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Abstract— The high-bandwidth requirements and long-lived char-
acteristics of digital video make transmission bandwidth usage a key
limiting factor in the widespread streaming of such content over the
Internet. A challenging problem is to develop bandwidth-efficient
techniques for delivering popular videos to a large, asynchronous
client population with time-varying demand characteristics. In this
paper we propose smooth workload adaptive broadcast to address the
above issues. A key component of our scheme is Flexible Periodic
Broadcast (FPB). By introducing a feedback control loop into FPB,
and enhancing FPB using techniques such as parsimonious trans-
mission, smooth workload adaptive broadcast provides instantaneous
or near-instantaneous playback services and can smoothly adapt to
workload changes. Furthermore, FPB, as proposed in this paper, is
bandwidth efficient and exhibits the periodic smooth channel transi-
tion property.

|. INTRODUCTION

The high-bandwidth requirements and long-lived charac-
teristics of digital video make transmission bandwidth us-
age a key limiting factor in the widespread streaming of
such content over the Internet. For high-demand content, a
large number of clients asynchronously issue requests to re-
ceive their chosen media streams. In addition, the demand
for a particular video can vary over time, due to time-of-
day (week) effects, changing popularity, etc. A challeng-
ing problem is to develop bandwidth-efficient techniques
for delivering popular videos to such a large, asynchronous
client population exhibiting time-varying demand charac-
teristics. In this paper we report on the design and evalua-
tion of such a delivery scheme.

Various techniques have been developed to reduce server
and network bandwidth associated with delivering a pop-
ular video to asynchronous clients, by allowing multiple
clients to receive all, or part of, a single transmission. Peri-
odic Broadcast (PB) schemes [1-5] divide a CBR video ob-
ject into multiple segments, and continuously broadcast the
segments on a set of IP multicast channels. Using a constant
number of channels, PB can provide streaming video with a
predetermined playback startup delay to an arbitrary num-
ber of clients. Other proposed techniques, such as patching
and stream merging [6-11], are not as bandwidth efficient
as PB when the client arrival rate is high.
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Research on Periodic Broadcast has focused on improv-
ing its efficiency—to reduce the server bandwidth require-
ment with a pre-determined playback delay while keeping
the client side resource requirement, such as clients’ receiv-
ing bandwidth or work-ahead buffer size, low. However
Periodic Broadcast schemes proposed so far exhibit the fol-
lowing drawbacks:

« Workload insensitivity. A Periodic Broadcast scheme
is essentially an open loop scheme that does not adapt
to changing workload demands. PB transmits all seg-
ments and uses the same amount of bandwidth regard-
less of the demand for the video. PB is designed to
serve popular videos. However in reality video popu-
larity changes over time. Furthermore, the popularity
of videos often cannot be determined in advance.

« Delayed playback. Clients in Periodic Broadcast ex-
perience a playback delay, which can be significant if
the number of channels used is small.

It is desirable to design a broadcast scheme that can
adapt to the dynamically changing workload and offer in-
stantaneous, or near-instantaneous playback. In this paper,
we propose a technique called smooth workload adaptive
broadcast to address the above issues. This scheme consists
of two main components: the workload adaptive broadcast
architecture and Flexible PB (FPB). The workload adap-
tive broadcast architecture is centered around an arbitrary
PB scheme, with the addition of following techniques.

« Parsimonious transmission. The server transmits a

segment only if it is required by at least one client.

« Workload adaption. Addition of a control loop helps
Periodic Broadcast adapt to the workload. The server
collects client arrival information, and then dynami-
cally adjusts the number of channels used in PB to
minimize the overall bandwidth usage.

« Instantaneous playback. This technique enables in-
stantaneous or near-instantaneous playback in work-
load adaptive broadcast.

We introduce the Flexible Period Broadcast (FPB)
scheme, which is especially suitable for a workload adap-
tive broadcast architecture. A PB scheme exhibits the
smooth transition property if it can periodically change the
number of channels without disrupting existing clients’ re-
ception and without requiring any additional channels. FPB
exhibits the smooth transition property and is as bandwidth
efficient. The smooth transition property provides the op-



portunity to adjust the number of server channels seam-
lessly. Thus FPB is especially suitable for workload adap-
tive broadcast. We also derive a recursive formula to cal-
culate the average bandwidth usage, which can be used to
determine when to add or remove server channels.

