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ABSTRACT

We explore in this paper the problem of generating hierar-
chical broadcast programs with the data access frequencies
and the number of broadcast disks in a broadcast disk ar-
ray given. Specifically, we first transform the problem of
generating hierarchical broadcast programs into the one of
constructing a channel allocation tree with variant-fanout.
By exploiting the feature of tree generation with variant-
fanout, we develop a heuristic algorithm VF¥ to minimize
the expected delay of data items in the broadcast program.
Performance of these algorithms is analyzed. It is shown
by our simulation results that by exploiting the feature of
variant-fanout in constructing the channel allocation tree,
the solution obtained by algorithm VF¥ is of very high qual-
ity and is in fact very close to the optimal one.

Keywords: Broadcast disks, mobile computing, broadcast
programs, multiple broadcast channels.

1. INTRODUCTION

Several applications in a mobile computing environment,
such as stock activities, traffic reports and weather forecast,
have become increasingly popular in recent years [17][18].
It is noted that mobile computers use small batteries for
their operations without directly connecting to any power
source, and the bandwidth of wireless communication is in
general limited. As a result, an important design issue in a
mobile system is to conserve the energy and communication
bandwidth of a mobile unit while allowing mobile users of
the ability to access information from anywhere at anytime
[3][5][10].

In order to conserve the energy and communication band-
width of a mobile computing system, a data delivery ar-
chitecture in which a server continuously and repeatedly
broadcasts data to a client community through a broadcast
channel was proposed in [1]. In a push-based information
system, a server generates a broadcast program to broad-
cast data to the mobile users. This broadcast channel is
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referred to as a “broadcast disk” from which mobile clients
can retrieve data. The mobile users need to wait for the
data of interest to appear on the broadcast channel, and
the corresponding waiting time is called the expected de-
lay of that data item. One objective of designing proper
data allocation in the broadcast disks is to reduce the av-
erage expected delay of data items. Broadcasting schemes
in this context have been previously addressed by other re-
searchers [2][8][9][11][13][15][16]. Also, a significant amount
of research effort has been elaborated on developing the in-
dex mechanism in multiple broadcast channels [12][14]. A
system of multiple broadcast channels can be viewed as a
broadcast disk array. The broadcast disks in a broadcast disk
array can be categorized according to the speed of broad-
cast disks, where the speed of a broadcast disk corresponds
to the expected delay for the data items in that broadcast
disk. The data items in each broadcast disk are sent out in
a round robin manner. Clearly, as the number of data items
in a broadcast disk increases, the expected delay of those
data items increases. As a result, the data items that are
more frequently requested by mobile users should be put in
fast broadcast disks, whereas cold data items can be pushed
to slow broadcast disks to minimize the average expected
delay of data items in the broadcast disk array. Organiz-
ing data in a broadcast disk array raises a number of new
research problems. The most important issue is to develop
algorithms to allocate data items to the broadcast disk ar-
ray according to their access frequencies so as to minimize
the average expected delay of data items. This is the very
problem that we shall address in this paper.

Consider the illustrative example in Figure 1 where two
broadcast programs are presented. Assume that the data
items R;, 1 < i < 6, are of the same size and Figure la
shows a flat broadcast program, where data items are evenly
allocated to the two broadcast disks and the speeds of two
broadcast disks in the broadcast disk array are the same,
meaning that the expected delays for all data items are
equal from one to another. In contrast, Figure 1b shows
another broadcast program with its channel allocation tree
(or abbreviatedly as allocation tree). As will be described in
Section 2 later, the depth of the allocation trees corresponds
to the number of broadcast disks, and those leaf nodes in
the same level of the allocation tree correspond to those
data items to be put in the same broadcast disk. In Figure
1b, the upper channel is allocated with two data items and
the lower channel is allocated with four data items. Notice
that in Figure 1b the data items in the fast disk (i.e., the
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Figure 1: Two broadcast programs for the broadcast
disk array of two broadcast disks.

