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A Recursive Frequency-Splitting Scheme for
Broadcasting Hot Videos in VOD Service

Yu-Chee TsengMember, IEEEMing-Hour Yang, and Chi-He Chang

Abstract—One way to broadcast a popular/hot video is to let  To relieve the stress on the bandwidth and I/O demands, many
multiple users share a few channels. The stress on the scarce chanalternatives have been proposed by sacrificing some VCR func-
nels can be alleviated without sacrificing viewer waiting time. One  tions or known asear-vVOD servicesThe batchingapproach
common approach is to partition the video into fixed-length seg- o0tg 5 group of requests that arrive close in time, and serves

ments, which are broadcast on several channels periodically. Two . )
representative approaches are the Fast Broadcasting scheme andtnem all together when a channel is available [1], [7], [8]. A

the PAGODA scheme, which can broadcast a video using chan-  Scheduling policy based on the arrival of requests is required to
nels by having new viewers wait no longer than®(D/2*) and best utilize the channels. Twmatchingschemes [10], [14] are
©(D/5%/?) time, respectively, whereD is the length of the video. proposed on top of the batching approach to allow late-coming
Isntlhtltsnpa?s;gv)etﬁgpsqsg'?cgm S.Cnr;errgeé Csac':ga:?gtr.sn'ves'érheeqn‘igg‘?% clients to join the service with some buffering space and server
teFr)rlnsI (%‘ viewer Waitir:g tlirlne. S>c/)rlneplov\\//er boun)gs Ior?the viewerls’ channel cpnstraintg. A stream-tapping technique is proposed in
waiting time are also developed. [3]. Adaptive batching schemes are proposed in [25] and [26]. A

survey on different scheduling techniques in a near-VOD system
can be found in [12].

In this paper, we consider th@oadcastingapproach, where
the server uses multiple dedicated channels to broadcast a video
|. INTRODUCTION cooperatively. Each channel is responsible for broadcasting
ITH THE advancement of broadband networking tec some portion of the video. Eac'h client follows some reception

rule to grab data from appropriate channels to play the whole

nology and the growth of processor speed and disk C\ﬁaeo continuously. The server’s broadcasting activity is inde-

pzaocny,zgldg(;r—or?—demarr:d (VC.)D) s_erl\_/llc?sthak:/ € becolme_ p(|355| &ndent of the arrivals of requests. Such an approach is more
[20], [22]. Offering such services is likely to be popular in loca, propriate for popular or hot videos that may interest many

residential areas, and viable in metropolitan areas in the nearfis, ors at a certain period of time. According to [7] and [8],
ture. o , 80% of demands are on a few (10 or 20) very popular videos.
AVOD system s typically implemented by a client-serverar- 5. important issue in the broadcasting approach isée
chitecture sgpported by certain transport netw_orks such as Carglé’r‘nt-scheduling problemvhich refers to how a video server
TV or satellite networks [5], [13], [27]. The simplest schemgitions a video into segments and schedules these segments
is to dedicate a channel to each client [9], [21]. Many VCRs the communication channels. To reduce the new viewers’
like functions may be provided (e.g., forward, rewind, pausgajting time, one naive approach is to periodically broadcast
search, etc.). Since video is an isochronous medium, the Vidgg video in several channels differentiated by time [6]; this can
server has to reserve a sufficient amount of network bandwid{Bcrease the maximum waiting time linearly with respect to the
and input—output (I/0) bandwidth for each video stream befofgimber of channels used. To further reduce viewers’ waiting
committing to a client’s request [11]. Such systems may eastiynhe, many approaches that are based on partitioning the video
run out of channels because the growth in the number of chafto segments have been proposed. Here we categorize seg-
nels can never keep up with the growth in the number of clientaentations into two typesertical andhorizontal Letb be the
This results in tremendous demand for computing power abendwidth required to transmit a video to a client sequentially
communication bandwidths on the system. through unicast. In vertical segmentation, the video is allowed
to be partitioned into a number of segments along the time axis,
such that each segment still needs a bandwidthtransmit. In
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Fig. 1. Classification of video partitioning. (a) The original video. (b) Vertical
segmentation. (¢) Combination of vertical and horizontal segmentations.

which incursD /(2% — 1) waiting time when using channels to
broadcast a video of lengthh. A PAGODA Broadcasting (PB) &
schemas proposed in [23] and [24], which further reduces th
new viewers’ waiting time td)/(4(5%/2-1) — 1) if k is even,
andD/(2(5L%/2]y — 1) if kis odd.

