On Network CoProcessor®r ScalablePredictabléeMediaServices*

Raj KrishnamurthyKarstenSchwan RichardWest

Centerfor ExperimentaResearclin ComputerSystems  Departmenbf ComputerScience

Geogialnstituteof Technology BostonUniversity
Atlanta, GA 30332 Boston,MA
{rk, schwan}@cc.gatech.edu richwestcs.lu.edu

Marcel-Gatalin Rogu
IBM T.J.WatsonResearclCenter
mrosuwatson.ibm.com

October24,2002

*This work was supportedn partby the Departmenof Enegy underits NG| program,by the National ScienceFoundationundera
grantfrom the Division of AdvancedNetworking InfrastructureandResearchandby hardware/softvaredonationgrom Intel Corporation
andWindRiver Systems



Abstract

This paperpresentthe embeddedealizationandexperimentalevaluationof a mediastreamscheduleion
Network Interface(NIl) CoProcessoboards. Whenusing mediaframesas schedulingunits, the scheduleiis
ableto operatein real-timeon streamsraversingthe CoProcessgiresultingin its ability to streamvideo to
remoteclients at real-timerates. The contributions of this paperareits detailedevaluationof the effects of
placingapplication-or kernel-lesel functionality lik e paclket schedulingon Nls ratherthanthe hostmachines
to whichthey areattachedThe mainbenefitsof suchplacementare(1) thattraffic is eliminatedfrom the host
bus & memorysubsystemtherebyallowing increasechost CPU utilization for othertasks,and(2) that NI-
basedschedulings immuneto host-CPUloading,unlike host-basednediaschedulershatareeasilyaffected
even by transientload conditions. An outcomeof this work is a proposedclusterarchitecturefor building
scalablemediaseners,by distributing schedulersindmediastreamproducersaacrosghe multiple Nis usedby
a singlesener andby clusteringa numberof suchsenersusingcommoditynetwork hardwareand software.
KEYW ORDS: cluster machines,multimedia services,embeddedsystems,quality of service, operating

systemsyeal-time systemsdata streaming, packet scheduling

1 Intr oduction

Background. Thescalabledelivery of mediaandweb servicego endusersis awell-recognizedroblem. At the
network level, researchersave developedmulticasttechniques[fi mediacachingor proxy seners[d, reseration-
basedcommunicatiorservices[1 andspecializedmediatransmissiorprotocols[25]. For sener hardware,scal-
ability is soughtby usingextensibleSMP andclustermachines[511]. Scalabilityfor sener softwareis attained
by usingdynamicload balancingacrossparallel/distrilnted sener resources[5]) andby usingadmissiorcontrol
andonline requestscheduling[5166] for CPUs[41,9, 24], network links[63, 62, 66], anddisks[1]. Comple-
mentaryto suchwork areapplication-lgel or end-to-endsolutions[35 46] thatadapisener and/orclientbehaior
in responséo changesn users’Quality of Service(QoS)needsandin resourceavailability [59, 47].
ScalableCluster Services. This paperaddressethe scalability of mediaseners. Its approachutilizes seners
constructedasclustersof processor/storageodes gachof which hasa network interfaceprocessofNI) linking it

to the clusters high performancesystemareanetwork[60]. A uniqueaspecbf theapproachs thateachNI hasa



programmablé€oProcessowwith localmemory directaccesso devices,andtheability to run bothbasicprotocol
processingand certainapplication-specifitasks. The CoProcessorexploredto dateinclude ATM FORE[49],
Myrinet[60], 120-compliantnetwork interfaceboards[2238, 21], andmostrecently gigabitethernetattachedo
IXP1200[55 52, 18, 68] boards. We have also explored Xilinx FPGA Coprocessoboards[65 in senerswith
gigabitlinks andtheability of the FPGA Coprocessoto meetthe paclet-timerequirement®f 10Gbpdinks [30].
The sener hardware configurationusedin this paperis from a generatiorof CoProcessorqdevelopedfor the
120 standard)equippedvith thei960 RD Coprocessofour systemssoftwaredoesnot useary 120 standard-style
driver partitioning or ary of the hardware registersin the 120 hardware units). This researctsimply usesthe
1960 RD processoonthe NI with associatedCl bridgechipsetsasai960 RD CoprocessoiTheseNIs have two
100MbpsEthernetinks, aPClinterfaceto thehostCPU,andtwo SCSlinterfaceddirectly attachedo disk devices.
TheseCoProcessorareattachedo a prototypicalsener systemcomprisedf 16 quadPentiumPronodeswhere
host-to-hostommunicationgresupportedy VxWorks TCP/IPstackprotocols(like TCPandUDP), andwhere

mediastreamsnay flow from sener disksto clientsvia hostCPUsor directly via thei960RD boardg38, 21].
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Theapproacho sener organizatiorwe advocateis onethatviews a sener like theonedepictedn Figurel as



aninformationprocessingstorageanddelivery enginethatis programmedt two levels of abstractionreflecting

the hardwareconfiguratiorbeingemployed:

1. Low-level servicesxecuteontheCoProcessordNIs), asdemonstratedh Figurel for theconcreteexamples
of frameschedulingand predictableframedelivery for streamingmediaservices.Whetherexecutedsyn-
chronouslyor asynchronouslyvith applicationprograms’communicationstheseservicesmay be viewed

asapplication-specifiextensionsupportedyy aruntimeresidenton the NI.

2. Higherlevel servicegun on hostnodesbut they may utilize CoProcessoservicedike mediaschedulingvia
an explicit NI-provided interface. Figure 1 shavs samplemediaservicetasksthatarerun on hostCPUS,

with predictablédramedelivery dedicatedo runon Nls.

Contributions. Our approachto improving the scalability of mediasenersis to amplify their capabilitiesby
extensionof theircommunicatiorCoProcessonaith application-specififunctionality Theintentis to usecluster
nodeswith their completeOS functionality large memories,and deepcachehierarchiesfor the computational
anddatamanagementasksfor which they arewell-suited,while usingNIs for communication-centritaskslike
paclet scheduling Thefollowing insightsaregainedby this experimentakesearch.

1. Efficientexecutionon standad NlIs. EvenNIs like Intel's i960RD-basedboardg38, 21] arefeasibleplatforms
onwhichto runapplication-specifiextensionsof communicatiorfunctionality Specifically performance-critical
communicationextensionscan be executedwith high performanceon suchCOTS (CommercialOff-The-Shelf)
CoProcessorasunningwith standardoperatingsystemsoftware (e.g., VxWorks[64). This is encouraginggiven
thefast-maing natureof NI hardwaredevelopmentandtheonerougaskof portingandre-portingthe specialized
runtimesoftwareusedin previouswork [45, 17].

2. Improvedpredictabilityfor NI-basedstreamingservices OnhostCPUs thetime-criticalexecutionof servicess
easilyjeopardizedy the needto run a mix of applications Specifically streamingservicedike mediaschedulers
runningon host-CPUsreeasilyaffectedevenby transienioadingconditions whereasnediaschedulersunning
directly on NlIs areimmuneto suchhost-CPUloading. The key resultis that CoProcessebasedscheduling
substantiallyimprovesthejitter experiencedy streamingservices.Suchimprovementsareparticularlyimportant
for real-timemediaservicedik e remotesuneillanceor telepresence[583].

3. Improvedserverscalability by useof extendedNls. Servicesthatfrequentlyexecutedevice- or network-near

functionsare known to run fasteron CoProcessordyecauseheir executiondoesnot involve 1/0 busseshost



memory and host CPUs. This paperpresentgesultsthat better quantify the load reductions— termedtraffic

elimination— on suchnoderesourceslerived from NI-basedserviceexecution,thusfreeingup theseresourcesor

useby othersener tasks. Traffic eliminationis attainedby implementingstream-seleacte lossinessn overload
conditionsvia window- andtime-constrainedchedulingpf MPEGvideoframes,emplo/ing the DWCS(Dynamic
Window ConstrainedScheduling)algorithm [63, 62]. Packet schedulingalso senesto guarantedlifferential
paclet ratesanddeadlinedo meetclients’ individual QoSneedsandto eliminatetraffic.

Summary of Experimental Results. A DWCS-basednediaschedulecanrun almostasfaston arelatively slow

CoProcessaasits correspondingmplementatioron a standardvorkstationplatform. Specifically the scheduling
lateny of the host-basedmplementatiorof DWCSreportedin [63, 62] is ~ 50us on anUltra SparcCPU (300

MHz) with quiescentioad. In comparisonthe schedules executionon a 66 MHz 1960 RD CoProcessois

=~ 67us, despitethe factthatthei960 RD is roughly 4 timesslower thanthe Ultra SparchostCPU. Reasondgor

high scheduleperformancen the CoProcessoarepresentedn Section3.2.

