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Abstract—Real-time distribution of stored video over wide-area traffic can be highly bursty, possibly exhibiting rate variability
networks (WANSs) is a crucial component of many emerging dis- spanning multiple time scales. This is particularly the case
trl.buted multlmedla appllcathns. The heterogeneity in the under- when constant-quality variable-bit-rate (VBR) compression
lying network environments is an important factor that must be lorith d 131, Due to the burst ¢ f d
taken into consideration when designing an end-to-end video de- a_gorl ms are used [3]. _ue 0 e_ ursty nature ot compresse
livery system. video, support for quality-of-service (QoS) guarantees for

In this paper, we present a novel approach to the problem of real-time transport of stored video across a network is therefore
end-to-end video delivery over WANS using proxy servers situated g challenging problem. This problem is further compounded
between local-area networks (LANs) and a backbone WAN. A when video is delivered over a wide-area network (WAN)

major objective of our approach is to reduce the backbone WAN .
bandwidth requirement. Toward this end, we develop an effec- where several heterogeneous networks are interconnected.

tive video delivery technique calledvideo stagingvia intelligent The heterogeneity in the underlying network environments
utilization of the disk bandwidth and storage space available at is an important factor that must be taken into consideration in
proxy servers. Using this video staging technique, only part of a the design of many distributed multimedia applications. For ex-
video stream is retrieved directly from the central V|o_leo server ample, consider a distance learning application in a large univer-
across the backbone WAN whereas the rest of the video stream _. . .
is delivered to users locally from proxy servers attached to the sity which ha.s several geographlca!ly separate campuses. Each
LANS. In this manner, the WAN bandwidth requirement can be  €@mpus has its own campus-wide high-speed local area network
significantly reduced, particularly when a large number of users (LAN). These campus networks are typically interconnected to
from the same LAN access the video data. We design severaleach other through a backbone WAN owned by a third party.
video staging methods and evaluate their effectiveness in trading g, 5n0se that the distance learning center is situated in the main
the disk bandwidth of a proxy server for the backbone WAN . - . .
bandwidth. We also develop two heuristic algorithms to solve the gampgs with a CentraI.VIdeo server supplying video-based mul-
pr0b|em of des|gn|ng a mu|t|p|e video Stag|ng scheme for a proxy tlmedla course mate”als tO a” CampUSES over the WAN The
server with a given video access profile of a LAN. Our results backbone WAN is typically shared by a large number of insti-
demonstrate that the proposed proxy-server-based approach tutions or users, and it is generally more expensive to deploy
provides an effective and scalable solution to the problem of the 4qgitional resources in the backbone WAN than in local area
end-to-end video delivery over WANS. . - - - . .
networks. Given the emerging gigabit networking technologies
Index Terms—End-to-end video delivery, heterogeneous net- such as Gigabit Ethernet and Fiber Channel, the cost of in-
working environment, MPEG, proxy server, video smoothing, = sta|ling and running a local-area gigabit network becomes in-
video staging, video streaming. creasingly cheaper. On the other hand, the WAN bandwidth is a
much more critical and costly resource than that of campus-wide
|. INTRODUCTION LANSs. Therefore, reducing the total bandwidth requirement of
dthe backbone WAN should be an important objective in the de-
ign of a real-time video delivery system in such a scenario. The

networks is a crucial component of many emerginﬁ terogen networking environment of the aforementioned
multimedia applications including distance learning, digital jj- 1erogeneous networking environment of the atorementione
xample is also fairly common in other settings, e.g., in a large

brary, Internet TV broadcasting and video-on-demand systerﬁs. : e . .
O&orporaﬂon where its intranet consists of several geographically

Because of its high bandwidth requirement, video is typically. :

stored and transmitted in compressed format. As a result, vi |8persed. LANS mterconnected t.)y a WAN Igased from a net-
work service provider, or in a residential setting where several
residential access networks (operated by one network service
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Fig. 1. Video delivery over a simple heterogeneous networking environment.

