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1 TamásBérczes,JánosSztrik
(Departmentof InformaticsSystemsandNetworks,Universityof Debrecen

P.O.Box 12,H-4010,Debrecen,Hungary
f tberczes,jsztrikg@inf.unideb.hu)

Abstract: The primary aim of the presentpaperis to modify the performancemodelof Bose
andCheng[1] to a morerealisticcasewhenexternalvisits arealsoallowed to the remoteWeb
servers and the Web servershave limited buffer. We analyzehow many parametersaffect the
performanceof a Proxy CacheServer. Numericalresultsareobtainedfor the overall response
time with andwithout a PCS.Theseresultsshow that the bene�t of a PCSdependson various
factors.Severalnumericalexamplesillustratetheeffect of visit rates,visit ratesfor theexternal
users, andthecachehit rateprobabilityon themeanresponsetimes.
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1 Intr oduction

TheWorld Wide Web (WWW) cangive a quick andeasyaccessto a largenumberof
web serverswhereuserscan�nd all kind of information,documentsandmultimedia
�les. ¿Fromtheuser's point of view it doesnot matterwhetherthe requested�les are
on the�rm' scomputeror on theothersideof theworld. Theusageof thewebhasbeen
growing very fast.Thenumberof internetusersincreasedfrom 474million in 2001to
590 million in 2002,andthe forecastfor 2006is 948 million users.Accordingto the
facts,thatin 1996thenumberof userswasonly 627000, thegrowth is rapidandwecan
justify andexponentialgrowsin traf�c, too.Theuserswantto getahighqualityservice
andmodestresponsetime. Theanswerfrom theremotewebserver to theclient often
takesa long time.Oneof theproblemsis thatthesamecopy of the�le canbeclaimed
by otherusersat thesametime.Becauseof thissituation,identicalcopiesof many �les
passthroughthesamenetwork links, resultingin anincreasedresponsetime.A natural
solutionto avoid this situationis to storethis information.In generalcachingcanbe
implementedatbrowsersoftware;theoriginatingWebsites;andtheboundarybetween
the local areanetwork andtheInternet.Browsercacheareinef�cient sincethey cache
for only oneuser. Thecachingat theWebsitescanimproveperformance,althoughthe
requested�les arestill subjecttodeliverythroughtheInternet.It hasbeensuggestedthat
the greatestimprovementin responsetime for corporationswill comefrom installing
a proxy cacheserver (PCS)at the boundarybetweenthe local areanetwork and the
Internet.Requesteddocumentscanbedelivereddirectlyfrom thewebserveror through
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aproxycacheserver. A PCShasthesamefunctionalityasawebserverwhenlookedat
from theclientandthesamefunctionalityasaclientwhenlookedat from awebserver.
Theprimaryfunctionof aproxycacheserver is to storedocumentscloseto theusersto
avoid retrieving thesamedocumentseveraltimesover thesameconnection.

In this papera modi�cation of the performancemodelof BoseandCheng[1] is
given to deal with a more realistic casewhenexternalvisits are also allowed to the
remoteWeb serversandthe Web servershave a limited buffer. For the easierunder-
standingof thebasicmodelandcomparisonswe follow thestructureof thecitedwork.
In Section2 we constructa queuingnetwork modelto studythedynamicsof installing
a PCS.Overall response-timeformulasaredevelopedfor boththecasewith andwith-
out a PCS.In Section3 numericalexperimentsareconductedto examinetheresponse
time behavior of thePCSwith respectto variousparametersof themodel.Concluding
remarkscanbefoundin Section4.

2 An analytical modelof Proxy CacheServer traf�c

In thissectionwebrie�y describethemathematicalmodelwith thesuggestedmodi�ca-
tions.Usingproxycacheserver, if any informationor �le is requestedtobedownloaded,
�rst it is checkedwhetherthedocumentexistson theproxy cacheserver. (We denote
theprobabilityof this existenceby p). If thedocumentcanbe foundon thePCSthen
its copy is immediatelytransferedto theuser. In theoppositecasetherequestwill be
sentto the remoteWeb server. After the requesteddocumentarrived to the PCSthen
thecopy of it is deliveredto theuser.

Theadvantageof a PCSdependson several factors:Theprobabilityof the ”cache
hit rate” of thePCS,thespeedof thePCS,thebandwidthof the�rm' s andtheremote
network andthespeedof theremotewebserver [1].
Fig. 1 illustratesthepathof a requestin themodi�ed modelstartingfrom theuserand
�nishing with thereturnof theanswerto theuser. Thenotationsusedin this modelare
collectedin Table1.
Weassumethattherequestsof thePCSusersarriveaccordingto aPoissonprocesswith
rate� , andtheexternalvisitsat theremotewebserver form aPoissonprocesswith rate
� .

