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Abstra
t

As the use of mobile 
ommuni
ations systems grows, the need arises for new and more eÆ
ient


hannel allo
ation te
hniques. The total number of available 
hannels on a real-world network

is in fa
t a s
ar
e resour
e, and many assignment heuristi
s su�er from a 
lear la
k of 
exibility

(this is the 
ase of Fixed Channel Allo
ation), or from high 
omputational and 
ommuni
ation


omplexity (as with 
hannel borrowing te
hniques). Performan
e 
an be improved by representing

the system with an obje
tive fun
tion whose minimum is asso
iated with a good 
on�guration;

the various 
onstraints appear as penalty terms in the fun
tion. The problem is thus redu
ed to

the sear
h for a minimum, that is often performed via heuristi
 algorithms like Hop�eld neural

networks, simulated annealing or reinfor
ement learning. These strategies usually require a 
entral

pro
ess to have global information and de
ide for all 
ells.

We 
onsider an obje
tive-fun
tion formulation of the 
hannel assignment problem that has

been previously solved by sear
h heuristi
s; we prove that the sear
h time for the global minimum

of the obje
tive fun
tion is O(n log n), and therefore there is no need for sear
h te
hniques.

Finally we show that the algorithm that arises from this formulation 
an be modi�ed so that

global knowledge and syn
hronization are no longer required, and we give its distributed version.

By simulating a 
ellular network with mobile hosts on a hexagonal 
ell pattern with uniform 
all

distribution, we show that our te
hnique a
tually performs better than the best known algorithms.

1 Introdu
tion

Consider a geographi
 area in whi
h a number of multi-
hannel trans
eiver server stations are pla
ed

at a suitable mutual distan
e. Stations are 
onne
ted to ea
h other by means of a wired network,

whi
h we are not 
on
erned about in the present paper. Ea
h station a
ts as a network entry point for

all the mobile radio hosts that 
an 
ommuni
ate with it at the highest signal-to-noise ratio among all

stations. As a result, the geographi
 area is divided into 
ells whose borders are not well de�ned, as

they depend on the ever-
hanging radio signal levels, but 
ould be roughly sket
hed as in Fig. 1, whi
h

still depi
ts a good situation where every 
ell is a simply 
onne
ted domain: re
e
tions, interferen
e

and terrain 
on�gurations, as well as hando� poli
ies, might substantially alter it. However, a more

regular setting su
h as the 
ommon hexagonal pattern will be 
onsidered in experiments, sin
e it is

still the most 
ommon test ground. Modeling real-world instan
es is in fa
t a very hard and deli
ate

work, and the situation is made worse by the poli
ies of many 
ellular servi
e providers who keep their

data reserved, or provide them in a stri
tly 
on�dential way, so that the s
ienti�
 
ommunity 
annot

share them.

Usually a server station 
an be re
eived by server stations in other 
ells. In this 
ase, mutually

interfering stations must employ di�erent 
ommuni
ation 
hannels (i. e. frequen
y bands, time sli
es

or 
odes from an orthogonal set), in order to avoid 
o-
hannel interferen
e (interferen
e 
aused by

transmissions on the same 
hannel). In its simplest (and most unrealisti
) form, the 
hannel assignment

problem is equivalent to the Eu
lidean graph 
oloring problem, hen
e it is NP-hard. This problem

�
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Figure 1: A simple geographi
 
ellular network and the interferen
e area of a server


an be treated with simple greedy heuristi
s [5℄ [3℄ [1℄. Be
ause a server station must 
ommuni
ate

with several mobile hosts at on
e, however, we must assign more than one 
hannel to ea
h server.

When this problem is handled with graph-
oloring heuristi
s, we need to substitute every node with a


lique of 
ardinality equal to the required number of 
hannels, in order to give the appropriate number

of 
hannels to ea
h trans
eiver while respe
ting the interferen
e 
onstraints. This approa
h 
auses,

however, in
rement in the number of nodes and edges; in parti
ular, the number of nodes is multiplied

by the average traÆ
 per 
ell, while the number of edges is multiplied by the square of this quantity.

