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Abstract

Performanceof Web senersis critical to the succesof mary corporationsand organizations. However, very few
resultshave beenpublishedthat quantitatvely studythe sener behaior andidentify the performancebottlenecks.In this
paperwe measureand analyzethe behaior of the popularApacheWeb sener on a uniprocessosystemanda 4-CPU
SMP (SymmetricMulti-Processorpystemrunningthe IBM AIX operatingsystem.Usingthe AIX built-in tracingfacility
andatrace-analysisool, we obtaineddetailedinformationon OS kerneleventsandoverall systemactivities while running
Apachedrivenby the SPECweb9&ndthe WebStondenchmarksWe foundthaton average Apachespendsbout20-25%
of the total CPU time on usercode,35-50%o0n kernelsystemcalls and 25-40%on interrupthandling. For systemswith
smallRAM sizes the Web sener performances limited by the disk bandwidth.For systemswith reasonablyarge RAM
sizes,the TCP/IP stackandthe network interrupthandlerarethe major performancebottlenecks.We noticethat Apache
shaws similar behaior on boththe uniprocessoandthe SMP systems.

After quantitatvely identifying the performancébottlenecksyve proposed techniquego improve the performancef
Apache. We implementedall but one of thesetechniques.Our experimentalresultsshav that thesetechniquesmprove
thethroughputof Apacheby 61%. Thesetechniquesregeneralpurposeandcanbe appliedto otherWebsenersaswell.
Finally, our resultssuggesthatoperatingsystemsupportfor directly sendingdatafrom thefile systemcacheto the TCP/IP
network canfurtherimprove the Web sener performancelramatically

*A preliminarywork of thisresearchl] hasbeenpresentedtthe 18thIEEE InternationaPerformanceComputingandCommunication€onference
(IPCCC'99)Februaryl0-12,1999Phoenix/Scottsdalérizona
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1 Intr oduction

With the explosive growth of the World Wide Web (WWW), more and more corporationsand organizationsare dependingon high
performancéVebsenersfor thesuccessf theirbusinessThehigh demandf Webrequest®ftenstressesr evensaturatesystemshat
have very large capabilities.For example,during the first chessmatchbetweenBM “Deep Blue” SP2supercomputeandworld Chess
championGaryKaspare, IBM Web site registeredover 5 million hits duringthe first gameandmorerequestsor the following games.
IBM hadto use9 SP2nodesto actasWeb senersto handlethe heary Webtraffic [2]. Accordingto CNN, NASA PathfinderWeb site
topped100million hits for thefirst 3 daysafterthe Pathfinderspaceshipandedon Mars. NASA hadto setup 20 mirror sitesaroundthe
world to keepup with thetraffic demand During the electionnightin November1996,CNN’s Websiterecordeds0 million hits.

Therearethreewaysfor a Web site to handlehigh traffic, namelyreplication(mirioring), distributedcaching, andimproving server
performance Replicationis simply distributing the sameWeb sener informationto multiple machineshat are eithera cluster[3], or
distributedin differentlocations. Sinceary oneof the machinescansene requestindependentlythe load of eachindividual sener is
reduced.Distributed cachingincludesclient-sidecaching[4], proxy caching[5, 6, 7, 8] or dedicateccacheseners[9, 10, 11] . These
approachesransparentlycacheremotedocumentson local storagesor a cachemachinethatis closeto the clients, therebyreducing
the traffic seenby the original sener. Finally, improving sener performanceancludesusing more powerful hardware suchasa SMP
(SymmetricMulti-Processor)system,using betterWeb sener software techniquessuchas pre-forking processpools[12], aswell as
usinghigh-bandwidtmetwork connections.

Considerableeffort hasbeeninvestedin studyingreplicationand distributed caching. Marny interestingand effective approaches
have beenproposedandimplemented.On the otherhand,lessattentionhasbeenpaid to improve the Web sener performance.Some
softwaretechniquessuchasavoiding Unix fork overhead12] andcachingin main memorieq13] are suggeste@éndused. Protocol
improvementssuchas Keep-alve and HTTP-NG [14, 12] are also suggestedr implemented. Other thanthese,thereare very few
publishedresultsaddressinghe issueof quantitatvely characterizinghe behaior of Web seners and improving their performance.
Improving Web sener performances important,however. Evenwith replicationandcaching,a significantnumberof requestsnay still
hit the original Web sener for a busy Web site. In addition, more and more Web pagesare dynamicallygeneratedwhich cannot be
cachedandmustbefetchedfrom theoriginal seners. Finally, thereplicationsenersandthe cachesenersoften usethe sameor similar
techniquessthe original Web seners,thusthey may alsobenefitfrom improvementso Web senersin general.Improving Web sener
performanceandreducingthe Web sener overheadarealsoimportantfor mary low-traffic Websitessuchasmostuniversity department
web sites. The Web seners of thesesitesoften run on time-sharingmachineshat also provide other servicessuchasfile senersor
computatiorseners. Reducinghe Websener overheadneanstherservicescanhave moreCPUtimesandothersystenresources.

To improve Websener performanceit is importantto quantitatvely identify the performancévottlenecksIn this paperwe measure
andanalyzethe behaior of the ApacheWeb sener runningon several differenthardware platforms.We shav that Apachespendsmore
than75-80%o0f its CPUtime on OSkernels.We will alsogive detailedmeasurementesultsonwherethekerneltimeis spent.Basedon
our performanceanalyseswe presenB techniqueso improve the performancef the Apachesener. Togetherthesetechniquesncrease
thethroughputof Apacheby morethan61% underthe SPECweb96vorkload.

Therestof this paperis organizedasfollows. Section2 briefly introduceshe ApacheWebsener, the SPECweb9&ndthe WebStone
benchmarksSection3 outlinesour experimentakrvironments.The measuremenesultsandanalysisarepresentedn Sectiord. Section
5 proposeseveral performanceenhancemertechniquesTheresultsof thesetechniquesrediscussedn Section6. We discusselated
work in Section7 andconcludethe paperin Section8.

2 Apache,SPECweb96and WebStone

2.1 The ApacheWeb Server

Apache[15] is afreely available,UNIX-basedWeb sener developedby a teamof volunteers It wasoriginally basedon codeandideas
foundin NCSA httpd 1.3, but hasbeencompletelyrewritten sincethen. We chooseApacheasthe baseof our experimentalsystem
for the following threereasons First, Apacheis the mostpopularWeb sener runningtoday accountingior morethan48% of all Web

domainson the Internet[15]. Second Apacheis afully featured high performancaVebsener, superiorthanmary otherUNIX-based
Websenersin termsof functionality, efficiency andspeed.Third, the sourcecodeof Apacheis available,enablingusto make changes



Expected Total File
ThroughputOps) | SetSize(MB)

1 22

2 31

5 49

10 69

20 98

50 154
100 218
200 309
500 488
1000 690

Tablel: Throughputvs. File SetSize

to the codeto improve its performance.
Apacheis a multi-processegrogram.WhenApachestarts,the main procesdorks into several child processethatareresponsible

for handlingincomingHTTP requestsEachchild procesdistensto oneor several specificTCP ports(hormally port 80). WhenaHTTP

requestomesin, onechild getstherequest.This child processeadstherequestparseshe URL (Uniform Resourcé.ocator),findsthe

file namecorrespondingo the URL, checksthefile statesperformssecuritychecking.opensthefile, readsts contentandfinally sends
thecontentto theclient. Thechild procesghenlogstherequesinformationto alog file, andlistensto the next request.

