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Abstract

Proxies are emerging as an important way to reduce useripetdatency and network resource require-
ments in the Internet. While relaying traffic between ses\ard clients, a proxy can cache resources in the
hope of satisfying future client requests directly at thexgr However, existing techniques for caching text
and images are not appropriate for the rapidly growing nuralbeontinuous media streams. In addition,
high latency and loss rates in the Internet make it difficuktream audio and video without introducing a
large playback delay. To address these problems, we prapateénstead of caching entire audio or video
streams (which may be quite large), the proxy should stgrefix consisting of the initial frames of each
clip. Upon receiving a request for the stream, the proxy imiakely initiates transmission to the client,
while simultaneously requesting the remaining frames ftbmserver. In addition to hiding the latency
between the server and the proxy, storing the prefix of theastraids the proxy in performingorkahead
smoothingnto the client playback buffer. By transmitting large frasnin advance of each burst, workahead
smoothing substantially reduces the peak and variabifithe network resource requirements along the
path from the proxy to the client. We describe how to constausmooth transmission schedule, based on
the size of the prefix, smoothing, and playback buffers, adttincreasing client playback delay. Through
experiments with MPEG-1 and MPEG-2 traces, we show how a fevalgs of buffer space at the proxy
can offer substantial reductions in the bandwidth requénets of variable-bit-rate video. Drawing on these
results, we present guidelines for allocating buffer sgaceach stream, and how to effectively share buffer
and bandwidth resources among multiple clients and streams

Keywords: multimedia streaming, proxy caching, workahead smoothiagable-bit-rate video, resource
allocation

1 Introduction

The dramatic growth of the World Wide Web in the past few ydas led to significant increases in user-

perceived latency and network congestion for Internetiappbns. Service providers can reduce response time,

*The work of this author was performed while visiting AT&T Lak Research.
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server load, and network traffic by deploying proxy cachepra@xy cache stores recently accessed resources in
the hope of satisfying future client requests without cotitey the server [1-3]. However, existing techniques
for caching text and image resources are not appropriatérapidly growing number of continuous media
streams in the Internet. Storing the entire contents ofraéVWeng streams would exhaust the capacity of a
conventional proxy cache. Instead, any scalable cachihgi@o should store just a portion of each stream.
In particular, we propose that proxy caches should storeed fdet of frames at theeginningof each popular

video (in effect a prefix), instead of storing the entire 1@se, as is typically the case in text and image caching.

Storing the initial frames of each continuous media streamativated by the observation that audio and
video applications typically experience poor performartee to the unpredictable delay, throughput, and loss
properties of the Internet. Consider an environment wheud#tipte clients request continuous media from a
collection of servers. In the absence of a proxy, each clemuest proceeds directly to a server, which streams
a sequence of frames. Before initiating playback, the tleuast wait for the round-trip delay to the server,
and accumulate enough frames to tolerate jitter, or to alime for retransmission of lost or corrupted packets.
Even if the client's service provider has quality-of-seevsupport for multimedia streams, the provider does
not have control over the entire path between the two sitesa fesult, the application may have to tolerate
high and/or variable communication delays, particulairiyhe rest of the network provides best-effort service
or at most coarse-grain traffic differentiation. In the alxseof support inside the network, the application must

either increase playback delay or experience degradeityjual

We therefore propose that service providers can deployimedtia proxies along the path from the
server to the client, as shown in Figure 1. Similar to tradfiil caching of text and image data, storing (part
of) each audio and video stream enables the proxy to rediea delay, without sacrificing quality. Upon
receiving a client request, the proxy immediately initsateansmission to the client from the prefix cache,
while simultaneously requesting the remainder of the fisufinem the server. In forwarding the stream, the
proxy can capitalize on any quality-of-service guaran{sesh as bounds on throughput and delay) along the
path to the client. Section 2 describes the operation of thveydn greater detail, and highlights how storing the
prefix of the stream can improve the delivery of continuousli@én the presence of network delay and loss.
We also discuss how the prefix proxy can operate without regguchanges to the server, by using standard

primitives in HTTP 1.1 [4] and RTSP (Real-Time StreamingtBeol) [5].

Although proxy prefix caching applies to both constantrhie and variable-bit-rate streams, the pres-
ence of a prefix buffer offers additional advantages in tmattgng variable-bit-rate video. High-quality video
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Figure 1:Prefix proxy in an internetwork: The prerecorded streams originate from a multimedia Weleser
or a video-on-demand system. A stream travels through theank, crossing one or more network domains,
to one or more clients, including workstations and set-topds. Prefix caching is performed at proxy servers
inside the network

streams exhibit significant burstiness on a variety of tima&es, due to the frame structure of the encoding
scheme and natural variations within and between scendd[6-The transmission can become even more
bursty when a video source is combined with text, audio, amagies as part of an orchestrated multimedia
stream. This variability complicates the design of reaiditransport mechanisms capable of achieving high
resource utilization. The proxy can reduce the networkuesmrequirements on the path to the client by per-
forming workahead smoothinigto the playback buffer. By transmitting large frames ivaigice of each burst,
we can substantially lower the peak rate and variabilityhaf traffic between the proxy and the client [12].
Such smoothing at the proxy would typically introduce auaial delay, and requires some buffering, since the
proxy must accumulate an initial window of frames from thevee The proxy prefix hides this delay, allowing

the proxy to perform smoothing without increasing cliergyilack latency.

In Section 3, we present a detailed model of workahead srimapitthe presence of a prefix buffer, and
show how to compute smoothed transmission schedules.o8ettvaluates the combination of workahead
smoothing and prefix caching using MPEG-1 and MPEG-2 vidaces. The experiments demonstrate that
a few megabytes of buffer space can substantially reducadtweork resource requirements for transmitting
constant-quality, variable-bit-rate video. Additiongperiments explore how to allocate the proxy buffer space
between the prefix and smoothing functions. Then, in Se&iae introduce techniques for allocating buffer

and bandwidth resources across multiple clients, baset@pdpularity and resource requirements of each
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stream. To further reduce the buffer requirements, we destiow to multiplex access to a shared smoothing
buffer across multiple client streams. We then concludepidyger in Section 6 with a discussion of future

research directions.

The paper complements recent work on caching and transmisscontinuous media. Previous research
on Web caching considers effective policies for storing epdlacing individual resources based on their access
patterns [1-3]. We extend this work by storing a prefix of femnof popular audio and video streams, to hide
the latency between the proxy and the server. This allowgttey to deliver good quality-of-service to the
client, while hiding the weaker service model between timeeseand the proxy. With some additional buffer,
the proxy can also perform workahead smoothing to reducesgmirce requirements on the path to the client.
Earlier work on multimedia caching proposed techniquestoring an interval of successive frames to satisfy
requests that arrive close in time [13—15]. In addition tpparting interval caching, our proxy caching model
hides the start-up latency even for requests that do notrotear each other in time, and reduces network

resource requirements through workahead smoothing.