Simulation studies show that FPB is more bandwidth ef-
ficient than other PB schemes with the same client-side net-
work bandwidth requirement. Parsimonious FPB saves net-
work bandwidth when the client request rate is low. Finally,
we show that the smooth workload-adaptive scheme adapts
well to the changing request rate.

The remainder of the paper is organized as follows. In
Section 11, we describe the architecture of workload adap-
tive broadcast. In Section Ill, we present the flexible peri-
odic broadcast (FPB). Section 1V is dedicated to the smooth
workload-adaptive broadcast scheme. Section V includes
the performance evaluation. Finally, related work and con-
clusions are presented in Section VI and VII.

Il. WORKLOAD ADAPTIVE BROADCAST
ARCHITECTURE

In this section, we describe the workload adaptive broad-
cast architecture. This architecture is centered around an ar-
bitrary Periodic Broadcast scheme coupled with additional
features such as parsimonious transmission, dynamic chan-
nel adjustment, and instantaneous or near-instantaneous
playback. These features enable it to perform well even
under changing workloads.

Fig. 1 depicts the architecture of the workload adaptive
broadcast. The server consists of two components: a mod-
ified PB scheduler and a workload adaptor. Below we de-
scribe them respectively.

Client

unicast
multicast

1. modified PB
scheduler

2. workload adaptor

Fig. 1. Workload adaptive broadcast architecture

e Modified PB scheduler. Periodic Broadcast (PB)
schemes divide a video into equal size segments, and con-
tinuously broadcast the segments on a set of transmission
channels. Suppose a PB scheme uses K channels, and
channel n is responsible to deliver F,, segments. We denote
{Fn}E_, to be the segmentation series of this PB scheme.

Modified PB scheduler modifies a PB scheme to provide
instantaneous playback service without increasing client
side bandwidth requirement, and to save the network band-
width by only transmitting segments that are needed by
clients (parsimonious transmission). \We denote a PB
scheme using parsimonious transmission as parsimonious
PB.

To illustrate how instantaneous playback is achieved,
suppose a video clip is divided into equal size segments. All

but the first two segments (segment A and B) are transmit-
ted using the parsimonious PB scheme (see Fig. 2). When
a client arrives, segment A is unicast to the client imme-
diately. The modified PB scheme uses one more channel
for segment B. Since segments A and B are of the same
size, the client can start to receive segment B while play-
ing back segment A. Moreover, since segment B and seg-
ment 1 are of the same size, they can be received sequen-
tially. The above device allows clients to achieve the in-
stantaneous playback while listening to the same number
of server channels as before. For instance, in Fig. 2, the
client 1 receives segment A immediately, and then receives
shadowed segment B, and shaded segment 1, etc. from
multicast channels.

Instantaneous

client 1 client 2
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Fig. 2. Modified PB scheme

Note that if a small playback delay is acceptable, or the
bandwidth is limited and many clients have to be delayed
or rejected, the component can batch the requests and mul-
ticast segment A, which can further reduce the bandwidth
usage. In the following discussion, we always assume that
instantaneous playback is provided. The workload adap-
tive broadcast architecture applies to both instantaneous
and near-instantaneous playback schemes.

o Workload adaptor. The workload adaptor collects the
client arrival rate information, and determines the number
of channels required by the modified PB scheduler in order
to minimize overall bandwidth usage.

We use an exponential smoothing algorithm to estimate
the average client request rate. The number of arrivals is

periodically collected. Denote by X, as the arrival rate after
the n-th update period, then

Ant1 = whn + (1 —w)A4n/A, 1)

where A,, is the number of arrivals during the n-th period
and A is the period length. The weight, w, and the update
rate, 1/A, determine how quickly the average arrival rate
converges to the current arrival rate.

The number of channels used by the modified PB sched-
uler, denoted by K, is determined by the average arrival
rate. Let B(K, L, ) be the average bandwidth usage of
workload adaptive broadcast where K is the number of
channels allocated and L is the length of the video clip. The
workload adaptor chooses the number of channels, K*, so
as to minimize the overall average bandwidth usage, i.e.,
K* = argmingB(K,L,)). If a change in number of
channels is necessary, the adaptor notifies the modified PB
scheduler to make the change. During the transition period,
it is desirable that clients not be disrupted and the service



of other videos not be affected. In the next section, we will
introduce the FPB scheme, which provides the property of
smooth channel transition.