Schemes based on combinations of vertical and horizonfal Fast Broadcasting (FB) Scheme
segmentations include [16]-[18]. In tharmonic schemfL6], In the FB scheme [15], [19], we are given a vidéof length
[18], a video will be partitioned horizontally according to thep of bandwidthb. Since it is assumed th&tis a popular video,
harmonic series into segments of bandwidtf® b/3,6/4,. ...  providing each client a dedicated channel to vigws infea-
In the staircase schem¢l7], a video will be partitioned gjpje. To relieve the demand on channels, the FB scheme as-
ho.rizontall-y into segments of bandwjdth;éz, b/22,b/23, ... signs a fixed number of channelsCy, C1, . .., Ci_1, each of
(Fig. 1(c) is drawn based on the staircase scheme.) The stgifpqwidths, to the video. These channels will work together
case scheme can reduce clients’ buffering requirement, whilgyoadcasi” with some special arrangement. The main goal

keeping viewers’ waiting time the same as the FB scheme. TR, yequce the waiting time incurred by new viewers to start
harmonic scheme can significantly reduce viewers’ Waltlrwatching the video.

time. In fact, this scheme is recently proved to be optimal with The video server broadcastsas follows.
respect to viewers’ waiting time given a particular transmission
bandwidth [31]. However, horizontal segmentation is less
practical than vertical segmentation due to the partitioning
itself. An implementation of the FB scheme has been reported
recently in [30]. .

In this paper, we propose a new broadcasting scheme based 6 =D/n=D/(2" 1)

Eig. 2. FB scheme.

1) Partition V' vertically and evenly inton segments,
51,5,...,5,, wheren = 2¥ — 1, That is, the concate-
nation S; o S, o --- 05, = V (we denoteo as the
concatenation operator). The length of each segment is

on the vertical segmentation model. CalleiRacursive Fre-  2) Divide each channel;i = 0,...,k — 1 into time
quency-Splitting (RFS) schemeur approach is very system- slots of lengthd. On C;, broadcast data segments
atic and simple in concept. Our scheme is based on a simple ~ 52i,52i41,-.-,52i+1_1 periodically and in that order.
observation (seeemma } on how frequently a video segment Note that the first segmesh: of eachC;,i=0,... k-1

should be broadcast. The result significantly improves over the ~ should be aligned in the same time slot.

existing schemes [2], [15], [19], [24], [23], [29] that also use th&n example is in Fig. 2. Channél, broadcasts the first segment

same model. To our knowledge, this is the best vertical segmeeriodically,C; broadcasts the next two segments periodically,

tation scheme in terms of viewer waiting time. To understar@, broadcasts the next four segments periodically, etc.

how close our result is to the optimal solution, we also develop To view V, a client should monitor and receive data from all

some lower bounds on the viewer waiting time under the vef-channels according to the following rules.

tical segmentation model. _ _ 1) To start the service, wait until the beginningasfy new
The rest of this paper is organized as follows. In Section |, time slot.

we review the FB scheme and the PB scheme. Some |mportant2) Concurrently from each channél,i = 0,...,k — 1,

observations are made based on these schemes, and a more effi-

cient scheme is proposed in Section Ill. Some analysis and sim-

ulation results on the performance of our scheme are presente

in Section IV. Conclusions are drawn in Section V.

download2? consecutive segments starting from the first
time slot.
%) Right at the moment when step 2 begins, start to consume
the videoS; 0 S; 0---05,,.

Let us use an example to show how the FB scheme works. In
Fig. 2, suppose the video server allocdtes 4 channels td’.

