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Abstract

Effective data management and resource manage-
ment are vital to the success of emerging mobile data
applications. This paper investigates the problem of
bandwidth allocation for data dissemination in a multi-
cell environment, which has received little attention in
the literature. The performance objective is to min-
imize the overall expected access latency. Optimal
allocation technique is obtained to effectively allocate
bandwidth among a cell cluster. We also extend the al-
location technique to the case in which there is a con-
straint on the bandwidth allocation granularity. Nu-
merical results show that the proposed schemes sub-
stantially outperform the uniform allocation and pro-
portional allocation schemes.

1 Introduction

Due to resource limitations in a mobile environ-
ment, effective data management and resource man-
agement are vital to the success of emerging mobile
data applications. There are two fundamental deliv-
ery methods for wireless data dissemination [1, 4, 6]:

e On-Demand Access: A client sends data re-
quests uplink to the server, and the server returns
the results to the client individually.

e Data Broadcast: The server periodically broad-
casts information to the entire client population,
and the clients monitor the broadcast channel to
retrieve the data of their interest.

On-demand access provides fast respohse for a light-
load system but the performance will deteriorate
rapidly as workload increases. On the contrary, data
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broadcast can scale up to a very large client popu-
lation and fit well to an asymmetric communication
environment.

A lot of work has been done on bandwidth allo-
cation for data dissemination in order to achieve a
better access performance [1, 3, 4, 6]. For data broad-
cast, [1, 3] proposed methods in which more band-
width is assigned to frequently accessed items and less
to infrequently accessed items such that the overall ac-
cess latency is optimized. In [2, 4], a hybrid system
is suggested to combine on-demand and broadcast-
based data dissemination. The bandwidth allocation
between on-demand access and data broadcast was
analyzed in [4, 6]. Unfortunately, these studies are
confined to single-cell environments.

In a multi-cell environment, such as a cellular net-
work, bandwidth allocation becomes much more com-
plex than that of a single-cell environment. This is
because neighboring cells in a cellular network are
not allowed to use the same frequencies for commu-
nication simultaneously because of signal interference
[8, 13]. As such, the available bandwidth for a sys-
tem is shared by a group of neighboring cells. On
the other hand, if two cells are apart sufficiently, the
same frequencies can be reused in these two cells.
As a result, bandwidth allocation cannot be con-
sidered on a cell-by-cell basis. Thus, the alloca-
tion of frequencies/bandwidth to each cell so as to
achieve better balance among the cells is a challenging
task. Although channel allocation for multi-cell voice
communications has been extensively explored (e.g.,
(5, 7, 8, 11, 10, 13]), these studies aim at minimiz-
ing call blocking/dropping probabilities or improving
carried traffic while ensuring certain level of QoS re-
quirement. On the other hand, the characteristics of
mobile data applications, which are mostly concerned
with access latency, are not considered at all.
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This paper investigates the problem of bandwidth
allocation for wireless data dissemination in a multi-
cell environment. As the first step, in this paper we
study this bandwidth allocation problem for a cell
cluster within which frequencies are not reused. The
objective is to find out the optimal bandwidth allo-
cation scheme which minimizes the overall data ac-
cess latency. Optimal allocation technique is devel-
oped to effectively allocate bandwidth among a cell
cluster. We also extend the allocation technique to
the case in which there is a constraint on the band-
width allocation granularity. The proposed allocation
techniques are evaluated by a set of experiments. Nu-
merical results show that the proposed schemes sub-
stantially outperform the uniform allocation and pro-
portional allocation schemes. '

The rest of the paper is organized as follows. Sec-
tion 2 provides a motivating example for bandwidth
allocation among different cells. In Section 3, the
bandwidth allocation problem is formulated. Section 4
describes the proposed allocation techniques. Numer-
ical results are presented in Section 5. Finally, the
paper is concluded in Section 6.

