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Abstrace—This paper presents an elegant technigque for solving
the chamnel assignment problem (CAP) for second generation
(2G:) cellular mohile networks, where channel allocation is made
on a quasi-fixed bhasis and all sessions are connection oriented.
It first maps a given CAP P to a modified coalesced CAP P/
on a smaller subset of cells of the network, which appreciably
reduces the search space. This helps to solve the problem P by
applying approximate algorithms very efficiently, reducing the
computing time drastically. This solution to P’ is then vsed to
solve the original problem P by using a modified version of the
forced assignment with rearrangement (FAR) operation reported
by Tcha et al. (IEEE Trans. Veh. Technal., vol. 49, p. 390, 2000). The
proposed technigue has been tested on well-known benchmark
problems. It has produced optimal solutions for all cases with an
improved computation time. For instance, it needs only around
10 and 20 s (on an unloaded DEC Alpha station 200 4/233) to
get an optimal assignment for the two most difficult benchmark
problems 2 and 6, respectively, with zero call blocking, in contrast
to around 60 and 72 s (on an unloaded Sun Ultra 60 worksta-
tion) reported by Ghosh et al. Moreover, as a by-product of this
approach, there remain, in general, many unused or redundant
channels that may be used for accommodating small perturbations
in demands dynamically.

Index Terms—Benchmark problems, cellular networks, channel
assignment, fixed bandwidth, minimum span.

. INTRODUCTION

N RECENT years, the number of mobile users has grown

up rapidly, whereas the communication bandwidth for pro-
viding service o them has grown very moderately. Hence,
the problem of using the rdio spectrum efficiently o satisfy
the customers” demands has become a cntical rescarch ssue.
This paper considers second generation (2G) cellular network
systems, where ibis assumed that the demands of the cells
are known a priori, and the channels are o be allocated 1o
the cells statically to cater sesswms that are basically con-
nection oriented. Here, the key factor is the reuse of radio
spectrum i cells avoiding channel intederence. Neglecting

other influencing factors, we assume that channel interference
is primarily a function of frequency and distance. A channel can
simultaneously be used by multiple base stations if their mutual
separation 15 more than the repse distance, e, the minimuom
distance at which two signals of the same frequency do not
mterfere. In a cellular environment, reuse distance 15 vsually
expressed in units of number of cells. Based on that, three
types of interference are generally taken ino consideration:
1} cochannel interderence, due to which the same channel 1=
not allowed to be simultancously assigned o a par of cells that
are not sufficiently far apart, 2) adjacent channel interference,
for which adjacent channels are not allowed o be assigned to
cerain pairs of cells simultaneously, and 3) co-site interfer-
ence, which implies that any pair of channels assigned o the
same cell must be separated by a centain mimmum distance in
frequency. The task of assigning frequency channels o cells
satisfying the frequency separation constraints with a view 1o
avording channel imederence and vsing as small bandwidth as
possible 18 known as the channel assignment problem (CAP).
In its most general form, CAP 15 equivalent o the generalized
graph-coloring problem, which 1s a well-known NP-complete
problem [2].

Eadier works on approximate algorthms for channel as-
signment can be broadly classified into two categories. For
the first category of CAF, these approximate algorithms first
determine an ordered st of all calls and then assign channels
determimstically to the calls o minimize the required band-
width [6], [16], [18]. [20]. For the second category of CAP,
given the bandwidth of the system, the approximate algorithms
formulate a cost function, such as the number of calls blocked
by a given channel assignment, and then nes w0 minimiee
this cost function [3-[5], [10], [12]. [13], [17], [19]. [23].
The advantage of the first category of algorthms is that the
derived channel assignment always fulfills all the interference
constraints for a given demand, but it may be hard to find an
optimal solution in case of large and difficult problems, even
with gquite powerful optimization tools. On the other hand, for
the second category of algonthms, it may be impossible o min-
imize the cost function to the desired value of zero, in case of
hard problems, with the minimum number of channels. In [9],
the authors combined both of the above methods and proposed
the combined genetic algonthm (CGA) that generates a call
list in each neration and evaluates the gquality of the generated

all hist following the frequency exhavstive assignment (FEA)
strategy.

In order o compare the performance of these algorthms for

nnel assignment, some well-known benchmark imstances,
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Fig. 1. Benchmark cellular network.

commonly known as Philadelphia benchmarks, are widely
used in the literature [6], [7] [9[11] [13[ 18], [20]. These
benchmarks are defined on a 21-node cellular network shown
in Fig. 1. Here, cach node represents a cell, and two nodes
are connected by an edge, if the corresponding cells share a
common boundary. The demands of the cells are represented
by any one of the two nonhomogeneous demand vectors Iy
and D5 shown in Table L The column ¢ in Table [ indicates
the channel demand from cell ¢ corresponding 1o Dy or Da.
These benchmark instances have been defined on the hexagonal
cellular network assuming a two-band buffering restriction,
ie., intedference does not extend beyond two cells from the
call origmating cell. It has been assumed that for avoiding
channel interference the calls in the same cell should be sep-
arated by at least sy channels, and the calls in the cells that
are distances of one and two apant should be separated by
at least s; and so channels, respectuvely. Table 11 shows the
specifications of these eight problems (problems 1 through §)
in terms of the specific values of s, s, and ss for a two-band
buffering system and the comesponding demand vector used
for each of them.

