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ABSTRACT
This study investigatesa novel streamingarchitectureconsisting
of home-to-homeonline(H2O) devicesthatcollaborateto provide
on-demandaccessto a largeselectionof audioandvideoclips. An
H2O device consistsof a high bandwidthwirelesscommunication
component,a powerful processor, andgigabytesof storage.This
studyinvestigatesthreefamiliesof replicationstrategiesfor a H2O
cloud. We evaluatetheseusinganalyticalmodels. The obtained
resultsdemonstratethesuperiorityof onestrategy thatdetermines
the numberof replicasfor a clip

�
basedon (a) thebandwidthre-

quiredto displayclip
�

proportionalto thebandwidthrequiredby
the otherclips in the database,and(b) the squareroot of the fre-
quency of accessto theclips.

Categoriesand SubjectDescriptors
H.3.2[Inf ormation StorageAnd Retrieval]: InformationStorage

GeneralTerms
Algorithm, Design,Performance

Keywords
Replication,ContinuousMedia,Peer-to-Peer, Wireless

1. INTRODUCTION
Moore’s law hasmadeit feasibleto considerpeer-to-peernet-

work of devices that provide accessto a large repositoryof in-
formation. For example,Intel offers a small device that consists
of a 500MHz processoranda wirelesscomponentoffering trans-
missionratesin the orderof tensof Megabitsper second,Mbps.
This device costsapproximately$85 andcanbe extendedwith a
massstoragedevice. Oneapplicationof thesedevicesis to stream
continuousmedia,audioandvideo clips, for homeentertainment
systems.With this application,a collectionof home-to-homeon-
line (H2O) devices collaboratewith oneanotherto provide their
usersto displaya clip from a wide variety of titles, seeFigure1.
A householdmaystoreits personalvideolibrary on a H2O cloud,
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Figure 1: Home-to-homeon-line devicesstreamingcontinuous
media.

enablingtheuserto retrieve their contentanywhere,e.g.,a friend’s
house. The systemmight encryptthe contentto eitherprotectit
from un-authorizedaccessor implementa businessmodelto gen-
eraterevenues.

We envision the H2O framework to complementthe existing
wired solutionsbasedon xDSL, cable,cellularbasestations,wire-
lessaccesspoints,etc. At the sametime, we assumeeachH2O
to consistof tensof gigabytesof storagefor temporarystorageof
one or more clips. Thesedevices collaborateby providing their
local datato servicea displayinitiatedby a differentH2O device.
A H2O device might participatein threepossibleroles: (i) as a
displayingclient thatconsumesdatafrom one(potentiallyseveral
other)H2O device, (ii) asa producerof datafor consumptionby
a displayingH2O device, and(iii) asa routerof datain order to
facilitatedelivery of datafrom a producerto a consumer. Given
a fixed numberof clips, a key challengeis how to determinethe
numberof replicasfor eachclip in orderto enableall H2Odevices
to supportcontinuousdisplayof aclip. This is challengingfor sev-
eralreasons.First,whencomparedwith traditionaldatatypessuch
astext andstill images,continuousmediaconsistof a sequenceof
quanta,eitheraudiosamplesor videoframes,thatconvey meaning
whenpresentedat a pre-specifiedrate[6, 9]. Oncethe displayis
initiated,if thedatais deliveredbelow thisratethenadisplaymight
suffer from frequentdisruptionsanddelays,termedhiccups.Sec-
ond, the availablebandwidthbetweentwo H2O devices depends
on thenumberof transmittingdevicesoperatingin thesameradio
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Figure2: Two differ ent H2O topologies.

range. Third, the topology of the wirelessconnectivity between
H2O devicesimpactshow many H2O devicesa clip mustvisit in
orderto reachits destination.To illustrate,considerthenineH2O
devicesconfiguredin astringtopology, seeFigure2.a.This would
resemblehomesalonga lake front. If H2O� requestsa clip with
only onecopy residingon H2O� thenthe delivery of this clip to
H2O� would consumesomebandwidthof eachlink andvisit all
seven intermediatenodes.On the otherhand,if H2O devicesare
organizedin agrid structure(homesin acity block,seeFigure2.b)
thenonly thebandwidthof four links wouldbeemployedto deliver
a clip from H2O� to H2O� .

