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Abstract— Supporting user interactivity such as VCR opera-
tions is desirable however it intr oduces extra complexity and
overhead into the VoD system.VCR operations such as random
seek, rewind, and fast forward change the location of viewing
point, the video playback dir ection, and the video playback speed.
In traditional client-sewver service model, the streaming sewer
adjusts the streaming schedule on the y and allocates extra
sewver bandwidth to accomodatetheseinteractive operations.

In P2P VoD system, an overlay is establishedamong sewver
and users/peers.Peers pull the video content from the sewer
and neighboring peers.The changeof viewing location, dir ection,
and speednot only affects the serwver but also other peers. The
neighboring peers may not have the data at the new playback
point, or suf cient uplink capacity to support faster playback
rate. The available data at the requesting peer is changed due
to VCR operations, which may affect neighboring peers' data
downloading. In this paper, we investigate the feasibility of
supporting VCR operationsin PONDER, a mesh-based”2P VoD
system. PONDER employs a dual approach that incorporates
the mesh-basedp2p downloading into the unicast-basedVoD.
To accommodateVCR operations, PONDER dynamically adjusts
the downloading priority basedon the interactivity requirements.
The measurement-basedadmissioncontrol admits as many users
as possibleyet achieves good performance level in face of users'
interactivities. Initial results shov that PONDER can support
VCR operations without degrading users' viewing quality.

|. INTRODUCTION

Digital videocassetteecording(VCR) functionalityenables
quick and userfriendly browsing of multimediacontent,and
offers usersthe interactvity thatis lacking in the traditional
video broadcastingservice.Providing VCR operationsin IP-
basedstreamingserviceis thus highly desirableandis iden-
tied asoneof the meansto attractviewersto IPTV service.
However, VCR operationssuch as random seek, rewind,
and fast forward are challenging to implement in online
streamingervironment. Randomseek changesthe playback
point instantly Rewind reversesthe video playbackdirection.
Fast forward requiresthe extra bandwidthat the sener and
the underlying network. This paperreportsour preliminary
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such as BitTorrent [1], attracta large numberof usersfor
le sharingover the Internet. More recently P2Ptechnology
hasbeenextendedto mediastreamingservices.Several P2P
streamingsystemshave beendeployedto provide on-demand
or real-timevideo streamingservicesover the Internet[2-5].

P2P streamingsystemscan be broadly classi ed into two
cateyories,namelytree-basedind mesh-baseddependingon
the overlay network structure The tree-basedystemssuchas
ESM [2], have well-organizedoverlay structuresandtypically
distribute video by actively pushingdatafrom a peerto its
children peers.In contrast,peersin mesh-basedP2P system
are not con ned to a static topology A peer dynamically
connectsto a subsetof random peersin the system.Peers
periodicallyexchangenformationabouttheir dataavailability.
Video contentis pulled by a peer from its neighborswho
have alreadyobtainedthe content.In theory the P2P system
cansupportarbitrary numberof concurrentusersif individual
userscontribute sufcient uplink bandwidth.However, peers
dynamicallyjoin andleave the system(denotedaspeerchurn).
Peerchurnintroducesdynamicsand uncertaintyinto the P2P
network and degradesthe users'viewing quality. The viewers
in p2p solution suffer from long startupdelay un-smoothed
video playbackquality, to frequentplaybackstoppages.

In [6,7], we proposePONDER, a Peetto-peervideo-ON-
DEmand seRvicethat intendsto solve both scalability and
performancdssuefacedby VoD service. PONDER incorpo-
ratesthe mesh-basedP2P downloadinginto the cornventional
sener-client video-on-demandservice to have the best of
both unicast-basedolutionand p2p-basedolution.While the
majority of the contentis downloadedin advancethroughp2p
networks, the sener makes surethat the users'startupdelay
is small and the viewing quality is good. Speci cally, the
video is divided into equal-sizesggments.The downloading
deadlineof a sgmentis setto be the beginningof its playback
time. Real-time schedulingmechanismis incorporatedinto
the mesh-basedP2P system.A Peerselectvely senes other

investigationinto theuserinteractvity supporin amesh-based peersthat arein more urgentneedof data,which maximizes

P2P VoD system.