To help understand the essence of the segment-schedufiod” will be partitioned evenly inte = 2*—1 = 15 segments.
problem, we review two representative vertical segmentatiéior a client starting at time&, in Fig. 2, in the first time slot, it
schemes in the literature. will receive segments, .55, .54, Ss from Cy, C1, Cs, Cs, re-

Il. REVIEWS
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spectively. During the first time slot, segmefit will be con- ~ Channels
sumed, and the other premature segmentss,, Ss will be C,
buffered at the client’s local storage for future use. In the secot

slot, the client will consume segmesit from its local storage. !
At the same time, segmentss, S5, Sg from Cq, Cs, Cs, re- C,
spectively, will be buffered. In the third time slot, the client

will consume theS; from its local storage, and simultaneously
buffer Sg and .S1o from C; and Cs, respectively. This will be @)
repeated until the client has receivetl = 8 data segments Channels

from Cs. At last, the client will finish watching the video at time
to+nd = tg+ 155. The reader should be able to derive similai
results easily for viewers starting at other time slots.

In some special time slots, it is possible for a client to play th
video without buffering. For instance, if a client starts at tiilme
of Fig. 2, it can continuously receive every required segment (tt
darker segments in the figure) just in time from one of the char (- |
nels. However, this happens only once ev&fy! time slots. tla t, Time

In summary, the FB scheme allows a client to start at the be- (b)
ginning of any time slot by ensuring that whenever a segmq%. 3. The PB scheme. (&)= 3 channels. (bf = 4 channels.
is needed to be consumed, either it has been buffered previ-
ously, or it is being broadcast just in time on one of the chan-

nels. We briefly outline the proof as follows. Suppose that a # = 2(3*/2l) — 1 if k is odd. Also, divide each
client begins to download; at time¢. Consider the2’ seg- channel into time slots of fixed length= D /n.
mentsSy:, Syi+1, ..., Set1 1, Which are periodically broad- 2) On Co, broadcast segment5; periodically. For
castorC;,i = 0, ...,k—1. These segments willbe downloaded 4 = 1,...,[(k — 1)/2], periodically broadcast on
by the client fromC; in the time intervalt, ¢ + 2°5]. However, channelCy; -, the segments

these segments will be viewed by the client in the time interval
[t 4 (2¢ — 1)8,¢ + (2F1 — 1)8]. There is only one slot of over- S, Sa.,S. 41, S2.42, - -, Saz_y,53:-2,5z, 82241,

lapping, i.e.[t + (2" — 1)§, ¢ + 2'§] between the above two time S.41,52:48, -, S5z 1,531
intervals. In this time slotS,: is the segment to be played. It can 2
be easily observed th&s: either has appeared i previously, and on channef’,; the segments
or is currently being broadcast @h in time. This concludes the
proof.
What the FB scheme achieves is to shorten viewers’ mai%’sgz’s% 99221 B2, S5e2, S
imum waiting time with only a few channels. A client has to wait S3z41, Saztts - o5 5221, Saa1, S350

no longer thar$ time to start viewing the video. The average
waiting time is§/2. Sinceé = D /(2% — 1), a small increase in
k can reduce the waiting time significantly. For instance, given
a 120-minute video, with 5 channels, a viewer has to wait no
more thanl20/(2°> — 1) < 4 minutes to start the service, and
with 6 channels, the maximum waiting time further reduces to SerSat1se - S2241
120/(2°% — 1) < 2 minutes. ,

One problem with the FB scheme is that the number of chan- ~ Wherez = 2(5'~1).
nels used on a video can not be changed according to the levdfig. 3 shows the PB scheme’s scheduling for= 3 and
of “hotness” of the video. In [28], an interesting scheme is prd- The video will be partitioned int@(5!%/2/) — 1 = 9 and
posed to enhance the FB scheme so that the number of chanfigl§” > 1) — 1 = 19 segments, respectively. In the figure, we

used by a video can be dynamically adjusted on the fly withottark by gray when and where to grab the necessary segments
causing any interruption. for a client starting at the first time slot.

