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1. INTRODUCTION

Active noise control (ANC) is a technique whereby the average level at a soundlield is reduced by

destructive interlerence lrom a number oi controlled 'secondarY’ sources oi sound. The optimal choice
ol secondary source locations in an adive noise comroi sysem is a dittiwlt problem. The noise
reduction that can be achieved using an active control system will depend on these secondary source
locations. but typically the secondary sources could be positioned in many possible locations. When

Irnpiementing a practical actfie noise control system. it is impossible to measure the reductions resulting

irom all possble locations at secondary sources. so that secondary source locations are selected trorn
the most practicable positions. although there is still generally a larger number oi possible posflions than
secondary sources which can be controlled. An engineering judgement must be made as to which

locations are likely to‘produce the best attenuation.

At low frequencies in an enclosure this could be based on getting a reasonably unitorm distribution oi
secondary sources throughout the space. so that the maximum number at accustic modes can be
independently oonlroiled. At higher Irequencies it appears to be better to position the secondary sources
as close as possible to the assumed primary excitation source. which is generally a distribution oi
velocity over the boundaries oi the enclosure. These guidelines were usedto position the 16 secondary
loudspeakers In a series oi flight trials oi active noise control In a propeller aircrall described by Elliott et
al [3.4]. It was still necessary. however. to investigate the perlormance oi about 26 diiierent
combinations oi loudspeaker positions beiore a satislactory pertonnanoe could be achieved. and this is
clearly an expensive process it all experiments have to be carried out in flight. There is also no
guarantee that the final loudspeaker positions used were
in any sense optimal.

It should be emphasised that once the position oi the
secondary sources has been decided. the calculation oi

their optimal source strength is a quadratic optimisation

problem ( Figure 1 ) which can be readily solved
analytically. We iollow the approach oi Nelson 5 Elliott
[1] In tormuiating the active noise control problem in
enclosures. The harmonic pressure measured at eedt Sam-1mm
microphone position is the sum oi pressures due to Hyleerlalonoilloem-dc'rergyinmerdoeure

primaryandsecondarysources,soitcenbewrittenas “mevlmm-

v =p, + M. (1)
where p is an L by t vector at complex total pressures. pH is an L by 1 vector at pressures due to the
primary source alone. 2 Is an L by M matrix oi complex acoustic transler impedances and q, an is M by

1 vector or complex secondary source strength.( All quantities in the ionowing equations are asmrned
complex. vectors are denoted by bold lower case symbols and matrices are by bold upper case
symbols). ii the number of mlcrophone(L) is greater than the number oi secondary source(M). the
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problem Is overdetermined and leaa squares method can be used. A cost function given by the sum oi

the modulus squared pressures is

J = n"p - (2)
Thus. irom equation(1) and equation(2)

1 = [ail/'24:. + q!’1”», + pL'Zq. + pfml (3)
Equation(3) is a standard Hermitian quadratic ionn in which 2': is positive definite. Thus. J has a global

minimum when the vectors oi complex secondary source strength is [1].

q». = —iZ"z “ 2"», (4)
which results in the minimum value oi the cost iunction given by

J... = Pf ll- Z(Z"Z)" Z”]p, (5)

The cost iunction with no control is J" '= pfp, . Thus a theoretical limit on the maximum achievable

attenuation is given by H

Attenuation(dB) = 10log..(i'r-J = 10 logm(—£—'—-—) (s) "
I... pf [I — zrz”zr'z”]p,

Also. the sum oi the squared optimum source strengths. called the control 'eiicrt'. is

«in», = 91’ZIZ”ZI" 2%, m

The variation at attenuation with the locations at

the optimally adiused secondary sources is.

however. very definitely not a quadratic

optimisation problem. As the position at any one .

source is varied. ior example. the attenuation will

typically rise and tall. with numerous maxima and

mlnlrna as shown in Figure 2. The object at this

paper is to study the use oi various algorithms to

solve this optimisation problem. and In particular
to investigate the use at Genetic MMWWMW“Mumm

momhms (GAS) in this appnca‘ion' Fume: Venetian ct Ito M creepy in m We vim

secutdary source position . aWW

2. VARIATION OF PERFORMANCE WITH NUMBER OF SECONDARY SOURCES ‘
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A multichannel active control syaem has been

constructed. which has 32 error microphones and

16 secondary source loudspeakers. tor ln-ilight

experiments on the naive control oi propeller-

induced passenger cabin noise [3.4]. A marten

laboratory mock-up oi an aircrait interior has also

previously been constructed tor experiments with

this control system. The Internal dimensions at

enclosure were 2.2»: x2.2rn x 6m (Figure 3).
The walls were lined with 1-inch open cell loam

