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Abstract Inanelectronic／internetcommerce，atremendousincreaseinWWW（world  

wideweb）tra伍cmaydeterioratethew6b－SerVerPerformance・Performanceevaluationof  

theweb－SerVeraCCeSSOperationisrequestedtoguaranteethequalityofreal－timeservices・  

Inthispaper，WeprOPOSeaWeb－aCCeSSOPerationbyuslngaprOXy－SerVerWithpopularity－  

degree－basedcache．Wbmodeltheproxy－SerVerCaChingmechanismviaZipf’slaw・Wbthen  

analyzetheproposedoperationviaamodifiedM／GI／1queueingmodel・Somenumerical  

examplesareprovidedtoshowtheweb－aCCeSSperformance・  

keywords： electroniccommerce，Web－aCCeSSOPeration，PrOXy－SerVer，CaChingmecha－  

mism，Performanceevaluation，queuelnganalysis．  

1 Introduction  

AtremendousincreaseininternetusersforWWW（worldwideweb）servicesfrequently  

CauSeSinsufRcientcommunicationfacilitiesandresources．Ⅵryrecentlymultimediacon－  

tentsbecomecommonmoreandmore，andtheinternettra臨cmonotomica11yandrapidly  

increasesduetoordinarycharacters（texts），COdes，VOices，andmovingpictures・Thisin－  

CreaSlngtrafncleadstothedeteriorationofweb－aCCeSSreSpOnSetimes．Theresponsetime  

deteriorationshouldbepromptlysoIvedbecauseOfsomewebapplicationsforareal－time  

electroniccommerce．PerforIpanCeanalysisofweb－SerVeraCCeSSOperationisrequestedto  

guaranteethequalityofreal－timeservices．   

Theweb－aCCeSSreSPOnSe－timedeteriorationmaycomefromtwobottlenecks・Onebot－  

tleneckisseenincorrmnicationchannels．Thechannelspeedistooslowanditscapacity  

isinsu伍cient．The other oneis seenin web servers．The server processlngCapaCityis  

一1－   
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alsoimsu瓜cientbrsomewebapplicaもiontra臨c．Ⅷbremovethesebottlenecksisessentially  

neededtosolvetheperhrmancedeteTiorationproblem，butitgenerauyrequlreSmuChtime  

amdexpensivecost．   

Themaingoalofthisp叩erisi）tosolvetheweb－aCCeSSPerformancedeteriorationby  

proposinganoperationwiもhapr拡ySerVerandcachingmechanism，andii）topresent  

theI．aplace－Stieltjestrans払rm（mSⅧ1）払rmulafortheresponsetimedistribution・Inour  

operation，WeuSeapOPularity－degree－basedcaching．AsinDaigoetal・【2】weassumetha七  

thepopularity－degreefrequencybl且owsZipf）slaw・W6alsoassumethattheinter－arrival  

timeoftheweb一紙CeSSrequeStSisexponentillydistributedasinNabeetal・［6］・   

Modelingourweb－SerVeraCCeSSOPerationtogetherwiththestochasticassumptionsde－  

SCribedabovethenleadstoamodi鮎dM／GI／1queueingsystemwheretheservicetimeis  
probabilisticauyzero．How9Ver，thestandardM／GI／且queueinganalysisrequirest‡1atthe  

servicetimeisalwayspositive；SeeRef白【鳳，3，4，7］．Here，WeWilltaketheapproach［8，9］  

払rderivingtheconditionalwaiting屯imedistributionLSⅧ1，glVenthatanarrivingcustomer  

requirespositiveservicetimeandthetotalwaitingtimedistributionmSⅧ’twremovingthe  

condition．   

Therestofthispaperisorganizedas駄）1lows．InSection2，WePrOpOSeaWeb－SerVeraC－  

CeSSOPerationwithpopularity－degTee－basedcaching．Section3describesourperbrmance  

modeling．ImSection4，Wede丘neもheservicetimeintheoperationandassumethatthe  

Servicetimeisindependent，andidenticallydistribl止ed（iid）toderiveperbrmancemea－  

SureS．Ⅷもking七heapproachasinTakahashietal．［8，9】enablesustoobtaintheweb－aCCeSS  

responsetimeIJSⅧ1払rmulasbyusingthemodi鮎dM／GI／1queueingsystem・Somenu－  

mericalexamples and comparisons are providedin Section5．Section6finallygives a  

COnCludingremark．  

亨；‾、～材三上ー£・、三ご■Ⅴ三三：且ここr∋≡・こ・＝耳・三二三し七見、こ：ニし  

Wbshowourweb－aCCeSSOperat五onwibhanintroductionofaproxyserverandcaching  
mechanism．Ⅷbbemorespeci丘c，  