Theprimarycontributionsof this paperis to introducethreedif-
ferentreplicationstrategiesbasedoneithersize,bandwidth,or dis-
playtimeof theclipsthatconstitutetherepository. Thesestrategies
aredesignedfor a centralizedbasestation,e.g.,a cellularbasesta-
tion (seeFigure1), that publishesaudioandvideo clips acrossa
fixed numberof H2O devices. We evaluatethesestrategiesusing
ananalyticalmodelthatmakesthefollowing simplifying assump-
tions. First, we assumenodesareorganizedin a string topology.
Second,theavailablebandwidthbetweentwo nodesis fixed. Our
primaryobservation is thatreplicationusingbandwidthis superior
to theothertwo alternatives.Theperformanceof thisstrategy is im-
provedwhen(a) thefrequency of accessto theclips is known, and
(b) clips arereplicatedbasedon thesquare-rootof this frequency.

Many prior studieshave analyzedthe role of proxy serversand
partial cachingof continuousmediain thecontext of Internet[15,
13, 1, 12, 5, 11, 14]. Otherstudiesinvestigatedreplicationtech-
niquesin a multi-disk server [10, 16, 7, 2]. Thesestudiesassume
deliveryof datafrom aproducingcomponent(eitheraproxyserver
or a disk) doesnot reducethebandwidthof anotherdataproduc-
ing component.With a H2O cloud, delivery of a clip (say from
H2O� to H2O� ) reducesthe bandwidthavailable to the interme-
diatenodes,impactingthe numberof simultaneousdisplayssup-
portedby the system. A recentstudy [3] investigatesreplication
of data items in an unstructuredpeer-to-peersystemfor a non-
streamingframework. It employs analyticalmodelsto observe that
atechniquebasedonthesquarerootof thepopularityof adataitem
yieldsthebestMeanSearchSize(MSS),definedasthenumberof
walks necessaryto locatethe referenceddataitem. In this study,
we do not considerdiscovery of dataitem. Instead,we investigate
deliveryof adiscovereddataitemonceit is referencedwith astring
topologyof H2Odeviceswith a finite link bandwidth.

In [8], we describea replicationstrategy for a H2O cloud. This
strategy is basedonthefollowing intuition: thefirst few blocksof a
clip arerequiredmoreurgentlythanits last few blocksandshould
bereplicatedmorefrequentlyin orderto minimizestartuplatency.
Thisstudyquantifiedthestoragerequirementof thisapproachwith
different topologies(string, grid, andgraph)andshowed signifi-
cantsavings in storagewhencomparedwith replicatingtheentire
repositoryoneachnode.Thereareseveraldifferencesbetween[8]
andthework presentedhere.First, in thisstudy, weinvestigateclip
(insteadof block) replicationwherethe clip is replicatedacrossa
subsetof nodes.Second,we focuson thenetwork bandwidthand
how to maximizethe numberof simultaneousdisplayssupported
by a H2O cloud. A comparisonof replicatingan objectat a clip
granularityversusblock granularityis a futureresearchdirection.

Therestof this paperis organizedasfollows. In Section2, we
describethreealternative replicationstrategies. Section3 presents
analyticalmodelsto estimatetheamountof bandwidthconsumed
to displayaclip

�
with ��� replicasin astringtopologyconsistingof�

nodes.Section4 presentsresultsfrom theseanalyticalmodels
to demonstratethe superiorityof oneof the replicationstrategies.
Brief conclusionsand future researchdirectionsarecontainedin
Section6.

2. REPLICATION STRATEGIES
Assumea string topology consistingof

�
H2O devices, each

with storagecapacity ��� bytes. The total storagecapacityof the
systemis � = ��� ��� � � � . Thereare � clips in the database,each
with a constantbandwidthrequirement � andsize ! � . Thesetwo
clip parametersspecify the display time of a clip, "#� = $�%& % . The
frequency of accessto clip

�
is denotedas ' � with �)(��� � ' �+*-, .

Thenumberof replicasfor clip
�

is denotedas ��� where ���/. �
.

( � � includestheoriginal copy of clip
�
.)

A replicationstrategy determinesa � � valuefor eachclip
�

with
the objective to ensure

�
H2O devicescandisplaya clip simul-

taneously. (A placementstrategy assignsa replicaof a clip
�

to a
specificnode.An investigationof thesestrategiesis beyondthefo-
cusof this paper, seeSection6.) We assumethe total sizeof the
databaseexceedsthestoragecapacityof aH2Odevice, � (0 � � ! 021� � for , . � . �

. Otherwise,the problemis trivial and the
databaseshouldbe replicatedon eachdevice in its entirety. Simi-
larly, weassumethereisatleastonecopy of aclip in thesystemand
that the databasesize is smallerthanthe total storagecapacityof
thesystem,� (0 � � ! 0 .3� . Otherwise,clips cannotbe replicated
dueto insufficient storagecapacity. In sum,a replicationstrategy
mustconstructat leastonecopy of aclip in thesystemandnomore
than

�
replicas,, .4� � . � .