upper broadcast channel) spin twice as fast as those data
items in the slow disk (i.e., the lower broadcast channel).
The allocation tree in Figure 1b is called an allocation tree
with variant-fanout in this paper. Denote the expected de-
lay and the access frequency of data item R, respectively, as
dr; and P.(R;). Table la shows the expected delay for data
items under the two different allocations of broadcast arrays,
and four sets of access frequencies of data items are given
in Table 1b for illustrative purposes. The average expected
delay in Table 1b is obtained by multiplying the access fre-
quency of each data item by the expected delay of that data
item and summing up the results, i.e., >, dr, * P.(R;).
Same as in [1], the expected delay for each data item in the
broadcast disk i is formulated as Z gl—zl, where N; is
the number of data items allocated in the broadcast disk i.
For example, for the allocation in Figure la, N; = 3 and
N, = 3, and for the allocation in Figure 1b, N; = 2 and
N2 = 4. The details of formulating the average expected de-
lay can be found in [1]. It can be verified that the expected
delays of data items R; and R in Figure la are both equal
to dr, = dr, = 1t = 1. On the other hand, the ex-
pected delays of data items R; and Rs in Figure 1b are
dr, = %’—0 =0.5 and dr; = ;&4&}_0 = 1.5, respectively.

From Table 1b and Table 1c, it is noted that when the
access frequencies of all data items are the same, the flat
broadcast program in Figure la is the one to use, and we
do not want to allocate different numbers of data items to
different broadcast disks as in Figure 1b. Explicitly, the
average expected delay of data items for Case 1is 30, dg, *
P.(R;) =1*0.167+1*0.1674+1*0.167+1*0.167+1*0.167+
1*0.167=1, whereas that in Figure 1bis Y.°_, dr,*P.(R:) =
0.5*%0.167+0.5*0.167+1.5*%0.167+1.5*0.167+1.5*%0.16 7+
1.5%0.167=1.16. It can be verified that the average ex-
pected delay resulting from the flat broadcast program will
remain the same as the access frequencies of data items
vary. However, when the access frequencies become increas-
ingly skewed, the average expected delay of allocation with
variant-fanout is reduced from 1.16 in Case 1 to 0.7 in Case
4. With the access frequencies being skewed, the average ex-
pected delay of the hierarchical broadcast program based on
variant-fanout becomes much smaller than that of the flat
broadcast program, showing the very advantage of exploit-
ing the feature of hierarchy in designing broadcast programs
for a broadcast disk array.

Consequently, we explore in this paper the issue of gener-

Expected Delay of Data Items

| dr, | dr, | dRrs | dRry | drs | dRG

in Figure la 1 1 1 1 1 1
in Figure 1b | 0.5 | 0.5 | 1.5 | 1.5 | 1.5 | 1.5
(a)
Access Frequency
P (R1) [ Pr(R2) [ Pr(Rs) [ Pr(Ra) [ Pr(Rs) | Pr(Re)
Case 1 0.167 0.167 0.167 0.167 0.167 0.167
Case 2 0.25 0.25 0.125 0.125 0.125 0.125
Case 3 0.3 0.3 0.1 0.1 0.1 0.1
Case 4 0.4 0.4 0.05 0.05 0.05 0.05
(b)
Average Expected Delay
in Figure la | in Figure 1b
Case 1 1 1.16
Case 2 1 1
Case 3 1 0.9
Case 4 1 0.7

(c)

Table 1. Expected delays and access frequencies of data
items under two broadcast programs.

