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ABSTRACT

BecauseInternet accessrates are highly heterogeneous,many
videocontentproviderstodaymake availabledifferentversionsof
the videos,with eachversionencodedat a differentrate. Multi-
ple videoversions,however, requiremoreserver storageandmay
alsodramaticallyimpactcacheperformancein a traditionalcache
or in aCDN server. An alternative to versionsis layeredencoding,
which canalsoprovide multiple quality levels. Layeredencoding
requireslessserver storagecapacityandmaybemoresuitablefor
caching;but it typically increasestransmissionbandwidthdueto
encodingoverhead.In this paperwe comparevideostreamingof
multipleversionswith thatof multiple layersin acachingenviron-
ment.Weexaminecachinganddistributionstrategiesthatuseboth
versionsandlayers.Our analyticalresultsindicatethatmixeddis-
tribution/cachingstrategiesprovide thebestoverall performance.

1. INTRODUCTION

Many analystsexpectstreamingstoredvideo to be the dominant
traffic type in the Internetin the upcomingyears. As with Web
objects,videodatacanbetransportedto theclient in many differ-
ent ways, including � � � directly from origin server to client; � � � �
throughintermediateISPcaches;and � � � � � throughcontentdistri-
bution networks(CDNs)suchastheAkamainetwork. In design-
ing new strategiesfor distributing storedvideo over the Internet,
we alsomusttake into accountthataccessto theInternetis highly
heterogeneous[1, 2]. For thisreason,videocontentproviderstypi-
cally providemultiplequalitylevels,with eachqualitylevel having
a differentencodingrate.

Multiple quality levels canbe createdby encodingvideo into
multiple versions,eachversionencodedat a differentrate. How-
ever, multipleversionsof thesamevideocancauselargeincreases
in theamountof storage.Layeredencoding(alsoknown ashier-
archicalencoding)canalsobeusedto createmultiple quality lev-
els. Thestoragerequirementsat a server for maintainingmultiple
layersis typically much lessthan maintainingthe samenumber
of versions. However, creatingvideo layersgeneratesadditional
bandwidthoverhead[3, 4]. In particular, for thesamequalitylevel,
layeredencodingtypically requiresmoretransmissionbandwidth
thandoesa videoversion.

Giventhepresenceof acachingand/orcontentdistributionnet-
work infrastructure,andtheneedfor multiplevideoquality levels,
in this paperwe comparedistributing video versionsto distribut-
ing video layers. We alsoexaminemixedstrategiesconsistingof
both versionsand layers. Broadly speaking,we find that mixed
strategies that useboth versionsand layersprovide the most ro-
bustperformance.

1.1. Related Work

De Cuetoset al [5] and Kim et al [6] also comparedstreaming
of videoversionsto streamingof videolayers.However, they fo-
cusedon time–dependentstreamingof a single video from ori-
gin server to client; they did not take into accountanintermediate
cachesitting betweenorigin serversandclients.

Kangasharjuet al [7] consideredcachingstrategiesfor layered
video. However, they did not take into accountmultiple versions,
and thereforedid not comparecachinglayers,cachingversions,
andmixedstrategies.

2. MODEL AND NOTATION

Fig. 1 illustratesourarchitecturefor videocaching.Supposethere
are � videosavailable; andall of themarestoredon the origin
servers. Popularvideosare cachedin a proxy server, which is
locatedcloseto its client community.

2.1. Proxy Server

Theproxyserver is connectedto theorigin serversvia awidearea
network (e.g.,theInternet).Wemodelthebandwidthavailablefor
streamingfrom the origin serversto theproxy server asa bottle-
necklink of fixedcapacity� (bit/sec).Theproxy is connectedto
theclientsvia a localaccessnetwork, which couldbea LAN run-
ning over Ethernet,or a residentialaccessnetwork usingxDSL or
HFC technologies.For thepurposesof this study, we assumethat
thereis abundantbandwidthfor streamingfrom the proxy to the
clients.Wemodeltheproxyserver ashaving astoragecapacityof�

(bytes)andhaving infinite storagebandwidth(for readingfrom
storage).

