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Abstract

This paperpresentstheembeddedrealizationandexperimentalevaluationof a mediastreamscheduleron

Network Interface(NI) CoProcessorboards.Whenusingmediaframesasschedulingunits, the scheduleris

ableto operatein real-timeon streamstraversingthe CoProcessor, resultingin its ability to streamvideo to

remoteclientsat real-timerates. The contributionsof this paperare its detailedevaluationof the effectsof

placingapplication-or kernel-level functionality like packet schedulingon NIs ratherthanthe hostmachines

to which they areattached.Themainbenefitsof suchplacementare(1) that traffic is eliminatedfrom thehost

bus & memorysubsystem,therebyallowing increasedhostCPU utilization for other tasks,and(2) that NI-

basedschedulingis immuneto host-CPUloading,unlike host-basedmediaschedulersthatareeasilyaffected

even by transientload conditions. An outcomeof this work is a proposedclusterarchitecturefor building

scalablemediaservers,by distributing schedulersandmediastreamproducersacrossthemultiple NIs usedby

a singleserver andby clusteringa numberof suchserversusingcommoditynetwork hardwareandsoftware.

KEYW ORDS: cluster machines,multimedia services,embeddedsystems,quality of service, operating

systems,real-timesystems,data streaming,packet scheduling

1 Intr oduction

Background. Thescalabledelivery of mediaandwebservicesto endusersis a well-recognizedproblem.At the

network level, researchershavedevelopedmulticasttechniques[4], mediacachingor proxyservers[2], reservation-

basedcommunicationservices[16] andspecializedmediatransmissionprotocols[25]. For server hardware,scal-

ability is soughtby usingextensibleSMPandclustermachines[5, 11]. Scalabilityfor server softwareis attained

by usingdynamicloadbalancingacrossparallel/distributedserver resources[50], andby usingadmissioncontrol

andonline requestscheduling[51, 66] for CPUs[41,9, 24], network links[63, 62, 66], anddisks[11]. Comple-

mentaryto suchwork areapplication-level or end-to-endsolutions[35, 46] thatadaptserverand/orclientbehavior

in responseto changesin users’Qualityof Service(QoS)needsandin resourceavailability [59, 47].

ScalableCluster Services. This paperaddressesthe scalabilityof mediaservers. Its approachutilizes servers

constructedasclustersof processor/storagenodes,eachof whichhasanetwork interfaceprocessor(NI) linking it

to thecluster’s high performancesystemareanetwork[60]. A uniqueaspectof theapproachis thateachNI hasa
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programmableCoProcessor, with localmemory, directaccessto devices,andtheability to runbothbasicprotocol

processingandcertainapplication-specifictasks. The CoProcessorsexploredto dateincludeATM FORE[49],

Myrinet[60], I2O-compliantnetwork interfaceboards[22, 38, 21], andmostrecently, gigabitethernetattachedto

IXP1200[55, 52, 18, 68] boards. We have alsoexploredXilinx FPGA Coprocessorboards[65] in serverswith

gigabitlinks andtheability of theFPGACoprocessorto meetthepacket-timerequirementsof 10Gbpslinks [30].

The server hardwareconfigurationusedin this paperis from a generationof CoProcessors,(developedfor the

I2O standard),equippedwith thei960RD Coprocessor(oursystemssoftwaredoesnotuseany I2O standard-style

driver partitioningor any of the hardware registersin the I2O hardware units). This researchsimply usesthe

i960RD processoron theNI with associatedPCI bridgechipsets,asa i960RD Coprocessor. TheseNIs have two

100MbpsEthernetlinks,aPCIinterfaceto thehostCPU,andtwo SCSIinterfacesdirectlyattachedto diskdevices.

TheseCoProcessorsareattachedto a prototypicalserver systemcomprisedof 16 quadPentiumPronodes,where

host-to-hostcommunicationsaresupportedby VxWorksTCP/IPstackprotocols(like TCPandUDP),andwhere

mediastreamsmayflow from server disksto clientsvia hostCPUsor directly via thei960RDboards[38, 21].
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Figure1: ClusterHardware:HostCPU,NI CoProcessorandInterconnect

Theapproachto server organizationwe advocateis onethatviews a server like theonedepictedin Figure1 as
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aninformationprocessing,storage,anddelivery enginethatis programmedat two levelsof abstraction,reflecting

thehardwareconfigurationbeingemployed:

1. Low-level servicesexecuteontheCoProcessors(NIs),asdemonstratedin Figure1 for theconcreteexamples

of frameschedulingandpredictableframedelivery for streamingmediaservices.Whetherexecutedsyn-

chronouslyor asynchronouslywith applicationprograms’communications,theseservicesmaybeviewed

asapplication-specificextensionssupportedby a runtimeresidenton theNI.

2. Higherlevel servicesrunonhostnodesbut they mayutilize CoProcessorserviceslikemediaschedulingvia

an explicit NI-provided interface. Figure1 shows samplemediaservicetasksthat arerun on hostCPUs,

with predictableframedelivery dedicatedto runon NIs.

Contrib utions. Our approachto improving the scalabilityof mediaservers is to amplify their capabilitiesby

extensionof theircommunicationCoProcessorswith application-specificfunctionality. Theintentis to usecluster

nodeswith their completeOS functionality, large memories,anddeepcachehierarchiesfor the computational

anddatamanagementtasksfor which they arewell-suited,while usingNIs for communication-centrictaskslike

packet scheduling.Thefollowing insightsaregainedby thisexperimentalresearch.

1. Efficientexecutionon standard NIs. EvenNIs like Intel’s i960RD-basedboards[38, 21] arefeasibleplatforms

onwhichto runapplication-specificextensionsof communicationfunctionality. Specifically, performance-critical

communicationextensionscanbe executedwith high performanceon suchCOTS (CommercialOff-The-Shelf)

CoProcessorsrunningwith standardoperatingsystemsoftware(e.g.,VxWorks[64]). This is encouraginggiven

thefast-moving natureof NI hardwaredevelopmentandtheoneroustaskof portingandre-portingthespecialized

runtimesoftwareusedin previouswork [45, 17].

2. Improvedpredictabilityfor NI-basedstreamingservices.OnhostCPUs,thetime-criticalexecutionof servicesis

easilyjeopardizedby theneedto runamix of applications.Specifically, streamingserviceslike mediaschedulers

runningonhost-CPUsareeasilyaffectedevenby transientloadingconditions,whereasmediaschedulersrunning

directly on NIs are immuneto suchhost-CPUloading. The key result is that CoProcessor-basedscheduling

substantiallyimprovesthejitter experiencedby streamingservices.Suchimprovementsareparticularlyimportant

for real-timemediaserviceslike remotesurveillanceor telepresence[56, 33].

3. Improvedserverscalabilityby useof extendedNIs. Servicesthat frequentlyexecutedevice-or network-near

functionsare known to run fasteron CoProcessors,becausetheir executiondoesnot involve I/O busses,host
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memory, and host CPUs. This paperpresentsresultsthat betterquantify the load reductions– termedtraffic

elimination– onsuchnoderesourcesderivedfrom NI-basedserviceexecution,thusfreeinguptheseresourcesfor

useby otherserver tasks.Traffic eliminationis attainedby implementingstream-selective lossinessin overload

conditionsvia window- andtime-constrainedschedulingof MPEGvideoframes,employing theDWCS(Dynamic

Window ConstrainedScheduling)algorithm [63, 62]. Packet schedulingalso serves to guaranteedifferential

packet ratesanddeadlinesto meetclients’ individual QoSneeds,andto eliminatetraffic.

Summary of Experimental Results.A DWCS-basedmediaschedulercanrunalmostasfastona relatively slow

CoProcessorasits correspondingimplementationonastandardworkstationplatform.Specifically, thescheduling

latency of thehost-basedimplementationof DWCSreportedin [63, 62] is ��� � ! s on anUltra SparcCPU(300

MHz) with quiescentload. In comparison,the scheduler’s executionon a 66 MHz i960 RD CoProcessoris

�#"%$&! s, despitethe fact that the i960 RD is roughly4 timesslower thantheUltra SparchostCPU.Reasonsfor

highschedulerperformanceon theCoProcessorarepresentedin Section3.2.

Performingpacket schedulingon theNI ratherthanthehostreducesloadon theserver’s I/O busses,CPU,and

memoryresources.In oneexperimentdescribedin Section3.3,mediacontentaresentdirectly from theNI to a

remotehost,thuseliminating � 132MB/secof dataloadfrom PCI busandmemoryof thehostnodefor a 32-bit

wide busrunningat33MHz. With multiple mediastreams,theloadeliminatedconsumesa substantialfractionof

themachine’s availablePCI bandwidth.Theimportanceof reducingPCI loadis evidentwhenconsideringthata

mediastreamthatfully utilizes1Gbpslinks wouldconsume25%of thecapacityof a64bit/66MHzPCI interface,

which shows that multi-gigabit interconnects(e.g.,10Gbpsethernet)would consumemorethanthe capacityof

thefastestcurrentlyavailable64bit/66MHzPCI interfaces.