Moreover, radio interferen
e is additive, and simple adja
en
y restri
tions (like those in the graph

or list 
oloring problems) are not suÆ
ient to 
at
h the 
omplexity of the real-world issues. If the

interferen
e phenomena are strong enough, even stations that use di�erent 
hannels may interfere,

provided that they operate on adja
ent frequen
y bands or on subsequent time sli
es (propagation

delays may 
ause a time sli
e to partially invade another one). This problem be
omes signi�
ant when

the overall frequen
y spe
trum has to be minimized; indeed, the strong request of radio bands for several

purposes makes the reserved bandwidth for 
ellular 
ommuni
ations rather small (�f � 60MHz in the

900MHz band for the GSM system [2℄), and hardware te
hniques
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an't do all the job by themselves.

In Se
tion 2 we give a fast overview of the algorithms that 
an be found in the problem literature

(Se
tion 2.1); next (Se
tion 2.2) we des
ribe in greater detail the obje
tive-fun
tion approa
h whi
h

is 
entral to this paper and we show how the problem of minimizing our fun
tion, whi
h leads to an

approximate solution of the assignment problem, 
an be solved in polynomial time (Se
tion 2.3).

In Se
tion 3 we introdu
e some modi�
ations to the algorithm in order to distribute it among the


ells. To do so, we need a 
ommuni
ation s
heme to broad
ast all status 
hanges to a small lo
al


luster (Se
tion 3.1) and a lo
al syn
hronization method to make sure that a 
ell allo
ates a 
hannel

only when it has enough knowledge of the status of its neighbors (Se
tion 3.2).

Results of simulations are presented in Se
tion 4, where the algorithm we des
ribe is 
ompared with

those introdu
ed in Se
tion 2.1. In se
tion 5 we draw some 
on
lusions suggested by the experimental

analysis.

2 Channel Assignment Algorithms

2.1 Combinatorial strategies

Let us brie
y summarize the main 
hannel assignment algorithms (for more details see [7℄ [6℄). In the

experimental Se
tion 4 we shall 
onsider the following te
hniques:

� The FCA (Fixed Channel Allo
ation) algorithm. Ea
h 
ell is assigned a �xed pool of frequen
ies,

so that no near 
ells 
an use the same 
hannel. No 
ommuni
ation is needed between 
ells; when

all 
hannels are in use, subsequent requests shall be reje
ted.

1

Namely, Minimum Shift Keying and Gaussian Minimum Shift Keying to eliminate spe
trum bumps around the


hannel, and frequen
y hopping s
hemes to eliminate 
onstant interferen
es.
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� The SBR (Simple Borrow from the Ri
hest) algorithm. Ea
h 
ell has an assigned pool of fre-

quen
ies, but a 
hannel 
an be borrowed from a ri
her neighbor, provided that its use does not


ause interferen
e. When more than one neighbor has a free 
hannel, the 
ell 
hooses the ri
hest

one. It is more eÆ
ient than FCA with low traÆ
 rates, but its performan
e deteriorates when

the traÆ
 rate in
reases, a
hieving the same performan
e of FCA at higher 
omputational and


ommuni
ation 
osts.

� One of the many variations of DCA (Dynami
 Channel Assignment) te
hniques, by whi
h every


ell 
an have a

ess to every 
hannel, as long as it does not 
ause interferen
e; the 
ell 
hooses the


hannel whi
h is most `blo
ked' (due to the interferen
e 
onstraints) in the neighboring 
ells, so

that it gives rise to the least blo
king probability. It is better than FCA at low traÆ
 rates, but

worse at high traÆ
 rates, be
ause many 
ells might �nd no 
hannels at all, due to non-optimal

de
isions at previous times.

