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Abstract

The use of bandwidth smoothing techniques for thevelsliof prerecorded
compressed video has beenwhdo be an ééctive technique in reducing the net-
work bandwidth requirements needed to play back videgq. fixed allocation
scheme can #dct the ability to allev for VCR functions. In this papewe exam-
ine the impacts that bandwidth smoothing technique® lwem the deliery of
stored video. W introduce the notion of VCR-windp which allavs users to
have full VCR functionality in a limited wind@ while not requiring increases in
the bandwidth reseations. In addition, we introduce a resource regen
scheme that can be used with the VCR-wwmdor the delvery of stored video.
To test the applicability of the VCR-windoin video-on-demand systems, we
have digitized 15 full-length maes for eperimental data. Our results indicate
that we can pndde time-limited VCR functionality while retaining aifly high
network utilization.
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1 Intr oduction

The delvery of constant quality compressed video requires that thereadapt to lage fluctuations
in bandwidth. Bandwidth smoothing techniquesenbeen shen to be diective in remaing hurstiness,
making netwrk resource scheduling simpléut at the gpense of added delay and requiring additional
buffering [8,12,14]. Br live video applications, the benefits of smoothing are constrained by the require-
ment that latencremain lav between video capture and video playback. Stored video applications, on the
other hand, ha two major adantages in netark scheduling wer live video. Firsta priori knowledge
can be used to smooth out the stream to xkenethat the bffer will allow, trading luffer bandwidth for
network bandwidth. Second, the scheduling of the pnédtvbandwidth can be done well in aaee of the
playback of video. The use of ahce resertions in such schemes,virver, has implications for the
ability to provide users withdmiliar video cassette recorder (VCR) functionality such as stepmdeand

fast forward.



For constant quality video deéry, the video bandwidth requirements can be smoothed by prefetching
data into a bffer, shifting lursts of lage frames fonard in time. Depending on the amount affering
available, a frame may sit in the cliemBmoothing bffer for a shorter or longer time before it is played
back. Long bffer resideng times are often required to reduce the high peak bandwidth requirements.
Despite these longuiffer resideny times, the rate of transmission and the rate of consumption remain cou-
pled. Alterations in the consumption rate that occur with VCR functions will require alteration in the video
delivery plan, lest theddfer overflow or underflav. A video-on-demand system musfeetively handle the
contradictory goals of smoothin@rsus respongeness

For video-on-demand systems with little or naffering, the clients and sesks must be tightly cou-
pled. Ary change in consumption of video data from the client must be immediately and continuously han-
dled by the semr. With buffering, changes in consumption will still require an adjustment by therserv
These adjustments, Wever, need not be made instantaneouslgry operations can be performed with-
out requiring the delery of aly new data from the seer. Larger huffers allav greater latitude in handling
these stops, starts, andvieds. With excess bffering specifically used for handlingawations in con-
sumption rate, it is possible to further decrease the required disruptions of #relgeoombining the
changes in consumption into aMeequests. The amount of disruptions the esesrymust handle will be
proportional to the ioffer size used. If a majority of the rate changes can be handled by the client machine,
then the netark and serers can deote their resources to the handling the special cases that may arise
instead of handling cases which can betakare of with appropriateifiering.

In this paperwe present a fram@rk for providing VCR functionality and adince resemtions of
bandwidth within a bandwidth-smoothing, stored-videwiremment. V& introduce the notion dfCR-
window the set of bffered frames within which, full-function VCR capabilities amaitable without
requiring changes to the bandwidth reations made. The size of the VCR-wimdis determined by the
size of the client Wiffer. We expect that for reasonableiffer sizes a laye proportion of VCR operations
can be handled from the VCR-wingowith the remainder requiring morevotved client and seer inter-
actions. The VCR-winde affects the vay in-adwance resemtions can be handled.emvill discuss the
impact of preiding VCR functionality oma priori bandwidth reseations and present a resation sys-
tem for interactie video-on-demand systems 3tudy the VCR-winde and the déct providing VCR

capabilities has on the in-aalwce resemtion system, we a digitized 15 full-length maes, which
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Figure 1: A Basic \ideo-On-Demand Architecture. This figure shavs a basic video-on-demand seer
consisting of video serers, a netvork, and video-on-demand clients. The clients can be either a com-
puter or set-top-box that contains hardvare to interact with the network and a small disk for smoothing
bandwidth r equirements of the netwrk.

Network

account for wer 32 GBytes of video data. Our resultswltbat the VCR-winday can be implemented
with a small amount of additionalffering with little modifications necessary to the bandwidth reserv
tions.

In the nat section, we will present some background material, along with furthervatioti for irves-
tigating the problem of prading VCR functionality in bandwidth smoothingw@ronments. In Sectio8,
we describe the VCR-wingdo and a resource resation scheme for stored video applications. In
Sectiord, we present ourxperimental results based on the 15 digitizediis®along with one one-hour
seminar that w&s presented in our department. Finadlg finish with some conclusions and directions for

future work.