（1）Aclientrequestscontents（anobject）totheproxyserver・  

（2）Theproxyserverretrievesthecontents（viathediretorytreewhomanagesthecache  

Object）initself（thepnoxyserver）．Ifitcannot鮎1dthecontents，theproxyserⅦrmakes  

thecliententerthewait－StatetOもTanSmitもherequesttothewebserver．Otherwise（ifit  

findsthecontentsintheproxyserver），theoperationpTOCeduregoesto（4）・  

（3）ⅣtheppoxyserverreCeivesthecontents（theobject）丘omthewebserver，itstores  

（caches）inthepnoxyserver．  

（4）甘heproxyservertransmitsthecontents（theobject）totheclient・   

AssumingtheproxyseTVerWithcachingmechamismdesribedaboveisexpectedtoreduce  

theresponsetimeatthewebserver，ifwecomparethewebserveroperationwithoutproxy  

Serverandcaching．  

－ 2 －   

© 日本オペレーションズ・リサーチ学会. 無断複写・複製・転載を禁ず.



Therearetypicalcachingmethodsattheproxyserver，LRU（Least－Recently－Used），  

SIZE，andFREQUENCY；SeeNabeetal・［6］forthesemethodsandsimulationcomparisons・  

Inthispaper，Weadoptanothercachingmethodusingapopularitydegree，describedinthe  

fo1lowlngSeCtion．  

3 Performance modeling 

3．1 Wbb－aCCeSSrequeStmOdeling   

Awebaccessisreflectedbyclient，sfavorandtherequestfrequencyhasabias・This  

biasedsituationimpliesthatpolularitydoesexistinindividualcontents・Zipf’slawisnow  

appliedtocapturetheeff6ctofthispopularitydegreeintheweb－aCCeSSfrequency・   

LetLbethefrequencywhereaweb－aCCeSSrequeSthaspolularitydegreei・Zipf’slaw  
leadsto  

J  

ム＝孟（豆＝1，2，…，d）・  

forsomeconstantk．Here，Cisthenormalizationfactor，glVenaS  

－1 

c＝孟｝，  

（1）  

（2）  

anddisthesupremumnumberofcontents（d≦∞）・   

ItshouldbenotedthatZipf，slawisfarfromanyuniformdistributionandsoithas  

abias．Zipf，slawiswellcongruentwithstatisticaldataofweb－aCCeSSfrequency；Seee・g・  

Daigoetal・［2］・   

Theinter－arrivaltimeofweb－aCCeSSrequeStSisassumedtobeexponentiallydistributed  

withparameter入，aSinNabeetal・［6］・Theweb－aCCeSSrequeStSWithpopolaritydegreei  

thenformaPoissonprocesswithparameter入L（i＝1，2，・・・，d）・   

3．2 Stochasticbehaviorofproxyserverandwebserver   

TheproxyserverandwebserverbehaNeaSfo1lows・  

（a）Theproxyserverchecksitspolularitydegreewhenitreceivesaclientrequest・  

（b）Ifthepolularitydegreeiissma11erthanorequaltocachesize，K，thepr∝ySerVer  

Sendstherequestedpage（contents，Object）immediatelytotheclient・  

（c）IfthepopularitydegreeiislargerthanK，theproxyservertransmitsthepagerequest  

Slgnaltothewebserver．Thetransmissiontimefromtheproxyservertothewebserveris  

assumedtobezero．  

（d）Onreceiving the page request signalfromtheproxyserver，thewebserver checks  

thepopularitydegreeinthewebdatabaseandtransmitsthecorrespondingpage（s）．batk  

totheproxyserver．Thetransmissiontimefromthewebservertotheproxyserveris  

assumedtobeindependent，andidentica11ydistributed（iid）．Wbdenoteby7’＊（s）the  

Laplace－Stieltjes transform（LST）ofthetransmissiontimefromthewebtotheproxy，  

－ 3 －   

© 日本オペレーションズ・リサーチ学会. 無断複写・複製・転載を禁ず.



