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Abstract

Thefeaturesof ATM offeredmany attractionsto theapplicationcommunity, suchasfine-grainedmultiplexing and
high-throughputlinks. Thesecreatedconsiderablechallengesfor theO.S.designer, sincea smallprotocoldataunit
size(the48 byte“cell”) andlink bandwidthswithin a (binary)orderof magnitudeof memorybandwidthsdemanded
considerablerethinkingof operatingsystemstructure.

Using an historicaland personalperspective, this paperdescribestwo aspectsof that rethinkingwhich I par-
ticipatedin directly, namely, thoseof new event signallingandmemorybuffering schemes.Ideasand techniques
stemmingfrom ATM network researchinfluencedfirst researchoperatingsystemsandthencommercialoperating
systems.The positive resultsof ATM networking, althoughindirect, have benefittedapplicationsandsystemsfar
beyondtheoriginaldesigngoals.

1 Intr oduction

Thevarioustechnicalcontributionsof theUS “Gigabit Testbed”program[Computer90] werebothmanifoldandun-
dersold.Amongstthemoresignificantcontributionswerethosemadein theAURORA GigabitTestbed,which linked
Penn,Bellcore,IBM ResearchandMIT in the Northeastcorridorof the UnitedStates[Clark 93]. While AURORA
experimentedwith two packet formats,“Packet TransferMode” (PTM) and“AsynchronousTransferMode” (ATM),
in retrospecttheATM-centricresearchhadsignificantlymoreimpactonmodernoperatingsystemsoftware.

It is is worthwhile to set the stage. While AURORA was initiated in 1990underthe HPCA (“Gore Bill”) the
researchwasactuallykickedoff at PennandMIT in 1989underProjectDAWN, fundedby Bellcore. Thegoalwas
to build an integratedLAN/WAN infrastructureusingan OC-48SONET channelprovided by Bell Atlantic, MCI
andNynex. Using a clever OC-12cross-connecttopologydevisedby Dave Sincoskieof Bellcore,we wereableto
concurrentlyoperatePTM over SONETfrom Pennto IBM andMIT, andATM over SONETfrom Pennto Bellcore
to MIT. While supercomputerswereusedin several other testbeds,AURORA focusedon workstationtechnology,
as it was believed (correctly, in retrospect)that delivering high throughputsto this classof machinewould have
more long-termimpact. The availableworkstationtechnologywas the first generationof RISC computers,which
werecharacterizedby an increasednumberof simplerinstructionsexecutedperclock cycle, higherclock rates,and
relatively poor DRAM andI/O throughputsgiven the computationalperformance.As it is today, multiple levels of
cachememorywereusedto resolve someof the CPU/DRAM performance“gap” [Patterson02]. A major problem
thatwe facedasnetwork subsystemarchitectswasthat theadvantagesof cachingonly applyoncethe datais in the
memoryhierarchy, while amajorroleof thenetwork subsystemis moving thedatainto thehierarchy, beforeany such
advantagesapply.

Onemajor researchdirectionpursuedat Pennwasanarchitecturalstudyof thechallengesin deliveringthesub-
stantialbandwidths(while not soimpressive today, theOC-3cbandwidthswe targetedto in 1989/1990wereover 13
timesasfastasthecommonlyusedLAN technology).This architecturalstudytook theform of a hardware/software
codesign,wherea hardwaresubsystem,in the form of an ATM host interface[Traw 91, Traw 93], wasdesignedin
�
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concertwith new operatingsystemsupport[Smith 90, Smith93, Chung95] designedto exposethe strengthsof the
ATM technology, in particularits substantialbandwidth.While a secondaryconsiderationat thetime,anotherlasting
contributioncamefrom exposingthefine-grainedcontrolof multiplexing possiblewith ATM [Nahrstedt96].