This sectiondescribesreplicationstrategiesbasedon size( ! � ),
displaytime( " � ) anddisplaybandwidthrequirement(  � ) of aclip.
Eachmight determinethe valueof � � basedon eithera uniform,
proportionalto the frequency of access( '�� ), or proportionalto the
squareroot of the frequency of access( 5 ' � ). The total expected
numberof replicassupportedby thesystemis 6 = 78+9%�:<;>= %?$�% .The generalframework that embodieseachreplicationstrategy
consistsof two steps. First, it employs a replicationstrategy to
compute� � for eachclip

�
thatconstitutestherepository. Second,it

comparesthestoragerequirementof this replicationstrategy with� , total storagecapacityof thesystem.If they areequalthenthen
thealgorithmterminates.If areplicationstrategy’sstoragerequire-
ment is lessthan � then it computesthe remainingidle storage� �A@�BDC . Next, it removesthoseclips with

�
replicas(changesthe

value of � and ! ) and re-appliesthe replicationstrategy by: 1)
using � �A@�BDC insteadof � , and2) re-computinga new valuefor 6 .



Table 1: Termsand their definitions
Replication Strategies

SZ Proportionalto clip size.
DT Proportionalto displaytime.
BW Proportionalto bandwidthrequiredto

displaya clip.
SZE+��FHG Proportionalto clip sizeandfrequency

of access.
DT E+�IFHG Proportionalto displaytime andfrequency

of access.
BW E+�IFHG Proportionalto bandwidthandfrequency

of access.
SZ5 E+�IFHG Proportionalto sizeandsquarerootof

frequency.
DT 5 E+��FHG Proportionalto displaytime andsquare

rootof frequency.
BW 5 E+��F�G Proportionalto bandwidthandsquare

rootof frequency.
DatabaseParameters� Numberof clips.! � Sizeof clip

�
in bytes.! TotalSizeof clips in bytes,! * �)(��� � !J� ." � Displaytimeof clip

�
. K� Bandwidthrequirementof clip

�
.' � frequency of accessto clip

�
.��� numberof replicasfor clip
�
.

SystemParameters�
Numberof nodesin thestringtopology.� � Storagecapacityof node

�
in bytes.� Totalstoragecapacityof thesystem,� * �ML�N� � ��� .O

Bandwidthof eachlink in thestring
topology.6 Totalexpectednumberof replicas

in thesystem,
8QPR :<;TS R8+9%�:<;>= %?$�% .Analytical ModelUWV

Totalnumberof uniquepathsbetweentwo
H2Onodes.X
ThedistancebetweenH2O0 andtheclosest
replicaof clip

�
.Y[Z0 Numberof uniquepathsbetweenH2O0 and

theclosestreplicaof clip
�

with length * X
.\]Z0 Numberof uniquepathsfrom H2O0 to the

closestreplicaof clip
�

with length ^ X
._<Z0 Probabilityof not findinga replicaof clip
�

in fewer than
X

hops
( G Z0K` _ Z0 ) Probabilityof finding a replicaof clip

�
exactly

X
hopsa Z0 Probabilityof H2O0 findinga replicaof

clip
�

in
X

hopsandnotfinding another
in fewerhops

a Z0 * _ Z0cbed G Z0 ` _ Z0gf .

Thealgorithmterminateswheneitherit constructs
�

replicasfor
all clips or thestoragecapacityof thesystemis exhausted.

Whena replicationstrategy’s final storagerequirementexceeds� , the algorithmdecrementsthe valueof ��� startingwith the clip
that hasthe maximum � � value. It breaksties (several clips with
identical � � values)by choosingthe clip with the largestsize. If
two equi-sizedclips have the same ��� value then it choosesone
randomly.

In the following sections,we describeeachreplicationstrategy
andits variation.

2.1 Replication using clip size (SZ, SZE+��FHG ,
SZ5 E+��F�G )

The simplestform of this strategy, termedSZ, replicatesclips
uniformly basedon their sizeandthetotal numberof replicassup-
portedby thesystem:��� = 6 b $�%$ . If ��� is lessthan1 thenit is reset
to one.If it exceeds

�
thenit is resetto

�
.

