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Abstract Data broadcasting has been recognized as an

important means for information dissemination in mobile

computing environments. In some mobile applications, the

data items broadcast are dependent upon one another.

However, most prior studies on broadcasting dependent

data do not employ replication in broadcast program gen-

eration. In view of this, we explore in this paper the

problem of broadcasting dependent data in multiple

broadcast channels, and explicitly investigate the effect of

data replication. After analyzing the model of dependent

data broadcasting, we derive several theoretical properties

to formulate the average access time of broadcast pro-

grams. In light of the theoretical results, we develop an

algorithm to exploit replication on broadcast program

generation. Our experimental results show that the pro-

posed algorithm is able to generate broadcast programs of

very high quality. In addition, the results also show that

broadcast programs with replication is more robust than

those without replication in error-prone environments.

Keywords Data broadcast � Dependent data � Mobile

computing � Ordered queries

1 Introduction

To provide power conservation, high scalability and high

network bandwidth utilization services in mobile

environments, a data delivery architecture in which a ser-

ver continuously and repeatedly broadcasts data to a client

community through a single broadcast channel was pro-

posed in [1, 28]. Related research issues about broadcast-

based information systems have attracted a considerable

amount of studies, including (1) broadcast program gen-

eration [1, 48], (2) on-demand broadcast [2, 3, 4, 16, 21],

(3) data indexing [13, 28, 50] and (4) location-dependent

data broadcasting [32, 35, 52, 55, 56, 57]. As pointed out in

[43], one cannot simply merge multiple low-bandwidth

physical channels into one high-bandwidth physical chan-

nel. Consequently, a significant amount of research effort

has been elaborated on the development of index mecha-

nisms [6, 29, 39, 46], data allocation schemes [7, 8, 42, 43,

54] and dynamic data and channel allocation [25, 34] in

multiple broadcast channels. In addition, the bandwidth

allocation for multi-cell environments with frequency reuse

and interference considered was studied in [51].

However, most works mentioned above were under the

premise that each user requests only one data item at a time

and the requests for all data items are independent of one

another. That is, the access probability for a user to request

a data item in the i-th request is predetermined and is

independent of what have been requested in his/her first,

second,…, (i - 1)-th requests. However, in many real

applications [47], some data items are semantically related

and there exists dependency among the requests of these

data items. Broadcast program generation algorithms

assuming independent requests might not be able to

effectively optimize the performance of such broadcast

programs. A query corresponds to a set of semantically

related data items which are likely to be requested suc-

cessively by a user, and we use a set of queries (named a

query profile) to model the dependency of all data items.

Hence, if several data items are dependent upon one
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another (i.e., within the same query), they are likely to be

successively requested by users. According to the con-

straint of the retrieval sequence of the dependent data items

within the same query, queries of dependent data can be

categorized into the following two types:

Ordered queries: In an ordered query, the required data

items should be retrieved in a predetermined order.

Consider a Web page with some images as an example.

Once the user requests this Web page by a browser, the

browser will retrieve these images automatically in a

predetermined order after receiving this Web page [36].

Unordered queries: Similar to an ordered query, an

unordered query could be one issued by a mobile user

for requesting multiple data items simultaneously.

However, unlike in an ordered query, these requested

data items may be retrieved in any order. Consider a

broadcast system which disseminates the stock informa-

tion. A mobile user may submit a query like ‘‘Show me

the stock information of all the LCD companies.’’ As a

result, data items in these LCD companies are queried

together and displayed without being confined to a

specific order [31].

The system architecture of the data broadcast system

considered in this paper is shown in Fig. 1 [23, 26]. The

system periodically broadcasts data items according to a

predetermined broadcast program. In the beginning, with-

out knowing the broadcast program of the system, the

mobile device will listen on a broadcast channel to wait for

the appearance of the broadcast program. The broadcast

program contains some auxiliary information such as data

identifiers. The broadcast program is then kept in the

mobile device. When a user submits a query to his or her

mobile device, the mobile device will retrieve the first

required data item from one broadcast channel by referring

to the information in the broadcast program. The received

data item may possess dependency with other data items,

and the mobile device will retrieve those dependent data

items automatically.

According to the broadcast frequencies of all data items

in one broadcast cycle, broadcast programs can also be

divided into two categories: without replication and with

replication. A broadcast program is said to be without

replication if all data items are broadcast with equal fre-

quencies. Figure 2(a) shows an example broadcast program

without replication. A broadcast program without replica-

tion is also called a flat broadcast program1. On the other

hand, as shown in Fig. 2(b), a broadcast program with

replication2 corresponds to the case that the data items

appear with different frequencies. In most research studies

on independent data broadcasting [42, 43, 54], it has been

shown that broadcasting data items with higher access

frequencies more frequently can achieve the shorter aver-

age access time.

As a consequence, prior research studies on broadcast

program generation for dependent data can be categorized

by the following three properties: (1) the number of

broadcast channels (single [11, 47] or multiple channels

[23]), (2) the constraint of the sequence of the data items

(ordered [11, 23] or unordered [15] queries) and (3) the

employment of data replication (without replication or with

replication). A brief review and comparison of the prior

works on dependent data broadcasting are given in Sect.

2.1. Most prior studies on broadcast program generation for

dependent data employ flat broadcast programs (i.e.,

without replication). We argue that replication should be

used in broadcast program generation for dependent data

due to the following two advantages:

1. High performance:

It has been shown that, when the data items are

independent, broadcast programs with replication

usually outperform those without replication. How-

ever, prior studies on dependent data broadcasting do

not employing replication in broadcast programs. It

motivates us to exploit replication on broadcast

program generation in order to achieve better

performance.

2. Error resilience:

In broadcast programs without replication, each data

item appears exactly once in each broadcast cycle.

D10 D2 D6D4 D5

Broadcast Channels

 Q
uery Profile

Database

Scheduler

Server

D1 D3 D7D8 D9

PDANotebookMobile Device

Fig. 1 The architecture of a data broadcast system

D1 D4 D2

D6 D3 D5 D4(1)D3(1)D6(1) D1(3)D6(2)

D1(2)D2(1)D1(1) D5(1)D3(2)
(b)(a)

Fig. 2 Example broadcast programs. a Without replication. b With

replication

1 Di indicates the i-th data item.
2 Di(j) indicates the j-th replica of the i-th data item.
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Thus, broadcast programs without replication do not

perform well in error-prone environments. Consider

the broadcast program shown in Fig. 2(b). Suppose

that a network error occurs when a user is retrieving

data item D1. Since D1 appears only once in each

broadcast cycle, the user has to wait almost one full

broadcast cycle (two data items in this example) for

retrieving D1.

Consider the broadcast program shown in Fig. 2(b).

Suppose that a network error occurs when the user is

retrieving the first replica of D1 (i.e., D1(1)). Since there

are many replicas of D1 in the broadcast program, the

user only needs to wait one data item for retrieving the

second replica of D1 (i.e., D1(2)). Based on the above

observation, we argue that broadcast programs with

replication is more error-resilient than those without

replication. Thus, we employ replication in broadcast

program generation to ease performance degradation

caused by network errors.

In view of this, we explore in this paper the problem of

the broadcast program generation for ordered queries in

multiple broadcast channels. Note that the problem of

broadcasting dependent data in a multiple channel envi-

ronment is intrinsically difficult in that the factor of data

dependency and the efficient use of multiple channels,

though being dealt with separately before, are in fact

entangled, thus making it more complicated to provide an

effective solution to this problem. Note that several special

cases of the problem of broadcasting dependent data are

shown to be NP-hard [15, 36, 39]. To the best of our

knowledge, no prior work on dependent data broadcasting

over multi-channel environments employs replication in

broadcast programs. This characteristic distinguishes our

work from others.

In this paper, we first model the problem of broadcast

program generation for ordered queries in multiple chan-

nels with replication, and then formulate the average access

time of broadcast programs accordingly. Based on these

theoretical results, we devise algorithm BPGR (standing

for Broadcast Program Generation with Replication) to

employ data replication in broadcast program generation.

To measure the performance of algorithm BPGR, several

experiments are conducted. Our experimental results show

that algorithm BPGR is able to obtain broadcast programs

of higher quality than those algorithms without employing

data replication, showing that employing replication can

lead to more efficient use of network bandwidth. In addi-

tion, experimental results also show that in error-prone

environments, the performance degradation of the pro-

grams generated by algorithm BPGR is more slighter than

that of the programs generated by algorithms without

employing replication.

The rest of this paper is organized as follows. Section 2

presents the preliminaries of this study. Average access

time of broadcasting dependent data with ordered queries is

formulated in Sect. 3. We then develop in Sect. 4 algorithm

BPGR to exploit replication in broadcast program genera-

tion for the environments with multiple broadcast channels.

Performance evaluation on various parameters is con-

ducted in Sect. 5. Finally, Sect. 6 concludes this paper.

