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This paper studies channel allocation methods for data dissemination through broadcast and on-demand channels. Analytical mod-
els and cost formulae for exclusive broadcast channels and exclusive on-demand channels are provided. Based on the models, we
further derive cost models for dynamic channel allocation methods and propose a channel adaptation algorithm for optimizing system
performance. The channel adaptation algorithm can be executed in O(n) time, where n is the number of data items in the database.
Performance evaluation shows that the channel allocation algorithm produces optimal channel allocation which significantly improves
the system performance under various parameter settings.

1. Introduction

Owing to rapid advances of personal computing and
wireless communication technologies, research in mobile
computing has gained a great momentum in the past few
years. Industry, government, and the academia are all an-
ticipating the forthcoming mobile communication and com-
puting era [6,8]. It is envisaged that mobile users with
palmtop and laptop computers will be able to easily access
Intranet data and various Internet services in the near future.
To realize this vision, it is crucial to develop data access
methods which efficiently utilize the wireless resources.
This paper presents wireless channel allocation methods for
data dissemination in mobile computing systems.

Wireless broadcast allows an arbitrary number of users
to simultaneously receive information broadcast on the air
without any performance downgrade. Thus, research on uti-
lizing and facilitating wireless information broadcast tech-
niques in mobile computing environments has been very
active in recent years [1,11,19].

Acharya et al. proposed a broadcast scheduling facil-
ity, namely broadcast disk, for non-uniform access of data.
They load data onto broadcast disks of various speeds based
on data access frequencies. Data on different broadcast
disks are interleaved into a stream for dissemination on
broadcast channels. As a result, data items from high speed
broadcast disks are broadcast more frequently than those
from lower speed broadcast disks. In [1], the performance
of the broadcast disks is investigated by simulative exper-
iments. By taking issues such as prefetching and updating
into consideration, the broadcast disk project further ex-
tends the study on broadcast scheduling [2,3]. With a sepa-
rate effort, [9] developed a broadcast scheduling algorithm,
also based on data access frequency, for both single-channel
and multiple-channel broadcast services.

Broadcast channels are also used to address power con-
servation issues, because mobile computers consume less
power by passively receiving data disseminated on broad-

cast channels than actively interacting with the base sta-
tions. To reduce power consumption of the mobile comput-
ers, [12,13,17] studied indexing techniques for data access-
ing on broadcast channels. By using index delivered along
with data, the mobile computers can turn to doze mode
and wake up only when the data of interest arrives. Dis-
tributed index tree and hashing techniques are used in [13]
and [12], respectively, while signature techniques are used
in [17]. The above research study on indexing techniques
did not consider the factors of data access patterns and the
impacts of the on-demand services.

In a previous paper [16], we showed that broadcast tech-
nique can effectively complement traditional on-demand
channels for data dissemination in a mobile computing en-
vironment and proposed a hybrid channel allocation method
which mixes the broadcast and on-demand channels to uti-
lize system bandwidth more efficiently. In this paper, we
extend the idea to propose a dynamic channel allocation
method, which dynamically assigns channels for broadcast
or on-demand services based on system workload. We also
provide a channel allocation algorithm which efficiently ob-
tains the optimal channel allocation by approximation cal-
culations. Comparisons of data access efficiency between
exclusive on-demand and dynamic channel allocation meth-
ods are also conducted.

Research in [4,11,19] is closely relevant to our work
presented in this paper. [11] provided an architecture for
wireless information dissemination and discussed the broad-
cast and the on-demand services. However, their model
and analysis are different from ours, i.e., they considered
only one channel in a cell and the channel is divided into
two sub-channels: on-demand and broadcast based on sys-
tem workload. The on-demand channel is modeled as a
M/M/1 queue, while we use a M/M/m/B queuing model.
There were no simulation results and comparisons in that
paper. [4,19] studied the schemes for allocating data on
broadcast and on-demand channels. However, their stud-
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ies assume a fixed ratio for on-demand to broadcast band-
width.

The rest of the paper is organized as follows. In sec-
tion 2, we briefly review the issues related to data dis-
semination in mobile computing systems. In section 3, we
provide analytical models and cost formulae to evaluate
the data access efficiency for the on-demand and broadcast
channels. In section 4, we further develop the cost formu-
lae for the dynamic channel allocation method and propose
an algorithm to approximate the optimal channel allocation
based on the formulae. Section 5 gives the performance
evaluation and comparison of the exclusive on-demand and
dynamic channel allocation methods. Section 6 concludes
the paper.

2. Wireless data dissemination

In this section, we briefly introduce the mobile comput-
ing model used in this study and the issues related to data
dissemination in mobile computing systems, such as chan-
nel allocation methods, data access methods and efficiency,
and broadcast scheduling strategies.

2.1. Mobile computing model

A mobile computing system consists of a set of mo-
bile computers and stationary hosts connected by a fixed
network. The mobile computers communicate with other
computers through wireless communication, while the sta-
tionary hosts communicate with each other through the
wired network. In order to support wireless communica-
tion for mobile computers, the geographical area covered
by the system is divided into cells. The wireless commu-
nication in a cell is supported by a mobile support station
(MSS), which is one of the stationary computers on the
fixed network. The MSS controls the wireless communica-
tion channels in a cell. In this paper, we assume that the
basic fixed channel assignment strategy [20] is applied to
the system, i.e., there is a fixed set of channels permanently
assigned to each cell and a service request at a cell site can
only be served by the unoccupied channels at that cell site;
otherwise, the request is blocked.

In addition to supporting communication, the MSS may
provide various services to the mobile users. As a result,
the MSS may be considered as a database server which is
responsible for providing and disseminating data to its mo-
bile clients in the cell. Figure 1 shows the architecture for
supporting mobile computing and illustrates the terminol-
ogy such as mobile computers, MSSs, and cells.

