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Abstract

Asthelnternetmatures,streamingdataservicesaretakingan increasinglyimportantplacealongsidetraditional
HTTP transactions.The needto dynamicallyadjustthe deliveryof sud servicesto changesin available network
andprocessingesouceshasspawnedubstantiareseach on application-specifienethodgor dynamicadaptation,
includingvideoand audio streamingapplications.Sud adaptationtechniquesare well developed put they are also
highly specializedwith the client (receiver)and server(sender)implementingwell-definedprotocolsthat exploit
content-specifistreamproperties. This paper describesour efforts to bring the benefitsof sud content-awage,
application-level serviceadaptationto all typesof streamingdata andto do soin a mannerthat is eficient and
flexible. Our contribution in this domainis ECho,a high-performancevent-deliverymiddlevare system.ECho's
basic functionality provideseficient binary transmissiorof eventdata with uniquefeaturesthat supportdynamic
data-typediscoveryand serviceevolution. ECho's contribution to data streamadaptationis in the medianismst
providesfor its clientsto customizeheir dataflowsthroughtype-safelynamicserverextension.

1 Intr oduction

Internet-deleredcontenthasevolved significantlyin the recentpast. Wherecontentonceconsistedprincipally
of simpletext andgraphicsrequeste@nddeliveredvia HTTR, it hasbroadenedo includestreamingcontentsuchas
Internettelephory, broadcast-stylaudioandvideo streamsand stock,sports,andweatherupdates.Streamingdata
contenttendsto be moresensitive to delaysin contentdelivery thanHT TP-styletraffic, resultingin the needto adapt
streamcontentto provide differentlevels of servicesfor clientswith differentneeds.For example,MPEG-encoded
video streamscan be adaptedor clientswith lower bandwidthby dropping B-frames. Audio clientswith limited
resourcezantradeoff bandwidthandfidelity with differentcompressiormechanismsThesetechniquesanresult
in significantusabilityimprovementsy adaptingthe demand®f the serviceto matchthe need<f the clientandthe
availableresources.

Traditionally, serviceadaptationdike thosefor videodelivery have beenachievedvia servicenegotiationbuilt into
the service-specifidelivery protocols. However, this approacthasthe disadwantageof complicatingthe designand
implementatiorof thoseprotocols. More importantly building serviceadaptationsnto the protocolimplies design-
time decision®nthetypesof adaptationsvhichtheclient cannegotiate essentiallyequiringthe serviceimplementor
to anticipateand provide for the needsof future clients. For example,considera datastreamthat consistsof stock
tradeinformation. Protocoldesignersnight reasonablyanticipatethat a client would wantto limit his datastream
to informationaboutonly a few stocks,ratherthanreportingall trades. The protocolcould requirethatthe sener
sendinformationindiscriminantly forcing the clientto discardthatwhich heis notinterestedn. However, giving the
client the ability to tailor his dataflow would resultin significantbandwidthsarzings and reducethe computational
demand®n bothsides.As aresult,supportfor basictailoringis likely to beincludedin the protocol. However, what
if the clientonly wantedinformationon stockswhichweretradingoutsideof a certainrange?0r thosewhich shoved
a certainpercentagencreaseabove a particulartradingvolume? Whatif the client waswilling to acceptdegraded
serviceandbe sentonly the 5-minutemoving averageinsteadof a reporton every trade? Noneof theseconditions
are computationallycomple, but assupportingevery concevable conditionis impractical,protocoldesignersnust
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“draw aline in the sand”demarkingwhatthey will support. Clientswith morespecificneedswill beleft with less
thanoptimaldatastreamsresultingin wastedresources.

Situationdike thosedescribedor the provision of stockdatahave two principaleffects: (1) the wasteof resources
impactsthe numberof clientsthat canbe serviced,and (2) limited optionsare presentedo clientswho find that
they arenot receving adequatejuality of service. Cornversely a highly tailorableservicewould allow an unhappy
clientto negotiatea lower level of servicethatmight meetits mostcritical needsevenin highly resourceconstrained
ervironments.

Thestockexampleis representate of avarietyof real-worldsituationghatinvolve thegeneratioranddistribution
of datasuchthat endusersneedsare met. Anotherexamplewith which we have considerabldamiliarity is in the
domainof scientificvisualization.Considera large parallelclimate simulationrunningon a clustermachine.Sucha
simulationis capableof generatindargeamountf stateinformationon a continuoudasis andthis stateinformation
isinvaluablefor scientistsnonitoringtheprogresof thesimulation.Yetnotevery displayprogramneedsr is capable
of renderingall of this data,andin respons¢o this fact, we shouldnot requirethesimulationto betailoredto meetthe
needsof every possibledisplayprogram.A client-tailorablestreamingdataserviceis anappropriatesolutionto this
problem.

Well-designedniddlevarecanplay a key role in supportingthe creationof effective methodgor runtimestream
adaptationblurring the line betweerprotocolsandapplication-leel adaptation[2B Our contributionin this domain
is ECho, an efficient event-basedniddlevare designedo optimize the delivery of streamingdata. ECho contains
uniquefeaturesto addresghe serviceadaptatiordifficulties raisedin the previous paragraphs.n particular ECho
allows clientsto dynamicallyextend seners with codefragmentsto customizetheir service. It employsdynamic
codegeneratiorto ensurethat thesefragmentscan be executedefficiently, without the overheadsf an interpreted
language.It alsoallows clientsto modify the behaior of thesecodefragmentsy updatingparametersassociated
with the fragments.In additionthe ECho systememphasizeshreeothercharacteristic®f importancefor Internet
services:

Inter operability — EChoavoidsassumptionabouthearchitectureandoperatingsystemsiostingclientsandseners.
It runstransparenthacrossavariety of Unix andWindows platforms.