Section3.4demonstratesthecomparatively high predictabilityof CoProcessor- vs. host-basedmediaservices,

by showing thattransientloadscansubstantiallyaffecthost-CPUbasedschedulers,observingperformancedegra-

dationfor mediaschedulingeven for relatively low CPUutilizations(i.e., 45%)andseveredegradationfor high

CPUutilizations(i.e.,over 60%).

Previous Work. Earlier work conductedby our groupdid not addressscalableclustermediaservices.Further,

ratherthan using standardhost-CoProcessorinterfaces,we developedand experimentedwith zero-copy inter-

facesandwith a software architecturefor realizinga rich setof communicationinstructionson NIs, termeda

(Distributed) Virtual CommunicationMachine (DVCM[45]). The ideawas to permit applicationprogramsto

dynamicallyextend the currentset of communicationinstructionsresidenton the NI to supporttheir specific
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needs[45, 48], as subsequentlyalso donein the SPINE project[17]. As with SPINE and other prior work on

dynamicallyextendingoperatingsystemkernels[14, 8], the servicesimplementedby the DVCM canvary over

time, in keepingwith theneedsof currentclusterapplications.Theprototypedescribedin this paperdoesnot re-

implementall of DVCM. Instead,ourgoalsare(1) to gainanunderstandingof how to build ascalablemediaserver

from clusterednode-NIpairs,(2) to evaluatein detailanNI’s ability to supportmultimediaschedulingservices,

and(3) to compareNI- vs. host-basedschedulingservicerealizations.Furthermore,while anearlierpublication

by ourgroupalreadydemonstratedthebasicability of aCoProcessorto performmediascheduling[29], thispaper

providesbasicinsightsinto thebenefitsof usingCoProcessorsor hosts,includingananalysisof theoverheadsand

tradeoffs concerningmediaschedulingwith respectto locatingmediaschedulersonCoProcessorsvs. hosts,using

multiplevs. singleCoProcessors.In addition,weevaluatetheutility of certainCoProcessorhardware,suchasthe

benefitsderivedfrom caches,softwarefloating-pointandspecializedschedulerhardwareunits.

2 Network CoProcessor-BasedMedia Scheduling

2.1 Software Ar chitecture of NI-basedApplication Services

Our NI-basedsupportfor application-specificservicesis structuredasthreesetsof softwaremodules:hostinter-

face,runtimesupport,andapplication-specificextensions.

Host Interface. Theinterfacefunctionsexportedby theNI to thehostmake NI-residentcommunicationservices

appearto applicationprogramsasspecialized‘communicationinstructions’.Theseinstructionsareaccessiblevia

memory-mappedpagessharedby ahost-residentapplicationandtheNI-residentmediaschedulingservice.Pages

containcontrol informationaswell asthecommunicationbuffersusedfor messagetransfersfrom NI to hostand

vice versa,muchlike theefficient messageinterfacesusedin high performancemessagingsystemslike FM [40].

With this interface,mediaframeproducers,runningasapplicationthreads,maystreamframesto remoteclients

usingtheNI-residentscheduler. Remoteconsumersmayforwardframesto otherconsumersor buffer framesfor

displayor storage,whereframesarescheduledfor delivery by theNI-residentscheduler.

Runtime. This set of NI-basedmodulessupportsthe implementationof application-specificNI functionality.

UsingtheVxWorksreal-timeoperatingsystem[64] asabasis,additionalfunctionalityto exploit thisNI’s specific

hardwareandto implementefficient mediaschedulingincludea fixed-pointlibrary for efficient implementation

of certainschedulingcomputations,driver front-endsto initialize controllers/storage, timestampcounterrollover
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management,andcircularqueuesandheapsasthebuffer structuresusedfor mediaframes.

Extensions.NI extensionssupportspecificapplications’needs.Examplesevaluatedin ourpreviouswork include

atomicreadandwrite operationsfor remoteNIs andefficient implementationsof cluster-wide synchronization

operations[45, 48]. This paperimplementsandevaluatestheDWCS schedulerfor streamingmediaon the i960

RD cards.

2.2 A CoProcessor-basedMedia SchedulingService
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Figure2: FrameTransferPaths.

Alter native Service Configurations and BasicPerformanceFactors. Theperformanceof a mediascheduling

serviceis stronglyaffectedby the distribution of streamsandschedulersacrossthe underlyingclusternode/NI

pairs. Alternative streamandschedulerconfigurationsaredepictedin Figure2, wheremultiple NIs (in this case

i960RD cards)arepresentoneachclusternode’s I/O bus.Oneor moreof theseNIs mayrun themediascheduler

andalsosupportdisksdirectlyattachedto them.This resultsin threepossiblepathstraversedby themediaframes

beingscheduled,shown in Figure2 asPathsA, B andC.

PathA representsthecasewheremediaschedulingis performedonly onhostCPUs,whichalsoimpliesthatall
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mediastreamsmusttouchuponhosts.As aresult,framessentto clientsby theserveraretransferredfrom aserver

disk attachedto a SCSIcontrollercard,to server hostmemory(via a PCI interconnect),thenagaintransferred

via thePCI interconnectto a non-i960RDNI andfinally, sentvia thenetwork to whichever clientsrequestedthe

mediastream.Statedin moredetail,theserver’snodeOStransferstheMPEGfile from diskto its filesystembuffer

cache,thento theapplication-level threadthathasopenedtheMPEGfile for reading.This involvesat leasttwo

memorycopiesaswell asthe traversalof memoryhierarchiesandof bus domains(i.e., I/O bus to systembus).

After having beenscheduled,thesecondpartof PathA involvesthetransferof framesfrom hostCPUmemoryto

thenetwork via theNI, againinvolving multiplememoryhierarchyandbustraversals.

PathB depictsaconfigurationin whichamediastreamoriginateseitheronanothermachineor ondisksdirectly

attachedto ani960RD card(I1), andis thensentto someclientvia asecondi960RD card(I2) runningthemedia

scheduler. This pathrepresentsthe generalcaseof NI-basedmediastreamscheduling,involving multiple NIs

attachedto oneserver node,with eachNI specializedto performcertaintasks.ThispathinvolvestheI/O bus,but

completelyeliminatestheusesof hostCPUor memory.

Finally, the‘best’ casein termsof hostnoderesourceusageis depictedin PathC, whereasingleNI actsasboth

thesourceof themediastreamusingadiskattachedto it andalsoexecutesthemediascheduler. Comparedto Path

A, thispatheliminatesusesof theI/O bus,hostCPUandmemory. While imposingadditionalloadontotheNI, one

potentialadvantageof this configurationis the relative ‘closeness’of themediaschedulerto thenetwork, which

facilitatesrapid configurationin responseto changesin network behavior. A sampledynamicreconfiguration

is onethatadjuststhescheduler’s degreeof lossinessin responseto observingchangesin thenumberof packet

retransmissionscurrentlyexperiencedfor this mediastream.Anotherpossibleadvantageof this configurationis

theability to shareasinglesetof buffersbetweentheNI’sdiskandnetwork interface,therebyavoidingadditional

memorycopies[39].

Summarizingtheperformancecharacteristicsof differentserviceconfigurations:

1. Performanceis impactedboth by the speedof schedulingactionsandby the total percentageof a media

stream’s datathattraversesaclusternode’s memoryhierarchies.

2. It is affectedby the total protocolprocessingoverheadsexperiencedon NI and/ornodes,andby the disk

accessoverheadsexperiencedfor mediastreamsoriginatingator destinedto storagedevices.

3. It alsodependson thenumberof bus-domaintraversals(systembusto PCIbusandvice-versa)experienced
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by streams.

4. Schedulingandstreamingperformancearealsoaffectedby the presenceof otherprogramsexecutingon

nodesandNIs, measurablenot only aschangesin throughput,but alsoin termsof thedelay-jitterandloss

experiencedfor mediastreamsandschedulingactions.

Host-basedScheduler Implementation. Our media scheduleris basedon the DWCS (Dynamic Window-

ConstrainedScheduling)algorithm describedand evaluatedin [63, 62]. While shown to be a highly efficient

algorithm,mostimportantto thispaperarethewaysin whichtheperformanceof thisschedulingserviceis affected

by alternative implementationchoicesfor its host-vs. NI-basedrealizations.Factorsgoverningperformancein-

cludetherespective hardwareandoperatingsystemplatforms,certainhardwarefeatures,andmemorystructures.