Previous research on workahead smoothing has consideted-ein-demand environments, where the
server controls the entire path from the prerecorded stiteatime client playback buffer [16—20]. We comple-
ment this research by introducing the notion of smoothing jatoxy in the interior of the network. Extending
our earlier work on online smoothing [12], we consider how fiiesence of a prefix buffer reduces the start-up
latency and changes the constraints on smoothing. Our nadsterelates to a recent proposal that the proxy
store a portion of the frames across the duration of a multimgtream [21]. Although this scheme also allows
the proxy to perform smoothing, our approach has the adgergghiding start-up latency, being transparent to
the server, and having storage costs that are independt Ength of the stream. Finally, our study comple-
ments other recent efforts to perform multimedia servisegsh as retransmission and transcoding, at proxies

inside the network [22, 23].

2 Prefix Caching

The proxy stores the initial frames of the multimedia streand retrieves the remainder of the stream from the
server through existing Web and real-time streaming piedt The size of the prefix buffer depends on the
trade-off between proxy disk or memory space and the neeldiétdshe client from delay and loss along the

path from the server.
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2.1 Transparent Operation

A multimedia proxy can be deployed to reduce the burden omeesskosting platform, or to reduce latency to
clients, as shown in Figure 1. For example, if a network sergirovider hosts a collection of users accessing
continuous media, the proxy caches the prefixes of the popugams. Particularly if these streams originate
in other network domains, the proxy hides latency on the faiin the server to the proxy. The proxy must
reside on the path between the client and the server. Formggathe client browser or player can be configured
to transmit traffic through the proxy, as is common in the WEbis enables the proxy to intercept the client
request and server transmissions, and stream frameslgite¢he client site. Upon receiving the first client
request for a particular stream, the proxy retrieves thieestream from the server, and caches the prefix, along
with control information such as frame sizes. For futureuests, the proxy can initiate transmission directly

from the cache, while receiving the remainder of the stre@mtthe server.

Initial distribution of the prefix of the stream is simpler @i the proxy and the server belong to the
same service provider. In this case, the proxy can be edplmbnfigured to store the prefix, and contact the
server for the remainder of the stream. Or, the server cah thesprefix of popular streams to a set of proxy
sites. Satisfying part of a client request at the proxy redube total load on the server, and allows the service
provider to tolerate additional delay and jitter in the pha#tween the server and the proxy. To ensure that the
client request goes through the proxy, the IP address ofttearsing service can resolve to the proxy, which
in turn contacts the server directly for the rest of the streén this case, the proxy acts as a (partial) replica
of multiple server sites. Alternatively, the service pi®i can ensure that a proxy resides on the path from
the client to the server, allowing the proxy to intercept thient request, similar to the notion of transparent

caching in the Cisco Cache Engine [24].

For successful deployment, the prefix caching model shoaddeguire any changes at the server sites,
particularly when the multimedia server resides in the doméa different service provider. The proxy must
have an effective way to identify and store the sequencédtidliframes, and request the remaining frames from
the server. For example, Real-Time Protocol (RTP) [25] peatation of packets includes sequence number and
timestamp information, enabling the proxy to identify tih@mes in the prefix and schedule their transmission
to the client. When a client requests the video, the proxytrask the server to initiate transmission of the
remaining frames, instead of sending the entire stream tlwrbeginning. If the continuous media stream

is a Web resource, the proxy can invoke thge rangeoperation in HTTP 1.1 [4] to request the appropriate
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portion of the stream. Similarly, the Real-Time Streamimgt®&col (RTSP) [5] suppor@bsolute positioningp
initiate transmission with an offset from the beginninglod stream. Either mechanism would allow the proxy

to retrieve the necessary frames without requiring chatg#se underlying HTTP or RTSP protocols.

2.2 Proxy Prefix Size

Through careful selection of the prefix size, the proxy cafelthe latency and loss along the path from the
server, without affecting the operation at the client sithe prefix may be stored on disk or in main memory.
Even if the prefix is stored on a slower disk subsystem, theypcould cache the first few frames of the prefix
in main memory to hide the latency of disk access; the pragodf main memory dedicated to each stream
may depend on its popularity. To size the proxy buffers, sgpphat the delay from the server to the proxy
ranges fromd,,;, 10 diax, Where time is measured in units of frame slots. To providead-sip delay ofs to

the client, the proxy stores a prefix of at leastx{d,.x — s,0} frames. The proxy also devotes disk or buffer
space to part of the stream from the server, to absorb jitt@ratransmissions. This buffer must have space to
store an interval of at leadt, .. — dmin frames from the server. The proxy can devote additionalespaeach

buffer to support workahead smoothing, as discussed indpe8t

Recent Internet measurements of delay, loss, and resaaeselend insight into how to size the proxy
prefix buffer. Round trip delays vary widely, depending oa &nd-points and the degree of congestion in the
network, but delays of several seconds are not uncommor2fl6+n the absence of the proxy prefix buffer,
these delays are visible to the user. Even when large delaysotloccur, the audio or video player must
introduce delay to build up a large playout buffer, or riskymut disruptions during periods of high delay.
Instead, the proxy could store several seconds a&gconds) of the continuous media stream to hide this
latency, as well as the server delay in responding to theastqueven for a high-bandwidth MPEG-2 stream,

this would only require aroungl.5—-3 Mbytes of prefix buffer space at the proxy.

Similarly, Internet packet loss rates range fror 0% [26—28]. Full motion video transmission requires
the transmission of0-frames a second, i.el,frame (aboutl5 — 30 packets) everg3ms. Because the packets
are sent out so close to each other, even a short duratiorestog situation on the transmission path in the
network could potentially result in the loss of a sequenceafsecutive packets in the video stream. With
additional buffering, the proxy could tolerate bursts oftipackets during periods of heavy congestion. By
buffering an extra round-trip time of data, the proxy canehttle delay of a single retransmission from the

server (or from a retransmission proxy along the path fromghrver [23]). One or two seconds of prefix
6
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buffering could handle the common case of the loss of a sipgtdket or a short sequence of packets. For
example, for an independent loss rate58f, a single retransmission increases the likelihood of kcgia
packet from95% to 99.75%. Placing the proxy close to the clients, or having the probgnt traffic follow a
well-provisioned (or QoS) path ensures that the clientivesea high-quality stream without increasing playout

delay.

