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Abstract

In this paper we study streamingmultiple videosfrom a remotesener to asynchronouslientsthrougha group
of proxies,using multicaston both the wide areasener-proxy pathsand the local areaproxy-client paths.In this
setting,we presentan algorithmto determinethe optimal cacheallocationamongvideosat eachproxy anddevelop
anefcient streamingvideo distribution schemeOur evaluationsshow the bene ts of evena small proxy cacheand
quantify the gainsfrom using multicaston the sener-proxy paths.

. INTRODUCTION

A rangeof multimediaapplicationsstandto bene t from technologyfor bandwidth-ettient and scalablevideo
streaming.The high bandwidthrequirementsand the long-lived natureof digital videosmale this mediumpatrtic-
ularly resource-intense, stimulatingresearchinto sener and network bandwidth-efcient distribution techniques.

Early techniquessuchasbatding, patching andstreammerging [1], [2], [3], [4], [5], usemulticastandbroadcast
connectionsgn innovative waysto reducesener and network loads.More recentwork [6], [7], [8], [9], [10], [11]
extendsthe above techniqueso streamingcontentdistribution systemsconsistingof remoteseners and proxies
closeto clients,whereproxiescachesomevideo contentlocally andassistin video streamingrom the senerto the
clients.Much of the existing researcthasfocusedon optimizing the usageof the sener bandwidthor the network
bandwidthin a broadcast.AN ernvironment.In either case,the bandwidthusagefor multiple clientsis the same
asthatfor a singleclient.

There has beenmuch less work on optimizing network bandwidth usagewhen streamingmultiple videosto
asynchronouglients in wide arealnternet-like settings.Our previous work [10] exploresthe settingwhere the
wide areasener-proxy pathsare only unicastcapablewhile the local areaproxy-client pathsmight be multicast
capableln this paperwe investigatethe settingwherethe sener hasmulticastconnectvity to the proxies.Although
the deploymentof IP multicastin the Internethasbeenslow, it is being increasinglyusedwithin mary corporate
intranets.From a practical perspectie, understandinghe potential gains from using multicaston the wide area
sener-proxy pathscan aid the developmentof appropriatearchitecturesand techniquesfor video distribution in
WAN settings.

The goal of this paperis to understandhe bene ts of using multicastinsteadof unicaston the senerproxy
paths.The multicastcapability betweensener and proxies essentiallycouplesthe proxiestogether:a requestby
one proxy caninitiate a datastreamcapableof servingmultiple proxies. This coupling considerablycomplicates
the problemof optimal proxy cacheallocation.In this paper we (i) presentan algorithmto determinethe optimal
cacheallocation at eachproxy amongdifferent videos, and (ii) develop an efcient proxy-assistedransmission
schemewhensener-client pathsare multicastcapable We then studythe effect of proxy cachingcoupledwith our
proposedschemeon the overall network bandwidthusage.

Our evaluationdemonstratethe bene ts of evenasmallproxy cacheandquanti esthe gainsfrom usingmulticast
on the senerproxy paths.We proposewo variationsof the transmissiorschemehatdiffer in bandwidthef ciency.



Fig. 1. Streaming video in the Internet: The video streamoriginatesfrom a remotesener and travels throughthe network to the end
client. The proxiesperformingpre x cachingare locatedcloseto the clients.

One requiresproxiesto dynamicallyjoin multicastgroups;the other doesnot have this requirementand is less
bandwidthef cient. However we obsene that the differencesn bandwidthusagein thesetwo variationsare small
whenthe video requestratesare high.

In relatedwork, [11] studiesa multicastdistribution setting,focusingon sener and proxy bandwidthusagebut
not on the network bandwidthusage [12] studiesboth sener and network bandwidthusageto distribute a single
video using periodic broadcasby assuminghe sener-client pathsform a -ary tree.In contrastwe considerthe
problemof distributing multiple videoswith varying popularitiesin a generalinternetsetting,wherethe wide area
sener-proxy pathscanhave a differentdistribution treemodelthanthelocal areaproxy-clientpaths(seeSectionll).