2.2 The SPECweb96Benchmark

SPECweb96vas developedby the StandardPerformanceEvaluation Corporation(SPEC).1t is the first standardizedenchmarkfor
measuringhe performancef Webseners.

SPECweb9&onsistof two parts: afile setgeneator anda workloadgeneator. Beforetestinga Web sener, thefile setgenerator
mustberunin the sener machineto populatea testfile setconsistingof mary files of differentsizes.Theworkloadgeneratothenruns
ononeor severalcomputersonnectedo the Websener machinebeingtestedvia a TCP/IPnetwork. It simulatesiVebclientsby sending
HTTP“GET” commanddo the Websener, requestingdor filesin thetestfile set. Theworkloadgeneratomeasuresheresponséime of
theWebsener, andincreasesherequestateuntil the sener cannothandlethem. The maximumHTTP requestatethatthe Websener
canhandleis the SPECweb9&alue.

An importantfeatureof SPECweb96s that the total size of the file setscaleswith the expectedthroughputof the sener. Thisis
becauseSPECbelievesthat a higherend sener shouldnot only provide fasterservicesbut alsosene morefiles (Web pages)thana
smallersener can.Tablel shavs therelationshipbetweerthe expectedthroughputandthetotal file setsizesdefinedby SPECweb96.

Mary studiesindicatethat small files are accessednore frequentlythanlarge files in mostreal world Web seners[16, 17, 18].
Similarly, in SPECweb96&the datafiles areclassifiedby their sizesinto 4 classesasshavn in Table2. Smallerclassesreaccessedore
frequentlyby the workloadgeneratothanlargerclassesre. Thefile sizesandaccesdrequenciesarebasediponanalysisof logsfrom
severalpopularseners,including NCSAs site,thehomepagedor Hewlett-PackardandHAL Computer

In the SPECweh96ile set, Class3 files accountfor 90% of the total file setsize. However their chancesof beingaccessedre
only about1%. The remainingfiles accountfor only 10% of the total file setsize, yet receving 99% of total accessesThis leadsto
animportantconclusion.Thatis, a relatively smallamountof RAM canbe usedto cachethe file setandeliminatemostdisk accesses
[19]. For example,a4-way SMP systemcantypically achiere a SPECweb9&umberof 2000,correspondingo afile setof 1 GB. Only
100MB of RAM is requiredto cachethefile setto achieve a documentit ratio of 99%, or a byte hit ratio of about60%. In fact, most
high performancesener systemsnowvadayshave memorysizesof hundredsmegabytesor even several gigabytes,asdemonstratedby
SPECweb96eports[19. Thesesystemsffectively cachealmostall filesin RAM. As aresult,for suchsystemsgisk actiities have little



Classes| File Sizes AccessFrequencies
Class0 | 0-1KB 35%
Classl | 1KB —10KB 50%
Class2 | 10KB-100KB 14%
Class3 | 100kB—-1MB 1%

Table2: File SizesperClassandFrequeng of Access

effectontheoverall sener performance.

2.3 The WebStoneBenchmark

SPECweb96s astandardizettenchmarkhatgenerateselatively realisticWebworkloadsfor evaluatingthe overall systenperformance.
It mixes4 differentclasse®f files in away closeto the accesgatternsobseredin realworld Web seners. However, researchersften

needto changehecharacteristicef theworkload,suchastherequessizesto identify the sener performancéottleneckundera specific

condition. SPECweb9&loesnot allow usersto changethe workload. Therefore whenwe needto studythe behaior of Apacheunder
differentrequessizeswe will usethe WebStonébenchmarldevelopedby SGI[20], which givesusersalmostcompletecontrolover the

workloadcharacteristicancludingtherequessizesandmixtures.

Oneproblemof WebStonas thatits default file generatopopulateghe sener with only 32files. If we usethesefiles asthe sener
file set,the sener will transfera very smallnumberof files over andover again. This may generateamisleadingresults,sincethe small
numberof files will alwaysstayin the file cacheandthe CPU cache. Fortunately WebStoneallows usingary datafiles. We choose
the sameSPECweh96&latafiles, which is large enough(several hundredsmegabytes)asthe Sener datafile. We setupWebStoneto
selectvely requesthe SPECweb96iles on a specificsizerange.

3 Experimental Environments

We studiedthe behaior of the Apachesener on both a uniprocessosystemand a SMP multiprocessoisystem. The uniprocessor
experimentalystemconsistof a|IBM RS/6000systemasthe sener andtwo PentiumPC systemsasclients,asshavn in Table3. Each
clientmachinehasa dedicatedl00 Mbps Ethernetconnectiorto the sener. The SMP experimentalsystemconsistsof two state-of-the-
art IBM 4-Way SMP machinespne asthe sener andthe otherasa client, connectedhroughtwo dedicatedL00 Mbps Ethernets.lts
configurationis listedin Table4.

WeusetheAlX built-in tracefacility to capturethesystemactivities while Apacheis running. Thetracefacility recordskernelevents
with an extremelyfine granularityof details[21]. The collectedtracedatais post-processelly the UTLD 1.2 program[22] developed
by IBM RISC System/600Mivision. UTLD analyzeghetracefile andgeneratea detailedsystemutilization reportincludingthe CPU
utilization, locking time, interrupthandlingtime, aswell asCPUtimesof individual systemcalls. For bettermeasuremerdccuray, we
repeatachmeasuremerf timesandaveragetheresults.

Thetwo sener systemsusedby this studyhave large RAM sizes.To studythebehaior of WebsenersundersmallerRAM sizeswe
runthe AIX rmss (Reduced-MemongystemSimulator)command23] to simulatesystemswith differentsizesof real memorieshat
aresmallerthanthe actualmemorysize,without having to extractandreplacememoryboards.

We useApachel.2.0during the experiment. Apacheis compiledwith the IBM C set++C compilet usingthe -O2 optimization
flag. All resultsareobtainedwith the Apacherequestoggingturnedon, unlessotherwisespecified. The “HostnameLookupsbptionfor
loggingis alsoturnedon becausehisis the default settingof Apachel.2.0.



