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Abstract

Some characteristics of wireless information system-
s, such as limited bandwidth and power supply, pro-
vide many new challenges for traditional techniques.
Data broadcast is considered an efficient way, in
terms of energy consumption and bandwidth utiliza-
tion, for disseminating date to a massive number
of mobile clients in such a system. Several papers
have been devoted to the issue of broadcast schedul-
ing. Most of them assume that each mobile client
needs only one data page. However, in many sit-
uations an mobile client might need date of more
than one page. Under these circumstances, how to
minimize the access time for the mobile clients is a
non-trivial task. The scheduling strategy should take
the affinity between data pages into consideration.
Moreover, the past work tackled the problem mainly
from the view point of broadcasting the dote pages
over single channel. As a number of wireless chan-
nels are available, the issue of broadcast scheduling
becomes more complicated. In this paper we propose
five scheduling strategies for data broadcast.
Keywords: Wireless information system, Broad-
cast schedule, Multiple wireless channels.

1 Introduction

In a Wireless Information System (WIS), users e-
quipped with mobile computers (MCs) access data
through wireless channels at anytime and anywhere.
Some characteristics of WIS, such as limited band-
width of wireless channels and scarce power supply
of MCs, provide many new challenges for traditional
techniques of a wired information system. In current
wired information system, MCs initiate data deliv-
ery by sending requests to a server. Then the MCs
pull data from the server in order to provide data
to locally running applications. We refer to such an
approach as the pull-based approach. By using this
scheme, in a WIS the server will become bottleneck
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when it services a great deal of MCs. New data de-
livery mechanisms should be proposed.

To avoid multiple transmissions of commonly re-
quested data, data broadcast, explored by several re-
cent papers [AAFZ95, AFZ95, CK99, IV94, IVB97,
TYE99], has been proposed to broadcast popular
data such as stock trading, weather, traffic control,
etc, on the wireless channels. When an MC need-
s data pages, it monitors the wireless channels until
the desired data pages are detected and captured for
use. Because the cost of broadcasting data over the
wireless channels does not depend on the number
of listening MCs, an unlimited number of MCs can
tune into the wireless channels and extract their de-
sired data. And accessing broadcast data does not
consume energy for submitting any query. Thus da-
ta broadcast is considered an efficient way in terms
of energy consumption and bandwidth utilization for
disseminating data to a massive number of MCs in
a wireless information system.

Over the last few years, a great deal of effort
[AAFZ95, AFZ95, CK99, KL96] has been made to
minimize the average access time of the broadcast
data. [AAFZ95, AFZ95] proposed the mechanism of
broadcast disk to provide data access in a WIS, The
broadcast disk technique treats a broadcast stream
of data that are repeatedly and cyclically transmit-
ted as a storage device. Other works focused on
designing different scheduling strategies for the data
broadcast. Most of these works assume that each
MC needs only one data page and leaves the system
when the desired page is obtained. Thus, minimiz-
ing the access time of one data page is their main
concern of performance criterion. Two exceptions of
these researches are the work in [CK99, KL96] where
an MC may access more than one data page. In fact,
the assumption that each MC needs only one data
page is over-simplified. In many situation, an MC
might need data of more than one data page. For in-
stance, (1)Stock market application : Trading stocks
is one of popular investments. Data is periodically
broadcast on the wireless channels. Users often need
prices of one or more stocks. The desired data by a



particular user, although it may not be big, might
be scattered in different data pages. (2)Traffic ap-
plication : In the metropolis there are heavy traffic
sometime and/or somewhere daily. Users may want
to get the traffic information of a few roads, which
may again be spread over more than one data page
in the broadcast data. (3)Activity announcement :
Many activities can be held simultaneously. A us-
er may wish to first attend a concert and then go
to a computer show. The information about the lo-
cation and time of these activities are often not in
the same pages. To minimize the access time for
the MCs under these circumstances is a non-trivial
task. As improving the time for accessing a data
page might delay the time for accessing other data
pages. Moreover, all of the past works discuss how
to broadcast the data over single wireless channel.
[CK99, KL96) discussed how to schedule the broad-
cast data over single channel. No work focuses on
the issue of scheduling the broadcast data on mul-
tiple wireless channels. In this paper, we study the
issue of scheduling the broadcast data on multiple
wireless channels as an MC may access more than
one data page.