Theremainderof this paperis organizedin threesections.Thenext section,on “Buffer Management”,discusses
someof the challengesassociatedwith memoryarchitecturesin the early 1990sandconnectsa threadof research
resultswhich led to changesin many commercialoperatingsystems.Section3 coverschangesin event-signalling
architectures,which have hadconsiderableinfluenceon theresearchcommunitybut perhapslesson thecommercial
front. Finally, in Section4 we concludethe paper, observingfirst that ATM-drivenadvancesin softwarepaved the
way for FastEthernetandfasterLANs, andsecondthat thesamefundamentalstressesamongsttrendlinesarestill in
placeasnetwork engineersandworkstationdesignerscontinueto marchto differentdrummers.

2 Buffer Management

David Farber, my colleagueat theUniversityof Pennsylvania,hadworkedwith Bob Kahnto get theGigabitTestbed
initiativeunderway. Kahnhadseta “Gigabit litmus test”,which demandeda gigabitpersecondthroughput,delivered
to or from a single application. In early1990,I beganconsideringtheshapeof anoperatingsystemappropriatefor
thesupportof a workstationin anenvironmentwith veryhigh performancenetworks.

While it wasby thenquiteclearthata supercomputer[Borman89] coulddeliver or accommodatesuchthrough-
puts,it wasalsoclearthatworkstationswould beextremelychallengedif they werecalleduponto meetthe “litmus
test”. Evenif thetechnicalchallengesof thehostadaptorhardwareweremet,it wasunclearif theworkstationcould
handlethedataflow from theadaptor. While themeritsof theRISCworkstationtechnologywereclearfrom acompu-
tationalperspective,it wasunclearhow they wouldhandledatamanagement,particularlyin theperformanceregimes
theATM technologyrequired.

I laid outprinciplesfor anew operatingsystemcalled“UPWARDS” [Smith 90] (for “U PennWideAreaResearch
DistributedSystem”)intendedfor anetwork with bandwidthwithin anorderof magnitudeof memorybandwidth.

Theseincluded(quotingfrom thepaper):

� UPWARDS schedulingis entirely synchronous;the only “interrupt” allowed is that of the systemclock driv-
ing the scheduler. Interruptscomplicatedevice driversandarereally an artifact of a desirefor high levels of
multiprocessing,ratherthanhigh performancecomputingwith low levels of multiprogramming.In addition,
interruptsdefeatarchitecturalfeaturesnecessaryfor veryhigh performance,sinceascachesandpipelines.

� TheUPWARDS interprocesscommunicationmechanismis sharedmemory.

While like many operatingsystemsdesigns,UPWARDS wasnever fully realized,it providedconsiderableguidance
in whatwasto follow. Otherswereof courseworking in this space,in particularClark andTennenhouse[Clark 90]
hadlikewisenotedtheimportanceof memorybandwidth,with their focusbeingonprotocolarchitectures.Thevision
of UPWARDS IPC beingsharedmemorywasdriven,in fact,by a belief thata distributedsharedmemorymodelfor
distributedcomputing[Smith 91] would provideanappropriatebasisfor a high-performanceprotocolarchitecture.

2.1 HardwareContext, O.S.Presumptionsand BasicArithmetic

Working with IBM gave AURORA researchersaccessto a particularlypotentworkstationtechnology, theRS/6000,
which was just beingmadeavailableat the time the testbedswere forming. The IBM RS/6000hadbeenrecently
introduced[Bakoglu90] andwasIBM’ s entryin theengineeringworkstationmarket. All indicationswerethatit was
quitecompetitive[Simmons90], beingequalto supercomputersonegenerationold (oncomputationalworkloads).