Performingpaclet schedulingonthe NI ratherthanthe hostreducedoadon the sener’s I/O bussesCPU,and
memoryresourceslin oneexperimentdescribedn Section3.3, mediacontentaresentdirectly from the NI to a
remotehost,thuseliminatinga 132MB/secof dataload from PCI bus andmemoryof the hostnodefor a 32-bit
wide busrunningat 33MHz. With multiple mediastreamsthe load eliminatedconsumes substantiafraction of
the machines available PCl bandwidth. Theimportanceof reducingPCl loadis evidentwhenconsideringhata
mediastreanmthatfully utilizes 1Gbpslinks would consume25% of the capacityof a 64bit/t66MHzPCl interface,
which shavs that multi-gigabitinterconnectge.g., 10Gbpsethernet\would consumeanorethanthe capacityof
thefastesturrentlyavailable64bit/66MHzPCl interfaces.

Section3.4 demonstratethe comparatiely high predictabilityof CoProcessews. host-basednediaservices,
by shaving thattransientoadscansubstantiallyaffect host-CPUbasedschedulerspbservingoerformancaelegra-
dationfor mediaschedulingevenfor relatively low CPU utilizations(i.e., 45%) and severe degradationfor high
CPU utilizations(i.e., over 60%).

Previous Work. Earlierwork conductedoy our groupdid not addressscalableclustermediaservices.Further
ratherthan using standardhost-CoProcessadnterfaces,we developedand experimentedwith zero-cop inter
facesand with a software architecturefor realizinga rich setof communicationinstructionson Nlis, termeda
(Distributed) Virtual CommunicatiorMachine (DVCM[45]). The ideawasto permit applicationprogramsto

dynamically extend the currentset of communicationinstructionsresidenton the NI to supporttheir specific



needs[4548], assubsequenthalsodonein the SPINE project[1q. As with SPINE and other prior work on
dynamicallyextendingoperatingsystemkernels[14 8], the servicesimplementecby the DVCM canvary over
time, in keepingwith the needsof currentclusterapplications.The prototypedescribedn this paperdoesnotre-
implementall of DVCM. Insteadpurgoalsare(1) to gainanunderstandingf how to build ascalablenediasener
from clusterednode-NIpairs, (2) to evaluatein detailan NI’ s ability to supportmultimediaschedulingservices,
and(3) to compareNI- vs. host-basedchedulingservicerealizations.Furthermorewhile an earlierpublication
by our groupalreadydemonstratethe basicability of a CoProcessaio performmediascheduling[2] this paper
providesbasicinsightsinto the benefitsof usingCoProcessorsr hostsincludingananalysisof the overheadsnd
tradeofs concerningnediaschedulingwith respecto locatingmediascheduleren CoProcessorgs. hosts,using
multiple vs. singleCoProcessordn addition,we evaluatethe utility of certainCoProcessadnardware,suchasthe

benefitsdervedfrom cachessoftwarefloating-pointandspecializedschedulehardwareunits.

2 Network CoProcessofBasedMedia Scheduling

2.1 Software Ar chitecture of NI-based Application Serwvices

Our NI-basedsupportfor application-specifiservicess structuredasthreesetsof softwaremodules:hostinter
face,runtimesupportandapplication-specifiextensions.

Host Interface. Theinterfacefunctionsexportedby the NI to thehostmake NI-residentcommunicatiorservices
appeato applicationprogramsasspecializedcommunicationinstructions’. Theseinstructionsareaccessibleia
memory-mappe@agessharedoy a host-residenapplicationandthe NI-residentmediaschedulingservice.Pages
containcontrolinformationaswell asthe communicatiorbuffers usedfor messagéransfersrom NI to hostand
vice versa,muchlik e the efficient messagénterfacesusedin high performancenessagingystemdike FM [40].
With this interface,mediaframe producersrunningasapplicationthreads may streamframesto remoteclients
usingthe NI-residentschedulerRemoteconsumersnay forward framesto otherconsumer®r buffer framesfor
displayor storagewhereframesarescheduledor delivery by the NI-residentscheduler

Runtime. This setof NI-basedmodulessupportsthe implementationof application-specifidNl functionality
Usingthe VxWorksreal-timeoperatingsystem[64 asa basis,additionalfunctionalityto exploit this NI’ s specific
hardware andto implementefficient mediaschedulingnclude a fixed-pointlibrary for efficientimplementation

of certainschedulingcomputationsdriver front-endsto initialize controllers/storag, timestampcounterrollover



managemengndcircularqueuesandheapsasthe buffer structuresusedfor mediaframes.

Extensions.NI extensionssupportspecificapplications’needs Examplesevaluatedn our previouswork include

atomicreadandwrite operationgor remoteNIs and efficient implementationof clusterwide synchronization
operations[4548]. This paperimplementsand evaluateshe DWCS schedulefor streamingmediaon thei960

RD cards.

2.2 A CoProcessothasedMedia SchedulingSetrvice
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Figure2: FrameTransferPaths.

Alter native Sewvice Configurations and Basic Performance Factors. The performanceof a mediascheduling
serviceis strongly affectedby the distribution of streamsand schedulersacrossthe underlyingclusternode/NI

pairs. Alternative streamandschedulerconfigurationsare depictedin Figure2, wheremultiple Nlis (in this case
1960 RD cards)arepresenbn eachclusternodes I/0 bus. Oneor moreof theseNIs mayrunthe mediascheduler
andalsosupportdisksdirectly attachedo them. This resultsin threepossiblepathstraversedby the mediaframes
beingscheduledshavn in Figure2 asPathsA, B andC.

PathA representthe casewheremediaschedulings performedonly onhostCPUs which alsoimpliesthatall



mediastreamsnusttouchuponhosts.As aresult,framessentto clientsby thesener aretransferredrom asener
disk attachedo a SCSlcontrollercard,to sener hostmemory(via a PCI interconnect)thenagaintransferred
via the PClinterconnecto anon-i960RDNI andfinally, sentvia the network to whicherer clientsrequestedhe
mediastream.Statedn moredetail,thesener's nodeOStransfergshe MPEGfile from diskto its filesystenbuffer
cachethento the application-leel threadthat hasopenedhe MPEGfile for reading. This involvesat leasttwo
memorycopiesaswell asthe traversalof memoryhierarchiesand of bus domains(i.e., I/O busto systembus).
After having beenscheduledihe secondpartof PathA involvesthetransferof framesfrom hostCPUmemoryto
the network via the NI, againinvolving multiple memoryhierarchyandbustraversals.

PathB depictsa configurationn whichamediastreamoriginateseitheron anothemachineor on disksdirectly
attachedo ani960 RD card(l1), andis thensentto someclientvia asecond960 RD card(l2) runningthe media
scheduler This pathrepresentshe generalcaseof NI-basedmediastreamscheduling,involving multiple Nlis
attachedo onesener node,with eachNI specializedo performcertaintasks.This pathinvolvesthe /O bus, but
completelyeliminatesthe usesof hostCPU or memory

Finally, the‘best’ casdn termsof hostnoderesourcaisagés depictedn PathC, whereasingleNI actsasboth
thesourceof themediastreanusingadisk attachedo it andalsoexecuteshemediaschedulerComparedo Path
A, thispatheliminatesusesof thel/O bus,hostCPUandmemory While imposingadditionalloadontotheNI, one
potentialadwantageof this configurationis the relative ‘closenessof the mediascheduleto the network, which
facilitatesrapid configurationin responsdo changesn network behaior. A sampledynamicreconfiguration
is onethat adjuststhe schedules degreeof lossinessn responsdo observingchangesn the numberof paclet
retransmissionsurrentlyexperiencedor this mediastream.Anotherpossibleadvantageof this configurationis
theability to sharea singlesetof buffersbetweerthe NI’ s disk andnetwork interface therebyavoiding additional
memorycopies[39.

Summarizinghe performanceharacteristicef differentserviceconfigurations:

1. Performancas impactedboth by the speedof schedulingactionsand by the total percentagef a media

streams datathattraversesa clusternodes memoryhierarchies.

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

accesoverheadexperiencedor mediastreamoriginatingat or destinedo storagedevices.

3. It alsodepend®nthenumberof bus-domairtraversals(systembusto PCl busandvice-versa)experienced



by streams.

4. Schedulingand streamingperformanceare also affectedby the presencef other programsexecutingon
nodesandNIs, measurabl@ot only aschangesn throughputbut alsoin termsof the delay-jitterandloss

experiencedor mediastreamsandschedulingactions.

