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Distributed Servers Architecture for Networked
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Abstract—In an on-demand video system, the video repository of the repository. Such capacity can be increased by using a
generally has limited streaming capacities and may be far from the - hierarchy of servers, in which multiple streaming servers cache
users. In order to achieve higher user capacity and lower network the movies delivered from the repository and stream them to

transmission cost, distributed servers architecture can be used, the users. If the streamina servers were co-located with the
in which multiple local servers are placed close to user pools and, : 9

according to their local demands, dynamically cache the contents repository, the transmission cost incurred in streaming videos
streamed from the repository. We study in this paper a number to remote users might be high. To overcome this problem, as
of caching schemes as applied in the local servers depending onyell as to take advantage of the access locality and demand
whether the repository is able to multicast movie contents to the characteristics of the user pool, the streaming servers may be
local servers or not, and whether the local servers can exchange laced cl to th lust thus f . “distributed
their cached contents among themselves or not. Our caching place Cose. 0 the user clus er;, - us forming a “dis '_" ute
schemes keep a circular buffer of data for the movie requested, S€rvers architecture.” Such a distributed servers architecture
and hence movies are partially cached. By adjusting the size of in fact has been discussed previously [3], [5]. The system is
the buffer, such caching is able to achieve better tradeoff between gple to achieve scalable storage and streaming capacities by

network channels and local storage as compared to the traditional 'y qucing more repository servers and local servers as the
caching in which a movie is treated as an entity. For each caching traffic increases

scheme, we study the tradeoff between the local storage and the A o . . . .
network channels, and address how the total cost of the system \We consider in this paper that a cost is associated with storing

can be minimized by appropriately sizing the buffer. As compared a movie in a local server depending on how much and for how
to a number of traditional operations (request batching and |ong the storage is used (such a “storage utility” model is in fact
multl_castlng,_true-VOD, etc_:.), we show that distributed servers being offered by some companies, in which one gets storage
architecture is able to achieve much lower system cost to offer
on-demand video services. whenever and as much as one ngeds, aqd pays only for what

Index Terms—Caching schemes, distributed servers architec- .on'e uses). Supposg that a 1-GB disk costing today apOUt $200
ture, network channels and local storage tradeoff, unicast and IS I USe for a certain number of hours per day, say, six hours.
multicast, video-on-demand. The disk is to be amortized over a period of one year. The

cost of storage is then given by $200/(365 day$ h/day)=
$0.091/h per GB. Consider the streaming rate of a movie to be
|. INTRODUCTION bop = 5 Mb/s (MPEG-II quality). Then one minute of video
DVANCES in computer and networking technologieslata (of 0.0375 GB) costs 0.091#0.0375= $3.42x 10~%/h
have made on-demand video services (video-on-demard$5.71 x 10~%/min of storage. From above, we see that the

or VOD) a reality. There are many important video servicegiorage cost depends not only on how large the data is, but also
pertaining to entertainment, education, advertising and infan how long it is stored. If we take into consideration the cost
mation, such as movie-on-demand, distance learning, hoghée to data redundancy for fault tolerance (e.g., by means of
shopping, and interactive news [1]-[4]. mirroring or introducing error checking overheads) and the cost

In an on-demand video system (i.e., videos are displayetiserver streams (which may be a function of the storage used),
upon user request with negligible delay), a number of repositdije storage cost would be higher.
servers such as tertiary libraries or jukeboxes (collectively re-Furthermore, we consider that a cost is associated with
ferred to as a repository) store all the video contents of inter&tteaming a movie from the repository to the remote users. The
to a large number of geographically distributed users. If videegst of the network channel may range from low (e.g., when the
were to be streamed directly to the users, the user capaditiernet is used) to quite high (e.g., when satellite channels are
in the system would be limited by the streaming capacitysed). In Table I, we show some values of the channel cost per

Manuscript received January 21, 2000; revised July 20, 2000; approvedrpmme’ﬁ (f_or the paseﬁ = $0.03/(minchannel), the delivery
IEEE/ACM TRANSACTIONS ON NETWORKING Editor E. Biersack. This work of a 100-min movie costs $3, a reasonable cost for on-demand

was supported in part by the Center for Telecommunications at Stanford Univeervices). Also shown is a parametegiven by the ratio of the

sity, and by the Areas of Excellence (AoE) on Information Technology funde# ; ; —5 [i
by the University Grant Council in Hong Kong, and by a Direct Allocation Gran orage cost given above (i.e., $5110~"/min of storage for

of Hong Kong Research Grant Council. This work was presented in part at feL-MiN video clip) ta? (v is hence the relative cost of storage
IEEE International Conference on Communications, June 1999. with respect to that of the network channel). From the table, we

S.-H. G. Chan is with the Department of Computer Science, Hong Ko ; —4_10=2 (i ;
University of Science and Technology, Kowloon, Hong Kong (e-maillq?éi;ée thaty likely ranges from10 107 (in channel/min, or

gchan@cs.ust.hk). simply, in /min) for on-demand services.
F. Tobagi is with the Department of Electrical Engineering, Stanford Univer-

sity, Stanford, CA 94305 USA. 1in this paper, we use the terms “movie” and “video” interchangeably to refer
Publisher Item Identifier S 1063-6692(01)03234-4. to a file of long streaming duration, say, more than 30 minutes.

