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Minimizing Average Startup Delay of Periodic
VOD Broadcasting Schedules

Yi Sun, Nonmembernnd Tsunehiko KamedafNonmember

Abstract— Consider a video consisting of a sequence of fixed-and Holzscherer [8] first proposed the FSP policy that works
size pages to be transmitted overc broadcast channels such as follows. A user who tunes in at an arbitrary time waits

that a page fits in a slot of a channel. InShifted Harmonic | the beginning of the next slot boundary before sihe

Windows scheduling, page : must be scheduled at least once in L h
any consecutivei +m — 1 slots for some integerm > 1, to ensure starts to download, and starts viewing at the" block

continuous display of successive pages by the viewer, stag boundary, wheren > 1 is an integer parametearmonic
at the m!" slot boundary after tuning in. As m is increased, Broadcasting[5] is a special case where = 1. Note that if
the maximum startup delay for Shifted Harmonic Windows there arec channels, pages can be downloaded from up to
schedules approaches the well-known general lower bound on slots concurrently.

the maximum startup delay, 1/(e¢ — 1). We first derive a tight . .
lower bound, whichpis IOV\)//er <k(1an 1/()ec — 1), on the aver%ge In our_mo_d_el of_the FSP schemes used in th's_ paper each
startup delay of periodic schedules. This settles one of theng- channel is divided into a sequence of slots and a fixed number,
standing open problems about the optimal average performare b, of slots forms aslot block We introduce a sub-page unit of
of periodic broadcasting schedules. We then show that the data called dragmentthat fits in a slot such thdt fragments
average startup delay of Shifted Harmonic Windows schedule .,qitute a (normal) page. Therefore, a page fits in a slot
cannot approach this lower bound. Using a new framework caéd . - .
Harmonic Block Windows scheduling with a parameter b (> 1), block. The parametet. mentioned in the previous paragraph
we present a Schedu"ng a|gorithm which generates schedugle now refers to the number Of blOCkS. DOWﬂloadIng starts Ohly a
whose average startup delays approach the lower bound dsis a block boundary, and viewing starts at the same or latekbloc
increased. boundary. Harmonic Broadcasting is a special case whete
EDICS: 5-STRM Index Terms—Multimedia, Video-on- = 1. It might appear that we wouldn't gain anything by using
demand, broadcasting, scheduling, channels, bandwidth ¢ b > 1, since the same effect could be achieved by increasing
mization m. This is true for the maximum startup delay, but it turns out
that the average startup delay is minimized whenr= 1 and

. INTRODUCTION b > 1, as we shall show.

In all video-on-demand (VoD) broadcasting schemes pro- TWo performance metrics for VoD broadcasting schemes
posed in recent years, a video is divided into a sequencejef séat are generally considered most important are the server
ments that are broadcast in different channels or in one oe m&andwidth and the startup delay, and there is a trade-off
shared channels. We define two policies for downloading aR@tween the two. Since the FSP policy implies variable upart
display that are commonly used. Under tineed-delay (FD) delay, we consider thewerage startup delay for Poisson
policy, the user initially waits for a fixed amount of time beforéfivals as our main performance metric. Note that for the
viewing starts. Under théixed start points (FSP) policyon FD schemes, the average and maximum delays are the same.
the other hand, the user starts viewing the video at one of tf@reover, the (tight) lower bound on thmaximumstartup
prespecified points in time. We shall call a scheme basedeon figlays for the FSP schedules is the same as the (tight) lower
FD (FSP) policy arFD (FSP) schemeand a schedule of an FDbound on the startup delays for the FD schedules. It turns out
(FSP) scheme aRD (FSP) scheduleNumerous FD and FSP however, that the (tight) lower bound on the startup delays f
schemes have been proposed recently. A non-exhaustieé listhe FD schedules is from 12% to 16% more than the average
FD schemes includes Greedy Equal Bandwidth Broadcastipigtup delay that is actually achievable by FSP schedoles f
[1], Polyharmonic Broadcasting [2], and Fixed-Delay Pagodhe cases where one to eight channels are used. (See Taple IlI
Broadcasting [3], while Pyramid Broadcasting [4], HarmoniThere is a recent work on average startup delays that treat
Broadcasting [5], Skyscraper Broadcasting [6], Pagodaéro Simple cases [9].
casting [7], Quasi-Harmonic Broadcasting [2], etc., areeFS The rest of this paper is organized as follows. In Section II,
schemes. we introduce our model of the FSP schemes to be used in

Suppose a video is divided into a sequence of fixed-sithe subsequent sections and review related work. Section |l

pages such that a page fits inslt of a channel. Hollmann Presents our main result, which is the (tight) lower bound on
the average startup delay for the FSP schemes. Section IV
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Finally Section VI concludes the paper with some remarksdefined byH,, = >~ ; 1/i. Then the total bandwidth required
by all then pages is at least

I[l. PRELIMINARIES n r
> ——— = r(Hurmo1 — Hno). (1)
A. Models —itm—
Throughout this paper we assume that the given videolis[11] it is shown that
encoded at aonstant bit rateof r (bits/sec), called thdisplay 1
rate. We usec channels of bandwidth (bits/sec) each, where Hntm-1— Hm—1 = In(1+n/m)+ S £ /) +o(m™(9)