Let F betheaverageof therequested�le size.We de�ne � 1, � 2, � 3 and� 5 suchthat:

� 1 = p � � and� 2 = (1 � p) � � (1)

� 3 = � 2 + � ,� 5 = (1 � Pb) � � 2 (2)

The solid line in Fig 1. (� 1) representsthe traf�c whenthe requested�le is available
on thePCSandcanbedelivereddirectly to theuser. The� 2 traf�c depictedby dotted
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Figure1: Network model

line, representsthoserequestswhich could not be servedby the PCS,thereforethese
requestsmustbedeliveredfrom theremotewebserver. Naturallythewebserverserves
not only the requestsof the studiedPCSbut it alsoservesrequestsof otherexternal
users.Let � 3 denotethe intensityof the overall requestsarriving to the remoteWeb
server. The � 3 traf�c undergoestheprocessof initial handshakingto establisha one-
timeTCPconnection[7], [1]. We denoteby I s this initial setup.
Accordingto [1], ”The remoteWebserverperformanceis characterizedby thecapacity
of its outputbuffer Bs , thestaticserver time Ys, andthedynamicserver rateRs .” In
our modelwe assumethat the Web server hasa buffer of capacityK . Let Pb be the
probability thata requestwill be deniedby theWeb server. As it is well-known from
basicqueueingtheorytheblockingprobabilityPb for theM =M =1=K queueingsystem:

Pb = P(N = K ) =
(1 � � ) � � K

1 � � K +1 (3)

where

� =
RsBs

F (YsRs + Bs)
(4)

Now we get

� =
� 3F (YsRs + Bs)

RsBs
(5)

Now wecanseethattherequestsarriveto thebuffer of theWebserveraccordingto
a Poissonprocesswith rate

� 4 = (1 � Pb) � � 3 (6)

1141Berczes T., Sztrik J.: Performance Modeling of Proxy Cache Servers



Theperformanceof the�rm' sPCSis characterizedby theparametersB xc , Yxc and
Rxc .
If thesizeof therequested�le is greaterthentheWebserver'soutputbuffer it will start
a loopingprocessuntil thedeliveryof all requested�le' s is completed.Let

q = min
�

1;
Bs

F

�
(7)

be the probability that the desired�le canbe deliveredat the �rst attempt.Let �
0

4 be
the rate of the requestsarriving at the Web serviceconsideringthe looping process.
According to the conditionsof equilibrium and the �o w balancetheoryof queueing
networks

� 4 = q � �
0

4 (8)

Then,we gettheoverall responsetime:

Txc =
1

1
I xc

� (� )
+ p �

8
<

:
1

B xc

F � (Yxc + B xc
R xc ) � � 1

+
F
Nc

9
=

;

+ (1 � p) �

8
<

:
1

1
I s

� � 3
+

1
B s

F � (Ys + B s
R s ) � � 4

q

+
F
Ns

+
1

B xc

F � (Yxc + B xc
R xc ) � � 5

+
F
Nc

9
=

;
;

(9)

Theresponsetime Txc consistsof treeterms.
The�rst termis thetime to checkwhethertherequested�le is on thePCSor not.This
is derivedform thewaiting time in anM =M =1 queueingsystemwherethevisits form
a Poissonprocesswith rate� andtheservicerateis 1

I xc
.

Thesecondtermis theresponsetimein thecaseif therequesteddocumentexistsonthe
PCS,theprobabilityof which is p. The�rst item in this termis thewaiting timeon the
PCS,wherethenumerator B xc

F � (Yxc + B xc
R xc ) is the ”servicedemand”.Theseconditem in

thesecondtermcorrespondto therequiredtime for contentto travel throughtheclient
network bandwidth.
Thethird termis theresponsetime whentherequested�le doesnot exist on thePCS.
Theprobabilityof thatevent is (1 � p). This termconsistsof treetermstoo. The�rst
item is the expectedone-timeinitialization time of the TCP connectionbetweenthe
PCSandthe remoteweb server. The seconditem is the waiting time of the queueing
systemon theremoteWebserver, where� 4=q = �

0

4 andF=Ns is theexpectedtime of
transferringtherequesteddocumentson thenetwork of thebandwidth.Thethird term
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is thewaiting time of thePCSwhenthecopy of the requesteddocumentis transfered
to theuser.
Whenthereis noPCS,theoverall responsetime T, is givenby thesamearguments:

T =
1

1
I s

� (� + � )

+
1

B s

F � (Ys + B s
R s ) � (1 � Pb ) � ( � + � )

q

+
F
Ns

+
F
Nc

(10)

3 Numerical results

For the numericalexplorationsthe correspondingparametersof ChengandBose[1]
areused.Thevalueof theotherparametersfor numericalcalculationdare:I s = I xc =
0:004seconds,Bs = Bxc = 2000bytes,Ys = Yxc = 0:000016seconds,Rs = Rxc =
1250Mbyte/s,Ns = 1544Kbit/s, andNc = 128Kbit/s.
In Figures2.- 10. thedottedline plot thecasewith a PCSandthenormalline depicts
thecasewithouta PCS.

