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Tradeoff Between System Profit and User Delay/Loss
In Providing Near Video-on-Demand Service

S.-H. Gary ChanMember, IEEEand Fouad TobagFellow, IEEE

Abstract—in a near video-on-demand (near-VOD) system, multicast stream. Such a scheme is acceptable for applications
requests for a movie arriving in a period of time are grouped (or - where user interactivity is not essential, as is the case with
batched”) together and served with a single multicast stream. movie-on-demand. (A certain degree of user interactivity may

In this paper, we consider providing near-VOD services when . . . . .
there is a cost associated with using a network multicast channel. be achieved with near-VOD. Readers interested in this aspect

We address the tradeoff between system profit, given by the are referredto[4]-[6] and the references therein.) Today, request
total pay-per-view collected minus the total channel cost, and batching is widely used for movie-on-demand services over
user delay or user loss (due to reneging). We first analyze and satellite and cable networks. It simply consists of having the same

compare the tradeoff of two traditional "basic” schemes, namely, qyie shown at specific prescheduled points in time, with the
the window-based schemes in which a maximum user delay can ’

be guaranteed, and the batch-size based scheme in which sys‘tenliime between consecutive showings (referred to as the batching

profit can be guaranteed. By combining these basic schemes, weWindow) equal to some fraction of the movie’s duration.
present a scheme which can adaptively balance system profit Clearly, for a given request arrival process, the larger the

and user delay when the underlying request rate fluctuates. We patching window is, the smaller is the number of network chan-
then consider the case in which delayed users may renege andyq|s ysed (and hence the lower is the network cost) and the

determine how system profit can be maximized by sizing the . . . -
batching period given user's reneging behavior. We show that larger is the batch size (and hence the higher is the revenue per

maximizing profit can lead to excessively high user loss rate, channel). However, this also implies a longer delay experienced
especially when the channel cost is high and users are not veryby a user (and hence the worse is the quality of the service as

patient. Therefore, a shorter suboptimal batching period should compared to an ideal true-VOD system). Since it is quite typical

be used for this case in reality. We finally introduce schemes w_hich for users to renege after experiencing “long” delays, an exces-

are able to offer high profit or low user loss when the underlying . ; - - :

arrival rate fluctuates. sively long batching period may lead to a high loss in user re-
guests (and thus revenue), and in the long run, loss of customers.

Therefore, itis very important in practice to strike a balance be-

tween profit and quality of service in terms of user delay and

user loss rate. This is the issue we address in this paper.

|. INTRODUCTION More specifically, we consider a near-VOD system in which

IDEO-ON-DEMAND (VOD) refers to video services in requests to view movies arrive according to a known stochastic

V which a user is able to request from a server any vid ocess; requests correspgnding to the various movies are
content at any time. VOD encompasses many applicatio tched separately over time according to some batching
eme, and each such batch is served by a single multicast

such as movie-on-demand, news-on-demand, home shoppitig, Wi der in thi that multicast ch |
distance learning, training, etc. [1]-[3]. In true-VOD, each usé&fream. We consider in this paper that multicast channels are

is assigned its own dedicated unicast stream (or channel), g\q&uw_e? 33 _?ﬁfﬁed (|.e.f, onl-qdemr?nd), |a?r? a Cffta'”f cost'_[ 'S
hence it enjoys great flexibility in interacting with the serveftSSoctated wi e use of such a channel (the cost is a function

while viewing the video. However, for some applications Wher‘?;‘f the channel bandwidth and the duration of use).. We also con-
er that each served request is charged a certain pay-per-view

a large number of concurrent requests for the same video o . . -
to be accommodated, true-VOD becomes very expensive iRE which is also a function of the movie’s characteristics (e.g.,
: _its data rate and duration). Our primary interest is to understand,

an alternative, near-VOD is much more cost-effective, where . X .
d hence to achieve, the tradeoff between profit (defined as