2 A Motivating Example

In this section, a simple example is presented to
motivate the study on bandwidth allocation for data
dissemination in a multi-cell environment. As men-
tioned before, the performance metric adopted in this
study is access latency, which is defined as the time
elapsed from the moment when a request is submitted
to the time when the request is serviced. In this simple
example, we assume that the cellular network consists
of two cells A and B, each of which is associated with
a database containing four data items of equal size
1 Kb. In both cells, the four data items are broad-
cast on air based on a flat broadcast program, i.e., in
a round-robin manner. A mobile client monitors the
broadcast in its current cell to retrieve the data of its
interest. Assume that the aggregate data access rates
are 1 and 4 for cell A and cell B respectively and
that a total wireless bandwidth of 6 Kbps is shared by
these two cells.- Table: 1 shows three different alloca-
tion solutions and their expected access latencies (The
calculation of the expected latencies will be described
in detail in Section 3).

In the first solution the bandwidth allocation is uni-
form. In the second method, the bandwidth allocated
to each cell is linearly proportional to its aggregate ac-
cess rate. From Table 1, neither of these two solutions
yields the best overall access performance. The best
overall performance is achieved by the third solution
which allocates 2 Kbps to cell A and 4 Kbps to cell

B. An intuitive explanation for this phenomenon is
as follows. For non-uniform traffic loads, a heavy-load
cell has more impact on the overall performance than
a light-load cell and hence allocating more bandwidth
to the heavy-load cell B can improve the overall per-
formance. However, if the bandwidth is over-allocated
to cell B, too little bandwidth is left to the light-load
cell A. As such, cell A has a very poor latency and
thus leads to a worse overall performance. This obser-
vation motivates us to quantitatively analyze the im-
pact of skewed bandwidth allocation and find a better
strategy in terms of overall access performance.

3 Problem Formulation

This section formulates the bandwidth allocation
problem for a cell cluster within which frequencies are
not reused. The bandwidth available for the data dis-
semination system covers certain frequency range of
the spectrum. If a certain frequency range is assigned
to cell 7, it cannot be used other cells to avoid interfer-
ence. It is assumed that data access requests follow a
Poisson process for each individual cell. For data dis-
semination, each cell employs the data broadcast or
the on-demand access method [1, 3]. For on-demand
access, the uplink cost is ignored because it is generally
very small and will not affect the performance results.
It is also assumed that the bandwidth allocated to a
cell can be aggregated to serve data broadcast or on-
demand access [4, 6]. To facilitate further discussion,
the following notations are defined:

e N: number of cells in the cluster;

e Np: number of cells that employ the broadcast
for data dissemination, 0 < Ny < N;

e B: total amount of bandwidth available for the

system; '

M;: number of data items for cell i’s database;

item; ;: data item j for cell i’s database;

Ai: data access rate for cell i;

A: total data access rate for the cluster, A =
N

Ei:l A"

e p;j: access probability for item;; in cell ¢,
TP =1

e ); ;: mean data access rate for item; j, i.e., A ; =
DijAi;

o [; ;: length of data item item; j;

e [?: sum of item sizes for cell 4, If = Z;l___‘l lij

e l;: average item size accessed for cell i, [; =

M;

> =1 Piglig

e 3; ;: space distance between instances of item; ;
in cell i’s broadcast program;

e b;: the amount of bandwidth allocated to cell i,
b; > 0;
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Bandwidth allocation (Kbps)

Expected -Access Latency (s) | Overall Expected

Cell A Cell B Cell 4 Cell B Access Latency (s)
Uniform 3.0 3.0 1.0 1.0 1.0
Proportional 1.2 4.8 2.5 0.625 1.0
Best 2.0 4.0 1.5 0.75 0.9

Table 1: An Example of Bandwidth Allocation in a Two-cell System

Without loss of generality, assume that cells
1,2,...,N, (0 < Ny < N) use the broadcast method
and cells Ny +1,... ,N (0 < Ny < N) employ the on-
demand access method. To formulate the problem, we
start by deriving the formula of the data access latency
for a single cell. Let’s first consider cell i where the
broadcast method is employed. Suppose that a total
of b; bandwidth is assigned to cell 7, and instances of
item; ; are spaced with s; ; in the broadcast program.
Thus, item; ;'s broadcast frequency is 3—”'; The ex-
pected access latency for item; ; is given by:

Pai) =315 1 cicMi<i<m. (1)
2b; b;

where the first term is the average waiting time and
the second is the service time.