1.1 Motivation

We reveal that the issue of broadcasting data on mul-
tiple wireless channels cannot be simply considered
as multiple subissues, each broadcasting data on s-
ingle wireless channel. Let us illustrate this with the
following example.

<Bxample 1>
Five users’ requests and their desired data

pages are shown in the table. S; and F;
represent user’s request and the data page,
respectively, where ¢ is a positive integer.
The request ratio of data set S is 30% in-
dicating that on average S; are requested
three times.in every ten requests.

User’s request | Desired data pages | Request ratio
S Py, Py, Py, Py 30%
S Py, Ps 25%
S P, Py 20%
S4 P, P3, Py 15%
Ss P, P 10%

We assume two wireless channels, C; and Cs, are
available. Time on the wireless channels is divided
into slots of same size that is equal to the time to
broadcast a data page. Time slot i, named T}, is
the interval [i-1, i). Two different broadcast sched-
ules, M, and M, are shown as follows. In both M,
and Mo, the server broadcasts all data pages in each
broadcast cycle and two broadcast cycles are pre-
sented for each schedule. More specifically, T} to Ty
indicates one broadcast cycle, and T5 to Ty is nex-
t broadcast cycle. Here we assume that each data
page is broadcast once within each broadcast cycle.
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Page | Py | B | P7 | B | B | Bs | B | Bs
Ri(%) | 75 | 45 | 45 [ 35 | 30 | 25 | 10 | 10

Ty | To | T3 | Ty Ts | Ts | T7 | Ts
Mi: C, || Ps| Pr | P2 | Ps || Ps | Pr | P | Pg
Co | Pr | P3| Ps | Ps|| PL | Py | Ps | Ps

Ty | T | Ts | Ty Ts | Te | Tv | Ts
My: 3 P | P ) Py | P; Py | P )| Py | Py
Co )| Ps | Ps | Pe | Po || Ps | Ps | Ps | Ps

The first schedule M, is arranged based on the
request ratios of data pages. Here we define the re-
quest ratio of data page.P;, named R;, as the sum-
mation of request ratios of all requests that access
P;. Hence M; is obtained by scheduling P, at the
first time slot T of channel €y, P, at T1 of channel
Cs, P; at Ty of channel (1, ..., and so on. The sec-
ond schedule M, is arranged based on the request
ratio of users’ requests. First, because the request
ratio of S; (=30%) is maximal, all data pages re-
quested by 57 are scheduled on channel C;. Then
the data pages requested by 95, i.e., P; and Ps, are
scheduled. Because P, has been arranged on T3 of
channel (4, the server does not schedule Py again
and only schedules P5 at the time slot T of channel
C,. Similarly, the data pages requested by Ss, Sy,
and S5 can 'be scheduled.

For M; and M>, the expected access time of each
MC’s request is the time for receiving all desired
data pages. Note that at each time slot an MC can
only tune into one channel to retrieve one data page.
Hence, if two of desired data pages (e.g. in My, P
and P; of S;) are broadcast at the same time slot
of different channels, MC will receive one data page
broadcast during one broadcast cycle (e.g. receive
Py at Ty) and receive the other data page broad-
cast during the next broadcast cycle (e.g. receive P;
at T5). Thus the expected access time of MC that
requests Sy is five. Similarly, in M, the expected
access time of S5, S3, S4, and S5 are three, two, six,
and eight, respectively. Therefore for the schedule
M the average access time of MCs’ requests is 4.35
(= 5%0.3 4+ 3%0.25 + 2*%0.2 + 6%0.15 +8%0.1). Sim-
ilarly, the average access time for MCs in M, can
be computed. We see that the performance of M, is
better than that of M,.

There are three major points that are demonstrat-
ed by this example. The first point is that the ex-
pected access time of MC’s request is determined
by the time that the MC receives the last of its de-
sired data pages. Thus the issue of scheduling the
broadcast data for the situation that each MC may
access multiple data pages cannot be simply con-
sidered as multiple subissues, each scheduling the
broadcast data for the situation that each MC only
retrieves one data page. The second point is that the
schedule Ms performs better than the schedule M.
This fact demonstrates that all data pages accessed
by a request should be simultaneously considered



where to schedule. Scheduling the broadcast data
only based on the request ratio of each data page
will perform badly. The third point demonstrated
by the above example is that the issue of schedul-
ing the broadcast data on multiple channels cannot
be considered as multiple subissues, each broadcast-
ing data on single wireless channel. This is because
the server should avoid to schedule the desired data
pages of an MC’s request at the same time slot of
these channels. Otherwise, the expected access time
will be increased. This phenomenon can be observed
by S; in the schedule M;.