Host-based Scheduler Implementation. Our media scheduleris basedon the DWCS (Dynamic Window-
ConstrainedScheduling)algorithm describedand evaluatedin [63, 62]. While shavn to be a highly efficient
algorithm,mostimportantto this paperarethewaysin whichtheperformancef thisschedulingervices affected
by alternatve implementatiorchoicesfor its host-vs. NI-basedrealizations.Factorsgoverning performancen-
cludetherespectre hardwareandoperatingsystemplatforms,certainhardwarefeaturesandmemorystructures.
This large variety of factorsprecludesanalyticalcomparison®f schedulingperformancdasedon the alternatve
pathsshawn in Figure2. For instancethe mediaschedules implementationon the host CPU running SUN’s
Solarisoperatingsystemis embeddednto a separateschedulingorocess By presentinga sharednemory-based
API (usingSystemV sharednemory)to processethatgeneratanediacontent this mediascheduleis madein-
dependenodf the sourceof mediadata(e.g.,from host-attachedisksor from remotenodes) mary mediastreams
canbescheduledby asinglehost-residenschedulerandpacletsin any streammaybeenqueuedh scheduledata
structuresconcurrenwith schedulinganalysisanddispatchof previously enqueuegbaclets. Additional scalabil-
ity in scheduleoperationwith respecto numberof paclet streamsstreamratesand'‘tightness’of deadlinesand
loss-tolerancés achieved by varyingtheratesof scheduleractions[63 62)].

The NlI-based Schedulerimplementation. The comparatiely lighterweight NI-embeddedmplementatiorof
the DWCS scheduletis shavn in Figure3. It is layeredon top of the NI's VxWorks real-timeoperatingsystem.
It runsasa single VxWorks thread,usespinnedmemoryfor disk and/ornetwork buffers andto interactwith
otherNI-residentthreads.Its hostinterface mapssomeof its memoryto the hostvia the PCl device. Compact
datastructureqschedulemttributesor scheduleframedescriptorsfor paclet schedulerepresentatiominimize
the useof NI memory andmemoryusageis reducedfurther by not copying frames,wheneer possible. These
implementationchoicesattemptto compensatéor the relative resourcepaucity on the NI. In addition, the NI-
basedscheduletakes adwantageof certainhardware featuresexisting on the i960 RD card. First, the codeused
for schedulinganalysiss decoupledrom thescheduleepresentation@e., schedulingdatastructures) Theintent
is to evaluatethe performanceeffectsof usingalternatve representationsncluding thosethatusethei960RD’s

hardware-supported~CFScircular buffer queues. This is importantbecausavith DWCS scheduling,paclets
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in a given stream(at the samepriority level) may be scheduledbasedon a servicetag associatedvith each
paclet. Secondby usingonethreadfor both paclet schedulinganddispatch a singledatastructurecanhold all
framedescriptorqor the attributesdescribingthem),thusconservingmemory Also, pacletswill not experience
additionalqueueingdelayandjitter in dispatchqueues[6362).

The NI-basedscheduleoperatesasfollows. It is bootedin conjunctionwith the VxWorks OperatingSystem,
from flash-ROM onthei960 RD NI card.Initialization codein thekernelspavnstheschedulethread. Any media
framesreceved by the NI-basedschedulerare temporarily storedon the NI, usingthe i960 RD NI's 4MB of
on-boardmemory which may expandedo 36MB. To consere memory only a singlecopy of ‘to-be-scheduled’
framesis keptin NI memory and schedulinganalysisand dispatchdirectly manipulateaddressesf frames.
Framesare storedon a perstreambasis. Head-of-linepacletsin eachstreamform loss-toleranceanddeadline
heapsandencodestreampriority values.The schedulemustpick the streamwith the highestpriority according
to rulesdescribedn [63, 62].

Storingframesdirectly in NI memory(ratherthanin hostmemory)reducegsheoverall schedulinganalysisand
dispatchlateng for eachframeandthe jitter experiencedby a sequencef frames. It alsoreducesmeanframe
gueueingdelay sinceframesneednot be ‘pulled’ from hostmemory A detailedanalysisof the performance

effects of locating variousdatastructureson NIs vs. hostsappearslsevhere[45]. As shawvn in Figure 3, a

Head Packet (Stream 1)

\ Select next packet
for service from
head packets in
each stream.

Deadline Heap Loss-Tolerance Heap

Head Packet (Stream n)

(a) (b)

Figure3: (a) The NI implementatiorof DWCS usestwo heaps:onefor deadlinesandanotheifor loss-tolerances.
(b) Using a circular queuefor eachstreameliminatesthe needfor synchronizatiorbetweenthe scheduletthat
selectghenext paclet for service,andthesener thatqueuegacletsto be scheduled.

circularbuffer is maintainedor eachstreamwith separatdveadandtail pointers.Frameproducersnjectframes

into thescheduleusingthetail pointer andtheschedulereaddramesusingtheheadpointer This eliminatesary
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explicit synchronizatiomeedsetweerreadersaandwriters. A deepemunderstandingf the schedules operation
requiresknowledgeof thealgorithmit executeswhichis outlinednext.

SomeDetails about the DWCS SchedulingAlgorithm. DWCSis designedo maximizenetwork bandwidth
usagen the presencef multiple pacletsthathave individual delayconstraintandloss-toleranceslThe perpaclet
delayandloss-tolerancattributesarederivedfrom higherlevel applicationconstraints:

e Deadline-thisis thelatesttime a paclet cancommencservice.lt is determinedrom a specificatiorof the
maximumallowabletime betweerservicingconsecutie pacletsin the samestream.

e Loss-toleance- this is specifiedasa value z; /y;, wherez; is the numberof paclets that canbe lost or
transmittedlate for every window; y;, of consecutie paclet arrivals in the samestream,:. For every y;
paclet arrivals in streami, a minimum of y; — x; paclkets mustbe scheduledbn time, while at mostz;
pacletscanmisstheir deadlinesandbe eitherdroppedor transmittedate, dependingon whetheror not the
attribute-basedoSfor the streamallows somepacletsto belost.

At ary time, all pacletsin the samestreamhave the sameloss-tolerancewhile successie pacletsin the same
streamhave deadlineghatareoffsetby fixedamountsrom their predecessors.

Using theseattributes, DWCS hasthe following abilities: (1) it canlimit the numberof late paclets over
finite numbersof consecutie pacletsin loss-toleranor delay-constrainecheterogeneousaffic streams;(2) it
doesnot requirea-priori knowledge of the worst-casdoadingfrom multiple streamdo establishthe bandwidth
allocationsnecessaryo meetperstreamdelay and loss-constraints(3) it can safelydrop late pacletsin lossy
streamswithout unnecessarilyransmittingthem, therebyavoiding needlesdandwidthconsumption;and (4) it
exhibits both fairnessand unfairnesspropertieswvhennecessatyProofsof thesepropertiesand additionaldetail
aboutDWCS appeatrin [63, 62]. [61] describesan approachwheredeadlinesare comparedbeforewindow-
constraints.This approachwasintendedto provide hardguaranteesn lossconstraints.The slight variationsof
the DWCSalgorithmin [61] currentlybeinginvestigateddo not concernits runningtime or performanceandare
therefore notrelevantto this papers contentswhich is basedon the original versionof DWCS|[63, 62].
Discussion. Onepropertyof DWCS (and of othermediaschedulers)s the fact that paclets are droppedunder
certainconditions. This meansthat a scheduleroperatingon the NI will typically not forward all pacletsto
the hostand/orto otherrecipients. The resultingreductionin noderesourceusages one motivationfor placing
schedulingontothe NI. Anothermotivationis the network-nearnatureof an Nl-residentmediaschedulerwhich

enablest to rapidly changeits operationin responsdo changesn network conditions. In previous work, we
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have demonstrategerformanceadvantagesdueto suchnetwork nearnesgor otherNI-residentcommunication
services[4® Furthermorejn previous andongoingresearchwe aredemonstratinghe advantagesierived from
traffic filtering when placing computationsother than media schedulingonto Nis, suchas the dovnsampling
of mediaof scientificdatal[42, 23], both of which useapplication-lgel headerinformationto eliminatecertain
paclets from a datastream. Othermethodsfor datastreamdownsampling,however, like imageor sensordata
corversion[61, requirelevels of processingpower not offeredby Nis like thei960RD boardsusedin this paper
They requireadditionalprocessingoower, for which we are experimenting(1) with FPGA devices attachedo

NIs[26, 27, 30] and(2) with network processingnicro-engine®n IXP boardd68].

3 Insights and Experimental Evaluation

In additionto validatingthe feasibility of DWCS-basednediaschedulingon Nls, this sectionalsodemonstrates

performancedwantagesiervedfrom this approach.