¢ > 1. Suppose that each channel is slotted ardnsecutive
slots constitute aslot block or just ablock for short. For now  Let us consider the extreme case where each page consists
we assume that the length of each slot is fixed, but later W&just one bit (conceptually, it can be even smaller thartjp bi
vary it to reflect the size of a “fragment” of data. The blockgnd assume that it takes (sec) to sendn bits on a channel.
on all channels are synchronized in the sense that they stfe maximum and average startup delays are thus given by
and end at the same time, as shown in Fig. 1, whesice Wmaz = (m/n)D andw,ye, = ((m—0.5)/n)D, respectively,
consists ofc concurrent slots, one from each channel. Frogssuming Poisson arrivals, whefe (sec) is the duration of
now on, a block may sometimes refer to a collectioncof the video. If we letn — oo while keepingw,q. fixed, then
blocks, one block from each channel, i.&slices. from (1) and (2) we get the following lower bound on the
required number of channets

Slice 1 Slice b
\ ¢ 2 In(l +1/w}4,), 3)
Chi wherew, ... = Wmas/D is the normalized maximum startup
Ch2 delay. Eqg. (3) can be rewritten as the lower bound on the
normalized startup delay as follows:
1
_ Whaw 2 =7 )
Chc
Note that the above extreme case s — oo) corresponds
Fig. 1. A block consisting ob slices orbe slots. to the FD policy! In this extreme case of Shifted Harmonic

Windows scheduling, the user waits for just at most one slot
time, D/n = 0, before starting to download, i.e., downloading

Let us use a unit of data, calledflragment of sized (bits) , X
starts immediately.

that fits exactly in a slot. Each page consistshdfagments, I ED sch B Y ist of i bi

thus the page (normal) size is given By= b0. Let P, = {f;; | n an FD scheme a “page” may consist of just one bit
1 < j < b} be the set of fragments of page(l < j < n) However, it is impractical to broadcast each such “page”
P41 contains less thah fragments. Scheduling consists ir/ with its own period ofi + m — 1 (bits). Therefore, in

assigning the fragments of the video to slots of channeksioc? practical FD schemes such as Greedy Equal Bandwidth

in such a way that if the viewer starts downloading at anylblo?roadcasung [1] and Polyhgrmonlc_ Broadcasting [2], ? kmal
boundary, it is guaranteed that all fragments of the viddb wf‘“"_‘ber of segments cons!‘stmg OI qllfferent numbers of “page
be available for seamless display. Under the FSP policyea ugz_b'ts) are used, a_md all “pages” in a segment are broadcast
who tunes in at an arbitrary time waits until the beginning d’f"th the same period.

the next block boundary before s/he starts to download, andS for the average startup delay, note that we haye. =
starts viewing at then*" block boundary. ((m = 0.5)/n)D = ((m — 0.5)/m)wmas. Due to the factor

For any given:, starting from some time origin, we can(wit_t Oﬁ)/gz,ﬁ'{;ms out tr;atrg - 1| mgltrﬂlzzs tlt. ¢ itted
imagine that the slot blocks are partitioned ibtock windows . akesTp = B/r (sec) to down oad the data transmitte
of size, each consisting of consecutive blocks. in a block of a channel, wheré is the number of bits

Let us consider the simple case where block gize 1 contained in each page (except the last page). The block
(and P, ., — 0) for the time being, so that an entire page fitboundaries are thixed start pointsvhere a viewer can start
n+l — ’

in a slot. We call this special caghifted Harmonic Windows %Iownloading and/or viewing. The average startup delay is

scheduling although it was introduced in [10] asarmonic 91Ve€N BY(m —0.5)T = (m —0.5)B/r, since the viewer who

Windows scheduling with shifting techniqu®ris proved the tunnzs é?aateage?;?grigl t'nTozg.?] edz;g stg':thzzsth;pr:ocg:.?;n
following lemma in the context of a FD scheme, but it is vali@" averag w 'ng ' uming ol

also for the FSP schemes [10]. arrivals. Similarly, the maximum startup delay is given by

Lemma 1:[3] In the caseb = 1, in order to be able mTp = mB/r. Asm — oo, the maximum and average

. . . ) : L startup delays of the FSP schemes converge to the same value,
to display a video without interruptions, it is necessaryg an .

- 3 . _ as we saw above. As the performance metric, we use the
sufficient that, for alli (1 < ¢ < n), pagei appear at least

once in any block window of size-+ m — 1. normalized average startup del@y = (m — 0.5)Tg/D.

