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An Improved Cell Type Classification for Random
Walk Modeling in Cellular Networks

Yu-Chee TsengMember, IEEEand Wei-Neng Hung

Abstract—in an earlier paper by Akyildiz et al, it is shown how
to classify cell types in a cellular network based on the random walk
model; the number of states is reduced from a naive classification of
(3n*+3n—5) ton(n+1)/2inahexagonal configuration, where
n is the number of layers of cells. By using a reflection relation, this
paper shows that the number of states can be further reduced to
(n+ 1)(n 4+ 3)/4 if nis odd, andn(n + 4)/4 if n is even.
These numbers are about half of that of Akyildizet al. Simulation
experiments indicate that our approach significantly reduces the
computational costs in the related probability derivation.

Index Terms—Cellular network, location management, personal
communication services (PCS), random walk, wireless communi-
cation.

I. INTRODUCTION

N PERSONAL Communications Services (PCS) systems,
the service area is covered by a number of cells. A mobile
subscriber (MS) may roam freely around cells. To evaluate the
performance of a PCS system, it is required to characterize the
movement patterns of an MS. In the literature, the most com-
monly used model is random walk [2]-[4], where it is assumqf?lg. 1. Akyildiz et al’s cell type classification in a 6-layer network.
that an MS may stay in a cell for a period and then move to any
of its neighboring cells with equal probability. )

Akyildiz et al. [1] showed how to classify cell types basedhe center cell and directly nextto _subal(ea-l_) ce_IIs are called
on the random walk model. It is proved thataayer hexag- Subarea-cells. A 6-layer network is shown in Fig. 1.
onal cellular network can be modeled by a transition diagramWhen modeling a mobile network, it is desired to determine
of n(n + 1)/2 states. This is a significant reduction comparetie probabilistic distribution of the number of moves before an
to a naive derivation of3n> + 3n — 5) states. Such reduction MS will move out of the LA starting from an arbitrary cell in the
further helps to reduce the computational complexity in anatA. This problem can be modeled by a state-transition diagram,
ysis and simulation based on the random walk model. Sevefdiere each transition is associated with a probability. By a naive
examples are raised in [1]. approach, we can assign each of 3a8 — 3n + 1 cells to one

In this brief contribution, we show how to use a reflection restate. However, this number of states will explode quickly as
lation to further reduce the number of cell types to about a halfincreases, sometimes making analysis and simulation works
that of [1]. Performance comparisons are presented to dem#ificult and costly.
strate the amount of saving in our approach. One approach to reducing the computational cost is to merge
equivalent cells to a single state, if possible. In [1], it is shown
that we can use 6 axes, each separated by 60 deg, to divide the

An n-layer hexagonal cellular network (or location area, LAgellular network into 6 subareas. Cells at equivalent positions
consists ofin? — 3n + 1 cells. For the description purpose, thén these areas are assigned to the same types, as shown in the
cell at the center is called a subarea-0 cell. The cells farther fraxample in Fig. 1.

The following definition shows when two cells are equivalent,
and can be classified as the same type.
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(n — 1)), boundary{n — 1, 0), boundary(n — 1, 0),
boundary(n—1, 0}}, where the prefix “boundary” means
that one neighbor of this cell is out of thelayer network.

3) For each cell of typé:, j), where2 < ¢ < n—1andiis
odd, the multiset containing neighbors of this cell depends
on the value ofj.

a) If 1 < j < |i/2] — 1, the multiset is{{: — 1, j),
(t=Lyg=1,0675-1,6GJ+1), G+175,
(t+1,45+ 1)}

b) If j = [i/2], the multisetiq (i—1, j), (i—1, j—1),

For each cell of typéi, ), where2 < ¢ < n — 1 ands
is even, the multiset containing neighbors of this cell will
depend on the value gt

a) If1 < j < |i/2] — 1, the multiset is{{: — 1, j},
(t=1Lyg=1,067-1,6G5+1), G+15,
(t+1, 574+ D}

b) If j = |i/2], the multisetis{{i — 1, j — 1), (i —

L j=1), ¢, 5=1), (¢, j=1), {i+1, j), (i +1, )}
Fig. 2. Our cell type classification in a 6-layer network. 4) For each cell of typén — 1, 5), wheren — 1 is odd and
j > 1, the multiset containing neighbors of this cell will
In the following, we describe our cell type classification. The depend on the value gt

stepsrecursively assign types to cells imalayer network from a) If j < [é/2] — 1, the multiset is{{¢ — 1, 5}, (¢ —
the inner subareas. Each cell in subaresill receive a type 1 j:1>, (@, j—1), G, j+1), boundary(;z—l ),
assignmenti, j) for somej. b’oundary(;z ) j)}i ’
1) The single cell in subarea-0 is assigned tye0). b) If j = [i/2],the multisetig (i—1, j), (i—1, j—1),
2) for:=1ton —1do {i, i), (i, j — 1), boundary(n — 1, j), boundary
a) In subared; identify the six cells that are adjacent to n—1, 5}
only one cell (which must be of typg — 1, 0)) in sub- For each cell of typén — 1, 5), wheren — 1 is even and
areafi — 1). Assign type(é, 0) to these six cells. j > 1, the multiset containing neighbors of this cell will
b) for j = 1to |i/2] do depend on the value gt
In subarea; the cells that are unmarked and are a) If j < |é/2] — 1, the multiset is{{(i — 1, j), (i —
adjacent to a cell of typéi, j — 1) are assigned 1. j:1>, (., j—i), G, j+1), boundary(’n—,l, i,
type (i, j). boundary(n — 1, j)}.
end for; b) If 5 = |i/2], the multiset is{(; — 1, j — 1), (i —
end for; . _ L, j—1), (i, j—1), (i, j—1), boundarn—1, j),
Fig. 2 shows how the above classification works in a 6-layer boundary(n — 1, j)}.