1063-6692/01$10.00 © 2001 IEEE



126 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 9, NO. 2, APRIL 2001

TABLE |
VALUES OF 3 AND y (BASED ON 1 GB Disk oF $200, AMORTIZED OVER A
YEAR WITH USAGE OF6 H/DAY, AND by = 5 Mb/s)
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Fig. 2. Distributed servers architecture for networked video services.

o s 100 10 ZOO\Moviisﬁdexi a0 as0 a0 40 soo While some others are not popular at all, with an average of less
than one concurrent user. As the skewness increases, the differ-

Fig. 1. A for movie: in a video system with 500 movies and= 4000 req/h  ence in popularity between titles also increases. The request rate

(geometric video popularity). of a movie can differ quite markedly by orders of magnitudes.

In a distributed servers architecture, the local servers may

Consequently, there is a tradeoff between using a long-h&@t be able to exchange information among themselves due to,
network channel to deliver a movie and storing the movie Idor example, limited processing capacity (for frequent content
cally (thus saving on communication cost): if the demand f&xchanges and updates), network limitation (e.g., disjoint net-
the movie is high, we should store the movie locally so as nérks or limited network capacity), or a lack of incentive to
to incur too often network transmission cost; on the other harfR so (e.g., uncooperative service providers or security issues).
if the demand is low, we should stream the movie directly frofaach of the local servers therefore obtains its movies only from
the repository (the so-called “true-VOD” case) so as not to inctlte repository and operates independently from each other, and
too much local storage cost. For the movies of intermediate pdpe repository has to unicast the movies to the local servers.
ularity, we should cache thepartially in order to achieve the This is shown in Fig. 2 for a cable-TV system, in which the
tradeoff. head-end servers serve their local communities through coaxial