many requests for a given video content arriving over a cert giff bet ; lected and ch | "
period of time are grouped (i.e., batched) and served with asin & diierence between fees coflected and channel-usage cos )
nd user delay (defined as the time from when a user places a
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low if the delay exceeds a certain valik, .. (which leads to quired, the number of batched users served by a multicast stream
very high rate of reneging). Delays betweBy,;, andD,,. are (i.e., the batch-size), the delay experienced by a user, and the
tolerated (no user reneging), but the user satisfaction is not véngdeoff between system profit and user delay, given a certain
high. One could also conceive a number of models for the useulticast channel cost (Section II-C). We finally present some
reneging behavior, as has been done in the literature: the tiithestrative numerical examples (Section 11-D).
that a user is willing to wait before reneging is considered to The following general considerations apply to the remainder
be distributed according to some cumulative distribution funof this paper. We consider a properly designed system in which
tion. Examples of the function are exponential function [7], [8the probability of running out of multicast channels is suffi-
truncated Gaussian [9], and linear function (corresponding tai@ntly low and can be ignored. Accordingly, the servicing of
uniform distribution) [10]. (We note that the use of any specificequests pertaining to a given movie is independent of the ser-
model in the literature has been either arbitrary, or driven wcing of requests for other movies, and hence it is sufficient
the need to keep the underlying analysis tractable.) Where useconsider the single movie case. Let the movie duratidfbe
reneging is assumed, the batching period has an influencemimutes, and lePy- (dollars) denote the pay-per-view fee (PPV)
system profit (given by the total pay-per-view collected minusharged to the served users.
the total channel cost). If it is too short, too much channel costln near-VOD with multicast channel cost, there isin general a
is incurred; on the other hand, if it is too long, too many usersinimum average batch-siZ¢ for the system to become prof-
would renege, and hence too little of a revenue is collected. {Dble. For example, let us consider the cost incurred in using a
interest is to maximize the profit by sizing the batching perioanulticast channel to be the sum of a fixed cosfdollars) and a
and to achieve the tradeoff between profit and the percentagesta (dollars) per user served by that multicast channel ALet
of users lost (the latter is indicative of user dissatisfaction amthd N denote the number of users served in a batch (that is, by a
would ultimately lead to an attrition on the customer base). multicast stream) and its average, respectively. Typidslig a
Previous work on near-VOD concentrated on the streamingndom variable the distribution of which depends on the request
capacity available at the server. Such capacity was consideagdval process for the movie and the particular batching scheme
to be given, and in a sense already paid for, and thereforeitfuse. The revenue collected in serving a batch is simply given
interest was the issue of assigning the available streams to lyeV Py, and the channel costis given &Y+ N «; thus, serving
various requests so as to meet a certain loss rate of requedtatch of sizeV = n is profitable ifnPy- > C + na, in which
[7]-[11]. We focus in our study on network multicasting costase the profit is given by(Py — «) — C. Otherwise, a loss is
in which case it is important to address the conflicting goals becurred in the amount af' — n(Py — «). The value ofV cor-
tween high system profit and low user delay (or low user lossksponding to break-even is given by
Some of the schemes we consider here (the basic schemes) are c
not new. However, they have been traditionally studied via sim- 2 K. (1)
ulation [10], [8]; we provide their analysis here. More advanced Py —a
batching techniques, such as piggybacking and client buffering§early, a batching scheme is profitableNtP, > C + Na,
have been considered in the literature. (Readers interested infhat ;v > g
are referred to [12]-[19] and references therein). The schemegye consider the stochastic process representing the arrival of
presented here can be used in conjunction with theirs to aChi%Euests for the movie to have a mean ratk @quests/minute.
higher bandwidth saving. _ Since users do not renege, the rate of revenue is then given by
This paper is organized as follows. In Section Il, we analyz/(aPV_ The rate of profitg (in $/min), is hence given by =

various batching schemes under the assumption that users)\gse, — (A\/N)(C + Na), where the second term on the right
not renege (i.e., the batching period of the schemes are withigng side is the rate of channel cost. In other words
user’'s delay expectation). We first analyze two well-known

basic batching schemes—the window-size based scheme and 9 = \P <1 _ 5) )

the batch-size based scheme—and then introduce a new adap-

tive scheme which combines appropriately the key advantage A

of the window-size based scheme (namely, guaranteed deliere” = Py, — «. From the equation, we see that if users do

and the key advantage of the batch-size based scheme (nanfgiyfenege, the profit is related 20: the higherV is, the higher

guaranteed per-stream revenue) and therefore adaptively fathe profit. We summarize in Table | the important symbols we

ances system profit and user delay. In Section Ill, we study tH&e in this paper.

design of near-VOD systems with user reneging by examining

the tradeoff between profit and user loss with respect to the Basic Batching Schemes

batching period. We conclude in Section IV. The basic batching schemes considered in this paper fall into

two categories depending on the stopping rule used in batching

userrequests. Inone category, the stoppingruleisbased onatime-

window whereby all users arriving within a well-defined window

of time are batched together. In the other category, the stopping
In this section, we consider the case in which users do not rele isbased onthe number ofrequests collected. Inthe following,

nege. We first describe the batching schemes (Sections II-A amd describe these basic schemes. We then introduce a batching

[I-B), and analyze them in terms of the number of channels reeheme which combines both stopping rules.

Il. SYSTEM PROFIT AND USER DELAY WHEN USERS
Do NOT RENEGE
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TABLE |
IMPORTANT SYMBOLS USED
Th : Movie length (minutes)
A . External request rate for a movie (req/min)
Py :  Pay-per-view (8)
(o] :  The fixed part of channel cost (§)
a : The variable part of channel cost: transmission cost per user ($)
P . APy —a($)
K g¢o/p
N,N,fn(n) : Batch-size, average batch-size, and batch-size distribution, respectively
D,D,fo(z) : User delay (minutes), average user delay (minutes), and delay distribution, respectively
Winazs Wimin  + The maximum and minimum window size for the adaptive scheme, respectively
M : Number of users in a batch for the batch-size based scheme
gw (w) : Distribution of the batching window for the batch-size based scheme
6 Profit rate ($/minute)
0 : Normalized profit rate 29 /P (/minute)
by : Throughput for a movie (req/min)
T : Average interval between successive channel allocation (minutes)
R(u) : User reneging function given by P(user delay tolerance < u)