Therestof the paperis organizedasfollows. Sectionll presentshe problemsettingandthe costmodel.Sectionlll
andIV presenbur optimal proxy cacheallocationtechniqueandan ef cient transmissiorschemerespectiely. Our
evaluationsare presentedn SectionV. Finally, SectionVI concludesthe paper

[I. PROBLEM SETTING AND MODEL

Considera sener anda setof proxies,whereeachproxy is responsibldor a groupof clientsasshavn in Fig. 1.
We assumemulticastis available on both the sener-proxy and proxy-client paths.We further assumethat clients
alwaysrequesiplaybackfrom the beginning of a video. A proxy streamghe pre x directly to its clientsif a pre x
of the video is presentliocally. If the videois not storedin its entirety at the proxy, the latter contactsthe sener
for the remainder(sufx) of the stream.The sener multicaststhe requiredsufx to the proxies.A proxy further
multicaststhe sufx to a group of its clientsthat requestthe video.

A. Systemmodel

We next provide a formal model of the system,andintroducenotationandkey conceptsaspresentedn Tablel.
We usea superscriptand subscriptto representhe index of the proxy andthe video respectiely.

We considera sener with a repositoryof ~ Constant-Bit-RatdCBR) videosand  proxies.We assumethe
accesgrobabilitiesof all the videosandthe aggrejateaccesgateto the video repositoryat eachproxy are known
a priori. In areal system theseparametergan be obtainedby monitoring the system.Without loss of generality
we orderthe videosin non-increasingrder of their accesgprobabilities.Let  be the accesgrobability of video

at proxy ; . Let  bethe accesgate of video atproxy and bethe aggre@ateaccesgate
to the video repositoryat proxy ; . Let  bethe aggrejaterequestarrival rate for video at all the
proxies;



We introducea cading grain of size to be the smallestunit of cacheallocationand all allocationsare in
multiples of this unit. The cachinggrain canbe one bit or one minute of data,etc. We expressthe size of video
andthe cachesize at eachproxy in multiplesasthe cachinggrain. Video hasplaybackbandwidth bps,length

secondsandsize  units, . We assumeéhat proxy canstore  units where . The
storage vector speci esthatapre x of length  seconddor eachvideo is cachedat proxy
. Note that the videoscachedat the proxy cannotexceedthe storageconstraintof the proxy, that

is, .
On receving a client requesffor a video, the proxy calculatesa transmissiorschedulethat dependsn the trans-
missionschemen use.This transmissiorschedulespeci es, for eachvideo frame,whenandon whattransmission
channel(unicastor multicastconnection)it will be transmittedoy the proxy. The proxy alsocalculatesa reception
schedulefor the clientsthat speci eswhich transmissiorchannelthe client shouldlistento in orderto receve each
frame. Note that a client may needto receve datafrom multiple transmissiorchannelssimultaneouslyUnderthe
transmissiorschemesve developin SectionlV, a clientneedgo receive from at mosttwo channelsimultaneously
This requirements within the capacityof high bandwidthconnectionsFramesreceved aheadof their playback
timesarestoredin a client-sideworkaheadbuffer. We assumehe client hassufcient buffer spaceto accommodate
an entire video. This assumptioris justi ed by the disk spaceof mostcontemporarynachines.

B. Costmodel

We next describethe costmodel.Let and respectiely representhe costsassociatedvith transmittingone
bit of video dataon a sener-proxy pathandon a proxy-clientpathusingunicast.Our goalis to minimizethe mean
transmissiorcost per unit time aggreyatedover all videosin the repository i.e., , Where is the
transmissiorcostper unit time for video whenthe storagevectorfor video is . In therestof the paper unless
otherwisestated,we shall usethe term transmissiorcostto refer to this metric.

Assuminga proxy andits clientsarelocatedin a LAN ernvironment,the bandwidthrequiredto sendonebit from
the proxy to multiple clients using multicastis still one bit. Therefore the transmissiorcostto sendone bit from
the proxy to multiple clientsis still

For senerproxy paths,we assumehe costto transmita bit of datafrom thesenerto  proxiesusingmulticast
is , Where and is referredto as the multicast scaling factor. The minimum value for s

, in which casethe cost of transmittinga bit of datafrom the sener to proxiesis , similar to a LAN
ervironment.Note that, in general the costwhen using multicastin a wide areanetwork dependson a variety of
factorsincluding the multicasttree topology and the size of the multicastgroup[13], [14], [15], [16]. Sinceit is
not yet understoodvhat are realistic topologiesfor multicasttreesin wide arealnternetsettings,we usea range
of valuesfor insteadof assuminga particularmulticasttreetopologyin our performanceevaluation(SectionV).