Among the eight Philadelphia benchmark instances, it is
relatively easier o denve the optimal solutions for all the
problems except 2 and 6, because in all those six cases the
required number of channels 15 primarily limited by the co-
site interference constraint only. Most difficult is, however,
to get the optimal solution for the other two Philadelphia
instances—problems 2 and 6 [9], [18]. For example, the as-
signment algorithm given in [10] required 165 h of comput-
ing time for problem 6 on an unloaded HP Apollo 9000/700
workstation but producing only 4 nonoptimal solution with
268 channels (optimal solution requires only 253 channels).
Later, however, the authors in [9] proposed an algonthm that
provided optimal solutions for both problems 2 and 6 with a
running time of 8 and 10 min, respectively, on the same work-
station. Among later works, the frequency exhaustive strategy
with rearmngement (FESR) algonthm m [11] and the mndom-
reed saturation degree (RSD) heuristic presented i [ 18] also
produce only nonoptimal solutions 1o benchmark problems 2
and 6. However, combining their RSD heurstic with a local
search (LS) algorithm, the authors in [ 18] were able o find
an optimal solution for problem 2 but not for problem 6.
Recently, an efficient heuristic algorithm has been proposed in
[20], which also produced nonoptimal results for problems 2
and & with 463 and 273 channels, respectuvely. Most recently,
ziven the concept of a critical block of the hexagonal cellular

network, the authors i [21] proposed a novel algonthm that
provides an optimal assignment for problems 2 and 6 with rela-
tively less computation time than that in [9]. The critical block
approach [21] requires only around a few seconds for optimal
channel assignment of the other six benchmark instances on an
unloaded Sun Ultra 60 workstaton. For benchmark problems 2
and 6, however, the approach requires only around 60 and 72 s,
respectively, onthe same worksiation. Hence, so far, the scheme
reported in [21] has produced the best results i least ame for
all the benchmark problems.

In this paper, an elegant technigue is presented for solving
the second category of CAP, which first maps a given CAP P
to a modified problem P {coalesced CAP) on a small subset
of cells of the network, offering a much reduced search space.
This helps solving the problem P° by applying approximate
algorithms more efficiently. This solution to P’ is then used 1o
solve the original problem P. However, based on the solution
obtained for P, two possible situations may arise: 1) the solu-
tion o P derived from the solution to P results in zero call
blocking, ie., it is an admissible solution for P or 2) if all
requirements for P are not satisfied by the solution o0 P/,
resulting m call blocking. An algorithm s then presented that s
a modified version of the forced assignment with reamrangement
( FAR) operation reported in [11]. Application of this modified
FAR (MFAR) operation o well-known benchmarks generates
optimal results for all of them. Also, computation lime is
improved even over that of the eritical block approach reported
i [21]. Moreover, this approach results, in general, in some
unused or redundant channels that may effectively be utilized o
solve the perturbation-minimizing frequency assignment prob-
lem (PMEAF) [11] dynamically.

The problem is formulated in Section 11. Section 111 describes
the construction of coalesced CAP. The technique for solving
the original problem is presented in Section V. Section V
shows the simulation results. Finally, concluding remarks are
included in Section V1.

II. PROBLEM FORMULATION

We use here the same model w represent a CAP as described
in [1], [6], and [8]. This model is described by the following
COMPONEnts:

1) aset X of n distinct cells with labels 0.1, ... ,n — 1;

2) a demand vector W = (w) (0 < i < n— 1), where uy
represents the number of channels required for cell 4;

3) a frequency separation matnx O = (o), where & rep-
resents the minimum frequency separation requirement
between a call in cell ¢ and a call in cell j (0 <4,
je=n—1);

4) afrequency assignment matrix ® = (¢, ), where oy rep-
resents the frequency assigned o call § in cell 4 (0 <4 <
n—1,0=<j<w —1) The assigned frequencies ¢, ;s
are assumed o be evenly spaced and can be represented
by integers = 0

5) a set of frequency separation constraints specified by the
frequency separation matrix [¢ue — ¢y = ey forall 4, j,
fz, ! {except when both i = jand k= [).
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TABLE 1
Two DNIFFERENT DEMAND VECTORS FOR PHILADELPHIA BENCHMARK PROBLEMS
Collme] 000 204 & G 7 & 0% 1010 12 T804 TR 16 1T 18 1% 20
I 2R BB A 1A IERETY BRI 06 A In 36 ORT 2R 2 1010 R
I S50 0 M OTE U R WS A0 U AQ A5 20 30 25 15 14 3 20 2 25
e _'J'-"*_‘EEE s _ for some or all i. Then, the frequency assignment & is said 1o be
RFECTRICANIGI G RENCHMARE: EROBLEME not admissible, and b = (w; — ') (where v < ;) calls are
Problems el s 78 blocked in the cell i by ®. We represent the set of blocked calls
Frosquency  jwn| 3 5 7)) 75085 7 7 by means of the vector BL = (b,). Then, the total blocking
seiulivn |5 | a I 2 L 2 112 e cvehat So dafirerd ac
el b B I A A B L of the system is defined as
Iremanid veeror T | e I Ty B 10 Ty Dy
i=r—1
BLI-:JI al = Z il?.'-
=]

Based on this model, a CAP P can be characterized by the
trplet (X W) A given CAP can be typically represented by
means of a graph G, where the k-th call to cell i is represented
as 4 node vy, and the nodes vy and vy are connected by
an edge with weight e if ¢ = 0. This graph is referred to
the CAP graph in [1]. Then, the channels are assigned o the
nodes of the CAP graph in a specific order and a node will
be assigned the channel comesponding o the smallest integer
that will satisfy the frequency separation constraints with all
the previously assigned nodes. It is evident that the ordering
of the nodes has a strong impact on the required bandwidth.
Suppose there are m nodes in the CAP graph, where m is the
total requirement, ie., m = S0 " w,. Therefore, the nodes
can be ordered in m! ways, and hence, for sufficiently large
m, it is impractcal to find the best ordering by an exhaustive
search. Instead, more time efficient heuristics are necessary Lo
find an optimal or near-optimal solution 1o the problem.