Finally, prefix caching also reduces the traffic between #rees and proxy, without having to store the
entire stream. This may not a significant advantage for lareams, since the initial part of the stream would
not represent a significant proportion of the transfer. Buény Internet audio and video clips are short. A
1997 study found that Web video streams have a median sifeldf BBytes, with90% of the streams lasting
less thant5 seconds [29]. Although the size and duration of continuoedimstreams are likely to grow
dramatically over time, particularly as high-bandwidtlt@ss networks become more common, the Internet is
still likely to have a large number of short clips, such aseatisements and trailers. The proxy prefix cache can
store all, or at least a sizeable portion, of these shorastse For popular streams that are accessed by multiple

clients, this prefix caching can significantly reduce thelloa the server, and on the network.

3 Workahead Smoothing

Storing a prefix of a multimedia stream enables the proxy tdopa workahead smoothing into the client
playback buffer without increasing delay. Smoothing miizies the peak bandwidth and the burstiness of the
variable-bit-rate stream, subject to constraints on fice and delay. In this section, we present a model of
workahead smoothing at the proxy, including the constsdimtroduced by proxy prefix caching, and describe

how to schedule transmissions to the client.

3.1 Smoothing Model

The emergence of high-speed backbone and access netwoitkatizs a wide range of multimedia applica-
tions, including streaming of high-quality video and orstiated media. These streams consume a significant
amount of network bandwidth, ranging frotr10 Mbits/second, even in compressed form. In addition, com-
pressed video exhibits significant burstiness on a varietyne scales, due to the frame structure of encoding
schemes (such as MPEG) and natural variations within angdeet scenes. The burstiness could be reduced

by adjusting the quantization level of frames during sceni¢ls significant detail or motion, at the expense

7

www.manaraa.com



proxy client

arrival

D. ‘
b I-s+1 playout

P
Gltd
(7)) ©

1%

window w

Figure 2: Smoothing model: This figure shows the smoothing model for scheduling thestrassion of a
single video stream from the proxy to a client. The proxy esothe firstb, bits of the video, and uses an
additionalb, bits for smoothing into thé.-bit client buffer. The proxy computes a transmission scie8,
based on the arrival vect@t and the playout vectdd, as well as the buffer constraints, the smoothing window
w, and the client playback delaly

of video quality. For the same average bandwidth, a consfaality variable-bit-rate encoding offers higher
quality and more opportunities for statistical multiplegigain than would be possible for a constant-bit-rate
encoding [11, 30]. Exploiting the benefits of variableaite encoding requires effective techniques for trans-
porting bursty traffic across the network. Workahead smiogtiheduces the variability of network resource
requirements by transmitting large frames in advance ofi éacst, without compromising the quality of the
video stream. By combining workahead smoothing with predishing, the proxy can reduce network overhead

on the path to the client without increasing playback delay.

The opportunities for smoothing depend on the frame ancdebsites, as well as the smoothing window
and the playback delay, as shown in Figure 2 and Table 1. Witloss of generality, we consider a discrete
time model at the granularity of a frame slot (e.y/30 of a second for 80 frames/second video stream). A
video stream consists df frames, where frame is f; bits long,: = 1,..., N, andD; = 2221 f; is the
cumulative sum of frame sizes. Upon receiving a client regéer a video at timd), the proxy contacts the
server to initiate transmission and sends the initial freumiethe video to the client from the prefix buffer. The
proxy introduces a-frame playout delay, beyond the transmission delay betvitself and the client, and
smoothes the incoming video into thgbit client buffer. Although the proxy smoothes the incomwideo
over a window ofw > s frames, the value of dictates how much time is available for transmitting thet firs
few frames of the video. The client begins playback of theswidt times, following the original unsmoothed

schedule);_;.

The incoming frames from the server beyond the prefix framesemporarilystored in the proxy's;-
bit smoothingouffer while they await transmission to the client. As dissed in Section 2, we definlg,;,, and

d .4 Tespectively as the minimum and maximum delays from thesse@ovthe proxy, resulting in a maximum
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Parameter Definition

s Client playback delay (in number of frames)
w Proxy smoothing window (in number of frames)

ymin minimum server delay (in number of frames)

dnas maximum server delay (in number of frames)
A jitter on path from server to proxy (in number of frames)
b, Proxy prefix buffer size (in number of bits)
b Proxy smoothing buffer size (in number of bits)
b, Client playback buffer size (in number of bits)
D Cumulative frame size vector (in bits per frame slot)
A Arrival vector at proxy (in bits per frame slot)
S Transmission vector from proxy (in bits per frame slot)

Table 1:Parameters in smoothing model:This table summarizes the key parameters in the smoothinigino

network jitter of A = d,,. — dnin. TO accommodate the clientssframe playback delay, the prefix buffer
stores the firstl,.x — s + w frames in a prefix buffer of sizé, = Dy,,..—.+., and requests the server to
initiate transmission of the video stream from fratg,,. — s+ w. The parameten; represents the cumulative
amount of data that has arrived at the proxy by timencluding the initial prefix stored in th&,-bit prefix
buffer (i.e.,Ap = Dg,,..—s+w)- Although A; could represent any arrival pattern at the proxy, we focuthen
case where the proxy receives an unsmoothed sequence @fsfranbject to a maximum jitter &. That is,

A; € [AMin AMmax] where

Amin _ deam—s—l—un 1= 07 .. '7dma1’
! N Di—S+IU7 i:dmax+17"'7N+S

and

AmeT deam—s—l—un 1= 07 .. '7dmin
! N Di—s—I—A-I—uM Z:dmzn+177N‘|‘5

In the simple case where = s andd,,,,. = d,,;, = 0, the proxy does not store any of the video in advance,

and the model reduces to the online smoothing frameworkan31].

3.2 Smoothing Constraints

Based on the frame and buffer sizes, the proxy computes algleh® that transmitsS; bits by time: =

1,2,..., N+s. The parameters in the smoothing model translate into actidin of constraints on the smooth-
9
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ing schedulé&s. The client must receive at leaby_; bits by time: to avoid underflow of the playback buffer,

resulting in a lower constraint:

1o 0, 1=0,...,s—1
v Di—(s—1)7 1=8,...,N+s.

To compute the upper constraifit on any feasible transmission schedule, note that due toatabvlity in
server delay, the proxy can be sure of receiving oty bits of the video by timé. Also, by timei it cannot

send more thai!_, + b, bits without overflowing the client playback buffer. Hence,
U; = min{L{_, + b, A7,

wheresS; < U, fori = 1,2,..., N 4 s. Our upper bound computation conservatively udgs; instead of
ATV as AT — ATiR may reach the proxy only at time-, too late to contribute te;.