3.1 Effect of visit rate

In Fig 2. theresponsetime is depictedasa functionof thevisit rate.In this Figurethe
visit ratesfor theexternalusersis 100 requests/sandthecachehit rateis 0:1. We see
that in this casetheresponsetime will begreaterwhenwe install a PCS.In Fig 3. we
usethesameparameters,but thecachehit rateis 0:25. In this casetheresponsetime is
thesamewith andwithout a PCS.In Fig. 4 we usea highervisit ratefor theexternal
users(� = 150) with a smallercachehit rate(p = 0:1). When� is smallerthen70
requests/sthe responsetime is largerwith a PCSthanwithout a PCS.Whenwe usea
highercachehit ratewith a highervisit rate for the externalusers(Fig 5, p = 0:25,
� = 150) theef�ciency of PCSis clear. In this casetheresponsetime with a PCSwill
besmallerthantheresponsetime without a PCSfor any valueof thevisit rate.So,we
canseethat theperformanceof a PCSdependson a high scaleof the �rms behaviour,
but whentheintensityof therequestsfrom the�rm is greaterthan70,andthevisit rate
for theexternalusersis 150requests/sthanit is enougha smallcachehit rateto access
a smallerresponsetime.

3.2 Effect of visit rates for the external users

Now we investigatetheeffect of thevisit ratefor theexternalusers. In Fig. 6 thevisit
ratefrom the PCSis 20 requests/s,the requested�le sizeis 5000byte andthe cache
hit rateis 0:1. We canseethatwith theseparametersinstallinga PCSwe geta higher
responsetime. In Fig. 7 we modi�ed only the cachehit rate probability to 0:25. In
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this situationwhenwe have morethan140externalrequests/sthenthe responsetime
with PCSis smallerthanwithout a PCS.Whenthecachehit rateprobabilityis smaller
(p = 0:1) and� = 70 requests/s(Fig. 8) thentheresponsetime with a PCSis smaller
thanwithout,whenwe usea greatervisit ratefor theexternalusers(� > 150). When
we usea highercachehit rateprobability(Fig. 9 p = 0:4) thentheresponsetime with
aPCSis smaller, independentlyof theexternalvisits.ObservingFig. 6 - 9, wecan�nd
that in generaltheresponsetime with andwithout a PCSincreaseswhenthevisit rate
for the externalusersincreases.Whenthe visit rateof the studied�rm is modest(20
requests/s)thenthe bene�t of the PCSis visible whenthe visit ratesfor the external
usersarebiggeror whenthecachehit rateprobabilityis higher.

3.3 Comparisonof the two model

Whenthe visit ratefor the externalusersis zero(� = 0) andthe the buffer size(K)
for the remoteWeb server is unlimitedwe get theequationusedby BoseandCheng.
Fig 10. (p = 0:1, F = 5000bytes,� = 0) depictsthe overall responsetime as a
function of thearrival rategivenby the equationusedby BoseandChengandFig 4.
depictstheresponsetime givenby ourmodelwith thesameparametersusingvisit rate
for externalusers(� = 150) andbuffer size(K = 100). InvestigatingFig 4. we see
that the responsetime with PCSwill be smallerthanwithout a PCSonly in the case
whenwe usea highervisit rate(� > 85). In Fig 4. theadvantageof thePCSwill be
visible with lower visit rates(� > 65). The numericalexamplesshow us that using
ourmodi�cationswegotamorerealisticqueueingnetwork model.Usingourmodi�ed
modelwhentheexternalvisitsareallowed,thePCSwasbene�cial with a lower traf�c.

3.4 Effect of the cachehit rate probability

Fig. 11 (� = 20, � = 100, F = 5000 bytes,K=100) depictsthe overall response
time asa functionof thecachehit rateprobability. Theoverall responsetimewithout a
cacheserver is independentof p, asobservedfrom (10). Hencewe useT � 0:321s for
all valuesof p. Theoverall responsetime with a PCSdecreasesasp increasesasseen
in Fig. 11. Whenwe usea cachehit rateprobability � 0.2 theef�ciency of a PCSis
visible.

3.5 Effect of the buffer size

Let T 1
xc denotethe responsetime, whenwe useunlimited buffer for the Web server.