A frequency assignment © for P is said to be admissible
if o5 satisfy component 5 above for all 4, j, where () <4 <
n—1land 00 < § < wy; —1. The span 5(®) of a frequency as-
signment @ is the maximum frequency assigned Lo the system.
That is

S(P) = max gy;.
]

Thus, the objective of the first category of CAP is to find an ad-
missible frequency assignment with the minimum span S, (P,
where Sp(P) = min{ 5| & is admissible for P}, This class
of assignment problem is known as the minimum span fre-
quency assignment.

For the second category of CAP, we look for the channel
assignment when the bandwidth B of the system is given,
which may even be smaller than the required lower bound on
bandwidth for the given problem. Depending on B, it may or
may nol be possible to satisfy all the channel demands of each
cell unless B is sufficiently large. Thus, a solution to this variant
of CAP may, in general, leave some blocked calls. However,
the objective i this case 15 W minimize call blocking as far
as possible. This class of assignment problems is known as
the fived bandwidth channel assignment. Suppose, due to the
bandwidth constrint, only w) channels are assigned to cell 4
instead of w; inanassignment & = (gy; ) for P, where w)] <

Given the bandwidth I¥ of the system, the objective of this fixed
bandwidth formulation of CAP is to find & for P such that
B L 18 as low as possible. We find a solution to this problem
by using a coalesced CAP as explained below.

III. CONSTRUCTION OF A COALESCED CAP

For a given CAP P, initally the first category of algonthms
is applied to find a solution assuming a single demand per cell.
This solution is now used to construct the coalesced CAP P,
Here, the algorithm to generate a coalesced CAP P’ from the
given CAP P follows.

Algorithm Consiruct_Coalesced_Cap

Step 1: Define the CAP P* = (X*, W*, (") from the given
CAP P=(X.W.C) such that X*=X, ("=
', but W* = (w}) = (1), ie., wf =1¥i (0 <i<
n—1). Note that P* is nothing but P with the
homogeneous single demand per cell.

Find an admissible frequency assignment $* for P*
applying a suitable algorthm of the first category
(e.g., thealgorithm GA in [22]). Letag, aq, - . ., e
be the z (2 < n) different channels assigned by &,

Step 2:

Example [: To demonstrate this step, let us consider a
practical assignment problem from Helsinki, Finland [5], [ 18],
[20], to be referred later as problem 9. The example CAP
P = (X, W, " has been formulated on a 25-cell system of
nonhexagonal structure whose frequency separation matrix
and demand wvectwor TV are shown in Tables I and IV, e
spectively. The entry corresponding o the dth row and jth
column in Table [, Le. ¢, represents the minmmum frequency
separation requirement between a call i ocell @ and a call
in cell 7 (D<4,7 =< 24). The column i of the row Dy in
Table IV indicates the channel demand 1wy from cell 1. Next,
the problem P* = (X, W*_ (") is derived from P (problem 9
defined above), where X* =X, C* = O, but W* = (w}) =
(1). Table ¥V shows an admissible solution €* for P*, where
column 7 indicates the channel assigned 1o cell 7. Note that
&* needs = = 8 channels, namely, ag = 0, a;
respectuvely.
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TABLE 111
FREQUENCY SEPARATION MATRIX FOR PROBLEM 9
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TABLE 1V
DEMAND VECTOR FOR PROBLEM 9
Ceftvos: 00 1 23 4 56 759 1011 12 18 14 15 16 L7 15 1% &0 21 23 23 24
£ Milessdnyaes 889 1057 7 6 4 5 0 7 6 42 5 7 3
TABLE V
HOMOGENEOUS SINGLE-CHANNEL ASSIGNMENT FOR PROBLEM 9
Ceflps] 0023 56788 00 1012 13 6015 16 17 18 1% 20 21 2223 24
” AEHIA LTI 2 2 7 0 3 s 2 a4 |40 v s 1A

TABLE VI

MATRIX «'(a;, a; ) FOR PROBLEM 9

TABLE VI

643

CHANNEL ASSIGNMENT FOR COALESCED CAP P' OF PROBLEM 9

ool | an a0 de ap @y an G ay Nodes — op e oan o0y a4 owy ap ng
e 7 1 1 1 1 [ 1 1

riq L 2 1 1 1 1 1 L 21 [ e 1 L4 2 3 13

Iy 1 1 2 1 1 1 1 1 a5 o T L 2w 13 ad

i 1 1 1 z 1 1 1 1 a7 L 10 = 2% lei 1T 22

(4 | | | | 2 I | | A 34 Al 145 3 12 > Al

s | | | | | 2 | | 14 A5 17 15 % 24 36 1151

i L | | | | L @ L e AR G 25 nh N Y i¥]

riy L 1 1 1 L 1 1 4 T &l [ A3 (20 L7H 12 A1

65 GG 5T T Gl BT IS <

G T 4T LI 33 44

it a3t L4

Step 3: Construct the coalesced CAP P = (X' W' ") 0
I}'um $* using ll:n.,.lullw.mg four substeps. T = = T T = e
Step3.1: Let Y(d) be the set of all cells where S = = = 5 = R SR T

Exampfe 2: For the problem P* in Example 1, the admis-

channel a; has been assigned in &*. Since

every cell demands only one channel,
Y{iin¥(j) = NULL for i # j. On the

other hand, since ©° 15 admissible, X* =

=z—1v" i
UiSs Y (E).

