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Abstract

In order to address the scalability problems of Video—
on—Demand systems, several periodic broadcast schemes
have been proposed that partition a video into segments and
repetitively broadcast each segment on a separate chan-
nel. A new scheme is presented for the bandwidth—efficient
periodic broadcast of video. The proposed scheme de-
termines the segment sizes and their corresponding chan-
nel bandwidths as a result of a non-linear optimization
problem which minimizes the total required bandwidth for
the broadcast. The new scheme outperforms the existing
schemes in terms of bandwidth demands while it also de-
couples the playout latency from the number of available
channels. Further analysis reveals that its asymptotic band-
width requirements exactly match the asymptotic bandwidth
requirements reported for Poly-Harmonic Broadcasting.

1. Introduction

In order to solve the scalability problems of Video-on-
Demand (VoD) systems for frequently requested (“hot” set)
videos, several periodic broadcast schemes have been pro-
posed [1, 2, 3, 4, 5, 6]. The common feature of all pro-
posed schemes is that low playout latency (i.e., delay be-
tween “tuning—in” to a video broadcast and the point where
the playout of the video can begin) is achieved by parti-
tioning the video files into a number, n, of segments. Each
segment is repeatedly broadcast on a different channel. The
playout latency depends on how frequently the first segment
is broadcast. Subsequent segments are guaranteed to be re-
ceived in advance of their playout. The guarantee is estab-
lished by the particular timing relation between the broad-
cast of the different segments and by the segment download

*This works was supported in part by NSERC under grant
OGP0194424.

policy used by the receiver. The exact broadcast timing re-
lation and download policy is different for each scheme.

Note that there exist several ways to allocate channels
out of the available physical transmission capacity, e.g. by
using time—division multiplexing. A study of the particular
bandwidth allocation scheme for the individual channels is
outside the scope of this paper and is assumed to be imple-
mented by a suitable scheduler. In the following, a channel
will simply represent a certain allocated bandwidth. Note
also that buffering at the receiver is necessary because the
playout of a segment can overlap with the reception of fu-
ture segments. Given the proliferation of mass storage de-
vices, such as disks, capable of tens of gigabytes of storage,
we will assume that the receiver storage is not a constraint
in the development of a broadcast scheme. Potentially, an
entire video can be stored even in its entirety at the receiver
prior to its playout.

Summarizing, three features can be identified in each
proposed periodic broadcast scheme: (a) the bandwidth, b ;,
allocated to each channel/segment, ¢, (b) the size the seg-
ments, S;, relative to the video file size, S, and, (c) the
particular broadcast timing relation and receiver download
policy.

Existing schemes can be classified into two groups. In
the first group belong schemes that assume equal band-
width (EB) for each channel and different segment sizes.
Pyramid Broadcasting (PB), Permutation Pyramid Broad-
casting (PPB) and Skyscraper Broadcasting (SB) belong
to EB. In the second group belong schemes that assume
equal segment (ES) sizes but different bandwidth for each
channel. Cautious Harmonic Broadcasting (CHB), Quasi-
Harmonic Broadcasting (QHB) and Poly-Harmonic Broad-
casting (PHB) belong to ES.

From the existing results, it appears that bandwidth effi-
ciency is a feature of ES schemes. Namely, CHB and QHB
demonstrate a very slowly increasing bandwidth demand
for increasing number of channels. PHB, requires the least
total bandwidth of all. Remarkably, it can be shown that,



in the asymptotic case (infinite number of channels), PHB’s
bandwidth demand converges to In (% + 1) times the con-
sumption1 bandwidth of the video, where S is the video
duration and w is the playout latency. Incidentally, PHB
is the only scheme where the download policy is to start
downloading immediately upon “tune—in” all of the chan-
nels allocated to a video, whereas in all other protocols the
download can start only from the beginning of a segment.

As a result of the previous work in this area, several
question arise: Are the EB schemes by definition inefficient
because of their choice to assign equal bandwidth to each
channel? If not, how should the bandwidth assigned to each
channel be calculated? Is PHB’s converging bandwidth de-
mands a result of its ES nature or of the fact that the down-
loading of the video information starts immediately at the
tune—in instant, i.e., because of its download policy? Over-
all, can we remove the a-priori design choices for assigning
bandwidth or segment sizes and view them as the solution to
an optimization problem with the objective of producing a
broadcast scheme that minimizes the bandwidth demands?

