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Abstract

Theuseof Caching and Multicastinghasbeenstudied
extensivelyin thecontext of terrestrial networks.However,
the useof thesetechnologiesin a Direct BroadcastSatel-
lite(DBS)systemremainsunclear. In this paperwediscuss
possiblechoicesof caching andmulticastingschemes,mo-
tivated by current applicationsin the terrestrial Internet,
that could be considered for a DBS system. We examine
their advantagesanddisadvantagesaswell asthetradeoffs
involvedin combinationsof differentapproaches. We also
proposesomeusesof thesetechnologiesand describean
architecture that enhancesthe performanceand efficiency
of a DBSsystem.

1. Intr oduction

Direct BroadcastSatellite(DBS)systemsprovide a way
of distributinginformationto alargenumberof usersovera
largegeographicalarea.A DBS systemis characterizedby
a singleuplink site,which is alsothe Network Operations
Center(NOC),and end-usersystems(possiblythousands),
eachof which include a receive-only satellitedish and a
backchannel(e.g.,telephoneline) for communicationfrom
theendusersystemto theNOC.Suchasystemis illustrated
in Figure1. TheDirecPCTM developedby HughesNetwork
Systems(HNS)is apracticalimplementationof suchaDBS
system.In its presentform, sucha systemhasbeenshown
to providedataratesof up to 400kbps[6, 2].

However, protocolssuchas TCP, which were primar-
ily designedfor terrestrialenvironments,do not performas
well in asatellitebasedsystem.Optimizationschemeshave

1Thework describedherewascarriedoutaspartof aneffort atCSHCN
to extendthe DirecPCTM systemjointly developedwith HughesNetwork
Systemsin 1992.

2Researchsupportedin partby NASA throughcooperative agreement
NCC3-528,HughesNetwork Systems,andtheStateof Marylandthrough
theMarylandIndustrialPartnerships(MIPS)program.
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Figure 1. Overview of a Typical Internet over
Satellite DBS System

beenproposedto overcomethis problem[9] [12]. Moti-
vatedby theextensivestudyandvastdeploymentof caching
and multicastingin terrestrialnetworks [1, 16], we argue
thatthesetechnologiesareequally, if notmoreessentialfor
a DBS systemfor the following reasons.First, delay in a
DBS systemis more prominentthan in a pure terrestrial
network dueto propagationdelayincurredby a GEOsatel-
lite. By moving resourcesandinformationcloserto theend
user, cachingprovidesapotentialmeansof reducingthede-
lay remarkably. Secondly, efficientbandwidthutilization is
moreimportantin a DBS systembecauseof limited satel-
lite bandwidth.Usingbroadcastmedium(satellitechannel)
to provide unicastservice(web browsing) is an apparent
waste,soit is necessaryto furtherexploit multicastingtech-
niquesfor DBSsystems.

This is nonethelessa nontrivial problem. While many
aspectsof cachingandmulticastingarewell understoodin



a terrestrialnetwork, they are relatively lessstudiedfor a
DBS system.Furtherinvestigationis neededto choosethe
right combinationof technologiesandto integratethem.

In this paper, we examineschemesoriginatedfrom the
terrestrialInternetcommunityfor theirapplicabilityto DBS
systems,andproposedifferentwaysof usingthem.Wealso
show how cachingandmulticastingarecloselyrelatedand
shouldbeusedtogether.

It is beyond the scopeof this paperto discussin depth
thedetailedimplementationissuesof eachof theproposed
schemes.Rather, we discusstheir pros,consandapplica-
bility from a systemsengineeringpoint of view. Also, our
analysisis moreconceptualandintuitive ratherthanrigor-
ousandmathematicalat thecurrentstage.

We focuson latency reductionandefficient bandwidth
utilization aswell as their tradeoffs in a DBS system. In
Section2 and3 wediscusscachingandmulticastingstrate-
gies.Section4 presentstheintegratedsystem,incorporating
cachingandmulticasting.In Section5 wegive ourconclu-
sionsanddiscussfuturework.

2. ReducingLatency – Caching

Latency is definedasthe interval betweenthe time the
userrequestsfor certainwebcontentandthetimeat which
it appearsin theuserbrowser. In a DBS system,we divide
this latency into threecomponents:the delay for the user
requestto reachthe NOC; the delay for fetchingthe data
from thewebserver to theNOC; andthedelayin sending
datafrom theNOCto theendhostoversatellite.