Model 43P-140
Sener Numberof CPUs 1
Machine CPUType 200MHz PPC604e
(1 RS/6000) RAM Size 128MB
Disk Space 2x2GB
0s AlX 4.2.1
Model PentiumPC
Client Numberof CPUs 1
Machines CPUType 133MHz Pentium
(2 PentiumPCs) RAM Size 32MB
Disk Space 2GB
oS Linux 2.0.30
Network 2 x 100MbpsEthernet

Table3: UniprocessoiTestSystemConfiguration

Model RS/60007025F50
Sener Numberof CPUs 4
Machine CPUType 166 MHz PPC604e
(1SMP) RAM Size 2GB
Disk Space 8x4.5GB
0s AlX 4.2.1
Model RS/60007025F50
Client Numberof CPUs 4
Machine CPUType 166 MHz PPC604e
(1SMP) RAM Size 720MB
Disk Space 8x4.5GB
oS AlIX 4.2.1
Network 2 x 100MbpsEthernet

Table4: MultiprocessoiTestSystemConfiguration




4 MeasurementResults

4.1 Effectsof SystemRAM sizes

In ourfirst experimentwe run Apacheontheuniprocessosystemwith differentRAM sizes.Usingrmss, we settheusablesystemRAM
sizesto 16, 32,64 and128 MB, andrun the SPECweb9®enchmarko drive the Web sener. Figurel shavs the achieved SPECweb96
throughput(the numberof HTTP requestper second)aswell asthe network bandwidth(the numberof bytestransferecber second),
bothdiffer dramaticallyunderdifferentsystemRAM sizes.
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Figure2: ApacheCPU Utilization

Our analysisindicatesthatthe performancalifferencesaremainly causedy the effect of disk caching.For the workloadrangewe
consideredSPECweb9@ouchesabout100-380MB of file dataduring a typical testrun. Whenthe RAM sizeis small, suchasin the
casef 16 and32 MB, thesystemRAM is usedup mainly by theprogramcodeanddatapages As aresult,mostfiles cannotbe cached
in theRAM andmustbe fetchedfrom thedisk. In fact,we obseredthatin suchcaseghediskis 100%busy mostof time, meaningthat
to getthe datafor the next Web requestthe CPU mustwait until all currentdisk requestsn the disk queuefinish. In otherwords, the
Websener performancetlow systemRAM sizesis limited by the disk bandwidth.This canbefurtherdemonstratetly Figure2, which
shavs the CPU utilization (the proportionof time thatthe CPUis busy). For the systemwith 16 MB of RAM, the CPU doesusefulwork
for lessthan20% of time. For therestof the time the CPU simply waitsfor disk 1/0s. Ontheotherhand,the CPUis almost100%busy
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Figure3: ApacheCPU busy-timebreakdan

We alsotracedthe systemactiities and obtaineddetailedtiming informationof the system. Figure 3 shavs the CPU actiities as
percentagesf the total CPU busytime. In general Apachespendonly about20-25%of its CPUtime on the usercode. On the other
hand,it spendsalmost35-50%o0f its CPU time on kernel systemcalls, which includesthe “file system”,the “network” andthe “other
syscalls”portionsasshavn in Figure3 . The remaining25-40%of the CPU time is for handlingfirst level interruptsincluding 1/O
interrupts(Ethernetand disk interrupts),pagefaults and other interrupts(clockinterrupts,etc.). The interrupthandlersbelongto the
bottomhalf of the OSkernel[24]. Technicallythey arenot partsof the Web sener processesHowever, they provide necessargervices
for theWebsener andconsumea very significantportionof the CPUtime.

As pointedout before,the Web sener performances limited by the disk bandwidthfor small systemRAM sizes.Thereis perhaps
little thatonecando to improve the sener performancaindersmallRAM sizes exceptfor usingfastdisk systemsor adjustingthe disk
cachingalgorithms. On the contrary the Web sener performanceon a systemwith a large RAM sizeis mainly limited by its CPU
performancesinceour profiling datashav thatthe CPU s saturatedIf we canidentify the performancéiottlenecksandremove them
to reducetheir CPU time requirementsye canimprove the sener performance.In the following discussionsve will concentrateon
studyingthe behaior of Web senerson systemawith large RAM sizes. All following resultsfor the uniprocessosystemareobtained
with 128 MB of RAM. For the SMP systemall resultsaremeasuredinderthe default setupof 2 GB of RAM.

Figure4 givesdetailedCPUtime breakdavn for Apacherunningon the uniprocessosystemwith 128 MB of RAM. It clearlyshawvs
thatthe TCP/IP stackandthe low level network handlingconsumethe majority of the CPU resource.The codedirectly involved with
TCP/IP (the dark sectorson the bottom, including the EthernetDriver, the write 2, select andother TCP/IP systemcalls) takes 29%
of the total CPU time. The first level interrupthandlers(the light sectorson right, including I/O Interrupt, data page fault andother
interrupts) alsousea significantamount(24%) of CPUtime. Amongthem,the l/O Interrupt portionis mainly for handlingEthernet
interrupts. Sincemostdisk files arecachedn RAM, therearevery few disk actvities obsered. The TCP/IPandthe Ethernetinterrupt
handlerdogethertake 43% of thetotal CPUtime, whichis themain performancéottleneck File systemoperationgthelight sectorson
theleft, includingtheread, open, stat andothersystencalls)usel7%of the CPUtime, whichis very wastefulbecausenorethan99%
of the active datafiles canbe cachedn the systemRAM. The usercodeusesabout23% of total CPUtime. Finally, the “incinterval”
systemcall thatis mainly usedby thealarm andothertimer functionsuses3% of the processindgime. All othermiscellaneousyscalls,
whichincludesignalhandlingandsystencallssuchasgetpid andexit, take only about2% of thetotal CPUtime together

Iwe includethe Ethernetanddisk drivers asthe TCP/IP stackandFile systemactiities becausehe device driversarecloselyrelatedto the TCP/IP
stackandFile system.However the device driversareactually calledby Second_evel InterruptHandlers. Thusstrictly speakingthey arebottom-half

kernelactvities andarenot partsof the Websener processes.
2A very small percentagef the write time is actually causedy writing the log file, which is a file systemactivity. Similarly, a small portion of the

read time (about10%)is causedy readrequestsrom thenetwork, althoughwe classifyread asafile systemoperation.



4.2 Context Switching Overhead

Apacheusesmultiple processeso handlemultiple requestsconcurrently As a result, the overheadof the context switching between
Apacheprocessess of a performanceconcern. To reducethe overhead,mary nev Web seners suchas Zeus [25] now usemulti-
threadedarchitectures.

To quantitatvely identify the context switching overheadof Apache,we usethe UTLD programto generateprocessdispatching
reports. We found that the overheadcausedoy the dispatcher is a minimal (0.4%) portion of the total CPU time. While we are not
ableto directly measureghe context switchingoverheadcausedy cachemissespur resultsof runningthelmbench [26] OSbenchmark
indicatethatthe context switchingoverheador 20 processethattouch4KB dataeachafter context switchingis 43 microsecond our
system.The overheads 121 microsecond#f eachprocesgouchesl6 KB of data. Thesenumbersmatchwith the resultsreportedby
McVoy andStaelin[26]. Sinceon averageeachApacheprocesgoucheyreadsandsends)several KBs of databeforeanothercontext
switching, we canreasonablyassumehatthe context switchingdelayfor Apacheprocesses our systemis closeto or lessthan100
microsecondsThe UTLD programhasreportedthatthe averagetime betweendispatche®f Apacheprocessess about8 milliseconds,
which meanghatthe context switchingoverheads aroundor lessthan1-2% (100/8000).0n the otherhand,in athread-basedystem,
context switchingto anotherthreadmayalsocausemary cachemissedf thethreadtouchesalargeamountof data.