1.2 Contributions

The above example exhibits that there are some sub-
tle issues resulting from the broadcast scheduling on
multiple wireless channels. In this work, we study
how to schedule the broadcast data on multiple wire-
less channels while users’ requests may access more
than one data page. We propose five strategies for
scheduling the broadcast data. All proposed strate-
gies are designed to minimize the expected access
time of MCs.

The rest of the paper is organized as follows. In
Section 2, we present the environment under which
this research is conducted. Two page-based schedul-
ing strategies are proposed in Section 3. Then in
Section 4, we describe three set-based scheduling s-
trategies in detail. Finally, we conclude this paper
in section 5 and present our future work of this re-
search.

2 Environment

2.1 The broadcast environment

Basically, a wireless information system (WIS) con-
sists of two sets of entities : servers and mobile
clients (MCs). In general, servers are powerful sta-
tionary machines with database systems, and MCs
are portable computing devices, e.g. palmtop or lap-
top computers, running on AA batteries. MCs may
be diskless or only equipped with limited amount of
storage space. Each MC will access data items via
wireless information channels. The Scheduler at the
server receives the broadcast data and possibly more
information such as access patterns of data. It then
computes a “good” schedule for the data broadcast-
ing. A database is divided into data pages, and the
smallest logical unit of the broadcast data is a data
page. The time required to broadcast a data page
is referred to as a time slot. A broadcast schedule
specifies when and where each data page is to be
transmitted. In this work we consider systems with
a number of available wireless channels. If B wire-
less channels are available, we number these channels
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from 1 to B. Thus a broadcast schedule can be rep-
resented by a broadcast matric M = [m;;], where the
value of m;; is the data page broadcast at the j-th
time slot of the i-th channel. For instance, in Ex-
ample 1 the broadcast matrix of the schedule M is
as follows. A broadcast cycle is a sequence of broad-
cast data pages, Py, Py, ..., P, where i € {1, 2,
..., B} and c is the number of columns of broadcast
maitrix. Obviously, the length of a broadcast cycle is
the number of columns of broadcast matrix. There-
fore, if the server starts to broadcast the data over
all channels at time 0, P;; will be broadcast at the
j-th time slot, (j + c¢)-th time slot, ..., and so on.

PR, P P, B
P P P B

2.2 Assumptions and relevant issues

Because MCs are only powered by limited-energy
batteries, data access strategies should be designed
to minimize the MCs’ energy consumption. This is
realized by broadcasting the index pages with data
pages [IVB97, TO98, TY97]. Besides the advantage
of minimizing energy consumption, more important-
ly the index serves the purpose of allowing the MCs
to selectively tune into the channels in order to ac-
cess the desired data pages when they are broadcast.
Therefore, an MC needs to get the index pages first
before it starts to retrieve the desired data pages.
There are many techniques described in the litera-
ture for indexing [IVB97, TO98, TY97]. Because
the design of an indexing scheme and the design of
a broadcast schedule are orthogonal, we do not con-
sider the issue of indexing in order to focus on the
problem of broadcast scheduling. In this study we
simply assume that the index is broadcast at the be-
ginning of each broadcast cycle. Avoiding to involve
the detail of indexing techniques, the time of access-
ing index pages is excluded from the access time of
MCs. Hence, in this study the access time of an
MC is the time from the moment an MC gets the
index pages to the point when the MC receives al-
1 the desired data pages. Our scheduling strategies
are designed to minimize the expected access time
of MCs.