ating hierarchical broadcast programs with the data access
frequencies and the number of broadcast disks in a broadcast
disk array given. Specifically, we first formulate the problem
of generating hierarchical broadcast programs and transform
this problem into the one of constructing a channel allo-
cation tree with variant-fanout. A hierarchical broadcast
program for the broadcast disk array of K broadcast disks
can then be represented by a channel allocation tree with
a height of K. By exploiting the feature of tree generation
with variant-fanout, we develop a heuristic algorithm VFX
(standing for Variant-Fanout with the constraint K), which
is basically a family of algorithms with different values of K,
to minimize the expected delay of the corresponding broad-
cast program. Performance of these algorithms is analyzed
and sensitivity analysis on several parameters, including the
number of data items and the number of broadcast disks,
is conducted. It is shown by our simulation results that by
exploiting the feature of variant-fanout in constructing the
channel allocation tree, the solution obtained by algorithm
VF¥ is of very high quality. It is worth mentioning that
even when the number of broadcast channels K changes dy-
namically, algorithm VF® can reach the new configuration
very efficiently with the number of data items required to be
moved around broadcast channels minimized, showing an-
other advantage of algorithm VF¥. It is also shown by our
experimental results that algorithm VFX is not only able to
produce the solutions of very high quality but also of good
scalability which is important for VFX to be of practical use
to generate hierarchical broadcast programs dynamically in
a mobile computing environment.

A significant amount of research effort has been elabo-
rated upon issues of data broadcast [1][9][11]. We mention
in passing that the authors in [1] explored a push-based data
delivery architecture using the broadcast disk to meet the
need of mobile applications. The authors in [7] proposed
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Figure 2: Generating hierarchical broadcast pro-

grams for a broadcast disk array of K broadcast
disks, where N; is the number of data items allo-
cated to disk i and t; = > ", Nj.

a mechanism to capture data access patterns which can be
utilized in a data delivery model composed of push-based
and pull-based delivery methods. Without fully exploiting
the advantage of multiple broadcast channels, the attention
of those studies in [1][4][7][12] was mainly paid to the de-
sign of data delivery model and index methods for a single
broadcast channel, but not for multiple broadcast channels.
The design of index methods in multiple broadcast channels
was addressed in [12][14], where, however, the problem of
generating hierarchical broadcast programs was not consid-
ered.

This rest of this paper is organized as follows. Prelimi-
naries are given in Section 2. In Section 3, we develop al-
gorithm VF¥ for allocating data items to a broadcast disk
array. Performance studies are conducted in Section 4. This
paper concludes with Section 5.

2. PRELIMINARIES

Note that as the number of data items in a broadcast disk
increases, the expected delay of those data items within the
broadcast disk increases. Theoretically, generating such a
broadcast program can be viewed as a partition problem
for data items. Given the number of broadcast disks in a
disk array and the access frequencies of all data items, we
shall determine the proper set of data items that should be
allocated to each broadcast disk in a broadcast disk array
with the purpose of minimizing the average expected delay
of all data items. Table 2 shows the description of symbols
used in modelling the program. Figure 2 shows the program
formulation of generating a hierarchical broadcast program
for a broadcast disk array of K broadcast disks. Denote the
total number of data items as n, and a data item as R;,
1< i < n. Recall that P, (R;) is the access frequency of R;
and Y ;- P, (R;) = 1. Assume that all data items in Figure
2 have been sorted according to the descending order of the
access frequencies of all data items. As can be seen in Figure
2, a broadcast disk array of K broadcast disks corresponds
to the partition of n data items into K groups, where N; is
the number of data items to be allocated to broadcast disk i.
‘We then have Zf{:l N; = n. According to the characteristics
of broadcast disks, we have the following properties.

Property 1: The expected delay of the data items within
the broadcast disk i, denoted by d;, is d; = Zjv;l ﬂjvfl,
where N; is the number of data in that broadcast disk.

Property 2: Let t; = 22:1 Ny, and to = 0. Then, N;
data items, denoted by Rj, t;—1 + 1 < j < t;, are allocated
to broadcast disk 4, and d; = dr; for j € [ti-1 + 1, ti].