Finally, note that when and , the transmissiorcostreducesto be the sener bandwidthusage.
When and , the transmissiorcostreduceso be the amountof outgoingtrafc at the proxy.

[11. OPTIMAL PROXY CACHE ALLOCATION

We next proposea generaltechniqueto determinethe optimal proxy pre x cacheallocationfor ary given proxy-
assistedransmissiorscheme Recall that a cachinggrain is the smallestunit of cacheallocation(seeSectionll).

The sizeof video is  units andthe cachesize at proxy is units. Let denote
the setof possiblepre xesfor video , where  unitsis the sizeand secondss the length of a possible
pre x of video .

We de ne , Where , to be the saving in the transmissiorcostwhen storing

units of pre x of video atproxy overthe costwhenvideo is not storedat the proxies,
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Numberof videos

Lengthof video (sec.)

Mean bandwidthof video (bits persec.)
Cachinggrain

Size of video (units)

Numberof proxies

Accessprobability of video at proxy
Requestate for video at proxy
Aggregaterequestarrival rate for videosat proxy
Aggregaterequestarrival rate for video at all proxies
The cachesize (units) of proxy

Length (sec)of cachedpre x for video at proxy
Storagevector of videos ,

Transmissiorcoston sener-proxy path (per bit)
Transmissiorcost on proxy-client path (per bit)
The multicastscalingfactor

Transmissiorcost per unit time for video
whenthe storagevectorfor video is

TABLE |
PARAMETERSIN THE MODEL.

Our goal is to maximizethe aggregate saszings and, hence,minimize the aggrgatetransmissiorcost over all the
videos.The optimizationproblemcan thereforebe formulatedas

maximize:

S.t.

Note that this formulation is a variant of the 0-1 knapsackproblem, where the items to be placedinto the
knapsackare partitionedinto setsand at most one item from eachset is chosen.We next use the following
dynamicprogrammingalgorithmto determinethe optimal allocation.

Let bea -dimensionalmatrix. An entry in , Where , representghe
maximumsaving in the transmissiorcostwhenusingthe rst  videosand units of the storageare allocatedat
proxy , . When : . When :

The value is the maximum saving in transmissioncost when all videos have beenused,where

. The minimum transmissioncost is sincethe saving is relative to
storing nothing at the proxies.The executiontime of the algorithmis , Where and

. Note thatthe compleity of the algorithmis exponentialwith respecto the numberof proxies
. In the appendix,we prove that, when is not x ed, the problemis NP-hardin the strongsense Therefore,
we cannothopefor a more ef cient algorithm.



When the senerproxy pathis only unicastcapable,determiningthe allocationfor  proxiesis equivalentto
determiningthe allocationfor eachproxy separatelyThe above optimal allocation algorithm reducesto that we
proposedn [10], which hasthe compleity of

Note that the above optimal allocation schemeassumesx ed parametergincluding the accessprobabilitiesof
the videos, the arrival ratesof the videos,etc.). In practice,the parametersan be dynamic. Thereforethe proxy
cacheallocationalgorithmneedsto be executedperiodicallyto adaptto the changingparametersOncean optimal
proxy cacheallocationis determinedthe allocationis static, that is, the allocationis x ed until a new optimal
proxy cacheallocationis obtained.

IV. PROXY-ASSISTED TRANSMISSION SCHEME

In this section,we develop a transmissiorschemeMMPatch, which is similar to patching[3], [4] in spirit but
differs from patchingin thatit utilizes proxy pre x cachingasan integral part for bandwidth-etcient delivery.

We next describethe MMPatch schemein detail. When a client requestsvideo from its proxy, the proxy
transmitsthe pre x storedlocally to this client using multicast. At the sametime, the proxy requestshe sufx,
the remainderof the video, from the sener. Supposeproxy issuesthe rst requestfor the sufx of video at
time . Correspondingo the requestthe sener startsto transmita sufx of length usingmulticastat time

. Proxy multicaststhe sufx from the sener to a group of its clients that requestthe video. Later requests
for video (from proxy or other proxies)have two options. They can starta new multicastsufx streamfrom
the sener. Or they join the ongoingmulticastof the sufx anduseseparatainicastchannelgo obtainthe missing
data.Let  be athresholdto regulatethe frequeng at which the completesufx streamis transmitted.If a later
requestarrives before , it joins the ongoing multicastof the sufx. Otherwise,it startsa new completesufx
streamfrom the sener. Threshold is chosensuchthat the transmissiorcostis minimized.

