.

Empirical results Figure 11 illustratesthe end-to-endand path
performancémprovementsrom applyingtherequestde)marshali-
ng specialization.The specializedpathfor this experimentbegan
when a sener demarshaled requestuntil the responsewas re-
turnedto theclient. Applying the specializatiorthatignoredalign-
mentimproved end-to-endatenciesby 8 secs(a 4% improve-
mentover the general-purpos&€AO implementation)while elimi-
natingbyteorderchecksmprovedbyteorderchecksoy 9 sec(a
4% improvementover the general-purpos@AO implementation).
Path specializatiorresultsimproved by 4 — 5 sec(a 10% im-
provement)for boththe cases Althoughthe general-purpos@AO
implementatiorperformstestsontheclientandsenerfor all elds
in aCORBA requesheaderour specializationmprovementsvere
relatively smallsinceourinitial experimentsentasinglelong data
type,which requiredvery few byte ordertests.

To quantify theimprovementsfrom this specializatiorfor more
comple datatypes,we conductedanotherexperimentthatsentan
IDL structurewith four primitivetypes,ashort ,long , double
andfloat interspersedvith a char . The useof achar type
forced the general-purpos@AO middleware to re-alignthe indi-
vidual primitive types.ThespecializedTAO middlevare,however,
did notincurthis overhead.

A sequence of this structurewith varying sizeswassentover
thenetwork to measure¢heimprovementin performanceBothspe-
cializationswere enabledsimultaneouslyfor this experiment. Ta-
ble 2 illustratesthe speedup in averageend-to-endateng accrued
from applying our specialization. The resultsshav that lateny
measuresmprove betweenl12 — 30% with increasingsequence
lengths.

Theseresultsunderscorghe factthatthe bene ts of specializa-
tions often depencheavily on the usecaseghat exercisethe spe-

Average 99%

350 350
300 W End-to-End (general 300
250

250 End-to-End n
[ Path (general)
200 Path (no-swap)

N
=1
=]

Latency(us)
Latency(us)

1507'7 - - End-to-End (no-align|
Path (no-align)

N
a
=]

100t-- - - -

N
o
S

o
=]
T

Standard Deviation

W w
S a
S o

w
N
a
=]

Latency(us)
Latency(us)
N
S
]

N

B
a o a
S 8 &
Lo s v o

1

Figure 11: Resultsfor Request(De)marshaling Specialization

Speedup
11.5%
128 17.35%
1,024 20.12%
2,048 25.64%
4,096 30.12%

Sequencd_ength
64

Table 2: Performance Speedupas a Function of Sequence
Length

cializedcode.

Applicability and CORBA compliance Eliminationof byte-order
checksandignoringalignmentspecializationsreapplicableto de-
ploymentsonhomogeneousrvironments.e., nodeswith thesame
byteorder e.g., NodeAandNodeBin our BasicSPscenarioand/or
the sameplatform implementationsat senderandrecever. These
specializationgrenot CORBA compatible.A middlevareimple-
mentationhowever, canaddrecorery mechanismssuchascheck-
ing for byte orderwithin the requestbefore using the aforemen-
tionedspecializationsthoughthesemechanismsiolate our invari-
anceassumption.

4.2.5 ApplyingAutoconfTechniquedor PlatformSpe-
cialization

This specializationcorrespondgo the underlying platform on
which the BasicSPscenariovasrun.
Specialization automation. To automatethe loop unrolling op-
timization,we usedGNU autoconf 's AC_RUN_IFELSEcapa-
bility thatcompiledandexecuteda benchmarko compareperfor
manceboth with and without our optimization. If our optimiza-
tion wasfaster autoconf setsthe ACE_HAS_MEMCPY_LOOP_
UNROLLag to enablethefeature.For exceptionsupportwe used
GNU autoconf 'sAC_COMPILE_IFELSEfeatureto determine
if a compilersupportedexceptionsandthenempirically evaluated
whetherusing native exceptionswas fasterthan emulatedexcep-
tions.
Empirical results Figurel2illustrateshow applyingourloopun-
rolling andexceptionemulationspecializatiortechniquegogether
improved averageend-to-endateny measuredy 17%. Worst-
caselatengy improvedby 12%,while the 99%lateny measures
werecloserto the averagefor our specializationstherebyindicat-
ing betterpredictability Theseresultsshav that specializingde-
ploymentplatformsvia GNU autoconf  canimprove QoSsignif-
icantly.
Applicability and CORBA compliance The GNU autoconf
specializatiortechniqueglo not affect speci cationcomplianceat
all.
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Figure 12: Resultsfor SpecializingDeploymentPlatform