2.2. Channel allocation for data dissemination

In a mobile computing system, the communication load
between mobile computers and the MSS varies over time
and space because of the mobility of mobile computers.
With the limited and fixed bandwidth available in a cell, it is

Figure 1. Mobile computing system.

necessary to adjust the allocation of channels for broadcast
and on-demand purposes in order to improve the overall
communication performance in a cell. In the following, we
define four classes of channel allocation methods:

• Exclusive On-demand: All of the channels are in on-
demand mode. That is, data requests and results are de-
livered through point-to-point connections. This method
is desirable when the number of queries is small com-
pared to the number of channels available and when en-
ergy efficiency is not an issue for the mobile computer
to transmit uplink requests.

• Exclusive Broadcast1: Contrary to the exclusive on-
demand method, all of the channels are in broadcast
mode. Data items are broadcast periodically in broad-
cast channels. This method is useful when a small num-
ber of data items are of interest to a large group of users.

• Hybrid Allocation [16]: This method mixes the broad-
cast and on-demand channels in order to utilize sys-
tem bandwidth more efficiently. The main idea is to
make broadcast and on-demand channels complement
each other.

• Dynamic Allocation [10]: This method dynamically al-
locates broadcast and on-demand channels to achieve
optimal data access performance. In contrast to the
hybrid method, the dynamic method allocates channels
based on different workloads at the MSS. When the load
is heavy, the broadcast channels may significantly re-
lieve the load on on-demand channels by taking care
of frequent accesses to hot data items. When the load
is light, on-demand channels can take over to provide
instantaneous access to data.

2.3. Data access methods

With no prior knowledge on how the requested data item
is provided by the MSS, a mobile computer has to send a

1 This method may not be feasible for applications with diversified user
access pattern to a large database. It is included here to facilitate our de-
velopment of cost formulae for the dynamic channel allocation method.
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Figure 2. Broadcast channel.

data access request to the MSS. In response, the MSS will
either directly deliver the data item, if it is only available
through on-demand service, or reply with the broadcast
channel access information, such as the channel frequen-
cies, data identifier, the decryption key, expiration time, and
estimated access time. When the mobile computer receives
the broadcast channel access information, it may decide if it
wants to get the data through the broadcast channel or right
away through on-demand channels. In the first case, the
mobile computer will terminate the connection and moni-
tor the broadcast channels, whereas in the second case, it
returns a confirmation to the MSS, which will then deliver
the data and terminate the connection.

If the mobile computer already has the broadcast chan-
nel access information regarding the data item of interest,
it does not need to query the MSS unless the information is
expired. The mobile computer may use the information to
monitor broadcast channels to receive the data item. Since
broadcast channels allow simultaneous access by an arbi-
trary number of users, the charge for accessing data items
from the broadcast channels may be based on a different
pricing scheme from that of the on-demand channels. For
example, the price may be based on the valid period of the
broadcast channel access information.

2.4. Broadcast scheduling

A complete broadcast of all of the data items in a chan-
nel is called a broadcast cycle. Figure 2 illustrates a broad-
cast channel and a broadcast cycle. In a multiple broadcast
channel system, the data items may be distributed to dif-
ferent channels in order to reduce the length of broadcast
cycle. Logically, increasing the number of broadcast chan-
nels is the same as increasing the bandwidth of a broadcast
channel.

The MSS has to schedule the data for broadcast in the
allocated broadcast channels. In this paper, we choose to
broadcast data items in sequence. An important character-
istic of this strategy is that the access time to any broad-
cast data item is always bounded. The issue of broadcast
scheduling is out of the scope of this paper. Readers inter-
ested in this topic may refer to [1,5,15].

2.5. Data access efficiency

The goal of our study is to pursue data access efficiency.2

The criteria used in this paper to evaluate data access ef-
ficiency of wireless channels is access time,3 which is the

2 Other goals pursuing revenue increase, fair pricing policies and quality
of services are out of the scope of this paper.

3 A criteria frequently used in evaluating wireless data access methods
is tune-in time, which represents the period of time a mobile computer
spent on monitoring the wireless channels. The tune-in time, which may

period from the time a mobile computer requests for a data
item until the data is received. The broadcast channels
and on-demand channels introduce different access over-
head for the mobile users. For the broadcast channels, the
main overhead is due to probe time, defined as the duration
between the time the user starts to monitor the channels
and the time when the requested data item is located. On
the other hand, the overhead for accessing data through the
on-demand channels is the waiting time for connecting to
the MSS, which takes longer when the service load of the
system is high.

3. The analytical models

To facilitate our study on channel allocation methods, we
model the on-demand and broadcast channels and derive
formulae for their access time performance, respectively.
We consider a cell in the mobile computing systems and
made the following assumptions:

• The cell consists of a MSS and m mobile computers;

• The MSS maintains n data items, D1,D2, . . . ,Dn, with
average size s;

• The mobile computers may issue read requests,4 which
have size r, to the MSS;

• A mobile computer will not issue a new request before
the previous request is completed;

• The number of read requests generated from the m
mobile computers per unit time to D1,D2, . . . ,Dn is
λ1,λ2, . . . ,λn, respectively;

• The MSS supports c wireless channels and each channel
has bandwidth b;

• The number of potential mobile computers is greater
than the number of channels available in a cell, i.e.,
m� c.

3.1. On-demand channels

We first consider the access time for a mobile computer
to retrieve a data item from the MSS through the on-demand
channels. The mobile computer has to establish a connec-
tion to the MSS before submitting a request. Upon receiv-
ing the request, the MSS returns the requested data items to
the user. Since there are c channels in the cell, there are at
most c simultaneous communication sessions. We assume
that a mobile computer will not issue a new request before
the previous request is completed. Therefore, there are at
most m requests to be serviced in the system. To simplify
our analysis, we do not consider the time for hand-shaking
in order to establish the connections and the process time

be transformed into CPU time or battery power usage on accessing the
data, is mainly used for evaluating power consumption efficiency of data
access methods.

4 The computers may also issue write requests. However, we only consider
read requests in this paper.
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for MSS to retrieve the requested data items from the disk.
Thus, the expected channel use time for each communica-
tion session is 1/µ = (r + s)/b. As a result, the service
rate for an on-demand channel is

µ =
b

r + s
.