2 Preliminaries

2.1 Related work

2.1.1 On-demand data broadcasting

To give readers more background knowledge about data

broadcast, in addition to push-based broadcast architecture

which is employed in this paper, pull-based broadcast

architecture, also known as on-demand broadcast archi-

tecture, is described in this subsection. Figure 3 shows an

example on-demand broadcasting system. In an on-demand

data broadcasting system [2, 4, 5], a server maintains a data

request queue and serves these requests according to the

employed scheduling algorithm. When requiring one data

item, a mobile client sends a data request to the server.

After receiving a data request, the server first checks

whether there exists another data request in the data request

queue with the same required data object. If yes, the new-

coming data request is merged into that data request. This

phenomenon is called request merge. Data requests with

the same requested data object can be safely merged since

one transmission of the data object in a broadcast channel

is able to serve all merged data requests. Therefore, the

higher the occurrence probability of request merge is, the

more efficient the system is. Otherwise, the new-coming

data request is inserted into the data request queue.

Mobile
Information System

Data Request
Queue

Data
Request

Data
Object

PDANotebookTablet PC

Fig. 3 An example on-demand broadcasting system
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A scheduling algorithm is used to prioritize all data

requests in the data request queue, and the server will serve

these data requests according to their priorities. To serve a

data request, the system retrieves the required data object

from the corresponding data server, and then broadcasts

this object to all its clients via a dedicated and shared

broadcast channel. As a result, the on-demand broadcast

system is more scalable and can obtain higher network

utilization than traditional client-server architecture.

Dykeman et al. pointed out in [19] that traditional FCFS

scheduling would produce long average access time for an

on-demand broadcast system when the access frequencies

of all data items were not uniformly distributed. They

proposed several scheduling algorithms and concluded that

LWF could provide the best performance among the pro-

posed algorithms. Aksoy et al. pointed out in [4] that

although being able to produce the shortest average access

time, LWF is not efficient when the number of data requests

is large. To address this problem, they proposed algorithm

R 9 W which is able to schedule the received data requests

efficiently by employing a pruning technique. In [2], Ach-

arya et al. addressed the broadcast scheduling problem in

the environments with variable-size data items. They

defined a new metric, stretch, as the ratio of the response

time of a request to its service time. Based on stretch, they

proposed a scheduling algorithm, called LTSF, to minimize

the stretch. Wu et al. [49] argued that algorithm LTSF is not

optimal in terms of overall stretch. In addition, algorithm

LTSF is not scalable in a large-scale environment. There-

fore, they proposed a scheduling algorithm to optimize the

system performance in terms of stretch. Moreover, the

proposed scheduling algorithm is more scalable than LTSF,

and hence, is suitable for practical use. In recent years,

several researches are focused on scheduling for dependent

data in on-demand broadcast environments [12, 14, 17, 44].

In addition to devising scheduling algorithms, several

studies consider the employment of data indexing in

on-demand data broadcasting environments [21, 24, 33].

Since the sizes of index items are much smaller than those

of data items, employing data indexing is able to greatly

reduce the average tuning time at the cost of a slight

increase in the average access time.

2.1.2 Broadcast program generation for unordered

queries

For unordered queries, the authors in [15] modelled the

dependency among data items as a set of hquery, access

probabilityi pairs, and proposed a greedy algorithm called

QEM to generate broadcast programs for unordered queries

in single channel environments. The authors in [30]

extended algorithm QEM by proposing several heuristics.

In addition, a data oriented broadcast program generation

algorithm is also proposed. The authors in [53] modelled

the data dependency as a dependency graph and trans-

formed this problem into a travelling salesman problem.

The authors in [18] presented a theoretical analysis of data

dependencies and proposed a polynomial algorithm to

generate broadcast programs in a single channel environ-

ment. The authors in [22] formulated the average access

time of broadcast programs on multiple channel environ-

ments, and then, proposed a genetic-based algorithm to

generate broadcast programs. Based on the theoretical

results derived in [22], the authors in [27] proposed a

heuristic algorithm to generate broadcast programs on

multiple channel environments. It is worth mentioning that

the prior studies on dependent data broadcasting for

unordered queries did not consider data replication.

2.1.3 Broadcast program generation for ordered queries

In [11], the problem of dependent data broadcasting for

ordered queries is transformed into an optimal linear

ordering problem and two heuristic algorithms are then

proposed to generate broadcast programs in a single-

channel environment. However, the queries are assumed to

be acyclic (i.e., the dependency graph must be a dag), and

such an assumption limits the applicability of the proposed

algorithms. The author in [36] first modelled data depen-

dencies as a dag and then modelled the problem of

dependent data broadcasting for ordered queries in a single

broadcast channel as a minimum circular arrangement

problem. A heuristic was proposed to generate broadcast

programs. The authors in [47] proposed a branch-and-

bound searching algorithm to search a broadcast program

in one broadcast channel. A randomized algorithm was

proposed in [9] to consider the dependency of two data

items in a single broadcast channel. The authors in [31]

first transformed the problem of dependent data broad-

casting for ordered queries into an optimal cycle ordering

problem, and then proposed a broadcast program genera-

tion algorithm in a single-channel environment. In [38], the

dependencies among data items are modelled as a dag and

broadcast program generation in a single broadcast channel

is modelled as a topological ordering problem. Two strat-

egies, called level-oriented strategy and greedy-oriented

strategy, are then proposed to generate broadcast programs.

With similar formulations as [38], the authors in [37]

proposed a level-based scheduling algorithm and several

heuristics to generation broadcast programs on multi-

channels. In [45], Shih et al. extended the problem mod-

eled in [38] to further consider the problem of fairness and

proposed two algorithms to solve such problem. In [23],

Huang et. al. derived several theoretical results of gener-

ating broadcast programs for ordered queries, and proposed

a genetic algorithm to generate broadcast programs

1820 Wireless Netw (2010) 16:1817–1836

123



accordingly. In [26], Hung et. al. proposed a two-phase

framework called MULS for dependent data broadcasting

for ordered queries. Note that all prior studies for multiple

broadcast channels did not employ data replication.

A comparison of our study and these related studies is

given in Table 1.

2.2 Problem description and formulation

We in this subsection formulate the problem of broad-

casting dependent data in multiple broadcast channels. For

better readability, a list of symbols used is shown in

Table 2. Same as in [25], it is assumed that the database D

contains |D| data items, D1, D2,…, D|D| and each data item

is read-only. An ordered query is defined as follows.

Definition 1 An ordered query Qi ¼ fDqið1Þ;Dqið2Þ; � � � ;
DqiðjQijÞg is an ordered, non-empty subset of all data items

where |Qi| represents the number of required data items in

Qi. Note that 1 B qi(j) B |D| for all 1 B j B |Qi|, and

qi(j) = k represents that the j-th required data item in Qi is

Dk.

A query profile, which is an aggregation of the access

behavior of all users, is defined as below.

Definition 2 A query profile Q consists of a set of

hQi, Pr(Qi)i pairs where |Q| represents the number of

queries in Q and Qi is the i-th query in Q. In addition,

Pr(Qi) is defined as

PrðQiÞ ¼
No. of Qi issued by users

No. of queries issued by users
;

where
XjQj

i¼1

PrðQiÞ ¼ 1:

For the sake of simplicity, we assume that the queries is

sorted by their access probabilities in descending order.

That is, Pr(Qi) C Pr(Qj) if i B j.

Example 1 Consider a database D containing six data

items, D1, D2,…, D6. Table 3 shows an example query

profile containing six queries on the database D. The query

Q3 = {D4, D6, D1} indicates that the mobile device will

retrieve D4, D6 and D1 sequentially while the user submits

Q3. Pr(Q3) = 20% shows that 20% of the queries sub-

mitted by users are Q3s.

Note that the capture of the query profile is a chal-

lenging problem since the data items are dependent upon

one another. Similar to [20], when an uplink channel is

provided, the mobile device can store hot queries of its

owner and send its query statistics to the server. When the

mobile device is about to connect to the server (e.g., to

register some mobile services), these statistics can be

transferred by piggybacks. Clearly, dependent on applica-

tions, different methods to capture the query profile of a

broadcast-based information system are considerable.