Since some movies are popular while others are not, and taeal drops while the central repository unicasts the movies with
popularity may change over time, there is a need to decide whié use of network channels such as the Internet or satellite chan-
movie and how much of the movie should be cached localRgls.
given its request rate in order to minimize the system cost. GivenOn the other hand, a service provider may set up a number of
the dynamic nature of the request rate, it is important that suleigal servers, each serving a region. If multicast network chan-
a decision be made continuously over time. (In other wordsgls are available, they can be used to deliver videos to the local
the repository and local servers may have to be constantly egrvers to decrease the network channel requirement and cost.
changing movies.) For instance, the introduction of a new led-local server can get its data by joining any existing multicast
ture or movie title can change the popularity of some moviegioups.
thereby making some no longer worth storing locally. As an ex- To further decrease the long-haul transmission cost, the locall
ample, consider a geometric video popularity model in whickervers, instead of always obtaining the data from the reposi-
the access probability of the movies follows a geometric disttisry, can be connected by a network so that they can commu-
bution (i.e., the ratio of the request rate of movie moviei —1  nicate and exchange their data with each other. This is possible
is a constant less than or equal to 1 [6], [7]). We show in Fig.for servers co-located in, for example, a campus network, an
the request rate for movidan a system of 500 titles with the ag-entertainment network with cooperative service providers, or a
gregate request rate = 4000 reg/h given different popularity private enterprise network. In general, the transmission cost be-
skewness indicated by/m (the notationr/m represents that tween the local servers are low relative to that from the reposi-
7% of the requests ask fat% of the movies). We see that someory. By buffering part of the streamed data, the servers can serve
movies are very popular, with an average of tens to hundredgioé subsequent local request(s) among themselves, hence con-
concurrent users (assuming a movie length of, say, 90 minute®rving bandwidth from the repository to the server network.
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The repository may multicast movies to the local servers, ordiffer by studying theongoing runningcost of a video system.
may unicast the movie to a particular local server, which in tu®chaffa and Nussbaumer study a distributed video system in
unicasts/multicasts the movie to the other servers using the nehich servers are configured as a hierarchical balanced tree,
work between the local servers. and all video files are replicated at a certain level in the tree [8].
In this paper, we study a number of caching schemes as u¥gdile the paper studies the symmetric case in which request
in the local servers. All schemes employ a circular buffer so thiattes across the servers at a given tree level are the same, we
data is stored in a local server for a certain maximum amountrmfike no such assumption here. lge al. [9] and Little et
time, hence keeping only a portion of the movie locally (i.eal. [10] consider a video system in which video files can be
partial caching). In other words, the schemes keep a windawplicated in order to reduce user loss rate. All the work above
along the movie playtime, so that all requests arriving withitieat a video file as a single entity, and hence a movie is either
the window are served directly from the local cache (known @smpletely stored in a local server or not at all. We consider
a cache group. (Keeping a window of the movie in the localhere partial caching, which achieves better tradeoff in storage
server also offers some limited degree of interactivity to thend bandwidth.
users.) Clearly, the larger is the window/buffer, the larger is Papadimitriouet al. [L1] consider a reservation system in
the storage requirement in the local server and the lower is tlvhich a central repository delivers videos through a series of
network channel cost. Therefore, by adjusting the size of teaching nodes. Given a prespecified viewing schedule, the
window, the network channel and local storage can be effescheduler determines when, where, and how long a file should
tively traded off with each other. We consider a network withe cached in a storage node so as to minimize the total cost.
the channels properly sized so that channels can be acquiredDam work differs in that we consideon-demandservices.
demand (i.e., the probability of running out of channels is loWang et al. [12] consider movie transmission by storing the
and can be ignored). We also consider that the latency in thrsty” portion of a movie in a local server so as to reduce
central repository is low and can be ignored. the requirement in the network bandwidth (hence achieving
In a distributed servers architecture, the service provider magdeoff in local storage and network bandwidth). Our work
pay for the costs of the transmission from the repository amddes not assurreepriori knowledge of the bandwidth profile of
the local storage. In this case, it is important to examine tlaevideo as in the work. Daet al.[13] consider load-balancing
conditions under which a movie should be stored so as to missues among multiple disks in a server. A movie stored in
imize the total cost, given its request rate and the cost fure-disk is divided into a number of segments. Depending on
tions of storage and network channels. We show that for utiite load of a disk, the segment can be dynamically replicated
cast delivery, if network channel cost is linearly dependent da one of the other disks to increase the throughput. Though
its holding time, movies should be either entirely stored or npartial movie storage is considered, network bandwidth issues
at all and we give the cutoff point in the request rate for thigi.e., its requirement and tradeoff with the storage) have not
On the other hand, for multicast delivery or communicatingeen addressed.
servers, the optimal strategy is to use a circular buffer to cachéVe differ from all the above work in that we study using
the movie partially. Multicast is able to lower the system costulticasting and server caching to deliver video data to the
compared with the unicast case for a certain range of arrivatal servers, and consider a number of ways to cache the
rate. If servers can communicate with each other, the systemilticast streams. The use of caching in multicast network has
cost can be greatly reduced. We show that, by taking advantdgen previously studied in the context of “client buffering,”
of the current low storage cost, the distributed servers architée-which a user buffers video streams so as to decrease the
ture is able to achieve much lower system cost (by an orderraftwork transmission cost [14]-[22]. We study here “server
magnitude or so) than a system based on request batching eaching,” in which the server caches data on the client’s behalf
multicasting, while offering on-demand services. (and hence a client does not need any buffering). Such a
This paper is organized as follows. After a brief review ofechnique leads to storage sharing (and hence a decrease in
the previous work in Section Il, we describe in Section Il théhe overall storage cost), and some new operational schemes
caching schemes studied in this paper. In Section IV, we analygech as the prestoring and precaching schemes in this paper).
the schemes in terms of their storage and channel requiremeSgsyver caching was previously studied to offer user interactive
and how their joint costs can be minimized. In Section V we pra@apabilities [23]; we differ in studying distributed servers
vide illustrative numerical results and comparisons, and in Sexrchitecture for on-demand services, and examine analytically
tion VI we compare the cost advantage of a distributed servéhe tradeoff between storage and network channels.
architecture with respect to a number of traditional video sys-

tems. We conclude in Section VII.
I1l. CACHING SCHEMES

In this section, we describe the caching schemes studied.
We begin by describing a scheme in which the repository

We briefly discuss previous work as follows. Barnett andnicasts video contents to each local server. Then we describe
Anido [5] compare theetupcost of a centralized video systemthe schemes for multicasting. Finally, we describe a scheme for
with a distributed one. Given certain cost functions in storag®mmunicating servers. Since storage and network channels

and streaming, they show that an optimally designed distributean be acquired on-demand, the servicing of requests pertaining
system may achieve lower cost than a centralized one. Wéea given movie is independent of the servicing of requests

Il. PREVIOUS WORK
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Fig. 3. Scheme for unicast delivery.

for other movies; therefore we can focus our discussion on a
given movie. We assume a sufficiently stable networks, and
fault recovery and service interruptions in the process of video
transmission are not the issues (and hence are not discussed).

A. Unicast Delivery

Since the local servers are operated independently in this
case, we can focus on an arbitrary local server with a fixed
buffer for each movie. To describe the scheme, let us consider
that initially no user is being served in a local server and no
movie is cached locally. (For illustration, please refer to the
timing diagram in Fig. 3, in which we show a repository and

two local serverd.S; andLSs.) An arrival at the server leads
to an allocation of a network channel of duratidp minutes

to stream the movie from the repository to the local server,
while the local server caches the data with a circular buffer
of size W minutes (the lightly shaded boxes in the figure).