The expected access latency for cell ¢ is obtained:

o A b [ Sis l .
P60 = Yopatd) =Y pis (Rl + )
j=1 Jj=1 ' '

1M
Li+ 5 Y21 Pijsiy
b; ’

1<i< N, (2)

It can be seen that 7’ (i, b;) is inversely proportional
to b;, and fb(z', b;) can also be expressed with

b,. 1
t (Z,b,) = 5-

)

?(,1). (3)

Now consider cell i where the on-demand access
method is employed. The system is approximately
modeled as an M/M/1 queueing model. Let I; denote

the average item size accessed for cell i and b; the
bandwidth allocated to cell i. The service rate is %F,

and we obtain the expected access latency for cell i:

1 l;
?o .; bi = = : )
(5,b:) B bl

Ny+1<i<N.(4)

Thus, we have the overall expected access latency
for the system as follows (0 < Ny < N):!

N

A -
——z—t(i, b;)
Z Zj\,:l Aj

i=1

z(bl,bz,... ,bN) =

1,3 02(,1)
= ./\-(Z;—-—‘ al’

N

A,’li
b — Ail; ) ®)

Our objective is to find out the optimal allocation
of a total of B bandwidth to each cell such that the
overall expected latency is minimized. The optimiza-
tion problem is defined by

i=Np+1

(BA) Minimize (b1, bo,... ,bn),  (6)
N
Subject to Z b; = B, M

i=1
where (b1, ba, . .. ,by) is given by (5).

4 Proposed Allocation Techniques

This section presents the proposed bandwidth al-
location techniques. We first analyze the optimal al-
location in Section 4.1, followed the extension to the
case in which there is a constraint on the bandwidth
allocation granularity.

4.1 Analysis of Optimal Bandwidth Allo-
cation

In this section, we present the analysis for the op-
timal bandwidth allocation. For the BA problem, it
is obvious that no feasible solution can be found if
B - Zi No+1 Aili £ 0. In this case, the system has to
increase the available bandwidth to offer a good ac-
cess performance. When B — Zfi Nya1 il > 0, the
following theorem is obtained.

1Throughout this paper, it is assumed that the result is 0 for
a sum function when its superscript is less than its subscript.
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Theorem 1 For the optimization problem BA, if B—
P Ny41 Aili > 0, the minimum overall ezpected ac-
cess latency is achieved when the bandwidth allocated
to cell i, b;, is given by

(VAP (B-S g1 Mili)
’ 25':1 ﬁa?"(i,1)+2?’=~,,+x VAl

f1<i< N
b; = ¢ ’

M(B-Ef;ﬂbﬂ z\ili)
T VAT GO+ TNy, 40 VET

+ )\,'l,;

L ifNy+1<i<N
The minimum overall expected latency is

1 ,
A(B = Tilnys Aik)

(ff\/xii"(i,1)+ D VAL @

1=1 i=Np+1

Z*(blabZ?-“ ’bN) =

Proof: This is a constrained-minimum problem. It
can be solved using the Lagrange multiplier theorem.
Please see [12] for the full proof. O

In the BA problem, Np = 0 refers to the case where
all the cells in the cluster employ the on-demand access
method. In the other extreme, N, = N refers to the
case where all the cells employ the broadcast method.

.In the following, for N = N we consider two kinds of
-broadcast schedules of particular interest to us.