2 Background and Motivation

In this section, we discuss some of the assumptions about the video-on-demand system that we mak
for this paperin addition, we present some background material on smoothing techniquesé¢hiaeéa

introduced in the literature and discuss the tradlbatfveen smoothing and delay

2.1 A Basic deo-On-Demand Architecture
Our basic video-on-demand system architecture consists of three main components: vetspaerv

network, and the clients. The seng will typically consist of laye fast disks that deler video to the cli-
ents [1,11,13,17]. These serg may also be part of a hierarchical video digtigm system where less fre-
guently requested video data is sghfrom a tertiary archial sener consisting of lv cost storage dices

such as tape or optical jelkoxes [7]. The netark provides the pathay between the video sens and



their clients. The only assumption we raabout the netork is that it can pnade network resource guar-

antees based either on some rate-based or real-time channel approach #4 s#¢sume that the net-

work provides some mechanism for in-aahce resetions of bandwidth [5,10,23]. The clients consist of
either desktop computers with support for digital video or a set-top-haredesolely for vizing com-

pressed video. Wassume that clientsyealuffering available (either disk or RAM) for smoothing of net-

work bandwidth requirements. In addition, we assume that the clients contain enough intelligence to create

bandwidth allocation plans and to interact with the oétvand serers.

2.2 Bandvidth Smoothing Techniques
Bandwidth smoothing techniquesallfinto two broad catgories: windav based and non-windobased

bandwidth smoothing. Wdow-based smoothing techniques result in smoothing that ocearssome
fixed intenal [14,12]. Because the bandwidth smoothing is constrained tedaifitenal, this technique is
useful for systems where the delay between the transmission and playback of a frame must adhere to some
maximum delay requirement. Thus, wimdbased smoothing is particularly suitable for useve liideo
conferencing applications becauseythesult in a maximum delay equal to the windsize. or prere-
corded video, hwever, one can xploit thea priori knonvledge @ailable so that smoothing can éatull
advantage of theudfer that is sailable[8].

As a non-windw based smoothing technique, the Critical Bandwidth AllocationX)Glgorithm was
introduced to smooth bandwidth requirements based oa fh®ri knowvledge &ailable about videos in
stored video applications [8]. The @Ralgorithm constructs a bandwidth allocation plan that consists of
runs, each with a constant bandwidth allocation requirement. Each run within Ahge@Brated plan has
a bandwidth equal to the minimum constant bandwidth requirement required to play back the run without
overflowing or underflaving the luffer. While this technique results in bandwidth plans with the minimum
number of bandwidth increases, it does noethltl adwantage of the differ to minimize the number of
bandwidth changes required. The Optimal Bandwidth AllocationA)O&gorithm creates bandwidth
plans for the deliery of stored video that fia the fevest number of bandwidth changes possiblerythe
client-side lffer size[9]. r our discussions, we will use the digitizeduedSpeedand a video we will
call SeminarThe Seminarvideo was recorded at a talk presented at our department. The video consists of
the spealr standing nd to an @erhead projector presenting theionk. As shavn in Figure2, the band-

width allocation plans generated by the ORsult in \ery fav required bandwidth changes for the play-
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Figure 2: This figure shavs the plan ceated using the optimal bandidth allocation algorithm with a 20
MByte and 5 MByte buffer for the Motion-JPEG encoded videosSpeed and Seminar. The dashed lines
represent the &erage frame sizesdr 15 second (450 frame) grups within the videos.

back of the videos. Note, the bandwidth plans generated by thea@#B OB\ algorithms do not require

ary prefetching before the playback of the videogifehence, a high initial bandwidth may be required
(as in theSeminarvideo). If the video request is made in adee, this initially high bandwidth require-
ment can be renved by prefetching data before the start of playback of the video. It is important to note
that theSeminarandSpeed/ideos are Motion-JPEG encoded, thusy tthe not tak adwantage of temporal
similarities between frames. This results iriféring and bandwidth estimates that are corad@we/ for the
results shan in this paperin general, using MPEG encoded video streams instead of Motion-JPEG
encoded video streams will result in one obtsituations: 1) The actuauffer requirements will be
smaller than presented (assuming the sanffertresidenyg times) or 2) The Wffer resideng times will be

much higher than the numbers presented (assuming the sfferesizes). With the use of MPEG'B and



P frame types, the amount afffering required to achie the same amount of smoothing caneeeted
to be 4 to 10 times smaller

Finally, burstiness within compressed video streams occursodetels. Short-term lirstiness (or pat-
tern hurstiness) is theusstiness introduced by the video compression technique takiagtade of tem-
poral knavledge between frames. This type ofrdtiness is xhibited in patterns of frame types such as
those found in the MPEG 1|, Bnd B frames [15]. ypically, an MPEG video is encoded with ayuéar
repeating pattern of frames such as:

|BBPBBPBBIBBPEHI...

Thus, techniques which smooth based on some multiple of the pattern siZecreeit remuing the
short-term krstiness. Long-termubstiness occurs from d@#rences in sceneaxiation. While windav-
based techniques ardegitive at remwging short term brstiness, theare not as éctive at remwing long-
term hurstiness. Non-winde based smoothing techniques are useful in wmgoboth short-term and

long-term lurstiness because the smoothing is based on the optimal wsdlaifla ffering.

