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ABSTRACT

Becauselnternet accessrates are highly heterogeneousmary

videocontentproviderstodaymake availabledifferentversionsof

the videos, with eachversionencodechat a differentrate. Multi-

ple video versions however, requiremoresener storageandmay
alsodramaticallyimpactcacheperformancen atraditionalcache
orin aCDN sener. An alternatve to versionss layeredencoding,
which canalsoprovide multiple quality levels. Layeredencoding
requiredesssener storagecapacityandmay be moresuitablefor
caching;but it typically increasegransmissiorbandwidthdueto
encodingoverhead.In this paperwe comparevideo streamingof
multiple versionswith thatof multiple layersin acachingerviron-
ment.We examinecachinganddistribution stratgiesthatuseboth
versionsandlayers.Our analyticalresultsindicatethatmixeddis-
tribution/cachingstratgiesprovide the bestoverall performance.

1. INTRODUCTION

Many analystsexpectstreamingstoredvideoto be the dominant
traffic type in the Internetin the upcomingyears. As with Web
objects,videodatacanbetransportedo theclientin mary differ-
entways, including (z) directly from origin sener to client; (7)
throughintermediatd SP cachesand(iz) throughcontentdistri-
bution networks (CDNs) suchasthe Akamainetwork. In design-
ing new stratgiesfor distributing storedvideo over the Internet,
we alsomusttake into accounthataccesdo the Internetis highly
heterogeneouy, 2]. Forthisreasonyideocontentproviderstypi-
cally provide multiple quality levels,with eachquality level having
adifferentencodingrate.

Multiple gquality levels canbe createdby encodingvideo into
multiple versions,eachversionencodedat a differentrate. How-
ever, multiple versionsof thesamevideocancausdargeincreases
in the amountof storage.Layeredencoding(alsoknown ashier
archicalencoding)canalsobe usedto createmultiple quality lev-
els. Thestoragerequirementst a sener for maintainingmultiple
layersis typically muchlessthan maintainingthe samenumber
of versions. However, creatingvideo layersgeneratesdditional
bandwidthoverhead3, 4]. In particular for thesamequalitylevel,
layeredencodingtypically requiresmoretransmissiorbandwidth
thandoesavideoversion.

Giventhepresenc®f acachingand/orcontentdistribution net-
work infrastructureandthe needfor multiple videoquality levels,
in this paperwe comparedistributing video versionsto distribut-
ing video layers. We alsoexaminemixed stratgjies consistingof
both versionsand layers. Broadly speakingwe find that mixed
stratgies that use both versionsand layers provide the mostro-
bustperformance.

1.1. Related Work

De Cuetoset al [5] andKim et al [6] also comparedstreaming
of video versionsto streamingof video layers. However, they fo-
cusedon time—dependenstreamingof a single video from ori-
gin sener to client; they did nottake into accountanintermediate
cachesitting betweerorigin senersandclients.

Kangasharjiet al [7] considerectachingstratgiesfor layered
video. However, they did not take into accountmultiple versions,
andthereforedid not comparecachinglayers,cachingversions,
andmixedstratajies.

2. MODEL AND NOTATION

Fig. 1 illustratesour architecturdor videocaching.Supposehere
are M videosavailable; andall of themare storedon the origin
seners. Popularvideosare cachedin a proxy sener, which is
locatedcloseto its clientcommunity

2.1. Proxy Server

Theproxy seneris connectedo theorigin senersvia awide area
network (e.g.,theInternet). We modelthe bandwidthavailablefor

streamingfrom the origin senersto the proxy sener asa bottle-
necklink of fixedcapacityC (bit/sec). The proxy is connectedo

theclientsvia alocal accessietwork, which couldbea LAN run-

ning over Ethernetor aresidentialaccessetwork usingxDSL or

HFC technologiesFor the purpose®f this study we assumehat
thereis alundantbandwidthfor streamingfrom the proxy to the
clients.We modelthe proxy sener ashaving a storagecapacityof

G (bytes)andhaving infinite storagebandwidth(for readingfrom

storage).