This largevarietyof factorsprecludesanalyticalcomparisonsof schedulingperformancebasedon thealternative

pathsshown in Figure2. For instance,the mediascheduler’s implementationon the hostCPU runningSUN’s

Solarisoperatingsystemis embeddedinto a separateschedulingprocess.By presentinga sharedmemory-based

API (usingSystemV sharedmemory)to processesthatgeneratemediacontent,this mediascheduleris madein-

dependentof thesourceof mediadata(e.g.,from host-attacheddisksor from remotenodes),many mediastreams

canbescheduledby asinglehost-residentscheduler, andpacketsin any streammaybeenqueuedin schedulerdata

structures,concurrentwith schedulinganalysisanddispatchof previously enqueuedpackets.Additional scalabil-

ity in scheduleroperationwith respectto numberof packet streams,streamratesand‘tightness’of deadlinesand

loss-toleranceis achievedby varyingtheratesof scheduleractions[63, 62].

The NI-basedSchedulerImplementation. Thecomparatively lighter-weight NI-embeddedimplementationof

theDWCSscheduleris shown in Figure3. It is layeredon top of theNI’s VxWorksreal-timeoperatingsystem.

It runsas a singleVxWorks thread,usespinnedmemoryfor disk and/ornetwork buffers and to interactwith

otherNI-residentthreads.Its hostinterfacemapssomeof its memoryto the hostvia thePCI device. Compact

datastructures(schedulerattributesor schedulerframedescriptors)for packet schedulerepresentationminimize

the useof NI memory, andmemoryusageis reducedfurther by not copying frames,whenever possible.These

implementationchoicesattemptto compensatefor the relative resourcepaucityon the NI. In addition, the NI-

basedschedulertakesadvantageof certainhardwarefeaturesexisting on the i960 RD card. First, thecodeused

for schedulinganalysisis decoupledfrom theschedulerepresentations(ie.,schedulingdatastructures).Theintent

is to evaluatetheperformanceeffectsof usingalternative representations,including thosethatusethe i960RD’s

hardware-supportedFCFScircular buffer queues. This is importantbecausewith DWCS scheduling,packets
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in a given stream(at the samepriority level) may be scheduledbasedon a servicetag associatedwith each

packet. Second,by usingonethreadfor bothpacket schedulinganddispatch,a singledatastructurecanhold all

framedescriptors(or theattributesdescribingthem),thusconservingmemory. Also, packetswill not experience

additionalqueueingdelayandjitter in dispatchqueues[63, 62].

TheNI-basedscheduleroperatesasfollows. It is bootedin conjunctionwith theVxWorksOperatingSystem,

from flash-ROM onthei960RD NI card.Initializationcodein thekernelspawnstheschedulerthread.Any media

framesreceived by the NI-basedschedulerare temporarilystoredon the NI, using the i960 RD NI’s 4MB of

on-boardmemory, which mayexpandedto 36MB. To conserve memory, only a singlecopy of ‘to-be-scheduled’

framesis kept in NI memory, and schedulinganalysisand dispatchdirectly manipulateaddressesof frames.

Framesarestoredon a per-streambasis. Head-of-linepackets in eachstreamform loss-toleranceanddeadline

heapsandencodestreampriority values.Theschedulermustpick thestreamwith thehighestpriority according

to rulesdescribedin [63, 62].

Storingframesdirectly in NI memory(ratherthanin hostmemory)reducestheoverall schedulinganalysisand

dispatchlatency for eachframeandthe jitter experiencedby a sequenceof frames. It alsoreducesmeanframe

queueingdelay, sinceframesneednot be ‘pulled’ from hostmemory. A detailedanalysisof the performance

effects of locating variousdatastructureson NIs vs. hostsappearselsewhere[45]. As shown in Figure 3, a
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circularbuffer is maintainedfor eachstream,with separateheadandtail pointers.Frameproducersinject frames

into theschedulerusingthetail pointer, andtheschedulerreadsframesusingtheheadpointer. Thiseliminatesany
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explicit synchronizationneedsbetweenreadersandwriters. A deeperunderstandingof thescheduler’s operation

requiresknowledgeof thealgorithmit executes,which is outlinednext.

SomeDetails about the DWCS SchedulingAlgorithm. DWCSis designedto maximizenetwork bandwidth

usagein thepresenceof multiplepacketsthathaveindividualdelayconstraintsandloss-tolerances.Theper-packet

delayandloss-toleranceattributesarederivedfrom higher-level applicationconstraints:' Deadline– this is thelatesttimeapacketcancommenceservice.It is determinedfrom aspecificationof the

maximumallowabletimebetweenservicingconsecutive packetsin thesamestream.' Loss-tolerance– this is specifiedasa value (*),+&-.) , where (*) is the numberof packets that canbe lost or

transmittedlate for every window, -.) , of consecutive packet arrivals in the samestream,/ . For every -.)
packet arrivals in stream/ , a minimum of - )10 ( ) packets mustbe scheduledon time, while at most ( )
packetscanmisstheir deadlinesandbeeitherdroppedor transmittedlate,dependingon whetheror not the

attribute-basedQoSfor thestreamallows somepacketsto belost.

At any time, all packets in the samestreamhave the sameloss-tolerance,while successive packets in the same

streamhave deadlinesthatareoffsetby fixedamountsfrom theirpredecessors.

Using theseattributes, DWCS hasthe following abilities: (1) it can limit the numberof late packets over

finite numbersof consecutive packets in loss-tolerantor delay-constrained, heterogeneoustraffic streams;(2) it

doesnot requirea-priori knowledgeof the worst-caseloadingfrom multiple streamsto establishthebandwidth

allocationsnecessaryto meetper-streamdelayand loss-constraints;(3) it cansafelydrop late packets in lossy

streamswithout unnecessarilytransmittingthem,therebyavoiding needlessbandwidthconsumption;and(4) it

exhibits both fairnessandunfairnesspropertieswhennecessary. Proofsof thesepropertiesandadditionaldetail

aboutDWCS appearin [63, 62]. [61] describesan approachwheredeadlinesarecomparedbeforewindow-

constraints.This approachwasintendedto provide hardguaranteeson lossconstraints.Theslight variationsof

theDWCSalgorithmin [61] currentlybeinginvestigateddo not concernits runningtime or performanceandare

therefore,not relevantto thispaper’s contents,which is basedon theoriginal versionof DWCS[63, 62].

Discussion. Onepropertyof DWCS (andof othermediaschedulers)is the fact that packetsaredroppedunder

certainconditions. This meansthat a scheduleroperatingon the NI will typically not forward all packets to

thehostand/orto otherrecipients.Theresultingreductionin noderesourceusageis onemotivation for placing

schedulingontotheNI. Anothermotivation is thenetwork-nearnatureof anNI-residentmediascheduler, which

enablesit to rapidly changeits operationin responseto changesin network conditions. In previous work, we
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have demonstratedperformanceadvantagesdueto suchnetwork nearnessfor otherNI-residentcommunication

services[48]. Furthermore,in previousandongoingresearch,we aredemonstratingtheadvantagesderived from

traffic filtering when placing computationsother than mediaschedulingonto NIs, suchas the downsampling

of mediaof scientificdata[42, 23], both of which useapplication-level headerinformationto eliminatecertain

packets from a datastream.Othermethodsfor datastreamdownsampling,however, like imageor sensordata

conversion[67], requirelevelsof processingpower not offeredby NIs like the i960RDboardsusedin this paper.

They requireadditionalprocessingpower, for which we areexperimenting(1) with FPGA devicesattachedto

NIs[26, 27, 30] and(2) with network processingmicro-engineson IXP boards[68].

3 Insights and Experimental Evaluation

In additionto validatingthefeasibility of DWCS-basedmediaschedulingon NIs, this sectionalsodemonstrates

performanceadvantagesderivedfrom thisapproach.

3.1 Experimental Setup

Experimentsusea typicalPC-basedserver platform,in ourcaseaQuadPentiumProserver (4 X 200MHzCPUs)

runningSolaris2.5.1X86 with 128 MB of memory. ThreeNI cardsareplacedinto separatePCI slotson the

samebussegment.OneNI hoststheschedulerandschedulerdatastructures.Theothertwo cardsserve asstream

sourcesfor MPEGtraffic. Disksusedasstreamsourcesaredirectly attachedto theNIs andto hosts.An MPEG

segmentationprogram[63, 62] is usedto partitionanMPEG-encodedfile into I, PandB frames,therebyemulating

the MPEG file segmentationprocessin an MPEG player. The MPEG segmentationprocessmay be run on the

hostCPUsor the NIs. MPEG streamproducerson the hostor NIs inject framesinto the schedulerqueueson

theschedulerNI usingPCI bustransfers.Theschedulerpicksframesbasedon schedulingcriteriaanddispatches

themto thenetwork. Client machinesrunningMPEGplayersmayattachto theschedulercardfor MPEGstream

delivery. Built-in monitoringmechanismsmeasuredesiredperformanceparametersat the schedulercardor at

the remoteclient end. Remoteclient machinesconnectto theschedulerNI usinga 100Mbpsethernetswitched

interconnect[63, 62, 21, 38, 64].
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3.2 Schedulingon NIs: BasicCapabilities

Micr obenchmark Definition. Microbenchmarksmeasurethebasicperformanceof alternative schedulerimple-

mentationsandplacements.In all suchbenchmarks,thescheduleris startedonly afterall frameshavebeenwritten

into its circularbuffer, which thencontainstheaddressesof framedescriptors.‘Total SchedTime’ is thetime to

scheduleall of the framesdenotedby theseaddressesandto dispatchthemto the network. ‘Avg FrameSched

Time’ is theaveragetime to scheduleasingleframeon thenetwork. ‘Total timew/o Scheduler’is thecumulative

time to transmitall frameson thenetwork without thescheduler. Thesemeasurementsareattainedby re-routing

executionin thecodeto a point wheretheaddressof theframeto bedispatchedis readilyavailableanddoesnot

needschedulerrules. ‘Avg FrameTime w/o Scheduler’is theaveragetime to transmita singleframewithout the

scheduler.