2.3 Buffering Versus Delay
Using the CB\ or OBA bandwidth smoothing techniques results in a tradi&etiveen bffering and

delay To smooth lage frame-size peaks such as those found at the endS¢nmearvideo (see Figurd),
the data in thedrst must be prefetched before the peak is played back. As a resuliffénadsideng
times (the time that a frame sits in thefbr) can bedirly substantial. Theuifer resideng times for the
videos Speedand Seminarusing the optimal bandwidth allocation plans from Figurare shan in
Figure3. As shavn by Figure3, the huffer resideng times are correlated to the amount offéring used
for smoothing. That is, the lger the lffer used, the higher theutier residenyg times tend to be. In addi-
tion, the \ariance of bffer resideng times will also depend on the long ternrdtiness of the video. As
described in Figur8, on aerage, the amount of time a frame spends in tiffetbcan be on the order of
half a minute to a minute for a 20 MBifter. For the Speedvideo, there \as a lager \ariation in frame
sizes throughout the mie, resulting in bffer resideng times that alsoaried. For theSeminarvideo, the
stream consisted of roughly the same size frammespe at the end where adar hursts of frames
occurred. As a result, lge huffer resideng times were required to smooth out thgéaframe sizes at the
end of the video. Incidentallyhe end of th&eminarideo consisted of the lights turning on, a panning of

the speatr tavard the center of the room, and a short question and answer session that included the first
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Figure 3: Buffer Residency Tmes. This figure shavs the luffer residency times dr the frames in the
Motion-JPEG videos Speed and Seminar using a 5 and 20 MB kbffer. For these videos and a 20 MB
buffer, the average huffer r esidency time was 32.1 and 54.0 seconds the Speed and Seminar videos,
respectvely. Note that for equivalent size lffers the residency times ér MPEG encoded videos wuld
be considerably lager.

row of listeners. W a@in reiterate that theulfer resideng times are conseative due to the Motion-
JPEG encoding.d¥f MPEG encodings, theuffer resideng times are xpected to be much lger because
of the tighter encoding, or similarlyhe luffer resideng times are xpected to be the same for a much
smaller smoothingudfer.

The lage huffer resideng times introduced by non-windobased smoothing techniques/da direct
impact on the ability to prade users with VCR capabilities. If random access yopant is to be allwed
(while keeping the video quality constant), the rmievmay hae to contend with a potentially G
required frst in bandwidth abe the originally allocated bandwidth. Thisdarturst of extra bandwidth
may be required to makup for the absence afiffering (and delay) to help reduce the bandwidth require-

ments. Thus, prading VCR capabilities in a bandwidth smoothingieonment can be a di€ult task.

3 A Constant Quality Video-on-Demand Sevice

Any video-on-demand system must bring togetheersd interrelated issues such as disk scheduling at
the serer, reserving underlying netwk bandwidth, and chging users for netark usage. &r systems
that delver constant quality video and use bandwidth smoothing to reduce peak bandwidths, the band-
width allocations (especially if made in a@hce) are somhat rigid to change because of thdfér resi-
deny requirement to smooth bandwidth requirements. In this section, we describe a video-on-demand
service that has geral key features: constant quality video daeliy, VCR functionality (theVCR-win-

dow), and resemtions in adance. Before describing the VCR-windowe first describe the type of inter-



activity that we &pect to see in future video-on-demand systenmestiw¥n present the VCR-wingcand

describe a reseation in adance system that can be used in conjunction with the VCR-windo

3.1 VCR Interactivity
In a bandwidth-smoothing video-on-demand systemyigirmy unconstrained full-function VCR capa-

bilities can cause major problems with the ability tov@glthe required video data due to lack of roetw
resources. By looking at thepected interactions during the playback of video, the video-on-demand sys-
tem may be able to sombat constrain the interactionatistill support a laye majority of the video inter-
actions that users will requireoFvideo-on-demand services, it is our belief that video-on-demand users
will typically change the access pattern during the playback of a vide@lihatd one of the four cag®-

ries belov:

*Pause/Stop the user stops the wies for a short time to answer a phone call, go
to the kitchen, etc.

*Rawind - the user iinds the video to play back part of the video thay tiid
not understand

*Examine- the user stops the VCR twagmine more closely a portion of the video.
As an @éample, a user may beatehing a football gme and ants
to see a certain play a couple of times invshootion to see whit
did or didnt work.

*Fast forwad scan- the user scans past parts of the video such as commercials in
the program.

In the future, we belie that users may also require all of these functions from a video-on-demand sys-
tem, although the actual distuition of access patterns within these gatees may change. As aranple,
consider the operatiorast-forward scan, which typically gets used &stfforward through commercials.
Currently it is unclear hav commercials will play a role in future video-on-demand systems. Cléaaly
users are going tast-fornard scan by commercials, then ibuid not mak sense for companies to pay
for slots within the playback of the video.eWould expect that in such an einonment that commercial
messages may become a service, whetbbwideo preiders allav users to access commercials by com-
panies on demandoFthe rest of this papewre will assume thatkt-forward scans past commercials will
not be required, tveever, we will not rule out the possibility oaét-forward scans in our discussion. As a
result of this assumption, wepmect that may of the accesses will be in a localized area within the video,
thus, preiding a limited windav of full function VCR capabilities may dide for most applications. In
addition, by limiting the winde size, the netark bandwidth reseation levels may not need to be altered,

and the required interactions with senv and netarks may be minimized.
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Figure 4: This figure shavs the conceptual model of bffering for video data. The point of play (POP)
and the point of transmission (PA’) move clockwise. The solid line@presents the ewind area, while the
dashed line epresents the amount of bffering that is in use for prefetching (smoothing)

