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Abstract—Distributed servers architecture offers storage and oot
streaming scalabilities for video services. In this letter, we propose Caf:ing
and analyze an on-demand scheme in which the local servers store server

the beginning portion (i.e., the “prefix”) of videos and deliver it
by means of unicast streams to the clients. The clients are able to @k
merge onto on-going multicast streams delivered from the repos- ) il
itory by means of their set-top buffers. Given a certain limited Repository > Network i
o [ Used
\ .

\‘Unicast streams

repository (and thereof multicast) bandwidth, we investigate how
the total cost of the local servers can be minimized. We show that if Network mulicast chamnelS /.
the local storage is the main cost, the size of the prefixes is likely to
increase with the video popularity. On the other hand, if the server

cost mainly comes from streaming capacity, the size of the prefixes

Unicast
stream;
b

Local
caching Local ntwk

is likely to decrease asymptotically with the video popularity. server N @
Index Terms—Client buffering, distributed servers architecture, D o o o LUseN
multicasting, on-demand video services, server caching.  Tse\,

. INTRODUCTION

DVANCES in broadband networking has made the deepository ] ‘ .
livery of video to the home a reality [1]. In a video system ; |

Video mutlticasts for User 3

Video-multicasts from ‘Wi minutes onwards for User [{& 2

repository servers such as libraries or jukeboxes (collectively 1 mw ! plays the m“‘““;"“ movie

ferred to as a repository in this paper) are used to store all t  User! ! : time
videos of interest to users distributed in a network. In order- Start a muliast stream User 2 plays i‘:novie from it bufer
accommodate a large number of concurrent users, requests e Short UQstream ! ,
the same video can be served with a single multicast strez User 2 caches the multicast movie e
In spite of this, for a large user pool, the streaming requir J—DUser3playsmovieﬁom its buffer
ment of the repository can still be high. Furthermore, since tt  user3 Short UC tteam o
repository may not be co-located with the users, the netwao Start & multicast stream

transmission cost may be high. Distributed servers architectt
is hence proposed to address the above problems [2]. In tr
system, local or satellite servers are placed close to user clus- ®)

ters so as to pre-buffer or pre-cache videos according to thefr. 1. The system (a) and operation (b) for a distributed servers architecture
local demand. In this way, by increasing the number of repodfiih local caching servers and client buffering.

tory servers, we achieve scalable storage; and by increasing the
number of local servers, we achieve scalable streaming capadf/fVer. larger caches should be allocated to those more popular

Clearly, there is a tradeoff between the limited repositoﬁf}deos- On the other hand, if streaming is the main cost of a
bandwidth and the cost of local servers (consisting of their toffver, smaller caches should be allocated to those more popular
storage and streams)—the lower the available repository baNfleos. While most of the previous work on video services fo-
width is, the higher is the cost of local servers. It is therefore infUSes on either client buffering (see, for examples, [3]-{10]) or
portant to address how to minimize the cost of the local servéi@/Ver caching (see, for examples, [2], [11]), we consider for the
given a certain (limited) repository bandwidth. In this papefirst time how server caching and client buffering can be jointly
we consider an operation of such a distributed servers arcFi‘P-mb'ned in a distributed servers architecture for on-demand

tecture. Our results show that, if storage is the main cost oflg-» Zero-delay) service, and its cost optimization issues given
a certain target arrival rate that the system is designed under.

bUC stream: “unicast” stream
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the “prefixes”) of the videos and each client has a buffer of lim- In general the total server cost is a function of its total storage
ited size. In order to provide on-demand service, the local sengiven by ¢ = °°_ SN W, = §3° 7 W;, and its total
unicasts the prefixes of the videos to the users upon their arrivtteaming given by/ = % ™ 17, = SN AW,
While receiving (and playing) its unicast stream, the client cabenote f(C, U) as such cost functioh.Our cost optimiza-
use its buffer to cache an on-going stream multicast from tkien problem is hence to findV;* such thatf(C, U) is mini-
repository. Once the play-point of the video is available fromnized, subject to a certain constraint on repository bandwidth
the client’s buffer, the unicast stream from the local server cz{@f;vl M; < N, for some value ofV,. This problem can be
then be relinquished and the client is said to be “merged” witdblved by considering the Lagrangian functibn
the multicast stream. Therefore, the unicast streams as provided
by the local servers are “transient” in nature and of short dura- Al

We consider that there are enough streams in both the local =1
servers and the network so that the probability of running oyhere is the Lagrangian multiplier depending on the system
of such streams is negligible (a requirement for on-demand sggrametersiv; can then be solved by settirtf./oW; = 0
vice). Under this condition, the servicing of a video is indepermd using the constraift, M; = N.,. As illustrative examples,
dent of the servicing of the other videos, and we can focus oy consider two simple cases in which the server cost mainly
discussion on a particular vidéavith length}, ; minutes. We  comes from either storage or streaming and can be modeled by
show the operation of the system considered in this papergninear function, i.e., eithef(C, U) = Cor f(C,U) = U
Fig. 1(b). Letl¥; be the prefix length for the video, which alsqthe proportionality constant has been absorbed without loss of
corresponds to the buffer allocated at the user’s set-top box. §lnerality).
the three users arriving into the system are first served by theirzor storage optimization and the case of general interest

respective local servers for a time¥df; minutes. The first user Ty,.: > W;, the Lagrangian function can be approximated by
after the start of a video multicast initiates (or “pulls”) a new

multicast from the repository at a tinfi€; minutes later (as the N, Ny

maximum amount of data that a client can prebuffé#ismin- L=~SY Wi+g <Z )\iTh,i/(l + A Wi) — Nc>
utes). The multicast from the repository streams from video seg- i=1 i=1

mentW,; minutes onwards. Clearly, while the other clients arehich yields

being served by the unicasts from their respective local servers,

the multicast would be started which the clients cache for their N 1
later use. Wi = VK- N “)
B. Analysis whereK; = ¢13,; andg = (3, \/Tn,:/N.)?. Note that if the