The aggregate arrival rate of requests from the mobile com-
puters is

λ = λ1 + λ2 + · · ·+ λn.

We use a M/M/c queuing model (with finite buffers or
infinite buffers) to analyze the access time performance of
the on-demand channels. Due to the assumptions on input
to queuing models, our analysis implicitely assumes that
the request arrival rates are stable over time. The traffic
intensity, ρ, which indicates the system workload for the
quening model, is [14]

ρ =
λ

cµ
. (1)

Based on this model, we derive formulae for access time
performance of the on-demand channels. However, the for-
mulae are not simple enough for efficient calculation of the
access time. Without losing generality, we adopted approx-
imation methods to estimate the on-demand access time
performance. We observed from experiments in our previ-
ous study [16] that the system performance differs greatly
due to changes in several different system parameters, such
as the number of channels available in a cell, the aggregate
arrival rate of requests and the number of clients served in a
cell, which directly affect the system workload. Thus, we
develop the formulae to estimate the access time perfor-
mance of on-demand channels based on different system
workloads. We use the traffic intensity of the system, ρ,
as the dividing factor of the system workload, i.e., when
ρ > 1, the cell is under heavy workload and when ρ < 1,
the cell is under light workload.

3.1.1. On-demand channels under heavy system workload
When ρ > 1, the state transitions due to the arrival

of data requests and completion of data requests can be
modeled as a birth-death system shown in figure 3.

Each state of the diagram denotes the number of mobile
computers requesting a data item during that state. Since
there are at most m requests buffered for services, the sys-
tem can be modeled as a M/M/c/m queue.

The probability of zero data request in the system is [14]

p0 =

[
1 +

(cρ)c(1− ρm−c+1)
c!(1− ρ)

+
c−1∑
i=1

(cρ)i

i!

]−1

.

The probability of having i requests in the system is

pi =


p0

(cρ)i

i!
, 0 6 i < c,

p0
ccρi

c!
, c 6 i 6 m.

(2)

Figure 3. State transition diagram for on-demand channels under heavy
system workload.

Since a mobile computer will be blocked until the previous
request is completed, the effective arrival rate of requests
from the mobile computers is

λ̂ =
m−1∑
i=0

λpi. (3)

By applying equations (2) and (3), we can derive the
expected access time for a mobile computer to retrieve a
data item from the on-demand channels as follows:

E[o] =

∑m
i=1 ipi

λ̂

=
cρ
∑c−2
i=0

(cρ)i

i! + cc

c!

∑m
i=c iρ

i

λ
∑c−1
i=0

(cρ)i

i! + λ c
c

c!

∑m−1
i=c ρi

. (4)

If we divide both the numerator and the denominator of the
above equation by ecρm, we have

E[o] =
cρ
∑c−2
i=0

(cρ)i

i!
1

ecρm + cc

c!

∑m
i=c iρ

i 1
ecρm

λ
∑c−1
i=0

(cρ)i

i!
1

ecρm + λ c
c

c!

∑m−1
i=c ρi 1

ecρm

. (5)

Considering the facts that ρ > 1 and m � c, we get the
following approximations:

0< cρ
c−2∑
i=0

(cρ)i

i!
1

ecρm
< cρ(c−1)

c−1∑
i=0

(c)i

i!
1

ecρm

< cρ(c−1)ec
1

ecρm
=

c

ρ(m+1−c)
≈ 0

and

0<λ
c−1∑
i=0

(cρ)i

i!
1

ecρm
< λρ(c−1)ec

1
ecρm

=
λ

ρ(m+1−c)
≈ 0.

Based on Stirling’s formulae [7] and the facts that ρ >
1 and m � c, we can approximate the above formulae
and obtain the expected access time for a mobile computer
to retrieve a data item from the on-demand channels as
follows:

E[o] ≈ m

cµ
. (6)

Since ∂2E(o)/∂c2 = 2m/c3µ > 0, we can conclude that
E[o] behaves as a convex function.

3.1.2. On-demand channels under light system workload
When the traffic intensity ρ < 1, the state transitions

due to the arrival of data requests and completion of data
requests can be modeled as a birth-death system shown in
figure 4.
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Figure 4. State transition diagram for on-demand channels under light
system workload.

Each state of the diagram denotes the number of mobile
computers requesting a data item during that state. Since
ρ < 1 and m� c, all query requests can be served within
bounded time. Therefore, the system can be modeled as a
M/M/c queue.

The probability of zero data request in the system is

p0 =

[
1 +

(cρ)c

c!(1− ρ)
+
c−1∑
i=1

(cρ)i

i!

]−1

.

The probability of having i requests in the system is

pi =


p0

(cρ)i

i!
, 0 6 i < c,

p0
ccρi

c!
, c 6 i 6 m.

Let Pc be the probability that the mobile computers
request c or more data items. We can obtain Pc as fol-
lows [14]:

Pc =
p0(cρ)c

(1− ρ)c!
. (7)

The expected access time for a mobile computer to retrieve
a data item is [14]

E[o] =
1
µ

+
Pc

cµ(1− ρ)
. (8)

To show the accuracy of our approximation, we con-
ducted a comparison, based on parameter settings used in
our evaluation, to compare equation (6) (for ρ > 1) and
equation (8) (for ρ < 1) to equation (4) of the M/M/c/m
model. Interested readers are requested to refer to the ap-
pendix for the comparison.

3.2. Broadcast channels

Next we develop the cost model for the access time
of the broadcast channels. To simplify our analysis, we
assume that the mobile computer has the valid broadcast
channel access information for the data items of interest.
Since there are c channels used for broadcast, the aggregate
bandwidth for broadcast channels is bc. Assume that there
are k data items broadcast periodically in the c broadcast
channels. The size of a broadcast cycle is ks/bc. The
average probe time is ks/2bc. Thus, the access time for
retrieving data through monitoring broadcast channels is

E[b] =
ks

2bc
+
s

b
. (9)

4. Dynamic channel allocation

As we discussed earlier, some of the data items have high
request rates due to common interest of a large group of
users. Thus, it is logical to disseminate these data items on
broadcast channels in order to relieve the system workload
at the MSS. When more and more hot data items are moved
to the broadcast channels, some of the on-demand channels
have to be reallocated to serve as broadcast channels in
order to maintain a reasonable access time on the broadcast
channels.