3.2 The VCR windowv
To allow for VCR functionality we propose a diérent model of video defery which allavs users to

have full function VCR controls in a limited windocalled theVCR windowIn our model of video trans-
fer, we allav all VCR functions to occur at gtime within the course of playbackitlimit the range of
accessible data withoutviag to rengotiate the reseed bandwidth. & define the notion of the point of
play (POP) to be the furthest frame in the video that has begad/igy the user and the point of transmis-
sion (PA) as the furthest frame in the wie that resides in the clienutéer. Our model then consists of
viewing the luffer as a circular differ, in which, the POP and HQraverse the circumference in a clock-
wise manner (see Figud@. During the deliery of video to the client, the AQwill always be ahead of the
POP In addition, the distance the P@ ahead of the POP will be the amount offdér space used for
prefetching. The remaining part of the circumference is the amount of data that has been played back and
is still in the ffer. Thus, when thedifer is nearly full, the PO will be just behind the POQBNnd when the
buffer is nearly emptythe POP will be just behind the PNote, if the PO ever passes the POP or the
POP passes the PQwve hae huffer overflov and uffer underflov, respectiely.

Using these definitions of the F@nd POPwe male the obsemtion that we can alw the user to
have full function VCR capabilities in the area that the POP leads tfiernt@out changing the bandwidth
resenation level. One major dnaback of this method is that when thgfer is nearly full the POP will not
lead the PO by ary significant amount.d ensure that thewénd area has some minimum amount of data,
we define theewind kuffer to be the closest distance that theTR@n approach the PORr clarity we
will refer to the distance that the POP leads th& BOtherewind ara (or the VCR-windw) for the rest

of this paperFigure5 shavs the resulting te cases when theuffer is full and when theuffer is empty
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Figure 5: Buffer Limit Conditions. Figures (a) and (b) sha the cases that occur during playback when
the buffer is empty and full, respectvely. The solid line represents data that has been plag back hut
not removed from the huffer, while the dashed line epresents data that has been transmittedub not
played back.

Formally, we can define the amount eB#able data in the vend area on théh frame as

m_ O o D
RewBuffSize(i) = MaxBuff —Eﬂ]z BwAlloc(j)3- Dz FrameSize(j)
=0 |:| q:o DD

where,

*MaxBuf be the maximumudfer size including th&ewind Bufer.

*BwAlloc(k)be the bandwidth allocation on frafkeNote, we assume that the
bandwidth allocation plan is allocated in bytes/frame.

*FrameSize(kbe the frame size of thh frame.
This equation tads the difierence between the total bandwidth reediand the total bandwidth played

back (i.e. the amount of data in theffler) and subtracts it from the amount offfering available. This
equation does not, tv@ver, calculate the amount of video that is actualigilable tut calculates its aggre-
gate size. W can calculate the additional amount e¥irel buffer needed to ha T frames ®ailable in the
buffer on theth frame as
AddBuffReq(i, T) = E Z FrameS ze(k)El— RewBuffSize(i)
=max(0,i—T) i

This equation is essentially the size of Thi'|ames needed in thewmd area with the amount of data
already in the n@ind area subtracted. If the user requires that 100% of the timeiffiee lasT frames in
it, then the additional amount ofiffering needed is simply the maximum AddBReq() over all frames
within the mwie.

To allowv for VCR capabilities, when a user startsving in the revind area, the data fdofrom the
sener is stopped. The flois then restarted only when the playback point reaches theTRQE only tvo
interactions to the seev and netwrk are required to support the VCR-wimgmne to stop the data Wo

and one to start the datavil@gain. Because the deéiry of bandwidth starts akactly the same point in

10
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Figure 6: VCR-Window Example. This figure shavs the adjustment in the banavidth allocation plan
that is made when a user uses the VCR corlis for i time units (include the time to get pack to the POP
that it was at). The remaining portion of the bandvidth allocation plan is then shifted by the amount of
time spent in the ewind area. In this case, it is shifted time units.

which the data @as stopped, no changes in the bandwidth ratervievel will be necessary while aile

ing for a small winda of full function VCR capabilities. & long term bandwidth resextions, the only
modification necessary will be thgtension of the bandwidth requirement by the amount of time that w
spent in the iind area. Using this model for VCR functionalitiie operations stop/pausewied, and
examine can be puided to users. As anxample, consider the bandwidth allocation planwahdn
Figure6. At timet, the user decides to stop the playback aadnine the video thatas just played. Sup-
pose that the total time it tek for the user taxamine the video and get back to tifmei time units. Vé
then simply mee all bandwidth allocations after the tirh@n the original bandwidth allocation plan to
start at time’, the time at which playback startedaaig Note, by shifting the bandwidth allocation plan
after timet by i time units, the resultant bandwidth resgion has been modified.@Will discuss hw the

resenation scheme can be modified to handle this change in theewion.

3.3 Access Outside the VCR winde
Scans to points outside the VCR wimdwill require rengotiations with the netark and serer. For

long fast-forwards, the consumption rate originally anticipated willvriie compressed in time, resulting
in the need for more bandwidth thaasworiginally planned folWe epect that these interactions may not
occur \ery frequentlynonetheless, tigeshould not be disaleed. For the rengotiation of bandwidth res-
enations in these cases, wgpect that ideas such as the notioncohtingency txannelsproposed by
researchers at IBM will be useful [4]. In addition, the application of th& @Bhniques, which alle for
low-lateng start of playback of video, will be useful in théi@ént allocation of bandwidth for the contin-
geny channel [8]. Because the VCR-wimddilters maiy of the interactions that will be required by the
use of luffering, the contingencchannels can be morefiefently allocated to handling the special cases

that may arise during the playback of video.