Onemay extend this simplestrategy to replicateclips propor-
tional to their frequency of access,� � = ' � b 6 b $�%$ . This technique
is termedSZE+��F�G . By replicatinga frequentlyaccessedclip more
often,thisstrategy strivesto maximizethenumberof simultaneous
displays.

Anothervariation,termedSZ5 E+�IFHG , replicatesa clip
�

propor-
tional to thesquareroot of its frequency of access( ' � ), � � = 5 ' � b6 b $�%$ . Thebasicintuition behindSZ5 E+��F�G is thatourobjective
is to minimize �)(�N� � = %h %?ikj . Thisoptimizationproblemis discussed
in differentcontext anda squareroot allocationhasbeenshown to
solve this problem[3].

2.2 Replication using clip display time (DT,
DT E+�IFHG , DT 5 E+��FHG )

This family of techniquesutilizesdisplaytimeof clips to control
thenumberof replicas.It is basedon the intuition thata clip with
a longer display time shouldbe replicatedmore frequently. DT
assumesa uniform replicationstrategy where � � = 6 b l %8+9%�:<; l % .DT E+��F�G considersthefrequency of accessto a clip whencomput-
ing the numberof replicas: � � = ' � b 6 b l %8+9%N:m; l % . DT 5 E+��FHG
employs the squareroot of frequency of accesswhencomputing
thenumberof replicas:��� = 5 '�� b 6 b l %8+9%N:m; l % .
2.3 Replication using clip display bandwidth

requirement(BW, BW E+��FHG , BW 5 E+�IFHG )
Onemayreplicatebasedon thebandwidthconsumptionof clips

in order to replicatethoseclips with a higherbandwidthrequire-
mentmoreoften. This techniqueandits variationsareidenticalto
thoseof Sections2.1 and2.2 where  K� is employed insteadof !J�
and " � , respectively.

3. ANALYTICAL MODELS
In this section,we describeanalyticalmodelsto estimatethe

bandwidthrequiredto displaya clip
�

given its numberof repli-
cas,��� . Thesemodelsareaveragecasesbasedon a randomlycho-
senH2O device to display clip

�
anda randomplacementof its� � replicasacrossthe nodes. Our analyticalmodelsarebasedon

a simplecountingmethodology, consistingof the following logi-
cal steps.First, we enumeratethe

�
possiblenodesthata display

might beactivatedon. We assumethatH2Odevicesarenumbered
from 1 to

�
. H2O0 is thedevice numberedn , , .one. �

. For
eachH2O0 , we enumerateall possiblepathsto theclosestreplica
of clip

�
and the probability of this path. Next, we computethe

averagelengthfor H2O0 to theclosestreplicaof clip
�
. By multi-



plying this averagewith the bandwidthrequiredto displaya clip,
we obtainp thetotalbandwidthrequiredto displayclip

�
.

Givena displayingH2O, sayH2O@ , anda dataproducingH2O
device thatcontainsthereferencedclip, sayH2Oq , thereexists

�
uniquepossiblepathsbetweenH2O@ andH2Oq . To demonstrate,
observe thatthereexists:r 1 uniquepathof lengthzerowhenH2O@ findsaclip local to

itself, i.e., s =_ .r�t d _vu , f uniquepathswherethe lengthof eachpathvaries
from oneto _wu , if f _ ^ t . In otherwords,when _ ^ t ,
thereexists two uniquepathsof length1, two uniquepaths
of length2, ..., two uniquepathsof length_cu , .r � u t _yx , uniquepathswherethelengthof eachpathvaries
from _ to

� uz_ when
� u{_ ^ _ . In otherwords,when� u|_ ^ _ , thereexists oneuniquepathof length _ , one

uniquepathof length _vx , , ..., oneuniquepathof length� uw_ .

Thetotalof thesethreeitemsis
�

, i.e., , x t d _#u , f x � u t _Wx,�* �
.

With a ��� value, in order to enumerateall possibleH2O0 andX
combinations,we first enumerateall possiblenumberof hops

X
betweena client andtheclosestreplicaof clip

�
. Observe that the

valueof
X

rangesbetweenzeroand
� u n with thestringtopology.