Peerto-Peer(P2P) networking has recently emeged as a
new paradigmto build scalabledistributed network applica-
tions. Peersare implementedwith the capabilitiesof both
clients and seners, and contribute resourceto alleviate the
workload imposedon the sener and distribute the bandwidth
requirementsacrossthe network by actively cachingthe con-
tent and serving other peers.P2P le sharing applications,

the probability that segments are downloaded before their
deadlineslf portionof the sggmentis missingat the playback
time, the sener kicks in. The sener streamsthe missing
contentat the playbackrateto ensuredatais receved by the
playing time.

In this paper we explore the feasibility of supportingVCR
operationsin PONDER framework. The downloading dead-
lines of the sgmentsare adjusteddynamicallybasedon the



requirementf VCR operationsThereforethe segmentsare
likely to be downloadedbeforetheir new deadlinesThe sener
streamsthe initial missingdatato enablethe immediatestart
after usersinitiate VCR requestsFinally, the measurement-
basedadmissioncontroller continuouslymonitors the work-
loadin the system.The admittedusersareableto enjoy VCR
operationswithout suffering viewing quality degration. Initial
resultsshowv that abose measuresre effective in supporting
user interactvity. VCR operations,except for fast forward
operation, can be supportedwithout signi cantly reducing
the number of admitted users. The users' viewing quality
is also not affected. Fast Forward operation requires more
bandwidthhoweverthe admissiorcontrolleradaptiely adjusts
the admissionratio so as to retain the users' good viewing
quality.

Theremainderof the paperis organizedasfollows. Related
work is presentedin Section Il. A brief introduction to
PONDER P2P VoD systemis includedin Sectionlll. The
VCR operationsupportin PONDERis describedin Section
IV. SectionV presentdnitial performanceevaluationresults.
Finally, SectionVI concludeshe paper

Il. RELATED WORK

SupportingVCR operationshasbeenstudiedin the context
of unicastbasedvoD andIP multicastbasedvoD. For unicast
basedVoD, Dey, et.al [8] proposedeffective FF/Rew service
that provides fast forward/ravind servicewith an associated
guality-of-serviceguaranteeWhenbandwidthis not available,
serviceis eitherdelayedor providedimmediatelywith alossin
resolution.In the context of IP multicastbasedvoD solutions,
extensve studieshave beendone.Among them,Ma et. al [9]
proposedBest-Efort Patching (BEP) that usesa patching
streamto sustainthe currentplaybackwhile cachingdatafrom
multiple ongoingstreamsThe usermemgeswith one ongoing
streameventually Fei, et. al [10] developedan actve buffer
managementechniquefor VCR operation support. Clients
selectvely prefetchsegmentsfrom broadcasichannelsbased
on the obsenation of the play point in its local buffer. The
contentof the buffer is adjustedn suchaway thattherelative
position of the play point is kept in the middle part of the
buffer. Recently Wong, et. al [11] introducedstaticfull stream
scheduling (SFSS)that takes into accountusers' interactve
behaior and arrival pattern.A just-in-time simulation (JTS)
schemds proposedo estimatethe arrival rateandinteractive
rate so as to tune operatingparameterdor SFSS.Although
extensve studieshave beenconductedin the unicast-based
VoD systemandIP multicastbasedvoD systemthe developed
techniquescannot be applied to P2P VoD directly due to
differentnetwork ervironment.

Most studieson P2PVoD have beenfocusingon providing
sequentialideo playback[12—-14]. Recently Yiu, et. al [15]
proposedVMesh that supportsrandomseekingfunctionality.
In VMesh, videos are divided into segmentsand stored in
peersacrossthe P2P system.An overlay meshis built among
peersto facilitate locating the desiredsegments.The overlay
employs the distributed-hash-tablgDHT) to speedup the

segmentlookup. The users'interactvity is supportedby con-
tinuously looking for requiredsegment. BulletMedia is pro-
posedby Vratonjic, et. al [16]. The VoD serviceis supported
over the meshbasedoverlay A separatestructuredoverlay is
usedto enableef cient block discovery andto control block
replication. Blocks are replicated by peerswheneer extra
bandwidthbecomesavailable. In addition, all contentblocks
are replicatedat leastk times system-wide(k is setto be 4
in the paper).This stratgy ensuresufcient parentpeersare
available for eachblock.

