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Data Broadcasting and Seamless Channel Transition
for Highly Demanded Videos

Yu-Chee Tseng, Ming-Hour Yang, Chi-Ming Hsieh, Wen-Hwa Liao, and Jang-Ping Seaior Member, IEEE

Abstract—One way to broadcast a popular video is to use a simplest scheme is to dedicate a channel to each client [8],
number of dedicated channels, each responsible for broadcasting [19]. Many VCR-like functions may be provided (e.g., forward,
some portion of the video periodically in a predefined way. The rewind, pause, search, etc.). Since video is an isochronous

stress on channels can be alleviated, and new viewers do not have di th d has t ficient t
to wait long to start their playback. Many approaches falling in MEeditim, the VIGEO SEIVEF Tas 10 IeSeive a SUTCIEnt amoun

this category have been proposed. One such scheme that inter-Of network bandwidth and input—output (I/O) bandwidth for
ests us is the fast broadcasting (FB) scheme, which can broadcasteach video stream before committing to a client's request
a video using/ channels by incurring at most O(D/2") waiting  [10]. Apparently, such systems may easily run out of channels
time on new-coming viewers, whereD is the length of the video. ey 56 the growth of the number of channels can never keep
In this paper, we consider a set of videos, each being broadcast by . . . .
the FB scheme. Since the levels of demands on these videos ma?p with the growth of the number_of (_:Ilents. Th'_s results in
change by time, it is sometimes inevitable to change the numbers fremendous demand for communication bandwidths on the
of channels assigned to some videos. We propose a noseamless system.
channel transitionenhancement on top of the FB scheme todynam-  To relieve the stress on the bandwidth and I/O demands, many
ically change the number of channels assigned to a video on-the-fly. alternatives have been proposed by sacrificing some VCR func-
Clients currently viewing this video will not experience any disrup- . .
tion because of the transition. A channel allocation scheme is also t|0r_15. Theba_ltchlngapproach collects a group of requests that
proposed based on the arrival rates of videos to minimize the av- arrive close intime, and serves them all together when a channel
erage waiting experienced by all viewers. From the system man- is available [1], [6], [7]. A scheduling policy based on the arrival
ager’s point of view, the enhancement will make the FB scheme of the requests to the video is required to best utilize the chan-
more attractive. nels. Twopatchingschemes [12], [9] are proposed on top of the
Index Terms—Broadcasting, cable TV, channel allocation, dig- batching approach to allow late-coming clients to join the ser-

ital video broadcasting, video-on-demand (VOD). vice with some buffering space and server channel constraints.
Inthebroadcastingapproach, the server uses multiple dedicated
I. INTRODUCTION channels to broadcast a video cooperatively. Each channel is

) responsible for broadcasting some portion of the video. Each

V IDEO has become one of the most important forms fjent follows some reception rule to grab data from appro-

media in our lives. On average, each household has bdate channels so as to play the whole video continuously. The
television sets in the U.S. [3]. With the availability of networksserver's broadcasting activity is independent of the arrivals of
people also wish to be able to access videos instantly at {a@uests. Such an approach is more appropriate for popular or
touch their fingertips. With the advancement of broad-band nejot videos that may interest many viewers at a certain period of
working technology, computing technology, and storage tecfine, According to [6] and [7], 80% of demands are on a few
nology, VOD (video-on-demand) services have become PQ30 or 20) very popular videos.
sible [18], [20]. Offering such services is likely to be popular Because of the efficiency in channel usage, many broad-
at local residential areas, and viable in metropolitan areas in @!%ting approaches have been proposed [2], [5]-[7], [10],
near future. _ _ _ _ [13]-[17], [21], [22], [24]. The simplest solution is to pe-

A VOD system is typically implemented by a client-servefipgically broadcast the video on several channels, each
architecture supported by certain transport networks Sugffferentiated by some time [5]. The enhanced batching scheme
as telecom, CATV, or satellite networks [4], [11], [23]. Thgg] proposes to divide the video into equal-length segments;

a user has to wait no longer than the length of the segment.
Many schemes have been proposed by imposing a larger client
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and the PAGODA scheme [21], [22], which can broadcastiacurred on all new viewers. From a system manager’s point
video usingk channels by having new-coming viewers to waibf view, these enhancements will certainly make the FB scheme
no longer than®(D/2*) and ©(D/5%/2?) time, respectively, more attractive.
whereD is the length of the video. Aarmonicscheme based Finally, we remark that one reason for us to pick the FB as
on the concept of harmonic series is proposed in [15] and [16Lr target is its simplicity and practicality. Some implementa-
This scheme is recently proved to be optimal with respect tion details and experiences of FB's implementation have been
the bandwidth requirement and the viewers’ waiting time [26}eported recently in [25]. Some discussions on this are in Sec-
This paper is motivated by the observation that all the abotien II.
broadcasting schemes [2], [5]-[7], [10], [13]-{17], [21], [22], Therestofthis paperis organized as follows. In Section II, we
[24] are aimed at reducing the viewer waiting time givdixad give some background of the FB scheme and then formally de-
bandwidth foronevideo. If we consider a set of videos sup{ine the problem to be solved in this paper. The proposed seam-
ported by a server, the bandwidth received by each video shoudss channel transition enhancement for the FB scheme is pre-
to a certain degree, reflect the “level of hotness” of the videsented in Section Ill. How to assign channels based on our en-
Furthermore, since the hotness of a video will be changed bancement is discussed in Section IV. Conclusions are drawn in
many factors (such as day of the week, time of day, or soctéction V.
events), the bandwidth assigned to each video may need to be
adjusted to reflect the change. It will be certainly desirable for a
broadcasting scheme to be able to dynamically adjust the band-
width assigned to a video on-the-fly in a seamless manner. As Review of the FB Scheme

far as we know, these issues have not been addressed for any qf .
the above reviewed schemes yet. %elow, we review the FB scheme proposed by [14] and

In this paper, we pick the FB scheme [14], [17] as our targ iL?]. Consider a vided” of length D with consumption rate