Another issue is how to obtain the statistics of
which set of data pages is accessed by an MC. It is
because obtaining such feedback is contradictory to
the nature and motivation of data broadcast tech-
nique which assumes no uplink requests from the
MCs. In [IV94] a number of possible solutions were
described. Different methods depend on how much
up to date the server wants to be regarding the dis-
tribution of MCs’ requests. Here are two possible
solutions. In the first method, the MCs informs the
server just before disconnection then it can piggy-
back a message indicating the data pages that it ac-
cessed in the duration of connecting to the server. In



the second method, server periodically drops one or
more pages from the set of broadcast data and pro-
vides them on-demand for a while, thereby estimat-
ing as to how frequently those pages are requested.
The detail of all possible methods for gathering the
statistics can be seen in [TV94].

Finally, we introduce some notations used in the
rest of this work. Let B be the number of avail-
able channels for broadcasting data. Cp is the b-th
channel, b € {1,2,...,B}. n represents the number
of broadcast data pages. P; is one of broadcast data
pages, i € {1,2,...,n}. And let ¢ be the number of
data sets that are accessed by MCs. 5; is a set of da-
ta pages that are accessed by an MC, j € {1,2,...,¢}.
R;, the request ratio of a data set, is the ratio of the
number of the set being requested to the number of
all data sets within a certain amount of time. Fj,
the access frequency of a data page, is computed by
summing up the product of the number of all data
sets and the request ratios of data sets that request
this page.

3 The Page-based Scheduling
Strategy

We discuss two classes of broadcast scheduling : (1)
the strategies of the first class are designed based
on the access frequencies of data pages and (2) the
strategies of the second class are designed based on
the request ratios of data sets. The strategies of
the first class are discussed in this section and the
strategies of the second class in the next section.
All scheduling strategies proposed in this work will
illustrate Example 2 for explanation.
<Example 2>
Six data sets and their data pages are
shown in the table along with the request
ratios of data sets. For the sake of conve-
nience, we will ignore the notation “%” of
request ratio in the later illustration. Three
channels, Cy, C5, and C3, are available.

Data set | Data pages Request ratio
S1 P, P, P;, Py 35%
Ss Py, Py 25%
S3 Py, P, Py 20%
S4 Py, Py, P11, P1y 3%
Ss Ps, Pio, P12, Pry %
Se Py, Pu, Pi3, Pis 5%

3.1 The Page-based strategy — Verti-
cal Version (PVV)

The goal of scheduling is to minimize the access time
of MCs, thus MCs should retrieve the desired data
pages as fast as possible after receiving the index
page. Hence, a simple idea is that a data page with
maximal access frequency should be broadcast first.
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This forms the basis of the first page—bdsed strategy,
the Page-based strategy — Vertical Version (PVV).
Formally, this strategy is presented as follows.

PVYV Strategy :
Input : X, a set of data pages ;
Qutput : M, a broadcast matrix ;
begin
Given n broadcast data pages P1, P, ..., P,
with access frequencies I, Fy, ..., Fr
Let B be the number of available channels ;
Let X = {P,Ps,... ,Pr}and M = [mij] ;
Sort P, on their access frequencies and rearrange
their index such that F, > Fi if r < k;
Lete=j5=1;
while X # ¢ do
Forr =1tondo
Select P, ;
Set X =X - {P:};
If 7 is a multiplier of B, let j = B ;
otherwise let j be the remainder of
dividing r by B ;
Set m;; = Pr ;
If r is a multiplier of B, let i =i+ 1 ;
end .
In this algorithm, we show that a data page with
a higher access frequency is always broadcast earli-
er than a data page with a lower access frequency.
“—" 15 the set difference operation. The output M of
this algorithm is a broadcast matrix of data pages.
The server will periodically broadcast the data pages
to MCs according to this matrix. We explain how
this algorithm works by using Example 2 and show
the resulting sequence as follows. For sake of con-
venience, we ignore notation “%” in the access fre-
quencies of data pages.
Data page Py | Py | P | P Ps | P
Access frequency | 60 | 55 | 43 | 35 | 32 ] 20

Pg | Py | Py |Po| Pio| Pia | P | Pis | Pis

20 | 15 13 8 7 7 5 5 5

M=| P P Py Po P

P, PR B B P5:|
P, P Pn P P

Data set S1 | S| Sa| 84| Ss Ss
Access time | 11 2 3 1°8 9 15

11354225+ 320+
8%8+9%7415%5=0697-
In this broadcast matrix produced by the PVV
strategy, Ps, Py, and P, have the highest access fre-
quency and can be broadcast at the first time slot of
three channels, 1, C», and Cs, respectively. Next,
the server will arrange Py, Fs, and P; at the sec-
ond time slot of three channels. Similarly, other da-
ta pages are also assigned to the broadcast matrix.
The access time of data set S; is 11. This is because
P;, Py, and P, are arranged to the first time slot
of three channels and an MC accessing S can only
retrieve one data page at each time slot. So if the