I1l. FLEXIBLE PERIODIC BROADCAST (FPB)

The Flexible PB scheme (FPB) has the segmentation se-
ries 1,2,3,5,8,.... This corresponds to the Fibonacci se-
ries with the first two numbers, 0 and 1, excluded. Channel
n,n =1,2,3,...,Iis responsible for delivering consecutive
F,, segments to clients, where F,, is defined as

FF=F=1 @
Fn+2:Fn+l+Fn, (n=07132737"')
Below we describe the server’s transmission schedule and
client’s reception schedule, respectively.

A. Server’sbroadcasting schedule

Suppose that FPB scheme uses K channels to transmit
a video clip of length L. The n-th channel, 1 < n <
K, is responsible for delivering F;,, segments to clients,
from segment 37" F; + 1 to segment 3.7 | F;. We use
[ Fi+1, 7, F;] to represent these consecutive seg-
ments. The FPB scheme consists of a start rule, a repeat
rule, and a transmission schedule within a period.

Start rule. The transmission of channel 1 starts first.
The n-th channel starts transmission after the (n — 1)-th
channel completes the transmission of F},_; segments.

Repeat rule. Each channel repeats its transmission
schedule once every Fx segments. We call Fix the period
of the FPB scheme.

Transmission schedule within a period. The first chan-
nel repeatedly sends out the first segment Fx times. For
channel n, n = 2,3,---, K — 1, the transmission schedule
comprises K — n + 1 batches of segments, where the first
batch contains F;, segments, and batch¢,2 < i < K—n+1,
contains F,;_3 segments, as illustrated in Fig. 3. Note
that the total number of segments in these batches is Fk,

Fo+ Y52 F, = Fg.

Now we introduce the segments that are transmitted in
each batch. In the first batch, the server sends out segment
[P Fi+1, 57, F;). Inthe second batch, the segments
that are the same as the leading F,,_; segments in the first
batch are transmitted. Batch ¢, 3 < 1 < K —n + 1, consists
of segments contained in the previous ¢ — 2 batches, from
batch 1 to batch 7 — 2.

Fk-2

Fig. 3. Transmitting Pattern of Channel n (one period)
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Figure 4 gives an example of FPB using six channels.
The video clip is divided into Y0 F; = 32  segments.
The period is Fs = 13 segments. The transmission pattern
is as described above. For instance, the third channel is
responsible for transmitting segment {4, 5,6} to clients. It
starts by sending out segment {4, 5,6}, followed by three

batches, {4,5}, {4,5,6}, and {4,5,6,4, 5}, respectively.
We call the collection of one period of K channels a K-
channel cluster of FPB scheme. All K -channel clusters are
identical and independent of each other. In fact, clients that
start to receive segments within a cluster only fetch the data
from the same cluster. Therefore it suffices to describe the
client’s reception schedule in one cluster.

channel 3
channel 4
channel 5
channel 6

<———"6-channel cluster——

Fig. 4. A 6-channel Cluster and Its Sub-clusters in FPB

B. Client’sreception schedule

The cluster exhibits a recursive structure. For instance,
the 6-channel cluster in Fig. 4 consists of a 5-channel clus-
ter and a 4-channel cluster. The 5-channel and 4-channels
are further subdivided into clusters. We explore the clus-
ter’s recursive structure in the FPB scheme, and present an
algorithm that generates the client’s reception schedule.

Reception schedule in 1-channel cluster. This is a triv-
ial case. The client receives the first segment immediately.

Reception schedule in 2-channel cluster. Denote by T'
the start time of the cluster, and by P the arrival time of
the client. We use the segment length as the time unit. All
clients arriving during a segment will be batched and served
together at the starting time of the next segment. Hence we
use the starting time of the next segment as the arrival time
of these clients.

Fig. 5. A 2-channel Cluster

If P =T, clients receive the first instance of segment 1,
and continue to receive segment 2 and 3 from channel 2. If
P =T + 1, clients receive the second instance of segment
1, and simultaneously receives segment 2. Segment 3 is
received after segment 2. In both cases, clients listen to at
most two channels simultaneously.

Reception schedule in K-channel cluster (K > 2).
Above we have shown that there is a valid reception sched-
ule for a 1-channel and 2-channel cluster where clients lis-
ten to at most 2 channels simultaneously. Suppose there
is a valid reception schedule for a (K — 1)-channel cluster
and a (K — 2)-channel cluster. In the following we show
that there exists a valid reception schedule for a K'-channel
cluster. By induction, a valid reception schedule exists for
an arbitrary cluster.