There are several factors determining whether on-
demand channels should be reallocated as broadcast chan-
nels, e.g., the potential number of data requests off-loaded
from the on-demand channels to broadcast channels, the
number of data items on the broadcast channels, and the
number of channels reallocated from on-demand to broad-
cast. In order to reach optimal data access efficiency in
the cell, the system should dynamically reassign channels
between the on-demand and broadcast services. In this sec-
tion, we provide methods to decide optimal allocation of
the on-demand and broadcast channels. We first derive the
actual service rate of an on-demand channel in dynamic
channel allocation environment, which may be used for
calculation of the average data access time in the dynamic
channel allocation environment. Then, we derive formulae
for the average data access time and propose an algorithm
to decide the best allocation of the on-demand and broad-
cast channels.

In the following discussion, we assume that the n data
items, D1,D2, . . . ,Dn, are sorted by their access rates such
that λ1 > λ2 > · · · > λn. Let k (1 6 k 6 n) be the number
of the most frequently accessed data items made available
on the broadcast channels and ε denote the probability that
a data item is accessed by mobile computers through the on-
demand channels, although it is available on the broadcast
channels.

4.1. Actual service rate of on-demand channels

In order to calculate the average data access time of the
dynamic channel allocation method, we have to derive the
actual service rate of the on-demand channels in a dynamic
channel allocation environment.

Assume that the size of the message for broadcast chan-
nel access information is q. Therefore, the average service
rate for each on-demand channel is

µ′ =
b

ωo(r + s) + ωb(r + q) + ωb|o(2r + q + s)
, (10)

where ωo, ωb and ωb|o are the percentages of communi-
cation sessions established between the mobile computers
and the MSS for requests of data which are only avail-
able through the on-demand channels, requests of broadcast
channel access information, and immediate delivery of data
available on the broadcast channels, respectively.
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4.2. Development of a channel allocation algorithm

Let us assume the total number of the communication
channels in a cell is c and each channel has the same band-
width b. These channels consist of two pools: the broad-
cast pool and the on-demand pool. Let cb and co denote the
number of channels in the broadcast pool and the number
of channels in the on-demand pool, respectively. Thus,

c = cb + co. (11)

To make the discussion simple, we define the arrival rate of
the requests for hot data items available on the broadcast
channels as λhot =

∑k
i=1 λi and the arrival rate of the

requests for cold data items that can only be accessed via
on-demand channels as λcold =

∑n
i=k+1 λi.

Since ε percent of the hot data items are retrieved from
on-demand channels, the actual arrival rate of the requests
for the data items answered via on-demand channels, λ′, is
as follows:

λ′ = ελhot + λcold.

The overall expected access time for any data item is

E[d] =
1
λ

(
λhotE[b](1− ε) + λ′E[o]

)
, (12)

where E[o] denotes the expected access time for a mobile
computer to retrieve a data item through an on-demand
channel and E[b] denotes the expected access time for re-
trieving data through monitoring broadcast channels.

4.2.1. Heavy system workload
In the following, we adopt approximation methods for

a faster estimation of the optimal access time and channel
allocation. First, we explore the situation when the system
is under a heavy system workload (ρ > 1). Based on
equations (6), (9) and (11), we substitute E[o], E[b] and cb
in equation (12) to obtain

E[d] =
1
λ

(
λhot(1− ε)

(
ks

2b(c− co)
+
s

b

)
+ λ′

m

coµ′

)
, (13)

where µ′ is the actual service rate of on-demand channels
in the dynamic channel allocation environment (see equa-
tion (10)).

To simply further development of the formula, we define
the following constants:

A=
1
λ
λhot(1− ε)

ks

2b
,

B =
1
λ

(λhotε+ λcold),

C =
1
λ
λhot(1− ε)

s

b
.

Thus, equation (13) can be rewritten as

E[d] =
A

c− co
+
Bm

coµ′
+ C. (14)

We differentiate the function E[d] on co and make it equal
to zero (i.e., ∂E[d]/∂co = 0) in order to evaluate the op-
timal point for co. As a result, the optimal allocation of
on-demand channels, ĉo, can be determined as follows:

ĉo =
c
√
mB√

mB +
√
µ′A

.

It is important to note that the condition for the above
derivation to be valid is that the system must be under
heavy workload. Unfortunately, the actual traffic inten-
sity, ρ′, cannot be decided until the optimal allocation
for the on-demand channels is obtained. Thus, there is
a chance that ĉo obtained above is not valid because it
causes the resulting system to operate under light load (i.e.,
ρ′ = λ′/(ĉoµ′ ) < 1). In other words, (14) cannot be used
under such a circumstance. To confirm the validity or oth-
erwise obtain the real optimal value, we can make use of
the property that (14) is a concave function and that if ĉo is
not the real optimum the real one must be smaller than ĉo:

c̄o = max
{
co|λ′/(coµ

′ ) > 1 and 0 6 co 6 ĉo
}
. (15)

In the next section, we derive formulae for light-loaded
systems. Thus, the real optimal point can be decided by
comparing the performance obtained under both circum-
stances.

4.2.2. Light system workload
Next, we look at the situation when the system is un-

der light workload (ρ < 1) . Based on equations (8), (9)
and (11), we substitute E[o], E[b] and cb in equation (12)
to obtain

E[d] =
1
λ

(
λhot(1− ε)

(
ks

2b(c− co)
+
s

b

)
+ λ′

(
1
µ′

+
Pco

coµ′(1− ρ′ )

))
, (16)

where Pco is the probability that the mobile computers
are requesting co or more data items from the on-demand
channels and ρ′ is the actual traffic intensity (i.e., ρ′ =
λ′/(coµ′ )).