We next presentwo variationsof MMPatch: dynamicandbaselineMMPatch.In dynamicMMPatch,whenone
proxy initiates a multicastsufx streamfrom the sener, anotherproxy joins the multicastgroup to receve the
streamonly when at leastone of its clients requestthe video. In baselineMMPatch, all the proxiesreceve the
multicaststream;theneachproxy eitherforwardsthis streamto its clientsor discardsit uponreceiptwhenthereis
no needfor the stream.Clearly dynamicMMPatchis more bandwidthef cient while requiresmore signalingthan
baselineMMPatch.In baselineMMPatch,the sener cantransmitall multicaststreamaisingonechannel(multicast
connection)and all the proxieslisten to that channel.In dynamicMMPatch, a multicastgroup hasto be created
for eachmulticaststreamfrom the sener andthe proxiesneedto join multicastgroupsdynamically We derive the
averagenumberof joins from all the proxies per unit of time in dynamic MMPatch and the overall transmission
costfunction for both baselineand dynamicMMPatchin the appendix.

Whenthereis no proxy caching(i.e., no video pre x at the proxiesandthe proxiesare usedonly asgatavays),
MMPatchreducedo threshold-baseg@atching[4]. Whenthe sener-proxy pathis only unicastcapable the trans-
missionfrom the sener correspondingo the requestsfrom one proxy is independentf thatto other proxies.In
this case,MMPatchreduceso MPatch,which we proposedn [10].

V. PERFORMANCE EVALUATION

In this section,we examinethe resourcetradeofs for MMPatch underthe optimal proxy cacheallocation.We
considerarepositoryof CBRvideoclipswith accesgprobabilitiesdravn from a Zipf distribution with parameter
[1]. We also use more skewed ( ) and lessskewed ( ) distributions. We only describethe
resultsunder in detail; the performancerendsunderdifferentvaluesof aresimilar. For simplicity, we
assumeall the videosare two hourslong, and have the samebandwidth.We normalizethe transmissioncost by

both the video bandwidthandthe valueof . Thatis, the normalizedtransmissiorcostis . Let
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Fig. 2. Relative reductionunderoptimal proxy cacheallocationover no pre x cachingwhen /min.

. We assume . Obsene that correspondso and correspondso
We representhe proxy cachesize as a percentage, , of the size of the video repository We use one minute of
dataasthe cachinggrain for the proxy cacheallocation.

We rst considerhomogeneougproxies,that is, the con gurationsfor all the proxiesare the same,including
proxy cachesize,videoaccesgprobabilities,aggregatearrival rate, , , etc.At theendof this section,we consider
proxiesthat are heterogeneoum the arrival rate of the videos.We assumerequestgo a proxy follow a Poisson
processandthe aggr@atearrival raterangesfrom  to requestper minute. The total numberof proxies
is setto be  or . The multicastscalingfactor rangesin . The performancerendsunder
and are similar. We thereforeonly reportthe resultsunder

We believe that the optimal allocation at homogeneougproxies should be the same,since the proxiesare not
distinguishablén contrituting to the transmissiorcost.We areunableto provide a rigorousproof but our evaluation
on two homogeneougroxiescon rms this conjecture.Runningthe optimal proxy cacheallocationalgorithm on
large numberof proxiesis dif cult becauseof the compleity and the spacerequirement.in the following, the
optimal allocationwe describeis underthe assumptiorthat the allocationat homogeneougroxiesis the same We
rst investigatethe effect of proxy cachingon the transmissiorcost. We thendescribethe optimal proxy allocation
acrossthe videosandthe gainsfrom using multicaston the sener-proxy pathsover usingunicast.All of the above
are basedon baselineMMPatch. Finally, we comparethe performanceof baselineand dynamic MMPatch.

A. The effect of proxy caching on the transmissiorcost

Proxy cachingleadsto lower network transmissiorcostin all the settingswe study This is expectedsincedata
from the sener passthe proxiesand hencetransmittinga streamdirectly from a proxy incurslesscostthanfrom
the sener. On the otherhand,this is in contrastto the studyin [11], which focuseson sener and proxy bandwidth
usagesnsteadof network bandwidthusageandshaws that proxy cachingonly reducessener and proxy bandwidth
usagesn somesettings.