In this studyeachvideo canbe encodednto eitherversionsor
layers.So,for thegiven proxy storagecapacityG, link bandwidth
C, video and requestcharacteristicspur goal is to cachevideo
layersand/orversionsso asto maximizethe numberof streams
that canbe supportedoy the video cachingsystem. We consider
a cachingstratgy asoptimal if given the bottlenecklink C and
the cachespace it maximizesthe throughput,.e., thelong run
rate at which video requestsare satisfied. For versions,we sup-
posethattherearetwo possibleversions,namely a high—quality
versionand a low—quality version. For layers,we supposehat
thevideois encodednto two layers,namely a baselayerandan
enhancemenayer. Thus,eachvideo hasfour objectsassociated
with it: alow—qualityversion,a high—qualityversion,abasdayer,
andanenhancemenayer. We denotethesefour objectsby l, h, b,
ande, respectiely.
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Figurel: Architecturefor adaptve video cachingandstreaming.

If T(m) is the length of videom, m = 1,..., M, in sec-
ondsandr(m) is theencodingratefor oneof the versionsor lay-
ers, thenthe correspondingstoragerequiremenfor the objectis
S(m) = T(m) - r(m). We naturallyassumethatthe rate of the
high—qualityversionis greateithantherateof thelow—qualityver
sion,i.e.,rp(m) > ri(m).

In orderto comparehe cachingof layersandversionswe sup-
posethroughouthatthe encodingsaresuchthatthe visual quality
of thebasdayeris thesameasthevisualquality of thelow—quality
version;andthe video quality of the baseandenhancementyer
combinedis the sameasthe high—qualityversion. However, due
to encodingoverheadto createlayers,we do not assumehatthe
layersandversionshave the samerates.Instead we make the fol-
lowing threenaturalRate Assumptionsvhich are basedon video
encodingexperimentq3, 4]:

1. Duetotheoverheadflayeredencodingthebasdayerhasat
leastthe samerateasthe low—quality version,i.e., ry(m) =
ri(m) - [1 + O;(m)] whereO;(m) > 0 is the low—quality
codingoverhead.

2. Againdueto the overheadf layeredencodingthe baseand
enhancemenayerstogetherhave at leastthe samerate as
the high—qualityversion,i.e., ry(m) + re(m) = ry(m) -
[1 + On(m)] whereOr(m) > 0 is the high—qualitycoding
overhead.

3. Thebaseandenhancemenayerstogethethave smallerrate
thanthetwo versionsj.e.,ry(m)+re(m) < ri(m)+ry(m).

For ary video, the proxy can containobjectsmadefrom ver-
sionsand/orlayers.However, we assumehe decodingconstaint,
namely thatthe proxy never cacheghe enhancemeriayerif the
baselayeris not cached.Whena requestarrivesto the proxy for
somelow—quality video, the proxy cansatisfythe requestf it is
currentlystoringeitherthelow—quality versionor thebasdayerof
thevideo. Otherwisetheproxy mustobtaineitherthe low—quality
versionor the baselayer from the origin sener andrelay the ob-
jectto therequestingclient. Whena requestarrivesto the proxy
for somehigh—qualityvideo,the proxy cansatisfytherequestf it
is currently storingeitherthe high—qualityversionor if it is stor
ing boththebaseandenhancemenayersof thevideo. Otherwise,
it mustretrieve an objectfrom the network to satisfythe request.
If the proxy hasstoredthe baselayer, thenthe proxy canretrieve
eithertheenhancemenayeror the high—qualityversion.

2.2. Basic Properties

For a givenvideo, therearefour cachableobjects. Thus,thereare
2% = 16 differentcombinationsf objectsthat canbe put in the
cachejncluding puttingno objectin thecache.This is adaunting
numberof combinationgo analyze. Fortunately without loss of

generality we may restrictoursehesto only five of the combina-
tions:

Theorem 1 Thek is an optimal caching configuation sud that
for ead video one of the following five object combinationsis
used:®, {1}, {r}, {b}, or {b, €}. In otherwords, for eac given
videowe either cache just the low—qualityversion, just the high—
quality version,justthe baselayer, the baseandenhancemery-
erstogether or no objectsat all.

