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ABSTRACT In this paper we address such a problem. Based on object sizes
and their access probabilities, we develop a method to distribute
objects in multiple streams in such a way that the average file ac-
cess time is minimized. We show that the resulting optimization
broblem can be transformed into a particular form of the quadratic

With the arrival of terrestrial digital TV, a distribution network able
to deliver up to 19 Mbits/s in each of the physical transmission
channels will become available. Using the adopted data broadcas
protocols, simultaneous transmission of multimedia documents 0 10cation model for which an algorithmic solution has been de-

large population segments can be achieved. While these protocol§le|0ped. With bandwidth being very likely the most important

describe methods for recognizing files in data streams, no mEthOdparameter in the determination of broadcast costs, methods as the

is known yet on how to dist_ribute large coIIections_ of files in one one introduced here are needed for its efficient use in the deploy-
or more data streams. This paper addresses this problem. Th‘?nent of future multimedia broadcast services

method proposed in the paper allocates objects in multiple streams

according to their sizes and access probabilities, in such a way that

average access latency is minimized. We show that the minimiza- 2. DATA BROADCAST STREAMS

tion problem can be described as a particular form of the NP hard

quadratic allocation model for which an algorithmic solution for The Transport Stream defined in the ATSC specifications [1] de-
finding local minima exists. rived from the MPEG-2 Systems protocol [5, 6] is a digital chan-
nel supporting a throughput of 19.2 Mbits/s embedded in a 6 MHz
band. The channel can itself be partitioned into multiple streams
each of which uses a guaranteed portion of the total bandwidth.
We define the terratreamas a collection of packets identified sep-
arately by a given packet identifier (PID) and transmitted at ap-

1. INTRODUCTION

Terrestrial digital TV will offer speeds of up to 19 Mbits/s per
physical channel, enough to support not only 3 or 4 SDTV pro- - .
grams but also data broadcasting. Multimedia broadcast Service&roxlér_natelylc_cl>|nstant bit Late d(CBR)' ltivlexi hat lead
are being considered as the obvious generalization towards which h |g_l|J_re ! ustéates t eB aftra mu t'ﬂ exing proce?s tdt?t Ea S
the traditional TV receiver will evolve. In fact, with a capacity to tot de ranspcl)rt dtream. u irs wit ?(_:cclij_p%ncyl eedbac Dare
reach billions of people all around the world, multimedia broadcast used to control and guarantee the rate of individual streams. Data

has the potential of becoming the first truly massive deployment of stre_ams can_therefore be trz_ansmi_tte_d_ in CBR mode. However, QUe
this type of technologies. to video traffic and multiplexing priorities, data packets can be dis-

An important part for the development of multimedia trans- persed when inserted in the Transport Stream. Such dispersion

mission services is the standardization of data broadcasting. BothCaUSes the a(_:tual bit rate to fluctuate but the spe_cifications under
of the major players, DVB in Europe and ATSC in the United development in the ATSC ensure that the fluctuation shall be kept

States, have agreed to use DSM-CC [7] as the base encapsulas-ma”'

tion protocol for such services. Files are modularized according ]
to DSM-CC rules, and later packetized following the MPEG-2 Audio
—>{Coding H Buffer

Systems protocol. The resulting 188-byte packets are multiplexed Tétarnesg.n;n
with others sharing the same Transport Stream, and after channel Multiplex / Brcc;]aadncnag

encoding, they modulate pilot carriers using 8-VSB (See Fig. 1). video ' - o] [Wiod ]
While DSM-CC and the upper-shell data broadcasting proto- *{Coding H Buffer }—’¥ gvss [

cols indicate how to modularize and identify files within the data
streams embedded in the Transport Stream, they do not providepga 1

methods to efficiently distribute objects in the streams. If a small —>{Coding H Buffer
number of objects is transmitted per document, then such an or-
ganization may not be required. However, multimedia documents
such as existing WWW newspapers and magazines are typically
composed of thousands of files with different sizes and access re-
quirements. For large documents, intelligent file distribution over A sequence of files transmitted one after the other and repeated
multiple streams is necessary to reduce file access delay and savperiodically as part of a particular stream is called a data carousel.
bandwidth. Periodic transmission allows users to access files randomly. Fig-