The constraintd¢ andU; do not relate directly to prefix caching, except in the seihse the prefix
buffer affects the expression fot;. However, the prefix buffer does impact the overflow constran the
proxy'sb,-bit smoothing buffer. At the beginning of the transmissitive proxy sends frames from the prefix
buffer and does not free any space in the smoothing buffex.pfbixy must complete transmission of the prefix
frames before the smoothing buffer overflows. Note that duthé variability in server delay, the maximum
cumulative amount of data the proxy can receive by tinsed**”. The earliest time the arriving stream would

exhaust the smoothing buffer is then
¢ = min{:| A" — b, > bs}.

For all« > ¢*, the proxy must have transmitted at lea$t*” — b, bits to prevent overflow of the smoothing

buffer, resulting in the lower constraint:

)0 i <0
[ A;(nax_bs 222*7

Combined with the underflow constraint at the client buffers results in the followindgower constrainton

any feasible transmission schedule:

L; =min{L% L’} whereL; < S;fori=1,2,...,N +s
10
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Cumulative Bits

Figure 3: This figure shows the upper and lower constraintezufor a scenario where both the staging buffer
bs and client buffe, are sufficiently large that they do not impose any constsaintsmoothing, and,,, ., =
d..;» = d. As such the upper and lower constraints at tinaee effectively4; andD,_,.; respectively.

Figure 3 shows an example of the upper and lower constraBubject to the constraint; < S; < U;, the
proxy can compute a transmission schedule that satiSfies 0 and Sy,, = Dy and optimizes a target
performance metric. To aid in computing the smoothing aamsts and hence the smoothed transmission

schedule, the proxy can store information about the sizéssoframes in the video stream.

3.3 Transmission Schedule

Consider the constraint vectols = (Lg,...,Lyys) andU = (Uy,...,Un4s). Creating a transmission
schedules involves generating a monotonically non-decreasing gathdoes not cross either constraint curve.
The constraint® andU typically result in multiple feasible transmission schieguwith different performance
properties [20]. In particular, in the context of smoothethsmission of stored video from the server to the
client, anO (V) smoothing algorithm [18] was proposed, that computes tbesst-path transmission schedule
S*. The schedul&* minimizes a variety of important performance metrics, intthg the peak and standard
deviation of the transmission rates, and the effective hédiith. \We therefore adopt this shortest-path algorithm

for evaluating proxy smoothing in Section 4. Figure 3 showample transmission schedule.

Since we are considering prerecorded video, where the fsireeinformation is available in advance,

the schedule&s* could be computed in advance and stored at the proxy, alotigtiag initial frames of the

11
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video. However, to accommodate jitter, the offline algaritwould have to use”*" for computing the upper
constraint and47*** for computing the lower constraint, as outlined above. Tdusld result in a somewhat
conservative transmission schedule, particularly if thiapetween the server and the proxy has a large amount
of jitter A. For more aggressive smoothing, the proxy can dynamicaltypute the schedule as frames arrive
from the server. Each online computation applies the shbpath algorithm to a sliding window of frames,
following the approach in [31]. Since the online algorithpecates on a small sequence of frames, and does not
have to execute on every frame arrival, the dynamic comijoutatf the schedule does not consume significant
processing resources, making it feasible for use at theyprivxeither case, note that our approach does not
require a static buffer allocation based on worst casejitte de-jittering. Instead, the staging bufferis used

for both smoothing and as the jitter buffer.

4 Performance Evaluation

Caching a prefix of the incoming video permits a temporal deting of the arrival process at the proxy
and the transmission to the client. Through simulation grpents with MPEG-1 and MPEG-2 traces, we
demonstrate the performance benefits of having both a prefigland a smoothing buffer at the proxy. The
evaluation varies the parameters client startup delagerver delayl/, smoothing windoww, prefix buffer

b,, and staging buffeb,, and measures the impact on the peak rate and the coeffid¢ieatiation (standard
deviation divided by the mean rate) of the resulting smob#uhedule. The results can help guide the selection
of these parameters in a real system, to allow network sepioviders to maximize the benefits of the proxy

prefix model.

4.1 Video Traces

The simulation experiments draw on two constant-qualityB@Pvideo traces. MPEG streams consist of a
mixture of 7, P, and B frames. Thel frames can be encoded and decoded independently. FTlhhames

are coded using motion compensation from the precedif@ P) frame, andB frames are coded using the
preceding and succeedirig(or P’) frame. The mixture of frame types introduces burstinesa esmall time
scale, while differences in motion and detail introduceskiness at the time scale of scene changes. The first
trace is an MPEG-1 encoding oRd-minute segment of the movigne Wizard of OzThe clip is encoded &0

frames/second with a mean ratelo?5 Mbits/second, peak rate 0.9 Mbits/second, and &5-frame MPEG

12
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Figure 4: These graphs plot the peak rate and coefficientrédti@n as a function of the server deldyor an
MPEG-2 encoding oBlues Brothersacross different values of the client playback delayhe proxy does not
have a prefix cache (i.eh, = 0), and the client buffer size is = 8 Mbytes.

group-of-pictures structurd BBPBBPBBPBBPBB). The second trace is an MPEG-2 encoding ¢fa
minute segment of the movBiues BrothersThe clip is encoded a4 frames/second with a mean ratelof8
Mbits/second, peak rate @fl.5 Mbits/second, and an irregular group-of-pictures st PPPPP .. .),
with no B frames, and/ frames only at scene changes. Note thd& &ame is inter-frame coded, and the
the preceding and succeedifgor P) frame are required for decoding/ frame. As such, to guarantee
starvation-free playback at the client, both preceding sucteeding (or P) frames must arrive before the
display deadline of & frame. The playout vector needs to be constructed with thisew [32]. ForWizard of

Oz which hasB frames, we use such a playout vector.

4.2 Smoothing Without a Prefix Buffer

In the absence of a prefix cache, the smoothing window isédiarity the server delay and the client's
willingness to tolerate playback latency. We consider adfigerver delayl! with no jitter (i.e.,d = d,,.. =
d..i») and a client playback delay resulting in a smoothing window af = s — d. Figure 4 plots the peak rate
and the coefficient of variation as a function of the servéayléor several different client delays. For a given
playback delay, moving from right to left in the graphs, we see that the ped& and coefficient of variation
decrease as the server delaglecreases, with substantial reductions whes 0. For a given server delay,

a larger playback delay gives the proxy more time to send &ache, resulting in a smoother transmission

13
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Figure 5: These graphs plot the peak rate and total proxeb(# = b, 4 b%) as a function of the smoothing
window for the MPEG-2Blues Brotherglip. The experiments compare the performance of @ w and no

prefix caching §, = 0) to (ii) s = 4 frames and the prefix cachin

g is used to guarantedr@mme smoothing

window. The playback buffer is. = 8 Mbytes and the server delayds= 0.

schedule. For examplé,= 1 ands = 4 result in a peak rate &2 M

bits/second. The peak rate drops by more

than a factor of two t®.3 Mbits/second under a4-frame (l-second) playback delay, and by almost another

factor of two to5.5 Mbits/second for 2-second playback delay.