Flat Broadcast:
broadcasts all its data items in a round-robin man-
ner. The space distance between instances of each
item;,; is the sum of item sizes for cell i, i.e., s;; =
E?’i"l l;,; = 1. Thus, we have the following corollary:
Corollary 1 When the flat broadcast schedule is em-
ployed in each cell, the minimurr; overall expected la-
tency, ;1,—3-(25__1 VAl + 118)) , s achieved when
the bandwidth allocated to cell i is proportional to
Vs + %lf . ’

The proof of this corollary is simply by following
Theorem 1 and substituting the parameters of s;,; and
ib(i, 1). Reconsider the example presented in Section

2. According to the above corollary, the minimum

latency is achieved when the bandwidth allocated to

" . 1{1x(1+4/2) _ 1
cell A and cell B follows the ratio of Vixarm

and the optimal latency is s (V1 % (1+4/2) +

®

Under this model, each cell

Vi x(1+4/2) )2 = 0.9. The result is consistent with

the example.

Optimal Broadcast: Flat broadcast is simple to
implement. However, its average access performance
is poor when the client access patterns are skewed.
For a single cell i, the minimum expected latency is
achieved when spacing s; ; of item;; is proportional
to square root of its length and inversely proportional
to square root of its access probability,? i.e., 8ij =
1/%’;2;‘21 Di,jli,j- Such a schedule minimizing the
expected latency is termed as the optimal broadcast

schedule. Therefore, following Theorem 1 we have the
corollary for the optimal broadcast schedule as follows:

Corollary 2 When the optimal broadcast

schedule is employed in each cell, let ¢ =

Z;.W:"l pijlij, the minimum overall expected la-
2

tency, ,\—15(2&1 v Ailli + 39:%) ) , is achieved when

the bandwidth allocated to-cell i is proportional to

VYrli+3a?).

4.2 Constraint of Bandwidth Allocation
Granularity

So far we have quantitatively analyzed the optimal
bandwidth allocation among a cell cluster. However,

" in some situations, there is a constraint on the band-

width allocation granularity. Suppose that the mini-’
mum bandwidth allocation unit is By, then the band-
width allocated to a cell must be n - B,, where n is
a positive integer. In this case, the bandwidth alloca-
tion needs to approximate the optimal result obtained

" in the previous subsection. A heuristic is proposed for

such situations.

The pseudo code of the heuristic is described in
Algorithm 1. It is a two-round bandwidth alloca-
tion scheme. In the first-round, the algorithm assigns
bandwidth to a cell according to the optimal solution
but truncates its fractional bandwidth. If the band-
width is 0 after truncation, we set it to B, to prevent
the expected latency becoming infinite. In the second-
round, if the remaining bandwidth is larger than 0,
a bandwidth of B, is repeatedly assigned to a cell
which achieves the greatest incremental decrease® in
the objective function £(1,2,... ,N) until the remain-
ing bandwidth is exhausted. On the other hand, if the

2This result can be easily obtained by extending the study
performed in {3, 9], where waiting time was employed as the
performance metric. .

3That is, A\it(3,bi) — MiE(3, b; + Bu), where (%, b;) is given in
(2) and (4) for broadcast and on-demand access respectively.
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remaining bandwidth is less than 0,* B, bandwidth is
repeatedly extracted from a cell which has more than
B, bandwidth and introduces the least incremental in-
crease (i.e., Ait(é,b; — By) — Ait(4, b;)) in the objective
function. The performance of this heuristic is investi-
gated in Section 5.3.