Total access time =



MC retrieves P53 at the first time slot of one broad-
cast cycle, Py and P; need to be accessed at the first
time slot of the next two broadcast cycles, respec-
tively. The length of broadcast cycle is five. Thus
the access time of S; is 14+2*5=11. Similarly, the
access time of other data sets can be computed and
shown as above. The total access time is calculat-
ed by multiplying the request ratio of each data set
times the access time for that data set and summing
the results.

3.2 The Page-based strategy — Hori-
zontal Version (PHV)

In the PVV strategy, the server always broadcast-
s the data page with the highest access frequency
at the earliest time slot. However, broadcasting the
data pages with closer access frequencies (e.g. Ps,
P;, and P, within S;) at the same time slot could
increase the access time of data set (i.e., S1). In
this subsection, another method is proposed to hor-
izontally spread the data pages into the broadcast
matrix. This scheduling strategy is called the Page-
based strategy — Horizontal Version (PHV). The ba-
sic idea is to sort all data pages by their access
frequencies in descending order and sequentially ar-
range them to the different time slots of the same
channel. This procedure is proceeded from arrang-
ing the first data page to the first time slot of C.
As all time slots of C; within one broadcast cycle are
filled, the first time slot of C;y; is used for next da-
ta page. This process proceeds until all data pages
are arranged to the broadcast matrix. We formally
present this strategy in the following.
PHYV Strategy :
Input : X, a set of data pages ;
Output : M, a broadcast matrix ;
begin
Given n broadcast data pages Py, Pa, ...,P,
with access frequencies Fy, Fs, ..., Fy, ;
Let B be the number of available channels ;
Let X = {P, P,,..., P} and M = [my;] ;
Sort P, on their access frequencies and rearra-
nge their index such that F, > F ifr < k;
Leti=j=1landT=[%];
while X # ¢ do
For r =1tondo
Select P, ;
Set X=X - {P}; )
If r is a multiplier of T', let =T ;
otherwise let 7 be the remainder of
dividing r by T ;
Set mi; = P, ;
If r is a multiplier of T, let i =i+ 1 ;
end

In the following, we also explain how this algo-
rithm works by using Example 2. The produced
broadcast matrix and total access time by using the
PHYV strategy are also shown in the following. Pj,
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Py, P», P, and F; are with the highest access fre-
quencies and can be broadcast at five time slots of
C1, respectively. Then P is broadcast at the first
time slot of C5. Other data pages are also scheduled
on the channels. Hence, we found that the PHV s-
trategy outperforms the PVV strategy. The PHV
strategy, however, can be further improved by con-
sidering the relationship between data pages. We
will consider this factor in next section.

P Py P, P P
M=| PP P Py Pu P
Py P2 Ps Pz Pis

Data set Si | S2 | S| Sa| S| Se
Access time | 4 5 7 8 5 9

Total access time =
+5%7+9%5=>549

4 The Set-based Strategy

In the above section, the proposed scheduling strate-
gies consider the access frequencies of data pages as
the single criterion of scheduling and ignore the re-
lationship between data pages. Hereafter, P; and
P; are within the same data set and broadcast at
the same time slot of different channels, we denote
that P; conflicts with P;. The conflicts will increase
the access time of MCs retrieving data sets. In this
section three set-based scheduling strategies are de-
signed to minimize the access time of MCs by reduc-
ing the conflicts between data pages. The basic idea
is to arrange the data pages of the same data set to
different time slots.

4.1 The Set-based strategy — Hori~
zontal Version (SHV)

Conceptually, the first set-based scheduling strategy
horizontally broadcast the data pages over the wire-
less channels and put the data pages of the same da-
ta set as together as possible. The idea of the first
set-based strategy, the Set-based strategy — Horizon-
tal Version (SHYV), is described as follows. First,
the server sorts data sets S; by their request ratios
in descending order, 1€{1,2,...q}. Then, for each
broadcast cycle, all data pages of S; are sequential-
ly arranged to the contiguous time slots of available
channels except the data page has been arranged.
All time slots of channel C; are used before any one
time slot of C; is used, where ¢ < j. Formally we
present this strategy as follows.