Performance— EChoutilizesnaturaldatarepresentatiofNDR) asatransmissiorformatandusesa non-centralized
eventdistributionschemetherebyyielding datadelivery overhead€omparabléo raw networktimes.

Evolvability — Serviceendpointan EChooffer semanticshat supporttransparentype extensionanddatatype dis-
covery. Thisallows servicedatacontentgo evolve over time while minimizing therisk to existing clients.

Section2 of this paperdescribe€ECho's basicfunctionality andits ability to specializeinformationflows with
derivedeventchannels Section3 briefly characterizethe performancef ECho's basiceventdelivery, thencompares
it to otherinfrastructureommonlyusedto implementstreamingdatasystems.In particular we compareECho's
basiclateny and deliveredbandwidthwith that of CORBA event channelsJava's Jini distributed events,and an
XML-basedcommunicatiorschemel ike ECho,eachof thesds ahigherlevel deliveryschemehatoffersevolvability
throughsomeform of type extensionor datatypediscovery. In addition,we includeperformancaneasuresf ECho
comparedo MPI, a popularmessagingystemin the scientificcomputingcommunity to indicatethe performance
thatmight be expectedfrom a datastreamwithout the meta-dataverheadof the othersystems.Section3 continues
by examining the performancecharacteristic®f our servicespecializatiormechanismin several simple examples.
Additionally, becausdava-basednechanismsffer the mostlikely alternatie implementationdor specializingdata
streamswe presenmicrobenchmark®r ourapproaclandcomparghemwith whatmightbeachievedin a Java-based
approachFinally, Section4 discussesomekey areaf futurework andsummarizesur conclusions.
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Figurel: Using EventChanneldor Communication.

2 ECho Functionality

EChois an event-delvery system. Unlike someevent systemsvhoseperformancecharacteristicgire suchthat
they areprincipallyusefulfor controlandnatificationpurposeskEChois designedsa high-performanceatatransport
mechanisnfor both intra-proces&nd networkcommunication.While ECho’s ability to transparentlysupportboth
local andremoteclientsis usefulin mary circumstanceshis papemwill concentrat®n ECho'srole asatransportfor
networkstreamingdata,whereelementsn the datastreammapto datacarriedby EChoevents.

EChosharesemanticcommonto a classof eventdelivery systemghatusechannel-basegubscriptionsThatis,
aneventchannelis the mechanisnthroughwhich event sinksandsourcesarematched.Sourceclientssubmitevents
to aspecificchannelandonly the sink clientssubscribedo thatchannekrenotifiedof theevent. Essentiallychannels
arethe entitiesthroughwhich the extent of event propagatioris controlled. The CORBA Event Service[10]is also
channel-basedyith channeldeingdistributedobjects.

2.1 Efficient Event Propagation

Unlike mary CORBA eventimplementationgndothereventservicesuchasElvin[21], EChoeventchannelsre
notcentralizedInsteadchannelsrelight-weightvirtual entities.Figure 1A depictsa setof processesommunicating
usingeventchannelsTheeventchannelsareshovn asexistingin the spacebetweermprocessedyut in theirEChoreal-
ization,depictedn FigurelB, they aredistributedentitieswith bookkeepinglataresidingin eachprocesswvherethey
arereferencedAs aresult,eventmessagearealwayssentdirectly from aneventsourceto all sinks.Furthermoreby
aggregatingmultiple eventchannels'‘communicationsnto a singleevent streamlinking two communicatingaddress
spacestraffic for individualchannelss multiplexedover shareccommunicationéinks. Thesemappingsareachiered
by channelsreatedonceby someprocessaandopenedarywhereelsethey areused. The proces<reatingthe event
channelis distinguishedjn thatit is the contactpoint for otherprocessesvishing to usethe channel. The channel
ID, which mustbe usedto openthe channel,containsthe contactinformationfor the creatingprocesgaswell as
informationidentifying the specificchannel).

EChois implementedn top of DataExchange[6dnd PBIO[3], packageslevelopedat Geogia Techto simplify
connectiormanagemenandheterogeneoulinary datatransfer As such,it inheritsfrom thesepackagests porta-
bility to differentnetworktransporiayersandthreadgpackagesDataExchangandPBIO operateacrosghevarious
versionsof Unix andWindows NT, have beenusedover the TCP/IR UDP, and ATM communicatiorprotocolsand
acrossothstandardandspecializedhetworklinks.

Event channelsprovide the most straightforwardmechanisnthroughwhich a sener applicationcan segregate



dataaccordingo its clients' anticipatecheeds For example,in the stocktrackingexampledescribedn Sectionl, an
eventchannemightbe createdor eachindividual stock,andtradeinformationfor thatstockis submittedonly to that
channel Clientsdesiringall tradeinformationcouldsubscribeo all channelsbut clientsinterestedn only asubsebf
stockscanlimit their datastreamby subscribingonly to the appropriatechannels Of course this approactcanonly
be usedfor subdvisionsof datathatthe servicedesignercanreasonablanticipate.EChoallows clientswith more
specificneedgo furtherrefinetheseeventstreamswith derived eventchannelsasdescribedelow in Section2.3.