We propose ahannel transitiorenhancement on top of the FB .re(Fs(,)er d'r;\f_f_asnge’%e%ogﬁeze tg nggun?!'r:ytoszE?;l:gr:t'
scheme, so that the number of channels assigned to a video &Y Vi gy = ! pay

C . N X
be adjusted on-the-flgeamlesslyin the sense that the cIients\r/?zzg Nrolv(? dli\ﬂlb/ Sé;j:nglfelrftlsa %ses dL:(r;?g dﬂ::italr?nzlptgp\ljl:éavrv
currently viewing this video will not experience any disruption .~ " pr 9 .
because of the transition. We note that seamless channel ! n|_nfea5|ble. To solve this problem, the FB scheme assumes
) that £ channels,Cy, C1,...,Ci_1, each of bandwidth, are

ition i metim ritical for lar vi which k n_. :
sition is sometimes critical for popular videos, chkeep o §|gned td’. These channels will work together to broadcast

' . O . a
having new viewers arriving. For instance, let us assume a ser ; . : .
with some special arrangement. The major goal is to reduce

that can support as many as seven channels concurrently. %_new-comin viewers' waiting time before it can start the
pose that initially three and four channels are used to broadcast . 9 9

: . service ofV.
videosV; and Vs, respectively, based on the FB scheme. Now, ) .
! > P y The video server should use the following rules to broadcast

for some reason, suppose that we would like to reconfigure t{}e
assignment by using four and three channelsfoandV;, re-

Il. BACKGROUNDS AND MOTIVATIONS

spectively. One naive solution is to simply block all new viewers 1) PartitionV” evenly intoN data segments;, S, ..., S,

of ¥, andV, and wait for all old viewers to complete. After whereN = 2" — 1. That is, the concatenatidh o S o
awhile, all seven channels will be free, and then we can start " © Sy = V (we useo as the concatenation operator).
with the new channel configuration. Unfortunately, the transi-  The length of each segmentis= D/N = D/(2* — 1).
tion time will be roughly half of the length of the longer video, 2) Divide each channel’;, ¢ = 0,...,k — 1, into
because the longest period to broadcast video segments in the time slots of lengthé. On C;, broadcast data seg-
FB scheme is about half of the video length. For instance, for ~ MeNts S, Sziy1,..., 511 periodically and in

a typical 120-min movie, no new viewers can be accepted for ~ that order. Note that the first segment: of each
about 60 min, which is intolerable. A less naive solutionis to ~ Ci, ¢ =0,...,k — 1, should be aligned in the same time

block new viewers of/, to vacate the four channels occupied by slot.

V,. After a while, we will have four free channels, by which we An example is shown in Fig. 1. Channg}, broadcasts the
can serve new viewers &f, with the new configuration. Then first segments; periodically,C; broadcasts the next two seg-
we wait further for a while until the original three channels occuDents,52 andSs, periodically,C; broadcasts the next four seg-
pied byV; are released. Then we can start serving new viewdPeNnts,54, S5, Se, and.S7, periodically, etc. Note that none of
of V5. So no new viewers df; will be blocked, but new viewers these channels broadcasts the complete video

of V> will not be accepted for about half of the total length of TO view V, a client should monitor and receive data from all
V1 andVs. This example further justified the importance of ouft channels according to the following rules.

yet-to-be-presented seamless channel transition scheme. 1) To start the service, wait until the beginningasfy new
With our enhancement, given some bandwidth and a set of time slot.
popular videos, the system manager will be able to dynamically 2) Concurrently from each channgét, ¢ = 0,...,k — 1,

and seamlessly change his/her channel assignment policy so as download2’ consecutive data segments starting from the
to make the most benefit out of the broadcasting service. We first time slot.

also propose a channel assignment policy, based on the reques) Right at the moment when Step 2) begins, start to con-
arrival rates to videos, to minimize the average waiting time  sume the vide®; o Sz o -+ - o Sy
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& D i given a 120-min video, with five channels, a viewer has to wait
S 5 _ : S b no more thani20/(2> — 1) < 4 min to start the service, and
: with six channels, the maximal waiting time further reduces to
5 & & 120/(26 — 1) < 2 min.

What the client has to pay for are a larger receiving bandwidth
and an extra buffer space for those premature segments. The re-
ceiving bandwidth is the number of channels for the video. The
buffer space will depend on the time slot when a client begins
its service. The maximum buffer requirement is less than half
of the video size Db/2[14]. In some cases, it is possible for
a client to play the video without buffering if it is willing to
wait longer. To see this, consider Fig. 1. A client starting at time
t; does not need to buffer any segment because it can contin-
uously receive every required segment (the darker segments in

C., &5+ S B ’ - the figure) just-in-time from one of the channels. However, this
- happens only once evef—! time slots.
L& i Implementation experiences of the FB scheme have been
reported in [25]. The MBone (VIC H.261) protocol is used
Fig. 1. Data scheduling of the FB scheme. to transmit video packets to clients. The prototype is called

Listener It is built from pure Microsoft Win32 native codes

Let us an example to show how the FB scheme works. In Fig.ith the Microsoft Foundation Class Library. Listener is com-
suppose the video server allocates- 4 channels td/. SoV  posed of three independent Win32 applications: RTP media
will be partitioned evenly intdV = 2* — 1 = 15 segments. For emitter, RTP packet recorder, and RTP media player. The RTP

a client starting at time, in Fig. 1, in the first time slot, it will media emitter fetches prerecorded RTP packets from its hard
receive segments;, S, Sa, Ss from Cy, C1, Cs, Cs, respec- disk driver and injects them into the network. The RTP packet