Algorithm 1 Bandwidth Allocation with
Allocation Granularity Constraint

(1) 1st-round allocation
remain_band := B;
sum._para = Zf_ﬁ‘l )\,-fb(i, 1)+ zﬁ‘;NbH Vil
N
L:= Ei=N5+1 Aili;
fori:=1to N do
ifi <= N, then
o | VAPGY  B-L .
bi = I-sum_p(ara " "B. -| ' B’“
else

b; := [(EAT%;(B — L)+ \li) &) - By;
if b; == 0 then b; := B,;
remain_band := remain_band — b;;

end for

(2) 2nd-round allocation
while remain_band > 0 do
select 4 for which A;E(4, ;) — Xit(3,b; + By)
is the largest;
b; := b; + By;
remain-band := remain_band — B,;
end while
while remain_band < 0 do
select 7 for which b; > B, and
)\ﬁ(’i, bi - Bu) - AJ(Z, bz) is the least;
b; := b; — By;
remain_band := remain_band + B,;
end while

5 Performance Evaluation

This section presents the performance evaluation
of the proposed bandwidth allocation techniques. We
first describe the experiment configuration in Section
5.1. Section 5.2 evaluates the performance under dif-
ferent levels of access skewness. The effect of the band-
width allocation granularity is examined in Section
5.3.

4This occurs when there are too many cells that have band-
width of 0 after truncation and are assigned B, bandwidth.

5.1 Basic Experiment Configuration

The basic experiment configuration is as follows. It
is assumed that there is a total of 672 Kbps band-
width available for the data dissemination system.
The database associated with each cell consists of
1,000 data items. Data item sizes follow an exponen-
tial distribution with a mean of 10 Kb. Data access
rates for the cells are set as follows. Each cell i is
assigned a relative access rate A7. If cell 7 uses data
broadcast, we set cell ¢’s access rate to AT since the
cell’s access performance depends on access probabil-
ities over items and is independent to its overall data
access rate. If cell ¢ uses on-demand access, we in-
troduce a factor of utilization rate p, unless explicitly
specified, cell i’s access rate is set to %A{, where
B is the total available bandwidth, A" is the average
of AI’s for the system, [ is the average item length and
N is the size of an interference cluster. In the exper-
iments, p is set to 0.5 by default. In each cell i, data
requests over the items follow the Zipf distribution [14]
with a skewness parameter of 8;, and 6; is randomly
chosen between 0 and 1. The experiment results are
obtained after the system has reached the stable state,
i.e., after 5,000 queries have been made in each cell.
A total of 1,000,000 queries are evaluated.

To take a close look at the effects of non-uniform
workloads, the size of the cell cluster, N, is set to 3.
For the three cells, the relative access rates are set to
base_rate’ (i = 0,1,2), and the access skewness pa-
rameters 6;’s (1 = 0,1,2) are randomly set to 0.20,
0.59, 0.38, respectively. In order to evaluate the per-
formance under different data dissemination methods,
all the cells employ either the broadcast or the on-
demand access method. For data broadcast, two kinds
of schedules, flat broadcast and optimal broadcast (3],
are considered.

In the experiments, besides the proposed allocation
algorithms, two additional allocation schemes are eval-
uated:

e Uniform Allocation: The bandwidth is uni-
formly allocated to each cell regardless of their
workloads. '

e Proportional Allocation: This scheme allo-
cates bandwidth to the cells skewly in an intuitive
way. The bandwidth allocated to a cell is linearly
proportional to its data access rate.

5.2 Effect of Access Skewness

In this subsection, the bandwidth allocation
schemes are evaluated under various levels of workload
skewness for the cluster. In the experiments, base_rate
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is varied from 1 to 6. The larger the base_rate value,
the more skewed the workload of the system. The
results are presented in Figures 1(a), 1(b), and 1(c)
for flat broadcast, optimal broadcast, and on-demand
access, respectively. In Figures 1{a) and 1(b), theoret-
ical lower bounds are calculated according to (9). In
Figure 1(c), theoretical lower bounds are not available
because they require solving the M/G/1 model which
is infeasible analytically. In the figures, the optimal al-
location denotes the scheme that allocates bandwidth
for the cluster according to (8).

From Figure 1, two observations are made. First,
among the three allocation schemes, the proposed op-
timal allocation scheme performs the best. For data
broadcast, in all cases, the performance of the optimal
allocation approaches the theoretical lower bounds
very closely. When the traffic loads are uniform in
the cluster (i.e., base_rate = 1), all the schemes have
the same performance. With increasing the work-
load skewness, the performance improvement of the
optimal allocation scheme over the uniform and pro-

portional allocation schemes becomes much greater.