2.2 EventTypesand Typed Channels

Oneof thedifferentiatingcharacteristicef EChois its supporfor efficienttransmissiomndhandlingof fully typed
events. Typesmay be associatedvith eventchannelssinksandsourcesandPBIO usesthesetypesto automatically
handleheterogeneoudatatransferissues. Building this functionality into ECho allows for efficient layering that
nearly eliminatesdatacopiesduring marshallingand unmarshalling.As othershave noted[1], careful layeringto
minimize datacopiesis critical to delivering full networkbandwidthto higherlevels of softwareabstraction.The
layeringwith PBIO is a key featureof EChothatmakesit suitablefor applicationsvhich demandhigh performance
for largeamountf data.

BaseType Handling and Optimization Functionally EChoeventtypesare mostsimilar to userdefinedtypesin
MPI. The maindifferencesrein expressve power andimplementation As with MPI, EChoeventtypesdescribeC-
style structuresnadeup of atomicdatatypes,andboth systemssupportnestedstructuresandstatically-sizedarrays.
However, ECho'stype systemalsosupportsull-terminatedstringsanddynamicallysizedarrays*

While fully declaringmessagéypesto theunderlyingcommunicatiorsystemgivesthe systenthe opportunityto
optimizetheirtransportMPI implementationsypically donotexploit thisopportunityandoftentransporuserdefined
typeseven moreslowly thanmessagedirectly marshalledy the application.In contrastEChoandPBIO achiere a
performancadwantageby avoiding XDR, IIOP or other'wire' representationgifferentthanthenative representation
of the datatype. Insteadthe wire formatusedis equivalentto the naturaldatarepresentatiofNDR) of the sender
Corversionto the native representationf the recever is doneuponreceiptwith dynamicallygeneratedornversion
routines.As shovn by the measurements [5], PBIO 'encode'timesdo notvary with datasize,and’'decode'times
aremuchfasterthanMPI's. Becauseas muchastwo-thirdsof the lateny in a heterogeneoumessagexchangeis
softwarecorversionoverhead[5]PBIO's NDR approactyieldsround-tripmessagéatenciesaslow as40%of thatof
MPI's.

Type Extension EChosupportsthe robust evolution of setsof programscommunicatingwith events,by allowing
variationin datatypesassociatetvith a singlechannel.n particular aneventsourcemaysubmitaneventwhosetype
is a supersebf the eventtype associatedvith its channel.Conversely an eventsink may have a typethatis a subset
of the eventtype associatedavith its channel.Essentiallythis allows a new field to be addedto an eventat the source
without invalidating existing event recevers. This functionality can be valuablewhen a systemevolvesbecauset
meanghateventcontentsanbechangedvithout the needto simultaneouslyipgradesvery componento accommo-
datethe new type. EChoeven allows type variationin intra-procesg€ommunicationjmposingno corversionswhen
sourceandsink useidenticaltypesbut performingthe necessaryransformationsvhensourceandsink typesdiffer in
contentor layout.

The type variationallowed in ECho differs from that supportedoy messageassingsystemsand intra-address
spaceevent systems.For example,the Spinevent systemsupportsonly staticallytypedevents[2]. Similarly, MPI's
userdefinedtype interfacesdo not offer ary mechanismshroughwhich a programcaninterpreta messagevithout
a priori knowledgeof its contents.Additionally, MPI performsstrict type matchingon messagsendsandreceves,
specificallyprohibitingthe type variationthat EChoallows.

1In thecaseof dynamicallysizedarraysthearraysizeis givenby anintegertypedfield in therecord.Full informationaboutthetypessupported
by EChoandPBIO canbefoundin [3].
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In termsof theflexibility offeredto applicationsECho'sfeaturesnostcloselyresemblghefeatureof systemdhat
supportthe marshallingof objectsasmessagedn thesesystemssubclassingindtype extensionprovide supportfor
robustsystemevolution thatis substantiely similar to thatprovidedby ECho'stypevariation. However, object-based
marshallingoften suffers from prohibitively poor performance.ECho's strengthis thatit maintainsthe application
integration advantagesof object-basedystemswhile significantly outperformingthem. As the measurementi
Section3 will shav, EChoalsooutperformanoretraditionalmessage-passigystemsn mary circumstances.

2.3 Derived Event Channels

ECho’'s principal contribution to specializingdataflows is the conceptandrealizationof derivedeventchannels
While it bearssomesimilarity to prior work on content-basefiltering (asin Siena[l]andElvin[21]) andpattern-based
filter/transformatior(asin Gryphon[22), EChoallows moregeneracomputation®ver eventdataandaccomplishes
thosecomputationgfficiently. This efficiency is basedon semanticghatdon't requirecentralizedeventdistribution
andthe useof dynamiccodegeneratiorto createnative filter/transformatiorfunctions. Our work is complementary
with that of the Gryphonprojectaswe are not looking at the optimal mappingof aninformationflow graphonto a
networkof brokersbut ratherconcerrourselfwith the mostefficient executionof suchcomputationsThe Java-based
approachof DACE[9] offers broadgeneralityin content-basedubscriptionsput lacksthe transformatiorcapacity
of derived event channelsaand offers significantlylower throughputand high lateny than ECho. Our approachand
implementatiorof ECho's derived eventchanneffacility is describedelow.