tively. During the first time slot, segmenst will be consumed, recorder receives video/audio packets and places them in its
and the other premature segmesifsS., Ss will be buffered at disk through the WIN98 FAT32 file system. The RTP media
the client’s local storage for future use. In the second slot, tRéayer is then responsible of the playback. The system runs on
client will consume segmers; from its local storage. At the & 10-Mb/s Ethernet supported by TCP/IP (some transformation
same time, segment, Ss, So from Cy, C», Cs, respectively, is applied to simulate a multichannel environment by the shared
will be buffered. In the third time slot, the client will consumeEthernet). The detailed hardware and software descriptions
the S5 from its local storage, and simultaneously buffgrand of the system are shown in Table |. Under such environment,
S0 from C, andCs, respectively. This will be repeated until thedround 16 channels can be support by the video server. For
client has received® = 8 data segments fromfi;. At last, the €Xxample, it is shown that the server can concurrently support
client will finish watching the video at tim& +N§ = ¢o+156. three RTP emitters (i.e., three videos) each with five channels,
The reader should be able to derive similar results easily fof four RTP emitters (i.e., four videos) each with four channels
viewers starting from any other time slot. smoothly. A client can receive segments from 16 channels
In summary, the FB scheme allows a client to start at the Beancurrently without problem. So the current bottleneck is on
ginning of any time slot by ensuring that whenever a segmédhg server’s side to support more channels.
is needed to be consumed, either it has been buffered previ- )
ously or it is being broadcagist-in-timeon one of the chan- B: Problems with the FB Scheme
nels. We briefly outline the proof as follows. Suppose that a This section motivates the work of this paper. We observe that
client begins to download; at timet. Consider the2’ seg- the FB scheme only considers the scheduling of segments of one
ments Sy, Soit1, ..., S.:+1_1, Which are periodically broad- video on a given set of channels. The number of channels as-
castonC;, i = 0,...,k — 1. These segments will be down-signed to the video is fixed. However, since the level of demand
loaded by the client fron©; in the time intervallt,t + 2¢6].  onthe video may change by time, it is desirable that the number
However, these segments will be viewed by the client in the tinoé channels assigned to the video can adapt to such changes. We
interval [t + (2" — 1)6,¢ + (21 — 1)§]. There is only one slot call thischannel transitiorwhen the video is undergoing some
of overlapping, i.e.[t + (2! — 1)8,¢ + 2%6], between the above change on the number of channels used.
two time intervals. In this time sloty,: is the segment to be  One trivial solution to channel transition is to allocate a new
played. It can be easily observed titht either has appearedset of channels for the new configuration to serve new-coming
on C; previously, or is currently being broadcast@pin time. viewers, while keeping the old set of channels unchanged to
This concludes the proof. serve the old viewers currently receiving the video segments.
What the FB scheme achieves is to shorten viewers’ ma8ince we assume that the video is very popular, it is likely that
imum waiting time. A client has to wait no more thatime to  we have viewers starting their playback at the beginning of every
start viewing the video. The average waiting timé /€. Since time slot. So in the worst case, the old set of channels may be
§ = D/(2¥ —1), asmall increase in the number of channels caeleased afte2*~1§ time (which is the period of the channel
reduce the maximum waiting time significantly. For instance/;_1). This is larger than half of the length of the video. Thus,
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TABLE |

HARDWARE AND SOFTWARE DESCRIPTIONS ONWHICH THE PROTOTYPELISTER RUNS

Ttems Description

Operating system Microsoft Windows 98 SE
CrU Intel Celcern 800 MHz
Hard disk driver Generic IDE H.D. (7200 rpm)
Network A separated IEEE 802.3 10 Mbps Ethernet

Audio ADPCM (length 1602 sec, average bit rate 32 Kbps)

Video H. 261 video (length: 1602 sec, average bit rate 514 kbps)
the waste of communication bandwidth will be significant, es- AV AV
pecially when the video is long.

More seriously, the above naive transition is only possible if k=2 Sl ! 82 53
we have spare free channels for the new configuration. If we _ S|s \ S 1 S 18./s. 1S
consider a set of videos supported by a server, there may not 1] P2 | s | T4 | &S | 76| 77
always exist sufficient spare channels for the transition. If so, k=4 |[S,|S,S,|S,|S,Ss!S,|Ss s,ls,os,lsusns“sl,
we may have to block the new viewers of some videos so as ‘
to vacate their channels for the transition. Again, the blocking @)
time could be longer than half of the length of the video, or evel « A\
. . . V durmmy
much longer (refer to the example in Section I). This amount o
waiting time will be intolerable if the video is long (e.g., fora k=2 SZ1 | Sﬁ Si i
typical 120-min video, the waiting time will be longer than an 3 3 3 3 3 3 3 3
hour). k= S1 2 S3 4 Ss Ss S7 Ss
Therefore, it is desirable to have a scheme to dynamically=4 | |8 S!S} s‘;}s‘; SISt Ss| 84 St St Si Sid Sty St

adjust the number of channels assigned to a video on-the-fly.

The transition should beeamlessin the sense that during the (b)

transition period, clients currently viewing the video will nofFig.2. The relationship of segments whef= 2, 3, 4) channels are assigned

experience any disruption. Meanwhile, new viewers may ke@%ﬁ videoV': (a) in the original FB scheme and (b) after our data padding. Itis
. . . . assumed that = 2, SO|Viummy| = D/3.

on coming and their service can be started right away. ’

ll. CHANNEL TRANSITION FOR THEFB SCHEME FB scheme and after our data padding. The segments with data

. ) ] ) padding are aligned in a better way (we will discuss this in a
In this section, we will show how to modify the FB scheme,ore formal way later).

to make seamless channel transition possible. We considegow assume that is a fixed small integer, which indicates
one videoV” of length D. First, V" will be padded with some he minimum number of channels that must be assigndd. to
dummy video stream at its end before being broadcast (Segnce our basic assumption is thetis a highly demanded
tion I1l-A). Then, we will establish the relationship of channe{;igeq itis reasonable to assume thas at least 3 or 4 (however,
contents at different channel assignments. In particular, we Willte that our scheme will work for any fixed). For instance

identify a special case that will lead to a “good” relationshigy 4 typical 120-min videog = 3 gives an average waiting
(Section 111-B). Based on the relationship, we will show how tgme 0f120/(2 - (2% — 1)) ~ 8.57 min, anda = 4 an average

seamlessly change the number of channels assigned to a V%ﬁing time 0f120/(2 - (2* — 1)) = 4 min. At the end of¥’, a