Thefirst andthird partsof thedelayarefixed,but canbe
avoidedby prefetchingandcreatinga local cacheon each
of theindividual endusersystems.Thesolutionfor reduc-
ing the secondcomponentof latency is to placea cache
at the NOC, similar to other adaptive web cachingsys-
tems[awc,zmnr]. This will result in lower averagelatency
andin thebestcasethesecondlatency componentwill be
nearlyzero.

Therefore,ideally, whena usergeneratesa request,we
would like therequestto besatisfiedlocally via a hit in the
prefetchcache.If this fails, thenwe would like therequest
tobesatisfiedattheNOCwithouthavetogothroughtheIn-
ternet. If this fails again,which is theworstcasescenario,
thendatais fetchedfrom someserver in the Internetand
transferredto theuser. Thisdiscussionis illustratedin Fig-
ure 2. The differentcurvesindicatethe differentamounts
of latency thatareintroduceddependingon wherethedata
is located.Figure2 shows that themaincontributor of la-
tency is the satellitelink. This is sufficient to justify the
importanceof prefetchingas the most importantfactor in
reducinglatency.

The overall DBS latency could be reducedeven in the
caseswherethereis amissin theprefetchedcachebyproper
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Figure 2. Contrib utor s to Latenc y in a DBS
System

useof multicasting,aswedescribelater.

2.1. Prefetching

Prefetchingof webdocumentsto theendhosthasbeen
recommendedin previous studiesasa meansof reducing
thelatency in a terrestrialbasedwebaccesssystem[8].

Traditionally, prefetchingis considereda ”pull” opera-
tion, whereobjectsareactively fetchedbeforethey arere-
quired. In our case,prefetchingdoesnot involve an ex-
plicit ”pull”. Insteadendusersystemsspeculatively pick
objectsfrom a broadcaststream.If prefetchingis perfect,
an enduserperceivesalmostzero latency. In a DBS sys-
tem,this techniquecanprovide maximumbenefitasit can
completelynullify the negative impactof the presenceof
the satellitelink. A separatechannelcanbe setasidefor
thepurposeof broadcastingprefetcheddata.Theendhosts
chooseto subscribeto this channelandconstantlyupdate
thecontentsof their local cache.

However simple prefetchinginitially may seem,upon
deeperanalysisonefinds several nontrivial issues. These
issuesinclude: what shouldbe broadcast;what shouldbe
savedin thelocal cacheon theend-host;how to updatethe
prefetchinformationat the NOC; how shouldthe pricing
structurebe changed;shouldthe prefetchingbe global or
per user; what predictionalgorithm shouldbe used. We
will try to answerthesequestionsby formulatinganappro-
priatelydetailedprefetchstrategy.

Thefirst importantquestionregardingany prefetchstrat-
egy is whatdatashouldbeprefetched.Oneapproachis to
maintainper-userprofilesat theNOC.Thesewouldsupply
usagepatternswhich couldbeusedby thepredictionalgo-



rithms.However, maintainingsuchinformationfor apoten-
tially largenumberof usersis not scalable.Alternatively, a
globalprofile for all userscould bemaintained.However,
asusagepatternsmaybevery diverse,thebenefitsof such
aglobalprofilemightbelimited.

A moreefficientmethodwouldbeto usebothglobaland
per userprofiles. In this dual system,the local prefetch
cacheis built by selectingdata being broadcaston the
prefetchchannel.TheNOC maintainsa globalprofile and
broadcastsobjectsbasedonthis information.Eachenduser
systemmaintainsa peruserprofile to help it selectobjects
fromthebroadcaststream.Partof thedatain thelocalcache
is storedbecauseit hasahighrankin theglobalprofile. The
remainingis selectedoutof theprefetchchannelbecauseof
its highrankin thelocaluserprofile.

Updatingtheprefetchfilter at theendhostis performed
by theprefetchpredictionalgorithm. 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 canbeusedto guessuserbrowsingpatterns,anddeter-
minethefilter which obtainsinformationfrom theprefetch
channelandplacesit in thelocal cache.Thisalgorithmhas
beendescribedin moredetailin [5].

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

2.2. NOC Caching

To avoid fetching data from Internet servers, caching
shouldbe performedat the NOC. This is a conventional
terrestrialcacheandmay be connectedto other terrestrial
cachesasa partof distributedwebcachingsystem.There
hasbeenextensive studyand implementationon adaptive
webcaching.Interestedreadersarereferredto [1, 16].