Theoutstandingfeatureof theRS/6000wasits relatively largememorybandwidth(usinga tool wedeveloped,we
measuredaModel320to have1 Gbit/sof bandwidth,theModel530to have1.8Gbit/sof memorybandwidth,andthe
Model 580to have 2.5Gbit/sof memorybandwidth).Othersconfirmedthis laterwith benchmarks[McVoy 96]. The
I/O bustechnology, theMicrochannel,wasanapparentlimitation. Wechoseto work aroundthisby applyingaspecial-
izedstyleof direct-memory-accesstransfercalledstreaming,which providedtwice the throughputof normalDMA,
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giving ussomehopeof reachingtheapplicationperformancetargetsfor AURORA. TheMicrochannelthroughputin
this modewas320Mbit/s, adequatefor theOC-3cdatarateof theadaptor.

Looking at somebasicperformancemetricsfor this machine,it appearedto bea reasonableplatform,but it was
clearthatsomenew thinking wasrequired:theoff-the-shelfoperatingsystem(AIX) would have to bemodified,both
to reducecopying andto supportmultimedia. I beganto examinehow the UPWARDS ideascouldbe implemented
usingAIX (IBM’ sversionof UNIX) asa startingpointon theRS/6000.

2.2 ReducingCopying

Evenwith theGbit/srangememorythroughputsontheRS/6000,it wasclear[Watson87] thatreducingbuffer copying
would have considerableimpacton performance.We avoidedsomesoftware-drivencopying by useof a hardware
featureof theIBM RS/6000,asetof TranslationControlWords(TCWs)thatprovidedvirtual addressingcapabilityto
I/O devicessuchasour hostadaptor. Thechallengeof structuringmemoryandchoosingwhereit wasaddressedfor
adaptortransfers,aswell asschedulingtransfersto allow maximumconcurrency with otherprocessing(suchasthat
requiredby theapplication),led to a “doublebuffering” strategy.

read(fd, buf, size)
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DMA
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Figure1: KernelBuffer Ring - Concurrency with Copying

Managementof a pair of buffers(this is a fairly standardschemefor network adaptordevice drivers,sometimes
generalizedasa buffer ring), asshown in Figure1, gave thesystemconsiderablethroughput(up to about110Mbps),
andconsiderableconcurrency. Thisperformancewasachievedby spreadingtheper-packetoverheadsovermany bytes
of databy usinglarge32KB or 64KB datagrams.However, theperformanceof thesystemfor smallbufferswasless
impressive,droppinginto thetensof megabitspersecondfor packetsizesmoretypicalof applicationtraffic (50-1000
bytes).

Thesharedmemorycommunicationmodelof UPWARDS led to exploring a lighter-weightdatatransfermecha-
nismbetweenuserprocessesandtheATM adaptor. Recodingof thedriversupportfor theUNIX read()/write()
calls

�
allowedtransfersdirectly to or from a userbuffer passedto thesystemcall, asshown in Figure2. Evenwith

theheavyweightcontroloperationsinvolvedin interpretingthesystemcalls,thisessentiallyachieved“zero-copy” op-
erationfor thedatatransfers,asonly therequiredDMA from theadaptorwasrequiredto getthedatainto application
memory.�

I/O to aUNIX[Thompson78] “raw” device is passedto adevice-specificroutine,e.g. atm read() andatm write()
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read(fd, buf, size)
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Figure2: No copy (otherthanrequiredDMA), but no concurrency

Of course,theapplicationwasblockedwhile this occurred,sotherewaslittle concurrentactivity for theprocess
usingthe mappedbuffer. Thuswe soughtto remove the systemcall overheadfor small packetsby implementinga
sharedmemoryregion betweenkernelanduserspace,with a carefullyorchestratedpassingof controlof theshared
regionsbetweenuserprocessandkernel to ensurethat all availableconcurrentoperationof the hardwarecould be
exploited.Thearchitectureis illustratedin Figure3.

read(fd, buf, size)
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Figure3: Memorybufferssharedbetweenuserandkerneladdressspaces

While all of theseconfigurationswereimplementedandwereableto fully utilize theATM link at thelargerpacket
sizes,the sharedmemoryinterfacefar outperformedthe system-callbasedschemeon small packets,hadthe least
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effect on otherapplications,andfully exploitedtheability of thebus-masteringadaptorto operateconcurrentlywith
theprocessor.