We de ne therelativereductionunderoptimal proxy cacheallocationover no proxy cachingto bethe difference
in the costsunderthesetwo settingsdivided by the costwithout proxy caching.Fig. 2 plots the relative reduction
thus de ned when the aggreyatearrival rateto a proxy is  requestger minuteand rangesfrom 0.2 to 0.8.
We obsene that a relatively small proxy cache(1%-10%of the video repository)is sufcient to realizesubstantial
saszingsin transmissiorcostandthe proxy cachesize hasa diminishingeffect on the costsavings. Furthermorethe
reductionis more dramaticfor thanfor . This is becausefor lower valuesof , the savings from
transmittingdirectly from the proxy cacheto the clientsis moredramatic.Finally, we obsenre similar characteristics
for otherrequestarrival rates.
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B. Optimal proxy cache allocation acrossthe videos

Fig. 3(a) depictsthe optimal proxy cacheallocationin MMPatchwhen /min, and . We
nd thatthe size of the proxy cacheallocatedto a video is not a monotonicallyincreasingfunction of the access
probability This is becausehe thresholdtendsto increaseas the accessprobability decreasesThereforesome
less popularvideos may requirelarger pre x es than more popularvideosto realizethe optimal threshold.When
(seeFig. 3(b)), the proxy cacheis more evenly distributed amongthe videos.For a valueof  higherthan
, the optimal allocation acrossthe videosis more skewed ( gures not shavn), closerto the allocationwhen
using unicaston the sener-proxy paths.

C. Bene tsof using multicastalong serverproxy paths

Whenusing unicaston the sener-proxy paths,MMPatchreducego MPatch proposedn [10]. Fig. 4 shows the
transmissioncost when using multicastand unicaston the senerproxy pathsas a function of the proxy cache
sizefor /min and . Using multicaston the sener-proxy pathsleadsto signi cant savings only for
small and medium proxy cachesizes.When the proxy cachesize is of the video repository(i.e., ),
using multicaston the sener-proxy pathsreduceshe transmissiorcost by and over that using unicast
for and respectiely. As the proxy cacheincreasesmore contentsare transmittedfrom the proxy
cachedirectly andthe coston the senerproxy pathsbecomedessdominantin the total cost. That explains why
transmissiorcostsusing multicastand unicaston the sener-proxy pathsbecomeclosefor large proxy cachesizes.
We obsene that the cost savings from using multicaston sener-proxy pathsare more signi cant for small values
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of . This is becausejn that case,the cost on the senerproxy pathsis more dominantin the total cost and
the bene ts of using multicastare more manifest.We also obsene that the cost sarzings from using multicaston
the sener-proxy pathsincreasewith the arrival rate, especiallyfor small and medium proxy cachesizes( gure
not shawn). For instance when increasedrom /min to /min, for and , the costsaving
from using multicaston the sener-proxy pathsincreasegrom to for andfrom to for

Intheabore,we x ed tobe .As increasesthecostof usingmulticastonthesenerproxy pathsapproaches
and then surpasseshat of usingunicast.This is becausein MMPatch, using multicaston the sener-proxy paths
becomedessbandwidthef cient for highervaluesof . We refer to the valueof  at which the costsof using
multicastand unicaston the sener-proxy pathsare the sameasthe critical value of . Fig. 5 depictsthe critical
valueof asafunctionof thearrivalrate , and . We obsene thatthe critical valueincreasessthe arrival
rate increasesince,as obsered before,the savings from using multicaston sener-proxy pathsincreasewith the
arrival rate. The critical valueis higherfor lower valuesof , sincethe coston sener-proxy pathsis moredominant
in the total costwhen is low. When , the critical valueof is higherfor largervaluesof ; when :
the critical value of  is higher for smallervaluesof . This is becausehe gainsfrom using multicaston the
sener-proxy pathsis the highestat mediumand small proxy cachesizesfor and respectiely.