Proof: Dueto the decodingconstraintfor layeredvideo, we can
rule outall combinationghatincludee but notb.

Now consider{b, h}. Note that Rate Assumptions3 and 1
togetherimply thatr,(m) > r.(m). Hencery(m) + ra(m) >
ry(m) + re(m). It follows from this last expressionthatwe can
replacethe combination{b, h} with {b, e} anduselessstorage
while still satisfyingall requestsat the proxy for thevideo. Thus
we canruleout{b, h}.

Now consider{b, I}, {b, {, e}, {b, I, A}, {b, I, h, e}. By
cachingthe baselayer, we satisfy all low—quality requestsand
we partially satisfy higher quality requestgonly needto geten-
hancementayerfrom network). If we additionallycachethelow—
quality version,we take up more storageand we do not satisfy
morerequestgor low—quality video. Combiningthis obseration
with r,(m) > re(m) impliesthatif we cachethebaseayer, then
thereis no needto alsocachethe low—quality layer. Thuswe can
rule outall thesefour cases.

Now consider{, h}. Thiscombinatiorwill satisfyall requests
at the proxy. However, the combination{b, e} alsosatisfiesall
requestsand,by RateAssumption3, takeslessstorage.Thus,we
canruleout{i, h}.

Finally, we canalsorule out {b, e, h} sincethe combination
{b, e} alsosatisfiesall requestdut takeslessstorage. ]

As acorollaryto theabove theoremfor ary givenvideowe use
eitherversionsor layersbut notboth.

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

1. For agivenvideoif all (or “nearly all”) requestsarefor the
low—quality version(and noneor “nearly none” are for the
high—qualityversion),thenwe would eithercachethe low—
quality versionor cacheno objectsfor that video, i.e., for
objectcombinatiorwe would useeither{l} or §.

2. Similarly, if for agivenvideoif all (or “nearly all”) requests
arefor the high—qualityversion,we would useeither{h} or
0.

3. If thereis no overheadfor layered encoding, that is, if
O((m) = Ox(m) = 0, thenfor videom we would only use
layers;in particular we would useeitherf), {} or {b, e}.

However, when(z) thereis layeringoverheadand(iz) request

ratesfor low— andhigh—qualityversionsareboth significant,then
it is notobviouswhethermwe shoulduseversionsor layers;further
more,for somevideosit maybepreferableo useversionsvhereas
for othersit maybepreferableto uselayers.



3. ANALYTICAL MODEL AND RESULTS

We start by modelingthe steady—stateacheperformance. We
assumethat the requestpatternis knowvn a priori and doesnot
changedynamically Supposehatthereare M videosandrequests
for video streamsarrive accordingto a Poissonprocesswith rate
A (requests/hour) Let j denotethe requestedjuality level with
7 = 0O indicatinga requesfor a low quality video,andj = 1 for
ahigh qualityvideo. Letp(j,m), =0, 1; m=1,..., M, de-
notethe probabilitythata givenrequests for the j—quality stream
of videom. As a propermassdistribution the p(4, m)’s satisfy
Ei\n/[=1 E}:op(jy m) =1

The corollary to Theoreml suggestghree cachingstrataies,
namely:

1. Pureversioncachingwherewe cacheonly videoversions.
2. Purelayercachingwherewe cacheonly videolayers.

3. Mixed caching,wherewe cachelayersfor somevideosand
versionsfor others.

For all threecachingstratgieswe first ordertherequesproba-
bilities p(4, m) in decreasingrder We thenfill thecacheby con-
sideringthe objects(4, m) thatarethe mostrequested First, we
put the object (3, m) with the largestrequestprobability p(4, m)
into the cache. Next, we cachethe object (j, m) with the next
largestprobability p(j, m), andsoon. If at somepoint (asthe
cachdfills up) theobjectneededo satisfytherequestvith thenext
largestrequestprobability doesnot fit into the remainingcache
space,we skip this objectandtry to cachethe objectswith the
next largestrequesprobabilities.