Inthe time-window based category, we consider three schenfeamely guaranteed per stream revenue) by ensuring that when
referred to as fixed scheduling, fixed gating, and auto-gatétik arrival rate is sufficiently high (and hence, profit can be easily
scheduling. Théxed schedulingcheme is the simplest: it showsachieved), the system guarantees fairly low delay to the users.
a movie once every exacthy’ minutes. A user which requestsButwhen arrival rate is not so high, the system guarantees certain
a video between two such showings (the batching window) isofitaslong as user’s delay does not exceed a certain bound. The
served by the next showing following the request. Note that stheme therefore balances adaptively service quality (in terms of
this scheme, a stream is used even if no request has been niadeelay user experienced) and system profit.
in the batching period preceding it. Tfiged gatings similar to We consider that user satisfaction is high if the delay experi-
fixed scheduling, except that a showing is omitted if no user haaced is below a certain valé,,;,,. We also consider that there
requested the movie inits corresponding batching window. In theea delayD,,,.. > Dwin beyond which user satisfaction is very
auto-gated schedulinr simplyauto-gating[20]), a batching low and, for all practical purposes, users should not be delayed
window of sizeW minutes is not preset as in the aforementiondaeyond that. Delays betweéh,,;,, andD,, .. are tolerated (i.e.,
schemes, but started by the first arrival following the ending ob reneging is likely to take place), but the user satisfaction is
the previous batching window. not high. As an exampld),,,;;, may be in the range 3—7 minutes

Note that in all three schemes, the user delay is boundedwkile D, may be in the range 15-40 minutes.

W. In both fixed scheduling and fixed gating, the movie show- According to this user satisfaction model, the adaptive
time may be published in advance, while in the auto-gating, tseheme has three parametevé: > K, Wy = Dy, and
movie showtime can only be determined, and thus advertisedVidt,.. = D...x, and operates as follows. A batching window is
the start of the corresponding batching window. In fixed schedtarted upon the arrival of the first request after a movie showing.
uling, the number of concurrent streams required is determif-A{ users arrive withifi¥,,;,, the system keeps batching until
istic and given by[7;, /W1, while in fixed and auto-gating, the W,,,;,, is reached, thereby increasing the profitability beyond the
number of concurrent streams required is random and dependsimum 3/; if W,,;, is reached befor@/ users are collected,
on the arrival process. Finally, in all the three schemes, the bathk batching window is extended until eith&f or W, is
size, and thereof the profit, is random and depends on the reached, whichever occurs first. Thus, when the arrival rate
quests’ arrival process. When the arrival rate is high, the batdiops, the system tries to maintain profitability by using the
size is large and high profit may be achieved. Conversely, wheatch-size based scheme with > K; but since users should
the arrival rate drops, the batch size also drops and profitabilitpt be delayed beyond,,..., a maximum batching window
may no longer be guaranteed. of Whax IS imposed, i.e., even if there are fewer th@husers

Thebatch-size based scheme consider here is quite simple.arriving within the window of sizé¥,,,,.., the movie is shown
The batching period ends when the batch-size has reached aaeyway. Note that users may not know the exact video show
tain value)M . Clearly by setting/ > K, profitability is guaran- time; however, the show time is guaranteed to be in the range
teed. However, the user delay is not bounded and depends on(#hg,;,,, W,.ax ) following the first arrival in the batch.
arrival process, and the movie showtime remains unknown and
cannot be advertised to the users prior to the showtime. C. Scheme Analysis

In analyzing the batching schemes described above, we con-
sider, for the sake of simplicity, that the request arrival process
We now introduce a new adaptive scheme which combines tlee the movie is Poisson with raterequestsmin. Le§ denote
key advantage of the window-size based schemes (namely gulae- average number of concurrent streams used for the movie.
anteed delay) and the advantage of the batch-size based sch@hearly, for true VOD, we havé = A\T},. Recall thatV is the

B. Adaptive Scheme
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the batch size andV is its mean; we leffx(n) denote its dis-
tribution. Since there is no user renegifg,is related toS by
AT}, = SN. Let D denote the delay of a user, wifly(¢) its dis-
tribution andD its mean. Explicit expressions of these parame-

1.2

ters for the various schemes are quite easy to derive as follows-

1) Fixed SchedulingThe distribution of the batch size is
Poisson with meav = AW. Thus,S = 7;,/W. D is
uniformly distributed between 0 aridf, and henceD =

0.8

0.6

7 T
1

! True-VOD

X

Fixed gating

-
-
s

Auto-gating

Th/W (Fixed scheduling)

919

2)

3) Auto-Gating:Clearly, the distribution of the batch size is_

4)

fn(t)

W/2.

Fixed Gating:The probability that there ate(i > 1) re-
quests in abatch is given B}W )ie = /(il(1—e= "))
(a truncated Poisson distribution); hendé= AW/(1 —

e~ YandS = 73,(1 — e=*")/W. Given that there is

an arrival within a batching windowV, its arrival time
is uniformly distributed within the window, i.efp(t) =
1/W,for0 <t < W, and hencd) = W/2.

given byP(N =i4) = (AW)i~te W /(i —1)!,fori > 1
(a Poisson distribution offset by 1). Therefore

N=1+\W ©)

andS = X7T;,/(1 4+ AW). (It can be easily shown that
the difference inV among all the window-based schemef)
is at most one.) In terms of the delay distribution, since”

the first user in each batch experiences défdywhile

0.4

Avg. # of concurrent streams /

0.2

0 1 2 3 4 5 6 7 8

Fig. 1. Comparison of various window-size based schemes in terngs of
normalized tol;, /W versusAW.

The detailed analysis for the adaptive scheme is more involved,
and is shown in Appendix A.

Numerical Results and Comparisons
In this section, we present some illustrative numerical results

the remaining ones in the batch have delay uniformly di§f the schemes. We consider the window-size based schemes

tributed between 0 and’, we have
_ 1
N

s(t—W foro<t<w

(4)

whereé(¢) is the impulse function with(¢) = 0for¢ # 0
and [7°_6(t)dt = 1. Hence,D = (AW + 2)/(2(1 +
AW))W. Clearly, as) increases, the impulse &t de-

)_i_#
1+ AW’

first, followed by the batch-size based scheme and adaptive
scheme.