It’sworthpointingout thatNOCcachingdoesnotsuffer
asmuchfrom thedisadvantagesof aconventionalterrestrial
cachingsystem,which forceswebrequeststo beroutedto
thecachefirst andmightincreasewebaccesslatency in case
of a miss. In a DBS system,NOC is a naturalcollectorof
all requestsandintroducingcachesat theNOConly results
in minimal latency increase.Moreover, a NOC hascom-
pleteinformationontraffic patternsandstatistics,soadding
cachesat theNOC canprovide significantimprovementin
reducinglatency.

2.3. Hierar chical CachingAr chitecture

To summarize,our hierarchicalcachingarchitectureis
shown in Figure3. Eachendsystemis equippedwith local
prefetchcache,constitutingthefirst layercaching.Caches
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Figure 3. Overview of Caching in a DBS Sys-
tem

inside NOC and variousInternetcachesform the second
andthird layercaching,respectively.

While theuseof prefetchingreducestheaveragetotal la-
tency for webbrowsing,it doesinvolveusingsophisticated
algorithmsbothat theNOC aswell asat theendusersys-
tems. Moreover, a certainamountof bandwidthhasto be
dedicatedfor this purpose.Theperformancegainfrom the
useof this techniquewill alsovaryonhow muchdiskspace
is allocatedat theendusersystemsfor thepurposeof build-
ing theselocal caches.TheDBS systemprovidercanoffer
usersincentivefor allocatinglargerspaceondisksby offer-
ing lowerpricesfor higherhit ratesin theselocal caches.

CachingattheNOCis perhapsthesimplestamongthese
techniquesto implement. However the cachesize and
depthof cachinghierarchyshouldbedesignedtogetherwith
prefetchingandmulticasting.

We give a simplecomparisonof perceivedlatency with
andwithoutcaching.Let �>����� standfor theroundtrip time
from theendhostto theNOC.This includesthetime from
host to NOC via terrestrialwire and the time from NOC
to hostvia satellite.Let �3�(��� denotetheroundtrip time for
NOCto fetchdatafromtheInternet.Also let �3��� and� �����
indicatetheadditionalcacheprocessingtimeincurredatthe
localprefetchcacheandtheNOC,respectively.

Using the proposedcachingarchitecture,the total la-



tency � � canbecalculatedasfollowsin differentcases:
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wherebestcaseindicatesall requestsaresatisfiedlocally.
The middle caseis whererequestscan be satisfiedat the
NOC, andtheworstcasescenariois wheredatais fetched
from theInternet.Whereaswithout caching,thelatency �
is always � � � ����� ¨ � �(��� .

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

3. Efficient Bandwidth Utilization – Multicast-
ing

Thebroadcastnatureof theDBS systemnaturallylends
itself to the useof multicastingto save bandwidth. The
useof multicastis alsomotivatedby the fact that a large
percentageof webrequestsareconcentratedona relatively
smallsetof highly requesteddocuments[3, 4, 11, 7].

Normally, in a DBS system,a certainamountof band-
width is allocatedfor continuousbroadcastingof certain
contents,e.g.,news, sports,stockquotes,etc.. Userssub-
scribedto suchservicescantuneto thedesignatedchannel
andget informationdirectly. However, thevolumeof data
that canbe accommodatedinto this channelis limited be-
causethe broadcastingcycle determinesthe averagewait-
ing time (half the cycle) for a userto get the desiredcon-
tent. Furthermore,this is only suitablefor contentswhose
requestpatternis well known anddoesnotchangeveryfre-
quently.

For contentslessfrequentlyrequestedor whoserequest
patterncanchangedramaticallywithin shorttime periods,
we arguethatmoreadaptive schemesusingon-linerequest
patternestimatesto dynamicallychangebroadcastsched-
ules areneeded. This hasled to the following solutions:
continuousmulticasting/aircachingandspontaneousmulti-
casting,discussedin subsections.

Note that the degreeof validity and performanceim-
provementfrom theseproposedapproachesdependson the
actualrequestpatternseenby the NOC, which canbe af-
fectedby varioussocial,culturalandpolitical reasons.Ad-
ditionally, performancecan be affected by charging and
pricing strategies imposedby DBS systemproviders and
ISPs. Therefore,evaluationof approachesto save band-
widthandreducelatency shouldbestudiedwith traffic anal-
ysis,dynamicbandwidthallocationamongdifferentunicast
andmulticastchannels,andeffective charging andpricing
schemesfor unicastandmulticastapplications.As a first
step,we arecurrentlyin theprocessof analyzingrealuser

requesttraffic tracesobtainedfrom DirecPCTM NOC. The
resultscould leadto betterapproachestowardsincorporat-
ing multicastin a DBSenvironment.