Theseimplementationswere usedto supportapplicationsranging from a wide-areadistributed sharedmem-
ory [Shaffer 96] to a teleroboticssystem[Nahrstedt96]. TheapplicationsusedaTCP/IP[Alexander94] implemented
usinga virtual device abstraction

�
usedto copewith the fact that the ATM adaptorwas implementedas two Mi-

crochannelcards,onefor ATM segmentation,with theotherfor ATM reassembly.
Theseexperimentsdemonstratedthat oneof the basicintuitions of the initial UPWARDS, that sharedmemory

modelsfor communicationswould leadto high performance,wereexperimentallysound. We addressthe interrupt
issuebelow in Section3.

2.3 Relatedand Follow-On Work; Commercial Impact

Themostimportantfollow-onwork in theresearchcommunitywasthatof PetersonandDruschel.In apaperpresented
in Tucsonin 1992[Traw 92], we discussedthebasicdouble-bufferingstrategy which allowedapplicationprocessing
of datain onebuffer while allowing a streamingtransferinto anotherbuffer. Druschel[Druschel93], moving buffer
managementissuesinto themainstreamoperatingsystemscommunity, adoptedthisbasicstrategy in his “fbuf” buffer
managementarchitecture.However, ratherthanusingVM protectioncoupledto double-buffering,Druschelusedthe
typesystemof his implementationlanguageto controlaccessto specializedbufferscalled“fbufs”. Fbufs’ datatyping
allowedimplementationof thebuffer controlprotocolwithouttheextraoverheadsof addressspacesetupandteardown
for virtual addresstranslation,showing that thebuffering schemeswe developedcouldbemadeevenmoreefficient.
Druschel[Druschel94] demonstratedfbufs in an implementationfor BruceDavie’s OsirisATM adaptor. Druschel’s
designexhibitedadaptorto hostmemorytransfersat over500Mbpsfor UDP packets[Druschel94] on anextremely
fastprocessor, theAlpha,which hadjust beenintroducedby theDigital EquipmentCorporation.A host-to-hostUDP
throughputof about300 Mbps could be inferred from the upperboundon the TurboCHANNEL write throughput
reportedin thepaper.

While asfarasI amaware,TCPwasneverdemonstratedwith thissystem,
�

fbufsareaniceimprovementover the
basicsharedmemoryabstractionwhich startedwith UPWARDS. It alsonicely illustrateshow work doneinitially for
networking goalscaninfluencemainstreamoperatingsystemsresearch.Indeed,this influencecanpersist;refinement
of this architecturecontinuedwith LRP [Druschel96].

The most important work doneconcurrentlywas by the Hewlett-PackardLaboratories[Dalton 93, Banks93,
Edwards94] in Bristol, UK. There,a high performancehost adaptorarchitecturewas developedwhich allowed a
direct mappingof substantialbuffer memoryon the adaptordirectly into applicationaddressspace.The power of
this approachwasthat it wasthenreasonablystraightforwardto write anapplication-level TCPstackwhich directly
manipulatedbuffer memoryon theadaptor, minimizing copying acrossthebusto which theadaptorwasattached.In
many ways,thisuser-level TCP/IPsetdirectionsfor theuser-implementedprotocolsin verticallystructuredoperating
systemssuchastheexokernel[Engler95].

Commercialvendorspaidconsiderableattentionto thesoftwarearchitectureswe developed.Oneexampleis the
work of Chu [Chu96], who adaptedthe sharedmemorytechniquesand fbufs to the commercialSolarisoperating
systemsuppliedwith SunMicrosystemscomputers.TheChuwork supporteda 622Mbit/s ATM adaptordeveloped
by Sun.