� The BDCL (Borrow with Dire
tional Channel Lo
king) algorithm. Like SBR, but the 
hoi
e of

the 
hannel to borrow is done by the 
riterion of the above proposed DCA te
hnique. It is the

best 
ombinatorial algorithm we know.

In Se
tion 4 we shall 
ompare these algorithms with the following te
hnique, based on obje
tive

fun
tion minimization.

2.2 A penalty fun
tion heuristi


Many penalty-fun
tion heuristi
s have been applied to the 
hannel assignment problem. Some of them

require the rearrangement of the whole 
ellular system when a new 
hannel is requested [9℄ [4℄; unless

the traÆ
 is very low and servi
e 
ommuni
ations among 
ells are 
heap and fast, this approa
h is

of little pra
ti
al use. Other penalty-fun
tion heuristi
s, su
h as the one we shall 
onsider next, just

rearrange the 
hannel assignment inside the 
ell where the new 
ommuni
ation request is issued, by


hoosing those 
hannels that minimize the probability of a future 
hannel refusal, trying to keep the

system in a suitable status for future requests (this e�ort of maintaining a good 
on�guration is 
learly

unne
essary in the former 
ase).

In both 
ases, two heuristi
 steps must be taken. First, we must heuristi
ally determine a good

penalty fun
tion, where \good" means that its minimum should 
orrespond to a suitable 
on�guration,

suÆ
iently 
lose to the optimal assignment. Then, when this fun
tion is determined, we must a
tually

lo
ate its global minimum, or at least �nd some good lo
al minimum; to do so, we need to apply a

minimum-sear
h heuristi
 te
hnique to the penalty fun
tion.

A penalty fun
tion that has been used by previous resear
hers whi
h empiri
ally �nds good ap-

proximations of the optimal assignment is shown in [8℄. Following its notation, let n

CE

be the number

of 
ells and n

CH

the total number of 
hannels. Every 
ell i, i = 1; : : : ; n

CE

, has a traÆ
 demand traf

i

whi
h 
hanges with time. Let us denote with d

ii

0

the Eu
lidean distan
e between the 
enters of 
ells

i and i

0

, and let interf

ii

0

be a f0; 1g-valued fun
tion whi
h states if the two 
ells interfere or not; the

notation 
an nonetheless be extended to the 
ase of various degrees of interferen
e.

When a 
onne
tion or termination request is issued in 
ell i

�

, the frequen
y allo
ation in this 
ell

must be optimized. The status of 
hannel allo
ation is given by a f0; 1g-valued matrix A

ij

whose entry

(i; j) is 1 if and only if 
hannel j is 
urrently in use in 
ell i. The new 
hannel allo
ation for 
ell i

�

is

stored in ve
tor V

(i

�

)

j

, j = 1; : : : ; n

CH

.

An obje
tive fun
tion is built whose minimum is likely to be a good solution of the new allo
ation

for 
ell i

�

. First, a term to privilege those solutions without interferen
e (all terms depend on V

(i

�

)

,

our unknown solution) is introdu
ed

2

:

a(V ) =

n

CH

X

j=1

n

CE

X

i=1

i6=i

�

V

j

A

ij

interf

ii

�

:

2

From now on, we shall drop the (i

�

) supers
ript from ve
tor V , sin
e all 
al
ulations are lo
al to 
ell i

�

.
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Figure 2: Building a reuse s
heme: the basi
 move

This term adds 1 for ea
h 
ell interfering with i

�

whi
h uses a 
hannel in use in i

�

. Se
ond, the requests

of the 
ell i

�

should be respe
ted as mu
h as possible:

b(V ) =

0

�

traf

i

�

�

n

CH

X

j=1

V

j

1

A

2

:

The only reason to make this term quadrati
 is that it must be nonnegative: (an absolute value would

also work). Third, a pa
king 
ondition is added: a 
hannel should be reused as near as possible (outside

the interferen
e zone), to restri
t the blo
king probability in other 
ells.