The mainadwantageof usingthreadis thata threadtypically useslesskernelresourceshana processloes. The context switching
overheadof threadss alsolower thanthatof processesThis is especiallytrue for somesystemshat have to flush the entire contentof
the cachebetweeneachprocesscontet switch. On the otherhands,our measuremenesultsshav thatfor a PoverPCsystemrunning
AlIX, the dispatchingand context switching overheadf Apacheare alreadyvery low. This suggestg¢hat using a thread-basedVeb
sener architecturénsteadof a process-basegpproachmay notalwaysimprove the sener performancesignificantlyfor someplatforms.
While usingthreadscanalsoeliminatethe inter-processommunicatioroverheadcausedy signals,our profiling datashavs thatsignal
handlingoverheadon Apacheis not significant. Furthermorea process-basedpplicationis easierto port comparedo a thread-based
program,becausenct all systemssupportthreads. In general,we believe that the choice betweenmulti-processesnd multi-threads
shouldmainly be a preferenceof programmingstyle, ratherthana major performanceonsideration.
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Figure4: DetailedApacheCPU Time Breakdavn (128MB)

4.3 Apacheon a SMP system

We have alsorun Apacheon a4-CPUSMP systemwith 2 GB of RAM asasenerandSPECweh9®n anothelISMP systemasaclientto
generatdHTTP requestsHowever, the SMP systenrunningthe Web sener is sopowerful thatit cannot be saturatedy theclients. As
aresult,the CPU utilization is only about60%. Neverthelessour profiling data,which areshavn in Figure5, still provide mary useful



insights.

Figure5looksverysimilarto Figure4, implying thatthebehaior of Apacheona SMPsystenis very similarto thatonauniprocessor
one. A noticeabledifferences thatthe /O interrupttime in the SMP systemaccountdor 25% of total CPUtime, asoppositeto 14%in
theuniprocessosystem.Sincewe usethe samel00BaseTEthernetcardsfor boththe SMP andthe uniprocessosystemsthedifference
should not be causedby the network cardsthemseles. Instead,we believe thatit is causedby bus contentionor the SMP cache-
coherencerotocol overheadfor DMA datatransfer The datapagefault overheaddisappeardecauseéhe SMP systemhassuficient
amountof memoryto hold all programdataandcodepagesaswell asfile data.Finally, the accept systemcall, which doesnotshav up
in theuniprocessocase now consumes noticeableportionof time.
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Figure5: DetailedApacheSMP CPU Time Breakdavn

4.4 Effectsof RequestSizes

SPECweb9@eneratedVebrequestswith mixedrequessizes.While it givesusabalanced/iew on the overall systemperformanceand
behavior, it is oftendesirableto studythe systembehaior underdifferentrequessizes.The studiesof oursandothers[27] indicatethat
differentrequessizesstresghe systemin very differentways.

To studythe behaior of Apacheunderdifferentrequestizes,we conductedanother4 groupsof testson the uniprocessosystem,
usingthe WebStoneébenchmark For the reasonglescribedn Section2, we use SPECweb9@&latafiles asthe testfile setfor WebhStone.
The SPECweb96iles are classifiedaccordingto their sizeswith classO beingthe smallestsizesandclass3 the largestsizes. In each
groupof thetestswe let the WebStoneequestibout100differentfiles from a specificSPECweh96ile class.As aresultswe areableto
measurehe behaior andidentify the problemsof Apacheunderdifferentfile sizes.

Figure6 summarizesheresultsof the Apachebehaior underdifferentrequessizes.Thisfigure clearlyshavs thatwhentherequest
sizesaresmall (classO andclassl files), usertime dominateshe total CPU time. Thefile systemandthe TCP/IP stackarerelatively
equallystressedFor largerequestgclass2 andclass3 files), Apachespendsnostof its time on the TCP/IPstack.

The detailedCPU time breakdavns for differentfile sizesareshavn in Figures? to 10. It is clearfrom the figuresthat, for small
requessizes(class0 andclassl), Apacheusercodeis the main performancéottleneckaccountingor 34-36%of thetotal CPUtime.
This is becausehatthereis a fixed amountof overhead suchasparsingthe requestandlogging the requestjnvolved in eachrequest.
Whentherequestizeis small, the time spenton transferringdatafrom the file systemto the network is relatively short, thereforethis
fixedoverheachecomes dominantportion. Thelargeoverheadsuggestshatthereis potentiallyalargeroomof improvementontheuser
codeof Apache.Firstlevel interruptprocessings anothemajor overhead consumingl9-20%o0f the total processingime. However,
thereis perhapdittle one cando aboutthis, exceptfor using a very intelligent device that requiresless CPU attention. Finally, the



100% -

W 1/O Interrupt
90% +

B other interrupts|
80% +

70% T W data page fault
60% +

50% + Dother syscalls

Total CPU Times

40% + Efile system

% 4
30% Onetwork

20% T

10% +

l -

classO classl class2 class3
File Classes

0% -

Figure6: ApacheCPU Time for differentfile sizes

CPU spendsalmostidenticalamountsof timeson the file systemandthe TCP/IPstack. Thereareno olviously dominantsystemcalls,
implying thatonecannot expecta significantperformancéncreaseby eliminatingoneor afew systemcalls.

user

other filesystem
3%

stat
4%

open
4% 1/0 Interrupt
15%

read
6%

data page fault
2%
other interrupts
sigaction 3%
~incinterval 2%
ethernet driver 5oy
3%

other tcp/ip
5%

select

4% )

write

8%
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The casedor largefile sizesarecompletelydifferent. Becauseof the large requestizes,the overheadof the usercodebecomes
relatively smallportionof thetotal processindime. Rather the CPUspendsnostof its time onthewrite systemcall, which copiesdata
from the userspaceto the kernel M BU F's (the buffer structuresusedby the TCP/IP stack). The total time spenton thefile systemis
similarto the casef smallfile sizes.However, now theread systemcall, which transferdile datafrom thefile systemcacheto the user
spacedominateghefile systemoperationdbecausef the largefile sizes.The overheadsausedy otherfile systemactuities, suchas
open andstatz, becomenggligible.

5 Impr oving the ApachePerformance

We have shawn thatfor the SPECweb9@vorkload,on a uniprocessosystemApachespendsabout23% of the total CPU time on user
code,26% on interrupthandlers 29% on TCP/IP processingand 17% on file systemoperations.lt is difficult to reducethe overheads

10
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causedby TCP/IP processingandinterrupthandlingunlesswe modify the OS codeor changethe hardware. On the otherhand,it is
possibleto greatlyreducethefile systemoverheadandthe usercodeoverheadaswill be demonstrateéh the remainingof this section.

5.1 Usingthe mmap function

For our systemwith 128 MB of RAM, almostall frequentlyaccessedile dataarecachedn thefile systemcache.However, Figures?
to 10 clearlyindicatethatfor all 4 differentclasse®f files, Apachestill spendsa considerablemount(17-19%)of its CPUtime on file
systemactivities. Thereasorto this high overheads thatfor almostevery HTTP requestApachehasto checkthefile stateusingthe stat
systemcall, open thefile andread thefile datafrom thefile systemcacheinto the userbuffer, beforeit canshipthedatato the network.