2.3.1 GeneralModel

Considethesituationwhereaneventchannetlientis notreallyinterestedn everyeventsubmittedput only wants
every Nth event,or every eventwherea particularvaluein the dataexceedssomethreshold Much computationaand
networkoverheadcouldbe avoidedif only the eventsof interestweretransmitted Oneway to approactthis problem
is to createa new eventchannelndinterposeaneventfilter asshavn in Figure?2.

Theeventfilter canbelocatedonthesamenodeasthe eventsourceandis anormaleventsink to theoriginal event
channelndanormalsourceto thenew, or filtered,eventchannel. This solutiondoesnot disturbthe normalfunction
of theoriginal eventchannel However, it fails if thereis morethanoneeventsourceassociateavith theoriginal event
channel Thedifficulty is that,asa normalsink, the eventfilter mustlive in somespecificprocesslf multiple sources
have subscribedo theoriginal eventchannelandthosesourcesarenot co-locatedasshovnin Figure3A, thenthere
arestill raw, unfilteredeventstraveling over the networkfrom Proces# to Process.

Thenormalsemantic®f eventdelivery schemeslo notoffer anappropriatesolutionto the eventfiltering problem.
Yetit is animportantproblemto solve becaus®f the greatpotentialfor reducingresourceequirements unwanted
eventscanbesuppressedOurapproachnvolvesextendingeventchannelsvith theconcepof aderivedeventchannel.
Ratherthanexplicitly creatingnen event channelswith interveningfilter objects,applicationsthat wish to receve
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filtered eventdatacreatea new channelwhosecontentsarederived from the contentsof an existing channeltthrough
anapplication-suppliedlerivationfunction, F'. The eventchanneimplementatiorwill move the derivation function
F' to all event sourcesn the original channel,executeit locally when&er eventsare submitted,and transmitary
resultingeventvia the derived channel. This approachhasthe adwvantageof eliminatingunwantedevent traffic and
the associatedvasteof computationabndnetworkresourcesin fact, if the derived eventchannelhassinksthatare
localto ary of thesourcesn theoriginaltraffic, networktraffic betweerthoseelementss avoidedentirely Figure3B
shavsthelogical configuratiorof a derivedeventchannel.

2.3.2 Mobile Functionsand the E-codelLanguage

A critical issuein theimplementatiorof derivedeventchannelss thenatureof thefunction 7' andits specification.
SinceF is specifiedby the client but mustbe evaluatedat the (possiblyremote)source a simplefunction pointeris
obviously insufficient. Thereareseveral possibleapproacheso this problem,including:

e severelyrestrictingZ', suchasto preselectedaluesor to booleanoperators,
¢ relyingon pre-generategharedbijectfiles, or

¢ usinginterpretectode.

Having arelatively restrictedilter languagesuchasonelimited to combination®f boolearoperatorsis theapproach
chosenn the CORBA Notification Services[11hndin Siena[]. Thisapproactfacilitatesefficientinterpretationput
therestrictedanguagemaynotbeableto expressthefull rangeof conditionsusefulto anapplicationthuslimiting its
applicability. To avoid thislimitation, it is desirablego expressF' in theform of amoregeneraprogrammindanguage.
Onemight considersupplying F' in the form of a sharedbbjectfile thatcould be dynamicallylinked into the process
of the eventsource.Using sharedobjectsallows F' to be a generalfunction, but requiresthe client to supply F' asa
native objectfile for eachsource.This is relatively easyin ahomogeneousystem put becomesncreasinglydifficult
asheterogeneitys introduced.

In orderto avoid problemswith heterogeneityone might supply ' in aninterpretedlanguagesuchasa TCL
function or Java code. This would allow generalfunctionsand alleviate the difficulties with heterogeneitybut it
wouldimpactefficieng. Becausef ourintendedapplicationin the areaof high performance&omputingandbecause



if ((input.trade_price < 75.5) || (input.trade_price > 78.5)) {
return 1; /* subnmit event into derived channel */

}

return 0; /* do not subnit event into derived channel */
}
Figure4: A specializatiorfilter thatpasse®nly stocktradesoutsidea pre-definedange.

mary usefulfilter andtransformatiorfunctionsare quite simple,we choosea differentapproachthat maintainsthe
highestefficieng.. However, we considerinterpretedanguagessa complementanapproachwhich hasa placein
lessdemandin@pplications.

Theapproachiakenin EChopreserestheexpressienes®f ageneraprogrammindanguagendtheefficieng of
sharedbjectswhile retainingthegeneralityof interpretedanguagesThefunction F' is expressedn E-Code asubset
of a generalproceduralanguageanddynamiccodegeneratioris usedto createa native versionof F onthe source
host. E-Codemay be extendedasfuture needswarrant,but currentlyit is a subseof C, supportingthe C operators,
for loops,i f statementandr et ur n statements Extensiongo otherlanguagefeaturesare straightforwardand
severalareunderconsideratiorasdescribedn Sectioré.