The above lemma implies that pageequires ba.ndWidth at 1y the FD schemes the bandwidth of each channel can be sttigilethe
leastr/(i +m —1). Let H,, denote thex'™ harmonic number display rate, since every segment is first buffered befosglay.
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Let Fi denote ac-tuple of fragments, one from eachnodes inT is the period ofv in the schedule generated by
channel. A schedule far channels is a semi-infinite sequenc¢he above rule [12]. Therefore, the degree of a subtree is the

of such c-tuples, S = F1F,---. We also consider that ablock period of the fragments assigned to the subtree. b thi
schedule consists of sequence of blocks, each contathingaper we consider onlgR2-scheduleshat are represented by
c-tuples,S = [Fy -+ Fy|[Fypy1 -+~ Fop] - - -. A fragment is said RR2-trees. Theoffset or(v), of leaf nodev in an RR-tree

to have ablock periodi in scheduleS, if it appears once in is the number of subtrees that are to the left of the subtree to
everyi consecutive blocks df. In the rest of the paper (exceptwhich v belongs.
in the next subsection), we consider schedules in which each

fragment appears with a fixed block period. TABLE |

AN EXAMPLE OF A BLOCK-UNIFORM SCHEDULE(ROWS3 AND 4 ARE

CONTINUATIONS OF ROWS1 AND 2, RESPECTIVELY).
B. Related work v

Paris proposed Fixed-Delay Pagoda Broadcasting as an FBChl | fii fiz  fizs | fuir  fi2 fis [ fu  fiz  fis
scheme [3], but its schedules can be used under the FEPN2 | fo1  fso  fos | foo  fos  fa1 | for  Ju  fas
policy as well. Used under the FSP policy, they become theChl | /i1 fiz  fis [ fu  fiz fis [ fu  fi2  fis
Shifted Harmonic Windowschedules, which were originally Ch2| fao  foo for [ for fos fos | foo fux [
conceived in [8]. Bar-Noy et al. [10] considered it ashafting
technique for improving the performance of HW schedules Fig. 2 is the RR-tree representation of the schedule in
and usedound-robin trees[12] to find scheduled.But they Table I. Observe that the degree of a subtree is the block
used an exhaustive search for the optimal valuehofthe Period of the fragments assigned to the subtree. It is easy to
root degree of the 2-level round-robin tree), tryidym) see that fragment§fi1, fi2, f13} have block period 1, frag-
possible cases. They gave an upper bound on the maxim@@nts{ f21, f22, f23, f31} have block period 2, and fragments
startup delay that approaches the lower bouni@ec — 1) {f32, fs3, fa1} have block period 3. The offset ofy, for
asymptotically asm — oo. The search space foh was €xample, is 1, and it indicates the number of other fragments
reduced toO(y/m) in [13]. preceding it within the same block.

Quasi-Harmonic Broadcasting (QHB) [2] is a bandwidth- ch1 cho
efficient FSP scheme. In fact, its maximum bandwidth re-
quirement approaches the lower bound (1) for Harmonic
Windows scheduling ¢ = 1), i.e., rH,, as one of its
parameters approaches Its disadvantages are that each page
is divided into a different number of fragments (the fraginen EE 1 Tz Ta2 fas T Tz fan
size depends on the page) and that each channel requiré®y.e. RR-tree representation of the schedule in Table I.
different amount of bandwidth. All this makes QHB difficult
to implement. We could define the “shifted” QHB by slightly

modifying QHB. However, that doesn’t make it any easier to  |||. L owERBOUND ON STARTUP DELAY OF FSP
implement. SCHEMES

. Let us first consider HW scheduling [5], [12 & m =
C. Tree representation of a schedule 1) with just one channel¢(= 1), hence the total available

Bar-Noy et al. introduced theund robin tree(RR-tree for  bandwidth isr (bits/sec). On this channel the entire video of
short), which is a rooted tree useful for representing aicycldurationD (sec) is broadcast repeatedly, achieving an average
schedule for a channel [12]. L&t denote the set of all leavesstartup delay of((m — 0.5)/n)D = D/2 for users whose
of RR-treeT. We label each leaf inCr by a fragment to arrivals follow the Poisson distribution. For the same ager
represent a schedule, obtained by the following rule: startup delay, any FD schedule requires bandwidth of at leas
rin(l + 1/w*) = rIn(3) > r by (3). This demonstrates that
at least in this special casé £ m = ¢ = 1), an FSP scheme

1) Initially the root of T" gets a turn. can achieve a much shorter average startup delay than any FD
2) When a non-leaf node gets a turn, it passes the turndg,ame.

its “next” child node. (The leftmost child node gets & paocql that each page consists
turn first and the order “next” means the next siblin

RR-tree schedule

Bf bits of data, except

> ) _possibly the last page that may contain less tlabits. By

to the right, wrapping around back to the leftmost chil emma 1, page requires bandwidth> /i. Therefore, an
node.) , , upper bound on the number of normal-sized pages that can be

3) When a leaf gets a turn, its associated fragment dgpeqyled using bandwidth is given byh(c), which is the

scheduled and the turn goes to the root. maximumn satisfying the following inequality [5], [12]:
In this paper we use onlRR-trees i.e., 2-level RR-trees,

whose root degree equals the block diz€or a leaf node of H,=1+1/2+---+1/n<c %)

an RR-tree T, the product of the degrees of all its ancestq{yte that when all the data of the firtc) pages are sched-

20ur scheduling algorithm to be presented in Section IV i alalled uled u_sing bandwidth at leas‘q{h(C)’ there m_ay be leftover
“Promotion”, but has nothing to do with this technique. bandwidth of up toc — Hj. In this section, we try to
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schedule additional fragments (of the fractional pdge ), should be the last, i.e., thg, 1, bit of P,,. 1, since condition
thus increasing duratio® of a video to be broadcasted. Thigb) of Lemma 2 is easiest to satisfy for this bit. Clearly, the
will result in a decreased normalized average startup delsgcond best candidate is the second last bib,of;, etc.