This paper addresses the above questions. Namely,
it proposes the construction of a bandwidth—efficient EB
scheme which outperforms the existing schemes and which
demonstrates the same asymptotic bandwidth demands as
PHB. The new results provide strong evidence that it is the
receiver download policy that provides to PHB its particular
bandwidth efficiency rather than its ES nature. Moreover,
because of its construction process, the proposed scheme
is capable of providing any arbitrary playout latency for
any arbitrary restriction on the number of channels. In this
sense, it is the first scheme to our knowledge which suc-
cessfully decouples the playout latency from the available
number of channels.

In this paper we first establish the particular temporal
relationship of the transmitted segments. The temporal re-
lationship is the result of several design considerations aris-
ing from the study of previously proposed schemes and of
PHB in particular. Subsequently, the exact segment dura-
tions and channel bandwidths are determined as a result of
an optimization procedure. We select as objective the mini-
mization of the server bandwidth required for the broadcast
of a single video.

The remaining of the paper is structured as follows: In
section 2, we provide an overview of the existing schemes
and comment on their performance. In section 3, we intro-
duce a new scheme and describe the optimization procedure
behind its construction. In section 4, we derive the proper-
ties of the new scheme. Finally, in section 5 we summarize
our findings and indicate directions for improvement and
topics for future research.

lConsumplion bandwidth, b, is the rate at which the data for a CBR
video are played out. All bandwidth values used in this paper are expressed
in units of the consumption bandwidth, i.e., b = 1.

2. Previous Work

Figure 1 summarizes the construction of four of the most
representative broadcast schemes. The duration of the seg-
ments in PB follow a geometric series with parameter «.
Because the transmission bandwidth is the same for all seg-
ments, the larger segments repeat less frequently than the
shorter ones. « is chosen such that the playout is uninter-
rupted. PB is defined in [1] as operating on a set of M
videos that share the server bandwidth. Although M is al-
lowed to be 1, when M > 2, the construction of PB implies
that all M videos are of approximately the same duration.
The playout latency reported in Figure 1 is the best latency,
i.e., when M = 1.

In PB, « influences the bandwidth efficiency, and al-
though its optimal value (for minimum bandwidth) is equal
to e, it is not always realizable because of a’s dependence
on the integer quantities n and M. However, the primary
problem of PB is the excessive use of bandwidth which is
due to the simplistic nature of the receiver which receives
concurrently only two segments (the one being played out
and the next one to be played). A well known improvement
to PB is the Permutation Pyramid Broadcasting (PPB) [2]
scheme.

PPB multiplexes each segment with itself, creating log-
ical sub-channels out of each channel. The same segment
is broadcast on each sub-channel with certain phase de-
lay from one sub-channel to the next. With this approach,
PPB gives the opportunity to receive a segment earlier than
would have been possible with PB. However, when imple-
menting PPB, the value of n needs to be constrained. The
constraint results in limited improvement to the client la-
tency once a certain bandwidth is exceeded. That is, PB
can improve the latency exponentially with more available
bandwidth while PPB can do so only up to a limit.

A different approach to the construction of the variable
segment durations is proposed in Skyscraper Broadcasting
(SB) [3]. The function that is used to recursively “grow” the
segment durations is producing smaller segments than the
geometric sequence of PB. Nevertheless, the function used
provides sufficient duration to guarantee that the playout,
once it starts, will not be interrupted. Moreover, in SB, a
maximum limit W on the segment durations is enforced.
The maximum bandwidth and buffer space requirements are
thus controlled by W. SB provides a bigger improvement
than PPB, because PPB maintains the same (large) segment
sizes of PB. However, a common feature of all EB schemes
(PB, PPB and SB) is that they couple the playout latency to
the number of segments, n. That is, because n is an integer,
arbitrary playout latency values cannot be achieved.

HB [4] was the first member of the ES family of broad-
cast schemes. HB was revised to the CHB scheme and
subsequently resulted in QHB. The important feature of the
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Figure 1. Construction rules and playout latency of periodic broadcast schemes.

HB, CHB and QHB is that the server bandwidth demands
follow a very slowly increasing function as the number of
segments increases. The increase of the segments allows
the decrease of the playout latency, which is again coupled
to the specific value of the number of segments. One of
the problems associated with ES schemes is that they re-
quire the link schedulers to be able to allocate any fractional
amount of bandwidth to individual channels. QHB’s ap-
proach is to re-partition each segment into m sub-segments.
The repartition allows a more flexible timing relation be-
tween the segment broadcasts (since the sub—segment be-
comes the new unit of information received and played—
out).

Interestingly, the decreased bandwidth demands of QHB
are the result of the more flexible timing relation of the seg-
ments. The example of QHB is taken to the extreme with
PHB. According to PHB, a segment can be loaded start-
ing at any point in time during its transmission. Hence, by
downloading from a channel for as much time as the du-
ration of the corresponding segment (where the duration is
calculated at the corresponding channel’s bandwidth) it is
guaranteed that all the information of the segment are down-
loaded and available.