A K-channel cluster has two sub-clusters, a (K — 1)-
channel cluster and a (K — 2)-channel cluster. If a client



arrives during the first Fix_; segments, it receives the seg-
ments associated with the first K — 1 channels according
to the reception schedule for the (K — 1)-channel cluster.
Once these have been received, the client receives the Fi
segments associated with the K-th channel. Since the re-
ception of segments from the K'-th channel occurs after the
reception from the first K — 1 channels completes, clients
listen to at most 2 channels.

If a client arrives during the Fr 5 segments, it receives
the segments associated with the K — 2 channels according
to the reception schedule for the (K — 2)-channel cluster.
Once these have been received, the client tries to receive
segments from the (K — 1)-th and K'-th channels, without
violating the “listening to at most 2 channels” rule. The
client can start to listen to the (K — 1)-th channel once
the (K — 3)-th channel finishes the transmission at time
T + Fx 2 — 2 + Fi, where T is the starting time of the
cluster. It can be shown that clients must receive all Fix_;
segments from channel K — 1. The completion time of the
(K — 2)-th channel coincides with the starting time of the
K -th channel; thus the clients are able to fetch the last F'i
segments from the K -th channel.

Pseudo-code for generating the client reception schedule
is provided in Fig. 6, where T is the cluster start time, P is
the client arrival time, and K is the total number of chan-
nels used. As an example, suppose the client starts at the
time of the 4th segment in channel 1 (backslashed segment
in Fig. 4). Since it falls within a 5-channel cluster, the client
receives 13 segments, 20 — 32, from channel 6. Within the
5-channel cluster, the 4th segment belongs to the 4-channel
cluster, thus it receives 8 segments, 12 — 19, from channel
5. Within this 4-channel cluster, the 4th segment belongs to
the later 2-channel cluster, instead of the leading 3-channel
cluster. Thus it receives 5 segments, 7 — 11, from channel
4, and 3 segments from channel 3, in the order of segment
6, 4, and 5. Since the 4th segment is the first segment in
a 2-channel cluster, the client obtains the first segment im-
mediately, and segments 2 and 3 in the following slot. The
segments received by this client are marked as backslashed
segments in Fig. 4. Note that if clients start the reception
from the first segment in a cluster, they can receive the en-
tire video listening to one channel at a time and no client-
side buffer is required.

C. Smooth transition property

FPB exhibits the smooth channel transition property and
can flexibly adjust the number of channels used. Assume
that it uses a fixed number, say K, of channels, and the
newly assigned number of channels is K. During the
channel transition period, we require that (1) the clients al-
ready starting their service not experience any disruption
during the transition; (2) the newly arrived clients use the
FPB scheme with K’ channels; (3) the total number of
channels used during the transition period is no larger than
max{K, K'}. We call a transition satisfying the above con-
ditions a smooth transition.

A naive solution is to allocate another set of K channels
for newly arrived clients. The previous K channels are held

Schedule(T, P,K)
if (K <2)
if(K=1)
receive 1 segment from 1st channel at P;
elseif(K=2& P=T)
receive 1 segment from 1st channel at P;
receive 2 segments from 2nd channel starting
atP +1;
elseif( K=2&P=T+1)
receive 1 segment from 1st channel at P;
receive 2 segments from 2nd channel starting
at P,
return;
else
if(P-T<Fk 1)
schedule(T,P, K — 1);
elseif(P—T > Fx_1)
schedule(T' + Fx—1, P, K — 2);
receive Fx_q segments from (K — 1)-th
channel, startingat 7'+ Fx 2 — 2 + F;
receive Fix segments from K-th channel,
startingat 7'+ Fx 41 — 2;
return;

Fig. 6. Pseudo-code for generating reception schedule for client arrives
at P. The cluster starts at 7" and there are K channels in total

until all old clients are served. The solution requires K+ K"
channels and wastes the bandwidth during the transition pe-
riod. Moreover, if the server supports multiple video clips,
the channel transition can lead to a resource deadlock prob-
lem. We state the following result with the proof included
in the Appendix.