For example, in Figure 1b, di = dr, = dr, = 0.5 since
R; and R are in broadcast disk 1, and d2 = dr; = dr, =

Description Symbol
Number of broadcast disks in a broadcast disk | K
array

Number of data items within broadcast disk z | N;
The expected delay of data items within d;
broadcast disk %

The jth data item R;
The access frequency of data item R; P.(R;)
The expected delay of data item R; dr,
The number of leaf nodes in level 7 of the L;
allocation tree

The weight of leaf nodes in level ¢ of the w;
allocation tree

The aggregate access frequency for the P,
leaf nodes in level ¢

Table 2. Description of symbols

drs = dgrs since Rz, R4, Rs and Rg are in broadcast disk
2. The problem that we study in this paper can be formally
defined as follows:

Problem of generating a hierarchical broadcast pro-
gram: Given the number of broadcast disks in a disk array
and the access frequencies of all data items, we shall deter-
mine the proper set of data items that should be allocated to
each broadcast disk in a broadcast disk array with the pur-
pose of minimizing the average expected delay of all data
items. The average expected delay of all data items in a
broadcast disk array of K broadcast disks can be formulated
as follows:

zn:de*Pr(Rj) = Zdi Z Pr(R;)

N; — <
T Y. PRy,

j=ti—1+1

7

where t; = Ny, and tg = 0.

h=

[

Problem transformation: As mentioned above, gener-
ating such a broadcast program can be viewed as a parti-
tion problem. We now would like to transform this partition
problem on data items into the one of generating a channel
allocation tree. The initial allocation tree is mainly a tree
of all data items attached to the root node (as shown in
Figure 3a). Note that the leaf nodes in the same level of
the allocation tree correspond to a set of data items to be
put in the same broadcast disk. Thus, the allocation tree
in Figure 3a corresponds to the case that all data items are
put in one broadcast disk. We next expand the allocation
tree by moving a set of nodes to one level lower as shown in
Figure 3b (the criterion to determine such a set of nodes will
be explained in Section 3 later). Figure 3b corresponds to
the case that two broadcast disks are used to store the data
items. This procedure continues by performing more parti-
tions on data items until all broadcast disks in the broadcast
disk array are used. As such, a hierarchical broadcast pro-
gram for a broadcast disk array of K broadcast disks can be
represented as a channel allocation tree with a height of K.

It can be seen that similar to the formulation of the ex-



Figure 3: Grouping a set of nodes and moveing them
to a lower level to reduce the weights of leaf nodes.

pected delay for those data items residing in a broadcast
disk, the weight of leaf nodes in level i, denoted by w;, can
be formulated as w; = 251:1 1%17 where L; is the number
of leaf nodes in the level i. The Wéight w; in fact corresponds
to the expected delay of each data item in level i. Explicitly,
when the construction of an allocation tree is completed, L;
equals N; and w; equals d;. Let Pz, be the summation of
access frequencies of data items associated with leaf nodes
in level i. For example, it can be seen from Figure 1b that
the depth of the allocation tree is 2 and those leaf nodes in
the same level are allocated in the same broadcast disk. For
that allocation tree with access frequencies given in Case 3
of Table 1b, we have w1 = 0.5, wo = 1.5, Py, = 0.6, and
Pr, = 0.4. According to the formulation of average expected
delay for broadcast disk array, we have the cost of the tree
below:

K K Li o
Z wib = > ZLi )% Py,
1=1 i=1 g=1
where Pr, = Z P.(Rj), s = Z Ly and sg = 0.
Jj=si—1+1 h=1

As such, the problem of generating a hierarchical broad-
cast program can be transformed into the one of building an
allocation tree with the minimal cost.

3. ALGORITHM VF*

We devise in Section 3.1 a heuristic algorithm VFX to gen-
erate the channel allocation tree which explores the feature
of tree generation with variant-fanout to minimize the ex-
pected delay of the corresponding broadcast program. The
execution scenario of algorithm VF¥ is illustrated in Section
3.2.

3.1 Design of Algorithm VF¥

With the problem transformation described above, we de-
vise algorithm VF¥ (standing for Variant-Fanout with the
constraint K) to explore variant-fanout in the allocation tree
generation to minimize the cost of this tree.