Let Y Z0 denotethetotalnumberof uniquepathsto theclosestreplica
of clip

�
thatareexactly

X
hopsin lengthfrom H2O0 . With H2O0

anda specificvaluefor
X

(say
X *3} ), thereexistseitherzero,one

or two uniquepathsthatare5 hopslong,i.e., ~2. Y]�0 . t . With the
stringtopology, thevalueof Y Z0 is trivial to derivebecausethereare
only two possiblescenarios:

X . � � and
X ^ � � . When

X . � � ,Y�Z0 equalsonewheneithern is lessthan
X

or n is greaterthan
� u X .

Otherwise,Y Z0 is two. When
X ^ � � , Y Z0 equalsonewhenn is either

lessthan
� u X or greaterthan

X
. Otherwise,Y Z0 is zero.

We define \ Z0 to denotethe numberof uniquepathsbetween
H2O0 andtheclosestreplicaof

�
thatare

X
or morehopslong. To

derive thevalueof \ Z0 , we considereachH2O0 client andits enu-
meratedY Z0 value.Thus, \ Z0 * ��� � � Z Y �0 . In our analysis,we take
advantageof the symmetryin the string topology by breakingit
into two partswheretheleft andtheright handsidehave anidenti-
cal bandwidthrequirement,e.g.,H2O� ’sbandwidthrequirementis
identicalto thatof H2O� , H2O� ’s bandwidthrequirementequals
that of H2O��� � , etc. Hence,we considerthe scenariowhere n
rangesin valuefrom 1 to � � �y� , resultingin four possiblecases:

1. if
X ^�� � �y� and

X�� * � u n then \ Z0 =
� u n u X x , .

2. if
X ^�� � �y� and

X 1 � u n then \ Z0 * ~ .
3. if

X#� � � � � and
X .|n u , then \ Z0 * � u t X x , .

4. if
X#� � � � � and

X 1 n u , then \ Z0 * � u n u X x , .
Now, we derive the probability of each \ Z0 . This is basedon

deriving two probabilities.First, _ Z0 denotestheprobabilityof not
finding a replicaof clip

�
in fewer than

X
hops.Thesecondproba-

bility, d G Z0 ` _<Z0gf , is conditionedusing _<Z0 anddefinestheprobability
of locatinga replicaof clip

�
exactly

X
hopsaway. Thevalueof _ Z0

is dependenton thenumberof replicasand \]Z0 :
_ Z0 *

�� � ~�� � ' \ Z0 � � ����RL�� b ���R � �L[�[� � be�A�A�A�<b ���R �[� h % � ���L��[�[� h % � ��� * ���R�� �AL[�[� h % �� � �R � h % � � L[� � F�����F
(1)

Thevalue d G Z0�` _ Z0 f is:

d G Z0 ` _ Z0gf *
�� � , � � ' \[Z0 ^4��� 1 \]Z0 u{Y�Z0
, u d � �R �<� �R� �R b � �R �<� �R � �� �R � � be�A�A�<b � �R �K� �R ��� h % � ���� �R ��� h % � ��� f ��F�����F

(2)
A morecompactrepresentationis:

d G Z0 ` _ Z0gf *
�� � , � � ' \ Z0 ^4��� 1 \ Z0 u|Y Z0
, u � ���R �K� �R � � � ���R � h % � �� � �R �<� �R � h % � � � �R � � F��¡�HF (3)

Next, we computethe probability of H2O0 finding clip
�

in
X

hopsand notfinding anotherreplicain fewer than
X

hops,denoteda Z0 .
a Z0 * _ Z0 bed G Z0�` _ Z0 f andis definedas:

a Z0 *
�¢¢¢� ¢¢¢�
�AL � � h % � � � �R �� � �R � h % � � L[� � u �£L � � h % � � � � �R �<� �R � �� � �R �K� �R � h % � � L[� � � � '�� � . \ Z0 ueY Z0���R�� �£L���� h % � �� � �R � h % � � L[� � � � ' \[Z0 ueY[Z0 � ���¤. \[Z0
~�� � '�� � 1 \ Z0

(4)
We computetheexpectednumberof links usedto displayclip

�
on H2O0 , ¥ 0� = � L[�[� 0Z � � a Z0 b X . Theclosedform formula for ¥ 0�
dependsonwhether

U V
is evenor odd:

¥ 0� *
�¢� ¢� �L[� d ��¦�§ �¨w© � �0 � � � L � � 0Z � � a Z0 b X f � � ' UWV � �ªFH«�FH¬�L[� d � ¦�§ �¨ © � �0 � � � L[�]� 0Z � � a Z0 b X f�f x 8� § ¨�®°¯ ;� :m; ± �RL[� ��F�����F

(5)
Givena clip

�
with � � replicas,���0 � � ¥ 0�  � definesthebandwidth

requiredto displayclip
�
.