Ourfirst approachs to usethemmap functionto eliminatethe datacopying betweerthefile systemcacheandtheuserspace When
Apacheneeddo readafile, we let the programopenthefile, thenusethemmap functionto mapthe dataof thefile into the userspace.
As aresult,the sener cansendthe mappeddatadirectly to the network, avoiding the read systemcall altogether Whenthe entirefile
contentis sentout, thefile is unmappedndclosedto limit the numberof openedilesin the system(mostOSsposea limitation on the
numberof files a processanopen).

This approachs easyto implement. However, we found that the effectivenessof this approachis limited for the following two
reasonsFirst, for smallfile sizes(classO andclassl files), Figures7 and8 shaw thattheread systemcall accountgor only 30-50%o0f
thetotal file systemoverhead Otherfile systemcallsthatcannot be eliminatedby mmap, suchasopen andclose, alsohave significant
impactson the sener performanceSecondfor eachmmappedagesaccessetly the Websener, the Virtual Memory systemgenerates
apagefault, eventhefile dataarealreadycachedn the kernelbuffer. Sincethefile is unmappedndclosedafterthe dataaresentout, a
sequencef pagefaultswill occuragainwhenthefile is re-mappednto the userspacenext time. Becausef the overheadof pagefaults,
readingdatafrom the mmappedareais about20-100%slower thanfrom the usermemoryspacen mostOSs,asreportedoy McVoy and
Staelin[26]. Our own experimentsalso confirmedtheir obseration. The Imbench benchmarkeportsthat our systemhasa memory
bandwidthof 72 MB/secfor readingdatafrom the userspace.The memorybandwidthis 59 MB/secfor readingdatafrom mmapped
areaswhichis about22%lower thantheformer We will furtherdiscusshe performancémpactof the mmap overheadshortly.

5.2 Cachingfilesin the User Space

A bettersolutionis to cachethe file datain the Web sener userspace.A Web sener candirectly ship the dataof cachedfiles to the
TCP/IPstack,avoiding all file systemcallssuchasopen, read andclose. Moreover, asdiscusse@bove, readingdatacachedn theuser
memoryspacds fasterthanfrom the mmappedarea resultingin a bettersener performance.
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To evaluatethe performancebenefitof cachingin the Web sener userspace we conductedhe following experiment. we let the
WebStonaepeatedlyetrieve a single 1 MB file from the Apachesener. Becauseof the largefile size,the overheadsausedy open
andclose systemcalls are nggligible. We have alreadyfoundthatin our system readingdatafrom the userspaces about22% faster
thanfrom a mmappedarea. Figure 10 shavs thatwhentransferringlarge files, Apachespendsmostof thetime on the write function,
which readsdatafrom the userspaceor from the mmappedareaandwrites the datato network buffers. Thereforewe expectedthatthe
sener bandwidthof Apachecachingdatain the userspaceshouldbe noticeablyhigherthanthat of Apacheusingmmap. We obtained
anaveragesener bandwidthof 87.24Mb/secby cachingthefile in theuserspaceascomparedo 78.30Mb/secif we usemmap to fetch
thefile data,giving riseto almost11%improvement.

Our profiling dataalsoindicatesthat Apachefrequentlycallsthe stat systemcall to getthefile statessuchastheaccespermission
andcreate-timeénformation. For smallfile sizesthe stat systemcall accountdor about20% of thetotalfile systemoverhead It will be
beneficialto cachethefile statein the Web sener userspacealso. Sincethefile stateinformationis small,the overheador cachingthis
informationis minimal.

In theremainingof this sectionwe presenthedesignof a usetrlevel cachefor Apachethatcachedoththefile dataandthefile states
in ausermemoryregion sharedoy all processes.

5.2.1 Data Structures

The datastructuresof the cacheis shavn in Figure11. The cacheis divided into two parts,namelythe cacheinformationpartandthe
cachedatapart. Thecacheanformationpartis usedto managehe cacheandstoredfile stateslt is in asharednemorysection consisting
of ahashtableanda Cache Nodetable Thefile dataarestoredin anothersharednemoryareacontainingmary buffers.

TheCacheNodetableis afix sizearrayof Cache Nodes Eachfile in the cachehasoneandonly oneCacheNode. Thetotal number
of CacheNodesis the maximumnumberof files thatcanbe cached.We choosethis staticarrayapproactbecausef its simplicity and
efficiengy. We do not have to write a memoryallocatorfor the sharedmemorysectionto dynamicallyallocatedata. We cansetthe
maximumnumberof nodesto a very high number say10000,soit will not posea severelimitation in arealworld system.Sincethe
tableresidesin the virtual memoryspace the unusedportion of the tablewill not be keptin the real memorysoit causesalmostno
additionaloverhead.

A CacheNode containsthe file name,the LastCachedTime, the Attribute andotherinformationrelatedto a cachedfile. The
LastCachedTime is for solving the cachecohereng problem,which will be discussedshortly The Attribute field storesthe file
attributes(states)suchasthefile type,ownership createtimes,etc. The cachegetstheinformationusingthe C stat andlstat functions.
Sincethefile statesarecacheda Web sener doesnot have to call the operatingsystemwhenit needsthe information. The hashtable,
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which is an array of pointersto CacheNodes,is usedto speedup the lookup of the cache.Eachpointerin the hashtablealsohasan
associatedbck to preventtwo processefrom modifying the hashchainatthe sametime.

The actualcacheddatais storedin anothersharedmemoryarea. Eachfile storesits datain a buffer thatis a portion of the shared
memoryarea. The Buffer dataentry in the CacheNode of afile pointsto the startingaddressf its buffer. Becauseall buffers arein
thevirtual memoryspacewe do not have to implementour own LRU algorithm. If realmemorybecomedimited, the virtual memory
systemwill automaticallypageouttheleastfrequentlyaccessepages.

Sincelargefiles areseldomaccessedp preventalargefile from flushingothercachediles from therealmemoryandcausingvirtual
memorythrashingthe systemimposesa userspecifiedupperlimit to the sizesof thefiles thatcanbe cachedFor example,afile will not
becachedf its sizeexceedslO0KB. We usethemmap functionto speedup accessefor uncachedargefiles. In ary casethefile state
is alwayscachedregardlesf the sizeof thefile.

5.2.2 Operations

The cacheprovidestwo operationdo the Web sener, namely“get file state”and“get file content”. Thefirst functionreturnsthe cached
file statefrom a CacheNodeon a cachehit, or gettheinformationfrom thefile systemandcacheit beforereturningon a cachemiss. Its
interfaceis similar to andcanreplacethe Unix functionsstat andistat. The “get file content”simply returnsa pointerto thefile data
buffer for a cachehit. On amissthecachereadsthedatato a cachebuffer from thefile systemandthenreturnsthe buffer pointer If the
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file is notfound or not cacheabléfor example,too large), thefunctionsimply returnsa NULL pointer The Websener will thenusethe
mmap functionto getthefile data,or reportanerrorif thefile doesnot exist.