Both above approacheshave the avor of P2P storage
systemwith a dedicatedneshfor locating/managinghe data.
PONDERdoesnotusestructuredmeshfor thecontentocation
purposeA peeris connectedvith large numberof otherpeers
andis likely to nd the requiredcontentfrom its neighbors|t
canconnectto more peersif necessaryReal-timescheduling
basedpeerselectiorprioritizesthe datarequestgrom different
neighborsso that the majority of the data segmentscan be
downloadedbeforetheir deadlinesin addition,PONDERalso
usesa measuremeriasedadmissioncontrol to betterprotect
users'viewing quality.

I11. INTRODUCTION TO PONDER: PERFORMANCE AWARE

P2P VoD SERVICE

A brief descriptionof PONDERIs presentedn this section.
Pleaserefer to [6] for moreinformation.

PONDER allows usersto selectand watch video content
overanetwork whenever they want. At ary givenmomentthe
clientsin VoD are watchingdifferentportion of a video clip.
In orderto allow clientsto sharethe contentusingpeerto-peer
network and have good viewing quality, we needto address
following two questions:(i) how to achieve contentsharing
with different uses watching different portion of a videq
and (i) how to provide timely contentdelivery to support
good quality video playbak. Fig. 1 is a schematicdiagram
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Fig. 1. Schematiadiagramof PONDER system

of PONDER system.A new client sendsthe initial request
to the admissioncontroller If admitted, the client receves
the peer information from the tradker, a central directory
sener, so that it can join the p2p network. Meanwhile, the
VoD sener streams/uploadthe video to client. In PONDER,
a video clip is divided into multiple equal-size(in terms



of playback duration) sggments, denotedas sub-clips The
startingplaybacktime of the sub-clipis de ned asthedeadline
of this sub-clip. The leading sub-clips are streamedto the
client so that the userscan start the playbackimmediately
Meanwhile peerto-peemetwork is establishedmongusersn
orderto pre-fetchthe dataof the succeedingub-clips.In order
to provide viewerscontinuousplayback the dataof a sub-clip
hasto be pre-fetchedbeforeits deadline.Oncethe playback
of a sub-cliphasstarted,no peerto-peerdownloadingof that
sub-clip is allowed since the newvly downloaded data may
be outdated.A separatestreamfrom the sener, denotedas
complementarystreaming,is initiated to deliver the missing
data.

We use an example to illustrate hov PONDER senes
incomingrequestsln this example,it is assumedhatusersare
ableto cachethe entirecopy of thevideo. The sametechnique
appliesevenif only a portionof thevideocopy is cachedlt is
further assumedhat the sener only streamshe rst sub-clip
andthe dataof following sub-clipsare downloadedusing the
peerto-peernetwork.

Referringnow to Fig. 2, client 1 makesa requestfor video
from the sener at time t;. The sener streamssub-clip 1 (the
rst videosub-clip)to client 1 immediatelysothatclient1 can
promptly commenceplayback.At the sametime an attempt
is madeto locate a peerhaving sub-clip 2 within the peer
to-peernetwork. At this moment,the only peerin the peer
to-peer network having sub-clip 2 is the sener, which can
behae as a peer Both client 1 and the sener (at the least)
are membersof the peerto-peernetwork for sub-clip 2. At
time ty, client 1 is playing back sub-clip 1, while sub-clip 2
is being downloaded(not streamed)from the sener. Client
2 makes a requestfor the samevideo from the sener and
immediately commencegplaybackof sub-clip 1, which was
streamedrom the senerto client 2. Both the senerandclient
1 commenceauploading(not streaming)sub-clip 2 to client 2.
At this moment,the sener, client 1, and client 2 are peers
in the peerto-peernetwork of sub-clip 2. At time t3, client
3 makes a requestfor the samevideo from the sener and
immediately commenceglaybackof sub-clip 1, which was
streamedfrom the sener. By now client 1 is playing back
sub-clip3 andis downloadingthe video of sub-clip4. Client
2 is playing sub-clip 2 and downloading sub-clip 3. At this
time, the sener, client 1, client 2 andclient 3 arememberof
the peerto-peemetwork for sub-clip2. Client 3 candownload
sub-clip 2 from the sener, client 1, and client 2. As time
progressespeer video playbackcontinues.The peerto-peer
downloadingpre-fetcheghe dataof the sub-clip that follows
the sub-clip currently being played, as shav in Fig. 2 with
currenttime of t4. By time ts, client 1 hasalready nished its
video playbackandexited the system Client 2 is playingback
the last sub-clip and client 3 is playing back sub-clip4 and
downloadingsub-clip5. The sener andthe secondclient are
peersin the peerto-peemetwork for purpose®f downloading
sub-clip 5. At last, client 2 has also exited the systemafter
nishing thevideoplayback Client 3 is watching/playingback
sub-clip5 andwill exit the systemat the end of sub-clip5.
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Fig. 2. An exampleof servingthreeclientsusing PONDER