The window sizeW is hence the data lifetime in the local

server ) < W < o). The beginning of the movie is replaced

after W minutes, and hence all requests (including the first
one) arriving within the window form a cache group (i.e., they
are served by the local server with the allocation of a single

network channel). Arrivals more tha# minutes from the first

user in the cache group start a new stream. Clearly, the number
of streams needed in the repository at a time is the sum of all

the opened (active) channels at that time.

The buffer requirement can be further reduced if, after we
have collected a cache group, we “trim the buffer” (by cutting
W) and keep only the amount of buffer enough to serve the first
and the last arrival in the group. This case has been examined
in [24], and it is shown that the saving is not very significant
and hence will not be discussed in this paper. (Another way is
to dynamically adjust the window size according to the arrival
pattern. It has also been shown that such a scheme performs

similarly with the case discussed here [24].)

B. Multicast Delivery

We consider the following two schemes, depending on
whether a certain portion of the movies are permanently stored

in the local servers or not.

W w_
m.m,mj‘_rtﬂ_]_‘_im,—m
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e Prestoring: A local server stores permanently the
leading portion (the “leader” [7]) of each movie. Let
the leader size b& minutes. There is a corresponding
periodic multicast schedule from the repository for the
movie with slot intervallW’ minutes. At the beginning
of each slot, the movie is delivered from & minutes
onwards till its end. (For illustration, please refer to Fig. 4
for a system with a repository and two local servers
LS; and LS,.) All requests for the movie arriving at a
local server within a multicast interval are first served
by its leader at their respective local servers. In the slot
following the requests, the repository multicasts the
remainder of the movie (of duratidf}, — W minutes) to
all the local servers which have requests in the previous
slot. Since the requests are offset in time, the local server
has to cache the multicast streams with a buffer of size
W minutes (lightly shaded in the figure) so that, after the
display of the leader, the cached data can be used to serve
the requests. If there is no request arriving into the system
within a multicast interval, the multicast of the movie in
the following slot is canceled. Clearly,i# = 0, we have
a true-VOD system (in which the repository serves the
requests directly on the demand basis).

» Precaching: In precaching, there is no storage perma-

nently laid aside in the local servers; instead, a local server

decides in advance if it should cache a multicast movie

(i.e., precache) or not. If data is cached, future arrivals

can be served from the local cache; however, if there is

no arrival within the window, the buffer would be wasted.

If data is not cached, the repository has to serve the re-

quests directly on the demand basis with a unicast stream

(i.e., the true-VOD case). We consider the following two

schemes depending on whether the multicast schedule is

preset (the “periodic multicasting with precaching”) or re-
quest-driven (the “request-driven precaching”).

In theperiodic multicasting with precachinthe reposi-
tory multicasts a movie from its beginning at regular inter-
vals of W minutes and a local server precaches the movie
using a circular buffer oV minutes. (We show in Fig. 5(a)

a case in which the local servefss; and LS, both pre-

cache data.) If there is any request arriving within the first

W minutes of the movie multicast, the request is served

from the local cache (cases indicated by the lightly shaded
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be served locally. Another request for the same movie arriving
at another local server (servess) within the window obtains

its data directly from servek.S; instead of from the repository.

: LS, inturn buffers the data for a tinl® minutes. A later arrival

' ' : in LS, can then be served fromS, by a “reverse” transfer. In

[ Deliver 10 1.52
| Multicast o LS1 and LS2
[ Multicast to LS1 and LE2
| T
]

time

Repository

Local server LS1 ' : ime this way, video data can be relayed from one server to another

y w ; w : A
Local server LS2 — &\\\\\\\\\\\\\N - time

------ = Data transfer
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(b)

Fig. 5. Precaching schemes for multicast delivery. (a) Periodic multicasti

with precaching. (b) Request-driven precaching.

to form a “server chain” (the so-called “chaining”). The chain
is “broken” and a new network stream is allocated when two
successive buffer allocations in the system are offset in time by
more thari¥ minutes. Note that the buffers in the local servers
are not shared (i.e., there is no united cache for all the servers).

IV. SCHEME ANALYSIS

In this section, we analyze the storage and channel require-
ments for each caching scheme. As mentioned before, it suffices
%8 consider the single movie case. In the following, we focus on
a movie of lengthl; minutes, with streaming ratgy MB/min

nd its request process being Poisson. We are interested in the

boxes in the figure) and the multicast stream will be he@
for 73, minutes; otherwise, the buffer would be flushed and
the multicast stream would be aborted at the end oftthe
minutes (cases indicated by the darker boxes in the figure).

The request-driven precaching very similar to the
above except that movie multicast is initiated on-demand *
upon the arrival of a request. We illustrate this scheme in
Fig. 5(b), in which both_..S; andLS; precaches data for a
time of W minutes. Clearly, the start of multicast streams
is driven by request arrival. All requests arriving within the
precaching window in a local server can be served from
the local buffer (cases indicated by the lighter boxes). If
there is no arrival within the window, the buffer is purged
(indicated by the darker boxes).