Step 3.2: Compute the maximum entry in O (the fre-

quency separation matdx of P) for every
pair of cells u and v, u € ¥{i), v € ¥{j),

sible assignment ®* is shown in Table V. Note that channel 0

has been assigned to cells 7, 13, 20, and 24. Hence, Y(0)) =
Y(1) = {4,6,18 23}, Y(2 =
Yi4) = {9,19}, ¥(§ =
{0,3,17}, Y (6) = {1,8,15,22}, and Y(7) = {12,21}.

{7,13,20,24}.
{5,10,11, 16},

Similarly,
Yi3) = {2,14},

dlaya;) = (Y (i), Y(5) =

where () <4, < z—1.

I

and denote it by ' (a;,a;). That is

{e,nl

1 R RIS A
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TABLE VI
COMPLETE CHANNEL ASSIGNMENT FOR PROBLEM 9

Cotle — 01 1 pr: 3 4 7] [ T & = 1 11 12 13 14 15 18 17 18 1= 24 21 28 23 24
a 3 1 2 o 4 [ L 3 1+ 4 4 13 21 1 3 ! 2 (K 14 21 12 3 [k a1
9018 4@ H 3 7 ] 2ho1n 28 07 T AP zZhH 15 7 H 3 dEO2RMMIOTH A 2h
l&i 17 & g 11 1o 11 27 1v 2W 10 10 3z 27 H 17 10 ké 11 249 27 23 17 11 &7
14 25 13 10 34 31 34 40 23 32 31 31 340 40 13 25 51 19 34 32 40 30 23 34 40
24 36 1w 24 A0 47 45 44 36 39 47 4F 3h 44 18 36 47y 24 A0 89 44 40 d36 45 44
33 38 38 33 48 51 45 58 38 45 &1 51 5T && 2 38 61 33 42 bB& GBS 3T 38 45 LB
DM A2 A8 DE &L Gd B0 Y142 &E Gd dd 41 F1 044 a2 Gd DH &l 342 FT1T 471 42 @i Tl
Bl &0 &7 Gl 65 6d 65 50 T2 468 Ga 460 T &80 66 gl G T 46 BO Gh
G4 32 467 G4 G685 TG 08 52 ThoT0 490 67 &2 TO g4 S8 4% 52 43
Y &6 (3] GE i<l afli (ks [ S 1]
34 5% 34 5%
T — 10 11 = 1 9 & L T 11 = o & 7 & 11 © 10 = & T 10 11 & v
T — 100 17 8 ] 9 il ] D A ] ] L] 10 F T 3] il ] ¥ K ] 1 F] T ]

Exampfe 3: For the problem in Example 1, from Table 111,
we gel Y0, Y1) =cag,a1) = 1, ie, 1 is the maxi-
mum among all e;;s, whered € ¥Y{0) = 47,13, 20,24} and j £
Y1) =1{4,6,18,23}. Al ¢/(a;,a0,)s (0 < 4,7 = 7) are shown
in Table V1.

Step 3.3: Find the maximum weight among all cells
in ¥'(i), and denote it by M {a;). That is

Mia)) = M(Y{i) = Jl:g."irnj:]{u:_,}-
where () <¢ < z— 1.

Example 4: For the problem in Example 1, the demands of
cach cell are given in Table IV, From this table, M{Y(0)) =
Miag) = 7, ie, 7 is the maximum demand among the cells
in Y(0) = {7,13,20,24}. Similarly, M(a,) = 9, M{as) = 9.
Miaz) =19 Moy =8, Mas) =10, Mag) =11, and
Mia-) = 10.

Step 3.4: Represent all the cells in ¥'(4) by a sin-
gle node N(Y(4)) of a weighted graph
', where the weight of a node N{Y (i)
is M{Y{i)). Connect nodes N{¥{i))
and N(Y(j1) by an edge with weight
Y)Y () f (Y (), Y (7)) =0, and
Lerminate.

This graph (" is termed as the coalesced CAP graph. The cor-
responding coalesced CAP P = (X', W' (") is represented
by the following components:
1y a set X'=({N{¥{))) (0<i<z—-1) of z distinct
nodes, where node N{Y(d)) represents the set Y(i) in
4 of P*,

2) a demand wector W' = (M{¥{d))), where MY (1))
represents the weight of the node N{Y(d)) in (7,
0<i<z-—1;

3) a frequency separation matrix O = (Y (), Y (7)),
where ¢(¥(d), Y (7)) represents the weight of the edge
between nodes N{Y(i)) and N{¥(j)) in G, 0 =<4,
j=z-—1;
a frequency assignment matrix &' = (¢, ], where ¢,
represents the frequency assigned to call § in the node
NY()(0<i<z—1,0< < MY(i))—1);
a set of frequency separation constraints  specified
by the frequency separation matnx |¢f, — | =
SV, Y forall 4, §, &, ! (except when both i = j
and & = [). |

Once P is constructed as above, the objective is now to find
an assignment ® for this P with a given bandwidth B,

Example 5: The coalesced CAP P’ = (X' W', ") for the
problem P = (X, W, () in Example 1 is given by X' =
(N{a,)), 0<i <7, W =(7,9,9,9,8,10,11,10), and C’ is
as given in Table VI

Lemma [: The given CAP P and the coalesced CAP P are
equivalent iff = = n. For z < n, the total search space of P’ is
always less than that of P.