We first compare true-VOD, fixed scheduling, fixed gating,
and auto-gating in terms of their stream requirenferie plot
in Fig. 1.5 normalized to the maximum number of streams used
(i.e., Ty /W) as afunction oA for these schemes. Clearly, for
a givenW, as )\ increasesS for the true-VOD case increases
without bound, while all the window-size based schemes ap-

creases, and the delay distribution approaches a unifopmach a limiting value given b¥;, /W . Fixed scheduling al-

distribution with mearit’/2.

ways consumes a fixed;, /W number of streams no matter

Batch-Size Based Schemiéis deterministic in this case what the arrival rate is; and for < 1/W, it has even highe§

and equal taM, andS = ATj/M. Let W denote the thantrue-VOD. Auto-gating achieves the low&stmong all the
batching period, which is a random variable equal to thechemes. It is not hard to show that fixed-gating consumes up to
sum of(M — 1) exponential variables; therefore, its dis30% more streams than auto-gating (attainedt= 1.7934),

tribution gy (w) is given by

)‘()‘w)]\472 —Aw
(M —2) ©

gw(w) = )

while the maximum difference i§ between the two is 0.2036
Ty /W (attained ab ¥ = 2.51276). In the following, we limit
ourselves to auto-gating and ugg = 90 minutes.

We first consider the maximum delay incurred by a user when

and its mean is given by — 1)/\. The user delay dis- a certain level of system profit as given by is to be guaranteed

tribution is obtained by conditioning o/ as follows.
GivenW = w, the first user in the batch has delaythe
last user has delay equal to 0, while the remairfing- 2

(No > K in order to achieve profit). Recall that the maximum
user delay is simply given by the window si€, which is se-
lected according ta + AW = N, (clearly, this assumes that

users have delay uniformly distributed between 0-and is knowna priori). We show in Fig. 2 the maximum user delay

e, fp(z|w) = (1/M)é(zx—w)+(M=2)/(M)(1/w)+

versus to achieve various values d¥,. As X increases, the

(1/M)6(x), for 0 < = < w. Removing the condition maximum user delay decreases. Adecreases, the user delay
onw by using (5), the user delay distribution is given byas to increase very rapidly in order to maintain the same level

(z > 0)
1) = o)+ M [T 4y D g

T

of profit.

Regarding the batch-size based scheme, since the batching
period is extended until exactl§/ users have been collected,
the delay in the batch-size based scheme is not bounded as is the

andD = (M — 1)/(2)), which is half of the average case with the window-size based schemes. A typical distribution

batching period (as expected).

of user delay is shown in Fig. 3.(= 25 requests/h an@/ = 5).
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.F'g: 2. th?X%m“m user delay given BY" versus\ to meet a certain profitlevel gg¢ percentile for the batch-size based scheme)ifee 2 and10.
indicated byN,. ’
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Fig. 3. Delay distribution for the batch-size based schemne @5 requests/h, F19- 5. User delay distribution for the adaptive scheme with=" 40
M = 5). requests/h, antV i, M, Wiax) = (4, 8,20).

There is an impulse at the origin with magnitude/, since the without incurring long user delay. Given a certain maximum
last user in every batch enjoys zero delay. For a giverwhen user delay not to be exceeded, the profit for the batch-size based
A decreases, the impulse at the origin does not change butdbbheme is lower than that for auto-gating, and the difference
distribution spreads out, indicating an increase in the user delaysignificant when the delay requirement is low. Combining
When M increases (for a given), the impulse in the origin with its deterministic delay, auto-gating appears to be more
decreases while the tail spreads. attractive than batch-size based scheme.

We now examine the tradeoff between profit and user We finally consider the adaptive scheme. In Fig. 5, we show
delay for both auto-gating and the batch-size based scheméypical distribution of user delay\(= 40 requests/h). We see
Regarding user delay, we use maximum delay for auto-gatititat indeed no user experiences a delay higher¥ian, ; there
(i.e., W) and the 99th percentile delay for the batch-size basate some with delayV,..in, Some with delay¥,,,.», and some
scheme. We show in Fig.@inormalized taP versus user delay with zero delay (those ending the batching period by making up
for K = 2 and 10 § = 100 requests/h). Clearly, increases abatch of\Mf users). When the arrival rate is low, the distribution
when users experience higher delay. It first rises rather sharysimilar to that of the auto-gating with window si¥€,,,; on
from negative values (due to high channel cost) to posititke other hand, whehis high, the distribution is similar to that
values (due to the channel cost amortized by PPV collectedj the auto-gating with window Siz&/,,,;y,.
and approaches asymptotically ¥ (note that the system In Fig. 6, we show in solid line the profit/ P versus\ for
revenue is given by Py). If K is low, the profit can be very the adaptive scheme with = 5, W,,.;,, = 4 minutes,M = 8,
close to the maximum with low user delay; on the other handndW,,.,. = 20 minutes. We clearly see that when the arrival
if K is high (e.g..K = 10), high profit may not be achieved rate increases, the scheme first uses a larger window size (by
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Fig. 6. Profite/ P versusA for the adaptive scheméi{,,;, = 4 minutes, Fig.7. 99th percentile user delay versui®r the adaptive schem&|(uin = 4
Wax = 20 minutes,M = 8, andK = 5). Also shown in dashed lines are minutes,W,,., = 20 minutes, and/ = 8). Also shown in dashed lines are
6/ P for auto-gating withi/” = 4 minutes and? = 20 minutes, and for the the corresponding delay for auto-gating and batch-size based scheme.
batch-size based scheme with = 8.