. : , movie lengths are roughly the same, the equation indicates that,
In this section, we analyze the system in terms of the storage

X i order to minimize the (storage) cost of the local servers, the
and streaming requwgments at t_he local SErvers and CONSIGEfix length should increase with video popularity. This is ex-
hqw the cost can be minimized, given a certain repository bangs ted because keeping a larger prefix for those popular videos
width (which also corresp_onds Fo the multicast channels use@ads to more significant decrease in the repository bandwidth
Let N, be the number of videos in the system, #hide the total requirement.

number of local servers. Requests for videmrive at the local Regarding the optimization of streaming cost and considering

.:ervers /(1 sss S)I a,ccfordlnglj tos Poisson process with .ratsr:e general case of interést ; > W;, itis not difficult to show
i. req/min. By Little’s formula, the unicast streams requireg} - tollowing similar steps as above,

at the local serves is clearly given by

v K] 1
Ui,s = X, s Wi 1) Wi = v DYV ®)

We further define the aggregate request rate for vides wherek! = ¢/7}, ; andg’ = (>, VAT, i /N.)?. The equa-
S % Shy ) i idh,i c) -
Ai = ;gl Ai s and the overall external request rate agon says that if the movie lengths are roughly the same, as
A=300 A _ _ _ _ ~opposed to the case of storage minimization, the prefix length
We next derive the repository bandwidth required for videgecreases asymptotically with video popularity. This is again
i givenW;. The average interval between successive multicastpected since keeping a smaller prefix for popular videos de-

channel allocation is given biy; + 1/; (as the average inter- creases the local streaming requirement.
arrival time of requests is/\). Since each multicast channel is

held for a duration off}, ; — W; minutes, by Little’s formula, . 1LLUSTRATIVE NUMERICAL RESULTS
the number of multicast streams (and hence the repository band- . . ) .
width) required for the video is given by We consider a system in which the access probability for

video: is given byy;, wherey; is Zipf-distributed, i.e.p;

T W 1/4¢, for some parameter Therefore, the request rate for video
h,i — @

M, = ==

W+ 1N @)

INote that we factor in the cost of the repository by adding it iff6’, U).
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T}, = 90 minutes, N_ = 2030, { = 0.729, N, = 200, S=10, A = 500 reg/hr
8.8 T
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Fig. 2.
storage minimized.

T, = 90 minutes, NC =2030,{=0.729, N, =200, S = 10, A = 500 req/hr
14 T

w (minutes)

Xi {req/min}

Fig. 3. W versus\; in the distributed servers architecture, when streaming [6]

is the main server cost.

¢ is given by, = ;A reg/min. As a baseline, we consider a [7]

system withA =
91 1, = Tn =
S = 10.

500 reg/min, N, = 200, ¢ = 0.729 [8],
90 minutes for all videosN, = 2030, and

We first consider the case that the storage cost is minimized

We show in Fig. 2 the optimal prefix lengtV;* minutes for

video ¢ (corresponding also to the client buffer size) with re-
spect to);. As noted before, the more popular a video is, thel10l
larger is itsW;, which flattens off as\; increases (the graph [11]
terminates at the lowest and highest video request rate in the

W vsersus\; for the distributed servers architecture, with the local
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system). Clearly the client buffer does not have to be large (less
than 10 minutes in this case). With respect to minimizing the
cost of local streaming, we show in Fig.18; vs. A;. As op-
posed to the previous cad&;* now decreases with video pop-
ularity. Similar to the previous case, the client buffer does not
have to be large{20% of the video length).

IV. CONCLUSIONS

We have studied in this paper the use of distributed servers
architecture to achieve both storage and streaming scalabilities.
We consider an on-demand system in which the local servers
store the beginning portion (i.e., the “prefix”) of the videos
and serve users on-demand using short unicast streams. The
remainder of the video is delivered from the repository in a
multicast manner. By means of buffering, the clients merge
onto the ongoing multicast streams. We have analyzed an
operation of the system, and investigated how the total cost of
the local servers can be minimized given a certain repository
kor multicast) bandwidth. We find that if the cost of the local
servers mainly comes from storage, the prefix length should
increase with its popularity (according t¢K — 1/ for
linear cost and uniform movie length, whefé is a constant
depending on system parameters ani the request rate of
the video). On the other hand, if the server cost mainly comes
from streaming, the prefix size decreases asymptotically with
video popularity (according tq/K’/A — 1/ for linear cost
and uniform movie length, whet&’ is another constant).
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