The bandwidth of each channel is divided into slots of

equal size s. A data item Di will occupy
jDij

s

l m
slots where

|Di| is the size of Di. Let r ¼ jDij
s

l m
and Di occupy slots Di

1,

Di
2,…, Di

r. If a mobile user requests Di, the system will

retrieve Di
1? Di

2? _ ? Di
r, sequentially. Therefore, a

Table 1 Comparison among our study and related studies

Study No. of channels Replication

Chehadel et al. [11] Single No

Si et al. [47] Single No

Noy et al. [9] Single No

Lee et al. [31] Single No

Liberatore [36] Single Yes

Liu et al. [38] Single No

Huang et al. [23] Multiple No

Lin et al. [37] Multiple No

Hung et al. [26] Multiple No

Our study Multiple Yes

Table 2 Description of symbols

Symbol Description

|D| Size of the original database

|D*| Size of the revised database

L* Length of the broadcast program w. replication

n Number of broadcast channels

Dj The j-th data item

Qi The i-th query

Pr(Qi) Access probability of the i-th query

DqiðjÞ The j-th required data item in Qi

Di(j) The j-th copy of data item Di

n(Di) Number of replicas of data item Di

s Size of each data item

B Channel bandwidth

Table 3 An example query profile

Query(Qi) Pr(Qi) (%)

Q1 = {D1, D2, D3} 30

Q2 = {D1, D3, D4} 20

Q3 = {D4, D6, D1} 20

Q4 = {D1, D2, D5} 10

Q5 = {D5, D3, D4, D6} 10

Q6 = {D6, D5, D2} 10
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query containing a multi-slot data item Di is expanded from

{…, Di, …} into {…, D1
i, D2

i, …, Dr
i, …}. For ease of

the presentation, each data item is assumed to be of equal

size s (i.e., |Di| = s for all i).

The problem of broadcast program generation with

replication can be divided into two subproblems: (1)

determining the number of replicas needed for each data

item and (2) determining the placement of these replicas

into the broadcast program. After determining the number

of replicas of each data item Di, the original database D is

revised according to the number of replicas of each data

item. The revised database, denoted as D*, can be defined

as

D� ¼
[jDj

i¼1

[nðDiÞ

j¼1

DiðjÞf g
 !

;

where n(Di) is the number of replicas of Di and Di(j)

indicates the j-th copy of data item Di. Accordingly, the

size of the revised database D* (denoted as |D*|) is as

follows

jD�j ¼
XjDj

i¼1

nðDiÞ ¼ n� L�;

where L* is the length of the broadcast program. Finally,

the broadcast program with replication can be stated as

follows.

Definition 3 A broadcast program P with replication is

the placement of all data items in D* into an n by L* array.

L* is specified by the system designers and should be larger

than or equal to
jDj
n

l m
: In addition, each data item Di will

appear n(Di) times in the broadcast program P.

To facilitate the following discussion, we have the

following definition.

Definition 4 Let position (Di(j)) be the position of Di(j).

The distance from the j1-th replica of Di_1 (denoted as

Di_1(j1)) to the j2-th replica of Di_2 (denoted as Di_2(j2)) is

defined as

Example 2 In the broadcast program shown in Fig. 2(b),

the positions of D2(1) and D6(2) are 2 and 4, respectively.

That is, position(D2(1)) = 2 and position(D6(2)) = 4.

Then, the distance from D2(1) to D6(2) is

distðD2ð1Þ;D6ð2ÞÞ ¼ positionðD6ð2ÞÞ � positionðD2ð1ÞÞ
� 1

¼ 4� 2� 1 ¼ 1;

while the distance from D6(2) to D2(1) is

distðD6ð2Þ;D2ð1ÞÞ ¼ L� � positionðD6ð2ÞÞ
þ positionðD2ð1ÞÞ � 1

¼ 5� 4þ 2� 1 ¼ 2:

h

Two metrics, access time and tuning time are introduced

in [28] to evaluate the performance of broadcast programs.

The access time is the time elapsed from the moment a

client issues a query to the point that all the relevant data

are read. The tuning time is the amount of time spent by the

client listening on the broadcast channels, which is a

measurement of power consumption. Here we take the

access time as the measurement for the quality of broadcast

programs. Denote the average access time of a query Qi as

TAccess(Qi) and the average access time of a query profile Q

as TAccess(Q). Then we have the following equation,

TAccessðQÞ ¼
XjQj

i¼1

TAccessðQiÞ � PrðQiÞ½ �: ð1Þ

With the above definitions, the problem of broadcast

program generation with replication is formulated as follows.

Definition 5 Given the number of broadcast channels, a

database D and a query profile Q, the problem of broadcast

program generation with replication is to determine a

broadcast program P with replication which minimizes the

average access time of the query profile Q.

3 Formulation of average access time

We extend our formulation approach in [22] to formulate

the average access time of a query profile on a broadcast

program with replication in this section to facilitate the

design of the proposed broadcast program generation

algorithm for dependent data. We first decompose the

access time in Sect. 3.1, and then derive the average access

time of broadcast programs with replication in Sect. 3.2.

distðDi1ðj1Þ;Di2ðj2Þ

¼ positionðDi2ðj2ÞÞ � positionðDi1ðj1ÞÞ � 1; if positionðDi1ðj1ÞÞ\positionðDi2ðj2ÞÞ;
L� � positionðDi1ðj1ÞÞ þ positionðDi2ðj2ÞÞ � 1; if positionðDi1ðj1ÞÞ� positionðDi2ðj2ÞÞ:

�
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3.1 Decomposition of access time

To facilitate the derivation of the average access time of

an arbitrary query Qi, we decompose the access time of

Qi into three parts: startup time, waiting time and

retrieval time. When a mobile user submits a query Qi,

the mobile device should wait until the system starts to

broadcast the first required data item of Qi (i.e., Dqið1Þ).
This time interval is called the startup time. The waiting

time is defined as the summation of the time intervals

between the moment that the mobile device completes

the retrieval of the data item DqiðjÞ and the moment that

mobile device starts to retrieve the next data item

Dqiðjþ1Þ: The retrieval time is the aggregated time while

the mobile device indeed reads data items from broad-

cast channels. It is noted that the retrieval time of a

query is proportional to the number of data items

required by the query.

Example 3 Consider the scenario shown in Fig. 4. The

corresponding broadcast program is shown in Fig. 2(b) and

a mobile user issues the query {D1, D2, D6} shown in

Table 3. In this example, the startup time, the waiting time

and the retrieval time are s1 ¼ 1� s
B; s3 þ s5 ¼ 2� s

B and

s2 þ s4 þ s6 ¼ 3� s
B; respectively. As a result, the access

time (i.e., the summation of startup time, waiting time and

retrieval time) of the query in this scenario is equal to

ð1þ 2þ 3Þ � s
B ¼ 6� s

B: h

3.2 Broadcast program with replication

According to the decomposition of access time mentioned

above, the average access time of the query Qi (denoted as

TAccess(Qi)) can be formulated as

TAccessðQiÞ ¼ TStartupðQiÞ þ TWaitðQiÞ þ TRetr:ðQiÞ;

where TStartup(Qi), TWait(Qi) and TRetr.(Qi) represent the

average startup, waiting and retrieval time of Qi,

respectively. Thus, Eq. (1) is rewritten as

TAccessðQÞ ¼ TStartupðQÞ þ TWaitðQÞ þ TRetr:ðQÞ; ð2Þ

where

TStartupðQÞ ¼
XjQj

i¼1

TStartupðQiÞ � PrðQiÞ; ð3Þ

TWaitðQÞ ¼
XjQj

i¼1

TWaitðQiÞ � PrðQiÞ; ð4Þ

TRetr:ðQÞ ¼
XjQj

i¼1

TRetr:ðQiÞ � PrðQiÞ: ð5Þ

Then, we will formulate the average startup, waiting and

retrieval time in the following subsections.

3.2.1 Derivation of average startup time

Suppose that the user submits Qi in the m-th broadcast cycle

and the time interval between the start time of the m-broadcast

cycle and the time that the user submits Qi is a uniform dis-

tribution over (0, L*). Let b be the number of replicas of the

first requested data item of Q1. That is, b ¼ nðDqið1ÞÞ: To

simplify the further derivation, we define a series aðjÞ; j ¼
1; 2; . . .; nðDqið1ÞÞ; to represent the sorted positions of all copies

of Dqið1Þ: Therefore, TStartup(Qi) can be formulated as follows.

Lemma 1 In a broadcast program with replication,

TStartup(Qi) can be formulated as

TStartupðQiÞ

¼ s

L� � B

�
Xb�1

i¼1

aðiþ 1Þ � aðiÞ½ �2

2
þ L� � aðbÞ þ að1Þ½ �2

2

( )
:

With the result of Lemma 1, TStartup(Q) can be obtained by

Eq. (3).

Example 4 Consider the broadcast program shown in

Fig. 2(b) and a query Q1 = {D1, D2, D3}. As shown in

Table 1, the length of the broadcast program is five.