Algorithm VF¥ is greedy in nature and builds the alloca-
tion tree in a top down manner. Algorithm VF¥ starts with
attaching all data records to the root node. Then, after some
evaluation, algorithm VF¥ groups nodes with small access
frequencies and moves them to one level lower so as to re-

duce the cost of the tree. Figure 3 shows the scenario of
grouping a set of nodes and moving them to a lower level.

Definition 1: Suppose that level v in the allocation tree
has j—i-+1 data nodes, R;, Ri+1, ..., Rj. The cost of level v
is defined as C;; = 74! (];Zf% 2:1' P.(R,), which
is equal to wy * Pr, , where w, and Pr,, are, respectively, the
weight of leaf nodes and the aggregate access frequency for
the leaf nodes in level v of the allocation tree.

In essence, the value of C; ; is related to the average ex-
pected delay of leaf nodes in level v. It can be seen from
Figure 3 that moving down those nodes to the next level
decreases the corresponding expected delay of leaf nodes,
and thus the cost of the allocation tree will be reduced. In
order to evaluate the reduction of partitioning, we have the
following definition.

Definition 2: Suppose that node R has j — i + 1 child
data nodes, R;, Rit+1, ..., R;, which are sorted according
to the descending order of P.(Ry), i < q < j, i.e., Pr(Rq)
> Pr(Ry) iff ¢ < y. The reduction gain achieved by grouping
nodes Rpt1, Rpt2, ..., R; and attaching them under a new
child node, denoted by 6(p), can be formulated as 6(p) =
Cij = (Cip + Cpi15)-

In light of Definition 2, we devise algorithm VF¥ below
which contains a procedure Partition to identify the group
of nodes to be moved downward in each execution level so
as to maximize the reduction gain in each step.

Algorithm VFX :

Input: Assume that Ri, Rs, ..., R, have been sorted
according to the descending order of P.(R;), 1 < j <n, ie.,
P.(Ry) > P-(Ry) iff ¢ < y. K is the number of broadcast
disks in a broadcast disk array.

Output: The resulting allocation tree.

begin

Create Table AT with K rows;

AT(1).B =1,

AT(1).E =m;

AT(1).LC = Chin;

for each row 7 in Table AT and i > 2

begin

AT(i).B = 0;
AT(i).E = 0;
AT (3).LC = 0;
. end
11. pivot=1;
12. repeat
13.  begin
14.  Choose row i from Table AT such that AT(¢).LC
is maximal among all unmarked rows;
15.  if (i==1 or i==pivot)

© 0N oA W=
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16.  begin

17. j:Partition(RAT(i)B, RAT(i)4B+1,~~~7 RAT(Z)E)7
18. Update Table AT and unmark all rows;

19. pivot—++;

20. end

21.  else /* Middle partition */

22. begin

23. j=Partition(Rar@).B, Rar@).B41, - Rare).B);
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Figure 5: Illustrations of upward and downward par-
titions.

24.  if (AT(i — 1).E — AT(i — 1).B) < (j — AT(3).B)

25. { Update Table AT and unmark all rows;
26. pivot++; }

27. else

28. { Mark row i;

29. Merge (Rar(iy.B, Rar@y.B+1, ---» Rj) and

(Rj+1, Rjy2, ..., Rar(i).p) together; }
30. end

31. end
32.  until (pivot==K)
end

Procedure Partition (R;, Rit1, ..., Rj):

1. Determine p* such that 6(p*)= max
(6@}

2. Attach nodes Rp+11, Rp*42, ..., R;j under a new node
I in the tree;

3. Return p*;

To generate the allocation tree, algorithm VF¥ first starts
with a configuration where all nodes are attached to the
root. Table AT (standing for Auxiliary Table) is created to
record the status of the allocation tree as stated from line
1 to line 10 in algorithm VF¥. Note that since there are
three kinds of partitioning, i.e., upward, middle and down-
ward partitions, judiciously applying these partitions is able
to reduce the total cost of the allocation tree. To facilitate
the description of algorithm VFX | we define two subtrees,
i.e., Ty and Tr, where Ty (respectively, Tr) is left upper
(respectively, right lower) subtree and does not contain the
top level (respectively, the last level) of the tree. Consider
the tree representations by Ty and Tr, in Figure 4 where the
original tree is the one in Figure 3b. Figure 5a shows the sce-
nario of an upward partition for the allocation tree in Figure
4a. On the other hand, Figure 5b illustrates the scenario of