Real-time schedulingbasedpeer selection.ln PONDER,
a user joins multiple peerto-peer networks (a user joins a
differentpeerto-peemetwork for eachsub-clip). However, the
total numberof uploadsshouldbe a small numberin orderto
avoid performancedegradationby having a large number of
open TCP connections.The questionthen becomeshow to
selectuploading pees across multiple peerto-peernetworks
sothat the overall performancei.e., the chancethat all uses
retrieve the content/sub-clipdefole their respectiveleadlines,
can be maximized.

Tit-for-Tat (TFT) strat@y is employed in BitTorrentto en-
couragecollaborationsHowever it is not suitablefor stream-
ing applications.We proposea QoS aware peer selection
algorithmthattakesinto accountthe urgeng of peerrequests
and availability of servingpeers.The serving peercomputes
the uploadingurgeng metric for eachrequestingpeers.The
peerswith the higherscoresget sened rst. The following is
alist of factorsthatareconsideredn determiningwhich peers
to be sened. (i) how urgentthe deadlineis. The tighter the
deadlineis, the higherpriority the downloadershouldget; (ii)
whetherthe downloadingis on schedule We want all clients
to be treatedfairly [17]. The downloading should proceed
proportionallyto the time the peershave spentin the system
sincethe downloadingstarts;(iii) how mary potentialserving
peersare available;and (iv) uploadingspeedHigh uploading
speedmprovesthe systemthroughputandthusis preferential.
The detailedalgorithmis describedn [6].

Measurementbasedadmissioncontrol. Admissioncon-
trol is requiredfor PONDER to provide high-quality view-



ing experiencefor usersin face of high requestrate that
surpasseshe sener's serving capacity The PONDER sener
is responsiblefor providing three services(i) streamingthe
initial/leadingsub-clipsto enablepromptplayback;(ii) provid-
ing complementarystreamingto improve the users' viewing
quality; and (iii) servingasa seedin peerto-peernetworking.
Without admissiorcontrol,a usermay not getleadingsub-clip
streamedrom the sener immediately which leadsto delayed
playback; or complementarystreamingrequestis rejected,
which leadsto low viewing quality.

The admissioncontrol in PONDER consistsof two steps.
In the rst step,the admissioncontroller determinesif the
sener has enoughbandwidthfor leading sub-clip streaming
right away. If the currentavailablebandwidthis not enoughto
supportthe leadingsub-clipstreaming the requests rejected.
In the secondstep, the admissioncontroller determinesif
the sener hasthe bandwidthin the long run to admit new
client without sacri cing the viewing quality of usersalready
admittedinto VoD service.See[6] for more information.

1V. SUPPORTING VCR OPERATIONS

Typical VCR operationsinclude Jump Forward/Backvard
(JF/JIB), Pause (P), Resume(R), Fast Forward (FF), and
FastRewind (FR). To supportVCR operationsn PONDER,
the sub-clip deadlinesare adjustedto re ect the changeof
playbackpoint, direction,or playbackspeedThe p2pnetwork
recognizeghesechangesThereal-timeschedulingoasedpeer
selection recomputesthe uploading urgeny metrics using
the new deadlines.Furthermore,in order to give usersthe
smoothtransitionin faceof VCR operationsPONDERuses
the complementargtreamto streamthe rst several sub-clips.
In thefollowing, the methodto computethe amountof content
to be streamedrom the sener is described.The methodto
changethe sub-clipdeadliness alsoillustrated.