We continue to use the constants A, B and C defined
above and further define a constant D = λ′

λµ′ . In order to
simplify the complexity of differential derivation in the next
steps, we set Pco to the upper bound (i.e., 1) to simplify (16)
into

E[d] 6 A

c− co
+

B

coµ′(1− ρ′)
+ C +D.

By differentiating the above upper boundary to evaluate
the optimal point for co, we find the minimum point for the
light-loaded system:

ĉo =
ρ′′
√
µ′A+

√
B

√
µ′A+

√
B

c. (17)

If the actual traffic intensity is greater than 1, with the same
argument as in the previous section, the minimum point
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where the on-demand channels work in the light-loaded
mode can be recalculated as follows:

c̄o = min
{
co|λ′/(µ′co) < 1 and ĉo 6 co 6 c

}
. (18)

This gives us an approximate method for allocating
broadcast channels and on-demand channels in a way that
the access time is no more than A/(c − c̄o) + B/(c̄oµ′ −
λ′ ) + C +D for any data item.

4.2.3. Channel allocation algorithm
Based on the formulae derived above, we present the

following algorithm to approximate the optimal channel al-
location for optimizing the system performance.

Algorithm Approx-Optimal Channel Allocation.
Given n data items, D1,D2, . . . ,Dn, sorted in descending
order by data access frequency, and c wireless channels in
a cell.
Decide the (approximate) optimal allocation of channels for
broadcast and on-demand services and the set of data items
to be disseminated on the broadcast channels.

begin

1. Initialize the allocation to be exclusive on-demand (i.e.,
CO = c, CB = 0, and the set of broadcast data is empty,
i.e., i = 0).

2. If ρ > 1, initialize the approximate lowest access time T
using equation (6)
else initialize the approximate lowest access time T us-
ing equation (8).

3. For i = 1 to n do
begin

• Identify D1, . . . ,Di as the data items to be broadcast.

• Compute cho using equation (15) and clo using equa-
tion (18).

• Compute the approximate lowest access time th using
equation (13) and tl using equation (16) based on cho
and clo, respectively.

• Let t be min(th, tl) and co be the corresponding as-
signment of on-demand channels.

• Compute cb using equation (11).

• Keep track of the optimal access time T = min(T , t),
the corresponding allocation, CO and CB , and the
corresponding number of broadcast data items, I .

end;

4. Return the corresponding I , CO , and CB values with
the optimal access time T .

end

It is obvious that the average time complexity of the
algorithm is O(n).

5. Performance evaluation

Our model consists of a single server, a set of clients and
a fixed number of channels. The server can either contin-
uously broadcast top hot data items in broadcast channels
or reply requests from the clients for other data items in
on-demand channels.

We use a M/M/m/B queuing system to model the ac-
tivity on the on-demand channels. The simulation is writ-
ten in C and CSIM, which is a process-oriented simulation
toolkit [18]. Each run of the simulations lasts 4,000 sec-
onds. The performance of the broadcast channels is ob-
tained by using the formula we developed in section 3.2,
because the formulae are simple to evaluate.

We make the following assumptions in our experiments.
In a cell, 50 channels have been allocated for 500 mobile
users. The MSS has maintained a database of 2000 data
items, each of which is 1000 bytes in size. The size of a
read request and the size of a returned message for broad-
cast channel access information are both 10 bytes. The
average bandwidth of the channels is 1000 bytes/second.
Finally, we assume that every user makes one data request
per second. Thus, the average arrival rate of the requests
is 500/second.

To facilitate our study, we also assume the following
access pattern from mobile users: the number of accesses to
the data items is exponentially distributed in the simulation.
About 25% of the data access requests is on the top 50 most
frequently accessed data items and 50% of the requests is
on the top 174 most frequently accessed data items.

Unless otherwise specified, the parameter values used
in the simulation and the analytic models are provided in
table 1. The primary performance criterion employed in
this study is the client access time.

5.1. The approx-optimal channel allocation algorithm

We use both simulation and the analytical formulae spec-
ified in the approx-optimal channel allocation algorithm to
find the best channel assignment for a given number of data
items broadcast on the broadcast channels. The simulation
sequentially moves the top n hottest data items to the broad-
cast channels and for each number the simulation is run to
find the best channel assignment. The case when the num-
ber of hot data items to be broadcast is zero corresponds to
the exclusive on-demand case.

Table 1
System parameter settings.

Parameters Values

Number of clients 500
Data item size 1000 bytes
Number of data items 2000
Access information size 10 bytes
Number of channels 50
Channel bandwidth 1000 bps
Request arrival rate 500/s
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Figure 5. Optimal access time for a heavy-loaded system.

Figure 6. Optimal access time vs. number of hot items for a heavy-loaded
system.

We control the request arrival rate and number of mobile
computers to set up heavy-loaded and light-loaded environ-
ments, such that under heavy-loaded, the number of clients
is 1000 and the request arrival rate is 500/s, while under
light-loaded, the number of clients is 100 and the request
arrival rate is 45 per second.

Figures 5 and 8 illustrate the best access time cor-
responding to the number of channels assigned to on-
demand service5 and the number of hot data items on broad-
cast channels under heavy-loaded and light-loaded environ-
ments, respectively. Figures 6 and 9 depict in two dimen-
sions the optimal access time corresponding to the number
of data items on broadcast channels for the heavy-loaded
and light-loaded environments, respectively. For the heavy-
loaded environment, we also include figure 7 to illustrate
in two dimensions the optimal number of on-demand chan-
nels allocated corresponding to the number of data items on
broadcast channels. In these figures, ‘analytical dynamic’
and ‘simulative dynamic’ denote the data access time of
the dynamic channel allocation method obtained by the an-
alytical formulae and by simulation, respectively. The opti-
mal channel allocation and the number of data items which
should be disseminated through broadcast channels corre-
spond to the lowest access time in the figures. Also, from
the figures, we can easily observe that the access time ob-
tained from analytical formulae are consistently close to the
simulative results.