Proaf: Cleady, if z = n, problems P and P have the
same number of nodes having the same weights, and O = (7.
Hence, there is no reduction in search space after transferring
Fuw P

As explained in Secton 11, the number of nodes and their
demands i a CAP graph actually detenming the total search
space for a given CAF. Let the sum of demands on all cells for
problems P and P be T and 77, respectively. Hence, the CAP
eraphs for P and P’ will have T and T nodes, respectively. If
z =, T" must be less than T because the sum of the demands
of all the cells in ¥(4) has been replaced by the maximum of
|

4

3)

those to contribute to 7. Hence, we have the proof.

IV, PROPOSED TECHNIQUE FOR SOLVING THE ORIGINAL
CAP FROM THE COALESCED CAP
Transforming the original CAP P = (X, W, ') 1o the coa-
lesced CAP P = (X', W' "), we apply a suitable algorithm
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TABLE X
DERIVED CHANNEL ASSIGNMENT FOR P OF PROBLEM 5

Nodes — ap Qg o T B o5 26
1
/\/\/.\/V\/ {} 1 2 3 - 152 hey
5 6 7 & g 164 103
N . i[ : ril Ldx Ll 12 13 14 Lad LaE
15 L | 1% 14 174 113
7 |~]m A 200 2l 22 2 24 184 11
20 20 7 a6 249 1atd 134
Fig.2. Single-channel assignment of the benchmark problem 5. ath 41 t2 "'{:Tj 44 194 124
a6 a6 3T AR R 1=] 199 135
Af} 11 42 135 141 209 138
TABLE IX 45 A0 1T 15 A 211 143
FREQUENCY SEPARATION MATRIX FOR F* OF PROBLEM 5 B E1l 50 5q 54 210 14m
— — S 55 50 &7 58 50 153
CRRLICRCES B NRCTILS UL ML I Eid b (] G £ fiel Lhs
i1y 11 1 1 11 BE BB 6T &5 60 L%
213 1oy 11111 TH 71 Tz TH 74 16
2 11 7 1 1 11 ™7 7T TH TO 173
i 1 1 1 T 1 1 1 Hil =1 f-34 fada] s 178
ity 1 1 1 1 v 1 1 8N 34 BT 2323 H 183
o, | | | | 1 7 1 G} Gl [E]r Q3 a4 135
o 1 1 1 1 1 1 i =)=} 1oL T Qs a5 193
1406 10s 102 154 104 195
145 111 107 177 1iu 2003
of the second category of CAP 1o find a frequency assignment .H:I i,l;r.f HE ii% ﬂi it:ﬁ
$' of P with a view to minimizing the number of blocked calls 120 195 I’Jé li-li‘r 124 21;._.;
BLia. The assignment &' may or may not be admissible, 135 131 127 187 129
depending on the available bandwidth . Hence, to derive the Ta0 188 132 202 134
required assignments for P, we consider the following two 156 141 1aT o o7 138
- 14 146 142 212 14—2?
) ) i : ‘ 145 151 147 217  14%
Case I Assignment ' is Admissible: In this case, an admis- 150 156 157
sible frequency assignment for P can be derived by using &' by 155 16l I5T
means of the following theorem. Led  Led 1432
Theorem 1: Given the problem P = (X, W, ) and the Li5 LZL IEZ
bandwidth B, if the frequency assignments & for P' are ::,__f ::;,s_lﬁ :;;
admissible, an admissible frequency assignment for P can be 180 186 201
derived from @', 185 161 208
Progf: To get an assignment of P from &, all the cells 181 186 211
in ¥'{d) (0 <4< z— 1) are assigned the same set of channels ios 204, 219
assigned 1w N{Y(4)) in &', This assignment must satisly the 333
inlerference constraints because in P, (Y [, Y( 7)) is the EJ.-?I
maximum among all e in O, where i € ¥Y(i) and j € Y (7). oln
This assignment must also  satisfy  the demand  vector 220
W = (), since in P, MY (i) is the maximum among all
wys in W, where ¢ € ¥(4). m . N .7
When it is admissible, & not only satisfies all the require- Ta — e a2 2 Ll 23
ments of P but also provides some redundant channels. 1f cell
i has been assigned uﬂ channels while the requirement was s, o — ar, 40 A0 a0 %[ 14 ar

and w, = wy, then vy = () — w; ) number of channels remains
unused or redundant in cell 4. This set of redundant channels
is represented by the vector B = (r;). The total number of
redundant channels 17y, of the system is

t=rn—1

Rawi= Y p

=l
Example 6: For the problem i Example 1, the denved
problem P’ has been completely described in Example 5 above.
One solution to P* has been obtained by the algorithm in [9]

(a GA-based algorithm for the second category of CAP), as
shown in Table VI, where entries in row T, indicate the total
number of channels assigned to each node, and those in row
T, indicate the wtal number of channels actually required for
each node (in all subsequent tables, T, and T, will indicate the
same meaning as mentioned here). In Table V1L, the ows T,
and T, are identical with the demand vector W of P In other
words, the frequency assignment of Table VI is admissible.
The complete assignment following Theorem 1 has been shown
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in Table VI Now that the same set of channels assigned
to node N(Y(0)) has also been assigned to all the cells in
Y0y = {7, 13,20, 24}, Itis easy to verily that this assignment
is also admissible for P. In addition, this assignment keeps five
redundant channels i cell 3. Stmilarly, the redundant channels
for other cells can be computed, and we get B = (0, 0,0, 5,0, 5,
4,0.7,0,1,0.0,0,2,5,5,5,4,1,1,6,6,2,2) and Ry = 61.