11



3.4 A Video-on-Demand Resowe Resevation Scheme
Resource reseations are an important part of netl management for both in-aatvce and on the fly

resenations because the net can then accurately estimate the bandwidth requirements that the clients
need. Ier stored video-on-demand services, the ability toigemreserations of bandwidth in adwice can

make the job of resource allocation easier[16]. Tloeknon resource resetion schemes ke identified

two key components that are necessary for resource eggmrs: the bandwidth requirementv@ and

the duration that the bandwidth requirement is needed [10,5,28JoW providing these, the authors
armgue that resource resations in-adance then becomes afditilt task. In addition, Ferrari, Gupta, and
Ventre point out that scheduling of bandwidth based on soe ifixeral (period) will reduce the frag-
mentation that the resextion scheme will hge to contend with[10]. Finallyit is commonly agreed upon

that adance resemtions will consist of tw distinct phases, an admission control phase where theaeserv
tion is admitted and an enforcement phase where the bandwidth allocation is enforced.

While harving an in-adance resewtion is attractie for the ability to determine netrk load in-
advance, stored video-on-demand applicationgehan additional benefitvailable. If the client machine
(set-top box) is avays connected to the neivk, then the video-on-demand system cagirbdovnload-
ing data to the client before the resgion actually bgins. Thus, the video-on-demand system caa tak
advantage of idleycles by processing in-adrce resertions that are to @ in the future. In the rest of
this section, we will describe our in-ahce resemation model and then the&tensions necessary for the
VCR-window.

Our in-adance resewtion model is a periodic-based resgion scheme with a minimum bandwidth
allocation period of 30 seconds. The user machine/set-top-box creates a bandwidth allocation plan based
on the period boundaries and then passes this plan to tlee aad/netwrk for admission control. The
network managers then compare the bandwidth requirements of whehasmnel and compare it to the
available bandwidth allocation planfefed by the useThe example in Figur& shavs sample requests
that may be sent to the netskk managerBy using 30 second bandwidth allocation periods, the orktw
manager only needs twaduate 180 slots for a 90 minute video, reducing the codtylef the admission
control algorithm. The netwrk manager then allocates thaiable resources to thewehannel if sail-
able. If the mailable bandwidth does naxist, then the netark manager can either 1)fef a nev starting
time which can satisfy the bandwidth allocation plan or 2) creatdfeaatif netwark path to the seer

which can satisfy the request. Handling of these conditiongy/@nldehe scope of this paper

12
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Figure 7: Resouce Resevation Scheme. This figue shavs the resewation of bandwidth for thr ee sam-
ple streams. Banavidth is resewed in 30 second interals to reduce fragmentation of banevidth.

Passing bandwidth plans as shoin Figure? to the netwrk manager creates bandwidth plans that are
rigid in nature. That is, bandwidth is allocated based on the bandwidth allocation planshzssed in.
In order to allev VCR-window functionality the resource reseation system must resenbandwidth
based on thexpected delay to be introduced by the u$ee total time that the video can be delayed must
be declared at admission control. The actual amount of time delay will depend on the guarantees that the
user eépects and the quality of servicepected if the delay bounds areceeded. This delay may be also
determined by economi@dtors (i.e. hew much a user is willing to pay for bandwidth thatytimeay not
use). lbr nov, we assume theawst case for this delain that, all of the delay can occur aldntenal.
Therefore, in the calculation of the bandwidth allocation plan used for admission control, we create a band-
width allocation plan that resexs the data such that at each point within theienthe video can be
stopped for the maximum deldyet T be the delay (in frames) for VCR functionality that is required from

the userThen the n@ bandwidth allocation plan (in bytes/frame) can be defined as

NewBwPlan(i) = max(BwPlan(i), BwPlan(max(0,i—-T)))

Figure8 shavs a sample bandwidth allocation plan calculation that hasxeced VCR-induced

delay lilt into the bandwidth allocation plan.

4 Experimentation

The success of the VCR-wingdaoncept will depend on momuch data will be\ailable in the revind
area at gien time as well as the amount afffiering required for use as theniad buffer. As the amount
of buffering devoted to the neind huffer increases, the amount of smoothingilable diminishes. The

success of the resation system will depend on thefegftiveness of the video-on-demand system to uti-
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1. Bandwidth Plan

Hfmﬁ

2. Expected VCR induced Delay 3.Bandwidth Plan &sed to Netark

Figure 8: Bandvidth Resewvation Calculation. 1) Client machine ceates banavidth allocation plan. 2)

Client machine creates second plan that is delag by the expected delayd) Bandwidth plan that com-

bines the maximum bandvidth requirements of both plans is aated and passed to the netwk and

server as part of admission contol. This plan is denoted by the heg solid line.
lize its bandwidth. In order to fully understand the impactufifiebing on the VCR-windw and the associ-
ated in-adance resemtion system, we e digitized 15 full-length maes along with 1 seminar thaaw
presented at the Urarsity of Michican, the video we Wa calledSeminar In this section, we will first
describe the video data thaasvcaptured and then discuss oipegimental results.df the &periments,

we used the OB algorithm with prefetching on the initial run.