3.1 Experimental Setup

Experimentaiseatypical PC-basedener platform,in our casea QuadPentiumProsener (4 X 200MHz CPUSs)
running Solaris2.5.1 X86 with 128 MB of memory ThreeNI cardsare placedinto separatd”Cl slotson the
samebus segment.OneNI hoststhe scheduleandscheduledatastructuresThe othertwo cardssene asstream
sourcedor MPEG traffic. Disks usedasstreamsourcesaredirectly attachedo the NIs andto hosts.An MPEG
segmentatiorprogram 63, 62] is usedto partitionanMPEG-encodefile into |, PandB framestherebyemulating
the MPEG file sggmentationprocessn an MPEG player The MPEG segmentationprocessmay be run on the
host CPUsor the NIs. MPEG streamproducerson the hostor Nlis inject framesinto the schedulemueueson
thescheduleNI usingPCl bustransfers.The schedulepicksframesbasedon schedulingcriteriaanddispatches
themto the network. Client machinesunningMPEG playersmay attachto the schedulecardfor MPEG stream
delivery. Built-in monitoring mechanismsneasuredesiredperformanceparameterst the schedulercard or at
the remoteclient end. Remoteclient machinesconnectto the scheduleNI usinga 100Mbpsethernetswitched

interconnec{63, 62, 21, 38, 64].
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3.2 Schedulingon Nis: BasicCapabilities

Micr obenchmark Definition. Microbenchmarksneasurdahe basicperformanceof alternatve scheduleimple-
mentationsandplacementsln all suchbenchmarkstheschedulers startedonly afterall frameshave beenwritten
into its circular buffer, which thencontainsthe addressesf framedescriptors. Total SchedTime’ is thetime to
scheduleall of the framesdenotedby theseaddresseandto dispatchthemto the network. ‘Avg FrameSched
Time’ is theaveragetime to schedulea singleframeon the network. ‘Total time w/o Scheduleris the cumulatve
time to transmitall frameson the network without the scheduler Thesemeasurementare attainedby re-routing
executionin the codeto a point wherethe addres®of the frameto be dispatcheds readily availableanddoesnot
needschedulerules.‘Avg FrameTime w/o Scheduleris the averagetime to transmita singleframewithout the
scheduler

NI-basedSchedulingis Feasible.Schedulingoverheadnthei960RD Nisis experimentallyshavnto be= 67us.
This comparegavorably with the schedulingateny of the host-basedchedulereportedin [63, 62] asx 50us.
It alsocorresponds$o abouthalf an etherneframetime (= 120us) on a 100Mbpslink, thusindicatingthatit is
viableto schedulemulti-paclet MPEG framesat network speedslt alsosuggestshowever, thatfinergrain(e.g.,
per paclet) schedulingvould consumeoo muchof the NI's CPU cyclesandthus, requireprocessingesources
beyondthoseavailableon this andlikely, on otherNIs.

NI-based Scheduling Requires Tuning. Table 1 recordsmicrobenchmarks$or both a software floating point
versionanda fixed-pointversionof the DWCS scheduler Thetablealsoshavs that efficient scheduleioperation
ontherelatively slower Nlis requiressomedegreeof tuning. For example,floating point computationgareusedin
lossratio computationgperformedin DWCS. However, like otherNls, the i960RD doesnot have a floating point
unit. Wind River Systemgsee[64]) hasprovided a software floating point(FP)library that may be configured
into the VxWorkskernel. Measurementdepictedn Tablel shav thatsoftwarefloating point computatiorresults
in undueschedulingoverheads.We addresghis issueby developmentof a DWCS-specificfixed-pointversion
of the library, whereagumentsare simply storedas fractionswith numeratorand denominatqrwith divisions
implementedasshifts. This reducesomputatioriateny by 20us, resultingin alateny of =~ 78us for aDWCS
schedulingdecision(i.e., the differencebetween Averageframe Schedtime with schedulerand‘Averageframe
Schedtime without the scheduler’)for the caseof fixed-pointcomputation.The quality of schedulingexpressed
in termsof parametersik e delay-jitter lossandthroughputjs notaffected,becauseheexplicit representatioand

manipulationof numerator@anddenominatorhiave thenumericalaccurag requiredby the schedules operation.
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Microbenchmark SoftwareFP (uSecs) Fixed Point(uSecs)
CacheDisabled| CacheEnabled| CacheDisabled| CacheEnabled
Total Schedime 19580.88 17398.56 16425.36 14295.60
Avg frameSchedime 129.67 115.20 108.48 94.60
Totaltime w/o Scheduler 5210.88 4776.48 4583.28 4195.68
Avg frametime w/o Scheduler| 34.6 31.40 30.35 27.78

Tablel: ScheduleMicrobenchmarkg¢Datacacheeffects)

Additional reductionsn schedulindateny onthe NI demandhatthe datacacheon-chipbeenabled. Tablel
shawvsthatthepresencef thedatacachamprovesaveragerameschedulingime for boththe softwareFPandthe
fixed pointimplementation®f DWCSby = 11us. Theseimprovementsaredueto the cachingof scheduledata
structuresspecifically of the streampriority valuesanddescriptoraddressesyhich areupdatedevery scheduler
cycle. As schedulingdecisionsare madeon a frame-by-framebasis,datacachinghasthe effect of reducingthe
‘Total Schedulingtime’ by ~ 2182us and~ 2130us, respecirely, for the software FP andfixed-pointimple-
mentations.Scheduledecisionlateny is =~ 67us (i.e., the differencebetweernAverageframe Schedtime’ and
'’Averageframetime withoutthe scheduler’)for thefixed pointversion.

Runtime NI Extensionis Important. Datacachingis onereasorfor usingmultiple NIs with eachclusternode.
By dedicatingan NI to a specifictask (i.e., schedulingvs. disk access)and therebyseparatinghe Nls that
producemediastreamgesidenton attacheddisksfrom Nis that schedulesuchstreamsscarceNI resourcexan
be specializedo performthesetasksefficiently. For thei960 RD Nis, this meanghat the scheduletthreadcan
benefitfrom datacachingwithoutbeinglimited by thedisk driver thatdisablegshedatacachd63, 62, 21, 38, 64].
More generally this fact indicatesthat the software architectureof NIs must permit the runtime extensionof
NI functionality sothatNIs canbe dynamicallyspecializedor the diversetasksthey mustperformon behalfof
applicationgunningonthehostnodeghey areconnecting[2]. A simpleextensioninterfacefor anNI is described
in [45]. Ourongoingwork is generalizinghisinterfaceto dynamicallyconfigurethe NI’ s softwareandits attached
FPGA o or otherspecializedstreamprocessindardware.

Hardware Queueingis of Limited Utility . Thei960RD cardsprovide anumberof hardwareresources$or device

'Datacachinghasto be explicitly enabledon ouri960 RD NI becauséhe VxWorks disk driver currentlysupportsdisk accessesnly
with datacachedisabled(the disk driver disableshe datacacheautomaticallyon reboot). Therefore for the measurements Tablel, we
first readthe MPEGfile from the NI-attacheddisk andpopulatethe NI-residentcircular buffer. After this, we enablethe datacache since

furtheraccesseto thelocally attachedlisk arenot required.
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operation.Theseinclude outboundandinboundcircular queuesandindex registers. The ‘Hardware Queues’on
thei960 RD cardarea setof 100432 bit memory-mappedegistersin local cardaddresspace.Accessedo the
memory-mappedegistersdo not generateary externalbus cycles (off-processorcore). To investigatewhether
indexing into acircularbuffer of framedescriptorsnaybedonefasterif theiraddressesesidein memory-mapped
registerspacewe implementeda circularbuffer whereeach32 bit registerholdsthe descriptor(with addressand
other attributes) of an MPEG frame. Measurementsimilar to Table 1 were completed. The resultsdescribed
in [28] indicateno additionalperformanceadvantagesierived from hardware-basedlescriptorqueuesandmore
generallythey againdemonstrat¢he relative paucityof NI-basedhardwareresourcesuitablefor wide rangesof
application-specificomputations.We derive from this paucity the needfor dynamicspecializationrand tuning
of application-specificomputationsvhenthey aremappedo NlIs. We have hadsimilar experiencesvith more
modernNIs like Alteon’s gigabitetherneboards[5% andevenwith ‘richer’ boardssuchasintel’s IXP 1200router
boards[5218, 69].

Futur e NIs can ScheduleMedia Framesfor Gigabit Links. We have demonstratethatcard-to-card®Cl trans-
fersmay be completedwithout hostinvolvement,therebymakingthe useof multiple NIs on a singlehostadvan-
tageousandalso,leaving the hostCPU free to do othertasks[63, 62, 64]. We have establishedhatit is feasible
to offload schedulingunctionalityfrom the hostto Nis while still meetingthe frame-timerequirementef MPEG
frames.In generalfor a schedulingdisciplineto scheduleacletsat wire-speedsindto achieve full-link utiliza-
tion, decisionamustbe completedwithin etherneframetimes. Resultsfrom this sectionshav thatevenon a 66
MHz i960 RD processqrtheschedulecanpick winnerentitiesin =~ 65us, whichis within anetherneframetime
of 12Qus at 100Mbpsfor a 1500byteframe.