—

Figure 1: Encoding system architecture for digital TV.



ure 2 shows a time-bandwidth diagram for a single stream showing it rate } repetition time i

the sequence of objects transmitted in the stream. Two carousels

groups distinguished by their colors are shown in the figure. The 4 4 1 9 % 9 %9 9 4
time segment occupied by the object represents the interval re-... DI:II---[“:H:II
quired for transmission of all the packets. Objects are transmitted | -
sequentially with no free slots in between. Also in the same figure, ‘ ‘ time
the repetition time for objeg}; is explicitly indicated. The longer

the repetition time is for individual objects, the longer the access download time
delay will be during downloading. o

For large documents with hundreds or thousands of files, avoid- M
ing long access delays may require the use of multiple streams. W,
For example, high priority files should be placed in streams where w
small repetition times can be guaranteed, whereas low priority 3

ones could be queued all together in separate streams. This is the

problem addressed in this paper. Based on a priority measuremenfigure 2: Access time components when retrieving objects from a
such as the object access probability, we develop an optimal allo-broadcast stream.

cation method to place objects in the proper streams in such a way

that the average access time per object is minimized.
time is given by:

3. OBJECT ACCESS TIMES M

ta = Y E{ti}pk) . (4)

A collection of objects (files, pages, or directorigg) = {q:, 1

q2, -.., qu} is sequentially streamed at a constant bit raté of

bits per second as shown in Fig. 2. The access time for object  For the single stream case described in the previous section,
k is defined as the time required to make the object available to E{t;} is defined in Egn. (3). In the next section, we compute
any type of application software. Fig. 2 illustrates that object ac- E{t;} for the multi-stream case and ustg to develop an opti-
cess times have two components. The first one isviietime w, mization problem whose solution gives the object allocation for
from the instant when the object is requested to the instant whenminimal access time.

the object appears in the stream. The second component is the

download timeand represents the time required to recover all the
object packets from the stream. 3, is the size in bits for ob-
jectqr and ifb is the stream bandwidth, then the download time is
Sk /b. Consequently, the access time for objgcts given by

4. DISTRIBUTIONS FOR MULTIPLE STREAMS

For documents with a small object collection, a single stream is
enough to carry the entire collection. In fact, multiple documents
Sh can be streamed together through the use of data carousel grouping
te = B +w . (1) such as provided by DSM-CC. However, for large documents the
delivery may require multiple streams to guarantee small access
If the object request happens to be just before the object appeardelays. Streams are recognized by their packet identifier (PID)
ance in the stream, then the wait time will be null. However, if that labels the MPEG-2 Transport Stream packets. Current tech-
the request instant is slightly after the first object header packet, nology enables stream tuning by PID filtering in transport process-
thenw will be maximum and equal to the time needed for the ob- ing chips. Stream tuning is fast and easy while the overhead comes
ject to circulate and reappear in the stream. Figure 2 shows thregrom the wait and download times described in the previous sec-

examples of possible wait times when accessing olgject tion.
Consequently, the wait time is a random variable uniformly Audiovisual streams, program and system information (PSIP),
distributed betweefl andW,, 4., with and other MPEG-2 functions utilize large number of PIDs. There-
fore, while multi-streaming is important for reducing access times,
EMil Sm the number of defined streams should simultaneously be kept as
Winaw = =550 . 2 small as possible due to hardware limitations.
Once more consider the setif objectsQ) = {q1,¢2,...,qm}
If E{ } denotes the expectation operator, th&nw} = Wiae /2, which for transmission purpose will be broadcast using multiple
and therefore: streams. Each of the objects has a sizeand an access proba-
bility p(k) for k = 1,2,..., M. Let N represent the number of
Sk Eff: | Sm available streams and le} designate the j-th stream with band-
E{te} = B + Y A @) width b;. An example of the distribution of 11 objects over three