(V ) = �

n

CH

X

j=1

n

CE

X

i=1

i6=i

�

V

j

A

ij

1� interf

ii

�

d

ii

�

:

This subtra
ts a positive term for ea
h 
ell outside the interferen
e zone whi
h reuses a 
hannel

employed in 
ell i

�

; the larger the distan
e, the smaller the subtra
ted term. Next, 
hanges in the

present allo
ation of the 
ell i

�

should be minimized:

d(V ) = �

n

CH

X

j=1

V

j

A

i

�

j

:

This subtra
ts 1 every time a 
hannel 
urrently used by 
ell i

�

is 
hosen for the next 
on�guration

(this means that a mobile host needs to 
hange its 
hannel as rarely as possible). If some frequen
y

hopping te
hnique is used, however, this requirement does not make mu
h sense, as the mobile host is

equipped for frequent 
on�guration 
hanges. Last, experimental eviden
e shows that to a
hieve a good

performan
e the 
hannel reuse should follow a regular s
heme (for example, a 
ompa
t pattern [10℄).

This is a
hieved by introdu
ing the f0; 1g-valued matrix res

ii

0

whose entry (i; i

0

) is 1 if and only if 
ells

i and i

0

belong to the same reuse s
heme (i.e. should use the same 
hannels if possible). Common

reuse s
hemes follow some sort of \knight" move (for instan
e, the one shown in Fig. 2).

e(V ) =

n

CH

X

j=1

n

CE

X

i=1

i6=i

�

V

j

A

ij

(1� res

ii

�

):

Note that all terms are arranged to go towards a lower value when the 
onstraints are satis�ed.

Let us 
ombine them in a single obje
tive fun
tion to minimize:

J(V ) = A � a(V ) +B � b(V ) + C � 
(V ) +D � d(V ) +E � e(V );

where A, B, C, D and E give di�erent importan
e to the various 
onstraints.

2.3 The polynomial algorithm BBB

So far a possible penalty fun
tion J(V ) has been heuristi
ally determined. To minimize J(V ), [8℄

employs Hop�eld neural networks, but a
tually the minimization of this fun
tion is straightforward
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and does not require any heuristi
 sear
h te
hnique. In fa
t, we 
an rewrite J(V ) as a quadrati


fun
tion in whi
h the quadrati
 term depends only on the number of 
hannels, and not on the single


hannels used. Let us rewrite

a(V ) =

n

CH

X

j=1

V

j

a

j

; where a

j

=

n

CE

X

i=1

i6=i

�

A

ij

interf

ii

�

;

the term a

j

simply 
ounts the number of 
ells in the interferen
e zone of i

�

whi
h use the 
hannel j.

The term b(V ) 
an be rewritten as

b(V ) =

0

�

n

CH

X

j=1

V

j

1

A

2

� 2 traf

i

�

n

CH

X

j=1

V

j

:

The traf

2

i

�

term is 
onstant and 
an be omitted, while the quadrati
 term is the square of the number

of 
hannels reserved for the 
ell i

�

(the number of 1's in ve
tor V ). Let us rewrite it in a way similar

to the other ones:

b(V ) =

0

�

n

CH

X

j=1

V

j

1

A

2

+

n

CH

X

j=1

V

j

b; where b = �2 traf

i

�

:

Clearly, b does not depend on j. The other terms 
an be rewritten as follows:


(V ) =

n

CH

X

j=1

V

j




j

; d(V ) =

n

CH

X

j=1

V

j

d

j

; e(V ) =

n

CH

X

j=1

V

j

e

j

where




j

= �

n

CE

X

i=1

i6=i

�

A

ij

1� interf

ii

�

d

ii

�

;

d

j

= �A

i

�

j

; e

j

=

n

CE

X

i=1

i6=i

�

A

ij

(1� res

ii

�

):

The term 


j

evaluates the pa
king 
ondition for 
hannel j; the term d

j

rewards the 
hoi
e of 
hannel

j if it was already in use; the term e

j

penalizes the use of a 
hannel outside the reuse s
heme.