For full (max MTU) ethernetframes,the i960-basedCoProcessorsan handleperframe schedulingfor up to
100Mbpsethernetinks. Furthermorelarger schedulingunits like MPEG-I frames(eachcomprisedof multiple
etherneframes)maybe schedulablevenfor gigabitethernetinks.

A numberof vendorsareincluding fasterandricher CoProcessoran NI boards Alteon [55] AceNicincludes
two MIPS coresandthe IXP1200[52] from Intel hasa StrongArmcore andsix hardware RISC microengines
clockedat200MHz.With substantiallyfastemprocessorst is likely thatmediaschedulersunningontheseboards
canmeetthe paclet-time requirementf Ethernetframesat gigabitlink speedsasindicatedby initial results
describedn [68] andTable2.

Table 2 shaws the resultsfrom runningthe paclet scheduler(similar conditionsasin Table 1, i.e., with data-
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cachesupportand integer version of the paclet schedulingalgorithm) on a StrongArm simulator (evaluation
version1.1 from ARM) for two different configurationsBoth configurationshave compiledcode (ARM gcc
compilerflag -O1) beingrun directly by the simulatorwithout ary operatingsystem(no externalinterruptsbut
with memory management).Theseconfigurationsare similar to code running directly on the IXP1200 RISC
microenginegwithout operatingsystemsupport). Resultsfrom the original i960 configurationare shavn in
Table2 for comparisor(with VxWorkssupport).A StrongArmSA-110configurationwith processoandmemory
speedssimilar to the i960 configurationyields a scheduledateny of =~ 17.48us, which is substantiallylower
thanthei960 schedulefateng. Thethird configurationis similar to the IXP1200RISC microenginegclocked at
200MHzwithoutary OSsupportlat287MHz andwith amemorybusspeedf 95.7MHz. Thisshavsascheduler
lateny of =~ 5.21us, therebycapableof schedulingatleast1500-byteframesatgigabitlink rates.We expectto be
ableto lower this with carefuloptimizationof codeandcompilerassistediataplacementn cache(alsoseg[68]).
We concludefrom thesemeasurementihat softwareversionsof the DWCS paclet schedulehold greatpromise

in supportinggigabitlink schedulingusingmodernprocessochips.

| Processor | Scheduletateny(us) |
iI960RD66MHz, 4K I-cache2K D-cache 44MHz memorybus (with OS) 67
StrongArmSA-11085.7MHz,16k I-&D-cache,28.6MHzmemorybus (no OS) 17.48
StrongArmSA-110287MHz, 16k I-&D-cache,95.7MHzmemorybus (no OS) 5.21

Table2: ScheduleLateng for differentprocessoconfigurationscf. EthernetFrametimesfor 1500byte frames
are12;s(12Qus) and0.5124s(5.12u8) for 64 byteframesat 1Gbps(100Mbps).MPEG frameshave longerallow-
ableframetimes(largergranularity).

Multiple Gigabit Links or 10GbpsLinks Require Custom Packet SchedulingHardware. Currentseners
alreadysupporttwo to threel-Gbpsinterfaces,to matchthe backplanebandwidthof the internal PCl backplane
interconnec(4.2Gbps).With the arrival of 10Gbpsinfinibandand10GbpsEthernethardware([3]), the software
solutionsfor paclet schedulingexploredin this paperare unlikely to scaleto large numbersof paclet streams.
A follow-up researcheffort hascompletedconstructionof a customhardware schedulerfor 10Gbpslinks. The
ShareStreamisardwareprototypeconsistof a Xilinx Virtex I/Virtex Il CoProcessdior real-timestreamingunder
hostprocessosystemsoftwarecontrol[3J. While wereferthereadeto [30] for detailsregardingthesystemsand
hardware architectureandresultsattainedfor the Virtex 1l FPGA chip. Insightsdepictedin Table3 demonstrate

that customhardware supportis neededor scalability With suchcustomhardware, evenfor 1024 streamsthe
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schedulefateny canapproach 500-bytepaclet-timesfor 10Gbpdinks (1.2us):

| StreamCount | Scheduletateng (us) | Comments \

4 0.0397 | meetslOGbpspaclet-times
32 0.132| meetslOGbpspaclet-times
1024 1.65 | nearlymeetslOGbpspaclet-times

Table3: Scheduletateny with Virtex [I FPGAhardware

An issuefor customschedulingCoProcessoreot yet addresseth this paperis that considerablenput band-
widthis requiredto thepacletschedulindhardwareunit, asarrival-timesfor pacletsmustbeprovidedto thesched-
uler hardware unit (32-bit values)every 1.2us. PCI-66MHz (4.2Gbpspeak)busesand PCIX-133MHz(8.5Gbps
peak)busesdo not have the backplandandwidthto supportl0Gbpdinks. We expectupcominginfinibandintra-
computer(systeminternal)interconnects$o provide theinternalbandwidthto supportlOGbpsNIs [7]. For current
GbpsNIs hawvever, enoughinternalbandwidthexistswith PClandPCI-X to supportmulti-Gbpscross-trafic and

transmissiorof paclet-arrival timesto a specializedschedulehardwareunit.

3.3 Media Schedulingand Streamingon NlIs: Opportunities and Advantages

CoProcessorsan affect mediaschedulingin ways otherthanfiltering framesin real-timeand the consequent
removal of loadfrom clusternodes’l/O infrastructuresCPUs,andmemories We next evaluatethe ability of NIs
to performmorecomple tasks suchastheretrieval of mediacontentirom disksdirectly attachedo them.We also
demonstratehat mediaschedulingon a CoProcessois not subjectto perturbationcausedy systemoverloads.
An intuitive reasonfor this factis the relatively simplernatureof NIs comparedo hosthardware andsoftware.
Thisfact,coupledwith thesmaller only slowly changingsetof tasksatypical NI performsmalesit easieito add
functionality to the NI without perturbingits othertasksor at minimum, it makesit easierto diagnosehe degree
of perturbatiorsuchtaskswill experience Thisis nottruefor hostCPUs,evenwhenthey aremultiprocessorfike
thequadPentiumPromachinessedin this researchwhenprocessorarededicatedo run streanschedulersand
whenusingall meanspossibleto separatéhost-residenstreamschedulergrom otherhosttasks. Experimental
resultsvalidatingthis claim appeataterin this section.

There are multiple alternativesin media streaming from Nl-attached disks. Onepromiseof sener-attached

I/0 CoProcessoris that simpletaskscanbe performedentirely independentiyof host CPUs,thusfreeingthem
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for otherdutiesand/orcreatinga more scalablesener systemcomprisedof the hostanda numberof relatvely
low-costl/O CoProcessorskor high performanceapplications researcherbave derived benefitsfrom the con-
currengy andasynchrog of executionof hostvs. NI tasks,andfrom the low-lateny accessnostNIs have to
theactualnetwork transceier[45, 48, 37]. For mediaschedulingwe next evaluatethe ability of CoProcessor®
independentlystreammediaframesto clients, oncethe hostCPU hasidentifiedthe appropriatemediafiles and
their storageor remotesources. The experimentsshavn belov evaluate(1) whethera single NI canbe botha
datasourceandperformmediascheduling(2) how two NIs, oneactingasthe datasource the otherperforming
schedulingcomparen performancdo the first configuration,andfinally, (3) whetherthe high levels of perfor
manceoffered by host-residenfile systemscanbe matchedby Nl-attacheddisksandtheir file systemsupport.
Option (1) is feasiblefor our NlIs, becauseachi960RD card hastwo SCSIportsandtwo 100 Mbps Ethernet
ports,asshavn in Figurel. Disks may be attachedo the cards SCSlports,andmediamay be streamedlirectly
to the network usingthe cards 100 Mbpsetherneport. We alsoinvestigateOption(2), becausdor otherNIs, we
canassumehe presencef peerto-peerPCl supportandan ability to changefirmwareto accommodatenedia
schedulinghut disk accessemay have to be performedeithervia network-attachedlisk devices(i.e., mediadata
is streamedo the NI via a network link) or from anintelligent disk controller[1]. Our experienceis that for
buseslike PCI with multi-transactiortimers andinterdevice addressingapabilities,peerto-peertransferscan
be performedin an efficient manner We notethat both for Options(1) and(2), hostCPUslike UltraSparcsand
Pentiumlls areinsulatedfrom the 1/0O bus transfersnvolved throughthe UltraSparcDatabuffer (UDB) andthe
PClsetrespectiely.