through the backbone WAN to a large number of users in tfimm the central video server across the backbone WAN to
local area networks. As part of the network system architectuee,LAN, allowing simple admission control and scheduling
we also assume thatspecial server with a disk stagesystem mechanisms to be employed to ensure QoS guarantees for video
which we shall refer to asgroxy (video) servet is installed in  delivery across the backbone WAN. This bandwidth reservation
each LAN and is directly attached to the gateway router cooan also be done on an aggregate basis when multiple video
necting the LAN to the backbone WAN. This assumption istreams are delivered from the central video server across the
quite reasonable, given the relatively low cost of PC serverackbone WAN to the same LAN, thereby further simplifying
today.The major objective of our proxy-server-based video déhe resource management and control in the backbone WAN.
livery approach is to reduce the bandwidth requirement in thieurthermore, since the disk bandwidth and storage capacity
backbone WAN~vhereas the bandwidth of LANs is assumed tavailable at a proxy server are shared by all users attached to
be bountiful and thus not a major concern. We develop an efféghe same LAN, statistical multiplexing gains can be effectively
tive video delivery technique calleddeo stagingia intelligent  exploited to improve resource (e.g., disk bandwidth) utilization
utilization of the disk bandwidth and storage capacity availabé the proxy server when multiple staged video streams are
at proxy serves attached to the LANs. The basic idea behind tie¢rieved from the disk storage system of the proxy server
video staging technique is fwefetch a predetermined amountacross the LAN to various users on the LAN.
of video data and store theanpriori at proxy servers-this op- We design several video staging methods and study their
eration is referred to astaging Using the video staging tech- effectiveness in trading the disk bandwidth of a proxy server for
nique, only part of video data is retrieved directly from the certhe backbone WAN bandwidth. Given this trade-off in the disk
tral video server across the backbone WAN, whereas the resbahdwidth requirement of proxy server and the backbone WAN
the video data is delivered to users from proxy servers attachHmhdwidth requirement for each video stream, we proceed to in-
to the LANSs. In this manner, the WAN bandwidth requirementestigate the problem of how to determine the amount of video
can be significantly reduced, particularly when a large numbeata from a collection videos to be staged at a proxy server
of users from the same LAN access the video data. with fixed disk bandwidth and disk storage space. We develop
Our proxy-server-based approach to the problem ofo heuristic algorithms to solve this problem. We evaluate our
end-to-end video delivery across WANs has several saliayproach using simulations based on MPEG-1 video traces.
features. Because of the large storage space at a proxy se®er, results demonstrate that the proposed proxy-server-based
for a given video, a sizable portion of its data can be staged agproach provides an effective and scalable solution to the
proxy server. The video staging technique is designed in suchrablem of the end-to-end video delivery over WANS.
manner that the video data can be delivered across the backboriEhe remainder of our paper is organized as follows. In Sec-
WAN using a constant-bit-rate (CBR) network service. Hend®n Il, we describe our problem setting and present our proxy-
only fixed amount of (peak) bandwidth needs to be reservedrver-based approach. In Section Ill, we present various video
staging techniques in the context of a single video stream. In
1Although we use “proxy server” as the name for this special server, howevagection 1V, we develop two heuristic algorithms to solve the
as WI|| be clear later, the usage f’f proxy server in our context of_ r?al tlme wdmomem of designing multiple video staging scheme for a proxy
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Fig. 2. Proxy-server-assisted video delivery.

Il. PROBLEM SETTING period of time instead of caching in and purged out dynami-
cally. For example, in the case of a distance learning applica-

In this paper, we study the problem of end-to-end video dgen, staged video data can be determined on a daily basis based
livery over heterogeneous networking environments. A simpig the course materials offered each day and the expected user
example is shown in Fig. 1, where several local area networkscess pattern to these materials.
are interconnected by a backbone WAN. As an important partThe objective of the video staging technique is to reduce
of the network system architecture, we also assume that a préig total backbone WAN (peak) bandwidth required for deliv-
video server is installed in each LAN and is directly attached ring video to a large number of users on a LAN. As illustrated
the gateway router connecting the LAN to the backbone WA Fig. 2, for a given video, if a portion of its video data is
A central video server system with a large disk farm is cortaged at a proxy server attached to a LAN, then when a user
nected to the backbone WAN through a high-speed LAN backn the LAN accesses the video, only part of the video data is
bone (from the perspective of clients in other LANs across thetrieved directly from the central video server across the back-
backbone WAN, the central video server system can be viewigghe WAN while the rest of the video data is delivered to the
as if itis attached directly to the backbone WAN). user from the proxy server. Since only a portion of the video