D. Performancecomparisonof baselineand dynamicMMPatch

We now assumethe multicast bandwidthusagefollows Chuang-Sirh law [13], which statesthat the cost of
usingmulticastfor a multicastgroupsizeof is timesasthat usingunicast.In dynamicMMPatch,the size
of a multicastgrouprangesfrom to . In baselineMMPatch,the size of the multicastgroupis  andthe cost
of transmittingone bit of datafrom the sener to all the proxiesusing unicastis . Therefore,
in baselineMMPatch under the assumptionof Chuang-Sirh law. That is, for . We found
the performanceof dynamicandbaselineMMPatchare very similar exceptfor low arrival rateof  requestper
minute,wherethe differencein their transmissiorcostsis within . Thisis expectedsincein dynamicMMPatch,
the size of the multicastgroup for a streamwith high arrival rate is closeto the total numberof proxies , in
which casethe transmissiorcostsunderdynamicand baselineMMPatch are similar. However, dynamicMMPatch
requiresmuch more dynamicjoins than baselineMMPatch. For instance when /min, the averagenumber
of joins per minute from all proxiesin dynamicMMPatchis around (‘gure not shawvn). For higherarrival
rates,the averagenumberof joins per minuteis even higher sincethe thresholdtendsto decreases the request
arrival rateincreases.



E. Hetelogeneousproxies

We next examinetheresourcdradeofs for a specialcaseof heterogeneousroxies:the proxiesareheterogeneous
in the sensethat the aggreyatearrival ratesto the proxiesare different. We assumeproxiesbelongto two classes:
oneclasswith an aggreatearrival rateof  requestger minute andthe other onewith requestgper minute,

timeslargerthanthe rst class.The numberof proxiesin eachclassis the same We obsenre thatthe allocations
for the two classesof proxies are the same.Furthermore the allocationis very closeto that for homogeneous
proxieswith the sameaveragearrival rate, which is requestsgper minute. The reasonmight
be that the coston sener-proxy pathsis more sensitie to the aggreatearrival rate from all the proxiesinsteadof
the arrival rate from eachindividual proxy.

VI. CONCLUSIONS

In this paper we study video streamingin the settingwhere both the sener-proxy and proxy-client pathsare
multicastcapable We presentan algorithmto determinethe optimal cacheallocationat eachproxy and develop
an ef cient proxy-assistedransmissiorscheme Our performancesvaluationshows that: (i) underoptimal pre x
caching,a relatively small proxy cache(1%-10%of the video repaository)is sufcient to realizesubstantiabavings
in transmissioncost; (i) using multicaston sener-proxy path leadsto signi cant saszings over using unicastfor
small to medium proxy cachesizesand high arrival rates;In the other casesusing unicastis good enough;(iii)
the simplerbaselineMMPatchis as bandwidthef cient asdynamicMMPatchfor relatively high arrival rates.
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APPENDIX
A. Derivation of costfunctionsfor MMPatch

We derive the overall transmissiorcostfor MMPatchby modelingthe systemasa renaval processWe consider
theinterval betweertheinitiation of two multicastsufx streamdrom the sener. We assumedPoissorarrival process
throughoutthe derivation.

Supposeproxy issuesthe rst requestfor the sufx of video in the renaval process.Let be the
transmissioncost for video from proxy . Supposethe rst requestarrives at time . Correspondingo this
requestthe sener multicastsa sufx of length attime . Let be the costfor the sufx stream
multicastedrom the sener. The differencebetweerbaselineanddynamicMMPatchlies only in . In baseline
MMPatch, we have since all the proxiesarein the multicastgroup. We next derive

for dynamic MMPatch which is classi ed into two casesdependingon the relationshipof and
Supposehe bandwidthusagefor a multicastgroup of size s
Casel: . In this case,the sufx streamof length is transmittedto all the proxiesthat join
the multicastgroupby . Therefore

wherefunction is the probabilitythat  out of the other proxiesjoin in the multicastgroup by

time . We only derive for homogeneougproxies. The probability that proxy hasrequests
for video bytime is . Therefore for homogeneougroxies,we have

Case2: . In this case,we divide the interval into subintenals of length . Then can

be approximatedas

The rst term correspondso the costfor the arrivalsbetween and . The secondterm correspondso the
costaftertime
We next derive . Supposea later requestto proxy for video arrivesat time . Video
delivery for this client canbe classi ed into the following two casesdependingon the relationshipof  and
Casel: . This is shavn in Fig. 6 (a). The client receves seggment from a separatechannelvia
unicastfrom the proxy and segment via the ongoing multicast stream.Assuminga Poissonarrival
processwe have

In this case the averagetotal length of patchesn the renaval processs asshawn in [4].
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Fig. 6. Delivery to proxy , which initiatesthe transmissiorof sufx from the sener usingmulticastin MMPatch.