In this studyeachvideocanbeencodedinto eitherversionsor
layers.So,for thegivenproxystoragecapacity

�
, link bandwidth� , video and requestcharacteristics,our goal is to cachevideo

layersand/orversionsso as to maximizethe numberof streams
that canbe supportedby the videocachingsystem.We consider
a cachingstrategy asoptimal if given the bottlenecklink � and
thecachespace

�
it maximizesthe throughput,i.e., the long run

rateat which video requestsaresatisfied. For versions,we sup-
posethat therearetwo possibleversions,namely, a high–quality
versionand a low–quality version. For layers,we supposethat
thevideois encodedinto two layers,namely, a baselayerandan
enhancementlayer. Thus,eachvideohasfour objectsassociated
with it: a low–qualityversion,ahigh–qualityversion,abaselayer,
andanenhancementlayer. Wedenotethesefour objectsby 	 , 
 , � ,
and � , respectively.



Figure1: Architecturefor adaptive videocachingandstreaming.

If �� ��� is the length of video ��������� � � � � � � , in sec-
ondsand � � ��� is theencodingratefor oneof theversionsor lay-
ers, thenthe correspondingstoragerequirementfor the object is� � �������� ��� � � � ��� . We naturallyassumethat the rateof the
high–qualityversionis greaterthantherateof thelow–qualityver-
sion,i.e., � ! � ��� "#� $ � ��� .

In orderto comparethecachingof layersandversions,wesup-
posethroughoutthattheencodingsaresuchthatthevisualquality
of thebaselayeris thesameasthevisualqualityof thelow–quality
version;andthevideoquality of thebaseandenhancementlayer
combinedis thesameasthehigh–qualityversion. However, due
to encodingoverheadto createlayers,we do not assumethat the
layersandversionshave thesamerates.Instead,we make thefol-
lowing threenaturalRateAssumptionswhich arebasedon video
encodingexperiments[3, 4]:

1. Dueto theoverheadof layeredencoding,thebaselayerhasat
leastthesamerateasthelow–qualityversion,i.e., � % � ��� �� $ � ��� � & �('*) $ � ��� + where ) $ � ����,.- is the low–quality
codingoverhead.

2. Againdueto theoverheadof layeredencoding,thebaseand
enhancementlayerstogetherhave at leastthe samerateas
the high–qualityversion,i.e., � % � ���/'0� 1 � ���2�3� ! � ���/�& �/'4)5! � ��� + where )5! � ���(,*- is thehigh–qualitycoding
overhead.

3. Thebaseandenhancementlayerstogetherhave smallerrate
thanthetwo versions,i.e., � % � ��� '5� 1 � ��� 64� $ � ��� '5� ! � ��� .

For any video, the proxy cancontainobjectsmadefrom ver-
sionsand/orlayers.However, we assumethedecodingconstraint,
namely, that theproxy never cachestheenhancementlayer if the
baselayer is not cached.Whena requestarrivesto theproxy for
somelow–quality video, the proxy cansatisfythe requestif it is
currentlystoringeitherthelow–qualityversionor thebaselayerof
thevideo.Otherwise,theproxymustobtaineitherthelow–quality
versionor thebaselayer from theorigin server andrelay theob-
ject to the requestingclient. Whena requestarrivesto theproxy
for somehigh–qualityvideo,theproxy cansatisfytherequestif it
is currentlystoringeitherthehigh–qualityversionor if it is stor-
ing boththebaseandenhancementlayersof thevideo.Otherwise,
it mustretrieve anobjectfrom thenetwork to satisfythe request.
If theproxy hasstoredthebaselayer, thentheproxy canretrieve
eithertheenhancementlayeror thehigh–qualityversion.

2.2. Basic Properties

For a givenvideo,therearefour cachableobjects.Thus,thereare7 8 �3� 9 differentcombinationsof objectsthat canbe put in the
cache,includingputtingno objectin thecache.This is a daunting
numberof combinationsto analyze.Fortunately, without lossof
generality, we mayrestrictourselvesto only five of thecombina-
tions:

Theorem 1 There is an optimal caching configuration such that
for each video one of the following five object combinationsis
used: : , ; < = , ; > = , ; ? = , or ; ? �/@ = . In otherwords, for each given
videoweeithercache just the low–qualityversion, just thehigh–
qualityversion,just thebaselayer, thebaseandenhancementlay-
ers together, or no objectsat all.

Proof: Dueto thedecodingconstraintfor layeredvideo,we can
rule outall combinationsthatinclude @ but not ? .

