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Abstract

The useof Caching and Multicasting has beenstudied
extensivelyin the context of terrestrial networks.However,
the useof thesetechnolagiesin a Direct BroadcastSatel-
lite(DBS)systenremainsunclear In this paperwe discuss
possiblechoicesof caching and multicastingschemesmo-
tivated by current applicationsin the terrestrial Internet,
that could be consideed for a DBS system. We examine
their advantagesanddisadvantgesaswell asthetradeofs
involvedin combinationof differentapproaches. We also
proposesomeusesof thesetechnologies and describean
architectuie that enhanceghe performanceand efficiency
of aDBSsystem.

1. Intr oduction

Direct BroadcasSatellite(DBS)systemsrovide a way
of distributing informationto alargenumberof usersovera
large geographicahrea.A DBS systemis characterizethy
a singleuplink site, which is alsothe Network Operations
Center(NOC),and end-usersystems(possiblyhousands),
eachof which include a receve-only satellitedish and a
backchannel(e.gtelephondine) for communicatiorfrom
theendusersystento theNOC. Suchasystemis illustrated
in Figurel. The DirecPC" developedby HughesNetwork
Systems(HNSIs a practicalimplementatiorof suchaDBS
system.In its presenform, sucha systemhasbeenshavn
to provide dataratesof upto 400kbpg6, 2].

However, protocolssuchas TCR which were primar
ily designedor terrestrialervironmentsdo not performas
well in asatellitebasedsystem.Optimizationschemesiave

1Thework describedherewascarriedoutaspartof aneffort at CSHCN
to extendthe DirecPC" systemjointly developedwith HughesNetwork
Systemsn 1992.

2Researclsupportedn partby NASA throughcooperatie agreement
NCC3-528 HughesNetwork Systemsandthe Stateof Marylandthrough
theMarylandindustrialPartnershipgMIPS) program.
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Figure 1. Overview of a Typical Internet over
Satellite DBS System

beenproposedo overcomethis problem[9] [12]. Moti-
vatedby theextensie studyandvastdeploymentof caching
and multicastingin terrestrialnetworks [1, 16], we argue
thatthesetechnologiesreequally if not moreessentiafor
a DBS systemfor the following reasons.First, delayin a
DBS systemis more prominentthanin a pure terrestrial
network dueto propagatiordelayincurredby a GEOsatel-
lite. By moving resourcesndinformationcloserto theend
user cachingprovidesapotentialmeansf reducingthede-
lay remarkably Secondlyefficient bandwidthutilizationis
moreimportantin a DBS systembecausef limited satel-
lite bandwidth.Using broadcasmedium(satellitechannel)
to provide unicastservice(web browsing) is an apparent
waste soit is necessaryo furtherexploit multicastingtech-
niguesfor DBS systems.

This is nonetheless nontrivial problem. While mary
aspect®f cachingand multicastingarewell understoodn



a terrestrialnetwork, they arerelatively lessstudiedfor a
DBS system.Furtherinvestigationis neededo choosethe
right combinationof technologiesndto integratethem.

In this paper we examineschemesriginatedfrom the
terrestrialnternetcommunityfor theirapplicabilityto DBS
systemsandproposdlifferentwaysof usingthem.We also
shav how cachingandmulticastingarecloselyrelatedand
shouldbeusedtogether

It is beyondthe scopeof this paperto discussin depth
the detailedimplementatiorissuesof eachof the proposed
schemes Rather we discusstheir pros,consandapplica-
bility from a systemsngineeringpoint of view. Also, our
analysisis more conceptuabndintuitive ratherthanrigor-
ousandmathematicaht the currentstage.

We focuson lateng reductionand efficient bandwidth
utilization aswell astheir tradeofs in a DBS system. In
Section?2 and3 we discusachingandmulticastingstrate-
gies.Sectiord presentsheintegratedsystemjncorporating
cachingandmulticasting.In Section5 we give our conclu-
sionsanddiscusduturework.

2. ReducingLatency — Caching

Lateng is definedasthe interval betweenthe time the
userrequestgor certainweb contentandthetime at which
it appearsn theuserbrowser In a DBS systemwe divide
this lateng into threecomponentsthe delayfor the user
requestto reachthe NOC; the delayfor fetchingthe data
from the web sener to the NOC; andthe delayin sending
datafrom the NOC to the endhostover satellite.

Thefirst andthird partsof thedelayarefixed,but canbe
avoidedby prefetchingandcreatinga local cacheon each
of theindividual endusersystems.The solutionfor reduc-
ing the secondcomponenf lateng is to placea cache
at the NOC, similar to other adaptve web cachingsys-
tems[avc,zmnr]. This will resultin lower averagelateny
andin the bestcasethe secondatengy componenwill be
nearlyzero.