4.2.6 Applyingthe Specialization€umulatively

Figurel3illustratesthe QoSimprovementsaccruedy applying
all of the middleware specializationsliscussedibove to a remote
CORBA operation. The averageend-to-endateng for the spe-
cializedTAO droppedby  43%,while thedispersiormeasurevas
twice asgoodasgeneral-purposeptimizedTAO implementation,
indicatingconsiderablémprovementin predictability whichis es-
sentialfor DRE systems.
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Figure 13: Resultsfor Cumulative SpecializationApplication

Similarly, the 99% boundvaluesfor the specializedTAO im-
provedby 40%while worst-caseneasuresmprovedby 150 se-
cs, which is a 45% improvementover the general-purpos@AO
implementation End-to-endhroughputmeasuresmproved by an
averageof 65%. To measureperformancespeedup for a com-
plicateddatastructure,we ran the experimentusing the comple
datastructurefrom our demarshalingxperiments.For a sequence
lengthof 64 averagdateny improvedby 26%,while for alength
of 4,096lateny improvedby 51%.

4.3 Evaluating FOCUS

Now thatwe haveillustratedhov FOCUSSDSL, tools,andpro-
cesscanbe appliedto help middlevaredevelopersbuild andeval-
uate middlevare specializationsye can evaluateits bene ts and
drawvbacks.

Bene®ts In resolvingthe challengesiescribedn Section2, FO-
CUShasthefollowing bene ts:
It preseresportability of themiddlevareimplementationst
specializesi.e., thespecializedniddlenvareshouldrunonall
platformson which the middlewvareruns. The FSL snippets

in Section4.2.1do not changethe interface of Reactoror
protocolcomponentin TAO.

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

It supportsrole separationi.e., middlenvare developerscap-
turethe specializatiorandannotatehe middlevare,whereas
PLA applicationdevelopersselectthe specializationdbased
on SCV analysis.

It usesCOTS tools and standardechnologiessuchas Perl
and XML, to automatethe delivery of thesespecializations
to enhancaéts usein productionmiddlevareplatforms.

Its transformationgncur nounnecessargverheadatruntime
sincethey areperformedstaticallyatcompile-time similarto
othersource-to-sourceransformationssuchas AspectC++
(www.aspectc.org/ ), DMS (www.semdesigns.com ),
TXL (www.txl.ca ), andStratgo-XT (www.program-tr-
ansformation.org/Stratego/ ). Thetransformednid-
dleware sourcecodewoven by FOCUS(Section4.2.]) il-
lustrategthatthereis no tool-speci ¢ codeinsertedasa part
of thetransformatiorprocess.

Its specializationslo notaffect businesdogic andonly mod-
ify thestructureof middlevareimplementationsparticularly
object-orientedrameavorks. The non-transformedersions
of the frameaworks are thereforestill available when other
developerseedto usetheir object-oriente@xtensibility fea-
tures.Noneof the specializationslescribedcearliermodi ed
or specializedasicSPapplicationcode.

Drawbacks. Since FOCUSwas developed primarily to help us
evaluatethe bene ts of middlevarespecializationsin generaland
the TAO ORB, in patrticular it currently hasthe following limita-
tions:

It automateshedelivery of specializationshut nottheiden-
ti cation of specializationsuitablefor a PLA or anindivid-
ual variant.

Developersareresponsibldor ensuringthatannotationsre
synchronizedwith specializationrules, i.e., if the annota-
tions are changedhe specializationles alsoneedchange.
This canbe amelioratedsomeavhat by providing guidelines
to middlewvare developersand enhancinghe parserto rst
male suretherequiredhooksarepresentn the middlevare
beforeperformingthetransformations.

Modi cations/enhancement® the stateand/or interfaceof
implementationgequire manualchangedgo the specializa-
tions,i.e., if thenameof anoperatiororits parametershange,
the specializationles needto be updated. This limitation,
however, is not speci c to FOCUSbut alsoto DMS andAs-
pectC++.