L]

C. Communicating Servers

In this case, video data can be transferred from one server
to another using the server network. To describe the scheme,
let us consider that initially the system is empty without any
cached data and requests. (We illustrate the scheme in Fig. 6 for
a system with two local servers.) A request arriving at a local
server (serveL.S;) leads to the unicasting of the movie from the
repository to the local server, which buffers the data for a time
W minutes so that local requests arriving within the window can

llowing performance measures.

The average number of network channels (or concurrent
streams)S used to serve the movie from the repository to
the local servers.

The average buffer requirement (in video minutes) for the
movie in the local server, B; (1 < i < N,, whereN, is

the number of local servers in the system).

The total system cost consisting of the channel cost and
local storage cost (the streaming cost from the local
servers to their peers and users is considered relatively in-
significant and hence is ignored). For illustrative purpose,
we consider linear storage and channel cost, though other
functions can be as well used in our analysis. L&k the
cost in using a network channel in $/(michannel), and

a be the storage cost in $/(mMB). The total system cost

is the sum of the storage cost in all the local servers and
the network channel cost. Given that there afelocal
servers, the total average cost is thég Zf;sl B, +35.
Defining C as the normalized cost with respecttand
recalling thaty £ bocr/ 3, we have

@)
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TABLE I
NOMENCLATURE USED IN THISPAPER
Symbol Meaning
Th Movie length (minutes)
bo Streaming rate of the movies (MB/min)
a Storage cost ($/(min-MB))
8 Network channel cost ($/(min-channel))
0 2 boa/ B, storage cost w.r.t. channel cost (channel/min, or simply, /min)
N, The number of local servers in the system
Ai Request rate for a specific movie in the local server ¢ (req/min)
A Total request rate for a specific movie in the system (req/min)
A Total request rate for all the movies in the system (req/min)
B; Average buffer used for a movie in the local server ¢ (minutes)
S Average number of repository channels used for a movie
C The total cost of the distributed architecture ($/min)
¢ Normalized total cost of the distributed architecture w.r.t. 3

Obviously, for the true-VOD case, the buffer requirement is « Prestoring: Serverhas to storé¥ minutes of movie per-

zero andS is given by the total arrival rate for the movie times

'y

We summarize in Table Il the symbols we use in this paper.

A. Unicast Delivery

In this case, we can focus on an arbitrary local server (and
hence drop its index). Requests for the movie arrive at the
server with rate\ reg/min. Clearly, the average interval between

successive network channel allocations is giveriiy 1/A;

therefore, the average number of channels used is, by Little’s

formula
Th

5=_h
W+ 1/

)

Note that the buffer of siz&” minutes is held in the server for
the duration off;, minutes. Since such a buffer is allocated on
average once evefy’ + 1/\ minutes, by Little’s formula, the

average number of buffers allocatedig(W+1/))73; hence,
the average buffer size is
Th
W+1 /)\W
AW,
STw @)

We clearly see from (2) and (3) that = A1}, — AB, which
yields

E:

o =yB+S
=(y = ANB + \T. 4)

Therefore, for linear cost functions, minimizinfg means that

we either do not cache at all (the case corresponding<oy,

making B = W = 0) or we store the whole movie in the local

server (the case correspondingite> ~, makingi = oo and
henceB = 1}).

B. Multicast Delivery
Let the request rate for the movie in servdre A; req/min

(¢ =1, ..., Ns) and the total request rate of the movie in the

system be given by = 7, A,

manently and, in addition, a variable buffer size depending
on whether any request arrives within a multicast interval.
If there is an arrival, a buffer of sizB” minutes is held
for atimeT};, — W minutes. Since the probability of an ar-
rivalisp = 1 —e¢~*" the rate of such a buffer allocation
is p/W. Using Little’s formula, the sum of the fixed and
variable parts of the buffer amount is therefore

— 1—e MW
B, =W+—— (T, - W)W
+ W ( 1 )
=W+ ({1 —ec NN, -W). (5)

RegardingS, recall that a stream is held for a tirfig — W
minutes if there is an arrival within a multicast interval
(with probabilityp). Using Little’s formula again, we have
— AW

S= 1 — (@-W). ©
Precaching: We first considgeriodic multicasting with
precaching If there is no arrival withiniW” minutes in a
local server (with probability=—*:*"), an average buffer
size of W/2 minutes would be held foi/” minutes; oth-
erwise, a buffer size df” minutes is held foff;, minutes.
Hence, the average storage used is

— MWW 1MW
B; = Wt —— T,W.
W 2 T w !
W .
=MW - - ™M, @)

Regardingg, if there is no request arriving within the mul-
ticast interval, the multicast stream would be aborted after
W minutes; otherwise it would be used for a tiffiemin-
utes. Therefore

1

g = W (C_)\VVW + (1 - C_)\VV)T}L)
) T
— — AW 1 _ — AW _h. 8
g (1) ®

Note thatlimw —o.S = AT}, + 1, which is one stream
more than the true-VOD case. This is expected because
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whenW — 0, streams are “started and aborted” continu- Therefore, the average buffer size used in the local
ously and such wastage amounts to one full stream. serveri is given by