We 
an 
olle
t the single 
oeÆ
ients into global ones:

w

j

= A � a

j

+B � b+ C � 


j

+D � d

j

+E � e

j

;

the global obje
tive fun
tion is then

J(V ) =

0

�

n

CH

X

j=1

V

j

1

A

2

+

n

CH

X

j=1

w

j

V

j

;

where, as we have already pointed out, the square term is just the square of the number of assigned


hannels.

To minimize J(V ) we 
al
ulate the weights w

j

for ea
h 
hannel; ea
h 
al
ulation requires at most

n

CE

steps to test interferen
es, reuses and pa
king. Globally, the 
al
ulation of the weights w

j

requires

time O(n

CE

n

CH

). If we had �xed the number n of 
hannels that we want to assign, the minimization

would be a
hieved by taking the 
hannels j whose w

j

are the least (the quadrati
 term is 
onstant

among the solutions with the same number of 
hannels). To take advantage of this, we 
al
ulate a

permutation �

j

, j = 1; : : : ; n

CH

, su
h that the ve
tor (w

�

j

)

j=1;:::;n

CH

is sorted in in
reasing order.

5



The sort requires time O(n

CH

logn

CH

). At last, let us 
all J

n

the minimum of the obje
tive fun
tion

restri
ted to n-
hannel solutions. Its value is

J

n

= n

2

+

n

X

j=1

w

�

j

; n = 0; : : : ; n

CH

;

and the di�eren
e between the minima for su

essive values of n is

J

n

� J

n�1

= 2n� 1 + w

�

n

; n = 1; : : : ; n

CH

:

So, a simple s
an of the ve
tor w

�

j

is enough to �nd the minimum for all n, that is the global minimum,

in time O(n

CH

).

Hen
e, the global minimum of the obje
tive fun
tion,

min

V 2f0;1g

n

CH

J(V ) = min

n=0;:::;n

CH

J

n

;


an be found in total time O

�

n

CH

(n

CE

+logn

CH

)

�

. The pro
edure returns also the number of 
hannels

in the optimal solution, say n

�

, therefore the 
hannels to be assigned to 
ell i

�

are

n

�

1

; n

�

2

; : : : ; n

�

n

�

:

Let us 
all this penalty-fun
tion minimization heuristi
 the BBB algorithm. The �rst advantage

of using BBB is that, of 
ourse, we �nd the true global minimum of J(V ). In addition, 
onsider

that Hop�eld networks, like many other te
hniques, require our fun
tion 
oeÆ
ients to vary only in

a 
ertain range in order to ensure stability and 
onvergen
e of the sear
h; in other words, 
oeÆ
ients

are 
riti
al not only in weighting the various 
onstraints (whi
h is pre
isely what they are introdu
ed

for), but also in making the minimum-sear
h pro
edure su

eed. Algorithm BBB does not use any

heuristi
 sear
h algorithm, so it is not restri
ted to those 
oeÆ
ient values that ensure 
onvergen
e,

and we may let them vary over all the nonnegative real range, thus having more freedom in tuning

them.

3 The distributed polynomial algorithm dBBB

We �rst note that algorithm BBB 
an be improved by storing at ea
h 
ell a permanently sorted array

of weights to be updated at ea
h 
hange of state in the nearby 
ells. The sorting time 
an thus be


ut down to a simple update of the sorted array at ea
h 
all. Moreover, by 
onsidering only lo
al

interferen
e the 
al
ulation of the weights does not depend on the total number n

CE

of 
ells, but it


an be performed in O(1) time.