NI-basedSchedulingisFeasible.Schedulingoverheadonthei960RD NIs isexperimentallyshown tobe �2"%$&! s.

This comparesfavorablywith theschedulinglatency of thehost-basedschedulerreportedin [63, 62] as �3� � ! s.

It alsocorrespondsto abouthalf an ethernetframetime ( �5476 � ! s) on a 100Mbpslink, thusindicatingthat it is

viableto schedulemulti-packet MPEGframesat network speeds.It alsosuggests,however, thatfiner-grain(e.g.,

perpacket) schedulingwould consumetoo muchof theNI’s CPUcyclesandthus,requireprocessingresources

beyondthoseavailableon thisandlikely, on otherNIs.

NI-based SchedulingRequires Tuning. Table1 recordsmicrobenchmarksfor both a software floating point

versionanda fixed-pointversionof theDWCSscheduler. Thetablealsoshows thatefficient scheduleroperation

on therelatively slower NIs requiressomedegreeof tuning.For example,floatingpoint computationsareusedin

lossratio computationsperformedin DWCS.However, like otherNIs, thei960RDdoesnot have a floatingpoint

unit. Wind River Systems(see[64]) hasprovided a softwarefloating point(FP)library that may be configured

into theVxWorkskernel.Measurementsdepictedin Table1 show thatsoftwarefloatingpointcomputationresults

in undueschedulingoverheads.We addressthis issueby developmentof a DWCS-specificfixed-pointversion

of the library, whereargumentsaresimply storedas fractionswith numeratoranddenominator, with divisions

implementedasshifts. This reducescomputationlatency by 6 � ! s, resultingin a latency of �3$ 89! s for a DWCS

schedulingdecision(i.e., thedifferencebetween‘AverageframeSchedtime with scheduler’and‘Averageframe

Schedtime without thescheduler’)for thecaseof fixed-pointcomputation.Thequality of scheduling,expressed

in termsof parameterslikedelay-jitter, lossandthroughput,is notaffected,becausetheexplicit representationand

manipulationof numeratorsanddenominatorshave thenumericalaccuracy requiredby thescheduler’s operation.
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Microbenchmark SoftwareFP( ! Secs) FixedPoint( ! Secs)
CacheDisabled CacheEnabled CacheDisabled CacheEnabled

TotalSchedtime 19580.88 17398.56 16425.36 14295.60
Avg frameSchedtime 129.67 115.20 108.48 94.60
Total time w/o Scheduler 5210.88 4776.48 4583.28 4195.68
Avg frametime w/o Scheduler 34.6 31.40 30.35 27.78

Table1: SchedulerMicrobenchmarks(Datacacheeffects)

Additional reductionsin schedulinglatency on theNI demandthatthedatacacheon-chipbeenabled1. Table1

showsthatthepresenceof thedatacacheimprovesaverageframeschedulingtimefor boththesoftwareFPandthe

fixedpoint implementationsof DWCSby ��4.4:! s. Theseimprovementsaredueto thecachingof schedulerdata

structures,specifically, of thestreampriority valuesanddescriptoraddresses,which areupdatedevery scheduler

cycle. As schedulingdecisionsaremadeon a frame-by-framebasis,datacachinghastheeffect of reducingthe

‘Total Schedulingtime’ by �;6<478.69! s and �;6<47= � ! s, respectively, for the softwareFP andfixed-pointimple-

mentations.Schedulerdecisionlatency is �>"%$&! s (i.e., thedifferencebetween’AverageframeSchedtime’ and

’Averageframetimewithout thescheduler’)for thefixedpointversion.

Runtime NI Extensionis Important. Datacachingis onereasonfor usingmultiple NIs with eachclusternode.

By dedicatingan NI to a specific task (i.e., schedulingvs. disk access)and therebyseparatingthe NIs that

producemediastreamsresidenton attacheddisksfrom NIs that schedulesuchstreams,scarceNI resourcescan

be specializedto performthesetasksefficiently. For the i960 RD NIs, this meansthat theschedulerthreadcan

benefitfrom datacaching,withoutbeinglimited by thediskdriver thatdisablesthedatacache[63, 62, 21, 38, 64].

More generally, this fact indicatesthat the software architectureof NIs must permit the runtime extensionof

NI functionality, sothatNIs canbedynamicallyspecializedfor thediversetasksthey mustperformon behalfof

applicationsrunningonthehostnodesthey areconnecting[21]. A simpleextensioninterfacefor anNI is described

in [45]. Ourongoingwork is generalizingthisinterfaceto dynamicallyconfiguretheNI’ssoftwareandits attached

FPGAor otherspecializedstreamprocessinghardware.

HardwareQueueingis of Limited Utility . Thei960RD cardsprovideanumberof hardwareresourcesfor device

1Datacachinghasto beexplicitly enabledon our i960 RD NI becausetheVxWorksdisk driver currentlysupportsdisk accessesonly
with datacachedisabled(thediskdriver disablesthedatacacheautomaticallyon reboot).Therefore,for themeasurementsin Table1, we
first readtheMPEGfile from theNI-attacheddisk andpopulatetheNI-residentcircularbuffer. After this,we enablethedatacache,since
furtheraccessesto thelocally attacheddiskarenot required.

14



operation.Theseincludeoutboundandinboundcircularqueuesandindex registers.The ‘HardwareQueues’on

the i960 RD cardarea setof 100432 bit memory-mappedregistersin local cardaddressspace.Accessesto the

memory-mappedregistersdo not generateany externalbus cycles(off-processorcore). To investigatewhether

indexing into acircularbuffer of framedescriptorsmaybedonefasterif theiraddressesresidein memory-mapped

registerspace,we implementeda circularbuffer whereeach32 bit registerholdsthedescriptor(with addressand

otherattributes)of an MPEG frame. Measurementssimilar to Table1 werecompleted.The resultsdescribed

in [28] indicateno additionalperformanceadvantagesderived from hardware-baseddescriptorqueuesandmore

generally, they againdemonstratetherelative paucityof NI-basedhardwareresourcessuitablefor wide rangesof

application-specificcomputations.We derive from this paucity the needfor dynamicspecializationandtuning

of application-specificcomputationswhenthey aremappedto NIs. We have hadsimilar experienceswith more

modernNIs likeAlteon’sgigabitethernetboards[55] andevenwith ‘richer’ boards,suchasIntel’s IXP 1200router

boards[52, 18, 68].

Futur eNIs canScheduleMedia Framesfor Gigabit Links . Wehavedemonstratedthatcard-to-cardPCI trans-

fersmaybecompletedwithout hostinvolvement,therebymakingtheuseof multiple NIs on a singlehostadvan-

tageous,andalso,leaving thehostCPUfreeto do othertasks[63, 62, 64]. We have establishedthat it is feasible

to offloadschedulingfunctionalityfrom thehostto NIs while still meetingtheframe-timerequirementsof MPEG

frames.In general,for a schedulingdisciplineto schedulepacketsat wire-speedsandto achieve full-link utiliza-

tion, decisionsmustbecompletedwithin ethernetframetimes. Resultsfrom this sectionshow thatevenon a 66

MHz i960RD processor, theschedulercanpick winner-entitiesin �2".�9! s,which is within anethernetframetime

of 120! s at100Mbpsfor a1500byteframe.

For full (max MTU) ethernetframes,the i960-basedCoProcessorscan handleper-frame schedulingfor up to

100Mbpsethernetlinks. Furthermore,larger schedulingunits like MPEG-I frames(eachcomprisedof multiple

ethernetframes)maybeschedulableevenfor gigabitethernetlinks.