The decision problem on whether a server should pre- o 1 W2
cache or not can be formulated as follows. We associate B, = Wi | + A —m) W . (1)

with serveri a decision variable; with z; = 1 meaning
that the server precaches and= 0 otherwise. We mini- C. Communicating Servers

mize the system cost by solving the following for the mul- )
ticast schedul& * and variabler;: We consider that there are many local servers (M.rea-

sonably large) so that a subsequent request likely comes from
a different server. Since the average number of concurrent re-

minimize N quests is\T}, the average buffer requirement in the system is
~ z_: <? AW (1 = A )Th> . given by -
i=1 B = \T;,W. 12)
N, N, _
+ exp <— > )\ia:iW> <1 -] - wi)) We next obtainS. A request extends the chain if its arrival
i=1 i=1 time falls within W minutes from the previous one, i.e., with
N, probabilityp = 1 — e~V Therefore, the average interarrival
tl1—exp|— Z N W I time of the requests given that the successive requests are within
— w W minutes is
: 1 v
N T, =~ / Aze ™ dz
+Z)‘iTh(1 —a:i), P Jo
i=1 1 w
It == — ——. 13
w.r.t T oW1 (13)
_ W, 21, 22, ..., o, Note that each such arrival extends the time which the video
subject to data stays in the network by, on averagg,minutes. The av-
W >0,z €{0,1}, fori=1,..., N, erage time data is kept in the server network is hence given by
where the first line of the objective function is the total L=Y p'(l—p)ila+W
storage cost, the second and third lines correspond to the i=0
total network channel cost due to precaching servers (the =T, + W, (14)

product term simply says that if all the servers do not pre- . .
cache, the overhead term given by the exponential does no'll'herefore, the average interval between successive channel

exist), and the fourth line is the network channel cost didlocation is
to those nonprecaching servers (i.e., the true-VOD case). T — L+ 1 (15)
Note that for uniform load (i.e A; = A\/N;), the solution ® A
of the above is greatly simplified: either alf = 0 (all g | jtie's formula, the average number of concurrent streams
servers do not precache).or = 1 (all servers precache). ;g given by

We now considerequest-driven precachingnd that

all servers precache (the decision problem whether a g Ty (16)
server precaches or not can be posed similarly as above). T,

In this scheme, the average time between successive
chan,nel allocation is given bW + 1/A, and hence (by V. ILLUSTRATIVE EXAMPLES AND COMPARISONS
Little's formula)

In this section, we compare the optimal window siz&

T3, © given A in order to minimize the system cost.

ST

A. Unicast Delivery

In alocal server, the precached data (of average amounRecall that in unicast delivery, the tradeoff betweand B
of W/2 minutes) is flushed at the end Bf minutes if no  given \ is linear with slope-, and for linear cost function the
request arrives within that time (which occurs with proboptimal caching strategy is either not storing the movie at all
ability ¢=**") andthe stream is not started by the servefcorresponding tdv* = 0) or storing the movie completely
(which occurs with probability — A; /). Since the two (corresponding td%* = o), depending on whether < ~ or
events are independent, the probability that the precachgst, respectively. We show in Fig. 7 the break-even request rate
data is flushed is given by with respect toy. If A of a movie is higher than the break-even
rate, the movie is stored completely in the local server; other-
. <1 B ﬁ) . (10) wise, true—VQD is used. We clearly see that wheis low (i:e.,
Y storage cost is cheap compared to the channel coatjsanigh
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Fig. 7. Relationship betweexand+y to minimize the system cost for unicastFig. 9. W * versusA for prestoring (V, = 20,y = 0.002/min, and7}, =
delivery. 90 min).

Cost
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Fig. 8. C, S, and~vB versusW for prestoring & = 5 reg/min,N, = 20,

~ = 0.002/min, andT;, = 90 min) Fig. 10. W* versush\ for precaching{ = 0.002/min, N, = 20, andT}, =
| ’ . = .

90 min).

(popular title), the movie is likely to be entirely stored at th

Rost becomes relatively more expensivé)® decreases and
local servers.

increases.
We show in Fig. 9v* as a function ofy, using the same pa-
rameters as before. AsincreasesW* increases quite sharply
We first consider prestoring. We show in Fig. 8 the normaknd then remains quite flat. In the flat region, the movie is par-
ized cost (with respect t@) of streaming, storage, and theirtially cached. There is a minimurk below which prestoring
total with respect to the buffer sidé’, with N, = 20, A = 5 is not worthwhile because of the low popularity of the movie
reg/min,y = 0.002/min, 73, = 90 min, and uniformly loaded (corresponding to the true-VOD case). There is aladayond
local servers. A3V increases, the number of network streamshich the movie should be entirely stored at the local servers
required (and hence network cost) decreases. WHeg 1;,, (corresponding t&V* = 90 min).
the movie is entirely stored in the local server and hence there i8Ve next consider precaching. We show in Fig. 10 the optimal
no need of network channels to stream movies from the repd8= as a function of\ for the cases of periodic multicasting
itory. On the other hand, @& increases, the storage cost inand request-driven precaching (uniform server ldae: A/N,,
creases from zero to a total 9V, 7},. Regarding the total cost v = 0.002/min, andZ; = 90 min). As before, there is.abelow
C, it first decreases quite sharply to a minimum and then risedich there should be no precaching at all (corresponding to
slowly (the rise is more marked #f is higher). Clearly, there W* = 0, the true-VOD case) and &above which the movie
is a W* which minimizesC. As ~ increases (i.e., the storageshould be entirely stored (correspondingtt’ = co). For A