3 Event Signalling

Event-signallingwithin the network subsystembetweenthehardwarenetwork interfacedevice andthesoftwarede-
vice driver is typically accomplishedvia polling or device-generatedinterrupts.In our implementationof anOC-3c
ATM host interfacefor the IBM RS/6000family of workstations[Traw 93, Smith93], we replacedthe traditional
forms of this crucial function with “clocked interrupts.” Clocked interrupts,like polling, examinethe stateof the�

Thevirtual device wasdefinedby constructinga driver overlay which redirectedsystemcalls for thevirtual device to appropriateinvocations
of driver entrypointsfor thephysicaldevices.�

A problematicDMA controllerwasrumoredto have maderepeatablemeasurementsdifficult.
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network interfaceto observe eventswhich requirehostoperationsto beperformed.Unlike polling, which requiresa
threadof executionto continuallyexaminethenetwork interface’sstate,clockedinterruptsperformthis examination
periodicallyupontheexpirationof afine-granularitytimer. In comparisonto interrupts,clock interruptsaregenerated
indirectlyby thetimerandnotdirectly by thestatechangeevent.

3.1 Hardware/Software Context, O.S.Presumptionsand BasicArithmetic

Considera systemwith an interruptserviceoverheadof
	

secondsper interrupt,and 
 active channels,eachwith
eventsarriving atanaveragerateof � eventspersecond.Independentof interruptservice,eacheventcosts� seconds
to service,e.g.,to transferthedatafrom thedevice. Theofferedtraffic is ���
 , andin asystembasedon aninterrupt-
per-event,thetotal overheadwill be ���
��� 	�� ��� . Sincethemaximumnumberof eventsservicedpersecondwill
be ��� 	�� � , therelationshipbetweenparametersis that ����� !
"#� 	$� ��� . Assumingthat

	
and � arefor themost

partfixed,we canincreasethenumberof active channelsandreducethearrival rateon each,or we canincreasethe
arrival rateanddecreasethenumberof activechannels.

However, for clockedinterruptsdeliveredatarate % persecond,thecapacitylimit is � ��%� 	&� �#'
!(� . Since�
is verysmallfor smallunitssuchascharacters,and

	
is verylarge,it makessenseto useclockedinterrupts,especially

when a reasonablevalue of % can be employed. In the caseof modernworkstations,
	

is abouta millisecond.
Note that asthe traffic level rises,morework is doneon eachclock “tick,” so that the datatransferrate �) 
* �
asymptoticallyboundsthesystemperformance,ratherthantheinterruptservicerate.Wenotethattraditionalinterrupt
serviceschemescanbe improved,e.g.,by aggregatingtraffic into largerpackets(this reduces� significantly, while
typically causingaslight increasein � ), by usinganinterruptononechannelto promptscanningof otherchannels,or
maskinginterruptsandpolling sometraffic intensitythreshold.

Onewould thereforeexpectthatfor applicationworkloadscharacterizedby high throughput,heavy multiplexing,
and/or“real-time” traffic, clockedinterruptsshouldbemoreeffectivethaneithertraditionalpolling or interrupts.

3.2 Clocked Interrupts

The ATM host adaptorwe developedfor the IBM RS/6000[Traw 93] was designedwith clocked-interruptbased
event-signallingin mind. Oneartifactof this wasthat therewasno supportfor interruptgeneration,anomissionthat
would plagueuslater, whenwe wereevaluatingwhethertheclockedinterruptschemeperformedaswe hadintended
andneededcomparisonagainstinterruptsto make thecase.While a comparativeevaluationwould havestrengthened
the technicalcasefor clocked interrupts,we wereableto demonstratetwo key assertions.First, clocked interrupts
coulddeliver throughputsup to thehardwarelimits of theRS/6000,in thiscaseslightly over130Mbit/s on theModel
580processor. Second,clocked interruptsprovidedexcellentsupportfor applicationswith multimediastreams;this
wasdemonstratedby teleoperating[Nahrstedt96] a robotarmoveranATM network usingseveralRS/6000s.