With pure version caching we cachethe high quality version
of videom if the next largestprobability p(4, m) is for the high
quality streamof videom (i.e., 7 = 1). Ontheotherhand,if the
next largestprobability is for the low quality streamof video m,
thenwe cachethelow quality versionof videom.

With pure layer caching we cachethe baselayer of video m
if the next largestrequestprobability p(j, m) is for low quality
streamof videom. On the otherhand,if the next largestprob-
ability is for the high quality streamof video m, thenwe cache
bothbaseandenhancemenrayerof videom. If thebaseayerhas
alreadybeencachedj.e., if p(0,m) > p(1, m), thenwe needto
cachetheenhancemerayeronly.

With mixedcading we cachethe high quality versionof video
m if thenext largestp(4, m) is for thehigh quality streamof video
m andno otherobjectof thevideohasbeencached.Ontheother
hand,if the next largestprobabilityis for thelow quality streamof
videom andno otherobjectof thevideohasbeencachedthenwe
(7) cachethelow versionof videom if ry(m) > ri(m), and (i)
cachethe baselayer of videom if r,(m) = r;(m). However, if
we have alreadycachedhelow (or high) quality versionof agiven
video andthe next largestprobability is for a differentquality of
thevideo,thenwe replacethe low (or high) quality versionof the
videowith thebaseandenhancemenrayerof 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 objectsin the cache we introduce a vec-
tor of cacheindicatorse = (e1,¢2,...,cm), With ¢y =

{0}, {13, {h}, {1, B}, {b}, or{b, e}, form=1,..., M. cn
indicateswhetherno object, the low—quality version, the high—
quality version,both the low— and high—qualityversion,the base
layer, or the baselayer togetherwith the enhancemenlayer is

cachedfor video m. In our modelwe focus on the bottleneck
link of capacityC, that connectsthe proxy sener to the origin

seners. We model this link as a stochasticknapsack{8]. Let

be.,(4,m), 3 = 0, 1, m = 1,...,M, denotethe link ca-

pacity requiredfor satisfyinga requestfor a j—quality streamof

videom, giventhatthe object(s)c,, arecachedor videom. Let

be = (be,.(4,m)), §=0,1, m=1,..., M, bethevectorof the

bandwidthrequirement®f therequestsLetnn = (n(j, m)), § =

0,1, m = 1,..., M, bethe vectorof the numbersof ongoing
j—quality streamsof videom. LetSe = {n : be - n < C} be

the statespaceof the stochastidknapsacknodelof the bottleneck
link, wherebe - n = 3"0_, 3°:_ e, (4, m) - n(j, m). Further

more, let Se(4, m) bethe subsetof statesin which the knapsack
(i.e., the bottlenecklink) admitsa streamwith the bandwidthre-

quirement.,, (j,m). Wehare Se(j,m) ={n € S¢ : be - n <

C — be,, (j, m)}. Theblocking probabilitiescanbe explicitly ex-

presseds
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Bc(j7 m) =1-

wherep(4,m) = Ap(j, m)T (m) is the load offered by requests
for j—qualitystream®f videom. Theseblockingprobabilitiescan
be efficiently calculatedusingthe recursve Kaufman—Robertsl-
gorithm[8, p. 23]. Theexpectedblocking probability of a client’s
requesis givenby B(e) = Y_n_, 31—, p(4, m)Be(j, m). The
long runthroughputj.e.,thelongrunrateatwhich clientrequests
aresatisfieds givenby

TH(e)=A- > 37 p(j,m)(1 - Be(j, m).

m=1 j=0

We define the normalizedthroughputT' H,,(¢) as the ratio of
the rate of satisfiedrequestgo the total requestarrival rate, i.e.,
THyp(c)=TH(c)/

3.2. Numerical Results

We assumehatthereare M = 1,000differentvideos.For a given
videom we generatehe versionandlayer ratesasfollows. The
rate of the high quality versionr, (m) is drawvn randomlyfrom a
uniform distribution between2 and6 Mbps. Therate of the low
quality versionr;(m) is uniformly dravn between0.5 - r,(m)
and0.7 - ry(m). Thelengthof thevideoT'(m) is dravn from an
exponentialdistribution with anaveragelengthof onehour.