E-Codes dynamiccodegeneratiorcapabilitiesarebasedn Icode,aninternalinterfacedevelopedat MIT aspart
of the'C project[1§. Icodeis itself basedon Vcode[8], alsodevelopedat MIT by DavsonEnglet Vcodesupports
dynamiccodegeneratiorfor MIPS, AlphaandSparcprocessorsWe have extendedt to supportMIPS n32and64-bit
ABIs, Sparc64-bitABI, andx86 processors Vcodeoffersavirtual RISCinstructionsetfor dynamiccodegeneration.
ThelcodelayeraddsregisterallocationandassignmentE-Codeconsistprimarily of alexer, parsersemanticizeand
codegeneratar

EChocurrentlysupportsderived event channelghat use E-Codein two ways. In thefirst, the eventtypein the
derived channelis the sameasthatof the channelfrom which it is derived (the parentchannel).In this case the E-
Coderequiredis aboolearfilter functionacceptinga singleparametemwhichis theinputevent. If thefunctionreturns
anon-zerovalue,it is submittedto the derived event channelotherwiseit is filtered out. Eventfilters may be quite
simple,suchasthe examplein Figure4. Applied in the contet of our stocktradingexample,this filter passesrade
informationinto the derived eventchannelonly whenthe stockis tradingoutsideof a specifiedrange.Whenusedto
derive achannelthis codeis transportedn stringform to theeventsourcesassociateavith the parentchannelwhere
it is parsedandnative codeis generatedTheimplicit context in whichthis codeevaluateds afunctiondeclaratiorof
theform:

i nt f({inputeventype i nput)

where(input eventtype is the type associatedvith the parentchannef Oncederived, the createcchannelbehaes
asanormalchannelwith respecto sinks. It hasall of the sourcesf the parentchannelasimplicit sourcesput new
sourceproviding unfilteredeventscould alsobe associatedvith it.

While this basicsupportfor eventfiltering is a very powerful mechanisnfor suppressinginwantedeventsin an
datastream EChoalsosupportdderivedeventchannelsvherethe eventtypesassociateavith the derived channebre
notthe sameasthatof the parentchanneln this case E-Codeis evaluatedn the contet of afunctiondeclaratiorof
theform:

i nt f({inputeventype i nput, (outputeventype out put)

The returnvalue continuesto specifywhetheror not the eventis to be submittedinto the derived channel but the
differentiationbetweerinputandoutputeventsallows a new rangeof processindo be migratedto eventsources.

2Integerx86 supportwasdevelopedat MIT. We extended/codeto supportthex86 floatingpointinstructionset(only whenusedwith Icode).
3Sinceeventtypesarerequirednew channelsanonly be derivedfrom typedchannels.



int i
int j;
doubl e sum= 0.0
for(i =0; i<37; i=1i+1) {
for(j = 0; j<253; j=+1) {
sum = sum + input.w nd_velocity[j][i];
}
}

out put . average_velocity = sum/ (37 * 253)
return 1,

}
Figure5: A specializatiorfilter thatcomputeghe averageof aninputarrayandpasseshe averageto its output.

Oneusefor this capabilityis remotedatareduction. For example,considerevent channelsusedfor monitoring
of scientificcalculationssuchasthe global climatemodeldescribedn [14]. Further considera clientthatmay be
interestedn somepropertyof themonitoreddata,suchasanaveragevalueovertherangeof data.lnsteadof requiring
the client to receve the entireeventanddo its own datareduction,considerablenetworkresourcesould be saved
by just sendingthe averageinsteadof the entire eventdata. This canbe accomplishedy deriving a channelusing
a function which performsthe appropriatedatareduction. For example,the E-Codefunction definedin Figure5
performssuchan averageover atmosphericatageneratedby the atmospherisimulationdescribedn [14], thereby
reducingtheamountof datato betransmittedoy nearlyfour ordersof magnitude.

Static Variables and ParameterizedFilters While the examplesabaove are pure functionswhich have no scope
beyondtheirinputandoutputparameterghefull functionality offeredby derived eventchannelds somevhatricher
Theadditionalfeatureddo not fundamentallyaffect the natureof servicespecializatiorofferedby derivedeventchan-
nels, but they do extend the rangeof possiblespecializations.One suchfeatureis the ability to label variablesas
“static”, sothattheir valuespersistacrossmultiple invocationsof thefilter function. This allows the implementation
of filters thatrequiresomeamountof persistenstate,suchasa moving averagecomputationpr afilter that simply
passesvery seconcr third streamelementHowever, asnotedabove, in the situationwherethe original channehas
sourcesn multiple locations eachsourcegetsits own copyof thederivationfunctionandof its persistenstate Thus,
afilter thatpassegvery othereventwill endup deliveringevery otherelementfromead source, ratherthanevery
othereventsubmittedto thechannelsawhole.

Anotherusefulfeatureis the ability to parameterizea derivation function. Parameterizatiorallows a parameter
block to be associatedvith the derivation function. This block is read-onlyto the derivation function, but canbe
updatedemotelyin a push-typeoperation.This is usefulin situationswherea clientneedso adaptthe servicewith
even finer granularity For example,in the rangefilter in Figure 4, the rangeitself is specifiedas constantsn the
body of thefilter. Yetit is clearly concevablethat a client might wantto changethe rangeover time. One could
periodicallydestroyandre-derize channelsvith updatedilter functions,but parameterizederivationsallow a more
straight-forwardapproach As shavn in Figure6, theparameteblock is usedto hold the high andlow boundsof the
range.This allowsthe client to effect fine-grainadaptationso changingneedswith relatively low overhead.

if ((input.trade_price < paramrange_| ow_bound) |
(i nput.trade_price > param range_hi gh_bound)) {
return 1; /* subnmit event into derived channel */
}

return 0; /* do not subnmit event into derived channel */

}
Figure6: Specializatiorfilter rangerepresentely parameterizatiodata.
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3 ECho Performance

3.1 BasicData Streaming

In orderto establisiECho's basicusabilityasatransporimechanisnior streaminglata,we first comparets per
formancewith othertransportmechanismsvhich might be usedto implementa streaminglatasystem.In particular
we compareECho's basiclateny anddeliveredbandwidthwith thatof CORBA eventchannelsJava's Jini distributed
events,andan XML-basedcommunicatiorschemeLike ECho,thesearehigherlevel delivery schemeshatcanoffer
evolvability throughsomeform of type extensionor datatype discovery. In addition,we include performancemea-
suresof MPI, a popularmessagingystemin the scientificcomputingcommunity to indicatethe performancehat
might be expectedrom a datastreamwithoutthe meta-dataverheadf the othersystems.