Moreover, we have b = 3 since there are three copies of

the first required data item in Q1 (i.e., D1(1), D1(2), and

D1(3)). In addition, since a(1) is the first broadcast data

item among all copies of D1, we have a(1) = 1. Similarly,

we also have a(2) = 3 and a(3) = 5. Then, TStartup(Q1) can

be determined as

TStartupðQ1Þ ¼
s

5� B

½3� 1�2

2
þ ½5� 3�2

2
þ ½5� 5þ 1�2

2

( )

¼ 0:9� s

B
:

h

To facilitate the following derivation, pi(j) is

defined as the probability that the user retrieves the j-th

D4(1)D3(1)D6(1) D1(3)D6(2)

D1(2)D2(1)D1(1) D5(1)D2(2)

D4(1)D3(1)D6(1) D1(3)D6(2)

D1(2)D2(1)D1(1) D5(1)D2(2)

the (m+1)-st broadcast cycle the (m+2)-nd broadcast cycle

s1 s2 s3 s4 s5 s6

Time

A mobile user 
issues a query

The mobile user 
finishes the query

Fig. 4 An example scenario of a query

Wireless Netw (2010) 16:1817–1836 1823

123



copy of Dqið1Þ as the first required data item of Qi,

and TStartup(Qi(j)) is defined as the average startup time

as the user retrieves the j-th copy of Dqið1Þ as the first

required data item of Qi. Then, we have the following

lemma.

Lemma 2 In a broadcast program with replication, pi(j)

and TStartup(Qi(j)) can be formulated as follows:

piðjÞ ¼
L��aðbÞþ að1Þ

L� : if j ¼ 1;

aðjÞ� aðj�1Þ
L� : otherwise:

(

TStartupðQiðjÞÞ ¼
L��aðbÞþ að1Þ

2
� s

B : if j ¼ 1;

aðjÞ� aðj� 1Þ
2

� s
B : otherwise:

(

With Lemma 2, TStartup(Qi) can be formulated as

TStartupðQiÞ ¼
XnðDqi ð1ÞÞ

j¼1

piðjÞ � TStartupðQiðjÞÞ:

Finally, the following lemma can be obtained with the

above lemmas.

Lemma 3 The lower bound of TStartup(Qi) is L�

2b� s
B: In

addition, the lower bound occurs in the situation that all

copies of Dqið1Þ are placed in the broadcast program with

equal space L�

b : That is, aðjþ 1Þ � aðjÞ ¼ L�

b for

j = 1, 2, …, b - 1 and L� � aðbÞ þ að1Þ ¼ L�

b :

3.2.2 Formulation of average waiting time

Let TWait(Qi, j) be the waiting time of Qi under the con-

dition that the user retrieves the j-th copy of Dqið1Þ as the

first required data item of Qi. Thus, the average waiting

time of Qi can be formulated as below.

TWaitðQiÞ ¼
XnðDqi ð1ÞÞ

j¼1

piðjÞ � TWaitðQi; jÞ

In the above equation, TWait(Qi, j) is too difficult to be

obtained by simple mathematical equations. Thus, we

devise function CALTWait(i, j) to calculate TWait(Qi, j).

The behavior of function CALTWait(i, j) is as follows.

We first set pos1 to the position of the j-th replica of the

first required data item of Qi (i.e., Dqið1Þ) and set waiting

to 0. We then start from the position pos1 to find the

nearest (with the shortest distance from position pos1)

replica of Dqið2Þ: Suppose that the position of the nearest

Dqið2Þ replica is pos2. We add the distance from pos1 to

pos2 into waiting. Then, we set the value of pos1 to

pos2, and start from the position pos1 to find the nearest

(with the shortest distance from position pos1) replica of

Dqið3Þ: The above procedure is repeated until all data

items in Qi have been processed. Finally, TWait(Qi, j) is

equal to waiting� s
B: The algorithmic form of function

CALTWait(i, j) is as below.

Function CALTWait(i, j)

1: waiting/0

2: Let pos1 be the position of the j-th replica of Dqið1Þ

3: for k=1 to |Qi| - 1 do

4: Starting from the position pos1, find the nearest (with the

shortest distance from position pos1) replica of

Dqiðkþ1Þ

5: Let pos2 be the position of the found replica

6: if pos2 [ pos1 then

7: waiting/waiting ? (pos2 - pos1 - 1)

8: else /*pos2 B pos1*/

9: waiting/waiting ? (L* - pos1 ? pos2 - 1)

10: pos1/pos2

11: return waiting� s
B

Finally, we use the following calculation to illustrate the

behavior of function CALTWait(i, j).

Example 5 Consider the broadcast program shown in

Fig. 2(b) and a query Q1 = {D1, D2, D3}. The steps to use

function CALTWait(i, j) to calculate TWait(Q1, 1) are as fol-

lows. The position of the first replica of D1 is 1. From

position 1, we try to find the nearest replica of D2. As

shown in Table 1, the first replica of D2 is of the shortest

distance. The distance from D1(1) to D2(1) is posi-

tion(D2(1)) - position(D1(1)) - 1 = 2 - 1 - 1 = 0. Then,

from position(D2(1)), we try to find the nearest replica of

D3 and the first replica of D3 is of the shortest distance. The

distance from D2(1) to D3(1) is L* - position(D2(1)) ?

position(D3(1)) - 1 = 5 - 2 ? 2 - 1 = 4. Finally, TWait

(Q1, 1) is determined as ð0þ 4Þ � s
B ¼ 4� s

B: h

3.2.3 Formulation of average retrieval time

Since retrieval time is the time that the mobile device

indeed retrieves data from broadcast channels, TRetr.(Qi) is

independent of the broadcast programs and can be deter-

mined as follows.

TRetr:ðQiÞ ¼ jQij �
s

B

According to the above formulations, we have the

following guidelines for designing broadcast program

generation algorithms.

1. To reduce average startup time, for each query Qi, the

replicas of Dqið1Þ should be placed with equal space.
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2. To reduce average waiting time, for each query Qi,

each replica of Dqiðjþ1Þ; j [ 1 should be placed in back

of one replica of DqiðjÞ:
3. Average retrieval time is determined by the query

profile and cannot be reduced by broadcast program

generation algorithms.

4. According to Eqs. (3, 4) and (5), when two queries

suggest conflict replica replacements, the placement

suggested by the query with higher access probability

is of higher priority than that suggested by the other

query.

4 Algorithm BPGR: broadcast program generation

with replication

In this section, we propose algorithm BPGR (standing for

Broadcast Program Generation with Replication) to

employ replication to solve the problem of dependent data

allocation for ordered queries based on the design guide-

lines mentioned in Sect. 3. Algorithm BPGR consists of the

following two phases: replica number determination phase

and data item allocation phase. Algorithm BPGR deter-

mines the replica number of each data item according to

the query profile in replica number determination phase,

and allocates the data items into the broadcast program in

data item allocation phase. The details of replica number

determination phase and data item allocation phase are

described in Sects. 4.1 and 4.2, respectively.

4.1 Replica number determination phase

According to the property shown in [48], the average

access time for data items of equal size will be minimized

if the copies of each data item are equally spaced and for

any two data items Di and Dj,

Freq

ðDiÞ
FreqðDjÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
PrðDiÞ

SizeðDiÞ

q

ffiffiffiffiffiffiffiffiffiffiffiffi
PrðDjÞ

SizeðDjÞ

q ; ð6Þ

where Freq(Di) is the broadcast frequency of Di and Pr(Di)

is the access frequency of Di. This property is called

square-root property in [48].

Since each data item is of equal size, each query Qi can

be viewed as a data item with size |Qi|. Thus, the ratio of

broadcast frequencies of any two queries, Qi and Qj is

Freq

ðQiÞ
FreqðQjÞ ¼

ffiffiffiffiffiffiffiffiffiffi
PrðQiÞ
jQij

q

ffiffiffiffiffiffiffiffiffiffi
PrðQjÞ
jQjj

q ; where
XjQj

j¼1

FreqðQjÞ ¼ 1: ð7Þ

To facilitate the following discussion, we have the fol-

lowing definition.

Definition 6 A data item Di is said to be in a query Qj if

there exists an integer k so that the k-th broadcast data item

of Qj is Di (i..e, Dq jðkÞ ¼ Di). Thus, the broadcast weight of

data item Weight(Di) is defined as

WeightðDiÞ ¼
X

8Qj where Di is in Qj

FreqðQjÞ:

Let L* be the expected length of the broadcast program

with replication specified by the system designers. Since all

data items should be broadcast at least once, each data item

is first assigned one slot and there will be n 9 L* - |D|

slots left. Then, the remaining slots are assigned to all data

items according to broadcast weights. Therefore, the

number of slots assigned to Di (denoted as n(Di)) can be

calculated by the following equation:

nðDiÞ ¼
Weight

ðDiÞ
XjDj

j¼1

WeightðDjÞ � n� L� � jDjð Þ
$ %

þ 1:

ð8Þ

Since the floor function is used, some slots may be unas-

signed. Suppose that there are k unassigned slots where

k = n 9 L* -
P

i=1
|D| n(Di). These unassigned slots are

assigned to the top k weightiest data items.

The desired length of the resultant broadcast program

(i.e., L*) is an important user-specified parameter in algo-

rithm BPGR. However, it is a little bit difficult to specify a

proper value of L*. Thus, replication factor (denoted as rf),

which indicates the degree of replication, is used to aid

users to specify a proper value of L*. Replication factor is

defined as the ratio of the number of slots in the broadcast

program to the number of data items. Since each data item

should appear at least once in the broadcast program, rf

should be larger than or equal to one. It is clear that when rf

becomes larger than one, algorithm BPGR has more space

to perform replication. The resultant broadcast program is

flat when rf is set to one. After users specify the value of rf,

the value of L* can be determined by the following

equation.