T＊（s）＝］？e－StdP（T≦t）．meti（n）bethem－thmomentofthetransmissiontime・Wbhave  

t（n）＝（－1）nT＊（n）（0）whereT＊（n）（0）isthen－thderiⅦtiveofr（s）ats＝0   

斑erewehaveneglectedtheide皿tificatiomもimeofthecon七emtsveTSionbrsimply丘ng  

theanalysis・Thiscomes鉦om七hefactthatcontrolinformationismuchlessthancontents  

informationandもhein凸uenceontheweb－aCCeSSPerbrmanceisassumedtobeverylittle・  

Accordingtothissimpli＆ingspiriも，WehaNealsoneglectedtheprocesslngtimesofboth  

webandproxyservers，aSWellasthetransmissionもimeofapagerequestsignalin（c）・  

4 喝ⅧeⅧe五mg忍ma凰ys五s   

Theweb－aA：CeSSreSpOnSetime五sdefinedasthesoJOurntime血・Omtheclientrequest  

epochuntiltheclientreceivesthe町equeStedpage（contents，Object）・Thissectionisde－  

votedtotheweb－aCCeSSreSpOnSet五meana皿ysisbyusingthequeueingtheory．metW［or  

respectively，R］bethetheweb－aCCeSSWaitingtime［responsetime】ofacustomer（chenも’s  

web－aCCeSSrequeSt）．Ⅵ毎deno七ebyW＊（s）［R＊（s）］theIJSⅧ10f七hewaitingtime［response  

time］distribution・   

Wbarenowinapositiontothinkabouttheserivetimeofacustomer．Here，Wede免ne  

theservicetime，B，bytheelapsedtime血・Omtheepochwheretheppoxyserverfindsa  

chentrequestuntiltheepochwherethepr∝ySerVerSendstherequestedcontents（page，  

object）totheclient．metB（t）betheservicetimedistribution，B（t）＝P（B≦t）・W6  

denotebyB＊（s）七heI．S「randbyb（n）then－thmomentoftheservicetimedistribution・   

Åssumlngthattheservicetimeisiid，theweb－aCCeSSreSpOnSetimethencorrespondsto  

thesumofthewaitingtimeandseTVicetimeinamodi鮎dM／GZ／且queueingmode皿with  

CuStOmerarriⅤalrate入．Bymod所ed，Wemeanthattheservicetimecanbezero，i・e・，  

g  

β（0）＝∑九 0≦β（0）≦且  
豆＝1  

βこ（0）＋β（0）＝1  

ぬereBi（s）＝j＝e．StdP（B≦i）・Namely，OurSerVicetimedistributionisnothonestnor  

PrOper．Thus，WeCannOtdirectlyapplythePo11aczek－KhintchineI」SⅧ1formula：  

β（1－β）  

（5）  
Ⅳ＊（β）＝   

5一入＋入β＊（β）’  

Wherepisthetra臨cintensityglVemby  

β＝入且（β）＝入わ．   
（6）  

鮎cauthatthestandardM／GI／皿queueinganalysisassumestha七theservicetimedistri－  

butionishonestorproper（B（0）＝OandBエ（0）＝1）；SeeRefg［1，3，4，7］・Thus，aSin  

Ⅷもkahashieもal．［8，9］，WereCOnSi肋thethinmingamivalprocesssothattheservicetime  

distributionishonest（orpTOPer）ashllows：  

ー 4 －   
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（i）Acustomer（clientrequest）arrivesattheproxyserveraccordingtoaPoissonprocess  