4.1 A Trip to the Movies
To aid in the capture of digital video, we used a MiidedDC1tv capture board and a Pentium P90

processor based system. The Milidéb capture board is a Motion-JPEG compression board that captures
full screen video in real-time. o not hae the equipment to perform rapid MPEG encodings. Because
the basic routine for encoding I-frames within an MPEG video argeatkfiom the JPEG compression
standard, the frame sizes for owperimental video data are roughly eqiént to all I-frame encoded
MPEG video muies. The CB and OBA algorithms are most sens#i to scene content changes and not
pattern hirstiness, hoever, the size of the resulting streams strongfie@é the bffer requirements.
MPEG encoded video could achéethe same performance with smallefférs or allev an expanded
VCR-windawv with similar huffers. We, therefore, xpect that the results presented here are whiatecon-
senative compared to a system using MPEG as its compression standard. Theddoddard digitized
the mwies at 640x480 and then subsampled them to 320x240 with guaranteed VHS picture quality
Using our testbed, we captured 15 full-lengthvies at a range of 0.85 to 1.61 bits perepiX he statis-
tics for these videos are st in Tablel. In digitizing the video data, we attempted to capturarigty of
different mwies in order toxamine the décts each had on the VCR-wid@nd the reseation system.

The Beauty and the Beastdeo is an animated & Disng/ movie, resulting in scenes with a lot of high
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Movie Tot.Size Length Ave. Bit Rate| Ave. I_3its Aye. Frame | Frame Size

(GB) (Mbps) per piel Size (bytes)| std. de.
Beauty and Beast 1.816 1 hour 20 min 3.039 1.24 12661.41 3580
Big 2.262 1 hour 42 min 2.963 121 12345.90 2366
Croc. Dundee 1.816 1 hour 34 min 2.586 1.06 10772.97 2336
E.T. 1.780 1 hour 50 min 2.165 0.88 9021.89 2574
1993 NCAA Final leur 1.206 41 min 3.949 161 16455.80 4138
Home Alone 2 2.352 1 hour 55 min 2.732 1.12 11382.89 2480
Honey, | Blew Up the Kid| 2.122 1 hour 25 min 3.321 1.36 13835.90 3183
Hot Shots 2 1.920 1 hour 24 min 3.064 1.25 12765.98 3240
Jurassic Brk 2.501 2 hours 03 min 2.727 1.11 11362.97 3252
Junior 2.705 1 hour 47 min 3.363 1.37 14013.38 3188
Rookie of the ¥ar 2.221 1 hour 39 min 2.984 1.22 12434.66 2731
Seminar 0.976 1 hour 03 min 2.065 0.85 8604.06 592
Sister Act 2.063 1 hour 36 min 2.856 1.17 11901.60 2608
Sleepless in Seattle 1.720 1 hour 41 min 2.275 0.93 9477.39 2459
Speed 2.459 1 hour 55 min 2.970 1.21 12374.23 2707
Total Recall 2.343 1 hour 49 min 2.875 1.17 11977.92 2692

Table 1: Digitized Mdeo Statistics. This table shws the statistics gatheed for the data used in the
experimentation of this paper The fifteen mwies and one seminarepresent 32.3 Gigabytes of data and
approximately 25.5 hours of video data.

frequeng components as well as scenes that hagtlareas of constant caldihe1993 NCAA al Four
video is a documentary describing the NCAA FinaliFbaslktball tournament, resulting in maof the
scenes with lots of detail. As a result, #1893 NCAA Hal Four video had the highesverage bit rate.

The rest of the maes are a mix of carentional entertainment containing a wide range of scene content,
including digital efects and animations. TH&eminarvideo, as pngously mentioned, contains a single

scene and, thus, contains the smallasgttion in frame sizes.

4.2 VCR-window Experimentation
The success of the VCR-wingawill depend on the amount ofwand kuffer required for the guaran-

tees &pected from the usedsing the CB or OBA algorithms with a reasonably & huffer, the number
of times when theudfer will be full (and therefore limiting the wend area) will be small. Thusewy little
additional luffering for use as awend huffer may be required.

Figure9 shavs the histogram of the amount of video data thavadable in the reind area for a 25
and 50 Mbyte bffer with the revind buffer size set to O.d¥ the Speedvideo, using a 25 MByteuffer
resulted in haing over half a minute of video in thewind area 53% of the time while using a 50 MByte

buffer resulted in hang over half a minute of video in thewind area 75% of the time. In addition, 15
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Figure 9: Histogram of Buffer Rewind Times. These graphs shw the distribution of buffer rewind
times for Speed and Seminar (rewind buffer size = 0). For 25 and 50 Mbyte huffers, this resulted in hav-
ing 30 seconds of videovailable 52.8% and 75.3% of the time, espectvely, for the video Speed. Simi-
larly, the Seminar video had 30 seconds of videwailable 46.9% and 77.9% of the time, espectvely.
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Figure 10: Buffer Rewind Times Pr all Movies. This figure shavs the pecentage of time that ewind
area contains moe than 30 seconds of videof the 25 and 50 MByte smoothing bffer with the r ewind
buffer size set to 0.

seconds of video as aailable 74% and 91% of the time for the 25 and 50 Mbutéels. TheSeminar
video hibited similar numbers to tHgpeedrideo. As shan in FigurelO, the percentage of time that the
rewind area contained more than 30 seconds of video for the rest of the videxhilsitadesimilar num-
bers also. ypically, the 25 and 50 MBuUifers resulted in the wand area with 30 seconds of video 45-60%
and 75-90% of the time, respeety.