The FOCUStransformatiorenginedoesnot checkthat the
woven codeexecutescorrectly which is a commonlimita-
tion with other source-to-sourcéransformatiortools, such
asAspectC++thatrely upongeneral-purposeompilersand
automatedjuality assurancéools to ensurethe transforma-
tionscompileandrun properly

Now thatwe have validatedthe bene tsof automatingmiddlevare
specializationsyve plan to addresgheselimitations in our future
work on morepowerful specializatiodanguages.

4.4 Summary

Specializations a promisingtechniquefor alleviating thetime/-
spaceoverheadstemmingfrom excessie generalityin standards-
basedmiddlevare implementationsand improving its QoS, such



asreducinglateny andjitter. This sectionquanti ed the bene ts

of specializationsve appliedto the TAO Real-timeCORBA based
on invariantsstemmingfrom the BasicSPscenariowhich itself is

basedon the SCV analysisembodiedin the Boeing Bold Stroke

PLA. Our empiricalresultsillustratethe viability of our approach
to improve the QoS of PLA-basedDRE systemswherestringent
performanceequirementsnustbe metwhile also preservingap-

plication sourcecode and middleware portability/interoperability
asmuchaspossible.

The specializationtechniquediscussedn this sectionare tar
getedto PLA developerswho identify the applicability of vari-
ousspecializatiortechniquego a variantin the PLA during SCV
analysis. Among the specializationsexaminedand implemented
in this paper deploymentplatform-speci ctime/spacespecializa-
tions yielded the mostimprovementin QoS,followed by memo-
ization,layerfolding, andaspectveaving, in thatorder Ourfuture
work we will examineotherdimensionf specializationsuchas
eliminatinglayeringat theclient sideandresolvingotherplatform
speci ¢ generality

5. RELATED RESEARCH

This sectioncomparesur work on context-speci ¢ specializa-
tions for middlewvare-basedLAs for DRE systemswith related
researchin arangeof systemandapplicationdomains.

5.1 Operating systems

Specializationtechniqueshave beenappliedto operatingsys-
tems. For example,the SynthesisKernel[19] generatedcustom
systemcallsfor speci ¢ situationsto collapselayersandeliminate
unnecessarprocedurecalls. This approachthasbeenextendedto
useincrementabkpecializatiortechniquesFor example,[18] have
identi ed several invariantsfor an OSread() call on HP/UX.
Basedon theseinvariants,codeis synthesizedo adaptto differ-
entsituations. Oncethe invariantsfail, eitherre-pluggingcodeis
usedto adaptto a differentinvariantor default unoptimizedcodeis
used.Our work extendsthe rangeof specializationso encompass
middlevare invariantsin the context of PLA-basedDRE systems,
which have somedifferent constraints. For example, we do not
considerdynamicre-pluggingcostssinceit would undulyincrease
jitter for productvariantsin mary DRE systems.

5.2 Middleware

Specializationechniquedave alsobeenappliedto variousgen-
erationsof middlevare.[14] describesheuseof the TempoC pro-
grampartialevaluatortool to automaticallyoptimizecommonsoft-
warearchitecturestructureswith respectto x ed applicationcon-
texts. For instancethe authorsshav how partialevaluationcanbe
appliedto fold togetherandoptimizelayersin earlygeneration®f
middleware, i.e., a remoteprocedurecall (RPC)implementation,
by specializingRPCinvocationgo the sizeandtypeof remotepro-
cedureparametergyielding speed-upsf 1.7xand3.5x).

[14] alsocustomizea publish/subscribéramevork to a context
in which subscriber®f a particulareventareknown a priori. This
type of architecturas representate of the structuressncountered
in middlevarefor PLA-basedRE systemswhich motivatedusto
considersimilar techniqueghat could be appliedwith goodeffect
to optimize Real-timeCORBA implementationsin our work, we
have identi ed additional CORBA architecturaktructureghatare
amenablégo optimizationvia specialization.Technicalchallenges
remaininginclude extendingthe automaticC programtechniques
in [14] to richer object-orientedanguagessuchasC++ andJaa,
thatplacea greateremphasi®n dynamicallycreatedlata.