L� ¼ maxfrf ; 1g � jDj
n

� �
ð9Þ

Finally, the algorithmic form the proposed replica number

determination algorithm is as below.

Procedure REPLICA-NUMBER-DETERMINATION

1: Calculate L* according to Eq. (9)

2: for each query Qj do

3: Calculate Freq(Qj)

4: for each data item Di do

5: Calculate Weight(Di)
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Table b continued

Procedure REPLICA-NUMBER-DETERMINATION

6: for each data item Di do

7: Calculate n(Di) according to Eq. (8)

8: k/n 9 L* -
P

i=1
|D| n(Di)

9: for each data item, say Di, in the top k weightiest data items do

10: n(Di)/n(Di) ? 1

4.2 Data item allocation phase

A replica is said to be allocated if its position in the

broadcast program has been determined. Let Alloc(Di) be

the number of allocated replicas of Di. For each data item

Di, all its replicas are initially unallocated. That is, Al-

loc(Di) = 0 for 1 B i B |D|. According to the design

guidelines in Sect. 3, queries with higher access probabil-

ities should be of higher priority in data item allocation.

Thus, in data item allocation phase, the queries are con-

sidered sequentially according to their access probabilities

in descending order, and only one query is considered in

each iteration.

When Qj is considered, the data items in Qj are also

considered sequentially. That is, the consideration order of

the data items of Qj is Dq jð1Þ ! Dq jð2Þ ! � � �!Dq jðjQjjÞ:
When Dq jð1Þ is considered, procedure LEADING-ITEM-ALLO-

CATION is invoked to allocate the replicas of Dq jð1Þ if there

are some unallocated replicas of Dq jð1Þ (i.e., Alloc

ðDq jð1ÞÞ\nðDq jð1ÞÞ). On the other hand, for each 1 \ i B

|Qj|, procedure SUCCESSIVE-ITEM-ALLOCATION is invoked to

allocate the replicas of Dq jðiÞ if AllocðDq jðiÞÞ\nðDq jðiÞÞ:
Procedure LEADING-ITEM-ALLOCATION is designed to reduce

average startup time of a query while procedure SUCCES-

SIVE-ITEM-ALLOCATION is designed to reduce average wait-

ing time of a query. Finally, for each position p, for

j = 1, 2, …n, the j-th replica assigned to position p is

placed to the p-th slot of the j-th broadcast channel. The

details of procedure LEADING-ITEM-ALLOCATION and proce-

dure SUCCESSIVE-ITEM-ALLOCATION are described in the

following subsections, while the algorithmic form of data

item allocation phase is as below.

Procedure DATA-ITEM-ALLOCATION

1: for each data item Di do

2: Alloc(Di)\,/\,0

3: for each query Qj do

4: if AllocðDq jð1ÞÞ\nðDq jð1ÞÞ then

5: Invoke Procedure LEADING-ITEM-ALLOCATION to allocate

Dq jð1Þ

Table c continued

Procedure DATA-ITEM-ALLOCATION

6: for i = 2 to |Qj| do

7: if AllocðDq jðiÞÞ\nðDq jðiÞÞ
8: Invoke Procedure SUCCESSIVE-ITEM-ALLOCATION to

allocate Dq jðiÞ

9: for p = 1 to |L*| do

10: for j = 1 to n do

11: Place the j-th replica assigned to position p into the p-th

slot of the j-th broadcast channel

4.2.1 Leading item allocation

Although there are nðDq jð1ÞÞ replicas of Dq jð1Þ; only a

portion of replicas will be assigned to Qj. According to

Eq. (3), the portion is determined as ratio of the contri-

bution of Qj on the weight of Dq jð1Þ (i.e., Freq
ðQjÞ

WeightðDq jð1ÞÞÞ: Let AssignNo be the number of replicas

of Dq jð1Þ assigned to Qj. That is, AssignNo ¼
Freq
ðQjÞWeightðDq jð1ÞÞ � nðDq jð1ÞÞ: In procedure LEADING-

ITEM-ALLOCATION, we have to determine the positions of

the AssignNo replicas of nðDq jð1ÞÞ. A position p is said

legal if the number of replicas allocated in position p is

smaller than the number of broadcast channels (i.e., n). It

means that if position p is not legal, we cannot allocate

any data item into position p.

According to whether some replicas of Dq jð1Þ have been

allocated, the behavior of procedure LEADING-ITEM-ALLO-

CATION can be divided into the following two cases.

Case 1: No replica of Dq jð1Þ has been allocated

The positions of the replicas of Dq jð1Þ only affect

average startup time of Qj. According to Lemma 3, the

replicas of Dq jð1Þ should be placed with equal space in

order to minimize average startup time. Thus, the best

interval between every two consecutive replicas of Dq jð1Þ
should be L�

AssignNo:

The proposed allocation method to allocate AssignNo

replicas of Dq jðiÞ is as below. We first find the smallest

legal position pos and allocate the first replica of Dq jðiÞ in

position pos. Then, we will try to allocate the next

replica in position posþ L�

AssignNo: Since position posþ
L�

AssignNo may be illegal, we will find a legal position

around posþ L�

AssignNo in a zig-zag manner. That is, the

order of searching a legal position is posþ L�

AssignNo!
posþ L�

AssignNoþ 1! posþ L�

AssignNo� 1! posþ L�

AssignNo

þ2! posþ L�

AssignNo � 2 � � � : Then, the replica is placed

in the first legal position we meet, and the value of pos is

updated to the legal position found. The above method is

applied repeatedly until all assigned replicas are

allocated.
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Case 2: Some replicas of Dq jð1Þ have been allocated

To minimize TStartup(Qj), the replicas of Dq jð1Þ should be

placed with equal space. Since AllocðDq jð1ÞÞ replicas

have been allocated, what we should do is inserting

AssignNo replicas into these allocated replicas so that the

spaces of the allocated replicas of Dqið1Þ are as equal as

possible.

The proposed allocation method is as follows. Only one

replica is allocated in each iteration. In each iteration, we

first calculate the lengths of the intervals of every two

consecutive allocated replicas of Dq jð1Þ: Let p be the

middle point of the longest interval. We then find a legal

position pos around p in a zig-zag manner, and place the

replica in position pos. The above method is applied

repeatedly until AssignNo replicas of Dq jð1Þ have been

allocated. The algorithmic form of procedure LEADING-

ITEM-ALLOCATION is as below.

Procedure LEADING-ITEM-ALLOCATION ðDq jð1ÞÞ

1: AssignNo FreqðQjÞ
WeightðD

q j ð1ÞÞ
� nðDq jð1ÞÞ

2: if AllocðDq jð1ÞÞ ¼ 0 then /*Case 1*/

3: pos / the smallest legal position

4: Place a replica of Dq jð1Þ in position pos

5: for k = 2 to AssignNo do

6: Find legal position p around posþ L�

AssignNo in a zig-zag

manner

7: pos /p

8: Place a replica of Dq jð1Þ in position pos

9: else/* Case 2*/

10 for k = 1 to AssignNo

11: Calculate the lengths of every two consecutive replicas of

Dq jð1Þ

12: Let p be the middle point of the longest interval

13: Find a legal position pos around p in a zig-zag manner

14: Place a replica of Dq jð1Þ in position pos

15: AllocðDq jð1ÞÞ AllocðDq jð1ÞÞ þ AssignNo

4.2.2 Successive item allocation

We now consider the allocations of the replicas of Dq jðiÞ for

i [ 1. Let AssignNo be the number of replicas of Dq jðiÞ
assigned to Qj and AssignNoPrev be the number of replicas

of Dq jði�1Þ assigned to Qj. According to the relationship of

AssignNo and AssignNoPrev, the behavior of procedure

SUCCESSIVE-ITEM-ALLOCATION can be divided into the fol-

lowing two cases.