NIs canstreamdata from their attacheddiskswith performancecomparableto that achieved by hosts. This
statements validatedexperimentallyin the remainderof this section. Specifically considera host CPU-based
schedulethatuseshostfilesystembuffers to storemediaframes,consumed/O andsystembus bandwidth,host
memoryandkernel/usespacebuffersfor dispatchingramesto the network. An MPEGfile residenton disk must
be transferredo the hosts filesystembuffers by the disk controllervia the I/O bus. Thisis shavn asPath A in
Figure2. In comparisona network interfacecardwith anattachedlisk actingasa mediasourcecanusepeerto-
peerPCltransferdo move datafrom disk, to scheduleinput queuesto the network, therebyeliminatingthe use
of host-basedesourcesncludingthehostsystembus. Thisis shavn asPathB in Figure2. PathC streamgrames
from a disk directly attachedo the NI throughto the network eliminatingPCI I/O bus bandwidthconsumption,

host-lus bandwidthandhost-memoryesourcesn Figure2.
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We next presentresultsfrom critical path benchmarkgecordedfor three different configurationsof frame
transfers.All benchmarksneasurdhe lateny of a 1000byte frametransferfrom disk to remoteclient (over an
ethernetnetwork) averagedover 1000transfers. The samephysicaldisk device is usedin all experiments.The
measurementis Table4 recordthelateny of asingleframetransfer
NI-attached disksappoximatethe performanceof fasthostl/O systemsConsiderExperiment in Table4, rep-
resentedby Path A in Figure2. An MPEG file on an internal systemdisk attachedo a disk controlleron the
PClI bus is streamedo a remoteclient. The systemdisk is attachedo a SCSI controller cardon the PCI bus.
Theresultsshovn in Table4, Experimentl, shav atotal frametransfertime via the network of 8 ms(including
disk accesdateny) whenusingthe VxWorksfilesystemon the Solarishost. This comparesinfavorably with the
resultsin Table4, Experimentl, whereatotal of 5.4 msis requiredto performthe sameactionfor afile already
residenton the NI's attachedlisk (Path C in Figure2). It doesindicate,however, that scalabilityin the number
of mediastreamsservicedby a single hostcan be improved by additionof low-costl/O CoProcessordirectly
attachedo the network. Theseresultsfor Experiment wereobtainedon Solaris2.5.1with anintel 82557-based
NI, which hasthe sameEthernetranscerer chipsetasthei960RD CoProcessolThe systemdisk attachedo the
disk controllerwasusedto sene framesusingtheIntel NI. The VxWorksfilesystemis a dos-basedilesystemand
this wasmountedon the Solarishost,in orderto mitigatethe effectsof variationsin file systemperformancend
disk layout. Thus,the lateny componenctommonto Experimentd, Il andlll is the disk accesgime which is
~ 4.2ms for asingleframe(seethevalue'4.2disk’ in Table4).

The advantagesof Nl-attacheddisks are reducedsubstantiallywhen using the fasterSolarisUFS filesystem
on the host. In this configuration,Experimentl experiencesa disk framelateny of only 1 msdueto the larger
logical block size (8K) usedby UFS andits disk block cachingandprefetchingenabledoy the hosts large main
memory VxWorks doesnot supportthe UFS filesystem,so that we were unableto mountit on the Nls for
Experimentdl andlll[13, 38], but we hypothesizdhatits usewould improve the performanceof Experiments
Il and Il substantiallyif the NIs have large disk buffer caches. While this is one strongrecommendationve
derive from this researcHor NI-basedmediaaccesswe also note that the host-basegerformanceadvantages
gainedfrom buffering do not extendto live media(i.e., mediacapturedanddistributedin real-time).Also the NI
Coprocessocanbe allowed accesdo the filesystemdisk block buffer cacheon the host so that framescanbe
accessedirectly by the Coprocessoandstreamedo the network usingl/O busDMAs. TheNI Coprocessocan

usethehostfilesystembuffer cachedirectly andleveragethe moreefficient hostfilesystenfor bulk datatransfers.
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This canhelpalleviatethe shortcoming®f the NI attachedilesystemin a substantialvay.

Expt FrameTransferPath FrameTransferTime
(1000byteframe) (msec)
I Disk-HostCPU-I/OBus-Network (noloadw/ cache) 1(ufs)/8(VxWborks)
Il NI Disk-NI CPU-Network (no cache) 54
i Disk-1/0O Bus-NI CPU-Netvwork (no cache) 5.415
(4.2disk+1.2net+0.01%8p

Table4: Critical PathBenchmarks

It is advantg@eousto usemultiple NlIs, ead with specializedasks.A propertyof CoProcessoris thatthericher
their functionality the larger the latenciesof their messagédransfersand possibly the smallerthe total message
throughputhey supportseeSection3.2)[54, 37]. Ourapproacho this problemis to specializeN|s suchthateach
NI only performsa limited numberof tasks.In the caseof mediastreamsthis meanghatoneNI hasanattached
disk, the otheractsasa mediaschedulemandnetwork gatavay. Only smalladditionaloverheadsare experienced
by this NI configuration(alsoseePathB in Figure2). Specifically for a singlemediaframe,therequiredpeerto-
peerPCltransfersaddonly about15us to thetotal time of accessing frame,schedulingt, anddispatchingt to
thenetwork (we usedDMA writesfrom card-to-cardo achiere this). We achieved transfersof 66.27MB/s along
with PIO readandwrite latenciesof 3.6 ysand3.1 us ona 32-bit33MHz PCl bus.

The experimentalresultsdescribedhusfar have demonstratedhe viability of NI-baseddisk attachmentnd
mediastreamingwhich effectively removesthe host CPU from the executionof suchrelatively straightforvard
seneractions.

NI-basedstreaminghasinherentperformanceadvantges. To generalizeour costargumentsconcerningNI-based
datastreamingandschedulingconsiderthatthe actionof streamingramesinvolves (1) selectinga streamfrom
a setof streamgqsched),(2) accessing framefrom the selectedstream(access)and(3) transferringthe frame
to the client (transfer). Statedmoreformally, let ¢,.,.4 denotethetime to selecta streamand? g;;,ery denotethe
time taken to deliver a singleframefrom the selectedstreamto the outputlink. Let ¢,...5s bethetime to access
theframe(from storagejandt;, ., rr denotethetransferateng to the outputlink. Then:

tdelivery = taccess + ttransfer

and:

tstream = tsched + tdelivery
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wheret..om 1S thetotal time for streaminga singleframe.

In thecaseof host-basedtreaming? geiivery iNVolvestherelatvely complex PathA shavnin Figure2, whereas
for aCoProcessot ;ivery iNVolvesthelesscomplex PathsB or Cin Figure2, thelatternotinvolving ary host/IO
bus domaintraversals. In conditionsof low load and extrapolatingfrom the measurementdepictedin Table 4
(assuminghe samestoragesourceandfile systemcapabilitiesfor both CoProcessocandhost), ts4reqm fOr host-
basedstreamingis =~ 8.050 ms (hostscheduleroverheadis =~ 50us) and~ 5.465ms for CoProcesseabased
streamingfor a single 1000 byte frame. The advantagef CoProcessabasedstreamingare exacerbatedvhen
therearehost-CPUoads,asshavnin Section3.4,sincet s-.qm fOr ahostcanexperiencesignificantincreasegven
for transientoads.Further notethatt,.p.q iS Necessarilexperiencedy every framethatrequiresschedulingas
streamselectionis doneon a paclet-basisandtherefore,cannotbe pipelined. As a result,if the term¢£ostLoad

stream

representss ¢qm With hostload, thenfor a hostCPU, ¢Hostload ~ . Onthe otherhand,for aNI CPU,

stream

hostloadwill notaffecttstpeanm, asevidentin PathC in Figure2.

3.4 Perturbation of NI- vs. Host-basedSchedulingunder Load

NI-based SchedulinghasReducedDelay-Jitter. Theprevioussectionhasalreadyarguedthatapaclet scheduler
runningon the host(i.e., seePath A in Figure 2) usesthe hosts memory bus, and /O busresources.In com-
parison,NI-basedscheduling(seePathsB or C in Figure2) may completelyavoid the consumptiorof 1/O bus
bandwidth(seePath C in Figure 2), and never useshostmemoryandbus bandwidth. It will therefore be unaf-
fectedby hostCPU load. Thisis in starkcontrastto host-basedchedulingwhich is easilyaffectedby the host
OS’s needto run higherlevel applicationserviceswhereeven a minimal OS installationruns systemdaemons
andwheremediasenersmaintainmeta-informatiorin additionalsenersor databasesThis sectiondemonstrates
experimentallythe effectsof CPU contentionon host-basedchedulingwheredegradationis measuredsa de-
creasen outputbandwidthavailable for a streamand asan increasen its frame queueingdelay Specifically
whenthe DWCSschedulerecevesCPUserviceatlower ratesbecausef increasederviceload, thatwill leadto
back-loggedramesin schedulemputqueueswhichin turncausesnisseddeadlinesindloss-toleranceiolations.
Theresultingpaclet-droppingleadsto lower schedulingquality. Thisis particularlyimportantfor jitter-sensitve,
live-mediatraffic, whereunduevariationof the rate at which the frame/packt schedulereceves CPU services
mayfurtherincreasalelay-jitter Additional delay-jitterin frameoutputis causedy waitson congestedesources,

suchasthemultiple bus/netverk schedulingdomaingsystenbusto I/O busandthento thenetwork) andmemory
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hierarchieghatmustbetraversedoy host-scheduledtreams.