While checkinga CacheNode entry, the systemalso compareghe currentsystemtime with the LastCachedTime field of the
CacheNode,which givesthe time of thelastupdateof thefile state.If the differencebetweerthe two time valuesexceedsa threshold,
say 60 secondsthe systemreloadsthefile stateandcomparesewly loadedstatewith the old one. If the cachefindsthatthe file have
beenupdatedby users,the currently cachedfile datais discardedso thatit will be reloadedfrom the file systemlater. This approach
impliesthatthereis a shortperiodof time, say60 secondsgduringwhich a cachedile andits disk file versionmight not bethe same We
believe thatthis shorttime of inconsisteng will notcausemajorproblems.In casea userwantsthe nevly modifiedWeb pageavailable
immediatelyto the Web sener, we provide a programto loadthefile into the cacheéimmediately

5.3 Speedingup Logging

Typically a Web sener logsevery HTTP requesinto alog file. Thelogginginformationincludesthe client name the requestime, the
requestedJRL, etc. During our experimentswe found that the logging processof Apacheis a major overhead. For example,on the
uniprocessosystemwith 128 MB of RAM, the SPECweb9Gumberof Apachewith loggingis 158 ops/sec.Simply turning off the
loggingoperatiorresultsin aSPECweb9®umberof 194ops/secwhichis a22%improvement.Sincelogginginformationis very useful
for mary Websites, it is desirableto reducetheloggingoverheadof Apache.

5.3.1 CachingDNSresults

We foundthatthe majority of overhead®f loggingcomesfrom looking up the hostnamef clients. Apacheusesthe getnamebyaddr
functionto performthe DNS (DomainNameService)lookup usingclient IP addresseasinputs. Apachecalls the function for every
HTTP requestbeinglogged. This is very wasteful,sinceusersnormally sendout a sequencef requestgo a Web sener for multiple
objectsin aWebpage(the HTML file andmary smallbitmapfiles). As aresult,multiple namelookup operationsareperformedfor the
samelP addressTheoverheads especiallyhighif thereis no namesenerrunningatthelocal machine.In sucha casethenamelookup
requestsnustbe sentacrosshe network to anamesener, causingong delaysandextra network traffic. For smallfile sizes thelogging
delayscausedby DNS lookupsmay dominatethe HTTP requestresponsdime. While it is possibleto disablethe hostnamelookup
processeandlog only theclientIP addressesnostWebadministratorsvould preferlogginghostnamespecausét providesmuchmore
information.

We solwve the problemby usinga simple and effective technique— A DNS cachethat cacheghe hostnamesandIP addressesf
clientsin the Web sener addresspace.The DNS cacheis a small array (aboutseveral hundredentries)of recordsthatcontainthe host
namesandIP addressesf client machines.The cacheentriesareindexed by hashingthe IP addresof machines WhenApacheneeds
to lookupa client’'s namewith an IP addressthe DNS cacheis checledfirst. If thereis a cachehit, the machinenameis returnedfrom
the cache.Otherwisethe cachecalls the getnamebyaddr functionfirst to find the machinename,putsthe informationinto the cache,
thenreturnsthe machinename.Our measuremenesultsshav thatthis simplesolutionimprovesthethroughputof Apacheby morethan
14%. This is equivalentto reducingthe logging overheadoy 63% (14/22),sincethe logging overheadeduceghe sener throughputoy
22%. Of coursethis numbenrepresentshe bestcasesituation.Becausehereareonly 2 clientmachinegluringour testing,the cachehit
ratiois 100%. Neverthelessye believe thatin the real-world situationthe cachecanachieve a hit ratio of 70-90%or more. Typically a
clientgeneratesitleastadozenHTTP requestdo a websiteduringa visit. Only thefirst requesheedsa namelookupto anamesener.
For theremainingrequeststhe client namecanbe obtainedrom the DNS cache.

5.3.2 Caching String Results

WeranApachewith thegprof profiling tool andfoundthatanothemoticeableportion of thelogging overheads causedy loggingthe
requestime andstatuscode. For eachrequest Apachehasto corvert the currentsystemtime into a human-readabl&SCII stringand
thenwrite the stringinto thelog file. Similarly, it hasto corverttherequesstatuscode— successr fail, for example— into anASCII
string. Both string corversionoperationsareexpensve.

However, mary of the stringoperationsareredundantFor example,theloggingtime resolutionis only 1 second As aresult,in ary
secondApachecalls the time corversionroutineshundredgimes, only to convert the sametime into the samestring againandagain.
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Similarly, the majority (80-90%)of statuscodesduringa normaloperationperiodshouldbe “successful[16]. It is wastefulto convert
the same'successful’statuscodeinto the samestring over andover again.

The overheadcan be significantly reducedby cachingthe last string corversionresult. For example,we let the time-corversion
routine storethe resultingstringin a staticarray WhenApachecalls the corversionroutine again,the routinereturnsthe resultin the
staticarrayif thecurrenttime algumentis thesameasthelastcall, thusavoiding mary redundanstringoperations Similar optimizations
canbe appliedto the statuscodeconversionand several other placesin the Apachecode. This requireschangingonly several lines of
code.Theresultis a20% of reductionon theloggingoverheadpr athroughputmprovementof about4 percent.

5.3.3 Delayed Logging

The DNS cacheandthe string resultcachesliminateabout83% of the logging overhead.The rest17% of performancdossis mainly
causedyy otherusercodedealingwith logging,andby thewrites systemcall thatwritesthelog entryinto thelog file for eachrequest.
Initially we believed that the write systemcall is the causeof the slowdown, so we designedandimplementeda mechanisntalled
delayedogging, trying to eliminatethe overheadcausedy writes. We keepalargelog buffer (32 - 64 KB) in asharednemorysection
sharedby all Apacheprocessesinsteadof calling write, the Apacheprocessesopy thelog entriesto thelog buffer. Thewrite system
call is only invokedwhenthelog buffer is full, or by a backgroundrocesghatflushesthelog buffer to the disk file every 60 seconds.

Unfortunately while the delayedlogging approacteliminatesmostwrite systemcalls for logging, our testingresultsshav thatit
doesnotresultin a measurabl@erformanceancrease.We believe thatit is becausahe write systemcall of AIX is very efficient. Its
mainoverheads copying datafrom the userspaceo thefile systemcache.Theactualwrite to thedisk occurslaterwhenthefile system
cachés full orwhenthecaches flushedby theflushdaemonThedelayedoggingschemealoesnot reducethe overheadf datacopy (it
actuallyincreases the numbersof datacopy), thusit doesnot help. However, this schemanay still be usefulfor systemsof which the
write functionhasalarge overheadn additionto datacopy.

5.4 Caching URI ProcessingResults

We have shavn that Apachespendsabout20-23%of its CPUtime on usercode.Usingthe gpro f tool, we foundthatabout60% of the
usertime arefor processingJRIs (Uniform Resourcdndicators,the partsof URLSs after the colon), e.g., parsing,directory checking,
securitychecking translatingthe URI to afile name etc. The URI parsingoverheacbecomes major performancebottleneckafterthe
file systemoverheads eliminatedby the userlevel file cache.