withparameter入qq＝入（1－B（0））・  

（ii）Thee鮎ctiveservicetimeBqqisiidwiththeLST  

βユ（β）  

（7）  β諒（β）＝   
1－β（0）一   

Here，bydefinitionofourservicetimeandthestochasticassumptionsinSection3，Wehave  

β＊（β）＝β（0）＋（1－β（0））r＊（β），  
（8）   

and  

β諒（5）＝r＊（β）・  
（9）  

Thee鮎ctiveservicetimeisthenseentocorrespondtothetransmissiontimefromtheweb  

totheproxy．   

Thisreconsiderationdoesnotchangetra臨cintensity［p＝入E（B）＝入qgE（Bqq）］butit  

enablesustoobtaintheconditionalwaitingtimedistributionLSTW蒜（s）as  

β（1－β）  

鴨（β）   
β一入け－β（0））＋入β；（5）   

可1－〃）  
（10）  

β一入＋入β＊（5）’   

glVenthatanarrlVlngCuStOmerrequlreSthee鮎ctiveservicetime．Thetotalwaitingtime  

distributionLSTW＊（s）thenfo1lows：  

Ⅳ＊（β）＝Ⅳ蒜（β），  （11）   

ifanarrlVlngCuStOmer requlrlngZerOSerVicetime hastowaitforitsserviceunderthe  

first－in－first－Out（FIFO）discipline；and  

Ⅳ＊（β）＝β（0）＋（1－β（0））W蒜（β），  （12）  

Otherwise（ifanarrivingcustomerrequiringzeroservicetimeimmediatelyreceivesitsservice  

underthepreemptive－reSumeprioritydiscipline；SeeTakagi［7］）・Inthelattercase，Wemay  

SaythatthearrlVlngCuStOmerWithzeroservicetimehastheso－Ca11edpreemptive－reSume  

（PR）priority．   

FtomEq・（11）or（12）togetherwithEq・（10），themeanandhighermomentsoftheweb－  

accesswaitingtimecanbeobtainedasE（Wn）＝（－1）nW＊（n）（0）．Fbrexample，ifanarriving  

CuStOmerrequlrlngZerOSerVicetimehastowaitundertheFIFOdiscipline，WehaNe  

入む（2）  

且（Ⅳ）＝  
（13）  

2（1－β）’  

入挿）． ［入挿）］2  

且（Ⅳ2）＝  
（14）   

3（1－β）’2（1－β）2’  

－ 5 －  
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andotherwise（ifanarrivingcustomerrequiringzeroservicetimeisimmediatelyserved  

underthePRprioritydiscipline），  

入い－β（0））わ（2）  

（15）  且（Ⅳ）＝   

2（1－β）  

1－β（0）腔）］2  入拉－β（0））泄）．【入  
且（Ⅳ2）＝   （16）   

2（1－β）2  3（皿－β）  

ItshouldbenotedthatifthearrivlngCuStOmerrequlrlngZerOServicetimeha5tOWait  

undertheFIFOdiscipline，thePollaczek－Khintchinebrmulasareseentobestillvalideven  

forB（0）＞OduetoEqs（5）and（10）－（11）・   

TheresponsetimedistributionLSTR＊（s）isfina11yobtainedas  

月＊（β）＝Ⅳ蒜（β）β＊（β），  
（17）   

ifanarrivingcustOmerrequiringzeroservicetimehastowaitundertheFIFOdiscipline，  

and  

（18）  月＊（β）＝β（0）＋（皿－β（0））Ⅳ蒜（β）β詣（β），   

Otherwise（underthePRpriorityd亙scipline）．   

Thus，reCauingEqs（8）and（9），ifanarrivingcustOmerrequiringzeroservicet主mehas  

towaitundertheFIFOdiscipline，WehaNe  

入い－β（0））壬（2）  

（19）  且（月）＝   ＋（1－β（0））β（r），   
2（1－β）  

刃1－β（0））2f（2）  入（1－β（0））〆3）．［叫1－β（0））〆2）］2  
且（月2）   β（r）  

3（1－β）  2（1－β）2  1－β  

＋（皿－β（0））f（2）．   

Otherwise（underthePRprioritydiscipline），Wehave  

（20）  

入（1－β（0））2壬（2）  

β（月）＝   ＋（1－β（0））β（r），  （21）  

2（1－β）  

and  

パ1－β（0））2〆3）．〔刈1－β（0））蔓〆2）】2   入拉－β（0））2f（2）  

β（屈2）  属（r）  

3（1－β）  

＋（1－β（0））が）．  

2（1－β）2  1－β  

（22）   

Asexpectedly，underboththeFIFOandPRprioritydisciplines，Ourformulasareall  

reduced to the well－knownⅡ）011aczek－Khintchineformulasfor the honest service time dis－  

tribution（B（0）＝0andB＊（s）＝B諒（s）＝r（s）inthiscase）・   

Now，gOlngbacktoourweb－aCCeSSOperation，WereCalltheassumptionunderwhicha  

ChentcanprOmptlygettheresponsefromtheproxyserver，Whenitsrequestingpolularity  

－ 6 －   
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degreecanbeseeninthecache，1．e．，thelattercasewhereanarrlVlngCuStOmerrequlrlng  