In summary, the PB scheme places segments in a more ef-
ficient and compact way than the FB scheme. The number of
B. PAGODA Broadcasting (PB) Scheme segmentgn) will grow much faster ag: increases than in the
. _...FBscheme. So the waiting time (i.€2,/n) can be significantly
. The PB scheme_[24] can further reduce the users waltingqyced. For instance, with 8 channels, a video will be parti-
time. Still, we are given a videw of length D andk channels, tioned into 499 segments by the PB scheme, and 254 segments
Cy,C1,...,Cx_1. The video server uses the following rules t%y the EB scheme.
broadcast”. The New PAGODA Broadcasting (NPB) scheme [23] further
1) Partition V' evenly into n segments,S;, S2,...,.5,, improvesonthe PB scheme onthe waiting time. However, a less
where n = 4(5%/2-1) — 1 if k is even, and regular arrangement pattern is used.

wherez = 2(5/71).
3) If k is even, then periodically broadcast on the last
channelC;_; the segments
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I1l. OUR RFS SHEME

From the above reviews, we can see that both the FB and the
PAGODA schemes partition the video into a number of fixed-
length segments, each of which is scheduled to broadcast on
one of the channels periodically. The maximum waiting time
incurred by viewers is thus reflected by the length of a segment,
or equivalently, the inverse of the number of segments. We thus
formally define our problem as follows.

Definition 1: Given a videoV of length D and a set of
channelCy, Cy, . .., Cx_1, the Fixed-Length Segment-Sched-
uling (FLSS) Problenis to find a partition ofV" into » fixed-
length segments,, So, ..., S,,andtofind a placement of these
n segments on thk channels. Channels will be synchronously
divided into time slots of lengté = D/n. The placement
should guarantee that for any viewer starting to play the video
at the beginning of any time slot, each video segment will be
received or has been received at the time slot when the viewer
needs to consume the segment. The goal is to maximins
equivalently to minimizeD /n.

The following lemma gives a necessary and sufficient condi-
tion to solve this problem.

SS(C,,3,5) |-o;o—l+»—o—l—|—~+l—o—o—o—'—|—¢—-l—o—;+l—|—o—o—'—o—»
3 e—
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Lemma 1: For any solution to the FLSS problem, each segrig. 4. (a) Splitting result after applyingemma 2on SS(C', 3,5) andSys.
mentS;, 1 < i < n, must be broadcast at least once on one @ Splitting result after applyingemma 2onS8(C';, 3,7) andSs.

the k channels in every continuougime slot.

Proof: Suppose that a viewer starts to play the video at our scheme is based on a concept called “frequency split-
time slot;. Then the viewer will consume segmesitat time  ting.” According toLemma Jwe should allocate a slot sequence
slotj + ¢ — 1. This implies thatS; must be broadcast on one OfSS(Ci, n,p) for segments;, such thap < j. Itis desirable that
the channels at time slgt+ i — 1, or has been broadcast on ongne valye ofp be as close tg as possible, since a largemeans
of the channels during slofs;j + 1,...,j +4 — 2. This proves |ess waste in communication bandwidth. The best caseds.
that the condition given in the lemma is a sufficient conditionjowever, in case that < 7, the following lemma shows how

To see that this is also a necessary condition, simply obsegyep|it the slot sequence into a number of subsequences to save
that if §; has not been sent in the aforementioned time slots, t§8ndwidth.

viewer will experience an interruption at time sfot- ¢ — 1.

Lemma 2: Given a free slot sequen&S(C;,n,p) and a

The basic idea of our scheme is as follows. To SatiSfy t%eo Segmenﬁj, such thap S j, one possib|e placement for

above lemma, we will schedul$ to be broadcast on one of thegj is to partitionSS(C;, 7, p) into the following o =
slot sequences:

channels periodically with a frequency no less thgn Sup-

pose our scheme can accommodategments. Then, overall,
our scheme needs to determimesequences of periodical time
slots, each of which appears in one of thghannels, and each of

which can accommodate one of theegments. The challenge is>3(Ci; 7, - p), 8S(Ci, n + p, a - p), 85(Ci, n + 2p, « - p),

that when putting all these sequences together, we must guar-
antee that in no time slot, more than one segment is scheduled
to be broadcast on any of the channels simultaneously.