5 The rest of the channels are assigned to broadcast service.

Figure 7. Number of hot items vs. number of channels for a heavy-loaded
system.

Figure 8. Optimal access time for a light-loaded system.

Figure 9. Optimal access time vs. number of hot items for a light-loaded
system.

As shown in figures 5 and 6, the system access time of
a heavy-loaded system may be significantly improved by
moving some of the hot data items to the broadcast chan-
nels. The difference between the access time for the dy-
namic allocation method and exclusive on-demand method
(i.e., points where the number of hot data items is equal to 0
in figure 6) indicates the improvement we can get when cer-
tain number of the hottest items are broadcast. In this exper-
iment, the best data access time, 9.47 seconds, is achieved
when 671 data items are broadcast on 39 broadcast chan-
nels with the remaining 11 channels providing on-demand
services to the rest of data items. This is a 50.34% im-
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Table 2
Optimal channels and data item allocation.

Analytical optimal Simulated optimal

Heavy load Light load Heavy load Light load

Optimal allocation (on-demand/broadcast) 11/39 43/7 11/39 41/9
Number of hot data items 671 3 671 3
Optimal access time 9.489 1.049 9.470 1.066
Access time for exclusive on-demand 20.20 1.100 20.14 1.082

provement, comparing to the access time of 20.14 seconds
for the exclusive on-demand services, which corresponds
to the data point when the number of on-demand channels
is 50 on-demand channels and the number of hot data items
is zero.

Also observed in figures 6 and 7, the access time for
the dynamic channel allocation method decreases as the
number of hot data items moving to the broadcast channels
increases (figure 6) and the corresponding number of chan-
nels assigned to on-demand channels decreases (figure 7).
However, this trend changes when the number of hot items
reaches 525 (figure 7), when the number of channels as-
signed to on-demand service jumps, while the access time
continues to drop. From then on, the number of on-demand
channels decreases again to let more broadcast channels
handle the increased broadcast data items. This turning be-
havior can be explained as follows. As the system moves
more hot data items to broadcast channels, the workload for
on-demand channels will gradually become light-loaded.
In a light-loaded system, the waiting time for on-demand
channels drops greatly, the broadcast channels do not have
as significant an effect on alleviating on-demand workload
as they do in a heavy-loaded system. Thus, the dynamic
channel allocation method reassigns some channels back to
the on-demand service in order to improve the overall sys-
tem performance. In our experiments, when about 525 data
items are disseminated via broadcast channels, the workload
of on-demand services becomes light-loaded, i.e., ρ = 0.92.

For a light-loaded system, we assume that the cell has
only 100 mobile users and the request arrival rate is only
45 per second. Figures 8 and 9 show that the dynamic
channel allocation method reaches the optimal performance
when it assigns 9 channels to broadcast 3 data items6 and
41 on-demand channels to serve the rest of the data items.
With this optimal channel assignment, ρ = 0.81. The op-
timal data access time of the dynamic allocation method
obtained by simulation is 1.066 seconds, which represents
0.016 second of improvement over the access time of ex-
clusive on-demand channels, 1.082 seconds. Figure 9 also
illustrates that the exclusive on-demand channel is better
than most combinations in which broadcast channels are
used. Even the optimal dynamic allocation has only 1.51%
of improvement over the exclusive on-demand method. We
can conclude that exclusive on-demand channels is a very
good choice for a light-loaded system. Generally speak-

6 We assume that channel bandwidth can be aggregated to deliver the data
items.

ing, the dynamic channel allocation method does not im-
prove much the data access time for light-loaded systems
and the improvement only happens when the probe time of
the broadcast channels is shorter than the transmission time
of the data request message for on-demand services. In
our analysis and experiments, we have neglected the setup
time for on-demand services. In a realistic environment, the
dynamic channel allocation method may still significantly
improve the performance of light-loaded systems.

Table 2 summarizes the access time and optimal channel
allocations obtained in our experiments. From the data col-
lected from analysis and simulation, we observed that ana-
lytical and simulative results are very close, which demon-
strates the feasibility of utilizing the approx-optimal channel
allocation algorithm to decide the best assignment of on-
demand/broadcast channels and the number of data items
to broadcast. Thus, this algorithm can be implemented into
efficient system tuning tools for the MSSs.

5.2. Comparison of channel allocation methods

There are several factors affecting the data access per-
formance of the mobile computing systems:

• Sizes of data items and messages.

• Frequency of data requests.

• Number of channels.

• Number of users.

• Number of data items.

• Bandwidth of the channels.

In order to observe the characteristics of data dissemi-
nation in mobile computing systems, we vary some of the
above mentioned factors to compare the change of access
time performance among the exclusive on-demand, exclu-
sive broadcast, hybrid channel allocation,7 and dynamic
channel allocation methods. The performances are obtained
by evaluating the analytical formulae developed above. The
frequency of data access is controlled such that 25% of ac-
cess is on the top 50 data items, 50% of the access is on top
174 data items, and almost all of the access is on the top
500 data items. Thus, unless otherwise specified, we conve-
niently assume the database contains 500 data items. This

7 The hybrid channel allocation method is based on [16]. We only show
experimental results for 25 on-demand channels and 25 broadcast chan-
nels due to space constraint. Other hybrid configurations of the channels
have consistent results.
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Figure 10. Access time vs. data size.

assumption is to facilitate the delivery of exclusive broad-
cast service, which is not feasible for serving the rarely
accessed data items in the database.

First, we increase the size of data items from 50 bytes
to 400 bytes, while fixing the other parameters. Figure 10
shows the access time of the exclusive on-demand, ex-
clusive broadcast, hybrid and dynamic channel allocation
methods.