Tgp/2D = B/(2rD). In the rest of this section we shall derive Suppose that we schedule the lasbits out of pageP,,

a lower bound on the normalized average startup delay théth block periodn + m. By Lemma 2 (b), all these bits

can be achieved by maximizing. must be placed within the firgt,; bit positions from the
beginning of a block. Since they are spread ower m
consecutive blocks, there are a totaloftm)(c—(Hp4m—1—
Hy—1))pny1 = (n + m)Xp,y1 bit positions inn + m
consecutive blocks to accommodate them. We thus should

Lemma 2:Given ¢ channels, consider a sequengeof c-
tuples of bits, and assume that the bits of the pageél <
1 < n) satisfy the conditions fof to be a valid FSP schedule
(with delay parametem). As for thej** bit of pageP, 1, it

is necessary and sufficient that one of the following condii have

be satisfied: x < (n+m)Xpni1. 7)

(a) It appears at least once in every- m — 1 consecutive SinceX < 1/(n+m), we havep,,; > z, as we should. Now
blocks inS, or the bandwidthrX = r(c — Hp1m—1 + Hm—1), Which is still

(b) if it doesn’t appear im + m — 1 consecutive blocks in available after the bit positiop,, to the end of the block,
S, then it appears within the first bit positions of the can be used to schedule the fi(gt,;1 — ) bits of p,, 41 in
next block. such a way that they appear in every+ m — 1 blocks. Of
Proof: First we want to prove that if the conditions ofcourse, we can make the period less thanm — 1, but that
the lemma are satisfied then there is no starvation (i.e., teuld unnecessarily waste bandwidth and would not lead to
situation where a bit is not available at the time it is to b#he maximunp, . Since these bits are spread ouerm —1
displayed) for any bit of?,, ;. Counting from the time when consecutive blocks, they are guaranteed to be downloaded in
display starts at a block boundary, t}#¢ bit of P,,; will be time for their display, as in the case of Lemma 2(a). Thegsfor
needed for display at bit timg: +m — 1) B + j. they can be placed after bit positign,.; of the block in
In case (a) this bit appears at least once in evetym —1  which they are placed. There afe +m — 1)(B — pn11)X
consecutive blocks, and it will have been downloaded by Hiit positions to accommodate them. We thus have
time (n+m—1)B. In case (b) this bit may not have appeared
mméman+%—1me«wmmemwn+m—nBMt Prp1 =@ < (ntm = 1)(B = poy1) X. (8)
potions) from the start of display, but at the latest it whb®ar or
in the n + m*" block while it is being displayed. Moreover,
condition (b) guarantees that it will appear in the fijsbit (n+m)X +1-X)ppy1 <z+(n+m—-1)BX. (9
posit_ions in the_(_:urrent block, in time for_display. It is ate_ Note that(n +m)X + 1 — X > (n+m)X so that (9)
that if the c_ondm_ons of the Iemma are ylolated for any bityas smaller (positive) gradient than (7), when., andz are
then starvation will occur some time during the display®  ¢qnsjdered as vertical and horizontal axes, respectingye
_Theorem 3:Let the given bandwidth ber, wherer is the 5150 that (7) and (9) delimit a triangular domain to the right
display rate and: is a real numberX 1). Let h,,(c) denote ¢ the p,..1 axis (¢ = 0). Eliminatingz from (7) and (8), we

the maximum integern satisfying obtainp,+1 < Xpn41 4+ (n+m —1)X B, hence
Hnerfl_HmflSC- n+m-—1)XB
Pnt1 < % (10)

and let X = ¢ — Hyym—1 + Hpn-1(< 1/(n + m)). The

following formula gives an upper bound on the number dfd. (6) is obtained by computing an upper bound on

pages that can be scheduled in any FSP schedule (with “deE)?;l pi = nB + pyq1, and dividing it by the amount of

parameter’m): data in each “normal” page3. [ ]
hm(c) +(m—-1)X (©) In the optimal case, we have

1-X ' (n+m—1)X
S

Proof: In this proof we denoté,, (c) by n for simplicity.
By Lemma 1 we need bandwidth at leastd,, ,,,—1 — Hy—1)
to schedule the pages iiP; | 1 < i < n}. Therefore,

the maximum bandwidth left after thesepages have been[ll]' ) )
scheduled is'X = r(c — Hyim1 + Hyp_1). Corollary 4: The following two formulas give lower

Let p; (bits) denote the amount of data in page We bounds on the normalized maximum arld average startup
thus havep; = B for n = 1,2,...,n, and pny1 < B delays for the FSP schemes, respectively:

for some constanB. To maximize the video duratio® = m(l - X)

Note that the above theorem is valid for non-integer values
of ¢ as well. The special case whefé = 0 was proved in