vpe{i,i+i= 1}

| Data record | Ry | R | R3 | R4 | Rs | Rs |
[ Pr(R.) [ 0.237 [ 0.211 | 0.132 [ 0.132 | 0.08 | 0.05 |

| Data Record | R~ | Rs | Ry | Rio | Ri1 |
[ Pr(R:) | 0.05 ] 0.027 [ 0.027 | 0.027 [ 0.027 |

Table 3. The profile of an illustrative example.

a downward partition for the allocation tree in Figure 4b.
From Table AT, algorithm VF¥ chooses the level with the
maximal cost to partition (line 14 of algorithm VFX). TLet
pivot be the number of levels expanded in the allocation
tree thus far. Explicitly, as can be seen from line 15 to line
20 in algorithm VFX if the cost of the top (respectively,
the last) level is larger than that of other levels, algorithm
VFE performs upward (respectively, downward) partition.
Otherwise, VFX performs the middle partition according to
the operations from line 21 to line 31 in algorithm VFX.
Table AT is then updated accordingly. As can be seen from
line 24 to line 29 in algorithm VF¥ | algorithm VF¥ makes
sure that each partition will satisfy the feature of hierarchy.
That is, the number of leaf nodes (i.e., data items) in the
upper level is always smaller than that in the lower level.
According to Definition 2, the candidate set of nodes with
the maximal reduction gain 6(p*) is chosen. When such a
set of nodes is identified and moved to the next level, those
nodes will be evaluated by themselves to see if any further
partition for some of them is necessary in line 32 (the condi-
tion (pivot == K) means that the number of the channels
has been reached). Algorithm VF¥ partitions the nodes it-
eratively with the objective of minimizing the average cost
Zf(:l w; * P, until the depth of the tree reaches the number
of broadcast disks in the broadcast disk array. As such, the
allocation tree is expanded and constructed in a top down
manner.

3.2 An Example Execution Scenario of VF¥

For example, consider the profile in Table 3 where the
number of data items n is 11 and the number of broad-
cast disks K is 4. The initial tree configuration is shown
in Figure 6a, where all data records are attached to the
root. Procedure Partition then determines the optimal par-
tition of nodes to be moved to the next level. The values
in Table AT and their changes made in accordance with the
execution of algorithm VFX are shown in Table 4, where
in Table 4a-4c, the first table is Table AT and the second
table is the one to determine the cut point p* for the par-
tition selected where the maximal value of §(p) is marked
with an ’*’. From the calculation shown in Table 4a, we ob-
tain p* = 4, and therefore group nodes Rs, Rs,..., and Ri1
together and move them to the next level, resulting in the
configuration shown in Figure 6b. Note that in Table AT,
the value of AT'().LC is the cost of nodes in level i, ie.,
w; * Pr;, and explicitly, equal to Cr(i).B, ar@).£- In Table
4b, since AT(1).LC > AT(2).LC, the upward partition is
performed.



Leveli | AT(i).B | AT(i).E | AT(i).LC
1 1 11 5*
2 0 0 0
3 0 0 0
4 0 0 0
p 1 2 3 4 5
Cr1 5 5 5 5 5
Cip+ Cptr1,11 | 34335 | 2.484 | 2.05 | 1.932 | 2.104
6(p) 1.5665 | 2.516 | 2.95 | 3.068" | 2.896
(a). Partition (R1, Ra, ..., Ri1) is selected and decomposed
to (R1, ..., R4) and (Rs, ..., R11)
Leveli | AT(i).B | AT(i).E | AT(i).LC
1 1 4 1.068"
2 5 11 0.864
3 0 0 0
4 0 0 0
P 1 2
Ci4 1.068 | 1.068
Cip+Cpi1,4 | 0475 | 0.356
6(p) 0.593 | 0.712*