In this casetheblockingprobabilityPb is 0, so from (6) we get that � 4 = � 3. We can
easilyderive theoverall responsetimeusingequation(9):
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T 1
xc =

1
1

I xc
� (� )

+ p �

8
<

:
1

B xc

F � (Yxc + B xc
R xc ) � � 1

+
F
Nc

9
=

;

+ (1 � p) �

8
<

:
1

1
I s

� � 3
+

1
B s

F � (Ys + B s
R s ) � � 3

q

+
F
Ns

+
1

B xc

F � (Yxc + B xc
R xc ) � � 2

+
F
Nc

9
=

;
;

(11)

In Fig 12., 13. we depict the responsetime in function of the buffer size.In both
Figuresthe dottedline plot the responsetime whenwe useWeb server with limited
buffer andthenormalline illustratesthecasewhenweuseunlimitedbuffer. Of course,
usingunlimited buffer we get constantvalue for the responsetime. Accordingly, we
would like to get information,regardingthe effect of the buffer sizeon the response
time.
Whenthevisit ratefor theexternalusersis zero(� = 0) thentheresponsetime given
by theequationequalsto theresponsetimegivenby theequationthatwasusedby Bose
andCheng.In Fig 12.(p = 0:1; � = 70, � = 0, F = 5000bytes)we�nd thatthebuffer
sizeof theWebservereffectstheresponsetimeonly if it is verysmall.Whenthebuffer
size(K) is morethan5 , theresponsetime is independentof thebuffer size.In Fig. 13
we analyzethesituationwhenexternalvisits areallowed(p = 0:1; � = 70, � = 100,
F = 5000bytes).We canobserve thatallowing externalvisits theeffect of thebuffer
sizevanishesat a biggervalue.In ourcasethis happenswhenK is greaterthan8.
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Figure2: p = 0:1, F = 5000bytes,� = 100, K=100
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Figure3: p = 0:25, F = 5000bytes,� = 100, K=100
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Figure4: p = 0:1, F = 5000bytes,� = 150, K=100

0.36

0.38

0.4

0.42

R
es

po
ns

e 
T

im
e

10 20 30 40 50 60 70 80 90
Visit rate for the external users

Figure5: p = 0:25, F = 5000bytes,� = 150, K=100
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Figure6: � = 20, p = 0:1, F = 5000bytes,K=100
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Figure7: � = 20, p = 0:25, F = 5000bytes,K=100
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Figure8: � = 70, p = 0:1, F = 5000bytes,K=100
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Figure9: � = 20, p = 0:4, F = 5000bytes,K=100
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Figure10: p = 0:1, F = 5000bytes,� = 0
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Figure11: � = 20, � = 100, F = 5000bytes,K=100
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Figure12: p = 0:1; � = 70, � = 0, F = 5000bytes
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Figure13: p = 0:1; � = 70, � = 100, F = 5000bytes
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� : arrival ratefrom thePCS
� : visit ratesfor theexternalusers
F : average�le size(in byte)
p: cachehit rateprobability

Bxc : PCSoutputbuffer (in byte)
I xc : lookuptimeof thePCS(in second)
Yxc : staticserver timeof thePCS(in second)
Rxc : dynamicserver timeof thePCS(in byte/second)
Nc: client network bandwidth(in bit/second)
Bs: Weboutputbuffer (in byte)
I s : lookuptimeof theWebserver (in second)
Ys : staticserver timeof theWebserver (in second)
Rs: dynamicserver timeof theWebserver (in byte/second)
Ns: servernetwork bandwidth(in bit/second)
K : thebuffer sizeof theWebserver (in requests)

Table 1: Notations

4 Conclusions

We modi�ed the queueingnetwork modelof BoseandCheng[1] to a morerealistic
casewhenexternalarrivalsareallowedto theremotewebserverandthewebserverhas
limited buffer. To examinethis modelwe conductednumericalexperimentsadaptedto
realisticparameters.Wenoticedthat,whenthearrival rateof requestsincreases,thenthe
responsetimesincreaseaswell regardlessof theexistenceof aPCS.But in contrastwith
[1] whenexternalvisits areallowedto theremotewebserver, thePCSwasbene�cial
with a low traf�c anda low cachehit rate.Whenwe useda high visit ratewith a high
cashhit rateprobability, thentheresponsetime gapwasmoresigni�cant betweenthe
caseswith andwithouta PCS.
To comparethe two modelswe examinedthe effect of the visit rate for the external
users.With low externalarrival rate installing a PCSresultedhigherresponsetimes.
Increasingthe visit rate for the external users,the differencebetweenresponsetime
with andwithout a PCSwassmallerandsmalleruntil this differencevanishedandthe
existenceof a PCSresultedlower responsetimes.
Examiningnumericalresultsit was clear that allowing external arrivals and limited
buffer amorerealisticmodelwasobtained.
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