Otherresearclonmiddlevare[32, 8] hasappliedaspect-oriented

programmingAOP)techniqueso factorout cross-cuttingniddle-
ware features,suchas portableinterceptors,(de)marshalingou-
tines,anddynamictyping. Somespecializationglescribedn this
papercan be implementedusing AOP. The primary differenceis
thatour specializationgocusmoreon the transformationgwoven
code)requiredto specializemiddlevare,whereasAOP is more of
adelivery mechanismio realizespecializations.

5.3 Empirically-guided Optimizers

The ATLAS [13] numericalalgebralibrary usesan empirical
optimizationengineto setthe valuesof optimization parameters
by generatingdifferent programversionsthat are run on various
hardware/OSplatforms.Theoutputfrom theserunsareusedto se-
lect parametewvaluesthat maximizeperformance.Similarly, our
GNU autoconf  specializationsun empiricalbenchmarkenthe
target deployment platform to determinethe OS, compiler and
hardware parametershatmaximizeperformance.

6. CONCLUDING REMARKS

This paperdescribeiow specializationg€anbe automatedand
appliedto optimize excessie generalityin standards-baseahid-
dleware implementationsisedfor PLAs. We shav how context-
speci ¢ specializationdasedon the Bold Stroke avionics mission
computingPLA canbeusedo optimizethe TAO Real-timeCORBA
implementationOurmiddlevarespecializationmesultscollectively
improvedthethroughpubf Bold Stroke BasicSPscenariddy  65%,
its average-andworst-casend-to-endateny measureby 43%
and 45%, respectrely, andits predictabilityby a factorof two,
without affecting portability, standardmiddlevare APIs, or appli-
cationsoftwareimplementationsywhile preservingnteroperability
wherever possible. Theseimprovementsare particularly notable
sinceTAO hasalreadybeentunedvia mary general-purposmid-
dleware optimizations[20, 21, 23]. We alsodescribechov GNU
autoconf , FOCUSDSL andtools were usedto automatethe
middlevarespecializationslescribedn the paper

The remainderof this sectiondiscusseshe consequenceand
implicationsof our specializatiortechniquesandtools.
Implications on QoS. Thespecializationsliscussedn this paper
hadnointerdependenciese., thespecializationslo notoverlapin
theend-to-endcodepath.As middlevareandsystemarchitectsle-
velopa catalogof specializationst will benecessaryo document
the interplaybetweerthe specialization@ndanalyzethe implica-
tions on mixing and matchingdifferentspecializations Similarly,
notall the specializationsvill beapplicableto every PLA applica-
tion scenarioso PLA developerswill needto work in conjunction
with middlevare developersto determinethe applicability of the
differentspecializatiortechniquego productvariants.

Quantitatve resultsshav thatimprovementsfrom applyingour
specializationganbe scenario-speci c.For example,the demar
shalingresultsshaved how a complicatedstructurebene tedmore
from the specializatiorthana simpletype. Whenthe specialized
pathis traversedmoreoften, thereforejts in uence on end-to-end
performances moresigni cant.

Implications on adaptability. Thespecializatioomechanismslis-
cussedn this paperdo not consideradaptatiorcosts,.e., theover
headof handlingandrecorering from situationswherethe invari-
anceassumptiongreviolated. Adding suchmechanismsequire
actiities (suchasloadingnew librariesor addingrun-timechecks)
thatcanincurconsiderablgtter, andthusarenotdesirabléor DRE
systems.

Implications on schedulability. In mary DRE systemsteal-time
tasksare scheduledand analyzedof ine to ensurethey complete
beforetheirdeadlinesLateny overheadsausedy general-purpose



middlevare implementationsnay causedeadlinemissesfor criti-
cal tasksscheduleca priori. Applying our specializationsould
reducemiddlevareoverheadtonsiderablyhelpingensurehatcrit-
ical taskscompletebeforetheirdeadlinesOuroptimizationamight

alsoenablesuchtasksto nish well aheadf theirdeadlinesthereby

increasinghetotalslad, i.e., timeinterval availablefor scheduling
othertasks(suchassoftreal-timetasks).n thesystem.More avail-

ableslackcouldpotentiallyincreasehenumberof schedulablsoft

real-timetasksin the system.
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