Case2: . This is shawvn in Fig. 6 (b). If , thenthe transmissiommechanisnis the same
asin Casel. If , the client receives sggment from a separatechannelvia unicastfrom
the proxy and receves sggment via the ongoingmulticaststreamfrom the proxy. Segment is
transmittedfrom the sener to the client via the proxy using unicast.Assuminga Poissonarrival processwe
have

In this case the averagetotal length of patchedn the renaval processrom proxy is . The average
total length of patchesfrom the sener is . This is becausdhe averagenumberof arrivals in
this time intenal is with averagelengthof patchof
We next considerlater requestsfrom anotherproxy . Let be the transmissioncost for video
from this proxy. It containsthe costsfor the completestream(correspondingo the rst requestto proxy )
andthe partial streamg(correspondingo later requestdo proxy ). Let and denotethe two costs
respectiely. Then

We next derive and . Let be the pdf of the arrival time of the rst requestfor video at
proxy . Thenby the assumptiorof Poissonarrival

Supposehe rst requestfor video to proxy is attime |, . The derivation of is obtainedby
consideringtwo casesclassi ed by the relationshipof  and
Casel.: . In this case,if , the sufx from the sener (initiated by proxy ) is not sufcient for
proxy andthevideo seggmentof hasto be transmittedfrom the sener to the proxy, leadingto a cost
of . Let . The probability of having at leastone arrival at proxy
before is . Then



Case2: Af , then is the sameasin Casel. If , the lengthof the patchrequired

from the sener is . Hence

We next derive the cost for partial streams , which also dependson the relationshipof  and as

follows.

Casel: . The averagelength of partial streamrequestedrom the proxy is sincethe rst
requestis attime . On averagethereare requestdrom the proxy. Therefore
Case2: , we have
This canbe explainedasfollows. If , the averagenumberof requestss beforethethreshold.
The averagevideo length requiredis and the pre x is transmitteddirectly from the proxy.
Thereforethe averagecostfor one requests —— , which is the factorin the third term. If

, the costis the sumof the rst two terms.For ary requestbefore , the partial streammissedby the
client belongsto the pre x andcanbe sened directly by the proxy, leadingto a costrepresentedby the rst
term. For requestaarriving after , the costis representethy the seconderm for similar reasonsasexplained
for the third term.

Let be the numberof arrivals in the interval betweenthe initiation of two multicaststreamsof video
from the sener in the renaval processlit canbe approximatedy . The exact expressionis

Where is the numberof requestsfrom proxy . For proxy , the probability of having at leastone
requestbeforethe thresholdis . If the rst client comesat time , the total numberof arrivals
from proxy is .

The overall transmissiorcost per unit of time for video is:

This canbe explainedasfollows. The probability that proxy issuesthe rst requestis andthe total cost
containsthe costfrom proxy andall the otherproxieswith later comingrequests.

We next derive the averagenumberof joins from all the proxiesperunit of timein dynamicMMPatch.Theaverage
lengthof theinterval betweerthe initiation of two multicaststreamsf video from the seneris

This is becausen averageit takes for arequestfor video to arrive. The probability thatproxy has



a requestfrom video by the threshold is . Let be the averagenumberof joins from proxy
per unit of time. Then

The averagenumberof joins from all proxiesper unit of time is

B. Strong NP-Complete

We next prove thatthe multiple-proxy cacheallocationproblemin Sectionlll is NP-completdn the strongsense
by reducing3-SAT to this problent.

Proof: Let beaninstanceof 3-SAT. Let  bethe numberof clausesand  be the numberof variablesin
In the multiple-proxy cacheallocationproblem,let eachliteral represent video. Therefore thereare videos.
We de ne two typesof proxies:variabletype (V-type) and clausetype (C-type). EachV-type proxy corresponds$o
avariablein . Hencethereare V-type proxies.EachC-type proxy correspondgso a clausein . Hencethere
are  C-typeproxies.We illustrate the transformatiorby an example.Suppose

Then and . In the multiple-proxy cacheallocationproblem,thereare videoscorrespondingo the
literals, V-typeproxiesand C-typeproxies.We next describesomeassumptions.