(b). Partition (R1, Ra, ..., Ra) is selected and decomposed

to (Rl, Rg) and (Rg, R4)

Leveli | AT(3).B | AT({).E | AT(i).LC

1 1 2 0.224
2 3 4 0.132
3 5 11 0.864*

4 0 0 0

p 5 6 7
Cs,11 0.864 | 0.864 | 0.864
Csp+Cpi1,11 | 052 | 0381 | 0.342
6(p) 0.344 | 0.483 | 0.522"

(c). Partition (Rs, R, ..., Ri1) is selected and decomposed

to (Rs,...,R7) and (Rs, ..., Ri1)
Lovel1 | ATG).B | ATG).E | ATG).LC
1 1 2 0.224
2 3 4 0.132
3 5 7 0.18
4 8 11 0.162

(d). The final result of Table AT.

Table 4. Determining from Table AT the set of nodes to be
grouped together as a partition for allocation tree
generation.

Following the calculation shown at the right side of Table
4b, we have p* = 2 and Figure 6b in turn leads to Figure 6c.
Similarly, we obtain AT(1).LC' = 0.224 and AT(2).LC =
0.132 shown in Table 4c. Since AT'(3).LC = 0.864 is the
maximal in Table 4c, algorithm VFX performs the down-
ward partition. Following the calculation in Table 4c, we
have p* = 7. Then, the configuration shown in Figure 6d
and in Table 4d follows. As the depth of the allocation tree
equals the number of broadcast disks, algorithm VF¥ com-
pletes. It can be seen that the very advantage of algorithm

(a) Allocation tree for to Table 4a.

(e) The resulting broadcast program.

Figure 6: An execution scenario of algorithm VFX:
(a)-(d) the generation of the allocation tree, and (e)
the resulting broadcast program.

VFEX is that even when the number of broadcast channels
K changes dynamically, algorithm VF¥ can reach the new
configuration very efficiently with the number of data items
required to be moved around broadcast channels minimized.
Also, as validated in our experiments in Section 4, when the
number of data items to be broadcast is large, algorithm
VF¥ can expand the allocation tree very efficiently. Ac-
cording to the configuration in Figure 6d, we can have the
hierarchical broadcast program shown in Figure 6e where it
can be verified that the average expected delay is the sum
of costs of all levels in the tree shown in Figure 6d, i.e.,
0.2244-0.1324-0.18+0.162=0.698.

4. PERFORMANCE EVALUATION

In order to evaluate the performance of algorithm VFX
we have implemented a simulation model of the broadcast
environment. Specifically, the simulation model is described
in Section 4.1. Then, we examine the impact of employing
hierarchical broadcast programs in Section 4.2. Performance
of algorithm VF¥ is comparatively analyzed in Section 4.3.

4.1 Simulation Model

Table 5 summarizes the definitions for some primary sim-
ulation parameters. The number of data items to be broad-
casted in a broadcast disk array is denoted by n and the
number of broadcast disks in a broadcast disk array is K.
The access frequencies of broadcast data items are modelled



Notation | Definition

n Total number of data items to be broadcast

K Number of broadcast disks in a broadcast disk array
0 Zipf distribution parameter

FLAT Scheme to generate a flat broadcast program

Table 5. The parameters used in the simulation.

6
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Zipf parameter

Figure 7: The average expected delay of FLAT, OPT
and VFX with the value of § varied.

by the Zipf distribution. Let P.(R;) = (%)9, where 6
is the parameter of Zipf distribution [6]. It can be verified
that the access frequencies become increasingly skewed as
the value of 0 increases. For comparison purposes, a scheme
that evenly allocates data items to each broadcast disk, re-
ferred to as FLAT, is implemented. An example broadcast
program generated by FLAT is the one shown in Figure 1a.
To obtain the optimal solutions for comparison purposes, we
implemented scheme OPT by using the technique of branch
and bound. For better readability, the implementation de-
tail of OPT is not included in this paper. Experimental
results for algorithm VF¥, OPT and FLAT have been ob-
tained and comparatively evaluated.