Theorem1: A smooth transition can be achieved at a
cluster boundary in FPB scheme. ]

IV. SMOOTH WORKLOAD ADAPTIVE BROADCAST

Smooth workload adaptive broadcast uses the parsimo-
nious FPB in the modified PB scheduler in its architecture
(Fig. 1). The channel transition is made at the boundary of
each cluster when necessary. Below we first describe how
to calculate the average bandwidth usage in smooth work-
load adaptive broadcast. This is used to create a table of
bandwidth usages indexed by the normalized workload, the
product of video request rate and video length. The need
for a channel transition is determined from a table lookup.
If necessary, the workload adaptor performs a transition at
the boundary of the cluster, leading to a smooth transition.

Denote by g¢'(K,L) the segment size in smooth
workload-adaptive broadcast. Since two extra segments are
needed to provide instantaneous playback (see Fig. 2), we
have

L

g(KL) = ——-
YL Fi+2

®)

We now focuses on the average number of busy channels
in the modified FPB assuming the client arrival process is



Poisson with arrival rate A. Since clusters in FPB are iden-
tical and independent of each other, we focus on a single
K -channel cluster.

On average there are )\g' (K, L) arrivals during a seg-
ment. For each arrival, the modified PB scheduler trans-
mits segment A. Hence, the average number of copies of
segment A transmitted in a cluster is A\g' (K, L) Fx.

Denote by p the probability of an arrival in a segment,

p = 1 — e (K.I) pecause of the memoryless property
of Poisson process. Hence an average number of pFy
copies of segment B are transmitted in a cluster. Denote by
C(K, p) the average number of segments transmitted dur-
ing a K -channel cluster by Parsimonious FPB. The average
total number of segments transmitted is AFxg (K, L) +
C(K,p) + pFk. Since the length of a K-channel cluster is
F, the average number of busy channels, B(K, \, L), is

B(K,L,\) = \g (K,L) +p+ CK.p), 4)
Fg
We would like to choose a value of K, K*, that mini-
mizes the average number of busy channels, i.e., K* =
argminB(K, L, \). We have the following theorem regard-
ing C(K,p).
Theorem 2: In parsimonious FPB, the average number
of segments transmitted in a K-channel cluster, C(K, p),
satisfies the recursion

C(K,p) = C(K-1,p)+C(K —2,p)
+(1=p)TE (1= (1= p)™*—2)Fx_3
+(1— (1 =p)™2)Fx_»
+(1— (1 —p))Fx ()

for K > 3, where C(1,p) = p, and C (2, p) = 6p — 2p°.
For proof see the Appendix.

No closed-form expression for K* exists. We numeri-
cally compute B(K, L, \) for 1 < K < 30 using Formula
(3), (4) and (5), and select K* that minimizes the average
number of busy channels. For Fibonacci series, the sum

ZZ:{ F;,, grows exponentially as K increases. Hence the
number of segments that a video needs to be divided into
increases exponentially. When K = 30, a 100 minute long
video will be divided into "= F,, = 2,178,309 seg-
ments. Therefore we think it is sufficient to only consider
1< K <30.

Fig. 7 plots the optimal number of channels as a func-
tion of normalized workload. The optimal number of chan-
nels is defined to be the least number of channels such that
the bandwidth usage is within 1% of the minimum band-
width usage. Here the normalized workload is the prod-
uct of the client request arrival rate and the video length.
The curve exhibits a staircase shape. We can determine the
range of normalized workloads over which the same num-
ber of channels are required and represent it in a table. The
workload adaptor can choose the number of server channels
from the table to reduce bandwidth usage while maintain-
ing its own schedule as well as clients’ reception sched-
ule as simple as possible. If a certain playback delay can

be treated as near-instantaneous playback, the modified PB
scheduler can batch the requests and multicast the segment
A. In the following section, however, we assume instanta-
neous playback is desired. We expect a similar result when
small playback delay is allowed.
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Fig. 7. Optimal Number of Server Channels vs. Normalized Workload

V. PERFORMANCE EVALUATION

We evaluate the smooth workload-adaptive broadcast
scheme from the following three perspectives: (1) how FPB
compares with other PB schemes; (2) whether and how
much parsimonious FPB can save server bandwidth when
the client request rate is low; and (3) how smooth work-
load adaptive broadcast adapts to changing video popular-
ity. We show that FPB is more efficient than other popular
PB schemes with the same client side network bandwidth
requirement. Parsimonious FPB scheme uses less band-
width when the client request rate is low. To evaluate the
smooth workload adaptive broadcast, we use a workload
whose rate changes dramatically throughout a day. Simula-
tion results show that smooth workload adaptive broadcast
adapts nicely to the changing workload.