Z;‘;l pi/r = nB/r + pny1/r, we want to determine the B (¢) + (m — )X’ (11)
maximum value fomp,, ;. To maximizep,, .1, it is beneficial

to schedule some bits d?,;, in everyn +m blocks, instead (m —0.5)(1 ~ X) . (12)
of at higher frequency (see Lemma 2). The first such candidate hm(c) + (m —1)X
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Proof: By Theorem 3,(h,,(c)+ (m—1)X)B/(1—X)r Table I, for example, we hav®, = {fi1, fi2, fiz}, Q2 =
is the maximum possible video duration. Since the maximufifa1, fa2, fos, f31}, Q3 = {fs2, f33, fa1}, A3 = PsN Q2 =
startup delay is the time duration of blocks, dividingmB/r {fs1} andAy = PyN Qs = {f41}. Let ¢; denote the number
(the duration ofm blocks) by the maximum video duration,of fragments with block period that appears in each block
we obtain (11). The average startup delayris— 0.5 block of a block-uniform schedule. Thus the number of fragments
time. Dividing (m — 0.5) B/r (the duration ofn — 0.5 blocks) in Q; is given by|Q;| = ig;.

by the maximum video duration, we obtain (12). ]
fi,j fi+1,k
IV. APPROACHING THELOWER BOUND ON AVERAGE 14 | \ b % 2b
STARTUP DELAY | ‘ B | B ‘
Pi g Pis1

It can be verified that (12) is minimized when = 1. We
therefore will discuss only Harmonic Block Windows (HBW)

scheduling withm = 1 in this section. Fig. 3. Theit" andi + 15t blocks in which the fragments df; and P; 1
are to be displayed.

A. Main theorem Fig. 3 shows two consecutive blocks, tifé¢ andi + 1°¢
A sequence of-tuples of fragments is said to Hsock- blocks, of schedul&. Thei'” block consists of the fragments
uniformif for all 4 (1 <i < n + 1) the number of fragments of P;, i.e., fi1, fi2,..., fi in this order, while thei + 1%

with block period: appearing in any block is the same. Irblock consists of the fragments 6%, 1, i.e., fiy11, fix1,2,-- -
what follows we consider only block-uniform schedules. We; 1 5 in this order. Most fragments i@; belong toP;, while
now state a theorem withh = 1 but for a general fragment the remaining fragments @J; are those promoted frotf; ;.
size b. Recall that Lemma 2 is valid for general, but is Inother words@; = (P;—A;)UA,1;. Sinceg; is independent
relevant only to the last page. Another difference is that tlof blocks in a block-uniform schedule, a fixed number of slots
following theorem is about block-uniform schedules. in each slice block is allocated to the fragment&)in As there

. are onlycb slots in each slice block, we must have
Theorem 5:A block-uniform sequenceS of c-tuples of ye

fragments is a valid HBW schedule ferchannels if and only sy sy .
if, forall i € {1,2,...,n+1}, thej" fragment of P; appears Z T = Z |Qil/i < be. (14)
either =1 =t

In Fig. 2, it is seen that the fragments i3 =
{f32, f33, f11} are allocated to the second subtree of thé RR
tree for channel 2. Their block period is 3, because thisrsebt
J}as degree 3. They all have offset 1, since there is one subtre
to its left, and thus each of them appears in the second slot
in a block. Note that fragmenfy; satisfies condition (a) of
Fevi1, Fror2y -5 Flhpiz1)b45- (13) Theorem 5, whilefss and f33 satisfy condition (b).

(a) at least once in every— 1 consecutive blocks it$, or
(b) once in every consecutive blocks i¥, and in the block
it appears, it does so within the firgtslices.
Proof: Let k be any non-negative integer, and consid
the following subsequence ¢f: — 1)b + ;) c-tuples of S:

Note that thec fragments ofFy;; are transmitted in the first
slice of a block, and therefore it is possible that this isftrest .
c-tuple of fragments that a user downloads when s/he Sta%%hedulmg
viewing the video. Regardless of the value iaffor anyi Al the fragments inQ; = (P — Ai) U Aiyy have
(1<i<n+1)andj (1 <j <b), the subsequence of theblock periodi. To construct a block-uniform schedule, we
form (13) must contain fragmenf;,. Otherwise, the viewer distribute them equally over consgcutive blocks. Howev_er,
will starve for f;; when it is needed at slot timg — 1)b 45 the fragments irf(P; — A;) must satisfy Theorem 5(b), which
measured from the time when s/he started to view the vide§eans they must be scheduled in subtrees with no more than
It is clear this condition is satisfied if and only if eithe)) @ Certain offsets. The fragments ik; ,,, on the other hand, can
(b) holds. m be scheduled in subtrees with no offset constraint. They are
Ideally, we would like to schedule each fragment of pa-g(_:.spread ovel successive blocks using new subtrees of degree
with block periodi. However, this is not always possible dud. but their positions within a block are not constrained iy an
to conflicts among fragments of different pages in satigfyifvay (see Theorem 5(a)).
the condition of Theorem 5 (b). We thus need to schedule\Ve construct a schedule by means:6tR’-trees represent-
some fragments of’, with the shorter block period— 1 to ing it. Initially, we introducec (potential)c RR?-trees each of
satisfy the more relaxed condition of Theorem 5 (a). The¥thich hasb place holders for subtrees, arranged from left to
fragments are said to h@omotedfrom P,. right. We fill in those place holders with subtrees as we go on.
Given a scheduls, let Q; denote the set of all fragmentsForj = 1,2, ..., let Sy[j] denote thej*" subtree of degred
scheduled with block period, and letA; denote the set of that we introduce in order to schedule fragments with block

fragments promoted fron®; to Q;_;. For the schedule in Period d [14]. If we put it in a place holder belonging to
an RR tree T, or(S4[j]) denotes the offset of,[j] in T.