In all existing schemes, lower latencies require larger
values of n. Thus, a possible restriction stems from the
limits imposed by the system design, e.g., hardware restric-
tions, on the number of segments, n. For higher values of n,
the EB schemes are problematic due to the linear increase
of the required bandwidth. However, the ES schemes hold
promising results, since their required bandwidth is a slowly
growing function with respect to n. The question one may
pose at this point, is whether it is possible for EB schemes
to also exhibit slowly growing bandwidth for increasing n,

since they are, in a sense, “duals” of the ES schemes. In the
following sections, such a bandwidth—efficient EB scheme
is in fact constructed.

3. The Construction of GEBB

The properties of PHB suggest that in order to improve
the playout latency, no extra bandwidth may be necessary
but, rather, a more “intelligent” way to partition the band-
width to the individual channels. If we develop this observa-
tion further, we realize that it would be possible to keep the
total bandwidth the same and improve the playout latency
by assigning different sizes to different segments (which
subsequently results in different per—channel bandwidths,
even if their sum remains the same). Another side of the
same observation is that if such a scheme is constructed,
then for a given playout latency, there must exist a limit for
the necessary bandwidth by changing (namely, increasing)
the number of channels. PHB’s asymptotic bandwidth de-
mand is a direct evidence that such a limit exists. Does this
limit apply to PHB only? We will see that the limit is the
same for the scheme we construct next.

The complication that arises while trying to implement
an arbitrary assignment of segment sizes or channel band-
widths is that the timing relations of the segment broadcasts
cannot be maintained for most of the proposed schemes. In
fact, it cannot be maintained in all schemes with the remark-
able exception of PHB. PHB operates in a “greedy” fashion,
i.e., receive as much of the data as possible from all of the
channels immediately after tune-in, and ceases receiving a
segment immediately before playing out the corresponding
segment. It is therefore possible to use the same timing re-
striction of PHB and develop a scheme that observes the



AN NS R T

Playout

b1

ba

bs

ba

bs

be

(not to scale)

Figure 2. Example broadcast and playout according to GEBB. The shaded area represents data

received and played out by the client.

timing relation as presented in the example of Figure 2.

We pursue an analytical derivation of the segment dura-
tions and their corresponding channel bandwidths with the
objective of minimizing the total server bandwidth required
to broadcast a specific video. The optimization problem can
be formally stated as:

n
minimize Z b;.- ()
i=1
subject to,
i—1
bilw+) S| =S i=12,...,n, )
j=1

S;i>0,b;,>0 i1=1,2,...,n. (@]

The condition represented by equation (2) ensures that
segment ¢ + 1 is completely received at the exact timepoint
when the playout of segment ¢ terminates. Thus the seg-
ments are available always and exactly on—time for their
playout. Note that another option (not covered in this paper)
is to allow a segment to be only partially received when its
consumption starts.

The above non-linear optimization problem can be
solved using the Lagrange Multiplier method. However, a
simpler approach is to derive the quantities (1 + b;) which
can be used to simplify the problem:

w + 2221 SJ‘

14+0b;) = —
( ) w+2;:115]'

i=1,2,...,n. (5

Multiplying all n of the (1 + b;) quantities produces:

n T'I; S
H(l"'bi):%:g"'l (6)

. w
i=1

Thus, we have determined that the product of the n vari-
ables (1 + b;) is a constant, g + 1. However, note that the
minimization objective (1) is equivalent to the minimization
of the same objective, plus a constant, namely:

K K
minimize Z b; = minimize Z(l + b;) @)

i=1 i=1

Combined, equations (6) and (7) form a familiar and widely
known optimization problem (frequently posed as a puzzle).
Namely, that of determining the value of n positive numbers
that minimizes their sum given that their product is constant.
The answer is that the minimization of the sum is achieved
only when all the variables take the same value. Let us rep-
resent this optimal value as (1 + b*). Consequently,

(140" = “’Tw @®)

b = b* = ,"/%H—l i=1,2,...,n. (9

Remarkably, our first conclusion, after relaxing the assump-
tions of EB and ES, is that the required bandwidth is mini-
mized when the channel bandwidths are equal. That is, the
optimal solution belongs to the EB family. Further manip-
ulation of equation (2), given the optimal value of b; and
subject to the condition of equation (2) produces:

hence,

S;=wb* (1+b)"1 i=1,2,...n (10)
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Figure 3. Construction rules of GEBB.