A. Users’ Reneging Behavior

following the auto-gating curve withV,,.x = 20 minutes) SO A pefore, we consider that requests for a movie arrive
that the system can recover from a loss. sirther increases, according to a Poisson process with rateequestsmin. The
the adaptive scheme offers a better service by switching tQiting tolerance of the users is independent of each other, and
batch-size scheme (with/ = 8) and then to the auto-gatingeach is willing to wait for a period of tim& > 0 minutes; if
with a smaller window size (0 = 4 minutes). its requested movie is not displayed by then, it reneges. (Note
~ We next examine the delay of the adaptive scheme and sh@it even if the start time of a movie is known, a user may lose
in Fig. 7 the corresponding 99th percentile user delay veXsusits interest in a movie and cancel its request if it is delayed too
When) is low, user delay is bounded BY...... WhenAis high, - ong; in this case, the user is defined lost or “renegel.Js
most of the users enjoy low delay no longer thélRi,. And for 5 random variable with its cumulative distribution denoted by
intermediate values of, most of the user delay is betweBin 3 the user reneging functioR(u) = P(U < w) and a mean
and W, following the curve corresponding to the batch-sizgenoted by’ minutes. We consider the following exponential
based scheme. reneging function. Users are always willing to wait for a min-
imum timeU,,,;, > 0; the additional waiting time beyord,,;,,

1. A CHIEVING THE TRADEOFF BETWEEN SYSTEM PROFIT minutes is exponentially distributed with meaminutes, i.e.,

AND USERLOSSWITH USERRENEGING R 0, if 0<u< U,
(W) =194_ e~ (w=Umin)/7 = otherwise

8
In this section, we consider the tradeoff between profit and ®
user loss when users may renege from the system. We first c@ibviously, the larger is, the more delay users can tolerate.
sider the auto-gating and then two schemes based on the cqgkel/_, = 0 as an example. With = 15 minutes, users are
bination of auto-gating and batch-size based scheme, given #ag very patient (almost 30% of the users cannot wait beyond
network cost model mentioned in Section II. We are interestgtninutes and more than 60% of the users cannot wait beyond
in the following closely related measures: 15 minutes), while with- = 120 minutes, users are very patient
1) average per-batch profit, obviously given@@y — K)P; (almost 80% of the users can tolerate beyond 30 minutes). Note
2) profit rated (the profit per unit time ($/minute)), given by that since users are more willing to wait in the window-based
scheme than the batch-size based scheme, the reneging function
0— (N-K)P % for the window-based schemes would have a longer tail. We
o T have also considered linear and step reneging functions, but the
B results are very similar, and hence would not be presented here
whereT is the average period between two consecutiye1].
movie showtimes, and the normalized profit rate with re-

spect toP, 6 (i.e.,6 £ 6/P); B. Basic Schemes: Profit Analysis
3) system throughpud , representing the number of re- e first consider the profit issues for window-size based
quests served per minute, given by= N /T". schemes. For auto-gating, the first user of a batch is forced to

Clearly, the revenue is Py ($/min) andthe lossrafe, is given wait W minutes (the window size) before it is served. Note
by pr. = 1 — X /A. Note that onceV and7 are knowng, A that if the first user in a batch reneges, the batching window is
andpy, are all known. advanced to the next request. (Cleakty, should be less than
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the maximum tolerable waiting time of the users; otherwise, aWe next consider fixed gating, whose analysis is similar to

batch could never be possibly formed.) that of auto-gating. Defing to be the probability that a re-
The probabilityp; that the first user in a batch reneges bequest would stay until the end of a batching window. By condi-

fore the batching windowV finishes is given by, = R(W). tioning on the arrival time of the request, we hagve: fo

Hence, the average time between consecutive movie showtinis:)) dz/W. The probability that there is no request at the

Tisgiven byl = 352 pi™ (1 —p1)i/A+ W, ie., end of a batching window is hence given by**". There-

fore, the average interval between consecutive channel alloca-
T — 1 W (9) fions isT = W/(1 - ¢~P'V), and the average batch size is
(1= R(W))A N = \pW/(1 — ). From thesed can be obtained.

We next consider the batch-size based scheme. In this
T . i ) scheme, the system continues to batch requests until a certain
remains t.'" the _en_d of the bat_chlng_wmdow_. G|ven ‘h"?‘t a M%umber M of requests are collected (The system is aware of
quest arrives within the batching windoW, its arrival time users reneging and does not count users that have reneged). If
is uniformly distributed in the window. By conditioning on theM is too low, then the profit is low (due to too small a number
amount of time left from its arrival until the batching window, of users collected and too high a number of channels allocated
endsp is given by over time); however, if\/ is too high, the profit is also low (due

W du to user reneging). Therefore, we expect that there is an optimal
p= / (1-R(x))—. (10) value of M which maximizes the profit rate. The mathematical
0 w analysis of the scheme with arbitrary user reneging functions is

Including the first user in the batch, the average batch sizeddficult, and we have used simulation to study it.
hence given by