4. PERFORMANCE COMPARISON
In ourexperiments,weassumedastringtopologywith

�
nodes

anda fixedbandwidth
O

betweennodes.Eachnodeis configured
with 100Gigabytesof storage.Wesimulatedaskeweddistribution
of accessto the � clips usinga Zipfian distribution with a mean
of 0.27. This distribution is shown to correspondto saleof movie
theaterticketsin theUnitedStates[4]. An experimentsstartswith
the computationof the numberof replicasper clip using one of
the strategieswith the availablestorageof

�
nodes. Next, each

noderequestsa clip usinga randomnumbergeneratorthat is con-
ditionedbasedon the skewed distribution of access.We consider
two alternative policiesfor servicingthese

�
requests:FirstCome

FirstServe (FCFS),andLeastBandwidthFirst (LBF). With FCFS,
requestsare scheduledoneat a time startingwith the first node.
Oncethe available bandwidthis exhausted,the remainingnodes
mustwait until oneor moreactive displayscomplete.With LBF,
requestsaresortedbasedon thedisplaybandwidthrequirementof
their referencedclip in ascendingorder. The simulatorschedules
requestsoneat a time until eitherall requestsarescheduledor the
availablebandwidthis exhausted.Thereportedaveragestartupla-
tency correspondsto the averagedelay observed by all requests
(includingthezerostartuplatency observedby thoserequeststhat
werescheduledimmediately).ApproximatingLBF in adistributed
manneris a challengingtask.We investigateit in orderto demon-
stratethatits impactis marginalwith theright replicationstrategy.

As ayard-stick,weanalyzedaRandomreplicationstrategy. This
strategy selectsa clip randomlyand constructsa replica for this
clip. This replicais assignedto a randomlychosennodethatdoes
not containa replicaof this clip. If thetotal numberof replicasfor
this clip equals

�
thenthis clip is removedfrom furtherconsider-

ation. Note that the sameclip might be chosenrepeatedlydueto



randomchance.The terminationconditionof Randomis reached
when² either the total storagecapacityis exhaustedor

�
replicas

arecreatedfor all clips. In the reportedexperiments,we invoked
Random100timesandobservedits maximumnumberof displays.
This numberis presentedin all cases.

We conductedmany experimentswith differentclip sizes,dis-
playtimes,andbandwidthrequirements.In thefollowing,wepresent
two setsof experimentsthatsummarizeall ourobservations.These
experimentsaretermedhomogeneousandheterogeneous.Theho-
mogeneousexperimentconsistedof 100videoclips with anaver-
agebandwidthrequirementof 4 Mbps,

O
=4 Mbps. All clips are

equi-sizedandhave a displaytime of 120minutes.Figure3 shows
our obtainedresultswith FCFSandLBF policieswith thealterna-
tivereplicationsstrategies.In thesefigures,thex-axisis thenumber
of nodesandthey-axisis thenumberof simultaneousdisplaysthat
canbe activated. The bandwidthof a link betweentwo nodesis
4 Mbps. Theobtainedresultsshow anidenticalperformancewith
DT, SZ, andBW replicationstrategies. This is because:a) clips
are identical,andb) thereis dependency betweenthe size,band-
width, anddisplaytime of a clip, i.e., size is a function of band-
width anddisplaytime. With a givenstrategy, sayBW, thesquare
root (BW 5 E+��FHG ) replicationstrategy is superiorto both propor-
tional (BW E+��F�G ) and uniform (BW). Using the LBF approach,
BW E+��FHG approximatesBW 5 E+��FHG . This is becauseit services
thoserequeststhatreferencefrequentlyaccessedclipsfirst in order
to initiatethedisplayof alargernumberof requests.BW cannotdo
thesamebecauseit replicatestheclips uniformly, misleadingthis
strategy to constructa large numberof replicasfor all clips. It is
importantto notethata distributedimplementationto approximate
LBF is non-trivial. Thus,theFCFSresultsaremorerealisticthan
LBF results.