(Section 11I-C). dummy video streanyy,my of length
A. Data Padding W, | D
dummy| — -
Recall the original FB scheme. Given, for instance, three and Y 29 -1

four channels td/, the length of each segment will b@/7 g padded. Now let
and D /15, respectively. Since the denominators are mutually

prime, there is no clear correspondence relationship among V' =V o Vaummy

the segments obtained from these two channel assignments. oo

This is similar for most other assignments. Below, to establish D' =V o Vaummy| = a1 D 1)
some correspondence relationship among segments of different

channel assignments, we will pad some dummy data at theppose that channelsCy, C1, ..., Cx—1 are assigned t¥’,

end of V. By “correspondence relationship,” we mean thavherek > «. We modify the rules used by the video server as
a segment of one channel assignment can be representedoBgws.

multiple segments of another channel assignment. For examplel) Partition V/ evenly into N data segmentsS;,Ss,

in Fig. 2, we show the relationships of segments in the original ..., Sy, whereN = 2%, i.e.,S;08,0---0Sy = V'.
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Fig. 3. The ratio of bandwidth waste due to data padding for a 120-min video ksihgnnels.

Denote by§’ = D’'/N = D’/2* the length of each Lemma 1: Letp andq be two integersp > ¢ > a. For any

segment. i, 1 <14 < 29, we have

2) Divide each channel;, i =0, ...,k — 1, into time slots
of lengthé’. OnC;, the video server broadcasts data seg- Si= ngl)rﬂ © 5371>r+2 o---0 S5,
ments Syi, Soiyq,...,S2+1 1 periodically and in that

wherer = 2P79,

Below, we comment on the extra cost of the data padding.
First, we consider the waste of communication bandwidth oc-
cupied by these dummy segments. We are uginghannels
B%Jbroadcasv’. The last2*—> — 1 segments contain dummy
vide

Step 2) looks exactly the same as the original FB scheme,
now we are broadcastirlg’ instead ofV’. One subtlety here is os. Note that these dummy segments must be broadcast on
the last channel’;,_;. Taking one period of the last channel

that the last segmety is never broadcast on any of the chan-

nels. However, this does not matter becasigealways contains Cr1 as the denominator, we can see that the following ra_tlo of
dummy data bandwidths of thé: channels are used to deliver dummy video

segments

order. Note that the first segmeft: of eachC;, i =
0,...,k — 1, should be aligned to the same time slot.

Note that in Step 1), the definition @f is slightly different
from that in the original FB scheme (which assigvis= 2% —1).

D’ D’ D 2k—a_ 1
|SN| = Z_k < 2_a = 20 _ 1 = |Vdummy|~ k. 92k—1"

On the client side, it performs exactly the same action as tHeFi9: 3, we show the ratio of bandwidth waste for differént
original FB scheme. But now the video conten§is> Sso - - - o and«. The highest ratio is around 9%, and the ratio decreases

Sy 1, which contains a complete version6f One can easily fast ask enlarges. A larget will incur less waste. We remark

verify the correctness of the above modification. that one possible application of these dummy segments is to

After the padding, one important property is that we cafeliver advertisements or previews of coming-up videos to the

easily establish the relationship of segments associated WitRWers: This is reasonable because we seldom see any broad-

different channel assignments. To formulate the relationshf*Sting programs without advertisements.

let us denote bys¥, Sk Sk the N segments o¥”’ whenk Second, we evaluate the increase of segment length (and thus
9 PRI} 7 . o . . .

channels are used. For instance, assumirg 2, we show the viewer yvamng time) due to our data paddlng. Recall Fhat in

segments of/’ at different values of in Fig. 2(b). A segment the Oz'g'nal FB scheme, the Ieng_th of each time slo I$=

at a smallerk is always equal to the concatenation of sonTQ/(_2 u 1). After the above padding, the length of each time

segments at a largér(e.g.,S? = S3053 = StoSioSiosd). Slotisincreased by

Suchlg property is crucial to our yet—to-be-pr(_esentgd channel ) D D ok _ 9a

transition scheme. However, no such relationship can be ¢ —6 = — -+ = Ton 5 ok -D

: : o . 2k 2k 17 (20 —1)-2k.(2k — 1)

established in the original FB scheme. The reason is simple:

the FB scheme partitiori into 2* — 1 segments, whereas oursThe average waiting time will be increased 8y — &) /2. For-

partitionsV’ into 2* segments. The correspondence relation tanately, this value quickly converges to 0/asncreases. For

formally derived in the following lemma. instance, ifa = 2, for a 120-min video, the average waiting
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Fig. 4. The increase in average waiting time after data padding for a 120-min t=0 4 4 L R
video usingk channels. ‘ ol
s st s
- P . . 2 SZ SZ Q2 ‘777
time is increased by.43 min whenk = 3, by 1.00 min when 1 2 3 P2 |
k = 4, and by0.56 min whenk = 5. This increase is insignifi- s =3 Tl |9
cant. If« is larger, the increase is much less. In Fig. 4, we show Us S | S e v -
the increase of the average waiting time at various values of U’ S:|S; S| S8
andf for a 120-min video. U: S: | s: i S:| s §
B. Relationship of Channel Contents U, S!|st st stis!|stistsiist .-
In this section, we will first model the channel contents given u; S!iSiiS sty stst sy st
a pertain number of chgnnels toa popular.video. Thgn we will U st|stists silstosesyst -
raise a special case which reveals some nice properties that can vt | slst s st stst sl s I
facilitate channel transition. 3 b I s e i s