We need, however, to simplify our obje
tive fun
tion by eliminating non-lo
ality. There are only

two global terms in the fun
tion:

� The \reuse s
heme" given by the array res

ii

0

; some tests (Fig. 8, Se
tion 4) show that it is not

in
uential on the overall system performan
e.

� The \pa
king 
ondition", whose weight de
reases at in
reasing distan
es; the same preliminary

tests 
ited above prove that we 
an restri
t the \pa
king 
ondition" to the 2r-th ring of neigh-

boring 
ells (where r is the interferen
e radius).

3.1 A 
ommuni
ation s
heme

On
e the obje
tive fun
tion is lo
alized, we just need a good 
ommuni
ation strategy to repla
e the


entral authority whi
h took all the de
isions in the previous algorithm. When a 
ell initiates or

terminates a 
all, it must broad
ast its new status to its neighbors (up to the 2r-th ring). To do so,

we need a simple broad
asting s
heme, like the one presented in Fig. 3.

Let the message be stru
tured as a tuple (
; r; h;m), where 
 is a 
ag indi
ating if the message must

be dupli
ated: if 
 is set, the message shall be 
alled a \
orner" message; r is the maximum distan
e
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"Straight" message

"Corner" message

Figure 3: A lo
al broad
asting s
heme

1. sour
e:

2. for d in 0 : : : 5 do

3. send (1; 4; 1;m) along dire
tion d;

4. relay:

5. upon re
eipt of (
; r; h;m) from dire
tion d do

6. if h < r then

7. send (
; r; h+ 1;m) along dire
tion d+ 3 (mod 6);

8. if 
 then

9. send (0; r; h+ 1;m) along dire
tion d+ 4 (mod 6);

10. A
t a

ording to the re
eived message (
; r; h;m);

Figure 4: The lo
al broad
asting algorithm

from the sour
e the message must rea
h, h is the number of steps the message has taken up to now and

m is the message itself. Suppose that in ea
h 
ell the dire
tions of in
oming and outgoing messages

are numbered 
lo
kwise modulo 6. Then if a message arrives on dire
tion d, the opposite dire
tion will

be d+ 3 (mod 6).

The algorithm 
an be implemented as in Fig. 4. The sour
e sends six \
orner messages" to its

neighbors (lines 2{3); when a 
ell re
eives a message, if it is not far enough (line 6), it must relay it to

the 
ell on the opposite side (line 7); if it is a 
orner message, the 
ell must also propagate a non-
orner

(
 = 0) 
opy of the message to the 
lo
kwise-next dire
tion (lines 8{9). This 
opy shall be subsequently

propagated only in straight line. After the propagation of the message, of 
ourse, the relay 
ell must

modify its re
ord about the broad
asting 
ell a

ording to the message 
ontent m (line 10).

3.2 A Mutual Ex
lusion te
hnique

Last, to avoid 
on
i
ts in 
hannel 
hoi
e we must ensure that, when a 
ell is 
hanging its 
on�guration,

none of its neighbors up to the reuse distan
e does the same thing simultaneously. For this we 
an

implement a multiple token-passing proto
ol su
h that no two tokens are nearer than the reuse distan
e.

If the reuse distan
e is two and the network is a regular hexagonal grid, let us refer to Fig. 5. The grey


ells possess the token; when a 
ell is done with it, it sends a \token" message \upwards" (following

the thi
k arrow) and two \free" messages along the thin arrows (this requires two other 
ells to a
t as

relays). Before entering the 
riti
al state, a 
ell must wait for one \token" and two \free" messages.

The \token" message ensures that all pre
eding 
ells in the token-passing 
hain are safe, while the

two \free" messages de
lare the safety of the two potentially blo
king 
ells whi
h are possibly using

7



"Token" message

"Free" messages

Figure 5: A multiple token-passing s
heme

the token at the same time in its neighborhood. To take a

ount of border e�e
ts, however, the two

leftmost 
olumns and the two uppermost rows should wait for just one \free" message, the 
ells in the

upper left 
orner don't have to wait for any \free" message, while the lower row 
ells should generate

a token (without waiting for one) whenever they get enough \free" messages.