Case 1: The number of assigned Dq jðiÞ replicas is

larger than or equal to that of assigned Dq jði�1Þ
replicas (i.e., AssignNo C AssignNoPrev)

According to the guidelines in Sect. 3, since the devices

will retrieve Dq jði�1Þ!Dq jðiÞ sequentially when the user

submits Qj, one replica of Dq jðiÞ should be placed in back

of a replica of Dq jði�1Þ in order to reduce average waiting

time of Qj. Since the number of assigned Dq jðiÞ replicas

is larger than or equal to the number of assigned Dq jði�1Þ
replicas (i.e., AssignNo C AssignNoPrev), we first place

one replica of Dq jðiÞ in back of each allocated replica of

Dq jði�1Þ and several replicas of Dq jðiÞ may remain

unallocated. We then use the method in Case 2 of

procedure LEADING-ITEM-ALLOCATION to place the

remaining Dq jðiÞ replicas to further reduce the average

startup time of Dq jðiÞ:
Case 2: The number of assigned Dq jðiÞ replicas is

smaller than that of assigned Dq jði�1Þ replicas (i.e.,

AssignNo \ AssignNoPrev)

Since the number of assigned Dq jðiÞ replicas is smaller

than the number of assigned Dq jði�1Þ replicas, we can

only place the assigned Dq jðiÞ replicas in back of a

portion of assigned Dq jði�1Þ replicas. We use the leading

space of each Dq jði�1Þ replica to determine the impor-

tance of the assigned Dq jðiÞ replicas. As shown in Fig. 5,

the leading space of a Dq jði�1Þ replica, say p, is defined as

the distance between p and the Dq jði�1Þ replica in front of

p. A Dq jði�1Þ replica with longer leading space indicates

that the Dq jði�1Þ replica is of higher likelihood to be

retrieved when a mobile device is reading all data items

of Qj. Thus, when placing the assigned Dq jðiÞ replicas, we

first calculate the leading space of the assigned Dq jði�1Þ
replicas, pick the AssignNoDq jði�1Þ replicas with longest

leading space, and place one Dq jðiÞ replica in back of

each picked Dq jði�1Þ replica. The algorithmic form of

procedure SUCCESSIVE-ITEM-ALLOCATION is as below.

Procedure SUCCESSIVE-ITEM-ALLOCATION ðDq jðiÞÞ

1: AssignNo FreqðQjÞ
WeightðD

q j ðiÞÞ
� nðDq jðiÞÞ

2: AssignNoPrev  FreqðQjÞ
WeightðD

q j ði�1ÞÞ
� nðDq jði�1ÞÞ

3: if AssignNo C AssignNoPrev then /*Case 1*/

4: for each replica of Dq jði�1Þ; say r, which is assigned to Qj

5: Let p be the position of r

Dk(b-1)

Dk(b)

the m-th broadcast cycle

Dk(1)

The (m+1)-th 
broadcast cycle

leading space of Dk(1)leading space of Dk(b)

Fig. 5 An illustration of leading space
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Table e continued

Procedure SUCCESSIVE-ITEM-ALLOCATION ðDq jðiÞÞ

6: Find the a legal position pos in the order

p ? 1\,?\,p ? 2\,?\,p ? 3 …
7: Place a replica of Dq jðiÞ in the first legal position we meet

8: for each unplaced assigned replica of Dq jðiÞ do

9: Calculate the lengths of every two consecutive replicas of

Dq jð1Þ

10: Let p be the middle point of the longest interval

11: Find a legal position pos around p in a zig-zag manner

12: Place a replica of Dq jð1Þ in position pos

13: else /*Case 2 */

14: Calculate the leading space of the replicas of Dq jði�1Þ which

are assigned to Qj

15: for k = 1 to AssignNo do

16: Let r the replica of Dq jði�1Þ with the largest leading space.

17: Let p be the position of r

18: Find the a legal position pos in the order p ? 1

?p ? 2?p ? 3 …
19: Place a replica of Dq jðiÞ in the first legal position we meet

20: Recalculate the leading space of all Dq jði�1Þ replicas

21: AllocðDq jðiÞÞ AllocðDq jðiÞÞ þ AssignNo

4.3 Time complexity

We analyze the worst case time complexity of algorithm

BPGR in this subsection. There are four loops in procedure

REPLICA-NUMBER-DETERMINATION. The time complexity of

the first loop is O(|Q|), while the time complexities of the

other three loops are O(|D|). Therefore, the time complexity

of the procedure REPLICA-NUMBER-DETERMINATION is

O(|Q| ? 3 9 |D|) = O(|Q| ? |D|). Let the average value of

AssignNo be AvgAssignNo. On average, the loops in pro-

cedure LEADING-ITEM-ALLOCATION will iterate AvgAssignNo

runs. In each iteration, procedure LEADING-ITEM-ALLOCA-

TION will find a legal position within an interval with

average length L�

AvgAssignNo in line 6. Thus, the time com-

plexity of procedure LEADING-ITEM-ALLOCATION is

OðAvgAssignNo � 1
2
� L�

AvgAssignNoÞ ¼ OðL�Þ: We can derive

the time complexity of procedure SUCCESSIVE-ITEM-ALLO-

CATION with similar analysis, and the complexity of pro-

cedure SUCCESSIVE-ITEM-ALLOCATION is also O(L*). Let the

average query length be AvgQLen. In procedure DATA-

ITEM-ALLOCATION, procedure LEADING-ITEM-ALLOCATION

will be invoked to allocate the leading item of each query

and procedure SUCCESSIVE-ITEM-ALLOCATION will be

invoked to allocate the rest required data items of the

query. Thus, the time complexity of procedure DATA-ITEM-

ALLOCATION is O(|D| ? |Q| 9 (O(L*) ? (AvgQLen - 1) 9

O(L*))) = O(|D| ? AvgQLen 9 |Q| 9 L*). Finally, the

time complexity of algorithm BPGR is O(|Q| ?

|D|) ? O(|D| ? AvgQLen 9 |Q| 9 L*) = O(|D| ? AvgQ

Len 9 |Q| 9 L*).

In practice, it is unnecessary for algorithm BPGR to

consider all queries in the query profile due to the reason

that the access frequencies of all queries are usually

skewed [10] (i.e., only several queries are of high access

probabilities and many queries are of very small access

probabilities). According to Eq. (1), optimizing broadcast

programs for queries with very small access probabilities

does not have significant contribution on minimizing

average access time. Thus, for the cases that the number of

queries is very large, the execution time of algorithm

BPGR is able to be controlled in an acceptable range by

ignoring the queries with small access probabilities. For

example, the users can ask algorithm BPGR to ignore the

queries whose access probabilities are smaller than a

threshold (e.g., 1
10;000

). Besides, users can select top-k

queries such that the summation of the access probabilities

of the k selected queries is larger than a threshold (e.g.,

80%), and ask algorithm BPGR to consider the selected

queries only.

4.4 Integration with index allocation

To the best of our knowledge, there is no study dealing

with data allocation and index allocation together in the

literature of dependent data broadcast. It is due to the

reason that in dependent data broadcast, considering data

allocation and index allocation together usually makes the

problem too difficult to be dealt with. Therefore, a two-

phase approach [6, 29], consisting of data allocation phase

and index allocation phase, is usually applied to simplify

the process of generating broadcast programs with index.

The responsibility of data allocation is to organize data

items (e.g., perform replication, place data items/repli-

cas…) into broadcast programs without index to minimize

average access time, while the responsibility of index

allocation is to generate broadcast programs with index by

inserting index items into broadcast programs without

index to reduce average tuning time at the cost of

increasing average access time.

The effect of index items is not considered in algorithm

BPGR and its competitors [23, 26] since all these algo-

rithms focus on data allocation, and the effect of index

items will be considered in the algorithm used in index

allocation phase. It is true that there is a trade-off between

average access time and average tuning time, and it is the

index allocation algorithm’s responsibility to strike a bal-

ance between them. We use (1, m) indexing [28] as an

example to demonstrate how to integrate algorithm BPGR

with an index allocation algorithm. In (1, m) indexing, all

index information is clustered into one index item, say I,
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and the size of the index item, denoted as |I|, is usually

smaller than the size of a data item [6]. A broadcast pro-

gram without index is first divided into m equal-size par-

titions and one replica of the index item I is inserted into

the front of each partition. Based on [28], the value of m is

suggested to be
ffiffiffiffiffiffiffiffi
L��s
jIj

q
to achieve a better balance between

average access time and average tuning time. If the sizes of

the index item and the data item are close, the index item

can be treated as a special data item. Thus, we can extend

each query fDqið1Þ;Dqið2Þ; . . .;DqiðjQijÞg to fI;Dqið1Þ;Dqið2Þ;
. . .;DqiðjQijÞg and apply algorithm BPGR to generate

broadcast programs with index.

5 Performance evaluation

5.1 The simulation model

For performance studies, we implemented algorithm BPGR

with JSIM3, and also a query profile generator based on the

approach mentioned in [40]. The probability of the query

Qi issued by users is assumed to be PrðQiÞ ¼
1
ið Þ

h

Pn

j¼1

1
jð Þ

h

where h is the parameter of the Zipf distribution. The

default value of h is set to 0.75 according to the analyses

of real Web traces [10]. Similar to [43], the number of

channels and data items are set to six and 2,000,

respectively. The channel bandwidth is set to 80 kb/s and

the data size is set to 8 kb [26]. By default, we consider

ideal broadcast channels by setting data error rate to

zero. In addition, the average query length and query

number are set to 10 and 100, respectively [26].

The simulation executes for 12 h. For better readabil-

ity, Table 4 shows the system parameters in our exper-

iments.