We will still use the vided/, and the same notations in Sec-
tion Il-A (such asV’, D', k, S¥, Cy, Cy, ..., Cy_1) in our dis- ®
cussion. For ease of presentation, we assume that the syst?m () Channel contenE* atk = 2. 3, 4. (b) Shifted channel contents
§t6.ll’t.S at,“me 0. The antent ofa Channe_l can b,e regarded a%gg?k = 2,3, 4. For clarity, the first f_ew éebﬁents 6f* are not shown so as
infinite video stream with respect to the time axis starting fromg observe the shifted effect.
time 0. Supposing thab represents a channel content, we will

denote byl/(¢) the content ofl’ at time pointt. To denote the  pefinition 2: Given an integek and an integed such that

special case that no content (or no meaningful content) is broads, ., ando < 4 < %, we define the infinite video stream
cast at timef, we will write ¥(¢) = 0. Also, the video content N
of W in time interval[t;, t>] will be written as¥(t;, o). Uk = cycle (shift (2’“‘“ —~1,85 0 S§d+1 0.0 55‘“171))
Definition 1: Given an integek and an integed such that
k > « and0 < d < k, we define the infinite video stream whereshift(é, s; 0 sp0- - ) is a function which cyclically rotates
the parameters,, s, . .., to the right byi times. Also, define
Tk = cycle(S;“d o S§d+1 0.0 S§d+1_1) U* to be a set of: video streams such that

Tk k k k
wherecycle(s) means an infinite repetition of the given video UF = {Us, UL U}

streams (i.g., cycle(s) = sososo---). Also, definel™ to be Intuitively, I7¥ is obtained froni’¥ by cyclically shifting the
a set ofk: video streams such that latter’s video segments to the right By~ — 1 time slots. Fig. 5
illustrates the relationship betwe#}j andU* whena = 2 and

T ={T;,d=0.k—1}. k = 2,3,4. Whenk = 2, we haveT? = U? since there is

no shift being taken2*~= — 1 = 0). Whenk = 3, the video

Intuitively, 7% is the video content broadcast on channés$ shifted by2*=* — 1 = 1 slot, and wherk = 4, the video
C, by our modified FB scheme, arifi* is the collection of is shifted by2*~* — 1 = 3 slots. To summarize, let us com-

video contents broadcast on chanm@sCy, ..., Cy_1. Next, pare Fig. 5(a) and (b). Before the shifting, thtarting timeof

we will change the channel contefif by performing a shift the first segment in each channel (i-£52, 52}, {S3, 53, 531,
operation. and{S¢, S3,S¢,54}) is aligned (at time 0). While, after the
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shifting, theending timeof these segments are aligned (at tim€. Seamless Channel Transition

t1).
Observe that for each individu&l®, all the channel contents ) i _
{Uk, UF Uk} are shifted by the same amount of time In this section, we assume that vide€as currently supported
U, U8 .

Since our scheme allows a new user to start at the beginnind¥f* channels. We will show how to seamlessly change the
any time slot, each individudF™* still describes how to broad- "Umber of channels from to & (both~ andk’ > «). We call
castvided/” to its viewers wherk channels are used. The mos{his achannel transitionLet Ak = &' — k. If Ak > 0, this
important effect we want from the shifting is a correspondini§ called apositive channel transition (PCT)f Ak < 0, this
relationship between two channel configuratiéisand(7*+1, 1S called anegative channel transition (NCTJhe fundamental
which is derived in the following. theory of PCT and NCT is from the above two corollaries. In-
For eact/%, time is slotted by length ab’ /2*. Let us denote tuitively, these two corollaries describe why viewers will not
by U¥[4] the video content of’%, at the;jth time slot. Note that experience disruption at PCT and what needs to be made up to
here we will countj starting from 0, i.e.7%[0] is the video Viewers at NCT.
content at the first time slof/¥[1] that at the second time slot, 1) PCT: The fundamental of PCT is Corollary 2. Suppose
etc. The following lemma derives the contenti@f[j] for an thatthe serveris currently usirtg* to broadcast’. Corollary 2

arbitrary j. states that at any timethe server can stop using* and transit
Lemma 2: For anyj > 0, we have to U*' to broadcast’. A client currently in the system will not
. N miss any content that it expects to receive in the future after the
Uglil = S((j—(Q’“*“—1))1110(124)-1—24' transition. However, in reality, the transition time can be chosen

at the beginning of any time slot &f*", since this is the only
point new-coming clients can enter under the configuratién
We summarize the server’s PCT rules as follows.

Theorem 1: For anyj, we have

Uyt 2] o U 25 + 11,

if g k—a d — . . " .
Uklj] = k+1'f J = (2 -~ _‘1) mod 2% =0 1) Let the current time beé. Determine the transition time
Ud+1. [27] 0 Ugi[27 + 1, point ¢ to be the beginning of the nearest coming time
if j — (2k—a — 1) mod 2d 7£ 0. slot in Uk,
- 2) Starting from time’, use the new channel set to broadcast
Intuitively, the above theorem states that the contet’pat s

the jth time slot is the concatenation of some content§ of*
andUJ ] at the2jth and(2;j + 1)th time slots. Note that the
length of a time slot in the former equals exactly two times th
of the latter. In fact, thgth time slot of 7" is exactly the2;jth
and(2j+1)th time slots of/**! (recall that we count starting

from 0). Thus, what is broadcast ii* must be concurrently  One thing unspecified is how video data should be buffered

On the client side, it should be notified of this transition. For
an existing client who started before tinffe it should change
its receiving rule to that fof’*". For a new client coming at or
aftert’, it directly follows the receiving rule fot’*".

broadcast if/*+1, by existing clients after the transition. There are several possi-
Corollary 1: At any point of timet, the relation holds bilities. The first and simplest way is to use two sets of buffers,
one forU* and the other fot/*". The client keeps on consuming
{Ub@®),Uuk@®),....UF_ ()} V from the former buffer, while at the same time storing the data
C {UF (@), UMY @), ..., U (1)) currently being broadcast on the latter buffer. Whenever any data

segment is missing in the former buffer, it can be found either

For anyd, 0 < d < k, the video content’*(¢) can be found in from _the latter buffer or fr(_)m one of t_he channels. The secor_ld
eitherU5+1(¢) or Ufj_’f(t) way is from the observ_atlon that_ using two sets of buffers is