The resulting values of S; verify another previously held
intuition, that of using a geometric series to form the seg-
ment durations. This approach was used in PB and PPB.
However, we determine that the parameter of the geometric
series is drastically different from the ones proposed so far.
In particular, the parameter is influenced by the number of
segments as well as from the ratio of playout latency over
the total video duration ().

Because of its construction rules, we will call the
new scheme the Greedy Equal-Bandwidth Broadcasting
(GEBB) scheme. The summary of its construction rules
is illustrated on Figure 3. Note that the playout latency,
w, is a parameter which influences the calculation of the
segment sizes and bandwidths and is not dependent on any
other variable. In other words, a valuable feature of the pro-
posed scheme is that w, is decoupled from any other system
parameter and can be assigned any value desired.

4. The Properties of GEBB

The total server bandwidth necessary by GEBB for a par-
ticular video is nb*. Given that the b* is dependent on n, it
is worthwhile to explore the extent to which an increasing
n, can improve the total bandwidth demands. It is straight-
forward to show that:

limn<\”/§+1—1>:1n<§+1> (11)
n— o0 w w

The limit is the exact same as the one reported for PHB
[6]. The limit can be better illustrated by observing Figure
4. Given the timing constraints the rate at which data is
received starts at its maximum possible value at time O (the
time when the client “tunes-in” to the broadcast stream).
For the first w time units it does not consume any of the data.
At time w the entire first segment has been accumulated and
its playout can commence. Subsequent segments arrive in
time for their playout.

Let us define a function ¢(B) (depicted on Figure 4)
which denotes the time at which the data are downloaded
by the receiver at a rate B. Since n — 00, t(B) can be ap-
proximated by a continuous function. The “greedy” nature

of the clients indicates that ¢(B) is non-decreasing. Further-
more, integration of any horizontal region, R, in the broad-
cast area in Figure 4 should corresponds to a region () in the
playout area, i.e., t - dB ~ dt. When dB is infinitesimally
small, U — 0 and:

tdB=dt = t(B)dB =dt(B)
hence, ¢(B) must be an exponential function: t(B) = ce?
where the constant c is determined by the boundary condi-
tion ¢(0) = w. thus:

t(B) = weP

The minimum bandwidth, By, is determined indirectly by
the following:

By
/ HB)dB = S
0

which, solving for By, produces,

B0:1H<§+1>
w

the exact limit we derived earlier.

Regarding the storage requirements of the client, we note
that (for relatively small w compared to S) in the first w
time units, nwb* data are accumulated before the beginning
of playout. Subsequently, consumption at the rate of b = 1
can start. As long as the consumption rate is smaller than
the rate at which received data are downloaded, the buffer
contents increases. Since the change in the accumulation
rate occurs at the boundaries between time segments, we
can express the minimum buffer demand of the scheme as:

l
nwb* + > S; ((n— j)b* — 1) (12)

Jj=1

whereby [ is defined as the last time segment for which

((n—=10)b* — 1) > 0. By solving the corresponding equation
for [ we determine that:

1

I=|n- o (13)

A better insight is gained by observing the asymptotic

behavior of the buffer demand as n — oo. In Figure 4, the

rectangular area defined by the shaded area corresponds to

the contents of the client buffer at time ¢(B) for B < By

where By = Y2 b; =In % + 1. The shaded area changes

with changing B and it is given by:
t(B)(Bo — B) (14)

by locating the point where the derivative of the equation
14 is zero and given the fact that ¢(B) > 0 in the [0, By]
range, we find the value of B which maximizes the area of
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the rectangle is In (% + 1) — 1 which corresponds to buffer

contents 5
242 (15)
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Since we consider a w much smaller than S, the term %

dominates the asymptotic storage requirements and it cor-
responds to approximately 37 % of the entire movie.

The client I/O bandwidth requirements are the largest at
the beginning of the video reception. It would appear that
the I/O bandwidth is equal to the consumption rate, plus the
receive bandwidth (which is equal to the server bandwidth).
However, since there is no consumption in the first w units,
the I/O bandwidth demand is either the initial bandwidth
used immediately after “tune—in”, or the bandwidth neces-
sary immediately after time w, at which time it includes the
playout bandwidth b = 1 necessary to retrieve the first seg-
ment from storage for playout. Which one of the two quan-
tities is larger depends on whether b* > 1 or not. Thus, for
completeness the client I/O bandwidth is:

* x nb* 5 Z 2" -1
max(b*,1)+(n—1)b* = { 1+ (n—1)b* % <2" -1
(16)