3The first slot time after the display starts is numbered 1. Consider the first subtre§;[1] of degeee, and let it belong

B. Promotion Algorithm for Harmonic Block Windows
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to one of thec RR?-trees,T'. If we assign the first fragments row, representing channe 2. They accommodate alb thel9
in P — Ay, i.e., fi|a, 41, -5 fi,|a, 44 1O this subtree, then fragments of 2. The last subtreeS;[10], has one empty
they all have block period. We must choose the position ofleaf, to which we assign the promoted fragmeft,. One
S;[1] within T' to satisfyor(Sa[1]) < [As], so thatf; |a,+1 fragment of P; is thus promoted, making the initial value
has offset at mostA,|. of |Az] = 1. We now need to introduce subtreg[1] for

For the nexti fragments f; |a,|4it1s---» fi|a |42, We fragmentsfs o, f3 3, f34. The ideal place for this subtree is
introduce the second subtrek[2] of degreei (say, in tree column 2, since the first fragmenf; 2, can have offset 1.
T") with offset o7/ (S4[2]) < |A;] + i, etc. In general, for There is an empty cell there, so we plagg[l] in column
j=1,2,..., the “ideal” S;[j] has offsefA;| +i(j — 1). We 2. The next subtree iS3[2] for fragmentsfs 5, f3, f3,7. The
can make “ideal” assignment first for all the fragmentsin “ideal” column for it is |[As] +3 x (2 —-1) +1 = 5, but
then try to do so for those i, P, etc. We give higher there is no empty cell in column 5. We thus shift it one
priority to the fragments of earlier pages, to avoid promoti column to the left into column 4. The next subtreeSig3]
from an earlier page, which costs more bandwidth, than tHat fragmentsfs g, fs 9, f3,10. The “ideal” column for it is
from a later one. This is because the frequency (=1/period)s| + 3 x (3 — 1) + 1 = 8, and there is an empty cell in
of the promoted fragments goes up by(: — 1), which is column 8, so we placés[3] there.
larger for smallei. Eventually, we may encounter the situation Proceeding as above, we place subtf®g¢s] in column
where we cannot choose such an “ideal” sub&g¢|, because 16. Now that we have created 6 subtrees of degree 3, we
there is no subtree left whose offset|is;| +i(j — 1). There can accommodate 18 fragmenf5 §, to f319) in them. Now
are two possibilities in this case: (a) If there is still asab the “ideal” column for subtreeS,[1] is column 1, but the
position whose offset is less thdn\;| + i(j — 1), then we first column with an empty cell is column 6. This implies
can putS;[j] there. (b) Otherwise, we need to incregdg|, we need to promotéA,| = 5 fragmentsfy 1,..., fa5. This
i.e., we need to promote more fragments frdfn so that necessitates creating two additional subtreég$r] and Ss[8],
or(Salj]) = |Ai|+i(j —1) holds, if we choose an appropriatevhich can accommodatg, 1, ..., f16, making |[A4| = 6.
subtree in an RRtree T. To take care of the promotedS,[1] is now placed in column 6, and it can accommodate the
fragments, we need to create a subtree of degred, and four fragmentsfs 7,..., f1,10. Since there is no empty cell
promote even more fragments frof to fill all its leaves. left in the table, we are done. The total number of fragments
If there still are fragments of?;, we proceed to introduce scheduled isf = 19 x 3 + 10 = 67, and its page-equivalent
Si[7 + 1], and so forth. Eventually, after introducing subtre& f/b = 67/19 = 3.53 > h(3) = 3. In other words, we can

S;[n}], all fragments ofP; are scheduled. exceed the harmonic bound. The normalized average startup
For a pairi (1 <i<n+1)and/ (1 < ¢ <1),letus define delay is given by(b/2)/f = (19/2)/67 = 0.142.
a cosetas follows: Note that the distance betweéh[1] and S5[2] in channel
2 is 2, and the distance betweéh[2] and S;[3] is 4. None
COSie = {fiqaithive € Pi [k =0,1,...}, of them are exactly distance 3 apart, although the average

where|A;| is the final value obtained as above. The number g}stance_is notmore than531'his s the flexibility of H_armpnic
subtrees introduced is given bgoS; 1| = [(|P] — |A)/i]. lock Wlndows scheduling, compared to ngmonlc Windows
If the number of fragments i, — A, is an integer multiple schedulmg. .The total nL_meer of subtrees with 3 leaves @f th
of i, then we have COS, | — |COS,,|. If the number of form Ss3[4]) in Table Il is 8. The .Iast two of these subtrees
fragments inP; — A, is not an intege7r multiple of, on the are used solely to schedule the six promoted fragments;in

other hand, then we hay€0S, 1| — | COS.| + 1, in which and therefore, they can appear anywhere in thé-Rée. m

case, some fragments froRy;.; are promoted to fill the leaves \We can shift some subtrees either to the left or to the
of the last subtre&;[n;], wheren; was defined above. Theseright of the “ideal” positions, as mentioned in the above
fragments are the initial members of; | ;. example. Shifting such a subtree to the left is preferredesin

The above idea is the basis of oBromotion Algorithm doesn’t incur any additional promoted fragments, whichteias
which is given in the Appendix as pseudocode. Its details aseandwidth. In case there is no empty cell to the left of the
discussed in [14]. Here we explain it by means of a detailédeal position, we are forced to shift it to the right with the
example. accompanying cost of increasing;|.