Let g be the probability that a request arrivimgthin a batch

C. Combining Auto-Gating and Batch-Size Based Scheme

N=1+)\Wp. (11) We now consider combining auto-gating and the batch-size
based scheme so as to achieve either high profit or low loss
Note thatdN/dW = A(1 — R(W)) > 0. Therefore, N when the arrival rate fluctuates around a given target value. The
is a nondecreasing function i, and attains its maximum schemes are similar to the adaptive scheme mentioned in Sec-
when R(W) = 1. Hence, to maximize the per-batch profition II-B, but with W,,,., = oo and some modifications due to
(N — K)P,W should be chosen equal to the maximuraser reneging.
tolerable delay of the users, and the corresponding maximumin thecombined-for-profischeme, requests are batched until
per-batch profit is then given bt + AU) P — C. Maximizing the number of users collected (excluding those reneged) is no
per-batch profit, therefore, makes no sense when the renedieger than a parametéf > K (so as to ensure profigndthe
function is exponential, since thé#i = oo, and thugp,;, = 1.  batching period (the time between the first request in the batch
A more interesting measure is to maximize the profite, and the movie showtime) is no less thd#h minutes (so as to
which encourages small frequent return by examining tlafeguard against too short a batching periodje see that the
system profit over the infinite time horizon. scheme operates according to auto-gating when the arrival rate
Applying the above expressions &f and" to the exponen- is high, and according to the batch-size based scheme when the
tial reneging function, we obtain the following expression forate drops. The profit rate of the combined scheme is hence no
the normalized profit raté, we have (12), shown at the bottomless than either of the two “constituent” schemes. Since there
of the page. Using the above, it is not difficult to show that this a tradeoff between profit and user loss, the cost in achieving
system cannot be profitable (i.6.< 0) if K > 1+ A(Unin+7).  high profit this way is higher user loss.
Forl+ AUy < K < 14+ AUgin+ A7, the systemis profitable  On the other hand, in theombined-for-losscheme, the loss
when rate is kept low at the sacrifice of some profit: the scheme keeps
batching users until the first user in the batch has waitediifor
W > Wo = Upin — T1n<1 _ w> . (13) minutesor the number of users collected 4, whichever is
AT earlier. Obviously, such a scheme operates as auto-gating when
the arrival rate is low, and the batch-size based scheme when the
arrival rate increases.
The appropriate batching parameters for the above schemes,
namelyW and M, are chosen from its respective constituent

For K < 1+ AUy, the system is profitable whenevér >
Wo = (K — 1)/ [21]. The window size which maximizes
is obtained by settingd/dW* = 0. Clearly, W* > Upin. In
Appendix B, we derive the user delay distribution for such a

reneging function. INote thatiV,,.;, in the previous adaptive scheme is call&din this scheme.
) A (1 - ﬁ) , for W < Uwsin
0= 9 1+ Ain + Ar(1 — e=W=Uni)/7) _ | (12)
—= ( ) otherwise.

C(W’—Umin)/‘r/)\ W )
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Fig. 8. 6 and \’ versusW given K with exponential reneging function Fi9- 9. pr versusiV given. for auto-gating.

(Umin = 0 and7 = 45 minutes). a0

Auto-gated scheduling

T =45 minutes

batching schemes (i.6% in the window-based scheme and 120
in the batch-size based scheme) “optimized” independently fc
the target arrival rate for the movie, i.e., to achieve the max 1o
imum profit subject to a user loss requirement when the othe
is absent. We have used simulation to study the performance _ st
this scheme.

§/P (/hr)

3
S
T

D. Numerical Results

In this section, we present numerical results for the batchin
schemes given the exponential user reneging function. W
first discuss the window-size based schemes, focusing ¢ 2r
auto-gating (The performance of fixed-gating is similar to tha

- I I 21 I I I

of the auto-gating and will not be presented here [21]). The 9 20 n po 0 00 120 140 160

we discuss the batch-size based scheme and the combiricu +lreaon)

schemes. We are primarily concerned with achieving maXimLm.Alo. 6* versus\ given K (r = 45 minutes). Also shown in dashed lines
profit subject to a certain user loss requirement (say arouadé corresponding t6V = 8 minutes (achieving ;. =9%).
10%).

For auto-gating, we first study the influence16f onfand K is large. For example, considéf = 2; we may choose
pr, With Ui, = 0, and7 = 45 minutes. We show in Fig. 8 W = 4 minutes (achieving = 70/h) instead of the optimum
6 (in solid lines) and system throughpit = A(l=pg) (in - W* = 10 minutes (Withé* = 78/h) to decrease the loss rate
dashed line) as a function df (A = 100 requests/h andfrom 12% to 5%; withK = 10, we may chooséV = 12
7 = 45 minutes). Clearly,)\', and hence the revenue rateminutes (achieving§ = 40/h) instead of W* = 27 minutes
decrease with? due to user reneging. The profif however, (with 8 = 51/h) to decrease the loss rate from 26% to about
first increases rather sharply to reach a maximum, and th&2%.
decreases rather slowly &8 increases (asymptotically to the We showinFig.10the maximum profit(i.e., with = W*)é*
value given by P, as expected). Maximum profit can beinsolid lines as afunction ofgivenk . The maximum attainable
achieved with low values oV, especially whenk is low. profit increases somewhat linearly with Furthermore, for
As K increases, more users have to be batched in orderatgiven K, there is a minimum value oX for the system to
amortize the channel cost and hernid& increases. A3V  become profitable (the minimum is given by setting the
increasespr, also increases as shown in Fig. 9, indicatingiaximum per-batch profit to zero, i.el,+ AU = K). Also
that there is no point to use values Bf beyondW*. It is shown in dashed lines is the profit with” = 8 minutes,
worth noting thatp;, increases rather linearly withV, and corresponding to a loss rate of about 9%. We see that for low
does not depend much on For example, to maintain a lossK (such ask = 2), even thoughV* varies with A, keeping
rate at around 10% fok ranging from 40 to 100 requests/h,lW constant can achieve close to optimal profit. On the other
we can uséV = 8 minutes. Figs. 8 and 9 show that, for thénand, whenK is high (say K = 10), meeting a loss rate
range of W between 0 andV*, there is a tradeoff betweenrequirement would mean a more substantial decrease in profit.
profit and user loss, and it may be necessary to choose valMéssee that if the desire is to achieve a low loss rate (say around
of W below W* in order to keepp;, low, especially when 10%), then the window size is likely to be sub-optimal, unless
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Fig. 11. 6 versus\ for the combined schemes & 45 minutes). Fig. 12. pr versus\ for the combined schemes & 45 minutes).