In a typical heterogeneous networking environment waata is transmitted across the backbone WAN, the bandwidth
consider in this paper, we assume that the backbone WAN aeduired is thus reduced. Moreover, if the video is accessed
the LANs belong to different administrative domains, in othdsy a large number of users at the LAN, then this reduction
words, owned by different entities. There are frequently a large the backbone WAN bandwidth requirement can be signifi-
number of users concentrated at a LAN concurrently accessirant. In the extreme case where the whole video is staged at the
the central video server across the backbone WAN. Undefoxy server, then no backbone WAN bandwidth is required,
these circumstances, reducing the backbone WAN bandwidiihd the video is delivered locally from the proxy server. Clearly,
required to delivery video from the central video server to usettsis reduction in the backbone WAN bandwidth requirement is
on the LANs is therefore a major objective in the design afchieved by consuming certain amount of resources such as the
the end-to-end video delivery system. Instead of replicatintisk bandwidth and storage capacity at the proxy server. In light
the central video server at each LAN, which is generally toof the limited resources at a proxy server, it is therefore impor-
expensive to be practical, installing inexpensive proxy (videtgnt to stage video data at a proxy server in such a manner that
server with appropriate amount of resources such as dibk total backbone WAN bandwidth required to deliver video to
bandwidth and storage space is likely to be a most feasible argkrs on the associated LAN is maximally reduced while effi-
cost-effective approach to achieve this objective. ciently utilizing the resources at the proxy server.

The fundamental contribution of our proxy-server-based ap-For a given video, the decision of whether to stage the entire
proach to the problem of end-to-end video delivery over hetideo, or a portion of it, or none of it at a proxy server hinges on
erogeneous networks is the notionvideo stagingThe basic many factors. One important factor is the effectiveness of video
idea behind the video staging technique is to prefetghiea staging in reducing the backbone WAN bandwidth requirement
determinedamount of video data and store thearpriori at for the given video. This effectiveness will depend on both the
proxy servers—this operation is referred tostaging Unlike characteristics of the video and the method used to decide which
the cachingtechnique commonly used in a proxy web serveportion of the video to be staged at the proxy server. Such a
where data files are cached in and purged out of the proxy westethod is referred to asiédeo staging method\nother impor-
server based on on-line prediction of the random user accéast factor is the access pattern of a LAN, namely, the expected
pattern, the video staging technique we develop in this pag@mcurrent accesses to the video during a certain period of time.
determines the video data to be staged at a proxy video seri¢he video is expected to be accessed numerous times by a large
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reduce the backbone WAN bandwidth required to transmit tF"=§¢* ‘ Staged on the proxy server
video. On the other hand, if the video is infrequently accesse L ! i
Cut-off Rate Ei Eii i
. hn
all so that the disk bandwidth and storage space can be us, |[..._ Il sl i Wy 2 é | - i
for staging other videos. Given the video collection at the cel
tral video server, the expected number of accesses to each vi ” “ ” " |
mation is referred to theideo access profilef the LAN. For a I ] fi Il ||.||| |||I | 'h Il "'""Il Time
proxy server with limited amount of resources, particularly lim Stored on the central video server
ited amount of disk bandwidth and storage capacity, it is cruci,grb_ 3. Simple video staging method using a cut-off rats.
into consideration when deciding the amount of video data to _ _ _ _
be staged at the proxy server. For a given collection of vide®éAN bandwidth reduction when clients have extra buffering
and a video access profile of a LAN, the problem of determinirggpabilities available for smoothing.
minimize the total backbone bandwidth requirement is referréd Video Staging Without Smoothing
to as themultiple video staging desigoroblem. The focus of e first consider the case where clients have no extra
the paper is thus on the developing video staging methods aggfering capabilities available for smoothing and describe a
sign problem. . _ will form the basis for our study. In order to simplify resource
like to point out that there are several implementation issues tR88R network service with minimal delay and no loss is used
practice. For instance, if a portion of a video is staged at a ProXYesence of a proxy server, when a video is delivered from the
then these two portions of the video data must be synchronizggoss the backbone WAN must then be equal to the peak rate of
done either at the proxy server side or at the user side. In $§igge a portion of the video at the proxy server so that a portion
former case, the video data stored at the central video senygkne video data is delivered directly from the proxy server
user. The disadvantage of this approach is that the processjiyg proxy to reduce the backbone WAN bandwidth required
capability of the proxy server can be a potential performangsy video delivery across the backbone WAN. However, this
requires extra buffering capability and incurs more overheadigtstore and deliver the staged video data. Since the resources
the_user side. An_other re_lated issue |s_the mgnalm_g of the V'd@épecially the disk bandwidth) at the proxy server are limited,
delivery system, i.e., the issue of sending control signals to boffs important to consider the effectiveness of video staging in
back of a video stream. For instance, these issues may be inveggnsider a video indexed by Let I be its frame period
tigated in the context of real-time transport protocol (RTP) [{lheasured in seconds), i.e., the time interval during two con-
and real-time streaming protocol (RTSP) [8] protocols. Investéacytive frames are displayed, andA&tbe its total number of
be the topics of future research. Then the peak rate of this videB;, measured in bits per second,
is given byP, = (maxi1<,<n; s])/F. Asasimple video staging
method, we chooseaut-off rateC;, where0 < C; < P+ F' =
schematically in Fig. 3. The lower part consists of a sequence of
The effectiveness of staging video data at a proxy servergartial frames with size’;:l =sl—(sl-C)T,j=1,..., N;
by the ratio of the amount of the backbone WAN bandwidtbf partial frames with sizeg? “=(sl-C)t,j=1,..., N,
reduction to that of the disk bandwidth required at the prox¥he upper part will be duplicated and staged at the proxy server
This ratio will be referred to asandwidth reduction ratidn this  whereas the lower part will remain stored at the central server
video, and based on these methods, we study the effectiveness
of video staging in reducing the backbone WAN bandwidth. We*Since the upper part contains the "bursty portion” of the video data while