For instance, in Fig. 5(b), in time intervth , t,], segments Waste of space. In fact, if for any tintethe video ~conten}/’,(t)
S2 and S2 of U2 can be found inS3, S3, S3, andS2 of {73, is mapped to the same buffer address no mafteor U* is
which in turn can be found i83, %, S$, S%, S&, 5%, %, and used, one set of buffers will be sufficient. The reason is that there
5%, of U* (by Lemma 1,52 = S20 53 =StoStoStost will be no conflict in buffer usage.
andS2 = S2 0 5 = S§ o Sty 0 SE o St,). Similarly, the The third way is more computation-intensive, but can avoid
relationship can be found for the video content broadcast in tirdelient buffering the same video content multiple times. Recall
interval[ts, t,]. On the contrary, such a containment relationshifat on the old channdl}, d = 0..k — 1, a client should re-
does not exist in the example shown in Fig. 5(a). For instan@give2? segments. After the transition, the client can compute
segmentS? of 772 is broadcast in time intervdt;, t], but the the segments that it expects to receive frofh and translate

same content is neither broadcastiGhnor on7™. them to those segments undét’ (by Lemma 1). Then it only
The following corollary can be easily extended from the pretownloads these missing segments. Corollary 2 guarantees that
vious corollary. this will succeed. For instance, in Fig. 6(a) and (b), we show
Corollary 2: For any two integerp andgq, p > ¢ > «, at two possible transitions froffi2 to [/3. The gray segments are
any point of timet, the relation holds what a client should download before and after the transition.

Two more examples of transitions frob® to U+ are shown in
{Ug@®), Ut (), ..., Ul_ () S{UE (), UT (), ..., UL_ ()} Fig. 6(c) and (d).
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U2 0 Time _ 0t Time
0 ! > >
Ut U; [stststststsiiststt .. Uj [st
! U |stsis!|s st stistist. .. U |sis!
Ul Si|sisis, Ur |sYsisististiseisyistl .. Uy [ststsysy)
HRBREE U [sysusysisysystsi .. UY [systsysi/sysystsi..
AEEAEIE T 3 1
| D¢ vissisist- vl s[ssh
3 3 3 3 3 3 3
@ v si[sis sl v slsrstos e
3 3 3 3 3 3
vl 8§ | ANRNBEERERERERAFREEERER
vl & | § | o0
! 2 ror|s|ssys!s|ss]s!] ¢.. 000 ¢ [s] ¢
(a) ®
Uy |8i|si|s! st U, |8!si]s!|st 0t .
4 4| Qb Q4| g4 4 4! qd| Q4| g4 v
Up | S1%[5]% Uy 5585 PACK (0*S,0%) LI
Uy |85|8:| 87/ 8¢ Ui s
Uy sisysisi ADEE ©
©) @ Fig. 7. Examples of (@* & U3, (b)U*,U%, and (C)PACK (U*6,U*?).

Fig. 6. How a client finding missing segments after PCT transitions: (a)—(tlg_)_ L . )
two possible transitions fror2 to I73; (c)—(d) two possible transitions from Fig. 7(a) by restricting some channel contents to some time in-

U2 to U4, The arrows indicate where the transitions happen. tervals. Note that some parts of the resulting video stream may
contain no video signal because the set difference result is an
2) NCT: empty set (denoted ).

Definition 3: Given anyk, defineU*t1eU* tobe aninfinite  Sincel/**! &, UU* indicates the missing video contents for
video streamV’ such that at any timeé (operator\ meansset those “last-minute” clients started before the transition ttme

difference if these contents are not made up to these clients, disruption
will be experienced by them. Fortunately, since this transition

U(t) = {Ué““(t), Uk, ..., U’fﬂ(t)} means that one channel is to be returned back to the system, we

\{Ué“(t), Uk, ..., U,’f_l(t)}. can use this channel to broadcast the missing content before it

is returned to the system. For efficiency reasons, this channel
should be returned as soon as possible. The following definition

The operatoe identifies the video content that is broadcaséan further help to expedite this process

rTh+1 Tk H ~ e -
onlU but not onU* at any instance. The result must be an Definition 5: Given{/*+! &, {7%, definePACK(U"‘“ o,

infinite video streamy, because 4Co[%I!ary 1 guarantees tha, *) to be the video stream obtained from the former by re-
\I/(It)fmutst bﬁ l:nlque. A(\jn'examplé_ IeU N sfrlﬁwn Ln Flga7$.a)..t. moving all its empty contents (i.e8) and sequentially shifting
nhac V‘{) "’Il Weneeais a special case ot tne above definitiqR, remaining nonempty contents to the time points as early as
aSIDSef(')r\ll\'ltr']one4(')V\ll_.ett be the beginning of any time slot fi* possible after timé.
Givenlalnl i défine the video sst;rlealmg yu ' For instance, Fig. 7(c) shows the result after packing the video
Yr stream in Fig. 7(b) up to time Intuitively, we try to broadcast
. . the make-up video as early as possible. After all meaningful
k41 k _rrrk+1 k41
UPT o UP ={Ug T (t,), Uy T (8,1 4 6), video data £ 0) is broadcast, the channel can be released.
Uttt +36),. .., Now consider the NCT problem to transit frobf* to U*,
U,f*l(t,t +@2F -1} e U* (2) k> K.The server should perform the following steps.