The a
tual algorithm for a 7�7 grid with a reuse distan
e of 2 is presented in Fig. 6 (the dire
tions

are numbered 
lo
kwise from 0 to 5 starting from west). Three variables are used to store the status

of the 
ell. The boolean Token 
ag is true if and only if the 
ell is holding the token; the 
ounter

Free 
ount 
ontains the number of \free" messages that still have to be re
eived before the 
ell is able

to use the token; the 
ag Criti
al se
tion 
ag is true if and only if a 
hannel request or release has

been issued in the 
ell. The entry to the 
riti
al se
tion is only allowed when Token 
ag is true and

Free 
ount is 0.

All 
ells must initially 
all the Init pro
edure to initialize their status, ex
ept those initially pos-

sessing the token (the grey ones in Fig. 5). The 
ells that initially possess the token must start 
alling

the pro
edure Have token at the beginning. Cells that need to pro
ess a 
hannel request (or release)

must 
all the pro
edure Enter 
riti
al se
tion that sets the Criti
al se
tion 
ag, so that the algorithm

runs the 
hannel-assignment pro
edure when possible, and waits until that same bit is reset.

Of 
ourse the main loop is exe
uted 
on
urrently, and the Che
k pro
edure must end before any

other message is re
eived. For routing purposes, sin
e they have to travel two 
ells, the \Free" messages

have an integer part. When a 
ell re
eives a \free(0)" message, it just has to retransmit it as \free(1)"

to a dire
tion that depends on the in
oming path (lines 30{33), while a \free(1)" message must be

operated on pla
e (lines 34{36) by pro
edure Che
k, that veri�es if the 
ell has to enter the 
riti
al

se
tion, skip it or wait be
ause it isn't ready.

4 Experimental analysis

We 
onsider a 7 � 7 hexagonal grid, as the one shown in Fig. 5, like in most of the literature. A

�xed server station is pla
ed at the 
enter of ea
h 
ell, while a number of mobile hosts is free to move

a
ross the whole land. The total number of available 
hannels is 70 and the 
o-
hannel interferen
e is

extended to the se
ond ring of neighbors. The grid does not wrap like a torus.

A C++ program has been written to run a 
omparative simulation of �ve algorithms (FCA, SBR,

DCA with lo
al optimization, BDCL and BBB).

For FCA, the reuse s
heme (a reuse distan
e of two 
ells has been 
onsidered) 
onsists in seven

partitions of ten 
hannels ea
h. The Eu
lidean distan
e between the 
enters of two neighbors is 1,

and the reuse s
heme given by the fun
tion res

ii

0

of Se
tion 2.2 is built by iterating the basi
 \knight"

move of Fig. 2, whi
h gives the same pattern as the token pla
ement in Fig. 5. The same s
heme has

been used to distribute the seven 
hannel groups among the 
ells for the FCA algorithm.

CoeÆ
ients for the fun
tion J(V ) are shown in table 1.

Ea
h algorithm (FCA SBR, DCA, BDCL, BBB) has been simulated for 
onne
tion rates of 160,

8



1. Pro
edure Have token at the beginning:

2. Token 
ag  true;

3. Free 
ount  0;

4. do Che
k

5. Pro
edure Init:

6. if node is in the �rst row then

7. Token 
ag  true

8. else

9. Token 
ag  false;

10. Free 
ount  2;

11. if node is in the two upper rows then

12. de
rease Free 
ount;

13. if node is in the two leftmost 
olumns then

14. de
rease Free 
ount;

15. Criti
al se
tion 
ag  false;

16. Pro
edure Enter 
riti
al se
tion:

17. Criti
al se
tion 
ag  true;

18. wait until Criti
al se
tion 
ag = false;