Case 2: Assignment ' i not Admissible: In this case, the
given bandwidth B is not enough to satisty all the requirements
for . Let us assume that &' satisfies the demand vector
W" = (w) instead of W', where w] < w! for some or all 4.
From &', if we assign all the cells in ¥{i) (0<i<z2-—1)
the same set of channels assigned o N{Y'({)), there will be,
in general, some blocked calls in some cells, as well as some
redundant channels in some other cells. We denote the blocked
calls and redundant channels produced by this assignment as
BL = (b)) and R = (r;), respectively, where b, = wy — u, if
wi <y and O otherwise, and r; = (w] —wy ), if wf > w;

and 0 otherwise. We then try o assign the blocked calls in
B L by appropriately using these redundant channels in i and
other available free channels by an approach similar to the FAR
operation in [11]. For the sake of completeness, we briefly
describe below the essential features of the FAR operation
reported mm [11].

Essence of FAR operation [11]: Let b; be an unassigned re-
quirement and () denote the set of already assigned frequencies.
Suppose for by there is no frequency available to be assigned
without any conflict to the already assigned frequencies of
). Then, FAR attempts to assign a frequency in L (where
L is the given list of available frequencies) o satisfy the
requirement b, with minimum change or perturbation on the
present assignment (). The essence of FAR is to identify a
minimal subset S(8 ) of (), where each requirement can be si-
multaneously reassigned with an aliemative feasible frequency
so that b; can be assigned a frequency without conflict to
the present assignment of (). Let Bib,., f,) denote the subset
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of requirements in (), which are conflicting, if we assign fre-
quency f; to requirement b;. In other words, f; becomes a fea-
sible frequency for by if the frequency assignments for B (b £
are undone. To identify one S(b; ), we examine a sequence of
fis such that each time a B(b;, f;) is generated, we undo the
comresponding portion of frequency assignment in ) and try
to assign an altemative feasible frequency o each requirement
of B(b;. f;1 by the unforced assignment (UA) operation. The
UA operation finds the lowest frequency in Lo feasible to
the present assignments in §J. If the frequency assignment of
B(b;. fi) is successfully made, B(b;, f;) becomes S(b; ) itself.
In case such a frequency meassignment cannol be made for
some by € Bib;, fi). one proceeds to identify B(by, f;) and
attempts Lo assign an alternative feasible frequency toeach by €
Biby, fi). Such B(b;, fi)s are blockers at the second depth
level, Generalizing this, the FAR operation 1s encoded o render
the so-called vth breadih-level and wth depth-level | Bu— D)
procedures. In { Brv— D), we consider blockers only within
the cardinality of © (ie, | B¢, f;)] < v) and limit the number

2y

17 Mh Al S al 52 53 5

Fig. 3. Cellular graph corresponding to the cellular network af 55-node
benchmark.

of successive downward search o w. The complexity of FAR
operation actually prohibits the direct implementation of this
general ( By — D) procedure.
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TABLE XIll
Two DNFFERENT DEMAND VECTORS FOR 55-NODE BENCHMARK PROBLEMS
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In our proposed algorithm, we have implemented (B1—D1), ! i
(B2—-D1), and | B1—D2) incorporating the concept of redun-
dant channels as described above. We call this operation as the
MFAR operation. This modification actually lies in the notion i 5
of a free channel o be assigned o an unassigned regquirement,
say, tin DL, We consider a channel 1o be free and suitable 1o be
assigned to  even if it conflicts with the requirements of some f 7
other cells contaming some redundant channels. However,
Fig. 4. [stunce-2 cligue of the hexagonal cellular network.

when we choose such a channel for assigning it to f, we may
need to undo some of the assignments in neighboring cells and
adjust the assignments in other cells as well o keep the degree
of perturbation {number of changes in the existing assignments)
as low as possible, following the techniques similar to FAR
operation [11].

Here, a formal description of the algornithm  (Derive-
Assignment (P, P')) to derive the solution o P = (X, W1
from the solution 1o P' follows.

Algorithm Derive-Assignment (P, P

Step 11 Assign allthe cells in ¥ (¢) (0 < 7 < 2 — 1) the same
sel of channels assigned o N{¥ () in &' of P

Remark [: By similar arguments as in the proof of
Theorem 1, this assignment satisfies the interference constraints
as specified by .

Step 20 Apply MFAR operation o minimize the blocked
calls in BL = (b)) wsing the redundant channels in
R = (r;) appropriately. |

Example 7: Toillustrate this step, we consider the Philadel-
phia benchmark problem 5 (Table 1I). We first construct P
for this problem as follows. A solution ©* of P* is shown
in Fig. 2, where the label [o
dicates that a frequency o 15 assigned o that node. Only
seven channels (0, 1,---,6) have been assigned repeatedly
in the assignment of Fg. 2, where Y(0) ={2, 6,11, 19},
¥ (1) = {9,14}, ¥(2) = {10,12,15}, ¥(3) = {1,5,17,18},
Y(4) = {4,813}, Y(5) = {0,16}, and Y(6) = {3,7,20}.
Corresponding frequency separations o (ag, a;) (0 < 4,7 < 6)
are shown in Table IX. We find M{ay) = 45, M{a,) = 40,
Mias) = 4, Miag) =30, M{ay) =30, M{as) =15, and
M{ag) = 25. Therefore, P' = (X', W' ") is given by X' =
(N(Y(i))), 0 <i<6, W = (45,40,40,30,30,15,25), and
" 15 as given in Table X,

Now, to get @', we padition P inlo several subnetworks
with homogeneous weights, following the entical block ap-
proach reported in [21]. However, durning the multple weight

associated with a node in-

assignment, we consider the assignments with channels not
exceeding the given bandwidth I only. One solution o P
as obtmned by this approach has been shown in Table X, It
follows that all the requirements for P' as given by W' =
(45, 40, 40, 30, 30, 15, 25) are not satisfied; this assignment re-
sults in four blocked calls in node N (Y(5)). Inother words, the
derved assignment 15 nol admissible.