Thequestionof whetherany advantageactuallyaccruedto clockedinterruptsintriguedus,sowesetout to studyit
in asecondgenerationof ourhostinterfacearchitecture.Thesecondgenerationcombinedsegmentationandreassem-
bly in a singleboard,andabsorbedotherusefulfeaturesfrom thedesignof theAfterburner[Banks93, Dalton93]. It
alsooperatedat OC-12c,or four timesthe link rateof theRS/6000adaptorwhich operatedat theOC-3clink rateof
155Mbit/s.

To gettight controlof theclock on thePA-Risc wealteredtheclock supportsubsystemto performclock division,
andusedthebasicsingle-copy TCP/IPstackdevelopedby HP Bristol [Edwards94, Edwards95]. We werethenable
to constructa polling basedschemeusinga userprocess,apply traditionalinterrupts,andoperateclocked interrupts
at a varietyof clock rates.We useda 640+SONETcompliantlink to interconnecttwo HP 9000Model 755sback-to-
back,andthenperformedexperimentsusingthenetperf [IND 95] performanceanalysistool, with machinesboth
unloaded(Figure4) andloadedwith a computationallyintensiveworkload(Figure5).

While the experimentalsetupand resultshereare coveredin [Chung95] and [Smith 99], we have the data
graphicallyin thispaperratherthanin theprevioustabular format.For thesetwo diagrams,thelabel“Poll” with arate
indicatestheclocked interruptservicerate,that is, how many timespersecondthedevice statusis checked. 0.4Khz
meansthat thedevice is checked400 timespersecond.Thereis considerablevariability in performance,andthis is
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relatively moreimportantfor smallbuffer sizes,astheperformancefor largebufferswill bedominatedby datatransfer
limits.

TCP/IP Throughput, Afterburner ATM Link Adapter on HP 755s, 32KB messages (unloaded)
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Figure4: Throughputversusclocking,unloadedmachine

TCP/IP Throughput, Afterburner ATM Link Adapter on HP 755s, 32KB messages (loaded)
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Figure5: Throughputversusclocking,loadedmachine

It is clear from theseresultsthat at high polling rates,the clocked interruptschemeis ableto keepup with the
traditionalinterruptscheme,which is almosteverywherethebestperformer, with theexceptionof polling, whichdoes
bestfor smallpacketsizes.In a lightly-loadedenvironment,interruptswouldappearto bethebestsolution,exceptfor
someanomalous,but repeatableresultswhich show polling bestfor smallsocketbuffer sizes.

Another important factor in networking performance,and perhapsa more importantparameterfor distributed
applicationsis the round-trip latency inducedby the software supportingthe adaptor. Sincethe hardware was a
constant,we coulddirectly comparethesoftwareoverheadsof the threeschemes.This wasdonewith thefollowing
test.An artificial network loadwascreatedusingnetperf with asocketbuffer sizeof 262144bytesandoperatingit
continuously. Againstthisbackgroundload,ICMP ECHOpacketsof 4K bytesweresentto theTCP/IPreceiver, which
waswheretheevent-signalingperformancedifferenceswouldbeevident.Sixty testsweredoneto removeanomalies.
Ourresultsshowedthattraditionalinterruptsandclockedinterruptsat500Hz performedsimilarly, yieldingminimum,
averageandworst casetimesof 5/12/18ms,and4/11/25ms, respectively. Whenthe systemswerenot loaded,the
performanceswere3/3/3msand4/4/6ms.Thissuggeststhatclockedinterruptsperformedslightly betterunderheavy
load,but slightly worseunderunloadedconditions.
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Wedraw threeconclusionsaboutthisevent-signallingarchitecture.First,clockedinterruptscanprovidethroughput
equivalentto thebestthroughputavailablefrom traditionalinterrupts;bothmethodsprovide betterperformancethan
polling asimplementedhere.Second,clockedinterruptsprovidehigherthroughputwhentheprocessoris loadedby a
computationally-intensiveprocess;thissuggeststhatclockedinterruptsmaybeaviablemechanismfor heavily loaded
systemssuchasservers,which might also suffer from Ramakrishnan’s receive livelock. Third, clocked interrupts
providebetterround-tripdelayperformancewhensystemsareheavily loadedfor largeICMP ECHOpackets.