Experimental Demonstration of Perturbation of Host-basedSchedulingin Loaded Conditions.
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Figure4: (a) Sener LoadingArchitecture- Web and Media Traffic. (b) CPU Utilization Variationwith Sener

Load.

ExperimentaSetup.Theexperimentaketupconsistof a QuadPentiumProsener (4 X 200MHz CPUs)running
Solaris2.7 x86 with 128 MB of memory This machinehastwo separatd’Cl bus segments,andwe placeNIs
on eachof the PCl bus sggmentsasshavn in Figure4. For host-basedchedulingoad experiments)ntel 82557
100Mbpstransceier-basedNIs areplacedin separateslotson eachof the two bus segments(Component8 and
4 in Figure4). For Nl-basedschedulingload experiments,one of the Intel 82557 Nls is replacedwith a 960
RD NI (component3 in Figure4). The machinerunsthe Apacheweb sener version1.3.12(with a maximum
of 10 sener processesndstartingprocesgpool with five sener processes)[l6 The web sener is loadedusing
‘httperf’ (version0.6)[3§ run on remoteLinux-basedclients. Flexible specificationof load from remoteclients
is allowed by ‘httperf, whereweb pagesmay be requestedt a certainrate by a numberof connectionsyith a
userspecifiedceiling on the total numberof calls. The experimentalinfrastructurds shavn in Figure4. Placing

two Nls on different PCl bus segmentsseparatesveb load and streamtraffic. Oneof the Nis (with IP address
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BW Dist w/ Load Variation Queuing Delay vs Frames Sent w/ Load Variation
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Figure5: (a) BandwidthVariationwith Load. (b) QueueingDelay Variationwith Load.

boundto the Intel 82557-basedl) is usedto load the web sener using ‘httperf’ client traffic while, the other
NI (with adifferentlP addressoundto the NI, 82557-basedri960 RD NI) is usedto requestindsourcestream
traffic.
Moderate systenmoads havesubstantialefectson host-basedsdeduling The first setof experimentsinvolves
the host-basedchedulewersionof the DWCS algorithm. For theseexperiments two of the CPUsare brought
off-line, for atotal of two on-line CPUs. The Apacheweb sener in the configurationdescribedabove is brought
up andboundto the P addres®f oneof the NIs. The DWCSschedulers initiated andboundto oneof thehosts
processorsysingthe ‘pbind’ Solarisfacility[13]. Clientrequestareacceptedn a separatéP addresdoundto
a differentNI. This allows ‘httperf’ web clientsto connectandload the ApacheWeb sener usinga specificlP
addressdoundto a specificNI. Similarly, MPEG clientsmay connectto a differentIP addressagainboundto a
differentNlI, for streamdelivery. This experimentinvolvesComponentd, 2, 3 and4, asshavn in Figure4, with
ComponenB asanIntel 82557NI. Two MPEG clientsshavn asStreamss1 ands2 (in Figure5) connectto the
system.

Thesesenerload experimentsdlemonstrat¢hateven moderatesener loadscanresultin substantialariations
in framebandwidthanddelay Considerfor instancethe CPU utilization depictedn Figure4(b) (measuredising
Solaris’ Perfmeterfacility)[13], which is the load experiencedwhen the host-basedcheduleris run with and

without ary load imposedby the remoteweb clients. With no webload, and peakutilization around35%, with
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an averageutilization of 15%, the correspondingariationsin bandwidthand meanqueueingdelay experienced
for two streamss1ands2 appeaiin Figures5(a) and5(b) (seethe entrieslabeled’'no webload’). In comparison,
even a moderateadditionalhostload, whenapplyingload from web clients at the 45% utilization level, leads
to noticeabledifferencesn the obsenred variationsin bandwidthand queueingdelay Specifically at the 45%
load level, adecreasén bandwidthto 200,000bpss seenat the 15s-204ime mark, andthe bandwidthsettlesat
only 230,000bps(seeFigure5). The queueingdelaygraphin Figure5(b) alsoshaws the effectsof loading,with
framessuffering additionalqueueingdelayof around2sin the presencef load. A substantialvebloadappliedat
the 60%level resultsin whatmay be consideredinduelevels of variation. At the 60% averageload level, severe
degradationis seen.For instance Figure5 shavs a decreasén bandwidthto around100,000bpswhenthe CPU
utilization is in the excessof 80% (seeFigure 4(b)) during the period from 40s-80s. The bandwidthsettlesto
lessthan125,000bps- half of the bandwidthseenin the absencef web sener load (seeFigure5). Framescan
experienceexcessve queueingdelayin the presencef load (60% averageutilization), up to threetimes (30,000
ms)thanseenin theabsencef load (10,000ms).

NI-basedschedulingis not affectedby hostloading Thenext setof experimentdanvolvesthe NI-basedscheduler
For purposesf this experiment,one CPU is broughtoff-line (for a total of oneon-line CPU),with one82557-
basedntel NI usedfor web sener loadinganda i960 RD basedNI usedfor MPEG streaming(DWCS runson
the NI). Thei960 RD NI is placedon a separatéus sggment,and MPEG framesare streamedo clientsby the
NI-basedschedulerLoadingof thewebsener is doneusingthe otherNI placedon a separatdus segment.

This experimentinvolves Componentd, 3 and4, with ComponenB asani960 RD NI thatdirectly streams
mediacontentto clients. Initially, streamsare playedto MPEG clientsin the absenceof ary web sener load,
with bandwidthvariationsandqueueingdelaymeasure@nthe NI-CPU. Next, the systemis loadedusingtheload
profile shawvn in Figure4(b) (for 60% averageutilization).

Themeasurementdepictedn Figuresé(a)and6(b) demonstrat¢hatthe NI basedscheduleis immuneto web
senerloading.In addition,no noticeablevariationsin bandwidthandqueueinglelayareexperiencedseeFigures
6(a)and6(b)) for streamss1 ands2, for loadedandunloadedseners). A settlingbandwidthof around260,000
bpsis obseredfor streans1,whichis similarto thesettlingbandwidthachiezed by thehost-CPlbasedscheduler
in the absencef load (250,000bpsin Figure5). Theseresultsalsoindicatethatthei960RD Nlis have sufiicient

‘horse-paver’ to streamschedulednediaframesto clientsat real-timerates.
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Figure6: (a) NI BandwidthDistribution SnapshotUnaffectedby SystemLoad. (b) NI QueueingDelay Snapshot:
Unaffectedby Systemload.

4 RelatedWork

Communication CoProcessorsA numberof NI-basedresearctprojectshave focusedon providing low-lateng

messaggassingover clusterinterconnectdike ATM, Myrinet, FDDI andHIPPI[15 40, 58, 57] by usingintel-

ligent NIs equippedwith programmableCoProcessorflO, 21, 38, 45, 49]. In part, suchwork is motivatedby
the presencef programmabléCoProcessorm NIs. More importantly pastresearchhasdemonstrate@mproved
performanceaderived from NI reprogrammingor control operationghattouchmultiple machinedike collectve
communications[5B transactions[4B barriers[37 45] and simpler clusterwide synchronizatiorconstructs[48

NIs have alsobeenprogrammedo provide new serviceslike performancemonitoring[34 or like theimplemen-
tationof portionsof protocolstackson Nis[12)].

Newer hardware developmentspresentan interestingperspectie on suchresearch. Namely with gigabit
ethernet[5paswith the higherthroughputsmartport cardsbeingdevelopedto power the Internets switching[34
androutinginfrastructureprogrammablé€CoProcessor&ometimesvenenhancedby configurablehardvarelike
FPGAs[30])arebecomingncreasinglycommon.This trendcoupledwith the decreasingostsof processochips
suggestshatfutureNI or I/O processohardwarewill have substantialCPU cyclesandmemorywith which addi-
tional servicesnaybeimplementedOnesuchproductis Intel’s IXP 1200routerboard[52, whichwe have begun
to useasanintelligent CoProcessdior a clustermaching[68, 18].