network. Intuitively, the network is still divided by 6 axes, each gssed on the above type classification, the state transition di-
separated by 60 deg. For each area, we further “fold” it by h"i‘ibram of an 6-layer network (= 6) is shown in Fig. 3. How-
along its center (shown by dotted arrows in the figure). Ce'@/er, in Fig. 3, we also add some absorbing states for mobile
are assigned to the same types through a reflection relationst|igscribers to move out of the curremdayer network. Fol-
along the dotted arrows. Take cells in subarea-5 for examg@mng the formulation in [1], for each celln — 1, j), where

The_ six cells adjacent to (and only to) cells qf tygk 0) are 4 = 0..[(n — 1)/2], there is an absorbing state, J> for this
assigned typ¢5, 0). The 12 unmarked cells adjacent to cells ghrpose. The probability associated with each transition can be
type(5, 0) are assigned typs, 1). Then the next 12 unmarked gerived based on standard random walk modeling techniques.

cells adjacent to cells of typ@, 1) are assigned type, 2). Under our classification, the total number of types is
Based on the following reasoning, we can claim that the above
type classification satisfies Definition 1. 1, n=1
1) Whenn = 1, the claim trivially holds, so we consider the (n+1)(n+3) .
cases where > 1 in the following. S(my={ 4 n>landnisodd
2) For each cell of typéi, 0), wherel < ¢ < n — 1, the n(n +4) _
multiset containing neighbors of this cell {¢ — 1, 0), 4 n > 1landn is even.

(2, Lmod 4}, (4, 1 mod 4), (¢ +1,0), (i + 1, 1), (i +

1, 1)}. Note that the “mod” operation takes care of th&or example, fom = 6 and 7, there are 15 and 20 states, re-
special numbering for cells in subarea-1. For each cell spectively, as opposed 21 and 28 states in [1], respectively. As
type{n — 1, 0), the multiset containing neighbors of thisn increases, the reduction in the number of states is about half
cellis{(n—2, 0),(n—1, 1 mod (n—1)),{(n—1, 1 mod compared to [1].
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Fig. 3. State-transition diagram under our classification in a 6-layer hexagona 1 o 3 4 5 6 7 8 9 n

cellular network.
Fig. 4. Comparison on the CPU time required to comghite .., .
Ill. ANALYSIS AND COMPARISON

Flops
Based on our classification, we derive the probability oe.11
distribution for an MS to move out of an-layer network  20E w@mALch
starting from the center cell. We then show experimental results k- Ours | /f
to demonstrate the saving on computational costs with our T00E+11 |
classification. 8.00E+10 +

With S(n) states, the transition probabilities between states 4 ;oe.10
can be represented by &lin) x S(n) matrix /a

4,00E+10 |
0 1 0 0 0 2.00E+10 //

0 0 0
1/6 1/3 1/6 1/6 0 000 0.00E+00 T
0 1/6 0 1/3 1/6 0 0 0 o2 3 45 87T 8 9
0 1/3 1/3 0 0 0 0 0 Fig. 5. Comparison on the number of floating-point operations required to
computeK ¢, o, 4.
pP= 0 0 1/6 0 0 0 0 O
To demonstrate how much benefit can be obtained by our type
classification, we computed (4) by using MATLAB 5.0. The
0 0 0 0 o --- 1 00 similar expected value derived by reference [1] was also imple-
O 0 0 0 0 -0 1 mented (termed as ALLC). Note that we chose to use MATLAB
instead of hand-written codes for fairness reason (code gener-
0 0 0 0 o --- 001 ation and optimization are expected to be similar). The exper-
Let's define thekth P as foll . iments were run on an IBM PC-compatible with AMD Athlon
ets define power ol as Tollows: 750 MHz CPU with 384 MB RAM and Windows 98. We com-
N P, ifh=1 pared the computational complexity to derive these two for-
P = {P x PE=D i k> 1 (2) mulae. Fig. 4 shows the computational cost (obtained by the

cputime command). As can be seen, the reduction is at least
by a factor of a quarter. Fig. 5 shows the numbers of floating-

it (k)
Intuitively, the elemenp(% y{ (=" y") L point operations being used in these two formulas (obtained by
thatan MS moves from state, y) to state(«’, y') with exactly {hefiops  command). The reduction is about an order.

k steps. Following the derivation in [1], the probability that an |, summary, we have proposed an improved cell classifica-
MS initially resides at &z, y) cell, moves into gn — 1, j) cell  tion in a cellular network, which can be used in the random walk
at the(k — 1)th step, and then moves out of the network at th@odel to evaluate mobile subscribers’ roaming behavior. Our
kth step, is approach significantly reduces the time complexities for random
walk modeling.

., in P®) is the probability

Pz, y), (n, ) fork=1

Dk, (=, y), (n,5) = { (k) (k—1)
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