Now consider ; ? ��> = . Note that RateAssumptions3 and 1
togetherimply that � ! � ����"�� 1 � ��� . Hence� % � ���A'4� ! � ����"� % � ���B'4� 1 � ��� . It follows from this last expressionthatwe can
replacethe combination; ? �(> = with ; ? �/@ = anduselessstorage
while still satisfyingall requestsat theproxy for thevideo. Thus
we canruleout ; ? �A> = .

Now consider; ? �5< = , ; ? �(< �(@ = , ; ? �5< �(> = , ; ? �5< �(> �(@ = . By
cachingthe baselayer, we satisfy all low–quality requestsand
we partially satisfyhigherquality requests(only needto get en-
hancementlayerfrom network). If weadditionallycachethelow–
quality version,we take up more storageand we do not satisfy
morerequestsfor low–qualityvideo. Combiningthis observation
with � ! � ��� "4� 1 � ��� impliesthatif wecachethebaselayer, then
thereis no needto alsocachethelow–quality layer. Thuswe can
rule outall thesefour cases.

Now consider; < �A> = . Thiscombinationwill satisfyall requests
at the proxy. However, the combination; ? �5@ = alsosatisfiesall
requestsand,by RateAssumption3, takeslessstorage.Thus,we
canrule out ; < � > = .

Finally, we canalsorule out ; ? �(@ �(> = sincethe combination; ? � @ = alsosatisfiesall requestsbut takeslessstorage.

As acorollaryto theabove theorem,for any givenvideoweuse
eitherversionsor layersbut notboth.

Motivatedby the above theorem,in the following sectionswe
will proposeand examinesomestrategies for cachinglayer and
versionobjects.But it is alsousefulto make a few additionalOb-
servationsaboutextremecases:

1. For a givenvideo if all (or “nearly all”) requestsarefor the
low–quality version(andnoneor “nearly none” are for the
high–qualityversion),thenwe would eithercachethe low–
quality versionor cacheno objectsfor that video, i.e., for
objectcombinationwe would useeither ; < = or : .

2. Similarly, if for a givenvideoif all (or “nearly all”) requests
arefor thehigh–qualityversion,we would useeither ; > = or: .

3. If there is no overheadfor layered encoding, that is, if)5$ � ���A�*)5! � ���A�*- , thenfor video � we wouldonly use
layers;in particular, we woulduseeither : , ; ? = or ; ? � @ = .

However, when � C � thereis layeringoverhead,and � C C � request
ratesfor low– andhigh–qualityversionsarebothsignificant,then
it is notobviouswhetherweshoulduseversionsor layers;further-
more,for somevideosit maybepreferableto useversionswhereas
for othersit maybepreferableto uselayers.



3. ANALYTICAL MODEL AND RESULTS

We start by modeling the steady–statecacheperformance. We
assumethat the requestpatternis known a priori and doesnot
changedynamically. SupposethatthereareD videosandrequests
for video streamsarrive accordingto a Poissonprocesswith rateE

(requests/hour).Let F denotethe requestedquality level withF2G�H indicatinga requestfor a low quality video,and F2G.I for
a high quality video. Let JBK F L M�N LBF�G*H L/I O MPGQI L R R R L D , de-
notetheprobabilitythatagivenrequestis for the F –qualitystream
of video M . As a propermassdistribution the JAK F L M�N ’s satisfyS*TU/VBW S W

X VBY JAK F L M�N G*I .
The corollary to Theorem1 suggeststhreecachingstrategies,

namely:

1. Pureversioncaching,wherewe cacheonly videoversions.

2. Purelayercaching,wherewecacheonly videolayers.

3. Mixedcaching,wherewe cachelayersfor somevideosand
versionsfor others.

For all threecachingstrategieswe first ordertherequestproba-
bilities JBK F L M�N in decreasingorder. We thenfill thecacheby con-
sideringthe objects K F L M�N thatarethemostrequested.First, we
put the object K F L M�N with the largestrequestprobability JAK F L M�N
into the cache. Next, we cachethe object K F L M�N with the next
largestprobability JBK F L M�N , and so on. If at somepoint (as the
cachefills up) theobjectneededto satisfytherequestwith thenext
largestrequestprobability doesnot fit into the remainingcache
space,we skip this object and try to cachethe objectswith the
next largestrequestprobabilities.

With pure version caching we cachethe high quality version
of video M if the next largestprobability JBK F L M�N is for the high
quality streamof video M (i.e., F2G.I ). On theotherhand,if the
next largestprobability is for the low quality streamof video M ,
thenwe cachethelow qualityversionof video M .