Li/p]

. ,88(Ci,n+ (e — p,a - p)

The above discussion introduces the concept of “periodical— 1 slot sequences free.
time slots,” which can be regarded as an infinite sequence of Proof (Sketched):The periodap is the maximal period
time slots, each spaced by a fixed amount of time. The followirigat is a multiple ofp and can satisfy the condition iremma

definition shows how we represent such a concept. 1
Definition 2: A slot sequenc&8S(C;,n,p) is an infinite se-

assign one of the slot sequencessio and keep the remaining

O

Fig. 4(a) shows an example of applying this lemma

guence of time slotgy, n + p, 7+ 2p, .. .| belonging to channel to SS(C;,3,5) and S;5. We partition SS(C;,3,5) into
C;, beginning at slog, and repeating infinitely with a period of « = |15/5] = 3 subsequence$S(C;, 3, 15), SS(C;, 8, 15),
p slots, where; is one of thek channelsy > 0 is an integer, and SS(C;,13,15). We can assign one subsequencesStg,

andp > lisanintegerD < n < p-—1.

and keep the remaining two free for future use. Fig. 4(b) shows

Note that for ease of presentation, throughout the paper, aeother example when applying this lemmaS8(C;, 3,7)
will count the time slots of a channel starting from 0, instead @nd S15. SS(C;,3,7) is partitioned intoo = |15/7] = 2

1. Several examples of slot sequences are shown in Fig. 4. AlsobsequencesSS(C;, 3, 14)

and SS(C;,10,14). In

this

note that whem = 1, the time slots will be continuous, and itcase, assignings;; to any of these sequences will waste

represents a complete channel (e(g.= SS(C;,0,1)).

(15— 14)/(15 - 14) bandwidth of channel’;.
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A. RFS Scheme Iteration (n) POOL

Next, we present our RFS scheme. We are initially give n=1 88666, 88(C,,0,1), SS(C3.0,1)
a set ofk channelsCy, C, ..., Cyx_1, Which is considered a n=2 $8(€,:8:2), 8S(C;,1,2), SS(C1,0,1)°
pool of slot sequences. We will start the placement fr§m n=3 ISS(C,12)’, 88(€:9:3) , 8S(Cy,1,3) , S8(C1,2.3)
For each segment to be placed, we will take one slot sequer|___n=4  |85(€;14), 85(Cy.3.4), SS(C;,1,3) , 55(C5,2,3)
from the pool and applizemma 2on it. After applyingLemma n=35 85(€,;3:4), SS(C1.1,3)", S8(C1,2,3)
2, some new subsequences may be generated and returne n=6  [S5€;16), 55(Cs,4,6), S5(C;,2,3)
the pool after the splitting. The is recursively repeated until th n="7 S5(C.4-6), $8(C1,2,3)"
pool becomes empty. The outputs of the scheme are a value n=38 §5(€;:2,6), SS(C,,5,6)
n, and the assignment of one slot sequence for each segm n=9 S5(€1;5:6)
SZ,LI].TL @)

1) Let POOL be a set of slot sequences: Channel

annels

POOL = {SS(Cp,0,1),SS(C1,0,1),...,58(Cr_1,0,1)}.

Intuitively, this is the set of free channels 5
Cy,Cy, . ..,C_1 that we are given initially. 2T TR T T
2) Initializen = 1. — |

Time
3) Pick a slot sequenc®S(C;,n,p) € POOL, such that bt
p < n. If more than one sequence in POOL satisfies this (b)
condition, apply the following rules to pick one. Fig. 5. Running our RFS scheme given= 3 channels. (a) Result of POOL

after each application dfemma 2 (b) Final placement. In (a), sequences that

a) The Sequence(s) with the smallest value MOdp are stricken out are assigned to segments, and sequences with a superscript

should be picked first. are picked for splitting by.emma 2
b) If step a) still renders more than one sequence, pick
any one with the largest wherem is any positive integer. Specifically, in each iteration,
Then do the subtractionrPOOL = POOL — msegmentsS, 11, Smit2,---, Sm(i+1), ¢ = 0 will be consid-
{SS(C;,n,p)}. ered. We then schedule these segments one by oneliesimyga