The preciseperformancecharacteristicef thesepackageslependuponsucha wide variety of variablesthatwe
couldnothopeto characterizeéhe entireperformancespace Insteadwe takeanillustrative exampleandexamineit.
In this casewe presenperformanceharacteristicéor a situationthatmight betypical of the scientificvisualization
exampleof Sectionl andusedatafrom a mechanicakngineeringsimulationof the effectsof micro-structuraprop-
ertieson solid-bodybehaior. The datastreamin this caseconsistof 100Kbstaterecordswhich we streambetween
a SunSparcandan x86-basedC over 100Mbpsethernet. This situationmight occurwhena datastreamfrom a
clusterbasedsimulationis directedto a nearbyhostfor visualization.

Figures7A and7B showv basiceventlateny andbandwidthfor several middlewaresystemsn this sampleenvi-
ronment. To shov how the performancesharacteristicenight vary with messagsize,we subsethe original 100Kb
staterecordsandpresenmeasurement®r 10Kb, 1Kb and100brecordsaswell. The measurementsover eventdata
exchangewith ECho,anXML-basedeventdelivery schemea CORBA eventchannelusingthe ORBacussystem)a
Java-basedchemdmakinguseof Jini DistributedEvents)andour baselineMPICH.

Figure 7A shaws that ECho's round-trip event lateny is abouthalf that of the other systems. While a more
detaileddiscussionof the causef the performancealifferencess beyond the scopeof this papey we can briefly
characterizeheir nature.In latengy measuresXML is hamperedy a very high up/donn corversionoverheadanda
bulky wire representatiofASCIl). CORBA'slateny is adwerselyaffectedby a centralizedeventdistribution scheme

4The Sunmachineis an Ultra 30 with a 247 MHz cpurunningSolaris7. Thex86 machinds a450MHz Pentiumll, alsorunningSolaris?.



thatassignghe eventchannelobjectto a separat@rocess.The figure shavs that EChoactuallyimproveson MPI's
lateny performancen mostcases.Thisis largely aresultof MPI's relianceon XDR asawire format, which results
in moredatacopyingthanis requiredin ECho.

Figure 7B compareghe bandwidthdeliveredby eachsystemrelative to the original (unencodedflatasize. It
shavs that ECho matchesMPI's deliveredbandwidthat large messagesizesand performsconsiderablybetterfor
smallersizes. Again, the extra datacopyingperformedin MPICH playsa significantrole in theseresults. CORBA
maintainsreasonabléandwidthfor large messagesizes,but the additionalintervening processsignificantlyaffects
bandwidthfor smallersizes. XML is greatly handicappedn ary measuren which it is usedasa wire format for
transmittingbinary data. The ASCII-basedXML representationf a binary datastructureis oftenfive to seventimes
largerthanthe original datastructure wastinga significantamountof bandwidth.

A morecompletediscussioranalyzingthe cause®f theperformancelifference$n moredetailandalsopresenting
ananalysisof thebehaior of thesecommunicationsystemsn thecontext of applicationevolution andtypeextension
canbefoundin [4].

3.2 Effectsof StreamSpecialization

The primary benefitof streamspecializationis the elimination of wastefulmessageraffic and the subsequent
reductionof bandwidthrequirements As such,mary of the benefitsthat are achievablethroughsuchspecialization
vary significantlywith the extentof the unnecessartraffic. Gainsachieved with ECho's eventfiltering approactare
suchthatthe resultingdecreasen messagéraffic is directly proportionalto the rejectionrate of the specialization
filter. Understandinguchgainsis a relatively straightforwardexercisewhenignoring issueslike sener, client, or
networkcontention.For instancejf onehalf of the datastreamingo a clientis unwantedthenspecializatiorallows
him to receve twice the amountof useful informationwith the samebandwidth.If all the clientsof a sener exploit
specializatiorto reducetheir bandwidthrequirement®y onethird, thenthe sener cansupport50% moreclientsat
thesamelevel of serviceit offeredpreviously.

However, with the gainsin reducednetworkusagecomeadditionalcostsin the form of generatingand execut-
ing specializationfunctionsin the derived event channel. Thosecostsvary with the natureof the filter code, but
interestinglytherearesecondarysometimesmportanteffects,suchasthe eliminationof unnecessargrotocolstack
execution,sothatadditionalfilter codeexecutionmayactuallyresultin lesstotal codeexecutedoy asener. Therefore,
it is informative to examinethe costsof filtering for representate examples.