ZerOServicetimepreemptsthecurrentserviceandleavesthesystemimmediately．Ftomour  

applicationpointofview，thesePRpriority（lattercase）results［i・e・，Eqs（12），（15）－（16），  

（18），and（21）－（22）］areofmorepracticalimportance・However，theFIFO（formercase）  

resultssti11haveapotentialapplicabilityintheareasofteletra臨ctheory．  

5 Numericalexmaples  

Inol甘numericalexamples，WeaSSumethatthetransmissiontimefromthewebtothe  

proxylSgeOmetricallydistributedwithameanoftwotimeunits．Here，timeunityistaken  

asthepagetransmissiontime．WbthenhaⅦ   

00 

r＊（β）＝上e湖（r≦f）＝姜e一雨叩＝豆）＝差e－βゆ＝2。β‡1，  
β（r）＝（－1）ア＊（1）（0）＝2，f（2）＝β（r2）＝（－1）2r＊（2）（0）＝6．   

Wbfurtherassumethatthepolularity－degree丘equencyb1lowsZipf’slawwithparam－  

eterk＝1・ThenumberofcontentsislimitedtolO，000（d＝10，000）・Thetra臨cintensity  

PCanberegardedasthechannelutilization丘omthewebservertotheproxyserverforthe  

ZerO－CaChe－Sizecase．Reca11thatthezero－CaChe－Sizecasecorrespondstotheno－PrOXy－SerVer  

Situation．   

ByusingEq．（21）withEq．（3），inthefigure，WeShowthreegraphsofthenormalizedmean  

Web－aCCeSS（response）timeasafunctionofcachesize，K．Individualgraphcorrespondsto  

thetra臨cintensityp＝0．4，0．6，OrO．8，reSPeCtively．BynorYnalized，Wemeanthattheweb  

accessresponsetimeisnormalizedbythepagetransmissiontime．Throughthesenumerical  

examples，WeSeethatthemeanweb－aCCeSSreSpOnSetimecanbedrasticallyimprovedeven  

foranot－SO－1argecachesize．  

6 Conclusions  

Wthaveproposedaweb－SerVeraCCeSSOperationuslngaprOXySerVerWithpopularity－  

degree－basedcachingmechanismtoimprovetheweb－aCCeSSperformanceissuearlSlngOut  
Ofreal－timeWWWapplicationtra伍c．ThemodifiedM／GI／1queueinganalysistogether  

withZipf’slawhasenabledustoobtaintheLSTformulaoftheweb－aCCeSSreSpOnSetime  

distribution．WbhaveanaliticallyseenthatPollaczek－Khintchine’sformula5areStillvalid  

evenforthedishonestservicetimedistribution（wheretheservicetimeisprobabilistically  

ZerO），ifanarrivingcustom？rrequiringzeroservicetimehastowaitundertheFIFO  

discipline．However，1nOurWeb－aCCeSSOPeration，anarrlVlngCuStOmerrequlrlngZerOService  

time preempts thecurrent service andleaves the systemimmediately，1．e．，We maySay  

thatanarrivingcustomerwithzero－SerVicetimehastheso－Ca11edpreemptive－reSume（PR）  

－ 7 －   
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prioritydiscipline．Thus，OurPRpriorityresults［i．e．，Eqs（12），（15）－（16），（18），and（21）－  

（22）】areofmorepracticalimporbance・Wbhavenumericallyseenthat theweb－aCCeSS  

responsetimecanbedrastical1yimprovedevenforanot－SO－largeCaChesize・  
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Figure：TllemeanWeb－SerVeraCCeSS（response）time・  
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