Therefore,ideally, whena usergenerates requestwe
would like therequesto be satisfiedocally via a hit in the
prefetchcache.If thisfails, thenwe would like therequest
to besatisfiedattheNOCwithouthaveto gothroughtheln-
ternet. If this fails again,which is the worst casescenario,
thendatais fetchedfrom somesener in the Internetand
transferredo theuser This discussions illustratedin Fig-
ure 2. Thedifferentcurvesindicatethe differentamounts
of lateng thatareintroduceddependingon wherethe data
is located. Figure 2 shavs that the main contributor of la-
teng is the satellitelink. This is sufficient to justify the
importanceof prefetchingasthe mostimportantfactorin
reducinglateng.

The overall DBS lateng could be reducedevenin the
casesvherethereis amissin theprefetchedachedy proper
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Figure 2. Contrib utors to Latency in a DBS
System

useof multicasting,aswe describdater.
2.1 Prefetching

Prefetchingof web documentgo the endhosthasbeen
recommendedh previous studiesasa meansof reducing
thelateny in aterrestriabasedvebaccessystem8].

Traditionally, prefetchingis consideredh "pull” opera-
tion, whereobjectsareactively fetchedbeforethey arere-
quired. In our case,prefetchingdoesnot involve an ex-
plicit "pull”. Insteadend usersystemsspeculatiely pick
objectsfrom a broadcasstream. If prefetchingis perfect,
an end userpercevesalmostzerolateng. In a DBS sys-
tem, this techniquecanprovide maximumbenefitasit can
completelynullify the negative impactof the presenceof
the satellitelink. A separatehannelcanbe setasidefor
the purposeof broadcastingrefetcheddata. The endhosts
chooseto subscribeto this channeland constantlyupdate
the contentf theirlocal cache.

However simple prefetchinginitially may seem,upon
deeperanalysisone finds several nontrivial issues. These
issuesinclude: what shouldbe broadcastwhat shouldbe
saredin thelocal cacheon the end-hosthow to updatethe
prefetchinformation at the NOC; how shouldthe pricing
structurebe changed;shouldthe prefetchingbe global or
per user; what predictionalgorithm shouldbe used. We
will try to answerthesequestiongy formulatinganappro-
priatelydetailedprefetchstratayy.

Thefirstimportantquestiorregardingary prefetchstrat-
egy is whatdatashouldbe prefetched.Oneapproachs to
maintainperuserprofilesatthe NOC. Thesewould supply
usagepatternswhich could be usedby the predictionalgo-



rithms. However, maintainingsuchinformationfor apoten-
tially large numberof usersis not scalable Alternatively, a
global profile for all userscould be maintained.However,
asusagepatternamay be very diverse the benefitsof such
aglobalprofile might belimited.

A moreefficientmethodwould beto usebothglobaland
per userprofiles. In this dual system,the local prefetch
cacheis built by selectingdata being broadcaston the
prefetchchannel. The NOC maintainsa global profile and
broadcastsbjectsbasednthisinformation.Eachenduser
systemmaintainsa peruserprofile to helpit selectobjects
fromthebroadcasstream Partof thedatain thelocalcache
is storecbecausdé hasahighrankin theglobalprofile. The
remainings selectedut of theprefetchchannebecausef
its highrankin thelocal userprofile.

Updatingthe prefetchfilter at the endhostis performed
by the prefetchpredictionalgorithm. A form of Prediction
by Partial Match (PPM) algorithm, could be used. Basi-
cally, thealgorithmmaintainsa datastructureof thatkeeps
track of the URL's following anotherURL. This informa-
tion canbe usedto guesauserbrowsingpatternsanddeter
minethefilter which obtainsinformationfrom the prefetch
channelndplacest in thelocal cache.This algorithmhas
beendescribedn moredetailin [5].

The contentsof the prefetchchannelat the NOC can
be updatedon the basisof a simple "most populardata”
schemewhich representthe globalprofile.

2.2 NOC Caching

To avoid fetching datafrom Internetseners, caching
should be performedat the NOC. This is a corventional
terrestrialcacheand may be connectedo otherterrestrial
cachesasa partof distributedweb cachingsystem.There
hasbeenextensie study andimplementationon adaptve
webcaching.Interestedeadersarereferredto [1, 16].