First considerthe rangefilter examplesin Figure4, takenfrom the context of our stocktradingexampleandrep-
resentinga simplerangefunction on the stock’s tradeprice. To realizethis filter, ECho's dynamiccodegeneration
facility requires4 millisecondson a SunSparcUltra 30 to createa native subroutindmplementinghefilter. Thegen-
eratedfilter subroutinecontain27 Sparcinstructionsandit executesn about165nanoseconddn contrastECho's
7.5Mbpstransferratefor small(100byte)messagesnpliesthattheseneris spendingaboutl07microseconds send
eachmessageln otherwords,in this casejt is 'cheaper'to executethefilter thanit is to sendanunneedednessage.
Consequentlycontraryto intuition, sener load may be decreasediotincreasedby the senersruntime,client-based
extensionwith filters. In comparisonthe samefilter functionimplementedn Java, the mostlikely alternatve repre-
sentatiorof specializatiorfunctions,requiresl.8 microsecond$or executionwith Just-In-Time compilationenabled
(3.7 microsecondstherwise). Therefore agumentsconcerninghe reductionvs. theincreasen sener loadby their
extensionwith filtersdo nottrivially translatefrom EChoto othersystemsandfrom simplefilterslike this exampleto
morecomple filter functions.

Becauseservicespecializatiorpotentiallyincreaseghe computationaload of the sener, ECho’s realizationof
specializatiorfunctionsas dynamicallygeneratechative codeplaysa key role in making servicespecializatioran
attractive option. In particular considerthe relationshipbetweerthe filter executionspeedandthe time requiredto
sendamessag@ivenin the previous paragraphlf thefilter doesnot rejecta particularmessagethetime requiredto
executethe sener functionis a wastedresourceover andabove whatit would have requiredto sendthe messagen
an unfilteredstream.However, if the messages rejectedby thefilter, the sener savesthetime it would have spent
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sendingthe messageThus,theratio betweerthefilter executiontime andthe time requiredto sendthe messag®en

the unfilteredchanneldetermineghe break-&en point of the specializatiorfilter. A low ratio meanghatevenif a
filter hasa relatively poorrejectionratio, it canstill be computationallycheapefor the sener do thefiltering thanit

would have beento simply sendthe unfilteredmessagedn the caseof the samplefilter operatingon aneventstream
with 100byterecordsjf thefilter eliminatesaslittle as1 eventin 30it is still computationallycheapefor the sener
thanthe unfilteredsituation.

Figure 8A illustratesthe cost/benefitof filtering graphically It showvs the CPU utilization of a sener sending
a datastreamto a singleclient. In this case the datastreamconsistsof 100 byte recordsgeneratedht a particular
rate. The figure shawvs the sener's CPU utilization for four specializationscenarios:(1) an unspecializedstream,
(2) a specializedstreamin which no eventsarerejected,(3) a specializedstreamin which 50% of the eventsare
rejected,and(4) a specializedstreamin which all eventsarerejected. Streamspecializatiorobviously addsto the
sener's computationaload in the form of additionaloverheadsvhennoneof the datastreamis rejected.However,
theoverheads slightandis quickly recoseredif thespecializatiorfilter rejectsa significantfractionof thedatastream.
At higherrejectionratesthe useof a specializedlatastreamrepresenta costsavingsto the sener, despitethe need
to executethefilter functionfor every event.

The secondexamplefilter in Section1 (Figure5) is takenfrom the scientific visualizationdomain. A client
might usethis specializatiorfunction if it was only interestedn the averageof a large arrayin a datastream,as
typically necessarwhendownsamplinga datastreanfor visualrenderingon variable-qualitydisplays.This function
is somavhatmorecomplex thanthefirst example.lt requiress.5msecdor codegeneratiorandl.28msecdo execute.
Furthermorepnlike the first example, this filter never rejectsa dataelement,but merelytransformst by takingan
averageandforwardingthe averageinstead.As a result,resourcesavings aredueto reductionsn requirednetwork
processingtthe sener andin thereductionof requirednetworkbandwidth jmportantconsiderationfor remotedata
visualization[12 By comparisonthe samefilter functionimplementedn Java requiresl13.33msecsfor execution
with Just-In-Tme compilationenabled(75.43msecsotherwise). This indicatesthat Java-basedspecializatiormay
have sucha costlyrun time that sener extensionwould no longerbe a win-win situation,i.e., theincreasen sener
computatiorcostmight not berecoupedn reducechetworkcosts.

Figure8B examinegheimpactof this sortof sener adaptationln particular it shovs abreakdavn of thesener's
time costsin sendinga client 1000 dataelements. If sener adaptationis not available, the sener must sendthe



clientthe unprocessedrray with costsrepresentetdy the barlabeled"No Specializatiori. Alternatively, if derived
eventchannelareusedto specializahe service the sener performstheaveragingcomputatiorandexperience£osts
representedy the barlabeled*Serer-side Averaging. Obviously, specializingthe servicesignificantlyincreaseshe
“usercputime” componenbdf the costs,but this is morethanoffsetby the dramaticreductionin systemandnetwork
blockingcostswhich resultfrom thedecreasén messagsize.

4 Conclusionsand Futur e Work

This paperexaminedECho,an event-basedniddlevaredesignedo optimizethe delivery of streamingdata. The
EChosystemprovidesa publish-subscribeommunicatiormodelthat supportsefficient event delivery in heteroge-
neoussystemsruntimetype extension,andtype discorery. More importantly EChoprovidesaninnovative support
for runtimestreamspecializatiorthrougha mechanisntalledderivedeventchannels This mechanisnallows clients
to dynamicallyextendsenerswith codefragmentdo tailor datastreamso suit their needs.