In addition to algorithm BPGR, algorithm MULS is also

implemented. As shown in [26], algorithm MULS is of the

best performance among all other broadcast program gen-

eration algorithms for ordered queries. The experimental

results are shown in the following subsections. We use

average access time as the performance metric of both

algorithms. The performance gain of algorithm BPGR is

defined as the reduction rate of algorithm BPGR over

algorithm MULS in average access time. Thus, perfor-

mance gain is formulated as

Since algorithm MULS contains several parameters to

adjust execution time, for comparison purpose, the execu-

tion time of algorithm MULS is controlled to be equal to

that of algorithm BPGR. Thus, only the execution time of

algorithm BPGR is drawn in the following figures.

5.2 Effect of channel number

Figure 6 shows the experimental results with the number of

broadcast channels varied. We observe from Fig. 6(a) that

the average access time of both algorithms decreases as the

number of channels increases. This agrees with the intui-

tion that increasing bandwidth will decrease the average

access time. However, the improvement in average access

time decreases as the number of broadcast channels

increases. As a result, the determination of the number of

broadcast channels has to strike a compromise between the

performance gain and the number of channels used. The

number of broadcast channels suggested by this experiment

is around four. In addition, algorithm BPGR leads to better

broadcast programs than algorithm MULS even when

algorithm MULS uses more broadcast channels. In this

experiment, the average access time of algorithm BPGR

with four broadcast channels is close to that of algorithm

MULS with eight channel channels. This result shows that

the higher bandwidth utilization can be attained by

employing replication.

Figure 6(b) shows that the execution time of algorithm

BPGR increases as channel number decreases. It is because

Avg: access time of algorithm MULS� Avg: access time of algorithm BPGR

Avg. access time of the algorithm MULS
:

3 http://www.cs.uga.edu/jam/jsim/.

Table 4 System parameters

Parameters Values

Size of each data item (s) 8 kb

Bandwidth of each channel (B) 80 kb/s.

Number of data items (|D|) 2000

Number of channels (n) 6

Replication factor (rf) 3

Number of queries (|Q|) 100

Average query length 10

Zipf distribution (h) 0.75

Data error rate 0%

Simulation time 12 h
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that with the same replication factor, fewer broadcast

channels imply longer broadcast programs. Algorithm

BPGR has more possibilities to place each replica, thus

increasing the execution time. In our experiment, the

execution time of algorithm BPGR increases from 0.58 to

7.3 s as channel number decreases from 12 to 2.

5.3 Effect of query skewness

We use Zipf distribution to model skewness of queries. As

observed in [41], h is usually larger than one for busy web

sites. Thus, we set h from 0 to 1.25 to investigate the effect of

query skewness to both algorithms. Note that setting h to 0

indicates that the access frequencies of all queries are set to

be equal.

From Fig. 7(a), we observe that the average access

time of both algorithms decreases as the query frequen-

cies become more skewed. It is because that when query

frequencies become more skewed, optimizing a smaller

amount of queries is enough to minimize average access

time of all queries. Thus, both algorithms perform well

when query skewness is high. Algorithm BPGR outper-

forms algorithm MULS in all cases, showing the

advantage of employing replication in broadcast pro-

grams. In addition, the performance gain of algorithm

BPGR is between 48.16 and 62.61%. As shown in

Fig. 8(b), query skewness does not significantly affect on

the execution time of algorithm BPGR. The execution

time of algorithm BPGR is ranging from 1.19 to 1.27 s in

this experiment.
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5.4 Effect of average query length

Given a query profile, average query length is used as an

indicator to measure strength of data item dependency.

A query profile of high average query length means that the

data items are highly dependent upon others. In this

experiment, average query length is set from 6 to 20.

Figure 8(a) shows the average access time of both

algorithms as average query length varies. We observe that

the average access time of both algorithms becomes longer

as the data dependency of query profiles becomes stronger.

The reason is that in a query profile with higher data

dependency, the relationship among data items is more

entangled and minimizing average access time becomes

more difficult. In our experiment, the average access time

of algorithm MULS increases from 2.56 to 7.85 s while the

average access time of algorithm BPGR is from 0.89 to

4.17 s. In addition, the performance gain of algorithm

BPGR slightly decreases from 64.96 to 46.84%. As shown

in Fig. 9(b), average query length only slightly affects the

execution time of algorithm BPGR.

5.5 Effect of replication factor

We now consider the effect of the degree of replication on

average access time and execution time. In this experiment,

replication factor is set from 1 to 2.5. Setting replication

factor to 1 indicates that replication is disabled in algorithm

BPGR.

Figure 9(a) shows the average access time of both

algorithms as the value of replication factor varies. Since

not employing data replication, algorithm MULS is not

affected by the change of replication factor. We observe

that when replication factor is smaller than 1.75, algorithm

BPGR performs worse than algorithm MULS because

algorithm BPGR has insufficient free slots to allocate

replicas. When replication factor is larger than 1.75,

algorithm BPGR has enough free slots to allocate the

replicas into good positions, thus being able to generate

broadcast programs of high quality. In addition, the

improvement of performance gain of algorithm BPGR

becomes insignificant as replication factor is larger than 2.

Figure 9(b) shows that the execution time of algorithm

BPGR increases as replication factor is getting larger. It is

because that high replication factor indicates that there are

many slots to place replicas, thus increasing the execution

time of algorithm BPGR. In our experiment, the execution

time of algorithm BPGR is still under 2 s even replication

factor is set to 2.5. Since replication factor is a user-con-

trollable parameter, the value of replication factor should

be set carefully to strike a balance between the quality of

broadcast programs and execution time.

5.6 Effect of data error rate

Since wireless networks are usually error-prone, we

investigate in this subsection how data error rate affects the

performance of algorithm BPGR and algorithm MULS.

Since data error rate does not affect the execution time of

both algorithms, only average access time is given. We set

data error rate from 0 to 15% and the experimental results

is shown in Fig. 10. It is obvious that the average access

time of both algorithms increase as data error rate increa-

ses. Since each data item may have multiple replicas in

broadcast programs, the performance degradation of algo-

rithm BPGR caused by data error is slighter than the

performance degradation of algorithm MULS. In our
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experiment, as data error rate is set from 0 to 15%, the

average access time of algorithm BPGR increases from

1.69 to 4.79 s while the average access time of algorithm

MULS increases from 3.45 to 9.62 s. In addition, the

performance gain of algorithm BPGR over algorithm

MULS is around 50%. This result shows that besides

reducing average access time, employing replication in

broadcast programs also makes broadcast programs more

resilient to data error, showing the advantage of algorithm

BPGR in error-prone environments.

6 Conclusion

We explored in this paper the problem of broadcasting

dependent data in multiple broadcast channels, and explic-

itly investigated the effect of data replication. By analyzing

the model of dependent data broadcasting, we formulated

the average access time of a broadcast program in a multiple

channel environment. In light of the theoretical results, a

two-phase algorithm called BPGR is developed to generate

broadcast programs with replicas. Our experimental results

showed that, in most cases, algorithm BPGR outperformed

algorithm MULS in terms of the average access time of the

resultant broadcast programs. In addition, experimental

results also showed that in error-prone environments, per-

formance degradation of algorithm BPGR is slighter than

that of algorithm MULS, showing the robustness of algo-

rithm BPGR over algorithm MULS and the advantage of

replication in broadcast programs.

Appendix: Proof of all Lemmas

Proof of Lemma 1 Consider a broadcast program with

replication and a query Qi. Suppose that the first required

data item of Qi is Dk (i.e., k = qi(1)). Since each data item

is of multiple replicas, the mobile device will retrieve the

nearest copy of Dk in order to minimize the access time of

the Qi. Without loss of generality, we order each copy of

Dk by its position in the broadcast program, and let a(j) be

position(Dk(j)).

Suppose that a mobile user submits Qi in the m-th

broadcast cycle and the time interval between the start time

of the m-th broadcast cycle and the moment when the user

submits Qi to be x. As shown in Fig. 11, the broadcast

program can be divided into b ? 1 parts, where b is the

number of replicas of Dk, by the start time of each copy of

Dk. It is obvious that the mobile device will read Dk(j)

when x lies on part j, 1 B j B b. In addition, the mobile

device will read Dk(1) in (m ? 1)-st broadcast cycle when

x lies on part (b ? 1).

Recall that the time interval between the start time of the

m-th broadcast cycle and the moment of the appearance of

the j-th copy of Dk is ðpositionðDkðjÞÞ � 1Þ � s
B
¼ ðaðjÞ � 1Þ

� s
B: Suppose that x is a uniform distribution over (0, L*). The

average startup time of Qi on the broadcast program with

replication can be formulated as below.