L ) , ned-for-profit scheme traces out the outer “envelope” of the
the request rate is high. The figure suggests that movies wj . . .
. . ; . fwo basic schemes, while the combined-for-loss scheme traces
low arrival rates may not be profitable if the loss requiremen - .
X ut the lower envelope. We show in Fig. 12 the corresponding
has to be kept low. In order to achieve overall system profit, : )
versus \. We see that the combined-for-profit scheme

either the loss requirement of these unpopular movies H%[snieves its high profit at the expense of user loss, while its

to be relaxed, or their PPVs have to be higher, otherwi&& . )
. : counterpart the combined-for-loss scheme achieves a lower
their loss may have to be offset by the profit from the moré . .
. . . user loss at the expense of profit. The figure also shows that

popular movies. We also find that (not presented here) if us? S

. . : . € auto-gating offers a rather flat, as a function ofz, while
are willing to wait longer (i.e., ag/ or 7 increases), the . ) o
in the batch-size based schemecan vary quite significantly

overall profit increases and the loss rate decreases (with o ) .
P ( velj?h A. Our results indicate that in near-VOD, profit can be

increase in the optimal window size). This suggests that for , : .
ptime ) 99 . Praded off with user loss: if the system has already achieved
those unpopular movies, some means to extend the viewer

o . sa%sfactory profit, then the combined-for-loss scheme can be
waiting tolerance may be useful (by offering, for example ; o .
deterministic delay or some delay-based PPV) Used to offer a better service quality; on the other hand, if the

We next consider the batch-size based sch.eme In theer loss rate can be relaxed, the combined-for-profit scheme

scheme, there is an optimal batch siZé to achieve maximum can be used to achieve higher profit.
profit rate 6*. When the profit is high, there is a remarkable
resemblance between this scheme and auto-gating in terms of
#* and the correspondingy,, with the optimal batch-sizé/* In this paper, we have considered providing near VOD
corresponds closely to the average batch-size obtained in seevice when there is a cost associated with using a multicast
auto-gating using?* [22]. There is, however, a slight differ- channel. Batching then has to be done so as to amortize such
ence between the auto-gating and the batch-size based schemm&nnel cost so as to achieve profit, while meeting user delay
while the former does not discriminate between profitabler user loss (in the case of user reneging) requirement. We
and unprofitable batches, the latter selectively serves a bal@ve examined and analyzed a number of (traditional) basic
which leads to profit (by simply setting/ > K). Therefore, schemes, namely the window-based schemes and batch-size
when is low, the auto-gating may not achieve profit while théased scheme, in terms of their profit issues and user delay
batch-size based scheme can still be profitable (at the expeoséoss. In general, there is a tradeoff between profit and user
of higher user loss rate) [21]. delay (or loss) in the system. The window-based schemes
We finally consider the combined schemes, and show ame able to offer guaranteed delay but not profit, while the
Fig. 116 versusA with W = 10 minutes,M = 15 and batch-size based scheme is able to offer guaranteed profit
exponential user reneging functioA’ (= 10, = = 45 minutes but not delay. However, given a certain maximum user delay,
andlU,,;, = 0). The parameter8 and M are independently batch-size based scheme is found to have lower profit when
chosen given the target arrival rate)at = 100 requests/h to users do not renege. This makes the window-based schemes
achievep; < =10% for the auto-gating (Figs. 8 and 9) andn attractive choice out of the basic schemes. We have also
batch-size based scheme, respectively. Also shown in brok@oposed and analyzed an adaptive scheme to combine the
lines are the respective performance of auto-gating with te&engths of the basic schemes. The scheme is able to balance
samel’ and the batch-size based scheme with the same service quality (in terms of user delay experienced) and system
Clearly, asX goes higher than the target rate, auto-gatingrofit when the underlying request rate fluctuates.
achieves higher profit, and when the arrival rate drops, theGiven a certain user-reneging behavior, we find that maxi-
batch-size based scheme achieves higher profit. The camizing profit per batch leads to long batching period and high