it may be better only to stage a small portion of it or none ¢ ; : I

can be derived from user access pattern of a LAN. This info |1|

to take both the video access profile and video characteristics

the amount of video data to be staged at the proxy server so as to

based on these methods, solving the multiple video staging dfinple video staging method for this case. This simple method
must be resolved when applying the video staging techniques} video transport across the backbone WAN. Without the
during the playback of the video. This synchronization can kge video. With the presence of a proxy server, however, we can
video data staged at the proxy server, and then delivered t@q&k bandwidth and storage space among others) available at
are delivered to a user separately, and then synchronized. Higidwidth and storage capacity available at the proxy server
the central video server and the proxy server to initiate the plaf)é—ducing the backbone WAN bandwidth for a given video.
gation of these issues is outside the scope of this paper, and Wilines. For = 1, ..., N;, the size of theith frame isgg bits.

Ill. VIDEO STAGING: A SINGLE VIDEO CASE maxi <;<n, s;, and divide videa into two parts as illustrated
reducing the backbone bandwidth requirement can be measwigtérez ™ = max{x, 0}. The upper part consists of a sequence
section, we present several video staging methods for a singla fact, the whole video is always stored at the central video
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server). From Fig. 3, we note that the smallgris, the more required in the worst case to transfer the upper part from the
video datais staged at a proxy server. Moreovet;atecreases, proxy server to a user on the LAN. The total disk storage space
the lower part of the video becomes less bursty, and eventualgnsumed in the proxy server[sjj\;1 L

approaches to an essentially CBR stream. 2) Cut-Off Before SmoothingAs in Section llI-A, letP; =
During the playback of vide@, only the lower part of the max;<;<y,, s7 is the peak rate of videg which hasV; frames
video is transferred from the central video server across thed a sequence of frames with sige j = 1, ..., IV;. Under

backbone WAN, thus reducing the backbone WAN bandwidthe CBS approach, we first choose a cut-off ratewhere0 <
requirement from; to 7; = C;/F. The upper part of the C; < P; « F, and divide the video into two parts: the lower
video is delivered directly from the proxy server, consumingart consists of a sequence of partial frames with sjzle:

D; = (max;<j<n, s;7")/F amount of disk bandwidth in the s/ — (s — C;)*, j = 1, ..., N;, and the upper part consists
worst case It also consumes an amount of disk storage spaf:a sequence of part|a| frames with slg’e = (si = C)T,

equal tOZ *i sh“. Define thebandwidth reduction ratiode- j = 1, ..., N;. As before, the lower part will remain stored at
noted byRZ, as the ratio of the backbone WAN bandwidth rethe central video server while the upper part will be duplicated
duction to the disk bandwidth consumed at the proxy servend staged at the proxy server. There are three possible ways to
ThenR; = (P,—1;/D;). When there are a large number of conapply the optimal smoothing algorithm after the cut-off: we can
current accesses from users on the LAN, the effective disk bange the client buffer to smooth either the lower part or the upper
width consumed by each video stream may be much less tharn or both parts to reduce the rate variability in transmitting
D, due to statistical multiplexing gain$he potential statistical these parts.