B. Multicast Delivery
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Fig. 11. W™ versus\ for chaining ¢ = 0.002/min, andZ;, = 90 min). A rea/h)

Fig. 12. Comparison of * versus\ for the proposed caching schemes
somewhere in between, the movie is partially cached With 0.002/min, and7}, = 90 min).
remaining quite constant.

(See [2], [25], [26] and references therein for more details.) If
C. Communicating Servers users can tolerate a certain maximum delaygf,, minutes,

We plot in Fig. 11WW* versus\ for communicating servers, the batching period can be set to be no more thap, minutes.
with 73, = 90 min andy = 0.002/min. Again, we see that YWe may use a batching scheme in which the first user following
when\ is low, the movie should be directly streamed from th@ movie showing starts a batching window of si¥e= Diax,
repository (i.e., the true-VOD case). AsincreasesiV* first at the end of which the movie is multicast to all the requests
increases rather sharply so that requests can be chained naéf¥ing within the window. By Little’s formula, the average
effectively, and then decreases due to the fact that the higheimber of streams required given the movie's request Xate
request rate makes a chain easier to be formed, leading to a lo@ed hence the normalized total system cost (because there is no
buffer requirement. storage cost), i§ = €' = 73, /(1/A\ + Dinax) [26].

We f|na||y compare the 0pt|ma| cost for all the schemes we A distributed servers architecture achieves negllglble user
have studied by showing in Fig. 12 th&i* (corresponding to delay by means of streaming servers. This advantage, however,
W = W*) versus), with v = 0.002/min, andZ}, = 90 min. comes with the cost of additional servers and storage. However,
Also shown is the case of true-VOD, whose cost increases IMhen compared with request batching in which the repository
early with \. We have considered for simplicity that the costgirectly multicast movies to the requests, a distributed servers
of unicast and multicast channels are the same. (Note that téghitecture may achieve even lower total system cost de-
certainly do not have to be so and this can be easily taken if@nding on the acceptable maximum user delay and the storage
account given our analysis.) All our schemes achieve lower c69st. This is illustrated as follows.
than true-VOD. For unicast delivery, the cost first follows that of Let us first consider a distributed servers architecture using
true-VOD (W* = 0) and then flattens off at the point at whichthe unicast caching scheme. Léf be the number of servers in
the movie is stored completely at the local servers. We see tHi System, with the request rate at servor a movie being
multicasting can achieve substantial cost reduction when cot- With 3> A; = X. The minimum cost as discussed before
pared with the unicast case only if the request rate is withincan be expressed as

certain (narrow) window oA. If multicast streams are more ex- N,
pensive than unicast streams, the cost advantage of multicastingc = 3™ [yT,u(A — 7) + (1 — u(h — AT (A7)
would be further reduced. Compared with all the other schemes, i1

chaining achieves significantly lower cost. Even if there were
a cost associated with interserver communication, the cost'¢ o
chaining is not likely to be higher than the other systems (un-
less such communication cost is very high).

ereu(z) is the unit-step function withu(z) = 1 forz > 0
ndu(z) = 0 otherwise.
We plot in Fig. 13 the cost of the distributed servers archi-
tecture versus. = N,\; given a certain value olV,v. Also
shown is the cost of a system in which the repository multi-
casts movies directly to the requests (i.e., the “request batching”
system), withD,,,,, = 6 min (we have considered that the cost

In order to increase the user capacity of the repository, refunicast channels is the same as that of the multicast channels).
guest batching and multicasting has been proposed, in whietr values ofV,~ higher than a certain value=(1/D,,,.), the
requests for a movie arriving within a period of time are groupatistributed servers architecture indeed has a higher cost, hence
or “batched” together and served with a single multicast streatrading off system cost with lower (zero) user delay. However,

VI. CosT COMPARISON WITH A SYSTEM USING REQUEST
BATCHING AND MULTICASTING
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Fig. 13. Comparison of versus\ between a system with request batchingFig. 14.  Total cost per minute versiisfor different systemsy( = 0.002/min,
and a distributed servers architecture based on unicast delvgry, (= 6 min, 3 = $0.03/(min-channel),N; = 20, number of movies= 500, 80/20 video
andT}, = 90 min). popularity, Dymax = 6 min, andZ; = 90 min).

with a low enoughV,y (< 1/Dy,.x), the cost lines of both sys-  2) Combined schemé system of a repository andf; uni-
tems cross at formly loaded local servers, with the local servers storing
movies withA > X', and the repository using batching

/ Ny and multicasting to deliver the rest of the movies.