The addition of a meind buffer will shift the histograms of uffer rewvind times to the right, thus

increasing the amount of time that \&#able in the revind area. Figurd 1 shavs, the amount ofuifering
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Figure 11: Rewind luffer size required for percentage of video abee required limit for the movie Speed.
As an example, with a 25 MByte smoothinguffer, in order to achieve 15 seconds of uffering 90% of
the time, roughly 3MBytes of ewind buffer is required above the 25 MByte smoothing bffer.

needed for the veind buffer size in order to h& the revind area contain a certain percentage of video in
the revind buffer greater than 15 and 30 seconds. Note, thaféer vewind sizes are in addition to the 25
and 50 MByte bffers used for the smoothing of bandwidth requirements.xpsated the lines for the
same time (15 and 30 seconds) approached the same requiretibugfer size because thisiffer size is
determined by the same point (area) within the video. In addition, the amount of requiret lxgfer
space decreased as the size of the smoothifigr bncreased. This & mainly due to the Iger tuffer
sizes hging more revind area onerage. In order to achie at least 15 seconds of video in theingl
area 95% of the time for the nie Speedonly 4 and 2 MBytes of vand buffer were required for the 25
and 50 MByte smoothinguffers, respectely. The Seminarvideo approached the 100% lirester than
the Speedvideo. This is due to the smaller (and more constamtage bit rate of thEBeminarversus the
Speedvideo. If we tak the aerage frame sizes for the videos and multiply it by the number of frames in
30 seconds of video (900 frames), Bgeedvideo results in 11.1 MB while th®eminarvideo results in
7.7 MB. It is interesting to note that these videos approached 100% nearaliese v

Figurel2 shavs the percentage of time that 30 seconds ofignis available when using an 8 MByte
rewind hbuffer. The highest bit rate videeinal Four resulted in the smallest percentage ofine times
greater than 30 seconds, while the 3 smallest bit rate viEehCfocodile DundeegandSleepless in Seat-
tle) resulted in the highest percentage @finel times. This suggests that thevired size is roughly corre-
lated to the eerage bit rate that the encodedvirchas. Thus, wexpect that the use of tighter encoding

schemes such as MPEG with B and P frames will reducevtitalbrequirement of thewénd huffer size.
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Figure 12: Buffer Rewind Size MeaswEments. This figue shavs the pecentage of time that 30 seconds
of video is aailable using an 8 MByte ewind buffer in addition to the 25 and 50 MByte smoothing

buffer.
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Figure 13: Resevation Utilization. These graphs shw the resewation utilization for the video Speed
and Seminar with resewvations made on a 30 second period anésered with the maximm additional
delay expected during playback.

4.3 Bandvidth Resewations
For bandwidth resentions, one of the main concerns is the actual ortwitilization \ersus the

amount of bandwidth thatag allocated. &t example, if the amount of bandwidth reseihis around 95%
but only 50% of the bandwidth is actually used, then the raBernvscheme may need to be modified to be
more efective in utilizing the netwrk. As shavn in Figurel3, the resemtions based on a 30 second
period with no gtra delay hilt into the reseration plan for VCR functionality yield resextion utiliza-
tions between 99% and 100% of whaisawesergd. Thus, the OB allocation (with prefetching on the

first run) yields bandwidth allocation plans that utilize nearly all the bandwidth eeskased on 30 sec-
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Figure 14: Reak Bandvidth Resetvation. The heay solid line shavs the creation of a peak banevidth
allocation plan. This bandvidth allocation plan is used br the advanced rsewations made in
Figure 15.

ond periods and sigr very little internal fragmentation of bandwidth allocations. Furthermore, the utiliza-
tions can be increased by aligning bandwidth change boundaries with the periodic boundaries. Three
trends are wrth noting in Figurel3. First, for ery small liffer sizes (< 5 MB), the utilization is hurt by
two things, more bandwidth changes that are not aligned with periodic boundaries and more bandwidth is
resened for the delay constraint. Second, because the utilization for tAea{@Brithm is quite high, the
utilization for the streams reach their limigrfy quickly. Finally, the Seminarvideo has laer utilization
for the 5 and 10 minute delays because the video is shorter in length, thus, the 5 and 10 minute delay reser-
vations mak up a lager portion of their reseations. Wth tighter encoding mechanisms, the utilization
can be rpected to be higher with no other modifications to thféebsize or delay for VCR functionality
The pected werall utilization of the netark is not captured by the graphs in FigliBebecause tlye
do not capture the peak resatiens which may &kct other bandwidth allocation planso €stablish a
“lower bound” on the@ected netwrk utilization, we modified the bandwidth allocation plans teeha
both the peak bandwidth resation for theentire video and thexpected VCR induced delay sample
graph allocation is slwn in Figurel4. Thus, the peak bandwidth allocation esmkhe reseation for the
entire movie as one constant bandwidth resdgion. W then graphed thexgected bandwidth utilization
based on these peak bandwidth allocations instead of the bandwidtlatieasrdescribed in Secti@w.
As shavn by Figurel5, we see that the bandwidth utilization has dropped from thoss shd-igurel3.
The bandwidth utilizations, meever, are still reasonable.oF bandwidth plans that use a 25 MByte
smoothing Ioffer, no ravind buffer, and hae an &tra 5 minutes of delay in the bandwidth resg¢ions, the
movie Speecdhad a utilization of 90.7% while ttgeminarvideo had a utilization of 92.7%. Thusea for
peak bandwidth reseations with 5 gtra minutes reseed, we &pect that the bandwidth utilization can be
held fairly high. The peak bandwidth resatns did not déct theSeminarvideo as much as ttgpeed