The problemhereis very similar to the onefacedby physicallyaddressedCPU caches.A physicalCPU cachecaneliminatethe
overheadf transferringdatabetweerthemainmemoryandthe CPUon cachehits. However, the CPUneedgo translatevirtual addresses
to physicaladdressebeforeaccessinghe cache The addresdranslationprocesss potentiallyvery expensve, involving accessingage
tablesin theRAM for eachmemoryaccessAlmostall modernCPUsuseTLBs (Translatiorlook-asideBuffers)thatsignificantlyreduce
the addresgranslationoverhead.A TLB cacheghetranslatedbhysicaladdresseto speedup addresdranslation.We adoptedhe idea
of TLB into the Websener design.The URI parsingprocesgesembleshe procesof translatinga virtual addresga URI) to a physical
addresgafile name).This similarity leadsusto thedesignandimplementatiorof a URI cachethatgreatlyspeedsip the URI processing
of Apache.WhenApachefinishesparsingandcheckinga URI andobtainsafile namecorrespondingo the URI, the URI/file-namepair
is putinto thecache Laterwhenaclientsendthe sameURI to the sener, the sener canobtainthefile namecorrespondingo therequest
directly from the cacheandsendthe dataout, without going throughthe time-consumingarsingandcheckingprocessagain.Note that
becauseipachesupportsthe conceptof “Virtual host” 2, the sameURI may resultin differentfile names.Consequentlyeachvirtual
hosthasits own URI cache.Similarly, differentURIs may correspondo the samefile, althoughit is easyto handlethis situation.

This schemes especiallyhelpful for dynamicallygeneratedVeb pagessuchasdirectorylists, becauset is expensve to generate
suchpages.Becausaynamicpagesdo not have correspondinghysicalfiles, the programassignsa unique“pseudo-file-nameto each
pageandstoresthe resultingpagedatawith the pseudo-file-namén thefile cache. The URI/pseudo-file-nameair is alsocachedn the
URI cacheto speedup accesses.

Anotherpossiblesolutionis to usetheideaof virtual addressachesFor example thefile cachecanbeindexedby URIs (thevirtual
addressesinsteadof by file names(the physicaladdresses)Whena client requestsa URI, the file cacheis searchedisingthe URI

3“Virtual hosts”refersto theability of a singleWebsener actingasmultiple “virtual” Webseners,eachof themhasits own nameandIP address.
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astheindex, andthefile contentis returnedon a cachehit. This solutionis fasterthanthe decoupledJRI-Cache/File-Cachsolution
presentechbore. However, after someexperimentswe rejectedthis idea. The reasonis that this schemefacesthe sameproblemsof
synonyms(aliases) andhomonyms of virtual cacheq28]. Synorymsoccurwhenseveral URIs correspondo the samefile name.A
virtual cachewill cachehesaméfile multipletimesfor eachURI, wastingmemoryspaceandmaycausea consisteng problemif theWeb
sener supportshe HTTP “PUT” (modification)operation. Homoryms occurwhena URI correspondso several differentfile names,
suchasin the caseof multiple virtual hosts. Solving the problemsof synoryms andhomoryms requiresrelatively comple software,
thereforewe implementedhe simplerandmoreflexible decoupledapproach.

Apachesupports‘Content Negotiation”. For the sameURI, Apachemay returndifferentdocumentssay a Frenchversionor an
Englishversion,uponthe requestof clients. Currentlywe have not found an efficient way to handlecontentnegotiationsin the URI
cache.Thereforewe do notcacheheURI/file-namepairif it is aresultof acontentnegotiation. Thiswill notcausea majorperformance
problem,sincenot mary documentsiowvadaysusecontentnegotiations.

6 Resultsof the EnhancementTechniques
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Figure12: SPECweb9@®Resultsof the Enhancedipache

Figure 12 compareghe performancenf Apachewith variousperformance-enhancemesthniquesve proposedandimplemented.
Thebaronthefarleft is the performancef the original Apache We canseethatthe DNS cache@mprovesthe sener throughputyy more
than14%. Cachingthe string corversionbringsin anotherd% performancencrease We thenusethe mmap functionto speedup both
smallfiles andlargefiles accessesThis resultsin a 9% throughputincrease However mmap doesnot eliminateotherfile systemcalls
suchasopen andclose, thereforethe sener still spendsa lot of time onfile systemoperationsNext we addthe cacheof thefile states,
which eliminatesall stat callsandresultsin a3% improvement.Wethenaddthe userlevel file cachefor smallfiles, andusemmap only
to speedup accessefor uncachedargefiles. The userlevel file cacheremoresalmostall file systemcalls,improving the performance
by about11%. Finally, we implementthe URI cacheand obtainanotherl10% speedup. Togetherthe 6 techniquesve proposedand
implementedoostthe performancef Apacheby morethan61%,asshavn by theright mostbarin Figure12.

To explorethe potentialsof furtherimprovementswe tracedthe Apachesener incorporatingall the above techniquesandobtained
theprocessingimedistributioninformationshavn in Figurel3. As expectedhefile systenpperationarealmostcompletelyeliminated,
indicatingthatour cachingschemesvorkedvery well. Becausef thereductionof thekerneltime, the proportionof the overheaccaused
by the Apacheusercodeincreasegventhoughour URI cachereducesheusercodeoverheadsignificantly In fact,the Apacheusercode
now takes31% of thetotal CPUtime, which is themajorbottleneck.Usingthegprof programwe foundthatalarge portionof theuser
time is spenton computingthe HTTP responséeaderinformation, suchasthe file modificationtime, file length, etc. We arecurrently
trying to pre-computehe HTTP headinformationandstoretheinformationin thefile cachewhenafile is loaded(or reloaded)nto the
file cache.This shouldeliminatemostoverheadcausedy computingthe HTTP responséieaderin [29] Kaashoeletal. alsosuggested
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to pre-computéhe HTTP headeiinformationandstoreit in afile. Our schemaloesnot have to storethe headersn files. Rather it takes
theadwantageof our userlevel cacheandautomaticallycalculategshe headeinformationwhenafile is loadedinto thecache.
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Figure13: DetailedCPU Time Breakdavn for EnhancedApache

While it is possibleto further optimize the usercode of Apache,Figures13 shaws that two actiities, namelythe Ethernetl/O
interruptsandthewrite systemcalls,alsogreatlylimit the sener performanceAlthoughit is difficult to reducetheinterruptoverhead,
it is possibleto greatlyreducethe overheadof write systemcallsfor the following reasonsThe overheadof a write is mainly caused
by datacopying. Evenwith mmap andour userlevel file cache the write systemcall still hasto copy datato the kernel M BUF,
eitherfrom the kernelfile cachein the caseof usingmmap, or from the userfile cache.The datacopying causesignificantoverhead,
especiallyin the casef multiprocessosystemdecausef the cache-coherengerotocols. Moreover, the copying procesdlushesthe
CPUdatacachejncreasinghe cachemissratios.