With theheterogeneousexperiment,thedatabaseconsistedof a
mix of audioandvideoclips: 445videoclipsand3555audioclips.
While thevideoclips continueto require4 Mbpsfor their display,
theaudioclips require340Kbpsfor their display. The3555audio
clips areevenly dividedamongthreedistinctgroups:thosewith a
displaytimeof 2, 4, and8 minutes.The445videoclips areevenly
divided amongfour uniquegroups: thosewith a display time of
30, 60, 90, and120minutes.The total sizeof this repositoryis 1
Terabyte.We continueto usetheZipfian distribution with a mean
of 0.27 amongall 4000 clips. Assumingthat the 4000 clips are
sortedbasedontheir frequency of access,every10³¡´ clip is avideo
clip assignedin a round-robinmannerto the four differentvideo
clip types:Clip 10 is 30 minuteslong,Clip 20 is 60 minuteslong,
Clip 30 is 90 minuteslong, Clip 40 is 120minuteslong, etc. The
audioclips arealsoassignedin a round-robinmannerstartingwith
theshortestclip first: Clip 1 hasa displaytime of 2 minutes,Clip
2 hasa displaytime of 4 minutes,Clip 3 hasa displaytime of 8
minutes,etc. In essence,theshortaudio(video)clips areaccessed
morefrequentlythanthelongeraudio(video)clips.

Figure4 shows thenumberof simultaneousdisplaysinitiatedby
eachreplicationstrategy with theFCFSpolicy asa functionof the
numberof nodesusing the string topology. The obtainedresults
show replicationbasedon bandwidth(BW) is a superioralterna-
tive to replicationusingeitherdisplaytime (DT) or size(SZ). In
order to explain this, recall that BW, DT, andSZ ignore the fre-
quency of accessto the clips. The video bandwidthrequirement
(4 Mbps) is twelve times the audio bandwidthrequirement(340
Kbps),motivating BW to replicatevideoclips 12 timesmorefre-
quently thanthe audioclips. With DT, the averagevideo display
time (75 minutes)is 14 timestheaverageaudiodisplaytime (5.33
minutes),resultingin thevideoclips to bereplicated14 timesthe
audioclips. With SZ, theaveragevideoclip size(2.25Gigabytes)

10 20 30 40 50 60 70 80 90 100

10

20

30

0

40

50

60

70

80

90

100

BW√Freq 
BWFreq 

BW 

Random 

Simultaneous Displays 

Number Of Nodes 

3.aFirst ComeFirst Serve

10 20 30 40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90

100

BW√Freq 

BWFreq 

BW 

Random 

Simulatenous Displays 

Number Of Nodes 

3.bLeastBandwidthFirst

Figure 3: Number of simultaneous displays with alternative
replication strategies and a homogeneousmix of continuous
media clips.
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Figure 4: Number of simultaneousdisplays with alternative
replication strategiesand a heterogeneousmix of continuous
media clips (FCFSpolicy).
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Figure 5: Number of simultaneous displays with alternative
replication strategiesand a heterogeneousmix of continuous
media clips (LBF policy).



is 169 timestheaverageaudioclip size(13 Megabytes),resulting
in ahugeµ numberof replicasfor thevideoclips. With theworkload
referencingaudioclips morefrequently, SZ exhauststheavailable
bandwidthwith a few displaysandcannotsupportasmany simul-
taneousdisplaysastheothertwo techniques.SZE+��FHG utilizes the
frequency of accessto theclips in orderto reducetheimpactof the
sizeratio betweenvideo andaudioclips. SZ5 E+��FHG performsin
the middle of SZ andSZE+�IFHG becauseit givesa lower weight to
thefrequency of access.

Figure5 shows thenumberof simultaneousdisplayssupported
with LBF. LBF hasa significantimpact on replicationstrategies
basedon uniform, i.e., BW, DT, and SZ. With BW 5 E+��FHG , the
resultsshow that employing LBF providesonly marginal benefits
whencomparedwith FCFS.This suggeststhatdevelopmentof al-
gorithmsto approximateLBF in a distributedmannerwill notpro-
vide significantbenefit.

Finally, notethata full replicationof heterogeneousmix of clips
would requireoneTerabyteof storagefrom eachnode.Thiswould
enableall nodesto displaya clip. BW 5 E+��F�G approximatesthis
sameobjective with 100Gigabytesof storagepernode.