stream channels with different bandwidths is illustrated in Fig. 3.
A WWW server with Internet access can register the number An assignment matriX = [z;;] of size M x N is defined,
of times each page is accessed over a period of time. Based on thisvhose elements indicate whether an object belongs or not to a cer-
information, an empirical measure of probability can be found for tain stream, that is
the pages and by extension for the files that compose the pages. Let
p(k) be the access probability corresponding to the k-th object of o 1 if g € ¢ 5
the document object collectia, then the overall average access Tij 0 if ¢ &c¢ ®)



bitrate stream 1 In conventional data broadcasting applications, the stream band-

a, a, a,, widths are negotiated priori, and once the broadcast server ad-
B --7- H ‘D ceo e mits such bandwidths in guaranteed mode, the rates are maintained
- at the defined levels. When all the selected streams have the same
' Time bandwidth, the optimization problem can be further simplified. In
this case, after defining the terms
bit rate tream 2
M
1
- a, 45 9 dg C=y Z Skpk) ,  ai = Sip(k) (10)
| [ | | o ®0 k=1
I time the overall average access time becomes
bit rate stream 3 v N M
q2 q3 q qu 1
b, |- 9 ta(X) = C + % Z Z aik Trj i (11)
D LA i=1 j=1 k=1
T ﬁime From their definitions, it is clear that andb are positive num-

bers, consequently, for the equal bandwidth case, a simplified cost
function results:

M N M
J(X) = Z Z Z @ik Thj Tij (12)
i=1

j=1 k=1

Figure 3: An example of object distribution over multiple streams.

Assuming in principle, that objegt. belongs to the arbitrary
streaming channel;, then equation (3) can be invoked to compute

S subject to the same constraints as the previous non-uniform band-
E{t+}. This gives

width case, that isz;; € {0, 1}, andZ;V:1 ziy; = L

Sk Zf\il Si xij .
Bite} = -+ =% — Taca 6 5. OPTIMIZATION ALGORITHM

The assignment matrix can be used once more to remove the "if’ The optimization model defined by equation (12) is similar to a
clause of the previous expression, which gives particular form of the generalized quadratic assignment problem.
N This form is normally obtained when studying classroom schedul-
B{ty} = Z Sk + lel Si i oo % ing problems (CSP) [8] or the allocation of interacting activities to
T, b; 2b; ki facilities [2, 3, 4]. As with most of the known quadratic assign-
j=1 ment problems, the existence of nonlinear interaction terms makes
The assignment matriX is precisely the term we would like to ~ these, otherwise simple problems, NP hard. o
find from an optimal point of view. _ Carlson and Nemhauser ha_lve proposed an optlr_nl_zatlon algo-
Substituting equation (7) into (4) and through some algebraic "ithm for the CSP problem applicable when the coefficient matrix
manipulation, it is possible to demonstrate that the overall aver- IS Symmetric with null diagonal [2]. Under these conditions, local

age access time for a multi-stream object allocatipfX) can be minima can be found through a recursive process. However, for
written as the stream allocation case, it is evident from Eqgn. (10) thas

not symmetric and has, in general, a diagonal which is not null.

N M N M : H H
We show next that a reformulation of the problem is possible to
ta(X) = Z Z Qkj Thj + Z Z Z Bijk Tkj zij (8) meet the constraints imposed by Carlson and Nemhauser.

k=1 j=1 i=1 j=1 k=1 Let yir, = E;\'zl xi;j Tr;. By inspection, it is evident that

where the equation constants are defined as the matrix[y;,] is: (1) symmetric, (2) has ones as its diagonal el-
ements, and (3) has only ones or zeros as elements. Equation (12)
S p(k) Sk , Bk = p(k) S; . ©) can be written in terms of;, asJ(X) = PR Ekle @ik Yik-.
b; b; Then, due to the aforesaid propertiesyef, this expression is