A numberof vendorsareincludingfasterandricherCoProcessorson NI boards.Alteon [55] AceNic includes

two MIPS coresand the IXP1200[52] from Intel hasa StrongArmcoreandsix hardwareRISC microengines

clockedat200MHz.With substantiallyfasterprocessors,it is likely thatmediaschedulersrunningontheseboards

canmeetthe packet-time requirementsof Ethernetframesat gigabit link speeds,as indicatedby initial results

describedin [68] andTable2.

Table2 shows the resultsfrom runningthepacket scheduler(similar conditionsasin Table1, i.e., with data-
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cachesupportand integer versionof the packet schedulingalgorithm) on a StrongArmsimulator (evaluation

version1.1 from ARM) for two different configurations.Both configurationshave compiledcode(ARM gcc

compilerflag -O1) beingrun directly by the simulatorwithout any operatingsystem(no external interruptsbut

with memorymanagement).Theseconfigurationsare similar to coderunning directly on the IXP1200 RISC

microengines(without operatingsystemsupport). Resultsfrom the original i960 configurationare shown in

Table2 for comparison(with VxWorkssupport).A StrongArmSA-110configurationwith processorandmemory

speedssimilar to the i960 configurationyields a schedulerlatency of �?4@$�ACBD89! s, which is substantiallylower

thanthei960 schedulerlatency. Thethird configurationis similar to theIXP1200RISCmicroengines(clockedat

200MHzwithoutany OSsupport)at287MHz andwith amemorybusspeedof 95.7MHz. Thisshowsascheduler

latency of �2�EAF6<4:! s, therebycapableof schedulingat least1500-byteframesatgigabitlink rates.Weexpectto be

ableto lower thiswith carefuloptimizationof codeandcompiler-assisteddataplacementin cache(alsosee[68]).

We concludefrom thesemeasurementsthatsoftwareversionsof theDWCSpacket schedulerhold greatpromise

in supportinggigabitlink schedulingusingmodernprocessorchips.

Processor SchedulerLatency( ! s)

i960RD66MHz,4K I-cache2K D-cache,44MHzmemorybus(with OS) 67
StrongArmSA-11085.7MHz,16k I-&D-cache,28.6MHzmemorybus(noOS) 17.48
StrongArmSA-110287MHz,16k I-&D-cache,95.7MHzmemorybus(noOS) 5.21

Table2: SchedulerLatency for differentprocessorconfigurations.cf. EthernetFrametimesfor 1500byteframes
are12! s(120! s) and0.512! s(5.12! s) for 64 byteframesat1Gbps(100Mbps).MPEGframeshave longerallow-
ableframetimes(largergranularity).

Multiple Gigabit Links or 10GbpsLinks Require Custom Packet SchedulingHardware. Currentservers

alreadysupporttwo to three1-Gbpsinterfaces,to matchthebackplanebandwidthof the internalPCI backplane

interconnect(4.2Gbps).With thearrival of 10GbpsInfinibandand10GbpsEthernethardware([3]), thesoftware

solutionsfor packet schedulingexploredin this paperareunlikely to scaleto large numbersof packet streams.

A follow-up researcheffort hascompletedconstructionof a customhardwareschedulerfor 10Gbpslinks. The

ShareStreamshardwareprototypeconsistsof aXilinx Virtex I/Virtex II CoProcessorfor real-timestreamingunder

hostprocessorsystemssoftwarecontrol[30]. While wereferthereaderto [30] for detailsregardingthesystemsand

hardwarearchitectureandresultsattainedfor theVirtex II FPGAchip. Insightsdepictedin Table3 demonstrate

that customhardwaresupportis neededfor scalability. With suchcustomhardware,even for 1024streams,the
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schedulerlatency canapproach1500-bytepacket-timesfor 10Gbpslinks (1.2! s):

StreamCount SchedulerLatency ( ! s) Comments

4 0.0397 meets10Gbpspacket-times
32 0.132 meets10Gbpspacket-times

1024 1.65 nearlymeets10Gbpspacket-times

Table3: Schedulerlatency with Virtex II FPGAhardware

An issuefor customschedulingCoProcessorsnot yet addressedin this paperis thatconsiderableinput band-

width is requiredto thepacketschedulinghardwareunit, asarrival-timesfor packetsmustbeprovidedto thesched-

uler hardwareunit (32-bit values)every 1.2! s. PCI-66MHz(4.2Gbpspeak)busesandPCIX-133MHz(8.5Gbps

peak)busesdonothave thebackplanebandwidthto support10Gbpslinks. WeexpectupcomingInfinibandintra-

computer(systeminternal)interconnectsto provide theinternalbandwidthto support10GbpsNIs [7]. For current

GbpsNIs however, enoughinternalbandwidthexistswith PCIandPCI-X to supportmulti-Gbpscross-traffic and

transmissionof packet-arrival timesto aspecializedschedulerhardwareunit.

3.3 Media Schedulingand Streamingon NIs: Opportunities and Advantages

CoProcessorscanaffect mediaschedulingin waysother thanfiltering framesin real-timeand the consequent

removal of loadfrom clusternodes’I/O infrastructures,CPUs,andmemories.Wenext evaluatetheability of NIs

to performmorecomplex tasks,suchastheretrieval of mediacontentfrom disksdirectlyattachedto them.Wealso

demonstratethatmediaschedulingon a CoProcessoris not subjectto perturbationcausedby systemoverloads.

An intuitive reasonfor this fact is the relatively simplernatureof NIs comparedto hosthardwareandsoftware.

This fact,coupledwith thesmaller, only slowly changingsetof tasksa typicalNI performs,makesit easierto add

functionalityto theNI without perturbingits othertasksor at minimum,it makesit easierto diagnosethedegree

of perturbationsuchtaskswill experience.This is not truefor hostCPUs,evenwhenthey aremultiprocessorslike

thequadPentiumPromachinesusedin this research,whenprocessorsarededicatedto runstreamschedulers,and

whenusingall meanspossibleto separatehost-residentstreamschedulersfrom otherhosttasks. Experimental

resultsvalidatingthisclaim appearlaterin thissection.

There are multiple alternativesin media streaming from NI-attached disks. Onepromiseof server-attached

I/O CoProcessorsis that simpletaskscanbe performedentirely independentlyof hostCPUs,thusfreeingthem

17



for otherdutiesand/orcreatinga morescalableserver systemcomprisedof the hostanda numberof relatively

low-costI/O CoProcessors.For high performanceapplications,researchershave derived benefitsfrom thecon-

currency andasynchrony of executionof hostvs. NI tasks,andfrom the low-latency accessmostNIs have to

theactualnetwork transceiver[45, 48, 37]. For mediascheduling,we next evaluatetheability of CoProcessorsto

independentlystreammediaframesto clients,oncethe hostCPU hasidentifiedthe appropriatemediafiles and

their storageor remotesources.The experimentsshown below evaluate(1) whethera singleNI canbe both a

datasourceandperformmediascheduling,(2) how two NIs, oneactingasthedatasource,theotherperforming

scheduling,comparein performanceto thefirst configuration,andfinally, (3) whetherthehigh levels of perfor-

manceofferedby host-residentfile systemscanbe matchedby NI-attacheddisksandtheir file systemsupport.

Option (1) is feasiblefor our NIs, becauseeachi960RD cardhastwo SCSIportsand two 100 Mbps Ethernet

ports,asshown in Figure1. Disksmaybeattachedto thecard’s SCSIports,andmediamaybestreameddirectly

to thenetwork usingthecard’s 100Mbpsethernetport. WealsoinvestigateOption(2), becausefor otherNIs, we

canassumethe presenceof peer-to-peerPCI supportandan ability to changefirmwareto accommodatemedia

scheduling,but diskaccessesmayhave to beperformedeithervia network-attacheddiskdevices(i.e.,mediadata

is streamedto the NI via a network link) or from an intelligent disk controller [1]. Our experienceis that for

buseslike PCI with multi-transactiontimersandinter-device addressingcapabilities,peer-to-peertransferscan

beperformedin anefficient manner. We notethatboth for Options(1) and(2), hostCPUslike UltraSparcsand

PentiumIIs areinsulatedfrom the I/O bus transfersinvolved throughtheUltraSparcDatabuffer (UDB) andthe

PCIset,respectively.