5. VALID ATION OF ANALYTICAL MOD-
ELS

Weusedasimulationstudyto validatetheanalyticalmodelsand
its obtainedresults.Thesimulationmodelconsistsof

�
H2O de-

vicesorganizedin a string topology. The radio rangeof eachde-
vice is 150 metersand the distancebetweentwo devices is 140
meters.The simulationmodel includesa centralizedbasestation
configuredwith anadmissioncontrolcomponent.This centralized
admissioncontrolmaintainsthestringtopologyof thenetwork and
the neighborrelationshipbetweentwo nodes. Eachrequestby a
H2O device to displaya clip ¶ is directedto this admissioncon-
trol. Notethatastringtopologylimits thenumberof possiblepaths
betweenthedisplayingnodeandtheclosestreplica(s)of ¶ to ei-
therone(with onereplica)or two (with two or morereplicas).The
admissioncontrolmaintainstheavailablebandwidthfor eachpath
basedon thenumberof displaysit hasadmittedinto thesystem.If
this bandwidthexceedsthebandwidthrequiredto display ¶ then
therequestis admittedandassignedto thenodeparticipatingin the
pathwith thehighestavailablebandwidth.Otherwise,therequest
is rejected.

In ourexperiments,weinvokedareplicationstrategy to compute
thenumberof replicasfor eachclip. Next, thesereplicasareran-
domly assignedto the nodeswith at most one replica per node.
Subsequently, eachnode issuesa requestfor a clip conditioned
basedon the assumedZipfian distribution of access,forwarding
this requestto the centralizedadmissioncontrol. The admission
control eitheracceptsor rejectsthis request.Theobtainedresults
showed fragmentationof the availablenetwork bandwidthdueto
(a) placementof replicas,and(b) the identity of a clip referenced
by a displayingH2O device. This is bestillustratedwith an ex-
ample. Considerthe topologyof Figure2.ashowing a nine node
string topology. If a displayon node2 referencesa clip on node
3 andexhauststhe availablebandwidthbetweenthesetwo nodes,
thennode3 cannotdisplaya clip with its only replicaresidingon
node1 even thoughthereis bandwidthavailableon the link con-
nectingnode1 to 2. This limitation is termednetwork bandwidth
fragmentation.The analyticalmodelsof Section3 do not model
this limitation. To compensate,at theendof eachexperiment,we
measureboth (a) thenumberof simultaneousdisplaysand(b) the
total idle bandwidthin thesystem.Wedivide thelaterwith theav-
eragebandwidthrequirementsof theclips to computethenumber

of displaysthatwould have beensupportedif bandwidthfragmen-
tationwasprevented.This numberis addedto thetotal numberof
displayssupportedby anexperiment.

Preliminaryresultssuggesta maximumof 30% differencebe-
tweenthesimulationandanalyticalmodels.We hopeto conducta
morecomprehensive evaluationandincludetheobtainedresultsin
a moreextensive versionof this study.

6. FUTURE RESEARCH
The primary contributionsof this paperis threedifferentrepli-

cationstrategiesfor continuousmediaandtheir evaluationwith
�

H2O devicesorganizedin a string topology. The primary objec-
tive of thesetechniquesis to computethe numberof replicasfor
a heterogeneousmix of continuousmedia. The obtainedresults
are as follows. First, a replicationschemebasedon bandwidth
(BW) is superiorto alternativesthatconsidereithersizeor display
time. Second,this techniquemaximizesthenumberof simultane-
ousdisplayswhenit is extendedto considerthesquarerootof each
clip’saccessfrequency, i.e.,BW 5 E+��FHG outperformsbothBW and
BW E+�IFHG .

While theseresultsare specificto the string topology, we hy-
pothesizethey hold true for othertopologiessuchasgrid, graph,
etc. In the immediatefuture, we intend to extend the analytical
modelsof Section3 to other topologies. In addition, we intend
to useour simulationmodel for several otherpurposes.First, to
investigateahybrid replicationstrategy thatconsidersboththedis-
play time of a clip andits bandwidthrequirement.Theanalysisof
Section4 assumedanenvironmentwhereall requestsarrive at the
sametime. If requestsarrive at randomtimes,we speculateboth
the displaytime andbandwidthrequirementsof a clip to become
significant. Second,to analyzetopics suchasplacementof data
andadmissioncontrol.Both topicssignificantlyimpacttheperfor-
manceobservedfrom awirelesstopology. Third, it wouldbeuseful
to studyheterogeneousenvironmentswhere(1) thestoragecapac-
ity of H2O nodesmight bedifferent,(2) thebandwidthof the link
betweennodesmightbedifferent.Thelastitemis speciallyimpor-
tantbecausethebandwidthof a link betweentwo H2O devicesis
dependentonthenumberof otherH2Odevicesin theirradiorange,
seeSection1.
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