We believe thatfuture operatingsystemsshouldprovide supportfor directly sendingdatain the kernelbuffer to the network without
copying. For example,the OS canprovide a systemservicecalled “read file_into_mbuf”, which readsthe file datafrom the disk and
cachesthemin the kernelin an M BUF chain. Later an applicationcanissuea “sendfile_in_-mbuf” systemcall, which passegshe
M BUF chaindirectly to the TCP/IPstack,without the needof datacopying. Thiswill greatlyimprove the performancesf Webseners
aswell asothernetwork applicationssuchasfile seners. It is alsopossibleto unify theabove two callsinto a single“sendfile” system
call, which shipsthe specifiedile from thedisk (if thefile is not cached}o thenetwork directly . Thistechniqués especiallyimportant
for largefiles, becausd-igures9 and10 shav thata Web sener spendsmostof its time on thewrite systemcall for largefile sizes.We
expectthatthe techniquewill atleastdoubleor eventriple the sener performanceor large files which are becomingmoreand more
importantbecausef theincreasinguseof audioandvideo files on the Web pages.It will alsosignificantlyreducethe sener overhead
for smallfiles.

7 RelatedWork

McGraph[30] measuredhe throughputsandresponsedimesof several Web senerson 4 differenthardware platforms. He found that
deliveringlargefiles is dominatecdby the network transfertime, regardlesof the sener softwareor platforms.

Almeidaet al. [27] and Yateset al. [31] have recentlypresentedan interestingstudy on measuringthe behaior of the Apache
Websener onaPCrunningLinux [27]. Usingthe Webmonitorthatthey developedandthe kernelprofiling facility in Linux, they have
measure@dndanalyzedhesener performancentop of Linux. Ourresearcluiffersfrom theirsin thefollowing importantaspectsFirst,
the AIX tracingfacility andthe UTLD programprovide us with muchmoredetailedsystemactiity statisticsthanLinux can. Second,

4MicrosoftalreadyhassuchanAPI calledTransmit File in the Windows NT system.
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AlmeidaandYatesetal. usedalow-endplatform,whichis a 75 MHz PentiumPCwith 16 MB RAM. We studythe Websener behaior
on a rangeof hardware systemssuchasa fast200 MHz PoverPCuniprocessosystemwith 128 MB of RAM, anda very powerful
4-Way SMP systenwith 2 GB of RAM. As indicatedpreviously, differentmemorysizespresengjuitedifferentperformancéehaiors of
the Apachesener. Third, they useda 10 MbpsEthernetasthe connectiorbetweerthe clientsandthesener. Our studies,aswell asthe
SPECweb9@locumentsindicatedthatthe 10 Mbps Etherneis saturatedy afew clients,leaving the CPUidle mostof time andcausing
notablemeasuremergrrors. Fourth,insteadof only usingWebStoneye alsouseSPECweb96which is a standardizethenchmarkand
generatesnorerealisticworkload. Finally, we have alsoproposedandimplementedseveral performanceenhancemertechniqueghat
improve the performancef Apachesignificantly

In [13] MarkatosproposeaachingWebdocumentsnsidetheaddresspaceof Webseners,whichis similarto our userlevel caching
approachHereferredto thisideaas“Main MemoryWebCaching”.He usedsener tracesrom severalWebsitesto conducttrace-drven
simulations He shavedthatevenasmallamountof mainmemory(512Kbytes)canhold morethan60%of thedocumentsequestedWe
independentiyproposedhe similarideaof cachingdfile dataandactuallyimplemented the cachefor the ApacheWeb sener. We also
usethe mmap functionto speedup accesset largefiles. Moreover, in additionto thefile content,we cachefile statesalso,sinceour
profiling datashav that Apachefrequentlyinquiresthe stateof files. Our measurementsnderthe SPECweb96vorkloaddemonstrated
that our cachedesignandimplementationis successful.Finally, we usethe OS virtual memorysystemto implementthe cacheLRU
algorithm. This approactgreatlysimplifiesour designandinteractswell with otherpartsof the system.

Several new Web seners, suchas Zeus, also usethe mmap function for fastfile accesses.However, becauseof the lack of
documentatiorye do notknow theirimplementatiordetails.

In [32] Chenetal. briefly reportedthe memorybehaior of Web senersrunningon threePersonalComputerOperatingSystems,
namelythe NetBSD,theWindows NT andtheMS-Windows. They foundthatall threesystemssufer from very high cachepenaltiesand
suggestedhatWeb senerscould benefitfrom optimizationsto avoid cachelatengy.

The DNS cachingtechniquehasbeenusedin almostall network namesenersto speedup namelookups. It is alsosuggestedby
Arlitt andWilliamsonin [16]. We foundthatit is particularhelpful to cacheDNS resultsin the Web sener addresspacebecausef the
temporallocality of the WebrequestsTheschemas effective andsimpleto implement.

Theideaof directly transferringdatabetweerthedisk systemandthe network systemhasbeenproposedeforein the ScoutOS[33],
in the ContainerShippingsystem[34], in the |O-Lite system[35] andin the MIT Sener OSs[29]. Our profiling resultsstronglysupport
applyingtheideato Webseners,becaus&Veb senersspendmostof their CPUtime on copying data.

8 Conclusions

In this paper we presentmeasurementesultsand performanceanalyseof the behaior of the ApacheWeb sener on a uniprocessor
systemanda 4-CPUSMP systemrunningthe IBM AIX operatingsystem.Using the built-in tracingfacility anda trace-analysisool,
we obtaineddetailedinformationon OSkerneleventsandoverall systemactivities while runningApachedrivenby the SPECweb9&nd
the WebStonebenchmarks We found that, on average Apachespendsabout20-25%o0f the total CPU time on usercode,35-50%0n
kernel systemcalls and 25-40%on interrupthandling. For systemswith small RAM sizes,the Web sener performancas limited by
the disk bandwidth. For systemswith reasonablyfarge RAM sizes,the TCP/IP stackandthe network interrupthandlerare the major
performancédottienecksWe alsobelieve thatusingathread-baseebsener architecturénsteadof a process-basegpproachmaynot
alwaysimprove thesener performanceioticeably We noticethat Apacheshaws similar behaior on boththeuniprocessoandthe SMP
systems.

After quantitatvely identifying the performancebottleneckswe proposed8 techniquesto improve the performanceof Apache,
which aresummarizedn Table5. We have implementedall but thelastonetechniquedistedin thetable. Our experimentaresultsshav
thatthesetechniquesexcept“delayedlogging”, are quite effective. Togetherthey improve the throughputof Apacheby 61%. These
techniquesregenerapurposeandcanbeappliedto otherWebsenersaswell. Finally, our resultssuggesthatoperatingsystemsupport
for directly sendingdatafrom thefile systemcacheto the TCP/IPnetwork (the lasttechniqudistedin Table5) canfurtherimprove the
Websener performance.
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No | Technique Implement. | Effect-
Complity | iveness

1 | Mmapping largefiles 0 2

2 | Cachingsmallfiles 2 3

3 | Cachingfile states 1 1

4 | CachingDNS 0 3

5 | Cachingstringresults 0 1

6 | Delayedlogging 0 0

7 | CachingURI procesgesults 2 3

8 | Unifying FS/Netvwork caches 3 3

Table5: Web Sener EnhancemenTechniques.For compleity, 0 meanstrivial and 3 meanschallenging For effectiveness) means
almostuselesswhile 3 meansvery effective
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