3.1. Air Cache– ContinuousMulticast

Detaileddescriptionof Air Cachecanbe found in [15,
14]. Thebasicideais tousesatellitebandwidthasa“cache”
– Air Cache– to “store” databy continuouslybroadcasting
them.Thisschemealsoincludesanalgorithmwhichadapts
thecontentsof theair cachebasedon the“misses”. In this
context, “misses”areexplicit datarequests.Thealgorithm
hasbeenshown to performreasonablywell whencompared
to a systemthathascompleteinformationon bothhits and
misses[15].

A brief sketchof theair cacheoperationin aDBSsystem
is as follows. The dataset is divided into threesubsets:
vapor, liquid andfrigid datadependingon their frequency
of beingrequested.Dataitemsareconstantlyexaminedand
aresubjectto move from one subsetto anotherbasedon
their requestpatternseenby the NOC. Databelongingin
the “vapor” set is continuouslyand repeatedlybroadcast.
If NOC receivesa requestfor datathat is currentlybeing
broadcast,it simply dropstherequest.In this casetheend
useris requiredto listento thechannelandget thecontent
from the air cache. This processinvolves waiting on an
average,half of thetimeof thebroadcastcycle. If theNOC
receivesa requestfor datathat is not in theair cache,then
it will be unicastto the user. At the sametime, statistics
areupdatedto decidewhethertherequesteddatashouldbe
reassignedto a differentsubset.The longer the multicast
period, the larger amountof datathis air cachecan hold
whichmeansa higherhit rate.

This methodis calledAir Cachebut we alsorecognize
it asa typeof multicastbecausethisapproachis essentially
continuousmulticastpush.Thisapproachhaspotentialap-
plicationin broadcastingdatabasesbut haslimited usagein
webbrowsing. This is primarily becausedatabaseapplica-
tionscantoleratelargerdelayandsotheair cachecancon-
tainlargevolumesof data.For webapplications,it is neces-
saryto restrictthesizeof theair cachesothatthebroadcast
periodis smallerthanthe actualtime it might take for the
NOC to fetch datafrom the server in the Internet. Other-
wiseunicastwill alwaysoutperformmulticastwhichoffers
no incentivefor usingmulticastfrom auser’spointof view.

TheAir Caching/ContinuousMulticastsystemaddsan-
otherlevel of cachingandits useasa cacheis limited com-
paredwith the additionalcomplexity this addsto a DBS
system.However, properlyconfigured,this methodcanof-
fer very goodperformanceimprovementif requesteddata
arerelatively highly concentratedin periodsof time.



3.2. SpontaneousMulticast

An alternativeapproachto continuousmulticastis to ag-
gregatemultiple requestsfor thesamecontentat theNOC
andthenreply with a singlemulticasttransmission,assum-
ing that certainrequestsarrive in burstsor clusters. This
couldpotentiallyprovide significantincreasein bandwidth
utilization. Similarwork canbefoundin [13].

Onreceiving awebrequest,theNOCwaitsfor afixedor
variableamountof timefor otherrequestsfor thesamecon-
tent,while fetchingthe contentfrom eithercacheor some
Internetserver. If thereareotherrequestsfor thesamecon-
tent,thentheNOCrepliesvia terrestrialbackchannelto the
enduserbysendingthemulticastaddressandthetimeof the
multicast.TheNOC thenproceedsto transmitdataon that
multicastaddress.Thusmulticastgroupsareformedspon-
taneouslyat theNOCandby asingletransmission,multiple
endusersreceivetherequesteddata.

Notethattheaggregationof requestsis not limited to re-
questsfor exactly thesamecontents.Requestsfor closely
related(seeprefetching)contentscanalsobe groupedto-
gether. In this way, for eachuserthe requestedcontentis
multicastandrelevantcontentsareprefetched.

Clearly by usingspontaneousmulticast,the bandwidth
saving is obtainedat theexpenseof largerdelaythatmight
be experiencedby a subsetof the users.The tradeoff lies
in thedesignparameter:theamountof time theNOCwaits
andholdsthedatabeforetransmittingit. If this parameter
is lessthantheaveragetime for NOCto fetchthedatafrom
cacheor from Internetserver, thenlatency will not be af-
fectedbut we may not be able to collect enoughrequests
to justify bandwidthsavings– this in factbecomesnormal
unicast.