A. Jump Forward/Bakward (JF/JB)

Usersinvoking JF/JBoperationsvantto playbackthe video
from an arbitrary point inside the clip at the normalplayback
rate.Let thetargetplaybackpoint, or TPPdenotethe intended
new playbackpoint. If TPPis later thanthe currentplayback
point, it is a jump forward operation.Otherwise,it is a jump
backward operation.

The numberof streamedsub-clipsis maximizedwhen no
datais cachedin the buffer after the target playback point
(TPP). In suchscenario,supportingjump forward/backverd
operationsis similar to startinga new video from the TPR
Supposethe TPP falls into sub-clip i. Denoteby tief tov er
the time interval from the TPP to the end of sub-clipi, and
by n the maximumnumberof streamedsub-clips.We have
(" dow nlink r) (tief tover + N L) 1 L; wherergownink IS
the downlink speedy is the playbackrate,andL is the sub-
clip length.rgownink I is theamountof downlink bandwidth
thatcanbe usedfor downloadingwhile the seneris streaming.
tief over + N L is the streaminglength. It is required that
the sub-clip following the streamedsub-clip(s) can be fully
downloadedby the end of streaming.This explainsthe above

GET-NUM-STREAMED-SUBCLIPS{(,n )
1.retalue= 0

2. for (k=i+ 21k i+ n;++k)

3. if sub-clipk is fully cached

4 return ret\alue
5. else
6 ret\alue+= 1

Fig. 3. Thealgorithmto nd the actualnumberof streamedsub-clips

inequality Sincen hasto be an integer, and hasto be no
greaterthanthe total numberof sub-clipsafter the sub-clipi,
we have

r)tlef tov er " m .0_
PN
rL

nl rL (rdownlink

n = min

(T dow nlink '
1)
where ()* is a non-n@ative function, and N is the total
numberof sub-clips.

In practice,someof the sub-clipsbehind TPP may have
alreadybeendownloadedTheactualnumberof sub-clipsto be
streameds thereforeno greaterthann . Therearefour types
of sub-clipsin PONDER as shawv in Fig. 2: emptysub-clip
downloadedsub-clip streamedsub-clip anddownloading-in-
processsub-clip Both streamedsub-clipsand downloading-
in-processsub-clipscacheportionsof the sub-clipdataso are
treated herein the sameas empty sub-clips. This simpli es
the problemand leadsto a conserative numberof streamed
sub-clips.

Fig. 3illustratesthealgorithmto calculatetheactualnumber
of streamedsub-clips.The returnvalueis initialized at step1.
The currentsub-clip counteris initialized to the next sub-clip
atstep2. A determinatioris madeat step3 if the currentsub-
clip is fully cached.If the current sub-clip is fully cached
then return with the return value at step 4. If the current
sub-clipis not fully cachedthen incrementthe return value
and then incrementthe current sub-clip counter at step 2.
The processessentiallyloops through n  sub-clips. If the
sub-clipk is fully cachedthe entire downlink bandwidthis
available to download the data of the next empty sub-clip.
Sincedownlink speedis always larger thanthe playbackrate
(otherwiseno video-on-demandervicecanbe providedin the
rst place),theemptysub-clipcanbe fully downloadedbefore
its deadline.Therefore,ary empty sub-clipsafter the sub-clip
k can be downloadedbefore their deadlines,and no direct
streamingis required.

Next we considerhow to adjustthe sub-clip deadlinesto
accommodat@imp forward/backvard.Lett denotethecurrent

time, andd" denotethe new deadlineof k-th sub-clip.We have

—k .
d =t+ tiefover +(k 1 1) L; (2

fori < k < N, whereL is the durationof a sub-clip.

B. Pauseand Resume

Supportingthe pauseoperationin PONDERIis straightfor
ward - video playbackis pausedand the sub-clip deadlines



are changedto be in nite. Contentmay still be downloaded
however higher priority is givento other peersthat continues
the playback.