It' sworth pointingout thatNOC cachingdoesnot suffer
asmuchfrom thedisadwantage®f acornventionalterrestrial
cachingsystem which forcesweb requestgo be routedto
thecachdirstandmightincreasavebaccessateng in case
of amiss. In aDBS system/NOC is a haturalcollectorof
all requestandintroducingcachesatthe NOC only results
in minimal lateny increase. Moreover, a NOC hascom-
pleteinformationontraffic patternsandstatisticssoadding
cachesat the NOC canprovide significantimprovementin
reducinglateng.

2.3 Hierar chical Caching Ar chitecture

To summarize pur hierarchicalcachingarchitectureis
shavnin Figure3. Eachendsystemis equippedwith local
prefetchcache constitutingthe first layer caching.Caches
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Figure 3. Overview of Caching in a DBS Sys-
tem

inside NOC and various Internetcachesform the second
andthird layercachingrespectiely.

While theuseof prefetchingeducesheaveragetotal la-
teng for webbrowsing, it doesinvolve usingsophisticated
algorithmsboth atthe NOC aswell asat the endusersys-
tems. Moreover, a certainamountof bandwidthhasto be
dedicatedor this purpose.The performancegainfrom the
useof thistechniquewill alsovary onhow muchdiskspace
is allocatedat theendusersystemdor the purposeof build-
ing theselocal caches.The DBS systemprovider canoffer
userdncentiefor allocatinglargerspaceon disksby offer-
ing lower pricesfor higherhit ratesin thesdocal caches.

CachingattheNOC s perhapghesimplestamongthese
techniquesto implement. However the cachesize and
depthof cachinghierarchyshouldbedesignedogethemith
prefetchingandmulticasting.

We give a simplecomparisorof percevedlatengy with
andwithoutcaching.Let ts 41 standfor theroundtrip time
from theendhostto the NOC. This includesthetime from
hostto NOC via terrestrialwire and the time from NOC
to hostvia satellite.Let t; yr denotetheroundtrip time for
NOCtofetchdatafromthelnternet.Alsolettpr andtyoc
indicatetheadditionalcacheprocessingimeincurredatthe
local prefetchcacheandthe NOC, respectiely.

Using the proposedcachingarchitecture the total la-



teng/ D¢ canbecalculatedasfollowsin differentcases:

tpr best
tpr +tsar +tnoc
tpr +tsar +tNoc +tinT worst

Doy =

wherebestcaseindicatesall requestsare satisfiedlocally.
The middle caseis whererequestsan be satisfiedat the
NOC, andthe worst casescenarias wheredatais fetched
from the Internet. Whereaswithout caching thelateny D
isalwaysD = tsar + tiNT-

It is clearthatthe efficiency of cachingdependson the
probability that requestscan be satisfiedlocally or at the
NOC,i.e.,thehit rateof thecaches.

3. Efficient Bandwidth Utilization — Multicast-
ing

The broadcashatureof the DBS systemnaturallylends
itself to the use of multicastingto save bandwidth. The
useof multicastis also motivatedby the fact that a large
percentagef webrequestareconcentratedn arelatively
smallsetof highly requestedlocument$3, 4, 11, 7].

Normally, in a DBS system,a certainamountof band-
width is allocatedfor continuousbroadcastingof certain
contentsg.g.,news, sports,stockquotes,etc.. Userssub-
scribedto suchservicescantuneto the designateadhannel
andgetinformationdirectly. However, the volumeof data
that can be accommodateéhto this channelis limited be-
causethe broadcastingycle determineghe averagewait-
ing time (half the cycle) for a userto getthe desiredcon-
tent. Furthermorethis is only suitablefor contentsvhose
requespatternis well knowvn anddoesnot changevery fre-
quently

For contentdessfrequentlyrequestedr whoserequest
patterncanchangedramaticallywithin shorttime periods,
we arguethatmoreadaptve schemesisingon-linerequest
patternestimatego dynamicallychangebroadcassched-
ulesare needed. This hasled to the following solutions:
continuousnulticasting/aicachingandspontaneoushulti-
casting discussedh subsections.

Note that the degree of validity and performancem-
provementfrom theseproposedapproachedepend®nthe
actualrequestpatternseenby the NOC, which canbe af-
fectedby varioussocial,culturalandpolitical reasonsAd-
ditionally, performancecan be affected by chaging and
pricing stratgyies imposedby DBS systemproviders and
ISPs. Therefore,evaluationof approacheso save band-
width andreducdateng shouldbestudiedwith traffic anal-
ysis,dynamicbandwidthallocationamongdifferentunicast
and multicastchannelsandeffective chaging andpricing
schemedor unicastand multicastapplications. As a first
step,we arecurrentlyin the processof analyzingreal user

requesttraffic tracesobtainedfrom DirecPC" NOC. The
resultscouldleadto betterapproachesowardsincorporat-
ing multicastin a DBS ervironment.