1) Let the current time bé Determine the transition time

wheres = D' /2k*1 is the length of a time slot iRt point ¢ to be the beginning of the nearest coming time
In this definition, we restrict each channel@f+! to some slot in U*".

time interval. The intuition is as follows. Suppose that the video 2) Starting from#’, stop broadcasting’® but instead broad-

underwent a transition frol*+! to [7* at time¢. Consider castingU*".

those clients who just started their service one slot bef(re., 3) Utilize thek— k&’ yet-to-be-returned channels, each broad-

attimet—6). Recall that these clients has to recel¢segments castingPACK (U’ et,~l7i*1)~,i =k,...,K + 1. After

from UX** for eachd = 0... k. Thus, after the transition, these the contentil? ACK (U*ey, U~ 1) is broadcast, the cor-

clients still mis2¢ — 1 segments ilﬁfj*l, i.e., the video content responding channel can be returned back to the system.

in UKt (¢,t 4 (2¢ — 1)6) (a special case i$ = 0, which gives  For instance, to transit froi* to U2 at timet, the server
an empty strear;+(¢, t); however, we still keep it in (2) for should broadcast’? as well as PACK(U* &, U®) and
clarity). Fig. 7(b) shows an example, which is obtained frol?PAC K (U? &, U?). The latter two channels can be released
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TABLE I
COMPARISON OFBUFFERING SPACESREQUIRED BY THE ORIGINAL FB SCHEME AND OUR NCT SCHEME (IN TERMS OF THENNUMBER OF MINUTES OF A120-MIN
VIDEO). FB(z) MEANS USING ¢ CHANNELS, AND NCT(:) MEANS TRANSITING FROM¢ + 1 CHANNELS TO i CHANNELS

% 2 3 4 5 6 7 8 9
FB(7) 40.00 | 51.42 | 56.00 | 58.06 | 59.04 | 59.52 | 59.76 | 59.88
Ours(i), « =2 | 60.00 | 70.00 | 75.00 | 77.5 | 78.75 | 79.37 | 79.68 | 79.84
Ours(i), a =3 60.67 | 65.32 | 67.69 | 68.82 | 69.41 | 69.70 | 69.85
Ours(i), a =4 60.48 | 62.73 | 63.86 | 64.43 | 64.71 | 64.85
Ours(i), a=5 60.27 | 61.38 | 61.94 | 62.32 | 62.36
after their contents are sent out. An example is illustrated in Y e
H {r‘l b‘l h‘l
Fig. 8. L I
Finally, we comment that our approach does not need to al- L,rﬂ gl gt gt
locate a whole set of spare free channels to perform channel ' i e =t S
transition. From a video server’s point of view, when the videos i E AR EHESES
supported by the server must undergo some channel rearrange- S BIP] P 7] s o . o e g
ment, it can always perform NCT first for those videos whose U5 8 85| 55| 5, 8, 5, B, 5, 5
channels need to be cut. Once sufficient channels are released, ——
it can perform PCT. b
3) Extra Costs of NCT:In this section, we discuss some Uz S! 52
hidden costs of NCT. First, we evaluate the potential increase o L | 1
of buffering space required at the viewer's side due to nega- Uf S: 5!

tive channel transition. We do not have a close formula for this.

So we wrote a simulator to broadcast a 120-min movie with PACK (TP S: E:

a = 2,3,4,5. We exhaustedly searched all possibilities to find e 15

out the maximum buffering space required at different numbers PACK (U"aU") 8| 85 8,

of channels. The comparison to the original FB scheme is in

Table II. About 25%-50% increase of buffering space on top @fy g An example of NCT transiting froffi* to I72.

that required by the FB scheme is required by NC&at 2.

With largerq, the buffering space will converge to that required o )

by the original FB scheme. the average yvaltlng time fof; is 8;/2 _:_DZ:/(2-(2"‘7' —1)). Con-_ _
Also, when performing NCT, the channels to be releasé_&jer'”g all yldeos, purgoal is to minimize the average waiting

will not be vacated immediately. There will be some delaffme of all viewers, i.e.,

(to broadcast the content defined by tRelC K () function).

Again, we used a simulator to broadcast a 120-min movie with o m D;

a = 2,3,4,5. We exhaustedly searched all possibilities to find Minimize Z Ai 228 1)

out the average time required to release the channel when we i=1

erform NCT to transit fromi + 1 channels ta channels. The . -~
?esult is shown in Fig. 9. subjectto } ks < K. suchthat; > o (3)

i=1

wherec« is a small integer indicating the minimum number of
V. CHANNEL ALLOCATION PoLicy channels to be assigned to each video. Since our basic assump-
tion is that all videos are highly demanded videos, a reasonable
The FB scheme considers only one video at a time. Fromvalue isae > 3 or 4 (but our formulation will work for any fixed
system manager’s viewpoint, given a set of popular videos eagh For instance, for a typical 120-min videg, = 3 gives an
with a certain level of demand, it is not clear how many channedgerage waiting time 0f20/(2 - (22 — 1)) ~ 8.57 min, and
should be assigned to each video to make the most benefit fram= 4 an average waiting time af20/(2 - (2* — 1)) = 4
the broadcasting service. Since the main focus of the FB schemi@. One obvious simplification is to change the constraint to
is new-coming viewers’ waiting time, one possibility is to for_."; k; = K, since it is always beneficial if we can increase
mulate the channel allocation problem based on the averdfge number of channels assigned to a video.
waiting time incurred on all viewers as follows. Suppose that Next, consider our enhancement on the FB scheme. Given
the system has totalliX channels to support. popular videos channels, we still need to assign these channels tathieleos
Vi, Va,..., V,, oflengthsDy, Ds, ..., D,,, respectively. Leh; Vi, Vs, ..., V,,. However, since some dummy data is padded to
be the request arrival rate &f, ¢ = 1, ... ,m. Also, letk; be the each video, the goal should be slightly changed as follows. Let
number of channels assignedfo According to the FB scheme, D’ be the length ofV; after padding [refer to (1)]. Lek; be
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12

10 |

Delay(minutes)

Fig. 9. The average delay to vacate a channel when performing NCT to transit fromchannels ta channels.

the number of channels assignedifoi = 1..m. Then its slot V. CONCLUSIONS
time will be §/ = D!/2%. So the goal should be changed to
minimizing The video broadcasting service is already popular in CATV
systems. Asynchronous video service is likely to grow quickly
™ s> D! ™ (22/2> —1). D,  When the network infrastructure is ready. In this paper, we
Z)\i * 51 = Z)\z‘ 5 21 = Z)\z‘ S T have identified an important problem in existing broadcasting
=1 =1 i=1 schemes—they all assumed that a fixed number of chan-
2 zm: AiD; @) nels/bandwidth will be assigned to a video throughout the
S 22v-1) 2k broadcasting service. If the level of demand on the video

=1

changes, the channel allocation has to undergo some transition.
subject o3> k; = K andk; > o Unfortunately, as we have observed, if a naive solution is
1= I 7 .