video because it had lesariation between frame sizes resulting in smaller peaks when then occurred.
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Figure 15: Reak Resevation Utilization. These graphs shw the peak resewation utilization for the
video Speed and Seminar with r esewvations made at the peak bandidth allocation and with the max-
imm additional delay expected during playback.
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Figure 16: Resevation Utilization for Other Video Data. This figue shavs the resewation utiliza-
tion for bandwidth plans that are allocated in 30 second periods and f1i@ 5 minutes of delay added
to the resewations. All utilizations were in the 90% to 95% range with the exception of th&inal
Four video.

Finally, Figurel6 and Figurd7 shav the normal reseation utilizations and peak resatwns utiliza-

tions in the samexact way that Figurel3 and Figurd5 were made, respeatiy. In Figurel6, the normal

resenation scheme with an additional 5 minute delay for both 25 and 50 MBfferdare sheon for all

mavies. The resulted in utilization ranging from 90% to 95% with tixeeption of the~inal Four video.

This result is gpected as th&inal Four video is only 41 minutes in length, thus, theér@ 5 minutes

accounts for 11% of the video. Aspected the peak utilizations are generally less than the normalaeserv

tion method. In addition, the 25MRBuffers are dected more because theannot remee the peak trsti-

ness as much as with a 50 MRBffier. Nonetheless, tlyeexhibited fairly good utilizations. The video
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Figure 17: Reak Resevation Utilization for Other Video Data. This figue shavs the peak esewa-

tion utilization f or bandwidth plans that are allocated in 30 second periods and tx@ 5 minutes of

delay added to the esewations.
Beauty and the Beasideo was afected the most by using a peak bandwidth redienv. The reason this
occurred vas that a peak ofevy lage frame sizes could not beescome with smoothing in a small area
within the maie. We epect that these singular peaks will easily fit into thkeys of other bandwidth
allocation resemtions. Some maes ehibited no change in utilization from the resaion utilization to
the peak reseation utilization. In these cases, the amountudfelting in the resemtion utilization vas
enough to reme almost all of the urstiness and thus does not gdéeted as much by using the peak

bandwidth requirement. In generalwever, the averall expected bandwidth utilization of the neti can

be epected to bedirly high.

5 Conclusion

In this paperwe hae introduced the notion &fCR-windowwhich allovs a user to he full function
VCR capabilities within a constrainedgien that does not change the bandwidth allocation requirements.
We have also shwn that preiding 30 seconds of videvailable for 90% of the time can be implemented
with a small amount of additionaliffering, even for loosely encoded Motion-JPEG videae ¥pect that
the majority of interactions that occur during the playback of video can be accounted for by using this tech-
nique. for user who \ant a guarantee of some amount of videgaysavailable in the revind area, the
required revind huffer size is determined by avwdrames within the mge. For users who are willing to

settle for lesser guarantees during tkangine or scan phases, the VCR functionality carayd be pro-
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vided by the serer which can fit the required video into the resdrghannel capacityMork on supporting
scan operations from the sencan be found in [3,6,22], while modifying compressed video to fit within a
specified channel capacity can be found in [18,19].

We hae also presented a periodic, in-adee resource resation scheme to be used in conjunction
with the VCR-windav. The optimal bandwidth allocation algorithm results eémyvhigh netwrk band-
width utilization en under periodic scheduling boundaries. This is mainly due to the optimal bandwidth
allocation algorithm minimizing the number of bandwidth changes as well as the peak required bandwidth.
Nonetheless, the total amount of smoothivajlable depends on the long-ternrétiness of the data itself.
Using the adance resemtion scheme in conjunction with the optimal bandwidth allocation algorithm,
allowing users 5 to 10 minutes of “VCR-time” can beyided without dgenerating the utilization. &/
can &pect that the er bound for netark utilization will be at least 80 percent. The 5 to 10 minutes of
extra resered “VCR-time” can be allocated for users tovese commercials or prews of other muies,
assuming that thyefit into the bandwidth reseattion or are vieed at a slightly laver quality

In the &ent more “random” access patterns are required such as jumps or scans of more than a couple
of minutes in the video are required, rgoation of bandwidth will most liédy be required or the reserv
tion of bandwidth with that is a lot higher than actually usedr&ndom accesses, it is probably more ben-
eficial for the underlying netwrk services to use approaches foundva-liideo applications or reserv
part of the bandwidth for continggnchannels that are used in the fidiflt” cases. The size and magni-
tude of these contingepchannels will depend on the percentage of times that the users in the video-on-
demand system stray from the VCR-winddVhile we &pect that the frequepof these occurrences will
be quite small, the video-on-demand system shoubdgedhis flibility. Finally, for random accesses,
the use of inddng schemes to allw access at distinct points within a video maywaltbhe bandwidth

requirements to be handled in a mofficent manner for accesses outside the VCR windo
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