A smoothing window of several seconds offers substantthlcgons in network resource requirements,

as indicated by the y-intercepts of the graphs in Figure Avéler, in the absence of a prefix buffer, these gains

are not achievable unless the client tolerates a relativiglyi playback latency. The use of a prefix cache is

especially important when the client has a small delay éolee, rel

ative to the latency along the path from the

server. When the server and playback delays are egual{), the proxy cannot perform workahead smoothing

and the stream has a peak ratelofs Mbits/second. In addition to hiding server latency, a prbfixer allows

the proxy to perform workahead smoothing over a larger shiagtwindow. Previous studies have shown that,

depending on the video, windows of several seconds to a fewtes offers significant reductions in the peak

rate and coefficient of variation [12]. In the next subsattiwe demonstrate that these gains are achievable in

the proxy prefix model, even with a relatively small clienayback

4.3 Smoothing With a Prefix Buffer

delay.

The proxy can perform workahead smoothing ovep-frame interval by storing a prefix of the first
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d — s + w frames of the video. This is conceptually similar to smoaghivithout a prefix buffer, if the server
can tolerate a delay a¢f= w + d frames. However, there is a difference between the two sicenadn the latter
case, i.e., when the client can tolerate the higher lateneyw + d, the proxy has lower storage requirements
(no prefix buffer, only the staging buffer), and more time &bier the initial frames of the stream. Figure 5(a)
compares a system withwe-frame playback delay and no prefix buffer to a system with-drame playback
delay and gw — 4)-frame prefix buffer; both scenarios assume a server deldy-0f. Despite the differences
between the two configurations, the graph shows that themeahce is indistinguishable (the coefficient of
variation also was very similar). For example, a windowwof= 148 frames ( seconds) decreases the peak
rate t03.2 Mbits/second, compared &1).4 Mbits/second for a-frame window. Also, larger windows offer
even further reductions. We observed the same behaviotheétWizard of Ozrace. Note that the very similar
performance in spite of a small client delay of four framég6(of a second) suggests that either this small
startup delay was sufficient to smooth the first frame in thdewj or the peak rate occurred later on in the
video. However, realistic values ofwill typically in the range of0.5 seconds to a couple of seconds, much
larger than the frame delay considered here. Hence, although there maythelpgical cases where the peak
rate is dominated by the first frames in the video, the proxyblddave sufficient time to smooth the initial
frames of the stream. Hence in reality, we expect the pediona with the prefix caching to be quite close to

what can be achieved with the longer startup delay w + d.

The graph in Figure 5(a) also shows that increasing the wirglee offers dramatic reductions in the
peak bandwidth. However, a larger window also increasebuffer requirements at the proxy, as shown in
Figure 5(b). The graph plots the total proxy buffer requiesinfor the two scenarios. In both scenarios, the
size of the smoothing buffer is determined by first computhrgoptimal transmission scheddevithout any
constraint on the buffer size. The actual buffer occupamofilp as a function of time( < ¢ < N + w) can be

then computed as follows:

) Ai=b,, S
bs,z - { S

<b,
A =S, Si>b

p

Then the worst-case staging buffer requiremeritiis= max;(b,;). The total buffer requirement is then the
computed; for Case (i) (in the absence of a prefix buffer) @nd- o} for Case (ii) (in the presence of a prefix
buffer). The graphs in Figure 5(b) show that both scenaramsachieve the benefits of workahead smoothing

with a relatively small proxy buffer. For example9asecond smoothing window require8-#&byte smoothing

15

www.manaraa.com



buffer; the size increases 809 Mbytes if the proxy also stores the prefix of the stream. Diegoa 3—5 Mbyte
proxy buffer to each video stream is quite reasonable, qadily given the low costs of memory and disk
space. Although the difference in the buffer requirementsdases withw, the total buffer size is reasonable
for practical window sizes. Once the window size grows beyarflew hundred frames, workahead smoothing

begins to offer diminishing returns, as shown in Figure 5(a)

To illustrate the trade-off between buffer space and smingtbain, Figure 6 plots the peak rate and
coefficient of variation as a function of the buffer size= b, + b7, for three different values of the server delay
d. For each combination of values e#findd, we vary the smoothing window as an independent parameter.
For each value ofy, we plot the corresponding peak rate (coefficient of vasigtiversus the corresponding total
buffer allocation to arrive at these plots. Large valued cfquire more buffer space for the same reduction in
the peak rate, due to the extra prefix storage requiremeritieothe server delay from the client. The graphs
show that dramatic smoothing gains can be obtained with aMbwites of proxy buffer, even while hiding a
server delay that is several times larger than the playbatkyd For example, fof = 5 seconds, 2-Mbyte
proxy buffer reduces the peak rate and coefficient of vameto4 Mbits/second and.33 respectively from the
unsmoothed values dft.5 Mbits/second and.50. In addition, the performance is very similar across défer
values ofd once the proxy has a few Mbytes of buffer space. This sugyestt# is practical to inflate the server
delayd to handle retransmissions at the proxy, making it possibieprove the quality of video transmissions

on the Internet, as discussed in Section 2.2.

4.4 Proxy Prefix and Smoothing Buffers

After dedicating a certain amount of buffer space to a vidangmission, the proxy must select a window size
w and, in turn, divide the buffer space between the prefix angoshing buffers. The proxy must balance the
trade-off between allocating a larger prefix buffer(which will permit smoothing over a larger window of
frames), and a large smoothing buffgr(having enough storage to absorb transient bursts of laageefs).
The graph in Figure 7(a) plots the peak rate as a functiom &r a buffer of sizeM, for Wizard of Oz As
the window size increases, the peak rate decreases, fidlytahen more slowly, before ultimately increasing.
To explain this trend, Figure 7(b) plots the resulting sizeh® smoothing bufferi; = M — b,) and the
maximum amount of space consumed by the resulting trangmisshedule). We observe that? initially
increases withv and, in this increasing regiomn; is less than the allocatéd. As w increases furthem;
becomes identical tb;, and both then decrease together. The graphs also show ¢haedlk rate decreases in
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Figure 6: These graphs plot the peak rate and coefficient riditi@n as a function of the total proxy buffer
B = b, + b, for different values of the server deladyand client startup delay, for MPEG-2Blues Brothers
(client buffer sizeb. = 8 Mbytes.)

the increasing region @f; and starts increasing whéf starts decreasing. All this suggest the following system
dynamics. Small window sizes result in small values for dgtandb}, such thab, + b; is substantially less
than M. As w increases, the peak rate initially decreases as the proxgroaoth across a larger window of
frames. In this region, the allocatégdis larger than what is required. However,agrows, the prefix buffer
sizeb, also increases, and reduces the space available for thetlsmgouffer. At the same time, a larger
w Will result in frames arriving earlier at the proxy stagingfter (w time units ahead of their consumption
deadlines at the client). As continues to increase, the smoothing buffer sgadeecomes sufficiently small
that it imposes a constraint on transmissions to the cliéata result, the proxy must transmit aggressively to
avoid overflowing the proxy smoothing buffer. These workath&ransmissions are detrimental to smoothing,
and actually increase the peak bandwidth. In the worst ¢hsdransmission schedule has a higher bandwidth

requirement than the original unsmoothed stream.