With pure layer caching we cachethe baselayer of video M
if the next largestrequestprobability JBK F L M�N is for low quality
streamof video M . On the otherhand,if the next largestprob-
ability is for the high quality streamof video M , thenwe cache
bothbaseandenhancementlayerof video M . If thebaselayerhas
alreadybeencached,i.e., if JBK H L M�N�Z0JBK I L M�N , thenwe needto
cachetheenhancementlayeronly.

With mixedcaching we cachethehigh quality versionof videoM if thenext largestJAK F L M�N is for thehighqualitystreamof videoM andno otherobjectof thevideohasbeencached.On theother
hand,if thenext largestprobabilityis for thelow qualitystreamof
video M andnootherobjectof thevideohasbeencached,thenweK [ N cachethelow versionof video M if \ ] K M�N(Z*\ ^ K M�N , and K [ [ N
cachethebaselayerof video M if \ ] K M�N5G.\ ^ K M�N . However, if
wehavealreadycachedthelow (or high)qualityversionof agiven
video andthe next largestprobability is for a differentquality of
thevideo,thenwe replacethelow (or high) quality versionof the
videowith thebaseandenhancementlayerof thevideo.

3.1. Video Caching Model

In this sectionwe develop an analyticalmodel for the caching
and streamingof video layers and versions. We derive ex-
pressionsfor the blocking probability of a client requestand
the long run rate at which client requestsare satisfied. To
keep track of the objects in the cache we introduce a vec-
tor of cache indicators _`GaK b W L b c L R R R L b T N , with b U G

d e f L d g f L d h f L d g L h f L d i f L or
d i L/j f , for MkGlI L R R R L D . b U

indicateswhetherno object, the low–quality version, the high–
quality version,both the low– andhigh–qualityversion,thebase
layer, or the baselayer togetherwith the enhancementlayer is
cachedfor video M . In our model we focus on the bottleneck
link of capacity m , that connectsthe proxy server to the origin
servers. We model this link as a stochasticknapsack[8]. Leti n o K F L M�N L�FPGpH L�I LqMrGsI L R R R L D , denotethe link ca-
pacity requiredfor satisfyinga requestfor a F –quality streamof
video M , giventhat theobject(s)b U arecachedfor video M . Lett _ GQK i n o K F L M�N N L F�G0H LAI L MlGQI L R R R L D , bethevectorof the
bandwidthrequirementsof therequests.Let u0G�K v K F L M�N N LBF�GH L�I L(M�GkI L R R R L D , be the vectorof the numbersof ongoingF –quality streamsof video M . Let w _ G d ulx t _2y ulz.m f be
thestatespaceof thestochasticknapsackmodelof thebottleneck
link, where

t _�y u4G S TU/VAW S W
X VBY i n o K F L M�N y v K F L M�N . Further-

more,let w _ K F L M�N be thesubsetof statesin which the knapsack
(i.e., the bottlenecklink) admitsa streamwith the bandwidthre-
quirement

i n o K F L M�N . We have w _ K F L M�N G d u*{�w _ x t _qy u*zm0| i n o K F L M�N f . Theblockingprobabilitiescanbeexplicitly ex-
pressedas

} _ K F L M�NAGQI(|
S u5~ � _ � � � o � � �o � � �

�
� � � � � � X �

U/� � � � � � o � � � � � X � U/� � �S u�~ � _ �/�oA� � �
�
� � � � � � X �

U/� � � � � � oA� � � � � X � U/� � �
where � K F L M�N�G E JBK F L M�N ��K M�N is the load offeredby requests
for F –qualitystreamsof video M . Theseblockingprobabilitiescan
beefficiently calculatedusingtherecursive Kaufman–Robertsal-
gorithm[8, p. 23]. Theexpectedblockingprobabilityof a client’s
requestis givenby

} K _ N G S TU/VBW S W
X VBY JBK F L M�N } _ K F L M�N . The

long run throughput,i.e., thelong run rateatwhichclient requests
aresatisfiedis givenby

�5��K _ NAG E y
T�U/VBW

W
�
X VBY JBK F L M�N K I/|

} _ K F L M�N N R
We define the normalizedthroughput �5� � K _ N as the ratio of
the rateof satisfiedrequeststo the total requestarrival rate, i.e.,�5� � K _ NAG0�5��K _ N � E .