The performancevaluationin Section3 establishedwo salientpoints.First, while object-basedystemgrovide
functionality that is similar to the type extensionandtype discovery featuresof ECho, EChodoesit with signifi-
cantly betterperformancebpothin termsof deliveredbandwidthandend-to-endateng. In fact, the measurements
in Section3.1shav thatEChomatchesand,in mostcasesputperformaVPl in both metrics,therebydemonstrating
performancehatoutpaceshatof a commonlyacceptedhigh-performanceommunicatiorparadigm.

Secondlytheevaluationin Section3.2shawvs thatdatastreanspecializatiorcanbeawin-win situationfor seners
andclients,reducingnetworktraffic andlowering the computationatostsfor both sides. Streamspecializatiomat-
urally reduceghe amountof networktraffic andthe client's computationaload by maoving client-sidecomputations
to the sener. In a obvious result, the timings presentechereshav that while one portion of the sener's costsare
necessarilyncreasedy the needto runthe client-provided specializatiorcode,it is not unusualo recoupthe costs
throughthroughothersavings. In particular the reducedhetworktraffic thatcomeswith streamspecializatiormeans
thatthe sener spenddesstime in networktransmissionECho's dynamicallycodegeneratedpecializatiorfunctions
are sufiiciently fast thatfilters needonly reducethe datastreamby a relatively small fraction to repaytheir costs.
Alternative implementatiormechanism$aseddn interpretedanguagesvould imply significantlyhighersener-side
costsmakingstreamspecializatiorbeneficialin fewer situations.

While this paperdemonstratemiitial resultswith thedeploymenbf EChoandits notionof derivedeventchannels,
aswe aregainingexperiencesvith usingthem,we areaddingto the systemseveralkey notionsthatwill enableusto
createthe future,ubiquitous stream-basedpplicationsve aretargetingwith our work. A few of theseaxtensionsare
describedext.

Visibility into Source Process [7] anticipatesisingthefunctionalityofferedby derived eventchanneldor program
steeringor moregenerallyfor runtimeadaptatiorof programs Currently externalprogramsteeringypically requires
monitoring eventsto be deliveredto an external process. Therethey are interpretedand actionscan be takento

affect the stateof the applicationbeingsteered.Like filter functions,steeringdecisionfunctionsmay be assimple
ascomparinganincomingvaluewith athresholdandsteeringthe programif the thresholds exceeded.As aresult,
programsteeringrequiresa minimum of a networkround-trip, andit is an asynchronougprocess. If the steering
functionscould be migratedinto the steeredapplication,muchlike we are moving filter functionsto event sources,
steeringlatenciescould be reducedby several ordersof magnitudeand undertakersynchronously When program
steeringis performedby a human-in-the-loogystem lateny andsynchronicityare of little importance.But some
programsteeringandmuchof programandprotocoladaptationgcanbe performedalgorithmically with externalcode
makingtheadaptatioror steeringdecisions Suchadaptationsnustberapidandoftenmustbesynchronou# orderto

bevalid. Thiswork holdssignificantpotentialin termsof allowing programssystemabstractiongindevenoperating
systemdo adaptto changingusageandresourcesituations[2017].

However, doing programsteeringor programadaptatiorin a derivation function requiresthat the function have



visibility into applicationprogramto call functionsor affect valuesthere. To accomplishtheseends,we ervision
associating “context” with aneventchannel Thecontext would specifyprogramelementsvhichmightbeaccessible
to derivationfunctions. In this way, visibility into the sendingapplicationwould be controlledby the senderbut the
useandupdatingof visible elementsvould be specifiedby therecever throughderivationfunction.

Function Analysis Thereis alsopotentialbenefitin specializingandanalyzingderivationfunctionsthemseles. In

particular an event sourceclearly hasan interestin understandinghe natureof the codeit agreedo executefor a
derivationfunction. While the simplestfunctionsmay be safein the sensehatthey have no visibility into sources

ervironment,they may walk off the endof eventarraysor containinfinite loops. However, in this ervironmentwe

know thesizeandextentof all datatypes.Thereforewe caneasilygenerat@arrayboundschecksandcanalsoconsider
analyzingthe specifiedfunctionsfor computationatompleity andtermination.An eventsourceon a highly loaded
machinemight be giventhe option of rejectinga derivationthatwould increasets workload. More generally since
derived event channelsalwaysrepresensometradeof betweencomputeand network resourceswe can consider
creatinga more generalizednechanisnthroughwhich tradeof decisionscan be madein the context of dynamic
feedbackfrom resourcemonitoring. Sucha systemcould greatly easethe processof building applicationswhich

performrobustly in today's dynamicnetworkernvironments.

Futureapplicationsbeing developedwith EChoincludethosetargetedby the Infosphereproject[19, which in-
clude ContinualQueriesto web sites[186, ubiquitousapplicationsvia wirelesscommunicatiormediaandinvolving
embeddedsystemgi.e., we are currently porting EChoto wireless-connectetinux laptopsandto Palmtops),and
applicationsin smarthomes(i.e., we aregoing to useEChowithin Geogia Tech's SmartHome project[13 asthe
delivery mediumfor bothdataandcontrolsignalsin homeapplicationgangingfrom simplesensoidatacaptureand
analysisto the transportand analysisof imagedatastreams.).EChohasalso beenusedin a rangeof high perfor
manceapplicationsjncludinga Hydrology Workbenchusedby collaboratingscientistsanda similar systemusedfor
collaboratioracrosghe Internet[12.
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