e Comparison of PB schemes. Fig. 8 illustrates the
server bandwidth requirement (number of channels) vs. the
startup delay represented in fraction of video length. For
instance, if the length of video is 100 mins and the startup
delay is 0.001 of video length, it takes clients at most 6
seconds to start the playback. We compare FPB with dy-
namic skyscraper, skyscraper, and GDB3, which all require
clients listen to 2 channels simultaneously. FPB uses less
bandwidth than other schemes, particularly for short startup
delays.

o Efficiency of Parsimonious FPB. Fig. 9 shows the
average number of busy channels vs. client request rate
(requests/min). The length of video is 100 minutes. Three
curves corresponds to the cases where 7, 10, and 20 server
channels are used, respectively. As the client request rate
increases, the average number of busy channels also in-
creases. The reason behind this is that more segments are
transmitted as more requests arrive. Eventually, all seg-
ments need to be sent out, and all channels assigned to the
PB scheme are used. Thus the number of busy channels
reaches the number of channels assigned to the PB scheme.

e Performance of smooth workload adaptive broad-
cast. Finally we investigate the performance of the smooth



-+ Dynamic Skyscraper

S+,

e ¢ Skyscraper
= o.M —— GDB3
B ook 6, s A .
= 0 " Fibonacci
=}
=
I3
o
w 15F
[
2
[}
2]
=}
@ 10f
= e

COES
g \m'\o‘.
x \'\(:
5 O

Start-up delay (fraction of video length)

Fig. 8. Comparison of PB schemes (requiring clients listen to 2 channels
simultaneously)

3
T

5
T

=
T

@
T

]

S
T

-
T

— 7 segments |
— 10 segments
— 20 segments ||

Average number of busy channels

10°

10" 10° 10"
Client request arrival rate (requests/min)

Fig. 9. Average Number of Busy Channels vs. Client Arrival Rate in
Parsimonious FPB

workload adaptive scheme. Fig. 10(a) depicts the client
arrival rate during 24-hour period. The arrival process is
Poisson with a time varying rate. During peak hours (from
10am to 4pm), the rate is around 15 requests/min, while
during off-peak hours, the rate is around 0.3 requests/min.
The dotted line is the estimated client arrival rate from the
workload estimator. The exponential smoothing average al-
gorithm (formula (1)) is used to keep track of the client ar-
rival rate. In this experiment, w is set to be 0.1. The average
client arrival rate is updated once every minute. We can see
that the workload estimator does a nice job keeping track
of the actual arrival rate, filtering out the short-term rate
change.

The smooth workload adaptive broadcast chooses the
number of channels used in FPB based on the estimated
client arrival rate to minimize the required bandwidth to
serve the clients. Fig. 10(b) shows the number of channels
chosen at different times during the day. More channels are
used when the client arrival rate is high. The shape of the
curve resembles the client arrival rate process.

Fig. 10(c) depicts the number of active channels (server
bandwidth usage) over time. The bandwidth usage in
smooth workload adaptive broadcast is proportional to the
workload. Smooth workload adaptive broadcast adapts to
the workload by adjusting the number of channels used in
the PB component. The dashed line in the figure is the
bandwidth consumed by the PB component alone (not in-
cluding the bandwidth used for instantaneous playback).

— overall bandwidth usage
- - bandwidth usage of modified FPB

—— overall bandwidth usage
- - bandwidth usage of modified FPB

Number of active streams
Number of active streams

10 i B i
Time (24 hours) Time (24 hours)

(a) Aggregate bandwidth usage  (b) Bandwidth usage for a single video

Fig. 11. Performance of the smooth workload adaptive scheme: multiple
video case

The difference between the solid and dashed lines is the
bandwidth required to provide instantaneous playback. It
is interesting to notice that the bandwidth usage for instant
playback remains low even though there are more arrivals
during the peak hour. Recall that server needs to transmit
segment A to each client and bandwidth usage should go
up. The smooth workload adaptive broadcast increases the
number of channels used in the peak hour, thus decreasing
the size of a segment. The result is that the bandwidth used
to enable the instantaneous playback does not increase dra-
matically; thus the overall bandwidth usage remains low.