SHYV Strategy :
Input : S;, q sets of data pages, 1<i<q;
Output : M, a broadcast matrix ;
begin
Given ¢ data sets S1, 52, ..
ratios R1, Rz, ..., Ry ;

., Sg with request

4%35+5%254+7+x20+8x8



Let B be the number of available channels ;
Let X = U5 = {P1, Pa,...,P,} beall
broadcast data pages ;
Let M = [my;] and f; =0, t€{1,2,...n} ;
Sort S, on their request ratios and rearrange
their index such that R, > R if r < k;
Leti=j=1landT=[%];
Forr =1to ¢ do
while S, # ¢ do
Select Pr, where PLES; ;
Set S, = 5, — {Pk} ;
If fr =0,set mi; = Prand fr =1
If j is a multiplier of T,
leti=¢+1landj=1,;
Otherwise j =75 +1;
end

In the SHV strategy, the data pages of a data set
with higher request ratio are always scheduled ear-
lier than the data pages of a data set with lower
request ratio. U is the set union operation. The
flag f; is designed to judge whether a data page has
been scheduled. f; = 0 represents that F; has not
been scheduled and f; = 1 means that P; has been
scheduled.

Pl P2 P3 P4 P5
M=| P, P Py, P Py
Py Py Ps Pz Pis

Data set S1 1852 S3{S:s) 851 Se
Access time | 4 5 4 5 10| 9

4%354+5%25+4+20+
5+8+10%x7+9%5=>500

Total access time =

Now we explain how this algorithm works by using
the data given in Example 2. The broadcast matrix
generated by using the SHV strategy is shown as
above. First, the request ratio of the data set S is
largest, four data pages of S; (i.e., P1, P2, P3, and
P,) are scheduled at the first four time slots of Cy,
respectively. Next, all data pages of Sa should be
scheduled. Because P; has been scheduled at the
third time slot of C1, the server needs only to sched-
ule P; at the fifth time slot of C;. Then the server
schedules the data pages of S3. P and P; will be
scheduled at the first and second time slots of C»
because all time slots of ¢ within a broadcast cycle
have been used and P, has been scheduled. Similar-
ly, the data pages of other data sets can be sched-
uled. Hence we can compute the total access time of
MCs generated by using the SHV strategy. Compar-
ing the results with those given in the PVV strategy
and the PHV strategy, we see that the SHV strategy
performs better than the page-based strategies.

4.2 The Set-based strategy — Vertical
Version (SVV)

Similar to the page-based strategies, we can de-
sign the set-based strategy by scheduling the data
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pages of a data set in various directions. In the
first set-based strategy, the server attempts to fil-
1 all time slots of the first available channel with
the un-broadcast data pages before any time slot-
s of other channels are used. Such an action can
be viewed as horizontally scheduling the data pages.
One of its drawbacks is that some data page of a
data set with high request ratio may be scheduled '
at a later time slot, e.g. Ps of S3 is scheduled at
the fifth time unit of C;. Thus, in this subsection
we consider to schedule the data pages in another
direction. In order to improve the above drawback
of the SHV strategy, the second set-based strategy
broadcasts the data pages of the data sets with high-
er request ratios as early as possible. The basic idea
of this strategy is that if the data pages of data set
S; are broadcast over channel Cj, the data pages of
data set Si4; are broadcast over channel Cj;. This
process is like a round-robin procedure. We name
the second set-based strategy the Set-based strategy
— Vertical Version (SVV). We formally present the
SVV strategy as follows.