- 1 — NovDoas (18) 3) Multicast (request-driven precaching): A system using
request-driven precaching wittV, uniformly loaded
From the above, we see that if many movies havegher than servers.
X', the distributed servers architecture as compared to a batchingl) Chaining A chaining system with many communicating
system can achieve both lower castllower delay to the users. servers.

This is because distributed servers architecture can effectivelyye show in Fig. 14 the cost versus the aggregate request
trade off the (cheaper) storage cost with the (more expensiygje A, for the systemsi, = 20, Dy = 6 min, andZ}, = 90
network channel cost. To achieve an even lower system cqgfn). From the cases of true-VOD and storing all the movies
we can use a “combined” scheme: whert X" we use request |ocally, we see that when is low, we should use true-VOD,
batching at the repository to deliver movies to users, and fghd whenA is high, we should replicate all the movies lo-
A > ) we store the movie at the local server. cally. Batching reduces the cost substantially as compared to the
As an illustrative example on the cost advantage of a digue-VOD case. However, whehis high, batching actually has
tributed servers architecture, let us consider a system with 59figher cost when compared with replicating all the movies lo-
movie titles of heterogeneous video popularity of 80/20 geeally (because batching cannot take advantage of the low storage
metric movie popularity (refer to Fig. 1) with aggregate arrivadost). Storing the more popular set of movies locally achieves
rate A reg/h, with3 = 0.03/min and~y = 0.002/min (corre- good cost saving for a certain range/nfshowing that naively
sponding to the second column in Table I). We consider fostoring 20% of the most popular set of movies in local servers

“traditional” systems for comparison: does not always achieve good cost saving.
1) True-VOD There are no local servers and the repository OUr unicast case and combined scheme achieve similarly low
serves all the requests on the demand basis. cost. This is expected because batching is not effective for those

2) Batching There are no local servers and the repositofjot-S0-popular movies. Using multicast achieves further reduc-
uses request batching and multicasting to serve all tHgn in cost. However, the reduction in cost is not so signifi-
requests with maximum user del@¥ax. cant, mainly because, as shown before, multicasting achieves

3) All stored locally A system with!V, local servers, each of lower cost only for a certain (narrow) range of movie request
which replicates all the movies and servesV, reg/min. faté (while in this example, the request rate of the movies differs

4) 20% local moviesA system with a repository andr, Y orders of magnitude). Chaining achieves by far the greatest

uniformly loaded local servers, each of which stores tH&ving in cost. We see that distributed servers architecture can
most popular 20% of the movies. achieve lower cost by more than an order of magnitude as com-

, . ... pared with the true-VOD case. It achieves significantly lower
We compare the cost of the ab'ove §ystems with the d|str|bu§%ist than a batching systehile offering on-demand services.
servers architecture proposed in this paper, namely: Such cost advantage is greater when the video popularity is more
1) Unicast A system with a repository an®/, uniformly skewed. AsV, decreases, the cost of distributed servers archi-
loaded local servers using unicast delivery. tecture decreases further because less data is replicated.
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VII. CONCLUSION [9]

In a video system, a number of repository servers store all
the video contents of interest to a large number of geograpH0l
ically distributed users. Due to the limited repository capacity
and likely high transmission cost from the repository to usersj1)
using only the repository to serve the population would not be
cost effective. A better solution is to use a distributed server o]
architecture, in which local servers are put close to user clusters
and cache video contents according to their local demands. By
increasing the number of repository and local servers, this ar-
chitecture achieves storage and streaming scalabilities.

We have studied a number of local caching schemes to offer
networked on-demand video services. The caching schemé&si
pertain to whether the repository is able to multicast data to the
local servers or not, and whether the local servers can exchange;
video contents with each other or not. All of our caching
schemes keep a circular buffer for each movie being displayed
and hence the movie is partially cached. The schemes afe’l
able to reduce the network bandwidth used and, as compared
with treating a movie as a single entity, achieves much bettdd7]
tradeoff between network channels with local storage (and
hence lower overall system cost). We have studied the tradeqffg;
between the number of network channels required and the local
storage required for each scheme. Given certain cost functiong?l
we have addressed how much to cache in order to minimize the
total system cost consisting of the costs of local storage angoj
repository streams.

Generally, the unpopular movies should be streamed directl
from the repository, and the popular ones should be replicate
entirely at the local servers. Movies of intermediate popularity
are likely to be partially cached in the local servers. Multicas-
ting is able to offer substantial reduction in system cost only for[ ]
a certain range of movie request rate. If the local servers can eg3]
change data with each other, the system cost can be significantlgl
reduced. We show that, given today’'s low storage cost, did#4!
tributed servers architecture effectively trades off storage cost
with communication cost. As compared with a system using ref25]
quest batching and multicasting, distributed servers architecture
can achieve both lower overall system cost and lower user delayg
The more skewed the video popularity is, the more saving a dis-
tributed servers architecture can achieve.
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