4.2 Employing Hierarchical Broadcast Programs

To show the advantage of generating hierarchical broad-
cast program, we set the value of n to 50 and the value of K
to 4. The expected delay of data items under FLAT, OPT
and VF¥ are examined with the value of 6 varied. Without
loss of generality, assume that all the data items are of the
same size which is used as one unit of waiting time. The re-
sulting expected delay of data items by running FLAT, OPT
and VF¥ are shown in Figure 7. It can be seen from Figure
7 that the access frequencies become increasingly skewed as
the value of 0 increases and the difference between expected
delay of OPT and that of VF¥ is almost negligeable, show-
ing the very high quality of the solutions obtained by algo-
rithm VFE. Note that as the access frequencies become in-
creasingly skewed, the hierarchical broadcast programs gen-
erated by OPT and VF¥ perform significantly better than
the flat broadcast program, indicating the very advantage
of exploiting the feature of variant-fanout for the allocation
tree generation in algorithm VFX,
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Figure 8: The performance comparision between
OPT and VFX with the value of K varied.
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Figure 9: The performance comparison between
OPT and VFX with the value of n varied.

4.3 Comparative Analysis for VF* and OPT

We now examine the impact of varying the values of n
and K to the performance of VFX and OPT. First, in order
to evaluate the impact of increasing the value of K, we set
the value of n to 50 and the value of 8 to 3. Figure 8 shows
the performance results of OPT and VFX.

As can be seen in Figure 8, the expected delay of OPT
and VF¥ decreases as the value of K increases. This agrees
with our intuition, since as the number of broadcast chan-
nels increases, the number of data items in each broadcast
channel decreases, thereby reducing the expected delay of
data items. Notice that the difference between the expected
delay of VFX and that of OPT is very small when the value
of K varies, again showing the good quality and the robust-
ness of solutions obtained by VF¥.

Next, the experiments of varying the value of n for OPT
and VFE are conducted where we set the value of K to 4 and
the value of 6 to 3. Figure 9 shows the performance com-
parison between OPT and VF¥ when the value of n varies.
In Figure 9, as the number of data items to be broadcast in-
creases, the expected delays of data items resulted by OPT
and VFX increase linearly as we anticipate. Also, the dif-
ference between the expected delays resulted by OPT and



VF¥ is negligible, again suggesting that algorithm VF¥ be
able to find a solution of very high quality efficiently when
the value of n increases.

It is shown by our experimental results that algorithm
VF¥ is not only able to produce the solutions of very high
quality but also of good scalability which is important for
VF¥ to be of practical use to generate hierarchical broadcast
programs dynamically in a mobile computing environment.

5. CONCLUSIONS

In this paper, we explored the issue of generating hierar-
chical broadcast programs with the data access frequencies
and the number of broadcast disks in a broadcast disk ar-
ray given. Specifically, we first formulated the problem of
generating hierarchical broadcast programs and transformed
this problem into the one of constructing a channel alloca-
tion tree with variant-fanout. By exploiting the feature of
tree generation with variant-fanout, we developed a heuris-
tic algorithm VF¥ to minimize the expected delay of the
corresponding broadcast program. Performance of these al-
gorithms was analyzed and sensitivity analysis on several
parameters, including the number of data items and the
number of broadcast disks, was conducted. It was shown
by our simulation results that by exploiting the feature of
variant-fanout in constructing the channel allocation tree,
the solution obtained by algorithm VF¥ is of very high qual-
ity and is in fact very close to the optimal one. By exploring
the feature of variant-fanout tree construction, algorithm
VF¥ is not only able to produce the solutions of very high
quality but also of good scalability which is important for
algorithm VFX to be of practical use to generate hierarchi-
cal broadcast programs dynamically in a mobile computing
environment.
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