TStartupðQiÞ

¼ 1

L�
�
(Z að1Þ�1

x¼0

að1Þ � 1� x½ �dx

þ
Z að2Þ�1

x¼að1Þ�1

að2Þ � 1� x½ �dx

þ � � � þ
Z aðbÞ�1

x¼aðb�1Þ�1

aðbÞ � 1� x½ �dx

þ
Z L�

x¼aðbÞ�1

L� � xþ að1Þ � 1½ �dx

)
� s

B

¼ s

L� � B
�

Xb�1

i¼1

aðiþ 1Þ � aðiÞ½ �2

2
þ L� � aðbÞ þ að1Þ½ �2

2

( )

h

Proof of Lemma 2 Consider the same scenario in the

Proof of Lemma 1 and Fig. 11. Suppose that the first

required data item of Qi is Dk (i.e., k = qi(1)) and the

mobile device will try its best to minimize the access time.

It is obvious that the mobile device will retrieve the j-th

copy of Dk, j = 2, 3,…, b, as the first required data item

when x lies on part j. In addition, the mobile device will

retrieve the first copy of Dk when x lies on part 1 and part

b ? 1. Suppose that x is a uniform distribution over (0, L*).

Dk(1)

Dk(2)

Dk(b-1)

Dk(b)

the m-th broadcast cycle

Part 1 Part 2 Part (b+1)Part b
Time

A mobile user issues a query
x

Fig. 11 The illustration for the Proof of Lemma 1 and 2

Dk(1)

Dk(2)

Dk(b-1)

Dk(b)

Part 1 Part 2

Fig. 12 The illustration for the Proof of Lemma 3
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The probability that x lies on part j is equal to the ratio of

the length of part j over the length of the broadcast pro-

gram. Therefore, we can formulate pi(j) as follows:

piðjÞ ¼
L��aðbÞþ að1Þ

L� : if j ¼ 1;
aðjÞ� aðj�1Þ

L� : otherwise:

(

Since x is a uniform distribution over (0, L*), for j = 1,

TStartup(Qi(j)) can be formulated as

Similarly, for j = 2, 3,…, b, TStartup(Qi(j)) can be

formulated as

TStartupðQiðjÞÞ

¼ 1

L� � aðbÞ þ að1Þ

�
Z L�

x¼aðbÞ
ðL� � xþ að1ÞÞdxþ

Z að1Þ

x¼0

ðað1Þ � xÞ
 !

dx� s

B

¼ 1

L� � aðbÞ þ að1Þ

� ðL� � að1ÞÞ � 1

2
L� þ að1Þ � 1

2
aðbÞ

� �
þ 1

2
að1Þ2

� 	
� s

B

¼ L� � aðbÞ þ að1Þ
2

� s

B
:

TStartupðQiðjÞÞ

¼ 1

aðjÞ�aðj�1Þ�
Z aðjÞ

x¼aðj�1Þ
ðaðjÞ� xÞdx� s

B

¼ 1

aðjÞ�aðj�1Þ� aðjÞ
Z aðjÞ

x¼aðj�1Þ
1dx�

Z aðjÞ

x¼aðj�1Þ
xdx

 !
� s

B

¼ aðjÞ�aðj�1Þ
2

� s

B
:

To summarize the above results, we have

TStartupðQiðjÞÞ ¼
L��aðbÞþað1Þ

2
� s

B : if j ¼ 1;
aðjÞ�aðj�1Þ

2
� s

B : otherwise:

(

h

Proof of Lemma 3 We prove this lemma by mathematical

induction on the value of b.

Basis

We assume that the first data item of Qi is Dk (that is,

Dk ¼ DqiðjÞ) and the number of the replicas Dk is b. Con-

sider the case that b = 1. In this case, there is the only one

copy of Dk in the broadcast program. On average, the user

has to wait for a half broadcast cycle to retrieve Dk. Thus,

TStartupðQiÞ ¼ L�

2
� s

B ¼ L�

2b� s
B; and Lemma 3 is true when

b = 1.

Consider the case that b = 2. Without loss of generality,

we reorder the replicas of Dk based on their positions in

ascending order and assume that the first copy of Dk is

placed in the first slot of the broadcast program (i.e.,

a(1) = 1). Thus, the TStartup(Qi) can be formulated as

TStartupðQiÞ

¼
Xb

j¼1

ðpiðjÞ�QiðjÞÞ

¼
"

að2Þ� að1Þ
L�

� að2Þ� að1Þ
2

þL� � ðað2Þ� að1ÞÞ
L�

�L� � ðað2Þ� að1ÞÞ
2

#
� s

B

¼ 1

2�L�
� ðað2Þ2� 2að2Þþ 1Þþ 1

2�L�

� ðL�2� 2�L� � ðað2Þ� 1Þþ ðað2Þ� 1Þ2Þ� s

B

¼ 1

2�L�
� 2að2Þ2�ð2L� þ 4Það2ÞþL�2þ 2L� þ 2

 �

� s

B
:

ð10Þ

Since only a(2) is unknown in the above equation, we have

T
00

StartupðQiÞ ¼ 2
L� � s

B[0: Thus, TStartup(Qi) has a minimal

value and the minimal value is in the point that

TStartup

0
(Qi) = 0. By the following derivation, the minimal

value of TStartup(Qi) is in the point that að2Þ ¼ L�

2
þ 1:

T 0StartupðQiÞ ¼ 0

4að2Þ � ð2L� þ 4Þ ¼ 0

að2Þ ¼ L�

2
þ 1

Then, we have að2Þ � að1Þ ¼ L�

2
and L� � aðbÞ þ að1Þ ¼

L�

2
: In addition, by substituting að2Þ ¼ L�

2
þ 1 into Eq. (10),

we obtain that the lower bound of TStartup(Qi) is L�

4
� s

B ¼
L�

2b� s
B: Thus, Lemma 3 is true when b = 2.

Induction step

Assume that Lemma 3 is true for b = 1, 2,…, k. We would

like to use this hypothesis to prove that Lemma 3 is also

true when b = k ? 1. Without loss of generality, we

assume that a(1) = 1. To facilitate the following deriva-

tion, we reorder the replicas of Dk based on their positions

in ascending order. In addition, as shown in Fig. 12, we

divide the broadcast program into two parts according to

the position of the b-th replica of Dk (i.e., a(b)).

Part 1 is equivalent to a broadcast program of length

a(b) - 1 and with b - 1 replicas of Dk. Based on the

hypothesis, the lower bound of the average startup time of

part 1 is
aðbÞ�1

2ðb�1Þ ¼
aðbÞ�1

2k : In addition, we also have
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aðjþ 1Þ � aðjÞ ¼ aðbÞ � 1

b
¼ aðbÞ � 1

k
; for j

¼ 1; 2; . . .; b� 2; and ð11Þ

aðb� 1Þ ¼ aðbÞ � 1

k
� ðb� 2Þ þ 1

¼ k � 1

k
� ðaðbÞ � 1Þ þ 1: ð12Þ

Thus, TStartup(Qi) can be formulated as

TStartupðQiÞ

¼
"

aðbÞ � 1

L�
� aðbÞ � 1

2k
þ L� � aðbÞ þ 1

L�

� L� � aðbÞ þ 1

2
� � s

B

¼ 1

2� L�
�
"

1þ 1

k

� �
aðbÞ2 � 2

k
þ 2L� þ 2

� �
aðbÞ

þ 1

k
þ L�2 þ 2L� þ 1� � s

B
ð13Þ

Similarly, only a(2) is unknown in the above equation.

Since T
00

StartupðQiÞ ¼ 1þ1
k

L� � s
B [ 0: the minimal value of

TStartup(Qi) is in the point that TStartup

0
(Qi) = 0. By the

following derivation, the minimal value of TStartup(Qi) is in

the point that aðbÞ ¼ k
kþ1

L� þ 1:

T 0StartupðQiÞ ¼ 0

1

2� L�
� 2þ 2

k

� �
aðbÞ � 2

k
þ 2L� þ 2

� �� 	
� s

B
¼ 0

aðbÞ ¼
2
k

þ 2L� þ 22þ 2

k
¼ k

k þ 1
L� þ 1

By substituting the value of a(b) into Eq. (12), we have

aðb� 1Þ ¼ k�1
k � ðaðbÞ � 1Þ þ 1 ¼ k�1

kþ1
L� þ 1 and aðbÞ �

aðb� 1Þ ¼ 1
kþ1

L�: The following equations can be obtained

by summarizing this result and Eq. (11).

aðjþ 1Þ � aðjÞ ¼ aðbÞ � 1

k
¼ L�

k þ 1
; j ¼ 1; 2; . . .b� 1

L� � aðbÞ þ að1Þ ¼ L�

k þ 1
¼ L�

b

By substituting aðbÞ ¼ k
kþ1

L� þ 1 into Eq. (13), we obtain

that the lower bound of TStartup(Qi) is L�

2ðkþ1Þ � s
B ¼ L�

2b� s
B:

To summarize the above results, Lemma 3 is true for

b = k ? 1 when Lemma 3 is true for b = 1, 2,…, k.

Finally, Lemma 3 is proven by mathematical induction.
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