SVV Strategy :
Input : S;, g sets of data pages, 1< i< q;
QOutput : M, a broadcast matrix ;
begin
Given q data sets S1, S, ..., Sq with request
ratios Ry, Re, ..., Rq ;
Let B be the number of available channels ;
Let X = U;S; = {Py, P»,..., P} be all
broadcast data pages ;
Let M = [m;;] and fi; =0, 1€{1,2,.. .n} ;
Let B; =1, je{1,2,...B} ;
Sort S, on their request ratios and rearrange
their index such that R, > R if r < k;
Let T=([%landi=j=1;
Forr =1toqdo
while S, # ¢ do
Select Pi, where P,€S, ;
Set S, = S, — {Pr};

Iffr=20
while E; > T do
sett=1¢+1;

Set j=FE;and E;=FE; +1;
Set mi; = Pr and fr, =1,
If r is a multiplier of B, let i =1 ;
otherwise, i =1+ 1
end

In the SVV strategy, the data pages of a data set
with high request ratio are broadcast as early as pos-
sible. Hence the server arranges all data sets to the
available channels in a round-robin pattern. The
last two lines of the above algorithm are designed
to achieve such a function. The variable E; is used
to record the first free time slot of channel C;. As
all time slots of C; are used, the server choose nex-
t channel that has free time slots. The loop, while
E; > T, is designed for this intention. Again, we use



the data given in Example 2 to illustrate how this
algorithm works.

P1 Pg P3 P4 PQ
M=| P Pu Puu P Prio
P, P P Pz Pis

Data set S | S22 83| Sa]| S5 Se
Access time | 4 3 4 |7 5 5

4%354+3%x25+4%20+
T«8+5%x7+5+5=411

Total access time =

The broadcast matrix generated by using the SVV
strategy is shown as above. First, the request ratio
of the data set S; is highest, four data pages of Sy
(i.e., P1, P>, Ps, and P,) are scheduled at the first
four time slots of C, respectively. Next, the data
pages of S, should be scheduled on channel Cs. Be-
cause P; has been scheduled at the third time slot
of Ch, the server needs only to schedule F; at the
first time slot of C5. Then the server schedules the
data pages of S3 on channel Cs3. So P; and Fg are
scheduled at the first and second time slots of Cj,
respectively. P; does not need to be scheduled be-
cause it has been arranged at the fourth time slot of
Ci. In this example, we assume that three wireless
channels are available for broadcasting data pages.
Hence, the data pages of S, should be scheduled on
channel C;. However, P;; and P4 are scheduled at
the second and the third time slots of Cs, respec-
tively. This is because C; has no free time slot after
scheduling Py at the fifth time slot of (. Similar-
ly, the data pages of other data sets can be sched-
uled over wireless channels. Then the total access
time of using the SVV strategy can be computed.
It indicates that the SVV strategy outperforms the
preceding three scheduling strategies.

4.3 The Set-based strategy — Non-
overlap Version (SNV)

The above four scheduling strategies cannot reduce
the probability of conflicts between data pages to
zero. There is still some room for further reducing
the probability that the conflicts appear. We use
the data given in Example 2 as an example for il-
lustration. In the broadcast matrix generated by
using the SVV strategy, P» and Pi; are broadcast
at the second time slot of ¢ and (s, respective-
ly. Hence an MC accessing Sy must receive P> (or
Pyy) during one broadcast cycle and Py; (or P») dur-
ing the next broadcast cycle. So the access time of
retrieving data set Sy is seven. In this subsection,
the third set-based strategy is considered to avoid
such a phenomenon and further reduce the conflicts
between data pages. The basic idea of this strategy,
named the Set-based strategy — Non-overlap Version
(SNV), is similar to that of the SVV strategy. Con-
ceptually, the SNV strategy also arranges all data
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sets to the available channels in a round-robin pat-
tern. However, the SNV strategy also tries to avoid
scheduling two or more data pages of one data set at
the same time slot of different channels. Formally,
this strategy is presented as follows.

SNV Strategy :
Input : &;, g sets of data pages, 1<i<gq;
Qutput : M, a broadcast matrix ;
begin
Given ¢ data sets &1, o, ..
ratios Ri, Ra, ..., Rg ;
Let B be the number of available channels ;
Let X = U;S; = {P1, Ps,..., P} beall
broadcast data pages ;
Let S; =&, 4i=¢,and T = [%] ;
Let M = [my;] and f; =0, 4€{1,2,...n} ;
Let Ei; = j, i€{1,2,...B}, je{1,2,...n} ;
Sort S, on their request ratios and rearrange
their index such that R, > Ry if r < k;
Leti=j=1;
For r =1 togdo
While S, # ¢ do
Select P, where P,€S5;
Set S =S, — {Fr};
while fr =0
while E;; > T and A;=¢ do
seti=1+1;
If 3 B;y€4; s.t. no Py isin S» and
satisfies mg, =P for some z ;
Set miy, = P and fr, =1 ;
Set A; = A; — Ejy
IfE; <Tand fr =0
while 3 Pr€&; and mqo; = Py