Minimizing (4) is a nonlinear integer programming promemz_adopted, eith.er int_olerably long waiting time will be incurred
Below, we propose a greedy approach to this problem. Fir8f) Neéw-coming viewers, or extra spare channels must be
each video should be given channels. Then, we proceed adeserved in advance to concurrently serve both existing and
follows. For each of the remaining unassigned channels, we C§V-coming viewers during the transition, which will be
calculate the reduction of overall waiting time if this channel 8"y COstly. We have taken the first step and shown how to
assigned td; for i = 1..m. Then the channel is assigned to th&'0dify the FB scheme to achieve a seamless channel transition

video which leads to the most reduction. The process is repeatéifiout causing the above problems. We have also looked at
until all channels are assigned. this problem from the system manager’s level by formulating

Theorem 2: The above greedy approach guarantees (4) to m@_ 'chan.nel allocation policy in termg of viewers’ average
minimal. waiting time when multiple popular videos are considered.
The video server should estimate the current request arrif&iture research can be directed to solving the seamless channel
rates of all videos from time to time. Then it can determine tHEANSition problem for the many other broadcasting schemes as
best channel assignment policy under the current state usingdewed in Section I. Another direction, as suggested by one
above greedy method. If changes have to be made, the PCT 5igree is to evaluate the waiting time incurred on users based
NCT can be called. Alternatively, the system manager can md&W the popularity of videos, such as the Zipf-like distribution.
ually involve in the assignment (such as increasetfe some
particular videos, favor one video over another, etc.).
Finally, we remark that the above optimization is purely APPENDIX
based on viewers’ average waiting time. Other optimization PROOFS OFLEMMAS AND THEOREMS
goals could exist too (such as imposing some buffering space
constraints on viewers, setting an upper bound on the number Proof of Lemma 2:We show how the subscript of
of channels a video can use, assuming variable viewer arrii@lderived. The 2~ — 1” is for the shifting effect. The
rates for videos, and transferring a viewer’s waiting time into‘anod 2¢” is because the channel has a cycle lengtiddlots.
more complicated cost function). This could lead to differerithe final part of “+2¢" is for the offset /¥ contains segments

channel allocation policy and deserves further study. Sk, Sk S O

; )
2(17 2d+17 2d+27 AR &
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Proof of Theorem 1:By Lemma 1 and Lemma 2, we havefrom the above sequences, each from the beginning, such that
their total is maximal. Since each sequence is descending, it is

Uf 1= S?(j—(?’“*“—1))1110(124)-1—24

_ Sk-l—l goal.
T 2(((j—(2F T —1))mod24)424) —1
k+1
© 8= (24— —1)ymod24)+2)
. Sk+1
T M((2j—2F 124 2)mod 24+ 1) 42411
o Sk-l—l (5) 0

((2j—2k+1_° +2) 1110d24+1)+24+1 .

Note that the last equivalence is from the property of modular(2]
arithmetic. First, we prove the casejof (2~ —1) mod 2¢ =

0. This simplifies (5) to 3]
. ; 4 (4]
Uglil = Syfh_y o S5
® 5
By Lemma 2, we can derive that (6]
Ud+1[2j] = S((—;]]:—(QVH—(‘—1))1110(124)—1—24 7]
_Sk—l—l
TR((2(2b e —1)—(2k 1~ _1))mod 24 )4 2¢
. (8]
=gh+l1
(—1mod2%)+424 9]
k41 [
=5d1_4
(10]
and that
Ugif 27 +1] :Séc(;;—i—l—(Qk‘H—“—1))1110d24+1)+24+1 (11]
_Sk—l—l
TR ((2(2h 0 —1) 41— (2b+1—a _1))mod20-+1)42d+1
T (0Omod 24+ 1) 42441
k+1
=855 [13]
So this case has been proved.
For the case of — (2¥=* — 1) mod 2¢ # 0, we derive from  [14]
(5) that
kr: k41 [15]
Uil = S (2j—2+1—0 £1)mod 2+ ) 42441 411 (16]
o Sktl )

((2j4+1—2k+1—a41)mod 24+ 1) 2441~

The parameter on the left-hand sided$ so written because the [17]
“mod” operation will result in a nonzero value, making pos-
sible to move a value of 1 outside thend” operator. Then
by Lemma 2 this becomeé’(’;jfl1 [27]. The parameter on the [i9]
right-hand side ob is obtained from trivial arithmetic. It then
can be translated by Lemma Zl'tfjjf [27 + 1]. So this com-
pletes the proof. O

Proof of Theorem 2:For eachH’;, with « channels, itincurs
waiting time of A; D, /2*. Now we list for eachV; the amount
of waiting time that can be reduced framchannels tax + 1
channels, fromx + 1 channels tax + 2 channels, etc.,

ADy ADy AuDy

(21]

[22]

(23]

‘/1 :2a+1 P oa+2? 9at3 7"
Vi .)\QDQ )\QDQ )\QDQ [24]

2 "9a+l’ 9a+2’ ga+3 7"
(25]

. ')\'n')Drn )\nlDrn, )\nlDrn,
. 2a+1 ’ 2a+2 ’ 2a+3 1t
Minimizing (4) is equivalent to maximizing the total amount of [26
reduction. So the problem becomes choodihg ma numbers

Vrn,

]

easy to see that the proposed greedy approach will achieve this

O
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