4) Apply Lemma 2on sequenc&S(C;, n,p) and segment 2 in different orders (there are! such permutations). Among
S, to splitSS(Cy,n, p) into e = |n/p| slot sequences. all possible choices, we then choose the one that has the min-

a) AssignSS(C;,n, - p) to S,,. imal waste of bandwidth. This is repeated until it is impossible
b) Do the uniolPOOL = POOLU{SS(C;, n+jp,a- 10 schedulen segments at a time, and then we go back to RFS
phj=1...aa—1}. and schedule one segment at a time, until no more segments can

5) Ifthere exists a slot sequen$®&(C;,n,p) € POOL such pe scheduled. Intyitively, by different permutqtions, we hope to
thatp < n + 1, then increase by 1 and go to step 3 find a better solution than RFS. When = 1, this degenerates
to schedule the next segment; otherwise, terminate tiRFS, and whem = oo, this becomes a brute force exhausted
procedure and output the valuesaf search.

In the above procedure, we try to increase the value - For example, when there afe = 4 channels, 4-RFS can
peatedly. In step 3, we try to pick one slot sequence in pO@Ehedulle as many as 26 segments, as oppo_sed to 25 segments by
that can be used faf,,. Step 3 a) is a heuristic for reducing theRFS- Figs. 6(a) and (b) show the broadcasting sequences found
waste of bandwidth when performing the assignment in stepQV. 4-RFS wherk = 4 andk = 5, respectively.

Step 3 b) is a heuristic for leaving more flexibility in subsequent
assignments. Step 4 performs the splitting. Finally, step 5 checks IV. ANALYSIS AND COMPARISON

whether we can proceed to accommodate the next segment. i this section, we propose some upper bounds on the value
so,n isincreased by 1, and we loop back to step 3. Also note thgty, for the FLSS problem, and then compare the value of
step 5 is written in a way for ease of understanding. The conglhund by our RFS scheme against the upper bounds and those
tion, “there exists a slot sequen8g(C;,n, p) € POOL such  found by existing schemes.

thatp < n+1"instep 5 canbe reducedto, OOL # 0."The  Theorem 1:For any solution to the FLSS problem, givén

reason is that when doing splitting, we never generate a subggannels, an upper bound on the value shust satisfy
guence which has a period larger than the current value of

iNpr— ina i ; 1 1 1 1 1 1 1

[For example, let us consid&r= 3. A total of nine iterations 4 <k< 4444 .
will be executed, as shown in Fig. 5(a). The final arrangement 1~ 2 n 1 n+1
is shown in Fig. 5(b).

Proof: According toLemma 1segment; must be broad-
cast at least once in every continuausme slot. Thus,S; will
B. m-RFS consume at leasgt/: bandwidth of a channel. Summing this over
Inthe above RFS, we try to arrange one segment in each itesfl-segments gives this upper bound. O
tion. In the following, we propose a modification of RFS called The above upper bound is applicableawy solution to the
m-RFS, which tries to arranga segments in each iteration,FLSS problem. However, it does not impose that a segment al-
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(b)

Fig. 6. Placement of 26 and 73 segments found by 4-RFS giveln €a)4 and (b)k = 5 channels, respectively. (On each channel, for each time slot, two
elements are shown. The first element on the top is the segment number, while the second element on the bottom with dark background is the petfied in which
corresponding segment appears.)

ways be broadcast on a fixed channel. That is, it is possilgeriodically broadcast in a fixed channel, an upper bound on the
that the broadcast scheduling of a segment switches from afaéue ofn must satisfy
channel to another channel when collision occurs. If we do not
allow such flexibility, the following derivation gives a tighter "] fasauy]
bound that applies to any solution thmbadcasts eacly; peri- Z o =
odically in a fixed channeNote that this condition is applicable
to all existing schemes [15], [19], [23], [24] and our schemgyhere
This assumption also makes implementation easier.