Theresumeoperationis handleddifferentlydependingupon
thetype of sub-clip.Note thatthe pauseoperationonly occurs
in streamedsub-clipsand downloadedsub-clips.Supposehat
the video is pausedat sub-clipi. If the currentsub-clip is
a streamedsub-clip, the uservia the video playbackdevice
signalsthe sener to resumethe playback. The rationale is
that all the actionsare temporarily suspendedy the pause
operation,and the resumeoperationre-startsthe streaming
without changingthe systemstatus.If the pausingpoint falls
in a downloadedsub-clip, the user resumesthe playing of
currentsub-clipimmediately The downloadingprocesss also
resumed.The sub-clip deadlinesare modi ed to re ect the
elapsedtime incurred by the pauseoperation.Supposethat
the playbacktime from the resumptionpoint to the beginning
of the following sub-clipi + 1 is ti over, and the current
time is t, Equation(2) is usedto computethe new deadlines.

C. Fast Forward

In fastforward, the video is playedback at a higher rate.
Denoteby the speedugfactorof the fastforward operation.
I-(|)ence the playback rate for 0the fast forward operationis
r = r. We assumethat r  is no greaterthan r gow niink
otherwisefastforward cannotsupportedby this peer Similar
to the derivation of Eqn. (1), we have:

0

0
(r dow nlink r) (tieftover + N L)= rL:

Note that the secondterm on the left handside of Eqn. (3) is
divided by to re ect the fact that the playbackrate is sped
up by afactorof . Sincen hasto beanintegerandno larger
thanN i, we have:
nl oL *m 0
N
(3)
The algorithm illustrated in Fig. 3 can be usedto nd the
actual numberof streamedsub-clips. The adjusteddeadline
for sub-clipk, i < k< N, is:

0
r ) tIef tov er
r°)L

. (rdownlink
n = min

(rdow nlink

=k .
d =t+ teftover +(k 1 1L =: 4)

D. Fast Ravind

Westill use andr’ to representhe speedugactorandnewn
rateof the fastrewind operation.Theleftover time for the fast
reverseoperationis thetime interval from the currentplayback
pointto the beginningof currentsub-clipsincerewind reverses
the playbackdirection. Using tiet tover t0 denotethe leftover
time for the fast rewind operation,the maximum numberof
streamedsub-clipsis:

ro) tief tover " m i 10_
roL ’ '

()
Equation(3) and (5) are similar exceptthe last term, which
canbe explainedby the reverseplaybackdirections.It should

nl rL (rdownlink

n = min

(rdow nlink

alsobe notedthatboth fastforward andfastrewind operations
canbe implementedfor multiple speedsn eitherdirection.
The methodillustratedin Fig. 3 only needsto be modi ed
slightly to computetheactualnumberof streamedsub-clipsfor
the fastreverseoperation.Speci cally, k is loopedbackward
(decrementedfomi 1toi n in step2. The deadlinefor
sub-clipk, 1 < k < i, canbe calculatedas follows:

—k .
d =t+ tefver+ (i k 1)L =: (6)

The deadlinedfor sub-clipsk i aresetto bein nite.

V. PERFORMANCE EVALUATION

In this sectionwe presentinitial performanceevaluation
results.Our discrete-gent simulator modelsthe sener's and
users activity in details.Meanwhile,we employ a simpli ed
network modelsimilar to the oneadoptedin [18]. The model
associatesa downlink and an uplink bandwidth for users,
which allows modelingasymmetricaccesaetworks. We use
a uid modelthat assumeghe o ws traversinga link share
the link bandwidthequally

In order to evaluate the systemin a realistic working
ervironment,we referto the client bandwidthdistribution used
in [18] andscaledown the averagdink bandwidthby reducing
the fraction of userswith higher bandwidth. The amountof
users' downlink and uplink bandwidthare selectedfrom the
following threecategories:f 784Kbps,128Kbpg, f 1500Kbps,
384Kbpg, and f 3000Kbps,1000Kbpg with probability of
0.35, 0.4, and 0.25, respectrely (the rst entry is downlink
bandwidth and the secondentry is uplink bandwidth). We
use400 Kbps asvideo playbackrate, which offers reasonable
video quality andis widely usedby online streamingservice.
The averageuplink bandwidthof usersis (roughly) equalto
(1129 the video playbackrate.