We now apply step 1 of the algonthm Derive- Assignment
(P P o get the assignment for P from the solution 1o P
in Table X. The derived assignment for P has been shown in
Table X1. Note that the same set of channels assigned to node
N{Y(0)) has also been assigned to all the cells in Y(0) =
12,611,189}, This assignment leaves four blocked calls (15 —
11 = 4) in cell 16 and, at the same time, also produces many
redundant channels in some other cells (eg.. cell 2 has 40
redundant channels).

We now apply step 2 of the algodthm Derive- Assignment
(P, P 1o get the assignment as shown in Table X11. Note that
in the assignment of Table X1, there were four blocked calls in
cell 16. However, MFAR operation finds that channels 0, 5, 10},
and 15 can be assigned 1w cell 1611 the assignments of channels
0.5, 10, and 15 from cells 2 and 19 are undone. Note that there
are more than four redundant channels in both cells 2 and 19
The assignments of channels 0, 5, 10, and 15 in cell 16 have
been underlined, and those of cells 2 and 19 have been marked
by an asterisk ().

V. SIMULATION RESULTS

We have simulated the proposed coalesced CAP approach
on all Philadelphia benchmark problems as well as on problem
9 defined above. Other than these benchmarks, we have also
considered two other benchmarks defined on a 55-node cellular
network [20] shown in Fig. 3. These two benchmarks have also
been defined on a two-band buffering system where sy, 5, and
soare given as 7, 1, and 1, respectively. The demand vectors of
these two problems (termed as Problems 10 and 11) are given
by Dy and Dy, respectively, as shown in Table X111
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Fig. 5. Cntical block and its homogeneous partitions.
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Fig. 6. Optimal partition assignment for partition & in Fig. 5(b).

The computation time needed o solve a given CAP following
the proposed coalesced CAP technigue s determined by the
following three phases.

FPhase 10 finding an admissible frequency assignment for
FP* in step 2 of the Construct_coalesced_Cap
algonthm by applying a suitable algorithm for the
first category of CAP;

Phase 2: finding a frequency assignment & of P as de-
nved inostep 3 of the Construct_coalesced_Cap
algorithm by applying a suitable algorithm for the
second category of CAF;

Phase 3: the MFAR operation, if all requirements of P are

not satisfied by Phase 2 above, ie., the derived &

15 not admissible.
It 15 1o be noted that the computation tme will depend on the
pedformance of the algorithms chosen for phases 1 and 2 above.
For all the benchmark problems, except Philadelphia
problems 2 and 6, we obtaim assignments with zero call block-
ing if the given bandwidth B is equal to the respective lower
bound of the problems. Also, significant improvement in com-
putation time has been achieved as compared o carlier works,

Fig. 7.

Extension of partition & of the critical block of pmblem 6.

even o the enbcal block approach in [21]. Improvement s
more significant for all such problems for which solutions 1o
generate solutions w PLe.g., problems 1, 3,4, 7.9, and 10. For
these problems, we need not execute the MEAR operation, and
as a result, the computaton time 15 of the order of a second on
an unloaded DEC Alpha statnon 200 4233, However, Tor other
problems, e g, problems 2, 5,6, 8, and 11, all requirements for
F are not satisfied by the solution to P', and we need to apply
the MFAR operation o satsly the remaining requireéments.
Out of these, for problems 5, 8, and 11, the solutions 10 P
generate a small number of call blocking i some cells and at
the same time produce a large number of redundant channels
i some other cells. As a result, the MFAR algonthm can
easily accommodate these blocked calls by using redundant
channels appropoately. For these problems, the computation
time 15 around 3—4 s on the same workstation.

Most difficult is, however, to get the solution with zero call
blocking for problems 2 and 6 by this approach when the
given bandwidth B is equal to the respective lower bounds.
For these benchmark problems, the solutions to P' generate
a few blocked calls in some cells, whereas they produce only
few redundant channels in some other cells. As a result, MFAR
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fails 10 accommodate all these blocked calls. In the next sec-
tion, we present a modificaion in our algorthm to reduce
this problem.

A. Modification in Coalesced CAP Construction

Definition [: Suppose (¢ = (V. E) is a cellular graph. A
subgraph " = (V', E') of the graph & = [V, E) is defined to
be a distance-2 cligue if every pair of nodes in (7 is connected
in (& by apath of length at most 2 [1].

Exampfe 8: Fig. 4 shows a distance-2 cligue of a hexagonal
cellular structure.

Definition 2: Given a cellular graph (7 with a demand vector
W, and the set of all possible distance-2 cliques {G }, each
with minimum bandwidth requirement 3, the critical block
('Bs is that distance-2 cligue, whose minimum bandwidth
requirement is the maximum of all I7;s.

While usmng the MFAR operation in the earlier section, we
make an important observation that MFAR fails o accommo-
date mostly the blocked calls at the cells of a eritical block. It
appears that the assignment of the eritical block is so tight that it
becomes difficult to find altemative frequencies Lo be assigned
Lo blocked calls existing in the critical block. This observation
motivated us o a modification in the construction of coalesced
CAP before we apply the MFAR operation as discussed below.
We will see that with this modification Philadelphia problems 2
and 6 would finally require around 10 and 20 s, respectively, on
the same platform o produce zero call blocking.