Lemma 3: Itis impossible to find two disjoint slot sequences  ¢;y _ {L —1,  if<isaprime number and> p(k)
SS(C;, 61, p1) andSS(C;, 82, p2), such thaged(py, p2) = 1. i, otherwise.

Proof: It is obvious that this lemma is true if, = 1 or o ] )

ps = 1. Sowe assume that, p» > 2. We need to prove that for Prqof: Similar to the philosophy in the proof d?neorem
any integers, andb, 6, +axp; # 62 +bx ga, .€.,85(C, 81, p1) 1, we wﬂl_calculate an upper bound erbased on the bandwidth
andSS(C;, 6, p») share no common time slot. Singeandp. required in a scheduling. We assume that there is a perfect solu-

are relatively prime, according to the Little Fermat's TheorenfOn: Such that for any; such that is a composite numbes;
there exist two integersandd, such that: x p, +d x py = 1. &N be broadcast with a periodSo a fractiorl /¢ of the band-

Multiplying both sides byss — &;, we have width of a channel is required for each of these segmentsb
Now consider the placement of segmemts such thati
is a prime number. According tbemma 3 no two segments
S; and S}, such that: and j are primes, can be broadcast in
the same channel with periodsand j, respectively, since
ged(4,5) = 1. So one ofS; and S; must be broadcast with
a smaller period. Now consider the use of thehannels in
accommodating segment, such thati is a prime. One of
the channels must be used to broadcastThe otherk — 1
=61+ 62 — 61— d X pax (62— 61) channels can each accommodate @he such thati is a
=024+ b X po. prime. Based on the “waste of bandwidth” concept that we
pointed out earlier, under the best situation we may place
U each of thek — 1 segmentsS,, 1), Sp2),- -5 Spr—1) IN @
Based on the above lemma, we can derive a tighter uppeparate channel by broadcasting them with perfect periods
bound onn. Intuitively, we consider the waste of bandwidthp(1), p(2),...,p(k — 1), respectively. The other segments
when broadcasting segmefit by slot sequenc€S(C;,7,p),  Sp(x); Spk+1)» Sp(k+2), - - - Will each be forced to broadcast
such thatp < ¢. A fraction (¢ — p)/(¢ x p) of the bandwidth with a smaller period less than its segment number no matter
of a channel are wasted in this case. The following theoremn which channels they are broadcast (otherwise, conflicts will
will apply this concept to prime numbers. For ease of presepecur). In the best case, these segments may be broadcast with
tation, letp(¢) be theith prime number (i.ep(1) = 2,p(2) = periodsp(k) —1,p(k+1)—1,p(k+2)—1,.... This will lead
3,p(3) = 4, etc.). to the least waste of bandwidth; if one tries to broadcast any
Theorem 2: For any solution to the FLSS problem that uses;, such that is a prime and > p(k) with a perfect period
k channels and that satisfies the condition that each segment ithen one of the segment,1), Sp(2); - - -, Spx—1) Will be

cXpr X (62 —61) +d X py X (62— 61) =62 — 1.

Lettinga = ¢ x (62 — 61) andb = d x (6, — b2), we reach a
contradiction

Si+axp=61+cxpL X (62— 61)
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300

1 2 3 4 5 [ 7 8 9 10
Bound| 1 3 9 | 28 | 80 | 220 | 604 | 1650 | 4501 | 12260
4RFS| 1 3 9 | 26 | 73 | 201 | 565 | 1523 | 4284 | 11638 250 ®Bound ERFs BnpB OpB OFB
RFS 1 3 9 | 25 | 73 | 201 | 565 | 1522 | 4284 | 11637 -
NPB | 1| 3 9 | 26 | 66 | 172 | 442 | 1183 | 3092 | 8285 2
PB 1 3 9 | 19 [ 49 | 99 | 249 | 499 | 1249 | 2499 g
B 1 3 7 | 15 | 31 | 63 | 127 | 255 | 511 | 1023 2
°=° 150
@ :g
k1]
—6-Bound & 100
—&RFS z
| —~<NPB st
-¥-PB
| -&—~FB

5 6
Number of channels (k)

Number of segments (o)

Fig. 8. Comparison of average waiting time incurred on new viewers at
different numbers of channel®(= 120 min).