Sinceb,, is an increasing function af, increasingw results in smaller values @f. The performance
degradation is especially dramatic for smal] since a larger window decreases, precisely when a larger
smoothing buffer is necessary. Figure 8 plots the peak radecaefficient of variation as a function of the
prefix buffer size, for several total buffer allocatioh& As in Figure 7(a), the metrics initially decrease rapidly
before flattening, and then increase dramatically. For g@tenfor a total buffer budget of/ = 8 Mbytes, the
peak rate decreases from.9 Mbits/second foih, = 0.5 Mbytes t02.2 Mbits/second for a meré.2-Mbyte
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Figure 7: These graphs plot the peak rate and the size of theteing buffer §, andb?) as a function of the
smoothing windowuw, for different total buffer budget/. The experiment evaluates the MPEGVizard of Oz
clip with a1-second start-up delaysasecond server delay, and2-Mbyte client buffer.

increase irb,,; in this region, the smoothing buffég is sufficiently large that it does not impose any constraint
on smoothing. This underlines the importance of operatinthe middle region of the graphs, to the left
of where the peak rate starts increasing with increasjn@nd to the right of where the peak rate reduction is
substantial. In each of the curves, the performance degragélly wherb, grows larger thad//2, suggesting

a symmetric allocation of the prefix and smoothing buffers.

5 Multiple Clients and Multiple Streams

Supporting multiple clients and a collection of continuonsdia streams requires effective techniques for
allocating buffer and bandwidth resources at the proxywidrg on the results in Section 4, we describe how to
balance the trade-off between buffer and bandwidth regstirchandling multiple streams and multiple clients.
Then, we discuss how to achieve further reductions in bu#iquirements by sharing a common smoothing

buffer among multiple independent client streams.

5.1 Buffer and Bandwidth Allocation

The smoothing model in Section 3 and the performance evatuat Section 4 each focus on the resource

requirements for transmitting a single stream. In a broadatext, the proxy needs an effective way to allocate
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Figure 8: These graphs plot the peak rate, and coefficienarddition as a function of the prefix bufféy, for
different values of the total proxy buffer budget. The experiment evaluates the MPEGNMzard of Ozlip
with a 1-second start-up delay,;asecond server delay, anda-Mbyte client buffer.

buffer and bandwidth resources acrassltiplestreams with different popularities. In general, a popstezam
should have a larger smoothing window than other streamgsgdhe overhead of the prefix buffer can be
amortized over a larger number of clients. However, the lemolis complicated by the diverse characteristics
of video streams, which affect how much a larger smoothingdew and/or a larger smoothing buffer can
reduce the network bandwidth requirements. We consides&gywithl” streams, where streamis selected
by nv different clientsp = 1,2, ..., V; typically, the{n"} follow a Zipf's law, with a small number of popular
streams accounting for most of the requests. We assuméntheli¢nts do not necessarily arrive close together
in time. Hence, clients of the same stream do not share a corsmoothing buffer, though they do share the
prefix buffer. In addition, we assume that the playback dedagver delay, and client buffer size are given, and
are fixed for each stream.

The proxy allocates bandwidth for each stream based on thie yage in the smoothed schedule, and
allocates a fixed smoothing buffer to each client of eachastreT his suggests two basic problems:

¢ Bandwidth allocation: Minimize the bandwidth requireméhtsubject to a proxy buffer space constraint
of M bits.

o Buffer allocation: Minimize the buffer allocatioi/, subject to a bandwidth constraint Bfbits/second.

Despite the complex nature of these two optimization proisleghe experimental results offer several insights

that allow us to develop effective heuristics. The first ataaon concerns the selection of the smoothing buffer
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sizeb;. The experiments in Section 4.4 show that allocating leas &t introduces significant performance
degradation. Hence, we assume that= b*, which can be computed directly from the smooth transmissio
schedule once is determined. The second observation concerns the diningseturns of larger smoothing
buffers and smoothing windows. These trends are appardfigures 5(a) and 7(a), respectively, even when
plotted on a logarithmic scale. This property has two imgotrimplications. First, for a given stream, the
proxy should not allocate different valueswofandb, to different clients. Assigning + 1 to one client and

w — 1 to another client would not offer as much total reductionkie hetwork bandwidth requirements. In
addition, the proxy must allocate the prefix buffer with theglest client window size in mind, further arguing

for an identical allocation across requests for the saneastr

Sinceb, andb, are determined directly fromy, and each client has the same allocation for each stream,
we have narrowed the problem to selecting the value'ofor streamv = 1,2,..., V. Any choice of thew?
values results in some total buffer allocation)df (4, + n"b;) and a total bandwidth allocation f, n”p",
assuming that the clients do not share buffer or bandwidibLnees. The allocation of the buffer and bandwidth
resources is simplified by the convex shape of the peak-ratees. For example, suppose we are trying to
minimize the buffer spac&/ subject to an upper bound on the bandwiBthThen, the proxy can first allocate
memory to the stream that offers the most dramatic reduction in the bandwidthuiesment»'p¥. The
appropriate choice is the strearmwith the steepest curve for the peak rate as a function of dfferbspace
(np? vs. by + n"b3). The resource allocation heuristic continues in a greedyibn, always selecting the

stream that offers the largest incremental reduction irptek bandwidth for the increase in buffer space.