Therefore, the optimization problem can be stated as follows. equivalent to

Find the assignment matriX = [z;;]a x~ Such that the overall M M M N
average access timea (X) is minimized, subject to the following J(X) = Z Sip(i) + Z Z Z Qik Yik (13)
constraints: i=1 i=1 k=1 j=1
e constraint 1x;; € {0, 1}, for all values of;, 5. where
i NN L _ air +ar;)/2 k#£1
e constraint2). " | zi; = 1 Ak = { (s 0 i)/ kiz (14)

The first constraint implies that the solution space is binary, ) ) . )
whereas the second constraint reveals that an arbitrary object cafi!2ving the first summation of Eqn. (13) as a constant, the opti-
be assigned to one and only one stream. Because of the quadratif!iZation problem can be restated as:
form of the cost functionat4(X) and since the solution space M M N
is binary, the problem can be classified as non-linear integer pro- min 2 = Z Z Zdikmij Thj (15)

gramming of the zero-one kind. i=1 k=1 j=1



subject to the same constraints as before. The mAtrix [@ik]

is symmetric with null diagonal, and therefore satisfies the condi-
tions required for using the Carlson-Nemhauser algorithm. This
algorithm was implemented as described in [2] with the only dif-
ference being the use of two starting feasible solutions. The algo-
rithm calculated two optimal allocation matrices and selected the
best of both.

ACCESS TIMES WITH (+) AND WITHOUT (0) OPTIMIZATION
T T T T T T
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6. APPLICATION EXAMPLE

4]
a

Consider the problem of finding the proper number of streams to
use when broadcasting a large WWW document. For this example,
the document is composed of 150 pages with sizes as shown in
Fig. 4. The sizes were obtained using a uniform random number
generator. The total document size is about 3.8 MB. From the
total of 150 pages, 20 are considered highly likely to be accessed 4 s s s : ; i i i
while the remaining 130 have low access probabilities (see Fig. 4) NUMBER OF STREAMS

Different probability and size distributions have no impact on the

method, since the Optimization is carried out without aSSUmptiOnS Figure 5: Access times as a function of number of streams for

regarding these distributions. uniform (o) and optimal (+) allocation
Assuming an available bandwidth of 250 Kbits/s, we want to

determine an efficient way to use the bandwidth for over-the-air

broadcast. One option is to allocate the pages uniformly (page

1 placed in stream 1, page 2 to stream 2, and so on). The second 7. CONCLUSIONS
option uses the optimization procedure described in the paper. Fig-
ure 5 shows the results when the process is repeated for cases wit
number of streams ranging from 1 to 10, comparing the average
access time for each of the cases.

When one stream is used the available bandwidth is entirely
dedicated to that stream. Whew streams are used, each re-
ceives its corresponding fraction of bandwidth. It is evident in this
case that blind multi-streaming (that is, without using optimiza-
tion) produces no beneffits and should be avoided. When using
optimization, the situation changes drastically. Multi-streaming
helps reducing the average access time from 62 (one stream) to 4
seconds (three streams). Without optimization, such a reduction
can only be accomplished by increasing the bandwidth from 250
Kbits/s to 320 Kbits/s. Since bandwith will be a costly commodity
in multimedia broadcast services, optimization methods like the
one presented in the paper are required to maximize efficiency. 8. REFERENCES

AVERAGE ACCESS TIME IN SECONDS

o
=]
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method minimizes the average delay time when objects are ac-
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50 KB, we show that the optimization method reduces the ac-
cess delay from 62 (one stream) to 48 seconds (three streams).

reduction that otherwise can only be achieved by increasing the
ransmission bandwidth from 250 to 320 Kbits/s. With bandwidth
becoming a costly resource, optimization methods like the one in-
troduced in the paper become more and more necessary.
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Figure 4: Top: page sizes for each of the 150 pages. Bottom:
access probabilities assumed for the multimedia document pages.