3.3. ChannelAllocation

The resulting channelallocation from our discussion
is shown in Figure 4. The dotted line in the allocation
map indicatesthat the bandwidthallocationbetweendif-
ferent channelsis not fixed and shouldbe donedynami-
cally basedon estimatedactualtraffic patternandthe sys-
temcost/performancespecifications.TheNOCperiodically
decideswhethercertaincontentsshouldbeprefetched,con-
tinuouslymulticast,spontaneouslymulticastor unicastde-
pendingon the demandandchangesin demand. For ex-
ample,increasingdemandfor someunicastdatacanresult
in NOC’s decisionto multicast them or even to prefetch
themto groupsof users,andvice versa. Quantifiedanal-
ysis on switchingbetweenchannelswould requirefurther
study, which is beyondthescopeof this paperbut is oneof
ourongoingprojects.

Additional latency is incurredby usingmulticastdueto
the constanttradeoff betweenlatency andbandwidtheffi-
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ciency. We introducetwo new parameters:�>®�¯�® , thecontin-
uousmulticastcycleand �>° ± ± , thetimeNOCwaitsto aggre-
gaterequestsbeforeit sendsdatain spontaneousmulticast.

Whennocachingis used,theaveragelatency �²� is ex-
pressedas

� �³� min ´¶µ· � ®�¯�®B¸ � ����� ¨ max́¹� � �º�»¸ � ° ± ±�¼½¼
wherethefirst term,half themulticastcycle, is theaverage
waitingtimefor theendsystemto getcontentsdirectlyfrom
thecontinuousmulticastingchannel.Thesecondtermis the
time to fetchdatavia NOC.

If in addition to this we usethe proposedhierarchical
caching,thentheresultinglatency underdifferentcasesare
asfollows:

� ��� ���
 ¡ ¢ min ´�¾¿ �>®�¯�® ¸ � ��� ¼� ���©¨ �>�À��� ¨ max́B�3����� ¸ �>° ± ± ¼� ���©¨ �>�À��� ¨ max́B�3����� ¨ �3� �º� ¸ �>° ± ± ¼

wherethefirst caseis wheretheendsystemcangetrequired
contentseitherfrom thelocalprefetchingcacheor from the
continuousmulticastchannel.Thesecondcaseis wherethe
requestis satisfiedby the NOC cache,andthe last caseis
wherethecontentshavetobefetchedfromaInternetserver.

Our analysisis by no meansrefinedor thorough,but it
givesthestartingpoint for futurework in systemsengineer-
ing andtradeoff study. For approacheson bandwidthallo-
cationbetweenunicastandmulticast,see[10].

4. Integrated Caching and Multicasting Sys-
tem

Our goal is to integratethesevariousoptionsinto one
high performancesystemtaking into the accountof their
costs. We recognizethat even whenoptimal performance
is theoreticallyachievable,sub-optimaloperatingdecisions
areoftenmadeby serviceprovidersfor thesakeof simplic-
ity or easeof implementation.



An examplesystemcombiningcachingandmulticasting
functionsasfollows. Theusergeneratesa requestfor data,
atfirst thelocalcacheis checkedto find if thedocumentex-
iststhere.This localcacheis maintainedby thetheprefetch
or pushdatafrom the NOC. If the documentis not found
in thelocal cache,therequestis forwardedto theNOC.At
the sametime, while waiting for the reply from the NOC,
theAir Cachechannelis scannedto checkif it containsthe
requireddata.WhentherequestreachestheNOCit checks
to seeif therequestwasfor adocumentthatis presentin the
Air Cachedatabase,if so,thentherequestis dropped.Oth-
erwise,theNOCchecksto seeif therequestfallsinto any of
therequestclusterthatit is currentlybuilding, if sotheNOC
repliesto theenduserwith themulticastaddressit is going
to useto multicasta reply to that request.If no suchclus-
ter is currentlypresent,thentheNOC createsa new cluster
andsetsa spontaneousmulticasttimer for it. On theexpiry
of a timer, theNOC multicaststherequestedsetof datato
theendusers.While waiting for thespontaneousmulticast
timer to expire theNOClocatesthedatain thecacheat the
NOC,or contactsneighboringcachesor theInternetserver
for it.

5. Conclusionand Future Work

In this paper, we examinedpossiblechoicesof caching
andmulticastingschemesthatcanbeappliedto aDBSsys-
tem. We discussedtheir advantagesanddisadvantagesin
reducingoverall systemlatency andimproving bandwidth
utilization.Wealsodiscussedtheir interoperabilityandpre-
sentedanintegratedsystemarchitecture.

As we have pointedout in previoussections,this paper
servesasourfirst steptowardathoroughandin-depthstudy
of how to improvetheperformanceandenlargethecapacity
of DBS systemsundercurrentimplementationconstraints.
This includesdetailedtraffic analysis,bandwidthallocation
study, unicastandmulticastpricingandcharging.
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