In the simulationexperiment,the usersarrive accordingto
the PoissonprocessA single video of 60 mins is simulated.
The sener bandwidthis 6.3 Mbps (a T2 link). It is assumed
that usershave the storagespaceto cachethe entire video.
This is a reasonableassumptiorgiven the rapidly increasing
storagespace The sizeof chunkis setto be 256 KBytes, and
the size of sub-chunkis setto be 16 KBytes. The settings
areconsistentwith the default valueusedin BitTorrent Users
departimmediately after nishing watching the video. The
sub-cliplengthis setto be two mins.

To investigatethe impact of VCR operationsto the sys-
tem performancewe examine the systemperformancewith
different VCR operationsseparately Such evaluationsallow
us to identify individual VCR operations impact. In the
simulationresultsreportedbelow, eachuserissuesone VCR
requestat a randomselectedpoint in the video. For JUMP
FORWARD/BACKWARD operations,the targeted playbadk
point (TPP) is chosento be a random point in between
the current point and the end/b@inning of video. REWIND
operationalways rewinds all the way to the beginning of the
video, andthen play the entire video from the beginning. We
only simulate normal speedrewind here. PAUSE stopsthe
playbackfor a randomperiod of time whoseaverageis equal
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to half of the video length, and then resumethe playback.
Finally, FAST FORNARD plays back at higher speedfrom

the current point to the end of video. The speedfactor is

chosento be 1.5 since the smallestdownlink speedis 784

Kbpswhich canonly supportthe speedfactorno greaterthan

1.97. Admissionratio is de ned to be the fraction of user
requeststhat is admittedto receve VoD service.Normalize
workloadis the productof userarrival rate and video length
(i.e. averagenumberof requestgervideolength)to represent
the workloadimposedon the sener.

Fig. 4(a) depictsthe admissionratio vs. normalizedwork-
load with various VCR operations.We also plot the admis-
sion ratio of normal sequentialplaybackfor the purposeof
comparison.Interestingly except for FAST FORNARD, the
systemcan supportslightly more userswith VCR opeations
thanwith normalplayback.Sincethe portion of videothathas
beenplayed back is cached,PAUSE, REWIND, and JUMP
BACKWARD do not incur extra requirementon the sener
and allow PONDER to have more time to sene the video.
JUMPFORWNARD mayrequirethesenerto provide streaming
serviceif TPP falls into an empty sub-clip. However, it also
skipsa portion of video. Finally, the admissiorratio for FAST
FORWARD goesdown signi cantly. This is reasonablesince
thevideois playedbackat higherrate.More importantly since
theaverageuplink bandwidthis only 1.12of the playbackrate,
andwill be smallerthanthe FAST FORNVARD playbackrate,
now the systemoperatesn the poor resourcescenariowhich
explainsthe low admissionrate.

Fig. 4(b) illustratesthe viewing quality received at client
side.We usethe averagemissingratio, ratio of video content
missing its playback time, as the indicator of the viewing
quality. Again, the users' viewing quality is comparableto
normal playbackfor JUMP FORNARD/BACK, PAUSE, and
REWIND. Although the users' viewing quality degradesto
1% in FAST FORWARD mode, the viewing quality is still
acceptabldor mary users.The resultssuggesthat admission
control is effective for all VCR operations.

V1. CONCLUSION AND FUTURE WORK

In this paper we proposea novel methodto provide VCR
operationsin a mesh-based2p VoD system. Preliminary
evaluationis conductedandshavs that VCR operationssuch

as JUMP FORNARD/BACKWARD, PAUSE, and REWIND,
can be supportedwithout degrading users' viewing quality.
FAST FORWNARD is the toughestVCR operationto support
dueto the extra bandwidthrequiremenimposedon the sener
as well as the underlying network. However, initial results
shav thatPONDERIs ableto adaptto the changingoandwidth
requirementand still offer reasonableyood viewing quality.

Futurework canproceedalongseveralavenuesTheevalua-
tion conductedsofar is very preliminaryhencemorecompre-
hensve performancevaluationis required.Theimpactof user
side cachesize shouldalsobe studiedmore carefully. Finally,
both work in [15] and [16] emplgs structured overlays
for contentsegment location and to maintain high segment
availability. This techniquecan be incorporatednto the real-
time basedpeer selectionalgorithm to further improve the
systemperformance.
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