Our work leveragesprior efforts and currenthardware trendsby assumingthat CoProcessorsannotbe en-
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hancedto provide all desiredadditionalservicesat all times. Instead,their relatve resourcepaucity indicates
the importanceof offering for CoProcessorsuntime extensioninterfacesvia which the appropriatefunctional-
ity canbe placedonto Nls at the right times. One suchinterfaceis describedn our prior researchwith FORE
SBA-200 (i960CA) cards[45], anotherin the SPINEproject[17, the latteralsoaddressingafetyissuedor such
extensions.

The 120 industry consortiumdefineda specificationfor developmentof I/O hardware and software, to al-
low portabledevice driver developmentby defininga message-passinmgotocol betweenthe hostand peerl/O
devices[2], 38, 64]. Thefocuswasonrelieving the hostfrom tasksthatmay be offloadedto a programmabléN|.
Industry efforts included120 cardsfor RAID storagesub-systemsand off-loading TCP/IP protocol processing
to the NI from the host[21, 38, 64]. While this paperusessamplel20 cardsfor the experimentalresultsbeing
presentedye do not rely on the 120 communicationstandard put instead,simply usethe cards CoProcessor
resourcesln contrastthe resultspresentederecould benefitfrom the presencef improved CoProcesseost
connectyity, aspromisedby the Infinibandstandard7], which offersintra-compute within a system)andinter
computer(betweersystems)nterconnectst 2.5Gbps,10Gbpsand30Gbps.Improved intracomputebandwidth
usinganInfinibandcrossbawould helpfor severalreasonsFirst, additionalbandwidthfrom the memorysubsys-
temto the NI would enableusto storepacletsin multiple places,ncluding both the hostmemorysubsystenor
NI memory with sufficientbandwidthavailableto streanpacletsdirectly from memoryto outputlink(s). Second,
storagecontrollerchanneldaptorsould provide streamblocksdirectly to the NI usingthe crossbainterconnect,
asthe storagecontrollerandthe NI would be peerson the samelnfiniband crossbaiports. The high bandwidth
of an Infinibandintercomputernetwork would promotescalability by allowing mary streamdo be servicedat
outputlink wire-speeds.in general,concerningntelligent CoProcessori general high performancéntrapro-
cessotlinterconnectdik e Infinibandhelp bridgethe ‘performancewall’ betweenCPU, I/O devices,andthe host
processor/memorgubsystemAs aresult,intelligentNI-basedCoProcessonsould be betterableto usetheirded-
icatedCPUresourceso provide predictablededicatedielivery of mediastreamsSimilarly, if the CoProcessais
simply a schedulingengine with mediastreamaccessanddelivery performedby the host,for paclet scheduling
to be performedat wire speedsthe hostandCoProcessamustexchangepaclet-arrival timesof streamsn every
decisioncycle. Eventhis exchangerequireshigh aggrgatebandwidthfrom the memorysubsysteminvolving 32
bits in the bestcaseand 1023 X 32-bits(if 1023 streamadrop their paclets)in the worst-casdor 1024 streams,

every 1.2us (for 10Gbpslinks). With RAMBUS [43] memorysystemsthesebandwidthrequirementsareonly
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metfor thebestcaseg(4.2GBytes/sedn currentsystemsCurrentPCl-66MHzandPCIX-133MHzcannotprovide
therequiredbandwidthwhereadnfinibands internalcrossbarshouldoffer the capabilitiessuitablefor scalingto
futureincreasesn network link bandwidth.

Analogousto our work with extensibleNlIs, therehasalsobeenresearcton extensiblel/O CoProcessorgs
with efforts like Active Disks[]] or extensiblenetwork-attachedtores[3].

Media StreamScheduling Recentesearchhasput substantiakffort into thedevelopmenbf efficientscheduling
algorithmsfor mediaapplications. Given the presenceof someunderlyingbandwidthreseration schemethe
DWCSalgorithmhastheability to sharebandwidthamongcompetingclientsin strict proportionto their deadlines
andloss-tolerancedn comparisonfair shareschedulingalgorithms[6641] (someof whicharenow implemented
in hardware[44) attemptto allocatel/N of the availablebandwidthamongN streamsor flows. Any idle time,
dueto oneor moreflows usinglessthantheir allocatedbandwidth,is divided equallyamongthe remainingflows.
This concepigeneralizeso weightedfairnessn which bandwidthmustbe allocatedin proportionto the weights
associatedvith individual flows, but paclet deadlinesarenot taken into account.We therefore consideDWCS
preferablefor the mediastreamsaddressetly our work.

Therehasbeensignificantresearcton the constructiorof scalablanediasenersandservicesjncludingrecent
work on reseration-basedCPU schedulerdor mediaapplications[24t Theseresultsdemonstratéheimportance
of explicit schedulingto meetthe demand=f mediaapplications. If DWCS performedits schedulingactions
usingaresenation-basedCPU schedulerit would beableto closelycoupleits CPU-boundoaclet generatiorand
schedulingactionswith the paclet transmissioractionsrequiredfor paclet streams Similarly, DWCS could also
take advantageof thestripe-basedisk andmachineschedulingnethodsadvocatedoy somevideoseners[11], by
usingstripesascoarse-grainresenations’ for which individual paclets are scheduledo staywithin the bounds

definedby theseresenrations.

5 Conclusionsand Future Work

Thevision pursuedby our researchs onein which underlyinghardvare/softvare platforms,like the communi-
cationCoProcessorasedhere,aredynamicallyextendedto bettermeetthe needsof applications.This papers
demonstratiorof our vision realizesa mediascheduleion anembeddedNI CoProcessousingcommaodityhard-
wareandsoftware.

Insightsderived from our experimentakesearchncludethefollowing:
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o Efficientexecutiononstandad Nis. EvencommodityNI hardwarehasresourcesuficientfor handlingboth
the regular tasksit mustperform(e.g.,messageeceiptand sending)and certainadditionaltasksrequired
by individual applicationsin fact,experimentakesultsattainedwith the DWCS paclet schedulefor media
applicationglemonstrat¢hatevenolder, relatively slow i960-based|s canperformavariety of suchtasks,

atreal-timeratesandat a granularityof schedulingsuitablefor MPEG mediastreams.

¢ Improved scalability and predictability for NI-basedstreamingservices. By running mediascheduling
serviceson Nls ratherthanhost CPUs,the hosts CPU, memory and /O infrastructureare offloadedand
in addition, substantiaimprovementsare attainedin the predictability of mediastreamingmeasurechs

improvementsn the delay-jitterof mediastreams.

e Performancemprovementslueto traffic elimination. An adwvantagederived from placingmediascheduling
onto Nls is the eliminationof traffic from the hostnode. This factis strengthenedby the ‘filtering’ prop-
erty of mediaschedulingn which lossesareallowed. This propertyis sharedoy mary otherapplications
beinginvestigatedn our currentresearchincludingthe selectionof subsetfrom sensoidataor from large
scientific or engineeringdataand datadownsamplingor compression.The latter typically requiremore

processingpower thanis currentlyavailableon commercialNIs.

To summarizethe approacho scalabilityfor mediastreamingadwcatedby this paperhasthreecomponents.
The first is scalablescheduleralgorithm design[63 62] and the efficient realizationsof suchalgorithms. The
seconds the appropriatedistribution of mediaschedulingacrossavailable hardware/softvare resourcegin this
casei960 RD cards,PCl bus sgmentsanddisks),in orderto separatdhe resourcesisedfor mediascheduling
from thoseusedby generalhostapplications.This approachalsoensureghat host-basegrogramsandloading
conditionsdo notinterferewith NI-basedmediastreamingandscheduling.

Future Work. Oneinsightfrom this paperis that CoProcessorsannotbe assumedapableof schedulingoack-
ets at the perframe ratesrequiredby future communicationinks (e.g., 10Gbpsethernet(10GEA standard)or
Infiniband). To addresghis issue,we have built QoSpaclet schedulinghardwarearchitectureshatcanmeetthe
wire-speed®f 10Gbpdlinks. The FPGAhardware CoProcessotanmeetthe wire-speed®f 10Gbpslinks under
systemsoftwarecontrolof a peeror Host-NI CoProcessoiVe arecurrentlyinvestigatingscalingof this architec-
tureto alarge numberof streamdy allowing streamstateto be multiplexedonthesame-FPGAhardwaresubstrate

[60, 26, 27, 30]. In addition,we are studyinghow to ‘divide’ schedulingfunctionality or how to simplify it so
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thatper frameschedulingmay be performedwith the RISC-basednicroenginesesidenton typical next genera-

tion CoProcessorsuchasintel’'s IXP1200[68. Finally, beyond paclet schedulingwe areinvestigatingsuitable

extensionarchitecturegor Nls, sothatapplication-specifiéunctionality is easilymappedo them,whene&er ap-

plicationscanbenefitfrom suchNI-basedsupport.Onesetof extensionsalreadyunderdevelopmentby our group

concernghereliability andscalabilityof transactiorserviceamplementedn clustermachines[1920].
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