3.3 Relatedand Follow-On Work; Commercial Impact

Thework by Ramakrishnan[Ramakrishnan93] on “receive livelock” pointedout a realproblemwith O.S.manage-
mentof interruptson fastnetwork adaptors.While RamakrishnanstudiedFDDI, thebasicproblemsof anoperating
systementeringacompletelyinterrupt-drivenstatewereapplicableto ATM, andwhereSARwasnotdonein hardware
(asin first generationATM hostinterfacesfrom ForeSystems,whichdid SARin software),couldbefarworsethanfor
FDDI. Mogul andRamakrishnan[Mogul 97] notedthatclockedinterruptswereimmunefrom suchconsiderations,but
developeda hybrid architecture,which wasinterrupt-drivenunderlight load,but switchedto polling whena certain
thresholdof loadwaspassed.

A largeandinfluentialbodyof work at theUniversityof Cambridge[Black 95, Roscoe95, Hyden94, Leslie96]
wasdrivenby theneedto supportmultimedia.TheresultingNemesis operatingsystemhadmany features,including
Black’s schedulingscheme[Black 95] and its architectureasa singleaddressspaceoperatingsystem[Roscoe95]
which enabledhigh-performance.In many waysthis operatingsystemwaswell-suitedto the fine-grainedresource
multiplexing of which ATM wascapable.This is not surprising,asa varietyof ATM technologieshadtheir origin at
Cambridgein, or slightly before,this period.

The most importantderivative work was doneby PeterDruschel. In his work on Soft Timers [Aron 00], he
confirmedthat clock-drivenactivity wasa powerful paradigmfor networking subsystems.In a heavily multiplexed
subsystem,Morris [Morris 99] demonstratedthe value of a polling-like scheme,supportingthe basicanalysisof
traditionalinterruptsversuspolling we presentedabove. TheClick routerhashaddirectcommercialimpact,asit has
beenproductizedby MazuNetworks,Inc.

4 Conclusions

In ourdiscussionof changesin operatingsystemtechnology, wenotedthatRISCarchitecturesreliedheavily oncaches
to overcomemismatchesin speedbetweenCPUsandDRAMs. Buffer copying tracksDRAM performanceratherthan
baseprocessorperformance.In the network attachmentarena,the small ATM cell sizeof ca. 50 bytestook about
3 microsecondsto arrive at 130Mbps; 1500bytesarrivesin 12 microsecondsat 1 Gbpsand1.2 microsecondsat 10
Gbps,or within a roughorderof magnitudeof thefigureswith ATM in theearly1990s.

We have shown in this paperhow operatingsystemswererevampedto meetthe challengesposedby the ATM
networks of the early 1990s,andasthe paragraphabove illustrates,thosechallengeshave not retreatedbut have in
somesenseregroupedandreappeared.At thesametime, theuseof theInternetto bearvariousformsof multimedia,
suchasvoiceandstreamingmedia,hasagainrequiredoperatingsystems[Muir 01] to examineschedulingandevent
signalling,bothfor processingof network traffic andfor deliveryof thattraffic to hostapplications.

If thereis asinglelessonto takehomefrom thispaper, it is thattheATM technologyservedasavanguardto force
a rethinkingof operatingsystemarchitecturethatmight otherwisehavebeendelayeduntil today, andwhile operating
systemscontinueto evolve,theeffectsof this rethinkinghavealreadybeenfelt.
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