NIs canstreamdata from their attacheddiskswith performancecomparableto that achievedby hosts.This

statementis validatedexperimentallyin the remainderof this section. Specifically, considera hostCPU-based

schedulerthatuseshostfilesystembuffers to storemediaframes,consumesI/O andsystembusbandwidth,host

memoryandkernel/userspacebuffersfor dispatchingframesto thenetwork. An MPEGfile residentondiskmust

be transferredto thehost’s filesystembuffers by thedisk controllervia the I/O bus. This is shown asPathA in

Figure2. In comparison,a network interfacecardwith anattacheddisk actingasamediasourcecanusepeer-to-

peerPCI transfersto move datafrom disk, to schedulerinput queues,to thenetwork, therebyeliminatingtheuse

of host-basedresources,includingthehostsystembus.This is shown asPathB in Figure2. PathC streamsframes

from a disk directly attachedto theNI throughto thenetwork eliminatingPCI I/O bus bandwidthconsumption,

host-busbandwidthandhost-memoryresourcesin Figure2.
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We next presentresultsfrom critical path benchmarksrecordedfor threedifferent configurationsof frame

transfers.All benchmarksmeasurethe latency of a 1000byte frametransferfrom disk to remoteclient (over an

ethernetnetwork) averagedover 1000transfers.Thesamephysicaldisk device is usedin all experiments.The

measurementsin Table4 recordthelatency of asingleframetransfer.

NI-attacheddisksapproximatetheperformanceof fasthostI/O systems.ConsiderExperimentI in Table4, rep-

resentedby Path A in Figure2. An MPEG file on an internalsystemdisk attachedto a disk controlleron the

PCI bus is streamedto a remoteclient. The systemdisk is attachedto a SCSIcontrollercardon the PCI bus.

Theresultsshown in Table4, ExperimentI, show a total frametransfertime via thenetwork of 8 ms(including

disk accesslatency) whenusingtheVxWorksfilesystemon theSolarishost.This comparesunfavorablywith the

resultsin Table4, ExperimentII, wherea total of 5.4msis requiredto performthesameactionfor a file already

residenton theNI’s attacheddisk (PathC in Figure2). It doesindicate,however, that scalabilityin thenumber

of mediastreamsservicedby a singlehostcanbe improved by additionof low-cost I/O CoProcessorsdirectly

attachedto thenetwork. Theseresultsfor ExperimentI wereobtainedon Solaris2.5.1with anIntel 82557-based

NI, which hasthesameEthernettransceiver chipsetasthei960RDCoProcessor. Thesystemdisk attachedto the

diskcontrollerwasusedto serve framesusingtheIntel NI. TheVxWorksfilesystemis ados-basedfilesystemand

this wasmountedon theSolarishost,in orderto mitigatetheeffectsof variationsin file systemperformanceand

disk layout. Thus,the latency componentcommonto ExperimentsI, II andIII is thedisk accesstime which is

�GBHAF69IKJ for asingleframe(seethevalue‘4.2disk’ in Table4).

The advantagesof NI-attacheddisksarereducedsubstantiallywhenusing the fasterSolarisUFS filesystem

on thehost. In this configuration,ExperimentI experiencesa disk framelatency of only 1 ms dueto the larger

logical block size(8K) usedby UFSandits disk block cachingandprefetchingenabledby thehost’s largemain

memory. VxWorks doesnot supportthe UFS filesystem,so that we were unableto mount it on the NIs for

ExperimentsII andIII[13, 38], but we hypothesizethat its usewould improve the performanceof Experiments

II and III substantiallyif the NIs have large disk buffer caches.While this is onestrongrecommendationwe

derive from this researchfor NI-basedmediaaccess,we alsonotethat the host-basedperformanceadvantages

gainedfrom buffering do not extendto live media(i.e., mediacapturedanddistributedin real-time).Also theNI

Coprocessorcanbe allowed accessto the filesystemdisk block buffer cacheon the host, so that framescanbe

accesseddirectly by theCoprocessorandstreamedto thenetwork usingI/O busDMAs. TheNI Coprocessorcan

usethehostfilesystembuffer cachedirectlyandleveragethemoreefficienthostfilesystemfor bulk datatransfers.
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Thiscanhelpalleviatetheshortcomingsof theNI attachedfilesystemin asubstantialway.

Expt FrameTransferPath FrameTransferTime
(1000byteframe) (msec)

I Disk-HostCPU-I/OBus-Network (no loadw/ cache) 1(ufs)/8(VxWorks)
II NI Disk-NI CPU-Network (nocache) 5.4
III Disk-I/O Bus-NICPU-Network (nocache) 5.415

(4.2disk+1.2net+0.015pci)

Table4: Critical PathBenchmarks

It is advantageousto usemultipleNIs, each with specializedtasks.A propertyof CoProcessorsis that thericher

their functionality, the larger the latenciesof their messagetransfersandpossibly, thesmallerthe total message

throughputthey support(seeSection3.2)[54, 37]. Ourapproachto thisproblemis to specializeNIs suchthateach

NI only performsa limited numberof tasks.In thecaseof mediastreams,this meansthatoneNI hasanattached

disk, theotheractsasa mediaschedulerandnetwork gateway. Only smalladditionaloverheadsareexperienced

by thisNI configuration(alsoseePathB in Figure2). Specifically, for asinglemediaframe,therequiredpeer-to-

peerPCI transfersaddonly about15! s to thetotal time of accessinga frame,schedulingit, anddispatchingit to

thenetwork (weusedDMA writesfrom card-to-cardto achieve this). Weachievedtransfersof 66.27MB/s along

with PIO readandwrite latenciesof 3.6 ! sand3.1 ! son a32-bit 33MHzPCIbus.

The experimentalresultsdescribedthusfar have demonstratedthe viability of NI-baseddisk attachmentand

mediastreaming,which effectively removesthehostCPU from theexecutionof suchrelatively straightforward

server actions.

NI-basedstreaminghasinherentperformanceadvantages.To generalizeourcostargumentsconcerningNI-based

datastreamingandscheduling,considerthat theactionof streamingframesinvolves(1) selectinga streamfrom

a setof streams(sched),(2) accessinga framefrom theselectedstream(access),and(3) transferringthe frame

to theclient (transfer).Statedmoreformally, let LNMPO,Q@RTS denotethetime to selecta streamand LUSVRTW )YX RPZU[ denotethe

time taken to deliver a singleframefrom theselectedstreamto theoutputlink. Let LU\ O,O,RUM]M bethetime to access

theframe(from storage)and LT^_Z \a` M]bcRTZ denotethetransferlatency to theoutputlink. Then:

LUSVR]W )YX RTZ][edGL \ O,O,RUMTMgf LT^_Z \a` M]bcRTZ
and:

L M,^_ZNR \Vh diLUMTO,Q7R]S f L]SaRTW )jX RPZU[
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whereL M,^_ZNR \Vh is thetotal time for streamingasingleframe.

In thecaseof host-basedstreaming,LUSVR]W )YX RTZU[ involvestherelatively complex PathA shown in Figure2,whereas

for aCoProcessor, L]SaRTW )jX RPZU[ involvesthelesscomplex PathsB or C in Figure2, thelatternot involving any host/IO

bus domaintraversals. In conditionsof low load andextrapolatingfrom the measurementsdepictedin Table4

(assumingthesamestoragesourceandfile systemcapabilitiesfor bothCoProcessorandhost), L MP^_ZNR \ah for host-

basedstreamingis �?8EAk�%� � ms (host scheduleroverheadis �l� � ! s) and �m�EACBD".�9IKJ for CoProcessor-based

streamingfor a single1000byte frame. The advantagesof CoProcessor-basedstreamingareexacerbatedwhen

therearehost-CPUloads,asshown in Section3.4,sinceL M,^_ZNR \Vh for ahostcanexperiencesignificantincreaseseven

for transientloads.Further, notethat LNMPO,Q@RTS is necessarilyexperiencedby every framethatrequiresscheduling,as

streamselectionis doneon a packet-basisandtherefore,cannotbe pipelined. As a result,if the term LUnpo M,^rq o \ SMP^_ZNR \ah
representsL MP^_ZNR \ah with hostload, thenfor a hostCPU, LNnso MP^rq o \ SM,^_ZNR \Vh t L MP^_ZNR \ah . On theotherhand,for a NI CPU,

hostloadwill notaffect L M,^_ZNR \Vh , asevidentin PathC in Figure2.

3.4 Perturbation of NI- vs. Host-basedSchedulingunder Load

NI-basedSchedulinghasReducedDelay-Jitter. Theprevioussectionhasalreadyarguedthatapacketscheduler

runningon the host(i.e., seePath A in Figure2) usesthe host’s memory, bus, andI/O bus resources.In com-

parison,NI-basedscheduling(seePathsB or C in Figure2) may completelyavoid the consumptionof I/O bus

bandwidth(seePathC in Figure2), andnever useshostmemoryandbus bandwidth. It will therefore,beunaf-

fectedby hostCPUload. This is in starkcontrastto host-basedscheduling,which is easilyaffectedby thehost

OS’s needto run higher-level applicationservices,whereeven a minimal OS installationrunssystemdaemons

andwheremediaserversmaintainmeta-informationin additionalserversor databases.This sectiondemonstrates

experimentallytheeffectsof CPUcontentionon host-basedscheduling,wheredegradationis measuredasa de-

creasein outputbandwidthavailable for a streamandasan increasein its framequeueingdelay. Specifically,

whentheDWCSschedulerreceivesCPUserviceat lower ratesbecauseof increasedserviceload,thatwill leadto

back-loggedframesin schedulerinputqueues,whichin turncausesmisseddeadlinesandloss-toleranceviolations.