19. Pro
edure Che
k:

20. if Token 
ag and Free 
ount = 0 then

21. if Criti
al se
tion 
ag then

22. Run the 
hannel assignment pro
edure;

23. Send Token along dire
tion 1;

24. Send Free(0) along dire
tions 3 and 4;

25. do Init

26. Main polling loop:

27. Upon re
eipt of Token do

28. Token 
ag  true;

29. do Che
k

30. Upon re
eipt of Free(0) from dire
tion 1 do

31. Send Free(1) along dire
tion 5;

32. Upon re
eipt of Free(0) from dire
tion 0 do

33. Send Free(1) along dire
tion 3;

34. Upon re
eipt of Free(1) do

35. de
rease Free 
ount;

36. do Che
k

Figure 6: The token-passing algorithm

Table 1: CoeÆ
ients for fun
tion J(V )

CoeÆ
ient Value

A 7000

B 45

C 1.2625

D 0.01

E 4.17625
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Figure 7: Comparison among algorithms

Table 2: Comparison among algorithms (see �g. 7)

Cell load FCA Err SBR Err DCA Err BDCL Err BBB Err

(
ph) (�10

�3

) (�10

�3

) (�10

�3

) (�10

�3

) (�10

�3

)

160 .121 .60 .093 .85 .061 .57 .039 .61 .034 .48

170 .145 .69 .120 .69 .088 .70 .063 .79 .056 .62

180 .168 .70 .148 .89 .115 .77 .090 .72 .080 .73

190 .191 .75 .175 .75 .142 .76 .119 .88 .107 .79

200 .215 .69 .202 .64 .169 .71 .147 .93 .134 .77

Table 3: Global vs. lo
al optimization (see �g. 8)

Cell load BBB Err dBBB Err

(
ph) (�10

�3

) (�10

�3

)

160 .034 .48 .033 .64

170 .056 .62 .055 .54

180 .080 .73 .080 .69

190 .107 .79 .106 .65

200 .134 .77 .134 .80
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Figure 8: Global vs. lo
al optimization

170, 180, 190 and 200 
alls per hour with Poissonian distribution (and hen
e exponential interarrival

time), 
orresponding to a traÆ
 of 8, 8:5, 9, 9:5 and 10 erlangs. The mean duration of a 
onne
tion

is exponential with an average of 180se
. Ea
h simulation 
onsisted of 50 runs of 100000 se
onds of

simulated time ea
h.

Fig. 7 shows the results of this simulation. Every error bar represents the 95% 
on�den
e interval


al
ulated over 50 independent runs. It is 
lear that algorithm BBB outperforms all these algorithms.

The elimination of the reuse s
heme and the lo
alization of the 
hannel pa
king 
ondition as in

Se
tion 3 �nally lead us to the data in Fig. 8, where we 
ompare the original BBB algorithm with its

distributed version dBBB. Be
ause the error bars are not visible in the �gures, they are also reported

in tables 2 and 3. As it is apparent, all di�eren
es lie within the 
on�den
e intervals. This enables us

to transform the algorithm into a lo
al one with no performan
e loss.

5 Con
lusions

After the des
ription of some well known algorithms, we have introdu
ed the penalty-fun
tion algorithm

BBB, we have des
ribed its distributed version dBBB and simulated it over a large number of runs.

As we have seen, our heuristi
 behaves better than the others we tried, at least when 
ompared on

regular hexagonal patterns.

Due to their nature, most algorithms have only been studied with su
h restri
tive assumptions

as \boolean" (non-additive) interferen
e, and so our tests had to restri
t to that 
ase. However,

our method 
an easily be applied to a large variety of 
hannel assignment problems with additive

interferen
e 
onstraints, adja
ent-
hannel interferen
e and so on. In fa
t, all that is required for the

minimization to be polynomial is that every 
hannel provides a linear 
ontribution to the total penalty

fun
tion.
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