., &g with request

for some z ;
Set A; = A; U {Ei5};
Set j=3+1,;
Ifj>T
Seti=:+1;
else
Set mij = Py and fr =1
Set j=j+1;

If fo =0and E;; > T for all ¢
Set mp; = P and fr, =1
Set j=j+1;
If r is a multiplier of B,let i =1,
otherwise, i =¢+1;
end

In the SNV strategy, F;; represents the j-th time
slot of C;. A; is designed to store the time slots
of channel C; that causes the conflicts between some
data pages of an data set. More precisely, if 3 P,€S,
is scheduled at the j-th time slot of C (k # i) and
E;; is the j-th time slot of C; and free, we will ap-
pend E;; to 4;. The loop containing the predicate
“If 3 E;,€4; such that no Py is in S, and satisfies
Meu=Py for some z” is designed to check whether
any time slot of 4; can be used for scheduling Pj.
We illustrate how this algorithm works by using Ex-

ample 2. P, P, P P Py
M=} Ps Po Pu Py P2
P; P Ps Pz Pis



Data set S1 182|855 | Sa | Ss | Ss
Access time | 4 3 4 5 5 6

4+35+3%25+4%20+
5%#84+5%x7+6=5=400

Total access time =

The broadcast matrix generated by using the S-
NV strategy is shown as above. Similar to the SVV
strategy, the data pages of Si, S, and S; can be
scheduled over C;, C5, and Cjs, respectively. Now
we discuss how the data pages of S4 are scheduled.
First, the server schedules Py at the fifth time slot of
(1. Then other data pages of Sy should be broad-
cast on Co. Because P, belongs to S, and has been
scheduled at the second time slot of C, the second
time slot of Cs causes the conflicts between the data
pages of S4. So the second time slot of Cs, i.e. Eas,
is appended to As. Hence, P;; and Pj4 are sched-
uled at the third and fourth time slot of C5. Next,
Py of Ss can be scheduled at the fifth time slot of
(5. Finally, the server schedules Ps, Pi3, and Py5 on
(5. Because the third time slot of C3 causes that Py
conflicts with P, the server will not schedule any
data page at the third time slot of C3. So Ps, Pi3,
and P;5 are scheduled at the fourth, fifth, and sixth
time slot of C3. The total access time indicates that
the SNV strategy is the best. In the SNV strategy,
some time slots, e.g. the third time slot of Cs and
the sixth time slot of C}, may be unused, however,
these slots can be used to broadcast additional in-
formation such as indexes, updates, or invalidations;
or even for extra broadcasts of extremely important
pages. Moreover, the unused slots is generally only
a small fraction of the total number of slots.

5 Conclusions and Future

Work

In a wireless information system, each MC’s desired
data may access more than one data page. The
affinity between data pages complicates the tasks of
scheduling the broadcast data. Moreover, as a num-
ber of wireless channels are available, the design of
scheduling strategies becomes more difficult. In this
paper, we discuss how to schedule the broadcast da-
ta on multiple channels as each MC may access more
than one data page. Five scheduling strategies were
proposed to minimize the access time for the MCs.
By using an example to illustrate, we see that the
set-based strategies outperform than the page-based
strategies. And the SNV strategy is the best because
it efficiently avoids to broadcast the data pages of a
data set at the same time slot.

Two extensions of this work are possible. First, in
this paper we only illustrate an example to compare
their efficiency of all proposed strategies. An ex-
haustive and accurate performance evaluation need-
s to be made to compare the proposed strategies.
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Secondly, we would like to design the scheduling s-

trategies for a real-time environment. In a real-time

wireless information system, minimizing the average

access time is no longer the main performance cri-

terion. Rather, how to guarantee that the deadlines

associated with requests can be met becomes the

overriding concern. Moreover, as a number of wire-
less channels are available, where the proper posi-

tions the data pages are in the schedule is a more

complicated issue to consider.
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