Example Table Il shows an example, whete= 2, m =1

andb = 19.# The two RR-trees, one for each channel, are V. COMPARISON

represented by the two rows of the table. If subt&gf] is The “ED Bound” and “FSP Bound” values in Table I

placed_inthe(k:,é) ceII(_)fthetabIe,Wheré: 1,2, itindicates | are computed by (4) and (6) witm = 1, respectively.

that this subtreed;[j]) is the " subtree of thet™ RR®-tree. The ratio between these two values are shown in the fourth
The subtrees of degree 451[j] [ j = 1,...,19}, for the oy and they are almost a constant, indicating that (6) is

fragments of P, are placed in every cell of the first row, 5545 0ximately exponential. The values in the row “Promutio

representing channel 1. The subtrees of degre¢S2[j] | are for the schedules generated by our Promotion Algorithm.
j =1,...,10}, are placed in every other cell of the second

5In windows schedules, the maximum distance between any decessive
“We haven = h(2) = 3. Page 4 is a partial page. appearances of page 3 must be 3.
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TABLE

EXAMPLE OF SUBTREE ASSIGNMENT(THE FOURTH, FIFTH AND SIXTH ROWS ARE CONTINUATIONS OF THE FIRSTSECOND AND THIRD ROWS
RESPECTIVELY)

Index 1 2 3 4 5 6 7 8 9 10
Ch1l Si[1 S1[2 S1[3 S1l4 S1[b S1[6 S1[7 S1[8 S1[9 S1[10]
Ch 2 Sall Ss[1 Sa[2 S3[2 Sa[3 Sall Sa[4 S3[3 Sa[5 S34]
index 11 12 13 14 15 16 17 18 19 —
Ch 1 [ Si[11] | Si[12] | Si[13] | Si[14] | Si[(15] | S1[16] | Si[17] | Si[18] | Si[19 —
Ch2 | Sof6] | S3[7] | So[7] | Ss[5] | S2[8] | Ss[6] | S2[9] | S3[8] | So[10 —
Note that the lower bounds are valid for all FSP schedules, w w w BarNoy Sl A ]
regardless of whether they are block-uniform or not. The-sim 0.16 '
ulation results indicate that the performance of blockfianm Lower bgtr’gg]ggorr?% startup delays
i . 014 £ gorithm (b=16)
schedules (generated by the Promotion Algorithm) appresch
the lower bounds extremely closely &ss increased. In fact, § 0.12
they are identical up to at least three significant digitshi® t =
corresponding FSP bounds. g 01
Fig. 4 illustrates the normalized startup delays as funstio g 0.08
of the server bandwidthr. Note that the lower bound on the £
average startup delays for the FSP schemes with 1 lies % 0.06
at the bottom. The lower bound on the startup delays for an§ g4 :
FD scheme,l/(e€ — 1) of (6), is seen as the second curve
from the bottom. The figure also plots the lower bounds on 002 B
the maximumstartup delays for the FSP schemes with= s s s s e
1,2 and 4. As commented earlier, the FD schemes can be 2 25 3 35 4 45 5 55 6

interpreted as a limiting case of the FSP schemes as cc. Number of channels (c)

Therefore, the lower bound on theaxmumstartup delays Fig. 5. Normalized startup delay vs. available bandwidthfor schedules
for the FSP schemes approaches that for the FD schemegeasrated by the Promotion Algorithnm(= 1).
m — 0Q.

the lower bound. The number of pages used in [10] for

" Lower bound on max kmzl) A . . . .
the two data points (maximum startup delays) in Fig. 5 are
Lower bo””gg’rof,"vgft(gjﬂ """""" (¢, numberofpages) = (2,137) and (3,127). The average
> > startup delays of the schedules generated by our Promotion
T o1 L T~ | Algorithm for the casen = 1 andb = 4 are less than the
= SR TN above two data points, even though the numbers of fragments
§ \ used are only 13« 137) and 37 k 127), respectively.
E 001 b \ | VI. CONCLUDING REMARKS
2 1 In this paper we established the tight lower bound on the
] average startup delay for the FSP schemes, solving one of
the problems left open in [10]. We also introduced Harmonic
0.001 s s s s s s s Block Windows (HBW) scheduling, generalizing Shifted Har-
2 2.5 3 35 4 45 5 5.5 6 monic Windows scheduling [10], [8].
Number of channels (c) We presented a family of HBW schedules which can
Fig. 4. Lower bounds on normalized startup delay vs. aviel@andwidth achieve shorter average startup delay than any other elyrren

known scheme. Although fragmenting pages may incur extra

processing overhead, at least in the practical VoD apjicat
Fig. 5 shows the average startup delays of the schedudefsagment would be still larger than an IP packet, even iheac

generated by the Promotion Algorithm fet = 1 and block page is divided into several hundred fragments, so thatlit wi

sizesb = 4, 16 and 64, as well as the lower bound (4) on thieave little impact on the overhead for packet transmissiwh a

maximum startup delay. It also plots two data points fromrocessing.