The algorithm continues to incrementally increase the windizes for the streams until the bandwidth
constraintB is reached. The greedy approach favors streams with mom@ymities for smoothing gain, since
these streams offer greater reductions in bandwidth rements for the same buffer allocation. Similarly, the
greedy approach favors more popular movies (largewalues), since the multiple clients amortize the cost
of the prefix buffer. Since smoothing offers the most dramegiurns with small window sizes, the greedy
algorithm would typically allocate some minimum window gmefix buffer to each stream to allow the proxy
to remove the substantial short-term burstiness. Thety, moke popular or more bursty streams would have
large windows to further decrease their bandwidth requinets. A similar approach can be applied to allocate

bandwidth resources subject to an upper bound on the tatab$iof the proxy buffer.
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5.2 Buffer Multiplexing

Although prefix caching and workahead smoothing only rezjaifew megabytes at the proxy, the resource
requirements increase as the proxy handles multiple ss@achmultiple clients. For a more efficient allocation
of proxy buffer space, we consider techniques for sharimgpttefix and smoothing buffers. Inherently, the
prefix buffer can be shared across successive requestsef@athe stream. However, unless client requests
arrive close together in time, it is difficult to share the tnts of the smoothing buffer. Instead, we consider
how to multiplex the smoothing buffer space across seveddpendent streams. For an individual stream, the
utilization of the smoothing buffer changes across timeshtasvn in the examples in Figure 9. The utilization
profileb, ; is determined by computing an optimal transmission sclegithout a constraint on the size of the

smoothing buffer. For comparison, the graphs also plot
e Envelope: maximum size af frames (naxj{sz;’;?”_l fih)

e Maximum: maximum smoothing buffer requirementdx;{b; ; })

e Average: average smoothing buffer requirement {ayg})

all for a window ofw = 5 seconds. The graphs show a significant difference betweeartelope and the
worst-case buffer requirement. When the proxy encountersargest set of frames in the stream, workahead

transmission ensures that some of these frames have basmitad to the client in advance of the burst.

Exploiting frame-size information offers a significant wetion in buffer requirements over a simple
characterization of the traffic envelope. In fact, even treximum buffer usageb{) is a fairly conservative
estimate of resource requirements, since the peak uidizatccurs for a very short period of time. These
trends persist across a range of window sizes, as shown uré=i). The temporal fluctuations suggest that
that multiplexing of the proxy buffer space can offer a sahstl reduction in the resource requirements.
These benefits are attainable even if clients do not issueestg at the same time or for the same stream. In
addition, this multiplexing occurs in a deterministic famt based on the buffer requirements of the various
streams across time. Sharing the buffer space amongstpheuitients and streams can substantially reduce
the resource requirements, particularly when the varittemms do not all experience their worst-case buffer

requirements at the same time.

To exploit these potential gains, the proxy maintains a |erafi the allocated buffer space across time,

based on the transmission schedules of the current stréastead of storing information for every frame slot,
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Figure 9: These graphs plot the utilization of the smootlhuafjer as a function of time for &second smooth-
ing window, withb. = 32 Mbytes,s — 0.5 seconds, and = 2 seconds.

the proxy can track the buffer requirements over coarsee Soale, with some trade-off in multiplexing gain.
Upon receiving a new client request, the proxy determinestiasdr or not it can accommodate the additional
buffer requirement$, ; across the duration of the stream. If so, the proxy accemsdfuest and updates
the view of the available buffer resources. To increase ittedihood of accepting requests, the proxy could
compute the schedule for the new stream, based on the tipggauffer resources in the system. Instead
of applying a precomputed transmission schedule, the pr@uyld computeS; based on new smoothing con-
straints that capture the limitations énacross time. If buffer resources are especially constditiee proxy
could conceivably select a smaller window sizefor the new request, though the bandwidth requirements

for transmissions to that client will be higher. The costfpenance trade-offs of these proxy policies can be

evaluated as part of future work.

6 Conclusions

Network service providers can reduce response time, séaer and traffic load by deploying proxy caches.
Existing techniques for caching text and images are notggiate for the rapidly growing number of continu-
ous media streams. In addition, high latency and loss ratdeeiInternet make it difficult to stream audio and
video without introducing a large playback delay at the ehent. To address these problems, we proposed

that, instead of caching entire audio or video streams (wimiay be quite large), the proxy should store a prefix
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Figure 10: These graphs plot the size of the proxy smoothiffigbas a function of the window size for
s = 0.5 seconds¢ = 2 seconds, antl. = 32 Mbytes.

consisting of the initial frames of popular clip. In additito hiding the effects (loss, delay, jitter, etc.) of a
weaker service model between the server and the proxy, mafixing aids the proxy in performing workahead
smoothing of variable-bit-rate streams. Smoothing sutisthly reduces the resource requirements along the
path from the proxy to the client. This is particularly imgenmt when the client has relatively limited access

bandwidth, compared to the higher-speed backbone network.

As future work, we plan to explore the multiple-client barnidil and buffer allocation problem in greater
depth. Ourinitial experiments illustrate the significaotgntial for sharing the smoothing buffer across multiple
streams. Based on these results, we are investigating aheaéng policies for online resource allocation as
client requests arrive. In addition, we are studying thect# of variable delay on the path between the server
to the proxy, including how to estimate jitter and incorgerthese measurements in the smoothing constraints.
Also, we are evaluating whether or not computing the trassion schedule dynamically at the proxy, based
on the actual sequence of arrivals from the server, offdostsuntial gains over using a precomputed schedule.
This ongoing work extends the prefix caching and smoothindehpresented in this paper, and can aid in the

design of effective proxy services for streaming high-gyaontinuous media in the Internet.

References

[1] A. Bestavros, R. L. Carter, and M. E. Crovella, “Applicat-level document caching in the Internet,” in
Proc. Inter. Workshop on Services in Distributed and NekedrEnvironmenisune 1995.
http://www.cs.bu.edu/ best/res/papers/sdne95.ps.

23

www.manaraa.com



2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

S. Williams, M. Abrams, C. R. Standbridge, G. Abdullada. A. Fox, “Removal policies in network
caches for World Wide Web documents,”®moc. ACM SIGCOMMpp. 293—-305, August 1996.

http://www.acm.org/sigcomm /sigcomm96/papers/williams.html.

P. Cao and S. Irani, “Cost-aware WWW proxy caching altioris,” in Proc. USENIX Symp. on Internet
Technologies and Systeppp. 193—206, December 1997.
http://www.cs.wisc.edu/ cao/papers/gd-size.html.

R. Fielding, J. Gettys, J. C. Mogul, H. Frystyk, and T. Bers-Lee, “Hypertext transfer protocol —
HTTP/1.1, request for comments 2068,” January 1997.
ftp://ftp.isi.edu/in-notes/rfc2068.txt.

H. Schulzrinne, A. Rao, and R. Lanphier, “Real time stnggy protocol (RTSP), request for comments
2326,” April 1998.
ftp://ftp.isi.edu/in-notes/rfc2326.txt.