IV. CONCLUSION
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user loss rate. Maximizing profit over a long time horizon We first obtain the distribution of the batch-siz¥, which
(translated to the profit rate), on the other hand, is a betisrclearly given by (17), shown at the bottom of the page. The
measure because it encourages more frequent smaller retusbsve equation can be used to find Alternatively, N may
However, the user loss rate may still be undesirably high ¢ obtained by conditioning oW'. Let N, = E[N|W =
maximum profit, especially when the channel cost is high ailin], Ng = E[N |W = Wy, andN, = E[N | Wi <
users are not patient. Therefore, profit maximization shouldl < W,,..]. Clearly, N = aN, + 3Ng + vN,, where

be subject to an acceptable level of user loss rate, and a

shorter (suboptimal) batching period may have to be used. = i AWuin)™ ™' _w

Generally, the higher the user delay tolerance is, the longer No = alm —1)! ¢ (18)

the batching period is and the higher the profit would be. ;\';‘Jy

Some unpopular movies would run at a revenue loss, unless Ny = Z AW max) ™ 7 )\Wma.x ! =M Wimax (19)

incentives are used to make users to be more willing to wait — )

or a higher PPV is charged. We finally show how the basic No=M (20)
=M.

schemes can be combined to trade off profit and user loss
in order to achieve high profit or low loss as the arrival rate \ye next obtain user delay distribution by conditioningi®n

fluctuates around some target or assumed value. Given thatW = Wi, and there aren (m > M) requests in
the batch, one (the first one in the batch) has dé&fay.,,, and
APPENDIX | the remainingm — 1) of them have delay uniformly distributed
ANALYSIS OF THE ADAPTIVE SCHEME WHEN USERS ~U[0, Wyin]. Therefore, fore < Wiy, the user delay distri-
Do NoT RENEGE bution is given by

In this section, we analyze the adaptive scheme as presented o
in Section 1I-B. We first define a few variables. LBt be the /(x| Ww = W) = ! Z )‘Wmm) ) —AWosin
-1

random variable denoting the length of the batching period; N, M
clearly, Wyin < W < Wiy Let a be the probability that
W = W,,,, which is the case when more tha#f — 1 users X <(m D +6(x - Wmin))
(excluding the first one in the batch) arrive witHif,,,;,,. There- m 1)
fore
whereé(-) is the usual impulse function. Similarly, given that a
= P(W = Whyin) batching window is of siz&V ..., the user delay distribution is
- 1= lg_:l ()\Wmin)nl_l G—AVVmin (14) (:E S WmaX)
m=1 (m - 1)' | 1 = ()‘Wmax)m_l AW,
3 - fD($|W_WmaX)_N_BZWG
Let 3 be the probability that = W,,. It is equal to the T om=l1
probability that fewer thai}/ — 1) requests arrive (excluding « <(m —1) 1 +8(x — maX)) ]
the first request in the batch) withi¥,,,.., and is then given by Winax

(22)
A= 5(_1/11/ = W) Given thati’ = w with Wiyin < w < Wiax (@nd hence, the
_ Z (AWiax)™ ™t = Wanax (15) batch-size is exactly/), one user would have delay, (A —
(m —1)! ' 2) users would have delayl/[0, w|, and a user (the last one)
would have zero delay. Therefore, for< z < w

m=1

Let v be the probability thatV,;;, < W < W,,,. Clearly

(J} | Wmm <w< Wmax)
1 M-21
el ap. (16) =t e gt (29
. -1
()\Wmax) G—AVVmax 1 S L S M -1
(i —1)! ’
. )‘Wmin M-1 —AW..; .
P(N =i) = ( (M —)1)! e oy, =M (A7)
()\Wmin)z_l — AW
\ (L - 1)! ¢ 7 P2
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Removing the condition ow for x < W,,;;,,, the delay dis-
tribution is given by
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+ OéN fD(x | W = Wmin)

+ ’YM/ (.’L’ | Wnnn <w < Wmax)gL(u}) dw

min

M-—1
1 ()\Wmax)nl_ ! —AW, 1
_ 1 MWonax) Moo (1 — 1)
N rg::l (m - 1)' Wmax [1]
= (AWain)" ™t o, (m— 1 [2]
— o - Wmin
+ Z (m — 1)' ¢ Wmin * (:I: )
m=M [3]
Woss gy ()
+ (M —2) / o dw +95(z) (24) M
Whin

(3]

where gy (x) is given by (5). ForW,i, < 2 < Wiy, the
AT . N [6]

distribution is obtained similarly as
[7]

oo

1 ()\Wmin)rn_l —AWhi !
fola) = 5 4 3o e i - 1)
M-1
)\Wmax ol —AW, m—1

N Z =MW <W + 6(x — Wma.x)) [9]

L= 1 max

W
‘max gw(w)

+ gw(z)+ (M — 2)/30 ” dw (25) [10]

(11]

D can then be obtained b ™ z f1, () da.

[12]
APPENDIX I
DELAY DISTRIBUTION FOR AUTO-GATING WITH

USER RENEGING [13]

We now derive user delay distribution for auto-gating with
exponential user reneging function given by (8). Bor< Upin,
users do not renege arfg () andD have already been derived
in Section II-C. We now consider the case wh&re> U,in.
Note that the first user in a batch always has délayRequests
arriving in the last,,;;, minutes of a batch never renege, andji¢]
hence have delay uniformly distributed betweesi/,,;,]. The
remaining requests in the batch have délay, < x < W with
probabilityl — R(x) = exp(—(x— Upin)/7). Hence, the delay
distribution fp(z) is given by

(15]

(17]

(18]
1
1 ()‘Uvmin)ﬂ - )\7 for 0 S z S Umin [19]
() = 5 X ) Aem@—Vod/T. for Uy < 2 < W [20]
8z — W), otherwise.

(26) [21]

where N is the average batch- -size given in (11) The average,,
delay D can then be obtained bﬁg zfp(z)ds

and, in particular, Dr. T.-M. Ko for providing the initial advice.
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