multiplexing gain can be significant because the staged videadlf considerable rate variability exists in the lower part of video
(the upper part of vided) at the proxy is generally bursty. L&; 4, using the client buffer to smooth the lower part will generate
denote theffectivedisk bandwidth consumed in this case. Thea smoother transmission schedule, thus reducing the backbone

the bandwidth reduction ratio becomBs = (P; — T;/D;). WAN bandwidth requirement that must be reserved across the
) ) ) backbone WAN. Formally, denote this smoother transmission
B. Video Staging with Smoothing schedule bys?"!, j = 1, ..., N;. Then the reserved backbone

If clients have extra buffering capabilities, the videdVAN bandwidth isT; = P; = (max,<,;<y, 3')/F which is
smoothing [6], [2], [4], [5] can be incorporated into the desighkely to be smaller thar; / F, the backbone WAN bandwidth
of video staging methods to further reduce the backbone WANat must be reserved if the lower part is not smoothed. We will
bandwidth requirement. For simplicity, we assume that akfer to this video staging method asioothing on the lower
clients on the same LAN have a buffer of siBefor smoothing part (SOLP).
(when the client smoothing buffer sizes diffé&t,can be taken  In contrast, using the client buffer to smooth the upper part of
to be the smallest one). Given this client buffer, there are twideo+< will reduce the burstiness of the video data staged at the
basic approaches: we can either perform video smoothing figtpxy server, thereby reducing the disk bandwidth required to
and then select a cut-off rate [this approach is referred to gnsfer the video data from the proxy to clients. We shall refer
cut-off after smoothindCAS)]; or select a cut-off rate first, to this video staging method a&snoothing on the upper part
and then perform smoothing on either part of the video or botBOUP). This method may be beneficial when the upper part of
parts [this approach is referred to ast-off before smoothing the video is very bursty whereas the lower part is almost CBR
(CBS)]. We describe these two approaches below, and assumg., when the cut-off rat€; is fairly small).
that the optimal video smoothing algorithm developed in [6] is We can also smooth both the upper part and lower part of

used for video smoothing. video ¢ by appropriately partitioning the client buffer into two
1) Cut-Off After SmoothingConsider videoi with N; separate buffers. This method shall be referred tenasothing
frames and a sequence of frames with sizej = 1, ..., N;. on the upper and lower par$SOULP). There are many pos-

For a buffer sizeB, the optimal smoothing algorithm [6] sible ways to partition the buffer. As an heuristic approach, we
generates the “smoothest” transmission schedule consistingpaftition the buffer according to the ratio of the cut-off rate

a sequence of transmission sizés(referred to as smoothedto the peak raté;, namely,B; = B = (C;/P,  F) amount of
frames),j = 1, ..., Ni. Let P, = (max,<j<n, 5)/F be the the client buffer is used to smooth the lower part of the video,
peak rate of this smoothed transmission schedule. As in SepdB, = B (1 — (C;/F; + I)) amount of the client buffer is
tion 111-A, we choose a cut-off rat€;, where0 < C; < P« I, used to smooth the upper part of the video. Using this method,
and divide the smoothed transmits schedule into two parts: theth the reserved backbone WAN bandwidth and the disk band-
lower part consu;ts of a sequence of partial smoothed framiglth required at the proxy server may be reduced. However,

with size sf’ = sf — (31 —C)t,j = 1,..., N;; and the the amount of reduction will depend on both the cut-off i@te
upper part conS|sts of a sequence of partlal smoothed franaesl the video characteristics.
with size 57* = (5 — C;))*,j = 1,..., N;. The upper

part will be duplicated and staged at the proxy server wheréas EmPpirical Evaluation

the lower part will remain stored at the central server. Hence,In this section, we empirically evaluate the video staging
during the playback of video, only 7; = C;/F amount of methods presented in Section IlI-B. The evaluation is carried
backbone WAN bandwidth is reserved for the transmissiaut based on simulation using MPEG-1 traces. Two MPEG-1
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