This is particularly true for on-demand access. For
example, for on-demand access, when base.rate is
larger than 3, the uniform allocation scheme makes the

system exhausted because the heavy-load cells have

too little bandwidth, whereas the optimal- allocation
scheme can adjust bandwidth allocation among the
cells and achieve a very good performance. Second, al-
“though more bandwidth is allocated to the heavy-load
_cells in the proportional allocation scheme, its perfor-
mance is not good, on average 24% and 23% worse
than the optimal allocation scheme for broadcast and
on-demand access, respectively. It is observed in the
experiments that, in terms of variance (see Figure 2),

the optimal allocation scheme performs similarly to -

the uniform allocation scheme but the proportional
allocation scheme has a very worse performance. This
verifies our intuition that the need of allocating more
bandwidth to the heavy-load cells is over-estimated in
the proportional allocation scheme.

5.3 Effect of the Bandwidth Allocation
Granularity

This subsection investigates the performance with
a constraint on the bandwidth allocation granular-
ity. The performance of the proposed scheme is com-
pared to the theoretical lower bounds, which are calcu-
lated without the constraint. Since on-demand access
has no available lower bounds, only data broadcast is
evaluated. The uniform and proportional allocation
schemes are also included for comparison.. For the
uniform and proportional allocation, if the number of

allocated bandwidth units for a cell is not an integer,
the aggregate fractional bandwidth is re-assigned unit
by unit in a way such that the overall performance
is the best. The minimum bandwidth allocation unit
is varied from 224 Kbps to co™!, where co~! denotes
the case where there is no constraint on the bandwidth
allocation granularity. In other words, the number of
bandwidth allocation units is varied from 3 to oo. In
the figures, the optimal allocation denotes the scheme
that allocates bandwidth for the cluster using Algo-
rithm 1. .

Figure 3(a) and Figure 3(b) show the results for flat
broadcast and optimal broadcast, respectively. As can
be seen, the optimal allocation scheme performs pretty
well. When the number of allocation units is larger
than 15, it has a very close performance to the theo-
retical lower bounds. When the number of allocation
units is smaller than 15, its performance is only a little
worse. For example, when there are only 3 allocation
units available, the optimal allocation scheme is 19%
worse than the lower bound for both flat broadcast
and optimal broadcast. However, since in this case
the only reasonable solution is to allocate one unit for
one cell, in fact this is the best result that a practical
scheme could obtain. In all cases, the optimal alloca-
tion scheme performs no worse than the uniform and
proportional allocation schemes.

6 Conclusion and Future Work

Studies on bandwidth allocation for wireless data
dissemination in a multi-cell mobile network have been
limited in the literature. With the booming of mobile
data applications, it is believed that this bandwidth
allocation problem is becoming more and more impor-
tant. ‘

This paper has formulated the bandwidth alloca-
tion problem for a cell cluster, with the objective of
minimizing the overall expected data access latency.
Optimal allocation technique has been analyzed. We
have also proposed a heuristic for the case in which
there is a constraint on the bandwidth allocation gran-
ularity. Numerical results demonstrated that the pro-
posed optimal allocation techniques show a substan-
tially better performance than the uniform and pro-
portional allocation schemes for non-uniform work-
loads.

This paper represents the first step into the multi-
cell bandwidth allocation for wireless data dissemina-
tion. We are extending the work into a cellular mo-
bile network where frequency reuse is allowed. It is
assumed in this paper that each cell employs either
broadcast or on-demand access for data dissemination.
A third model is hybrid data dissemination, in which
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one needs to consider how much bandwidth is assigned
to a cell and how to allocate the assigned bandwidth
between broadcast and on-demand access. Thus, this
hierarchical bandwidth allocation problem becomes
more complicated, which deserves further work.
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