We further evaluate the performance of smooth work-
load adaptive broadcast when it supports a collection of
100 videos of equal length. The aggregate client request
rate for these videos is a constant, set to 500 requests/min.
The video popularity obeys the zipf distribution, i.e., the i-
th most popular video attracts a fraction of requests that is
proportional to 1/i1 =2, where « is set to 0.271. We further
assume that a video’s popularity rank changes by one every
4 hours, e.g., the i-th most popular video become the 7 4 1-
th most popular video, and least popular video becomes the
most popular one. Our purpose is to examine whether the
smooth workload adaptive broadcast can smoothly handle
the popularity change of many videos at the same time.

Fig. 11(a) depicts the aggregate bandwidth usage for a
period of 24 hours. One observes that the number of ac-
tive streams oscillates around its average however it never
deviates more than 10% from its average. Fig. 11(b) de-
picts the bandwidth usage for a single video. Note that the
bandwidth usage decreases every 4 hours, corresponding to
the popularity change. The bandwidth usage leaps at time 0
due to the dramatic popularity change this video is experi-
encing - its popularity rank changes from the last to the first.
However the smooth workload adaptive broadcast quickly
adapts to such change.

V1. RELATED WORK

Several works [12-14] in the past addressed the problem
of changing workload adaption. [12] proposes to use a PB
scheme to serve popular videos and dynamically change
the number of channels assigned to a video based on the
level of demand. This PB scheme possesses the smooth
channel transition property; thus the channel change can
be smoothly performed. However, unlike FPB scheme, the
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Fig. 10. Performance of the smooth workload adaptive scheme: a single video case

scheme in [12] requires the client to be able to listen to
all the channels simultaneously. More importantly, a PB
scheme without using parsimonious transmission becomes
inefficient when a video turns unpopular. Also a playback
delay is experienced by every client.

Both [13] and [14] use variations of the batching tech-
nique to tackle the problem of changing workload adap-
tion. Batching serves multiple requests with a single mul-
ticast stream. [13] introduces rate-based channel allocation
scheduling into batching to account for the changing work-
load. Since batching doesn’t allow clients to prefetch data,
it is not as bandwidth efficient as PB. [14] proposes a hy-
brid scheme that is a combination of batching and PB. Pop-
ular videos are handled by PB, while batching is used for
less popular videos. The popularity of the videos is peri-
odically re-evaluated to determine the group of videos that
are served by PB. It is challenging to determine whether
a video should be served by PB or by batching, and both
schemes require clients to wait for a period of time before
being served. In contrast, smooth workload adaptive broad-
cast provides a unified approach that performs well for both
popular and less popular videos, and offers instantaneously
playback if necessary.

PB schemes in [15] and [4] also use the Fibonacci series
as segmentation series and have comparable bandwidth us-
age as FPB proposed in this paper. However the schemes
differ from FPB in terms of both the server-side broadcast-
ing and the client-side reception schedules are different,
and neither of these PB schemes exhibit the smooth chan-
nel transition property. Also our FPB scheme can support
clients with limited access bandwidth and/or limited buffer-
ing by scheduling them at the beginning of a cluster.

VI1I. CONCLUSIONS AND FUTURE WORK

In this paper we present a workload adaptive broadcast
architecture and smooth workload adaptive broadcast based
on FPB to provide VoD service to a large, asynchronous
client population with time-varying workload. By introduc-
ing the feedback control loop into the PB scheme, and en-
hancing the PB scheme by the techniques such as parsimo-
nious transmission and instantaneous playback technique,
the smooth workload adaptive broadcast provides instanta-
neous or near-instantaneous playback service and can adapt
nicely to workload changes. Simulation experiments show
that the required bandwidth is proportional to the client re-
quest rate. The FPB scheme proposed in this paper is band-

width efficient and has the smooth channel transition prop-
erty.

Future research can proceed along several avenues.
Workload adaptive broadcast is a framework that can be
used by many PB schemes. We would like to explore the
possibility of using other PB scheme in workload adap-
tive broadcast architecture. In addition, implementation of
smooth workload adaptive broadcast in the test-bed can fur-
ther help us to evaluate the scheme in a practical setting.
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APPENDIX

Proof of theorem 1. Suppose the FPB uses K channels first, and then

attempts to transit to K' channels at time ¢, the boundary of a cluster. Let
L be the length of a video clip, and g(K, L) the size of a segment in FPB

using K channels. Since Zfil F; = Fg42 — 2, We have

g9(K,L)=L/(Fx+42 —2). 6)