Theresultingpacket-droppingleadsto lowerschedulingquality. This is particularlyimportantfor jitter-sensitive,

live-mediatraffic, whereunduevariationof the rateat which the frame/packet schedulerreceivesCPU services

mayfurtherincreasedelay-jitter. Additionaldelay-jitterin frameoutputis causedby waitsoncongestedresources,

suchasthemultiplebus/network schedulingdomains(systembusto I/O busandthento thenetwork) andmemory
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hierarchiesthatmustbetraversedby host-scheduledstreams.

Experimental Demonstrationof Perturbation of Host-basedSchedulingin Loaded Conditions.
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Figure4: (a) Server LoadingArchitecture- Web andMedia Traffic. (b) CPU Utilization Variationwith Server
Load.

ExperimentalSetup.Theexperimentalsetupconsistsof aQuadPentiumProserver (4 X 200MHzCPUs)running

Solaris2.7 x86 with 128 MB of memory. This machinehastwo separatePCI bus segments,andwe placeNIs

on eachof thePCI bussegments,asshown in Figure4. For host-basedschedulingloadexperiments,Intel 82557

100Mbpstransceiver-basedNIs areplacedin separateslotson eachof thetwo bussegments(Components3 and

4 in Figure4). For NI-basedschedulingload experiments,oneof the Intel 82557NIs is replacedwith a i960

RD NI (component3 in Figure4). The machinerunsthe Apacheweb server version1.3.12(with a maximum

of 10 server processesandstartingprocesspool with five server processes)[6]. The web server is loadedusing

‘httperf’ (version0.6)[36] run on remoteLinux-basedclients. Flexible specificationof load from remoteclients

is allowed by ‘httperf’, wherewebpagesmayberequestedat a certainrateby a numberof connections,with a

user-specifiedceiling on thetotal numberof calls. Theexperimentalinfrastructureis shown in Figure4. Placing

two NIs on differentPCI bus segmentsseparatesweb load andstreamtraffic. Oneof the NIs (with IP address
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boundto the Intel 82557-basedNI) is usedto load the web server using ‘httperf’ client traffic while, the other

NI (with a differentIP addressboundto theNI, 82557-basedor i960 RD NI) is usedto requestandsourcestream

traffic.

Moderate systemloadshavesubstantialeffectson host-basedscheduling. The first setof experimentsinvolves

the host-basedschedulerversionof the DWCS algorithm. For theseexperiments,two of the CPUsarebrought

off-line, for a total of two on-lineCPUs.TheApachewebserver in theconfigurationdescribedabove is brought

upandboundto theIP addressof oneof theNIs. TheDWCSscheduleris initiatedandboundto oneof thehost’s

processors,usingthe ‘pbind’ Solarisfacility[13]. Client requestsareacceptedon a separateIP addressboundto

a differentNI. This allows ‘httperf’ web clientsto connectandload the ApacheWeb server usinga specificIP

addressboundto a specificNI. Similarly, MPEGclientsmayconnectto a differentIP address,againboundto a

differentNI, for streamdelivery. This experimentinvolvesComponents1, 2, 3 and4, asshown in Figure4, with

Component3 asanIntel 82557NI. Two MPEGclientsshown asStreamss1ands2 (in Figure5) connectto the

system.

Theseserver-loadexperimentsdemonstratethatevenmoderateserver loadscanresultin substantialvariations

in framebandwidthanddelay. Consider, for instance,theCPUutilizationdepictedin Figure4(b) (measuredusing

Solaris’ Perfmeterfacility)[13], which is the load experiencedwhen the host-basedscheduleris run with and

without any load imposedby the remotewebclients. With no web load,andpeakutilization around35%,with
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anaverageutilization of 15%, thecorrespondingvariationsin bandwidthandmeanqueueingdelayexperienced

for two streamss1ands2appearin Figures5(a)and5(b) (seetheentrieslabeled‘no webload’). In comparison,

even a moderateadditionalhost load, whenapplying load from web clientsat the 45% utilization level, leads

to noticeabledifferencesin the observed variationsin bandwidthandqueueingdelay. Specifically, at the 45%

load level, a decreasein bandwidthto 200,000bpsis seenat the15s-20stime mark,andthebandwidthsettlesat

only 230,000bps(seeFigure5). Thequeueingdelaygraphin Figure5(b) alsoshows theeffectsof loading,with

framessuffering additionalqueueingdelayof around2sin thepresenceof load.A substantialwebloadappliedat

the60%level resultsin whatmaybeconsideredunduelevelsof variation.At the60%averageloadlevel, severe

degradationis seen.For instance,Figure5 shows a decreasein bandwidthto around100,000bpswhentheCPU

utilization is in the excessof 80% (seeFigure4(b)) during the periodfrom 40s-80s.The bandwidthsettlesto

lessthan125,000bps- half of thebandwidthseenin theabsenceof webserver load(seeFigure5). Framescan

experienceexcessive queueingdelayin thepresenceof load(60%averageutilization), up to threetimes(30,000

ms)thanseenin theabsenceof load(10,000ms).

NI-basedschedulingis notaffectedby hostloading. Thenext setof experimentsinvolvestheNI-basedscheduler.

For purposesof this experiment,oneCPUis broughtoff-line (for a total of oneon-line CPU),with one82557-

basedIntel NI usedfor webserver loadinganda i960 RD basedNI usedfor MPEG streaming(DWCS runson

theNI). The i960 RD NI is placedon a separatebus segment,andMPEGframesarestreamedto clientsby the

NI-basedscheduler. Loadingof thewebserver is doneusingtheotherNI placedon aseparatebussegment.

This experimentinvolvesComponents1, 3 and4, with Component3 asan i960 RD NI that directly streams

mediacontentto clients. Initially, streamsareplayedto MPEG clients in the absenceof any web server load,

with bandwidthvariationsandqueueingdelaymeasuredontheNI-CPU.Next, thesystemis loadedusingtheload

profileshown in Figure4(b) (for 60%averageutilization).

Themeasurementsdepictedin Figures6(a)and6(b)demonstratethattheNI basedscheduleris immuneto web

server loading.In addition,nonoticeablevariationsin bandwidthandqueueingdelayareexperienced(seeFigures

6(a)and6(b)) for streamss1ands2, for loadedandunloadedservers). A settlingbandwidthof around260,000

bpsis observedfor streams1,whichis similar to thesettlingbandwidthachievedby thehost-CPUbasedscheduler

in theabsenceof load(250,000bpsin Figure5). Theseresultsalsoindicatethat the i960RDNIs have sufficient

‘horse-power’ to streamscheduledmediaframesto clientsat real-timerates.
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Unaffectedby SystemLoad.

4 RelatedWork

Communication CoProcessors.A numberof NI-basedresearchprojectshave focusedon providing low-latency

messagepassingover clusterinterconnectslike ATM, Myrinet, FDDI andHIPPI[15, 40, 58, 57] by usingintel-

ligent NIs equippedwith programmableCoProcessors[10, 21, 38, 45, 49]. In part, suchwork is motivatedby

thepresenceof programmableCoProcessorsin NIs. More importantly, pastresearchhasdemonstratedimproved

performancederived from NI reprogrammingfor controloperationsthat touchmultiple machineslike collective

communications[53], transactions[48], barriers[37, 45] andsimplercluster-wide synchronizationconstructs[48].

NIs have alsobeenprogrammedto provide new services,like performancemonitoring[34] or like theimplemen-

tationof portionsof protocolstackson NIs[12].

Newer hardware developmentspresentan interestingperspective on such research. Namely, with gigabit

ethernet[55] aswith thehigherthroughputsmartportcardsbeingdevelopedto power theInternet’s switching[32]

androutinginfrastructure,programmableCoProcessors(sometimesevenenhancedby configurablehardwarelike

FPGAs[30])arebecomingincreasinglycommon.This trendcoupledwith thedecreasingcostsof processorchips

suggeststhatfutureNI or I/O processorhardwarewill have substantialCPUcyclesandmemorywith whichaddi-

tionalservicesmaybeimplemented.Onesuchproductis Intel’s IXP 1200routerboard[52], whichwehavebegun

to useasanintelligentCoProcessorfor aclustermachine[68, 18].

Our work leveragesprior efforts andcurrenthardware trendsby assumingthat CoProcessorscannotbe en-
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hancedto provide all desiredadditionalservicesat all times. Instead,their relative resourcepaucity indicates

the importanceof offering for CoProcessorsruntimeextensioninterfacesvia which the appropriatefunctional-

ity canbe placedonto NIs at the right times. Onesuchinterfaceis describedin our prior researchwith FORE

SBA-200 (i960CA) cards[45], anotherin theSPINEproject[17], thelatteralsoaddressingsafetyissuesfor such

extensions.