Algorithm Derive-Assignment (P, P')

Step 1: Following the approach in [21], find a critical block
of P along with its homogeneous demand partitions
and then assign the eritical block. Let Py, Pa, oo By
be the kb paditions with homogeneous weights
rp, e, ..., oy, respectvely.

Example 9: For problem 6, the critical block is the distance-
2 cligue centered around node 10, i.e., consisting of nodes {3, 4,
9,10, 11, 17}, which is isomorphic 1o (72, as shown in Fig. 5(a).
Fig. 5(b)—g) shows the homogeneous partitions Py, Pa, .., E;
{obtained through an integer programming formulation) with

weights 7, 5,3, 13, 12, and 5, respectively. In Fig. 5, the label
n' associated with a node indicates the demand of that node.
Afer the partitioning of demands into homogeneous weights,
the assignment of the cdtical block is obtained following an
optimal ordering of paritions (see [21] for details). As an
example, Fig. 6 shows an optimal partition assignment for the
partiion P of Fig. 5(b).

Step 2: Define coalesced CAP P = (X' W', (), where X'

is the subset of X containing the cells of the crtical
block, and W is the actual demand of the cells of the
critical block. (Here, the coalesced CAP is defined
on the cells of the critical block.)
Extend the assignment of each parttion P, (i =
i) 1o consider the assignment of the re-
maining network. Combine all these assignments in
the optimal ordering of the pantitions Py, Pa, .. ., Py
Compute the total blocking BL,, = (b;) in this
combined assignment.

Step 3:

Remark 2: The assignment of each partition can be extended
in many different ways. As a result, their combined assign-
ment will generate different call blocking 5L, for different
assignments, but the most important thing 15 that there never
be blocked calls in the cells of X', Our objective is to search
heuristically to find such a combined assignment with minimal
call blocking.

Step 4: Repeat step 3 for all possible assignments 0 ob-
tain an assignment &, with the minimal value of
BLI-:.II al-

Apply MFAR operation for reallocating the channels
in &, o minimize the blocked calls resulting from
step 4 above. |

Step 5:

Example 10: Consider the partition Py of the crtical block
of problem 6 and its optimal parition assignment shown in
Figs. 5(b) and 6, respectively. One possible extension of the
assignment of Py o consider the whole network has been
shown in Fig. 7. This assignment may lead o call blocking in
somi cell but not in the critcal block.
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TABLE XVl
DERIVED CHANNEL ASSIGNMENT FOR PROBLEM &

Clelie — 00 L 2 ] < i i T H u 1n 1L 12 L1 L4 Le L 17 1% 19 20
a1 4 D20 4x 4 1 b < 1 B 13 P LS T il TE H a 1 4 &
Bg L1 33 53 1L 4% 10 H1 [ 10 & o 11 L4 ] =3 L 1z 1 1L 12
£il TR ZME SX 1H GSd 17 I T1:k 17 14 140 T8 21 12 HE an 14 2.t Ta "4
GG 2 243 G324 A 21 g1 20 a2 21 %3 ] 28 Le oS 29 25 30 25 B
T1 5% 48 GA 33 &2 i1 ] a7 31 23 20 23 L] ad 14 36 33 T 23 2]

A0 TA A0 gE R T4 L) RE] Hi] AT 4 42 3 LI 4% A1) %4 an =]
A6 THoo1G 0 TR ZE Al 1 13 12 14 pEH] S A 114 183 T ] A T
R ORL T@ T i TH& L] T E Ol 47 LZ2 LRE &I B EL =2l
54 &E 23 [5] 24 53 a5 4 148 67 52 128 193 57 01 L] 4]
BEL 41 E-1e] 1 an 0] 2] GO LAE dh aT L4 L0E #Z inl Bl 4
33 ay ar 103 ag 1) D5 Gl 141 7o G2 110 203 &7 107 63 108
71 1127 111055 112 T2 T 101 3¢l 174 Th HT 146 208 73 114 71 TilEs
11z 100 11& 108 75 107 T4 181 &1 T2 182 213 81 118 171 112
114 11a 12 114 X1 114 =il T4E AT 167 1RE 271k 4T 16 176 115
125 1z1 132 122 A&7 118 &5 01 93 172 1G4 223 103 181 1851 124
131 17 185 1ac 65 13 Q3 S06 G 177 nG 1805 149c 130
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175 151 1l 1540 117 14k 116 341 123 LuT 124 20 216 1351
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The required bandwidths from earlier works along with that
{rom our proposed approach have been shown in Table X1V for
the purpose of comparison. The row Lower Bound in Table X1V
corresponds to the lower bound for each of the problems as
reported in [21]. The derived channel assignments for the two
most difficult problems, ie., problems 2 and 6, are shown in
Tables XV and XV, respectively.

VI. CONCLUSION

We have presented an elegant technique for solving CAP,
which 1s applicable even to a cellular network of nonhexagonal
structure. The assignment is done for a given bandwidth I with
a view W minimizing call blocking. The proposed techmigue
15 able o achieve the optimal solution for all the well-known
benchmark problems when the given bandwidth B3 is equal 1o
the lower bound of the corresponding problem. The required

computation time has also been improved even over the entical
block approach i [21]. Moreover, 1t can be further studied
how vnused or redundant channels provided by this approach
can be utilized for accommodating small changes in demands
dynamically.
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