The access time of exclusive on-demand service shows
that the system is rapidly loaded after the data size is greater
than 90 bytes. The leap on the access time of on-demand
service is due to the increase of system workload which in
turn is caused by the increase of waiting time for mobile
computers to connect with the MSS. On the other hand,
the access time of broadcast services is proportional to the
size of the data items broadcast. With 50 channels, the
access time of the broadcast method is worse than that of
the on-demand method when the data access load is light,
i.e., when the data item size is less than 90 bytes, and is
better than that of the on-demand method when the load is
heavy. The hybrid channels allocation method is realized
by broadcasting some of the hottest data items on broadcast
channels. Thus, the broadcast channels relieve a significant
part of the system workload off the on-demand channels
and improve the overall system performance. While the
hybrid method outperforms the exclusive methods in most
circumstances, the dynamic method has the optimal perfor-
mance all the time.

The data request frequency is another factor which in-
fluences the system workload, and thus the access time of
the on-demand channels. Figure 11 shows that, for the ex-
clusive on-demand method, when the request arrival rate is
over 50 data items per second, the system is overloaded.
When the request arrival rate is less than 50 data items per
second, the access time for on-demand channels is close to
the transmission time for a data item. Since we assume that
the mobile computers will not attempt to issue new requests
before their previous requests are completed. Therefore, the
access time for an overloaded system is constantly close to
10.01 seconds. On the other hand, the broadcast channels
have the advantage of not being affected by the frequency

Figure 11. Access time vs. request arrival rate.

Figure 12. Access time vs. number of channels.

of data access. No matter how frequently the broadcast data
items are requested, the access time for broadcast channels
remains constant. The hybrid method has a pretty good
performance in general. When the request arrival rate is be-
tween 50 and 150 per second, its performance is better than
both of the exclusive on-demand and exclusive broadcast
methods. Wisely, the dynamic channel allocation method
chooses exclusive on-demand when the system workload is
light (i.e., less than 50 requests per second), adapts itself
to the hybrid method (i.e., 25 broadcast channels and 25
on-demand channels at around 90 requests per second) and
switches to the exclusive broadcast method when the sys-
tem workload is heavy (i.e., greater than 150 requests per
second). By adjusting its channel allocation dynamically,
the dynamic method maintains the best access time perfor-
mance. Note that if we vary the number of mobile comput-
ers, we obtain similar results, since the number of mobile
computers has a direct impact on the request arrival rate.8

Next, we vary the number of channels available in the
system to observe the change in access time for the channel
allocation methods. Figure 12 shows that the access time
of broadcast channels drops rapidly when the number of
broadcast channels increases from 1 to 20. From then on,
however, increasing the number of broadcast channels has

8 Assuming the request arrival rate for each computer is fixed.
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a diminishing impact on the broadcast channel access time.
This observation suggests not to invest too many broadcast
channels in order to lower the access time on broadcast
channels. For the on-demand services, the number of chan-
nels used has a dramatic impact on the access time perfor-
mance. In other words, with a small increase of the chan-
nels at the dividing point (number of channels is around 50)
between a heavy-loaded system and a light-loaded system,
the system access time may improve significantly. The hy-
brid method, though not better than the exclusive methods
under some circumstances, has a very good performance in
general. Finally, as expected, the dynamic channel alloca-
tion method has the best access time all the time.

One of the most important differences between the on-
demand and broadcast channel services is that the broadcast
channels may service any number of computers, while the
access time of the on-demand channels gets worse when
more computers are in the system. In contrast to the request
frequency and the number of mobile computers in the sys-
tems, which have no impact on the access time of broadcast
channels, the number of data items accessible through the
on-demand services has no impact on the access time of on-
demand services. Therefore, on-demand channels are good
for providing user access to a large database, though scaling
up with the number of the mobile computers is a problem.
The broadcast channels are good at providing access for an
arbitrary number of users. However, the access time may
be unacceptable with a large database to broadcast.

Figure 13 shows the access time for various services cor-
responding to the number of data items accessed through
the services. We observe that, with less than 900 data items,
the exclusive broadcast channel does better than the exclu-
sive on-demand channel. With more than 900 data items,
the exclusive broadcast method has poorer access perfor-
mance than the exclusive on-demand method which always
gives the same performance independent of the number of
data items. If the user accesses focus on a small portion,
off-loading this portion of the on-demand data items to the
broadcast channels will improve the overall system perfor-
mance. This is evident by the performance of both hybrid
and dynamic channel allocation methods shown in the fig-
ure, i.e., when the number of data items is smaller than
1300, the hybrid method is better than the exclusive meth-
ods, while the dynamic channel allocation always gives the
best choice. In our model, we assume the user accesses
areas will be enlarged as the number of data items in-
creases. Therefore, if the number of data items is more than
1300, the user accesses will be distributed to a large num-
ber of data items, shifting on-demand channels to broadcast
channels is not going to help the system, the exclusive on-
demand channel allocation is the best choice.

In all of the above experiments, except for the one in
which the number of data items is varied, the performance
of on-demand channels has certain turning point due to the
change of system workload. The turning point is corre-
sponding to the system traffic intensity, ρ = 1. The factors
varied in the experiments have an impact on the traffic in-

Figure 13. Access time vs. number of data items.

tensity ρ, thus causing a dramatic change in the data access
time.

On the other hand, the performance of broadcast chan-
nels has no such abrupt change. In the studies, we have de-
liberately chosen the database size to be small, i.e., 500 data
items, so that it is feasible to disseminate them on broadcast
channels. In a realistic environment, the database usually
is quite large, and the exclusive broadcast mode may never
be adopted. Under certain circumstances, when many users
are accessing the same set of data items, e.g., during the
business hours, the downtown office building areas will be
loaded with requests for business information such as stock
prices, changing some of channels into broadcast mode for
disseminating these hot data items can avoid jamming the
MSSs services.