1 2 3 4 H 6 7 8 9 i0 1n TABLE I
Number of channels (k) COMPARISON OFMAXIMUM BUFFERING SPACES REQUIRED BY FB,
SEAMLESS-FB, RFS, 4-RFSAND STAIRCASE (SB) IN THE NUMBER
(b) OFMINUTES OF A120-MINUTE VIDEO USING k& CHANNELS
Fig. 7. The maximal numbers of segmentspffered by different schemes.
k 2 3 4 5 6 7 8 9

FB 40.00 | 51.42 | 56.00 | 58.06 | 59.04 | 59.52 | 59.76 | 59.88
forced to be broadcast with a smaller period and the waste ( seamless FB | 40.00 | 60.00 | 70.00 | 75.00 | 77.50 | 78.75 | 79.37 | 79.68
only become Iarger. RFS 40.00 | 53.33 | 52.80 | 52.60 | 51.90 | 49.49 | 49.01 | 49.00
Similar to the phi|osophy imMheorem 1summing all band- 4-RFS 40.00 | 53.33 | 50.77 | 52.60 | 51.90 | 49.49 | 49.00 | 49.0
widths necessitated by all segments together gives this up| SB 20.00 § 25.71 | 28.00 | 29.03 | 29.52 | 29.76 | 29.88 | 29.94

bound onn. O

To understand how well our RFS scheme performs, we havfef_ -l h _ h si i th
calculated the values afoffered by the FB, PB, NPB, RFS, and®' Ixed-length segmentation approach since segments in the

m-RFS schemes given different numbers of channels. The resES ircase scheme are partitioned in both vertical and horizontal
is shown in Fig. 7. The upper bound is obtained froheorem CIf€ctions and have different sizes and lengths.

2. From Fig. 7(a), we see that our RFS scheme outperforms all

other schemes except= 4, as compared to the NPB scheme. V. CONCLUSION

By usingm-RFS withm = 4, this problem can be conquered, 1 \jgeo broadcasting service is already popular in cable TV
but there is only very slight improvement over RFS. As can hgstems. Asynchronous video service is likely to grow quickly
seen from our experiments, in the rangesof< 10, only with \he the network infrastructure is ready. In this paper, we have
m = 4,8, and10 can 4-RFS outperform RFS. So using RFS i§;qh0sed a new scheme for scheduling video segments on mul-
quite efficientand simple. In fact, from Fig. 7(b), whichis drawty e channels to reduce viewers’ waiting time. The result is
in a logarithmic scale, we see that our RFS scheme perforgig,n to be more efficient than the best known schemes. Fu-
asymptotically quite close to the upper bound. ture research could be directed toward finding a more efficient
The inverse of offered by each scheme reflects the averaggneme that can further reduce the viewers’ waiting time, or
waiting time for a new viewer to start his/her VOD serviceyyard deriving a tighter bound than the ones derived in this
Fig. 8 compares the average waiting time of different schemesyner. The requirement of buffering space is obtained experi-
The schemes discussed above all require buffering p{gantally, but not analytically, and thus deserves further inves-
matured segments at the client side. We do not have a C'%%tion. While most existing results adopt fixed scheduling, a
formula for the required buffering space of our RFS angcent work [4] that may deserve our attention proposes to use

m-RFS schemes. So we wrote a simulator to broadcast; geactive scheduling that can adapt to the popularity of a video.
120-minute movie. We exhaustively searched all possibilities

to find the maximum buffering space required at different
numbers of channels. The comparison of maximum buffering
spaces required by FB, seamless FB (with seamless channdlhe authors would like to thank Dr. J.-F. Paris for providing
transition capability [28] by settinge = 2), RFS, 4-RFS, some experimental data on the New PAGODA scheme.
and staircase broadcasting [17]) is in Table I. Surprisingly, in
addition to smaller waiting time, our schemes have a slightly REFERENCES
lower buffering space requirement than that of FB and seamles? . _ , .
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