3.2. Numerical Results

We assumethatthereare D = 1,000differentvideos.For a given
video M we generatetheversionandlayer ratesasfollows. The
rateof thehigh quality version \ � K M�N is drawn randomlyfrom a
uniform distribution between2 and6 Mbps. The rateof the low
quality version \ ^ K M�N is uniformly drawn betweenH R � y \ � K M�N
and H R � y \ � K M�N . Thelengthof thevideo ��K M�N is drawn from an
exponentialdistributionwith anaveragelengthof onehour.

We assumethat the aggregate rate for the layeredvideo has
an overhead� � K M�N over the high quality version,i.e., \ ] K M�NA�\ � K M�N�G`� Iq�Q�5� K M�N � y \ � K M�N . We considertwo cases: K [ N\ ] K M�N�Gl\ ^ K M�N , and K [ [ N \ ] K M�NqZ.\ ^ K M�N , in this casewe vary\ ] K M�N between\ ^ K M�N and � I��Q� � K M�N � y \ ^ K M�N . With \ ] K M�N
fixed, the rateof the enhancementlayer \ � K M�N is thencomputed
as \ � K M�NAG�� I/�4� � K M�N � y \ � K M�NB|�\ ] K M�N .

Client requestsarrive accordingto a Poissonprocess. The
averagerequestarrival rate is

E
= 270 requests/hour. We setJAK H L M�NAG0� y J U andJBK I L M�N GQK I | � N y J U for MlGQI L R R R L D ,

where� asa systemparameterin our numericalanalysis,andtheJ U ’s aredrawn from a Zipf distribution with parameter¡�G¢I .
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Thecachesizeis setto  = 200Gbytesandthelink capacityis ®
= 150Mbps.

In Fig. 2 we plot the normalizedthroughputas a function of
the probability of a low quality request ¨ . The results show
that caching layers is favorable when the requestsare non-
homogeneous( ª « ¯�°P¨4°k¯ ) and the overheadis low. We see
thatthethroughputfor purelayercachingincreasesmonotonically
asmorerequestsarefor low quality videosanddecreaseswith in-
creasingoverhead.Pureversioncachingis only favorablein case
of homogeneousrequestquality, i.e.,all requestsareeitherfor high
quality (̈�©Pª ) or for low quality streams( ¨�©3¯ ). The largest
throughputis achieved if all requestsarefor low quality streams.
This is expectedbecausein this scenariomorevideosarecached
andhencethecachehit rateis highercomparedto ascenariowhere
all requestsarefor high quality streams.Thethroughputis lowest
when the requestsarenon–homogeneousassometimeswe need
to cacheboth the low– andthehigh–qualityversion. The results
indicatethat mixed cachingstrikesa goodbalancebetweenpure
layercachingandpureversioncachingfor all casesandoffersthe
bestoverall performance.

Fig.3 givesthenormalizedthroughputasafunctionof theover-
head ±5² of layeredencoding. We can clearly seethat mixed
cachinggivesbetterperformancethan pure versioncachingand
purelayer cachingfor the rangeof overhead.Its performanceis

lesssensitive to the overheadthanpure layer caching. We have
alsofoundthatthesuperiorityof mixedcachingis independentof
thecachesize,link capacityandrequestarrival rate;see[9] for a
detailedstudy.

4. ADAPTIVE CACHING

While we have focusedon a steadystatecaching modelwith a
priori known requestpatternso far in this paper, in theextended
version[9] we alsostudyextensively theadaptivecaching model,
wheretherequestdistributionis notknown in advanceandcaching
decisionsaremadeon the fly. From this studywe arrived at the
following guidelinesfor distributingmulti-quality videoin theIn-
ternet:

1. CachesandCDN serversshouldbe partially pre-filled with
themostpopularvideos.If therearerequestsfor bothqual-
ity levels of a popularvideo, then the server shouldcache
boththebaseandtheenhancementlayerof thevideo(rather
than use versions). It is important to pre-fill the cache
with the popularvideos;otherwise,continuouslystreaming
moderately-popularvideosmaypreventpopularvideosfrom
gettingstoredin thecache.

2. For a first-timerequestof a videowith unknown popularity,
theorigin server shouldstreamtherequestedquality level as
a version, andtheproxy shouldnot cachetheversion.If the
video experiencesmultiple requests,then layersshouldbe
streamedandstoredin thecache.

3. Althoughweshoulduseversionstostreamfirst-timerequests
from origin server to client, we shouldnot cacheversions
(unlessall therequestsfor aspecificvideoarefor onequality
level).
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