Accessand sizeassumptionsfor a V-type proxy, two videos correspondingo the two literals of the variable
are accessedrom the proxy, with the sameaccessrobability of . In the exampleabove, for the V-type proxy
correspondingo variable , two videos and (thetwo literals for variable ) areaccessedrom this proxy.
For a C-type proxy, threevideoscorrespondindo the threeliterals containedin a clausecanbe accessedrom the
proxy, with the sameaccesgrobability of . In the exampleabove, for the C-type proxy correspondingo the rst
clause in ,videos , and areaccessedrom this proxy. We assumehatthe size of eachvideo
is . Let the size of a V-type proxy be andthe size of a C-type proxy be . Thereis no constrainton the size
of the sener. The cachinggrainis chosento be the size of the video. Thatis, videosare storedin their entirety or
not at all at the proxies.

CostAssumptionsCorrespondingo a client's requestjf the videois storedat its proxy, the videois transmitted
directly from the proxy to the client and we assumethe transmissioncost of the video is . If the video is not
storedat the proxy, the proxy forwardsthe requesto the sener andthenforwardsthe video to the client. The rst
requestfor a videofrom the sener initiatesa transmissiorof a completestream A later requestshareghe ongoing
transmissiorof the completestreamif it arrives beforea threshold.Otherwise,it startsa new transmissiorof the
completestream.The thresholdis chosento minimize the cost. For a video, we considerthe averagecostbetween
the interval of two completestreamsLet  denotethe averagecostaggrejatedover all the videos.We assumehe
costgeneratedrom a requestthat initiates a completestreamis . Furthermorewe assumeall the later requests
for all the videosgeneratea total costlessthan . This, asshavn later, canbe satis ed by settinga propervalue
of

We next prove that is satis ableiff

is satis able . Because is satis able, thereis an assignmento the variablesso that each
clauseis satis ed. At a V-type proxy, we storethe videothatcorrespondso theliteral thatis false.At a C-type
proxy, one video amongthe threevideosto be accessedasto be accessedrom the sener sincea C-type

1A problemis NP-completein the strongsenseit remainsNP-completeif ary instanceof length is restrictedto containintegers of
size at mosta polynomial



proxy canstoreat most videos.We let the video correspondingdo a literal that is true to be accessedrom
the sener. In this way, the rst accessefo the videoscorrespondindo falseliterals generatea costof , with
atotal of . The costfor all the later accessegeneratea costlessthan . Thereforewe have :
is satis able. At a V-type proxy, a video hasto be accessedrom the sener sincethe proxy
canstoreat mostonevideo. Setthe literals correspondingo the  videosstoredat the V-type proxiesto
be true. Thatis, the  videoscorrespondingo the falseliterals are accessedrom the sener and generatea
total costof atleast . Supposehe threevideosstoredat a C-type proxy all correspondo literals that are
false.Thenonevideo correspondingdo a falseliteral hasto be sened by the sener sincethe proxy canstore
at most videos,which leadsto an extra costof at least . Thenthe total cost becomesat least :
which contradictsthe fact that . Therefore,at leastoneliteral in a C-type proxy hasto be true.
Hence is satis able.
We areleft to prove thatthe costassumptioris satis ed whenthe arrival rate  is setto a propervalue.Suppose
video is requestedat a rate of from a V-type proxy. It is also requestedrom
C-type proxies,eachat a rate of . Without loss of generality supposea requestfrom the V-type proxy initiates
a transmissiorof a completestreamof video from the sener. Let  be the optimal thresholdfor video . Let
be the averagecost of transmittingthe completestreamfrom the V-type proxy. Let be the averagecosts
of transmittingthe unicastpatchesto the other C-type proxiesrequestingvideo . Then
and . To minimize , we have

For corveniencewe de ne

Where,
We know when . Furthermore, is anincreasingfunctionof fora x  when
and . This can be showvn by taking the deriative of . Therefore . Hence
Supposehe videosrequestedrom the C-type proxiesare video . The numberof C-type proxies
thatrequestvideo is , . Then

where  correspondgo the costfrom all of the completestreamstransmittedfrom the sener. In orderto have

, we need , Which is satis ed when

We thus shawv that the costassumptionis satis ed by choosingpropervaluefor andcompletethe proof. W