[10] for the maximum startup delays. Observe that for all However, achieving a shorterveragestartup delay by a

b > 16, the average startup delays are shorter than the gené@P scheme comes at the cost of a longeximumstartup

lower bound on the maximum delay for any scheme, and fdelay compared with FD schemes, as seen in Fig. 4.

b = 64 the average startup delays of the schedules generatetf it is desired to start display instantaneously, we can use

by Promotion Algorithm are practically indistinguishalflem prefix-caching[15]. The initial Tz sec (or the first page) of

Ccr.
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TABLE Il

NORMALIZED AVERAGE STARTUP DELAYS WHEN BANDWIDTHcr IS USED.

| # of channels d) | 1] 2] 3] 4] 5] 6 | 7] 8 |
FD bound (3) 0.582 | 0.157 | 00.0524| 0.0187| 0.00678| 0.00248 | 0.000913| 0.000336
FSP bound (6)in =1 0.5 | 0.139 0.0465| 0.0166 | 0.00604 | 0.00221 | 0.000813| 0.000299
Ratio 1.164 | 1.130 1.128 1.128 1.123 1.121 1.123 1.124
Promotion § < 1000) 0.5 0.139| 0.0465| 0.0166| 0.00604| 0.00221| 0.000813| 0.000299

each video is cached by every user, so that if he/she wantslth
watch the video, it is locally available before the remaininl5.

portion of the video is downloaded using an FD or FSP
scheme.
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Appendix: Promotion Algorithm [

Inputs ¢ (number of channels}, (block size), andh = h(c)

Variables(P;, Q;, S;[j] andn; are defined in the text.):

BT II* = |A,|. Offset base ofy; *//

avail //* # of empty cells in SSP. Maintained througout
for-loop Forl. *//

credit //* # of empty leaves in last subtree created in
previous round of Forl loop. Passed to next round *//

st4promo II* # of subtrees dedicated to promoted fragments[4]
fragments fromP;. Computed in each Forl round *//

low = 1; II* leftmost non-full column. Maintained througout 5
for-loop Forl. *//

p I1* “ideal” SST column whereS;[j] should be placed *//

2

—

(3]

(6]

0. avail = b x ¢; credit= 0; //* Initialization *//
1. For(i =1; i <n+1; i++) //* Start Forl; process
fragment setP; *//

(7]

2. { m; =0; /* Initialize n; *// [8]
3. B] = Max{low—1, credit}; //* Initialize B} for ]
roundi *//
4. For(j=1;p=B] +1+(j—1)i <b; j++) /[* Start
For2: Place{S;[j]} in SST *// (10]
5. {If low > p let ¢ = low, else letq be non-full column
closest top and not to the right op; [11]
6. PutS;[j] in columng;
7. nit++; avail—; Updatelow; //* Reflect placement of 15
Si[4] in SST */I
8. BT = BT + Maz{q — p,0} /I* Reflect offset [13]
or(Si[4]) =q—1in BT *ll
9. If (B] > credit) /[* Start If1: Is credit not enough
for updatedA; implied by change inB]? *// [14]
10. {st4promo = [(B] — credit)/(i — 1)]; II* # of
additional subtrees of deg— 1 needed for [15]
promoted fragments ic\; *//
11. If st4promo > awvail, then exit from Forl loop;
12. }; I* End of If1 *//
13.  }; /I* End of For2 *//

16.
17.

avail = avail — stdpromo; n; = n; + st4promo;
credit = n; x i — (b — B]); II* # of empty leaves in
Si [nl]7 */f
}; I end of Forl *//
Place subtrees for promoted fragments in empty SST cells
in any order;
Use empty cells in SST, if any, for subtrees for additiona
promoted fragments fron®;; [ ]
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"Note thatn; x i is the total number of leaves in the; subtrees, and

6A table like Table Il is called aubtree schedule tabSST) in [14].

b— BT = |P;| — |A4].
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List of Figure Captions
1) A block consisting ob slices orbc slots.

2) RR-tree representation of the schedule in Table .
3) Maximump,,,, for the casen = 1.

4) Thei'™ andi+ 1% blocks in which the fragments a?;
and P, are to be displayed.

5) Lower bounds on normalized startup delay vs. available
bandwidther.

6) Normalized startup delay vs. available bandwidttor
schedules generated by the Shifting algorithm=£ 1).

List of Table Captions

I An example of a block-uniform schedule (rows 3 and 4
are continuations of rows 1 and 2, respectively).

Il Example of an SST. (The fourth, fifth and sixth rows
are continuations of the first, second and third rows,
respectively.)

Il Normalized average startup delays when bandwidtls
used.