The I2O industry consortiumdefineda specificationfor developmentof I/O hardware and software, to al-

low portabledevice driver developmentby defininga message-passingprotocolbetweenthe hostandpeerI/O

devices[21, 38, 64]. Thefocuswason relieving thehostfrom tasksthatmaybeoffloadedto a programmableNI.

Industryefforts includedI2O cardsfor RAID storagesub-systemsandoff-loading TCP/IPprotocolprocessing

to the NI from the host[21, 38, 64]. While this paperusessampleI2O cardsfor the experimentalresultsbeing

presented,we do not rely on the I2O communicationstandard,but instead,simply usethe card’s CoProcessor

resources.In contrast,the resultspresentedherecouldbenefitfrom thepresenceof improvedCoProcessor-Host

connectivity, aspromisedby theInfinibandstandard[7], which offersintra-computer(within a system)andinter-

computer(betweensystems)interconnectsat 2.5Gbps,10Gbpsand30Gbps.Improved intracomputerbandwidth

usinganInfinibandcrossbarwouldhelpfor severalreasons.First,additionalbandwidthfrom thememorysubsys-

temto theNI would enableus to storepacketsin multiple places,includingboth thehostmemorysubsystemor

NI memory, with sufficientbandwidthavailableto streampacketsdirectlyfrom memoryto outputlink(s). Second,

storagecontrollerchanneladaptorscouldprovidestreamblocksdirectly to theNI usingthecrossbarinterconnect,

asthestoragecontrollerandtheNI would be peerson thesameInfinibandcrossbarports. Thehigh bandwidth

of an Infinibandinter-computernetwork would promotescalabilityby allowing many streamsto be servicedat

outputlink wire-speeds.In general,concerningintelligent CoProcessorsin general,high performanceintrapro-

cessorinterconnectslike Infinibandhelpbridgethe ‘performancewall’ betweenCPU,I/O devices,andthehost

processor/memorysubsystem.As aresult,intelligentNI-basedCoProcessorswouldbebetterableto usetheirded-

icatedCPUresourcesto providepredictable,dedicateddelivery of mediastreams.Similarly, if theCoProcessoris

simply a schedulingengine,with mediastreamaccessanddelivery performedby thehost,for packet scheduling

to beperformedat wire speeds,thehostandCoProcessormustexchangepacket-arrival timesof streamsin every

decisioncycle. Eventhis exchangerequireshigh aggregatebandwidthfrom thememorysubsystem,involving 32

bits in thebestcaseand1023X 32-bits(if 1023streamsdrop their packets) in theworst-casefor 1024streams,

every 1.2� s (for 10Gbpslinks). With RAMBUS [43] memorysystems,thesebandwidthrequirementsareonly
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metfor thebestcase(4.2GBytes/sec)in currentsystems.CurrentPCI-66MHzandPCIX-133MHzcannotprovide

therequiredbandwidth,whereasInfiniband’s internalcrossbarsshouldoffer thecapabilitiessuitablefor scalingto

futureincreasesin network link bandwidth.

Analogousto our work with extensibleNIs, therehasalsobeenresearchon extensibleI/O CoProcessors,as

with efforts like Active Disks[1] or extensiblenetwork-attachedstores[31].

Media StreamScheduling. Recentresearchhasputsubstantialeffort into thedevelopmentof efficientscheduling

algorithmsfor mediaapplications.Given the presenceof someunderlyingbandwidthreservation scheme,the

DWCSalgorithmhastheability to sharebandwidthamongcompetingclientsin strictproportionto theirdeadlines

andloss-tolerances.In comparison,fair shareschedulingalgorithms[66, 41] (someof whicharenow implemented

in hardware[44]) attemptto allocate �@��� of theavailablebandwidthamong� streamsor flows. Any idle time,

dueto oneor moreflowsusinglessthantheirallocatedbandwidth,is dividedequallyamongtheremainingflows.

This conceptgeneralizesto weightedfairnessin which bandwidthmustbeallocatedin proportionto theweights

associatedwith individual flows, but packet deadlinesarenot taken into account.We therefore,considerDWCS

preferablefor themediastreamsaddressedby ourwork.

Therehasbeensignificantresearchon theconstructionof scalablemediaserversandservices,includingrecent

work on reservation-basedCPUschedulersfor mediaapplications[24]. Theseresultsdemonstratetheimportance

of explicit schedulingto meetthe demandsof mediaapplications. If DWCS performedits schedulingactions

usingareservation-basedCPUscheduler, it wouldbeableto closelycoupleits CPU-boundpacket generationand

schedulingactionswith thepacket transmissionactionsrequiredfor packet streams.Similarly, DWCScouldalso

takeadvantageof thestripe-baseddiskandmachineschedulingmethodsadvocatedby somevideoservers[11], by

usingstripesascoarse-grain‘reservations’ for which individual packetsarescheduledto staywithin thebounds

definedby thesereservations.

5 Conclusionsand Futur eWork

Thevision pursuedby our researchis onein which underlyinghardware/softwareplatforms,like thecommuni-

cationCoProcessorsusedhere,aredynamicallyextendedto bettermeettheneedsof applications.This paper’s

demonstrationof our vision realizesa mediascheduleron anembeddedNI CoProcessorusingcommodityhard-

wareandsoftware.

Insightsderivedfrom ourexperimentalresearchincludethefollowing:
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� Efficientexecutiononstandard NIs. EvencommodityNI hardwarehasresourcessufficient for handlingboth

the regular tasksit mustperform(e.g.,messagereceiptandsending)andcertainadditionaltasksrequired

by individualapplications.In fact,experimentalresultsattainedwith theDWCSpacket schedulerfor media

applicationsdemonstratethatevenolder, relatively slow i960-basedNIs canperformavarietyof suchtasks,

at real-timeratesandatagranularityof schedulingsuitablefor MPEGmediastreams.

� Improved scalability and predictability for NI-basedstreamingservices. By running mediascheduling

serviceson NIs ratherthanhostCPUs,thehost’s CPU,memory, andI/O infrastructureareoffloadedand

in addition, substantialimprovementsareattainedin the predictability of mediastreaming,measuredas

improvementsin thedelay-jitterof mediastreams.

� Performanceimprovementsdueto traffic elimination.An advantagederivedfrom placingmediascheduling

onto NIs is theeliminationof traffic from thehostnode. This fact is strengthenedby the ‘filtering’ prop-

erty of mediaschedulingin which lossesareallowed. This propertyis sharedby many otherapplications

beinginvestigatedin ourcurrentresearch,includingtheselectionof subsetsfrom sensordataor from large

scientificor engineeringdataanddatadownsamplingor compression.The latter typically requiremore

processingpower thanis currentlyavailableoncommercialNIs.

To summarize,theapproachto scalabilityfor mediastreamingadvocatedby this paperhasthreecomponents.

The first is scalablescheduleralgorithm design[63, 62] and the efficient realizationsof suchalgorithms. The

secondis the appropriatedistribution of mediaschedulingacrossavailablehardware/software resources(in this

casei960 RD cards,PCI bus segmentsanddisks),in orderto separatethe resourcesusedfor mediascheduling

from thoseusedby generalhostapplications.This approachalsoensuresthathost-basedprogramsandloading

conditionsdonot interferewith NI-basedmediastreamingandscheduling.

Futur e Work. Oneinsight from this paperis thatCoProcessorscannotbeassumedcapableof schedulingpack-

etsat the per-frame ratesrequiredby future communicationlinks (e.g.,10Gbpsethernet(10GEA standard)or

Infiniband).To addressthis issue,we have built QoSpacket schedulinghardwarearchitecturesthatcanmeetthe

wire-speedsof 10Gbpslinks. TheFPGAhardwareCoProcessorcanmeetthewire-speedsof 10Gbpslinks under

systemssoftwarecontrolof apeeror Host-NICoProcessor. Wearecurrentlyinvestigatingscalingof thisarchitec-

tureto alargenumberof streamsby allowing streamstateto bemultiplexedonthesameFPGAhardwaresubstrate

[60, 26, 27, 30]. In addition,we arestudyinghow to ‘divide’ schedulingfunctionality or how to simplify it so
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thatper frameschedulingmaybeperformedwith theRISC-basedmicroenginesresidenton typical next genera-

tion CoProcessors,suchasIntel’s IXP1200[68]. Finally, beyondpacket scheduling,we areinvestigatingsuitable

extensionarchitecturesfor NIs, sothatapplication-specificfunctionality is easilymappedto them,whenever ap-

plicationscanbenefitfrom suchNI-basedsupport.Onesetof extensionsalreadyunderdevelopmentby ourgroup

concernsthereliability andscalabilityof transactionservicesimplementedon clustermachines[19, 20].
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