Denote by t;, 1 < k < K, the time when the channel & in old cluster

becomes available, and s, 1 < k < K’ the time when the server starts
to use channel k in new cluster. According to starting rule, we have

ty = t+ (Fip1 — 2)g(K, L), 1<k<K. @)

and
sk =t+ (Fipr —2)g(K L), 1<k<K' ®

We call vector [t; t2 ---tx] the switch-out vector and vector
[t1t2 --- ,t'K] the switch-in vector. In order to achieve the smooth transi-
tion, the cluster using K' channels must not overlap with the cluster using
K channels. Below we prove that the smooth transition is true for both
K < K,case and for K’ > K case. ) ,

(1) K < K (see Fig. 12). Since K < K, g(K ,L) > g(K,L).
Thus s; > t; forall 4,1 < ¢ < K’ Hence there is no overlap between
two clustgrs and smooth transition can be ach,ieved in this scer)ario.

(2) K > K (see Fig. 13). Let N = K — K. Since K > K, the
first N channels in K -channel cluster can use N idle channels. Therefore
it is sufficient to prove

S+ N Z t,;. (9)

forall 4, 1 < ¢ < K. Substitution of Equation(6), (7), and (8) into (9)
yields

L L
b4 (Fipnir -2 = >t (Fipn )
Frp—2 Fria—2
Fgyo—2 Fip1—2 (10)
FgiNt2—2 Fiyny1—2

where N > 1,1 <i< K.
. F;—2
Lemma 1: {Fjil_2’
quence.
Proof: It is equivalent to prove,

j > 2} is a monotonically non-decreasing se-

Fii1—2 F; —2
J+1 > J (11)
Fjta =27 Fjp1 -2
forall j > 2. Since Fibonacci number F; can represented as
L[1+vV6, ., 1-v6 4
Fj=—|( e e B (12)
V5 2 2
We can verify Equation (11) by substituting F; into Equation (12).

Now we are ready to prove Equation (10).

Fry2—-2 _ Fry2—2 Fry3—2  Friny1—2
FriN+2—2 Fg43—2 Fgi4—2 FriNt2—2
Apply Lemma 1, we have

Fri2—2 Fit1—2 Fyyp—2  Fyny—2

Frinyio—2 Fiy2—2 Fiy3—2 FiiNt1—2

_ Fi+1 -2
Fitn41—2
This completes the proof. ]

Proof of theorem 2: It is easy to see C(1, p) = p. For C (2, p), there
are four possible scenarios: (1) no arrival, (2) arrivals in both segments,
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Fig. 12. Smooth Transition in FPB (K’ < K)
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Fig. 13. Smooth Transition in FPB (K’ > K)

(3) arrivals in first segment but no arrival in second segment, and (4) no
arrivals in first segment but arrivals in second segment. We can calculate
the probability of above four scenarios, and the corresponding number of
segments needs to be transmitted in each scenario.

4p® +3p(1 —p) + 3(1 — p)p,
= 6p—2p’.

C(2,p)

For K > 3, as described in Section 111, K-channel cluster has two sub-
clusters, (K — 1)-channel cluster and (K — 2)-channel cluster. This ex-
plains the first two terms on the right side of Equation (5).

According to the algorithm generating the reception schedule (Fig. 6),
these two clusters are independent of each other except the last Fx_3
segments in (K — 1)-th channel of (K — 1)-channel cluster (for instance,
3 backslashed segments in channel 5 in Fig. 14). The arrivals in second
sub-cluster also need use these segments. Therefore if no arrivals exist in
the first sub-cluster but there are arrivals in the second sub-cluster, these
segments need to be sent out. The probability that the above scenario
occurs is (1 —p)FE-1(1— (1 —p)Fx—-2), and Fx_ 3 segments needs to
be transmitted. This interprets the third term on the right side of Equation
(5).

The fourth term at the right hand side of Equation (5) is for the last
Fg_o segments in (K — 2)-th channel, which are solely used by the
arrivals belonging to second sub-cluster. The probability that there is at
least one arrival in this (K — 2)-channel cluster is 1 — (1 — p)Fx -2,

Finally, the Fx segments in K-th channel are shared by all arrivals
in this cluster. The probability that there is at least one arrival within the
cluster is 1 — (1 — p)¥& . This explains the last term at the right side of
equation (5). ]
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Fig. 14. A 6-channel Cluster and Its Two Sub-clusters: 5-channel Cluster
and 4-channel Cluster.