4.1. Comparative Study

Given that PB, PPB and SB require bandwidth linear to
n, it would appear that GEBB is outperforming all of them.
However, as n increases in PB, PPB, and SB, the playout
latency of the clients is also improving. Thus, to make a
fair assessment while restricting the number of free param-
eters, we will use as a comparison basis the fraction of the
playout latency over the video duration which we will call
the latency fraction and denote with w/S. Realistically, the
latency fraction will likely take values in the range from
0.01 to almost 1. A small value indicates a small tolerable

playout latency. A value of 1 represents a viewer that is
willing to wait as much time as the actual video duration.
Note that the value of this ratio can be much larger than 1,
for servicing clients that may not even wish to view a video
in real-time but store it completely for later playout. In the
presented comparisons of GEBB with EB and ES schemes,
we focuses on the bandwidth demand and the correspond-
ing value of the number of segments, n, that provides the
same latency fraction for GEBB and the other schemes.

Figure 5 compares GEBB to PB and SB. PB is unable
to capture latency fractions other than the ones where n can
be an integer, thus only the two points on the PB line in
Figure 5 are attainable for PB. Furthermore, for the same 7,
PB always requires more bandwidth than GEBB. PB can-
not use less than « bandwidth, while, as shown, GEBB can
reduce its bandwidth without any bound, for large latency
fractions. We should underline that the PB depicted in this
figure represents the ideal case for PB where M = 1 and «
is set to the optimal value e. The problems of SB are simi-
lar to PB, in the sense of quantized latency fraction values.
However, there is an added pathology. A larger number of
segments, n, is necessary in order for SB to approach the
same latency fraction as PB does. Hence, SB requires an
even larger number of segments to reach the performance
of GEBB, compared to PB.

Figure 6 compares GEBB to QHB and PHB. The band-
width efficiency of QHB and PHB is much better (observe
that the y—axis range has been restricted to the range [1,5]
to zoom into the differences). However, GEBB outperforms
both of them with respect to the segments necessary. Be-
cause of its rigid timing relation, QHB cannot exploit fully
the existence of additional channels, when they are avail-
able. As a result, in order to reach the same bandwidth effi-
ciency as GEBB, it requires far more segments than GEBB.
For example, the intersection of the lines QHB (m = 4)
and GEBB (n = 8) on Figure 6 is located at a point pro-
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viding a latency fraction of approximately 0.04 but requires
that the QHB uses approximately 25 channels, compared to
the eight channels of GEBB. Similarly, the QHB line in-
tersects with GEBB (n = 16) for approximately n = 100
QHB channels. Note that by increasing m, QHB will not
outperform GEBB but will converge to the bandwidth value
which is equal to the sum of the harmonic series up to its
n~th term [5].

The comparison of GEBB to PHB brings the very in-
teresting observation that PHB’s performance is essentially
close to optimal. GEBB and PHB agree in the asymptotic
sense for n — oo but the fixed size segments of PHB result
in more segments being necessary to achieve the same play-
out latency. For example, the intersection of the lines PHB
(m = 4) and GEBB (n = 16) on Figure 6 is located at
a latency fraction of approximately 0.2 which corresponds
to a value of n = 20 for PHB. PHB’s bandwidth demands
can improve with multiplying m by a factor. However, in
order to maintain the same playout latency, n must be mul-
tiplied by the same factor that m is multiplied. Therefore, in
PHB, improved latency comes again at the cost of increased
number of segments. Finally, note that even though the sit-
uation is better compared to EB schemes, QHB and PHB
still couple the playout latency to the number of segments
(on Figure 6, only the points marked on the QHB and PHB
lines are defined by the corresponding scheme, the dots and
dashes are shown only to provide visual continuity).

5. Conclusions

In this paper we have explored the principles behind
the two families of protocols for periodic broadcasting in
VoD systems, namely, the ones that descend from Pyra-
mid Broadcasting and the ones that descend from Har-
monic Broadcasting. We attempted to pick the most flexible
scheme in terms of timing relations and to formulate it in a
way that allows the construction of a bandwidth—efficient
broadcast scheme. We were able to produce a well-defined
optimization problem which was solved exactly. The so-
lution of this problem allows the construction of periodic
broadcast schedules that can attain any prescribed client la-
tency with the minimum possible bandwidth. A comparison
with pre-existing schemes demonstrated the advantage of
the scheme, with respect to bandwidth demands, as well as
with respect to implementation complexity (smaller number
of segments, 7).

We are currently extending the presented scheme to VBR
video periodic broadcast. Another direction for future re-
search is the inclusion of client constraints to the optimiza-
tion problem. We are also exploring avenues for the prob-
lem of splitting available bandwidth capacities to “hot” and
“cold” movie sets and determining the best combination of
broadcast/multicast scheduling algorithm that can be used

to administer these two sets.
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