6. Conclusion

Mobile computing has received a lot of attention from
the industry and academia in the past few years. Due to
the limited wireless communication bandwidth allocated for
mobile computing, researchers are seeking techniques to
make efficient use of the available bandwidth. Wireless
broadcast is an important technique for disseminating data
to mobile users, because it scales up to an arbitrary number
of users. Thus, broadcast channels are often used for broad-
casting commonly requested data items to complement the
traditional approach of data access through the on-demand
channels. The issue of wireless channel allocation for data
dissemination is to monitor the user access pattern and dy-
namically assign channels for broadcast and on-demand ser-
vices to achieve optimal system performance.

The scheduling strategy we proposed for data dissemina-
tion on the broadcast channels is different from the strate-
gies proposed in the literature in that we choose to broadcast
every hot data item with equal frequency in order to pre-
vent unlimited access delay for less popular items and that
unpopular data items are provided by on-demand channels
only.

Analytical models have been provided for broadcast and
on-demand channels. Cost formulae for the access time of
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the exclusive broadcast, exclusive on-demand, and dynamic
channel allocation methods are developed based on the an-
alytical models. Based on the analysis, an optimal chan-
nel allocation algorithm is proposed. Experimental studies
show that our analytical models match well with simulative
results and that the optimal channel allocations obtained via
our algorithms conform with the results obtained through
simulation. The result shows that the dynamic channel al-
location method improves the system performance signif-
icantly when the system is heavy-loaded. Thus, it shows
the importance of dynamic channel allocation to efficient
usage of the wireless bandwidth.

We compare the access time performance of the exclu-
sive on-demand, exclusive broadcast, hybrid, and dynamic
channel allocation methods to observe their access time be-
havior corresponding to system parameters such as the size
of data items, frequency of data requests, number of chan-
nels used for the services, bandwidth of the channels in
the system, and number of data items accessed through
the services. The results show that the broadcast channels
outperform the on-demand channels when the data size is
large, the data access frequency is high, and when the band-
width of the channels is low. In other words, the broadcast
method performs very well when the system is overloaded,
while the on-demand method performs very well when the
system is light-loaded. Under all circumstances, the hy-
brid method has a very good access time because it mixes
the on-demand and broadcast channels to complement each
other. The dynamic channel allocation method performs the
best, since it has the flexibility to assign channels to either
broadcast or on-demand mode to optimize performance.

We observed that the exclusive broadcast method does
not scale up with the number of data items broadcasted.
Therefore, for uniformly distributed data accesses, on-
demand channels are more efficient than broadcast chan-
nels. Both broadcast and on-demand channels are sensitive
to the number of channels used. The broadcast channel
access efficiency may be significantly improved by adding
the first few more channels. However, after some point,
increasing the number of channels does not improve the
efficiency much. On the other hand, the access time of
on-demand channels might be dramatically improved by
adding a few channels to the on-demand service.

As for the future work, we will study the global channels
management issues for neighboring cells, in which channel
borrowing is allowed. Moreover, use of the broadcast chan-
nels as shared cache for the mobile users is an interesting
idea. A coherent approach for the caching, invalidation
and maintenance of data items through a combination of
the broadcast and on-demand channels needs further re-
search.

Appendix

In this paper, we use a M/M/c/m queue to model
on-demand service of the mobile computing systems. In

Table 3
Approximation of different queuing and analytical models.

ρ Simulated Analytic Heavy approx. Light approx.
results results error ratio error ratio

0.20 1.01 1.26 – 1.01 (0.0%)
0.60 1.01 1.10 – 1.01 (0.0%)
0.80 1.07 1.13 – 1.08 (1.0%)
0.95 1.80 1.82 – 1.77 (1.7%)
0.96 2.01 2.07 – 2.02 (0.5%)
0.97 2.48 2.48 – 2.44 (1.6%)
0.98 3.23 3.32 – 3.28 (1.6%)
0.99 5.45 5.65 – 5.83 (7.0%)
1.01 20.42 20.40 25.25 (23.8%) –
1.05 24.26 24.24 25.25 (4.1%) –
1.10 24.72 24.75 25.25 (2.1%) –
1.11 24.80 24.79 25.25 (1.8%) –
1.13 24.86 24.86 25.25 (1.6%) –
1.15 24.90 24.91 25.25 (1.4%) –
1.20 24.89 25.00 25.25 (0.4%) –
2.00 25.25 25.20 25.25 (0.0%) –

section 3.1.1 we simplify the access time formulae of the
M/M/c/m queue by approximation (equation (6)). Then
in section 3.1.2, when the system workload is light, we
use a M/M/c queue to replace the M/M/c/m and further
simplify the access time formulae (equation (8)). In this
appendix, we conduct simulations to show that the approx-
imations are acceptable.

Intuitively, when the system is lightly loaded, we can
assume that there is no request lost (i.e., all arrival re-
quests can get serviced within bounded time). Therefore,
the M/M/c queue has similar mean response time as the
M/M/c/m queue which consists of service time 1/µ and
waiting time. For a light-loaded system, the waiting time is
very small. According to the comparison studies made in
sections 5.1 and 5.2, the similarity between the simulated
results and analytical results suggested that the M/M/c
queue is a good approximation of the M/M/c/m queue
when ρ < 1 and m� c.

To clearly illustrate how good the approximation of the
M/M/c queue and the M/M/c/m queue is, we performed
an experiment where we assumed that there are 20 on-
demand channels in the cell and varied the traffic inten-
sity ρ. We assume that there are on average 500 mobile
computers in the cell.

Table 3 lists the access time obtained via experiments
and analytical study. The first column gives the differ-
ent values of ρ, the second column shows the results ob-
tained through simulation experiments,9 the third column
shows the analytical results obtained via equation (4), and
the last two columns show the results obtained by using
equations (6) and (8) for ρ > 1 and ρ < 1, respectively.
The error ratios with respect to the simulative results are
also shown in the last two columns of the table to illus-
trate how good the approximations are. It is obvious that
the approximated results are acceptable when ρ 6 0.98 and

9 The simulation program is the same as what we used in sections 5.1
and 5.2.
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ρ > 1.11. The error ratios are less than 2.0%. Thus, we
can conclude that the approximations match well with the
M/M/c/m queue.
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