E. P. Rathgeb, “Policing of realistic VBR video traffic an ATM network,” International Journal on
Digital and Analog Communication Systemasl. 6, pp. 213-226, October—December 1993.

M. Garrett and W. Willinger, “Analysis, modeling and genation of self-similar VBR video traffic,” in
Proc. ACM SIGCOMMSeptember 1994.

A. R. Reibman and A. W. Berger, “Traffic descriptors for RBrideo teleconferencing over ATM net-
works,” IEEE/ACM Trans. Networkingol. 3, pp. 329-339, June 1995.

M. Grossglauser, S. Keshav, and D. Tse, “RCBR: A simpl@ efficient service for multiple time-scale
traffic,” IEEE/ACM Trans. Networkindecember 1997.

M. Krunz and S. K. Tripathi, “On the characteristics o0BR MPEG streams,” ifProc. ACM SIGMET-
RICS pp. 192-202, June 1997.

T. V. Lakshman, A. Ortega, and A. R. Reibman, “Variabiterate (VBR) video: Tradeoffs and potentials,”
Proceedings of the IEEE0I. 86, May 1998.

J. Rexford, S. Sen, J. Dey, W. Feng, J. Kurose, J. Stdokard D. Towsley, “Online smoothing of live,
variable-bit-rate video,” ifProc. Workshop on Network and Operating System SupportifgitdDAudio
and Videgpp. 249-257, May 1997.

http://www.research.att.com/ jrex/papers/nossdav97.ps.Z.

M. Kamath, K. Ramamritham, and D. Towsley, “Continuousdia sharing in multimedia database sys-
tems,” inProc. of 4th International Conference on Database Systemadvanced Applications (DAS-
FAA'95) April 1995.

http://www-ccs.cs.umass.edu/ " kamath/DASFAA95.ps.

A. Dan and D. Sitaram, “Multimedia caching strategiestieterogeneous application and server environ-
ments,”Multimedia Tools and Applicationsol. 4, pp. 279-312, May 1997.

R. Tewari, H. M. Vin, A. Dan, and D. Sitaram, “Resourcasked caching for Web servers,” Rroc.
SPIE/ACM Conference on Multimedia Computing and Netwgrklanuary 1998.
http://www.cs.utexas.edu/users/tewari/psfiles/mmen98.ps.

24

www.manaraa.com



[16] W. Feng and S. Sechrest, “Smoothing and buffering ftiveey of prerecorded compressed videGAm-
puter Communicationsol. 18, pp. 709-717, October 1995.
http://www.cis.ohio-state.edu/ wuchi/CompComm.ps.gz.

[17] W. Feng, F. Jahanian, and S. Sechrest, “An optimal badtthallocation strategy for the delivery of com-
pressed prerecorded vide&pringer-Verlag Multimedia Systems Journall. 5, pp. 297-309, September
1997.

http://www.cis.ohio-state.edu/~wuchi/mmsj.ps.gz.

[18] J. D. Salehi, Z.-L. Zhang, J. F. Kurose, and D. Towsl&upporting stored video: Reducing rate vari-
ability and end-to-end resource requirements throughegdtsmoothing,” inProc. ACM SIGMETRICS
pp. 222—231, May 1996.
ftp://gaia.cs.umass.edu/pub/Sale96:Supporting.ps.gz.

[19] J. M. McManus and K. W. Ross, “Video on demand over ATMn8@ant-rate transmission and transport,”
in Proc. IEEE INFOCOM pp. 1357-1362, March 1996. Extended version appeaiSkEfE J. Selected
Areas in Communicationgugust 1996, pp. 1087-1098.

[20] W. Feng and J. Rexford, “A comparison of bandwidth srhamj techniques for the transmission of pre-
recorded compressed video,"ifroc. IEEE INFOCOM pp. 58—66, April 1997.

http://www.research.att.com/ jrex/papers/infocom97a.ps.Z.

[21] Y. Wang, Z.-L. Zhang, D. Du, and D. Su, “A network conagsoapproach to end-to-end video delivery
over wide area networks using proxy servers,Piroc. IEEE INFOCOM April 1998.
http://www.cs.umn.edu/ zhzhang/Papers/Wang98:Info98.ps.gz.

[22] E. Amir, S. McCanne, and H. Zhang, “An application levaeo gateway,” inProc. ACM Multimedia
November 1995.

http://www.cs.berkeley.edu/~elan /pubs/papers/vgw.ps.

[23] N. F. Maxemchuk, K. Padmanabhan, and S. Lo, “A coopezgiacket recovery protocol for multicast
video,” in Proc. International Conference on Network Protoc@stober 1997.
http://www.research.att.com/ nfm /ref.1463.ps.

[24] “Cisco cache engine.”
http://www.cisco.com/warp/public/751 /cache.

[25] H. Schulzrinne, S. Casner, R. Frederick, and V. Jacopg$TP: A transport protocol for real-time appli-
cations, request for comments 1889,” January 1996.
ftp://ftp.isi.edu/in-notes/rfc1889.txt.

[26] N. F. Maxemchuk and S. Lo, “Measurement and interpietadf voice traffic on the Internet,” iProc.
International Conference on Communicatipdsne 1997.
http://www.research.att.com/ nfm /ref.1443.ps.

[27] V. Paxson, “End-to-end Internet packet dynamics,Pioc. ACM SIGCOMMpp. 139-152, September
1997.

ftp://ftp.ee.lbl.gov/papers/vp-pkt-dyn-sigcomm97.ps.Z.

[28] D. Sanghi, A. K. Agrawala, O. Gudmundsson, and B. N. Jéperimental assessment of end-to-end
behavior on Internet,” ifProc. IEEE INFOCOM March/April 1993.

25

www.manaraa.com



[29] S. Acharya and B. Smith, “An experiment to characteniz#geos on the World Wide Web,” ifroc.
SPIE/ACM Conference on Multimedia Computing and Netwgrklanuary 1998.

[30] I. Dalgic and F. A. Tobagi, “Performance evaluation ofM networks carrying constant and variable
bit-rate video traffic,”IEEE J. Selected Areas in Communicatiord. 15, August 1997.

[31] J. Rexford and D. Towsley, “Smoothing variable-bitergideo in an internetwork,” iProc. SPIE Sympo-
sium on Voice, Video, and Data Communications: Multimediangrks: Security, Displays, Terminals,
and GatewaysNovember 1997.
http://www.research.att.com /" jrex/papers/spie97.ps.Z.

[32] S. Sen, J. Rexford, J. Dey, J. F. Kurose, and D. Tows{@glihe Smoothing of Variable-Bit-Rate Stream-
ing Video,” Tech. Rep. 98-75, Department of Computer Saehmiversity of Massachusetts, 1998.

26

www.manaraa.com