3.1 Air Cache- Continuous Multicast

Detaileddescriptionof Air Cachecanbe foundin [15,
14]. Thebasicideais to usesatellitebandwidthasa“cache”
— Air Cache-to “store” databy continuouslybroadcasting
them. This schemealsoincludesanalgorithmwhichadapts
the contentf the air cachebasedon the “misses”. In this
contet, “misses”areexplicit datarequestsThe algorithm
hasbeenshownn to performreasonablyvell whencompared
to a systemthathascompleteinformationon both hits and
misseq15].

A brief sketchof theair cacheoperatiorin aDBS system
is asfollows. The datasetis divided into three subsets:
vapor, liquid andfrigid datadependingon their frequeng
of beingrequestedDataitemsareconstantlyexaminedand
are subjectto move from one subsetto anotherbasedon
their requestpatternseenby the NOC. Data belongingin
the “vapor” setis continuouslyand repeatedlybroadcast.
If NOC recevesa requestfor datathatis currently being
broadcastit simply dropsthe request.In this casethe end
useris requiredto listento the channelandgetthe content
from the air cache. This processinvolveswaiting on an
averagehalf of thetime of thebroadcastycle. If theNOC
recevesa requesfor datathatis notin theair cache then
it will be unicastto the user At the sametime, statistics
areupdatedo decidewhethertherequestediatashouldbe
reassignedo a differentsubset. The longerthe multicast
period, the larger amountof datathis air cachecan hold
which meansa higherhit rate.

This methodis called Air Cachebut we alsorecognize
it asatypeof multicastbecausehis approachs essentially
continuousmulticastpush. This approactaspotentialap-
plicationin broadcastinglatabasebut haslimited usagean
web browsing. This is primarily becauselatabasapplica-
tionscantoleratelargerdelayandsotheair cachecancon-
tainlargevolumesof data.For webapplicationsit is neces-
saryto restrictthe sizeof theair cachesothatthebroadcast
periodis smallerthanthe actualtime it might take for the
NOC to fetch datafrom the sener in the Internet. Other
wise unicastwill alwaysoutperformmulticastwhich offers
noincentive for usingmulticastfrom ausers point of view.

The Air Caching/ContinuouBulticastsystemaddsan-
otherlevel of cachingandits useasa caches limited com-
paredwith the additional compleity this addsto a DBS
system.However, properlyconfiguredthis methodcanof-
fer very good performanceémprovementif requestediata
arerelatively highly concentrateéh periodsof time.



3.2 SpontaneousMulticast

An alternatve approactto continuousmulticastis to ag-
gregatemultiple requestdor the samecontentat the NOC
andthenreply with a singlemulticasttransmissionassum-
ing that certainrequestsarrive in burstsor clusters. This
could potentiallyprovide significantincreasdan bandwidth
utilization. Similarwork canbefoundin [13].

Onreceving awebrequesttheNOC waitsfor afixedor
variableamountof timefor otherrequestgor thesamecon-
tent, while fetchingthe contentfrom eithercacheor some
Internetsener. If thereareotherrequestgor the samecon-
tent,thentheNOC repliesvia terrestriabackchanneto the
enduserby sendinghemulticastaddressindthetime of the
multicast. The NOC thenproceedgo transmitdataon that
multicastaddress Thusmulticastgroupsareformedspon-
taneoushattheNOC andby asingletransmissionmultiple
endusersreceie therequestedlata.

Notethattheaggreyationof requestss notlimited to re-
guestdfor exactly the samecontents.Requestdor closely
related(seeprefetching)contentscan also be groupedto-
gether In this way, for eachuserthe requestectontentis
multicastandrelevantcontentsareprefetched.

Clearly by using spontaneousulticast,the bandwidth
saving is obtainedat the expenseof largerdelaythatmight
be experiencediy a subsetof the users. The tradeof lies
in thedesignparameterthe amountof time the NOC waits
andholdsthe databeforetransmittingit. If this parameter
is lessthanthe averagetime for NOC to fetchthe datafrom
cacheor from Internetsener, thenlateng will not be af-
fectedbut we may not be ableto collect enoughrequests
to justify bandwidthsavings— this in factbecomesiormal
unicast.