We assumethat the aggregyate rate for the layeredvideo has
an overheadOp, (m) over the high quality version,i.e., ry(m) +
re(m) = [1 4+ On(m)] - rn(m). We considertwo cases: ()
ry(m) = r(m), and(it) rs(m) > r;(m), in this casewe vary
ry(m) betweenr;(m) and[l + O (m)] - ri(m). With ry(m)
fixed, the rate of the enhancemeriayerr.(m) is thencomputed
asre(m) = [1 + Op(m)] - i (m) — rs(m).

Client requestsarrive accordingto a Poissonprocess. The
averagerequestarrival rate is A = 270 requests/hour We set
p(0,m) =q-pm andp(l,m) =(1—q) -pmform=1,..., M,
whereg asa systemparametein our numericalanalysis.andthe
pm'S aredrawvn from a Zipf distribution with paramete = 1.
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Figure 3: Resultsfor varying amountof overheadof layereden-
coding(g = 0.7).

Thecachesizeis setto G = 200 Gbytesandthelink capacityis C
= 150Mbps.

In Fig. 2 we plot the normalizedthroughputas a function of
the probability of a low quality requestg. The results shav
that caching layers is favorable when the requestsare non-
homogeneou$).1 < ¢ < 1) andthe overheadis low. We see
thatthethroughputor purelayercachingincreasesnonotonically
asmorerequestarefor low quality videosanddecreasewith in-
creasingoverhead.Pureversioncachingis only favorablein case
of homogeneousequestjuality, i.e., all requestsireeitherfor high
quality (¢ = 0) or for low quality streamgg = 1). The largest
throughputis achievedif all requestsarefor low quality streams.
This is expectedbecauseén this scenariomorevideosare cached
andhencethecachehit rateis highercomparedo ascenariavhere
all requestsarefor high quality streamsThethroughputs lowest
whenthe requestsare non—homogeneouas sometimesve need
to cacheboth the low— andthe high—qualityversion. Theresults
indicatethat mixed cachingstrikes a good balancebetweenpure
layercachingandpureversioncachingfor all casesandoffersthe
bestoverall performance.

Fig. 3 givesthenormalizedhroughputsafunctionof theover-
headO;, of layeredencoding. We can clearly seethat mixed
cachinggives better performancethan pure versioncachingand
purelayer cachingfor the rangeof overhead.lts performances

lesssensitve to the overheadthan pure layer caching. We have
alsofoundthatthe superiorityof mixed cachingis independentf
the cachesize,link capacityandrequestarrival rate;see[9] for a
detailedstudy

4. ADAPTIVE CACHING

While we have focusedon a steadystate caching modelwith a

priori known requestpatternso far in this paper in the extended
version[9] we alsostudyextensvely the adaptivecaching mode]

wheretherequestlistributionis notknown in advanceandcaching
decisionsaremadeon the fly. From this studywe arrived at the
following guidelinesfor distributing multi-quality videoin the In-

ternet:

1. Cachesand CDN senersshouldbe partially pre-filled with
the mostpopularvideos. If therearerequestgor both qual-
ity levels of a popularvideo, thenthe sener shouldcache
boththe baseandthe enhancemenrayerof thevideo (rather
than use versions). It is importantto pre-fill the cache
with the popularvideos;otherwise continuouslystreaming
moderately-populavideosmay preventpopularvideosfrom
gettingstoredin thecache.

2. For afirst-time requesof a videowith unknavn popularity
theorigin sener shouldstreamtherequestedjuality level as
aversion andthe proxy shouldnot cachethe version. If the
video experienceanultiple requeststhen layersshouldbe
streamedndstoredin the cache.

3. Althoughweshoulduseversiondo streanfirst-timerequests
from origin sener to client, we shouldnot cacheversions
(unlessall therequestdor aspecificvideoarefor onequality
level).
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