3.3 Channel Allocation

The resulting channelallocation from our discussion
is shavn in Figure 4. The dottedline in the allocation
map indicatesthat the bandwidthallocation betweendif-
ferent channelsis not fixed and should be done dynami-
cally basedon estimatedactualtraffic patternandthe sys-
temcost/performancspecificationsTheNOC periodically
decidesvhethercertaincontentshouldbe prefetchedg¢on-
tinuouslymulticast,spontaneouslynulticastor unicastde-
pendingon the demandand changesn demand. For ex-
ample,increasingdemandor someunicastdatacanresult
in NOC's decisionto multicastthem or even to prefetch
themto groupsof users,andvice versa. Quantifiedanal-
ysis on switching betweenchannelsvould requirefurther
study whichis beyondthe scopeof this paperbut is oneof
ourongoingprojects.

Additional lateng is incurredby usingmulticastdueto
the constanttradeof betweenlateng and bandwidtheffi-
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Figure 4. Efficient Distrib ution of Available
Bandwidth in a DBS System

cieng. We introducetwo new parameterst.,., thecontin-
uousmulticastcycleandt,,,, thetime NOC waitsto aggre-
gaterequestbeforeit sendslatain spontaneousulticast.

Whenno cachingis usedtheaveragdateny D is ex-
presseds

.1
Dy = mm{itcyca tsar + maX{t[NT, tagg}}

wherethefirst term, half the multicastcycle, is theaverage
waitingtimefor theendsystento getcontentgirectlyfrom
thecontinuousnulticastingchannel.Thesecondermisthe
timeto fetchdatavia NOC.

If in additionto this we usethe proposedhierarchical
cachingthentheresultinglateny underdifferentcasesare
asfollows:

min{%tcyc, tPF}
tpr +tsar + MaX{tnoc,tagg }
tpr +tsar + MaX{tnoc + tinT, tagge}

Doy =

wherethefirst casds wheretheendsystencangetrequired
contentseitherfrom thelocal prefetchingcacheor fromthe
continuousnulticastchannel. Thesecondtasds wherethe
requests satisfiedby the NOC cache,andthe last caseis

wherethecontentdhaveto befetchedfrom alnternetsener.

Our analysisis by no meansrefinedor thorough,but it

givesthestartingpointfor futurework in systemsngineer
ing andtradeof study For approachesn bandwidthallo-

cationbetweerunicastandmulticast,se€[10].

4. Integrated Caching and Multicasting Sys-
tem

Our goal is to integratethesevariousoptionsinto one
high performancesystemtaking into the accountof their
costs. We recognizethat even when optimal performance
is theoreticallyachievable,sub-optimalbperatingdecisions
areoftenmadeby serviceprovidersfor the sale of simplic-
ity or easeof implementation.



An examplesystemcombiningcachingandmulticasting
functionsasfollows. The usergeneratea requesfor data,
atfirstthelocal caches checledto find if thedocumentx-
iststhere.Thislocal caches maintainedy thetheprefetch
or pushdatafrom the NOC. If the documentis not found
in thelocal cache the requesis forwardedto the NOC. At
the sametime, while waiting for the reply from the NOC,
the Air Cachechanneis scannedo checkif it containghe
requireddata.Whentherequesteacheshe NOC it checks
to seeif therequestvasfor adocumenthatis presentn the
Air Cachedatabasdf so,thentherequesis dropped.Oth-
erwise theNOC checkgo seef therequestallsinto ary of
therequestlusterthatit is currentlybuilding, if sotheNOC
repliesto theenduserwith the multicastaddresst is going
to useto multicasta reply to that request.If no suchclus-
teris currentlypresentthenthe NOC createsa new cluster
andsetsa spontaneoumulticasttimer for it. Ontheexpiry
of atimer, the NOC multicaststhe requestedetof datato
theendusers.While waiting for the spontaneousulticast
timerto expirethe NOC locatesthe datain the cacheat the
NOC, or contactseighboringcachesor the Internetsener
for it.

5. Conclusionand Futur e Work

In this paper we examinedpossiblechoicesof caching
andmulticastingschemeshatcanbeappliedto aDBS sys-
tem. We discussedheir advantagesand disadwantagesn
reducingoverall systemlatengy andimproving bandwidth
utilization. We alsodiscussedheirinteroperabilityandpre-
sentedhnintegratedsystemarchitecture.

As we have pointedout in previous sectionsthis paper
senesasourfirst steptowardathoroughandin-depthstudy
of how to improvetheperformancandenlagethecapacity
of DBS systemaundercurrentimplementatiorconstraints.
Thisincludesdetailedtraffic analysispandwidthallocation
study unicastandmulticastpricing andchaging.
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