In iront ot a 1-inch cavity and the floors were -

03W“ I" 0'59? ‘0 WW “19 Bows“: mawmmmmmi ls
mIn new in and when set 2 In and line
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damping. Figure 3 shows two sets oi positions at the 16 loudspeakers used as the secondary sources

The 32 microphones used as error sensors were uniiormly placed at standing head height. The primary

acoustic field was generated by a loudspeaker ( oi 300mm diameter ) in the enclosure. driven irom an

oscillator which also provided the reference signal tor the control systems

By suitabie partitioning oi the measured data (acoustic impedance transiar matrix and primary field

pressure vector). the attenuation can be calculated ior ail possfiiie combinations of secondary source

positions using equation (6). For earample. for the loudspeakers in the positions corresponding to set 1 In

Figure 3. the attenuations have been calculated ior all combinath oi loudspeaker positions arch that

the total number at secondary sources is varied trom 1 to is. In each case there exist IDCI. reCz.....

reCtn combinations or secondary source position. The results are summarised in Tablet tor an

excitation Irequency oi 88 Hz.
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This table shows the occurrence oi attenuation (represented by rounded values) according to the number

oi secondary source positions used. The maximum attenuations which can be achieved with different

numbers oi secondary loudspeakers are plotted in Figure 4, which also shows the corresponding results

tor excitation ireouencies oi 176 Hz and 264 Hzr At88 Hz, a well positioned loudspeakers can give an
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attenuation which is within about 2 dB at that
achieved with 16 loudspeakers. At the higher
frequencies. the absolute levels or attenuation
are smaller. and the achievable attenuation
continues to increase with the total number of
loudspeakers up to the maximum of 16.

 

it was also noted that at the lower
irequency(88 Hz). there are relatively low
combinations cl 8 loudspeaker positions which
give high attenuations, indicating that the
loudspeakers need to be at very specific 2 i e I in 12 u 16

locations. At higher trequenoies( with more _ meow-u

acoustic modes excited ) the exact positioning Figure 4 mam-nmum abetted hum mam- summing at

is less critical and there are a larger numbers a“- ‘NMWWWDWWMOIWNM
ot loudspeaker locations which give good reductions.

     

3. USE OF GENETIC ALGORITHMS IN FINDING BEST 8 LOUDSPEAKEFI POSITIONS FROM 16

The purpose oi this work is to apply genetic algorithms to the problem oi iinding optimum mndary

source loudspeaker locations in a leedtorward active noise control system. The use at genetic
algorithms in finding optimal actuator locations in the teedback control at structural vibration have been

reported in [9], in which the best 3 locations trom a possible 8 were calculated tor Which there are 56

combinations. in active noise control we are typically interested in optimising the position oi a larger

number oi secondary sources trom a much larger number of possible locations. In the final example

reported in this paper the problem at finding the best 3 locations lrom a possmle 32 is studied. lot which

there are over 10' possible combinations.

We must first code the loudspeaker positions in a way which can be used by agenetic algorithm. A

binary coding has been used. with each possible secondary source position being indicated by a bit
position in a binary string, with each bit having a value at 0 or 1 indicating the absence or presence of a

source. as illustrated below. ‘

WW

‘1" 1‘ ‘1‘ 1‘
Wheaten rs

‘ 1 2 s - - ~

Secondly an objective tunction needs to be defined which must be maximised by the genetic algorithm.

The reduction in the sum oi the squared outputs oi the microphone array. in as, as described in

equation (6). is called the attenuation below. and was used as the objective iunction, or "fitness". in the

genetic algorithm.

3.1 INTRODUCTION TO GENETIC ALGORITHMS
Genetic algorithms (GAs) are robust stochastic global optimisation procedures lor finding the global
maximum (or minimum ) of a nmltimodal tunction. GM require the natural parameter set oi the

optimisation problem to be coded as a finite-length string containing alphanumeric characters called

genes(bits). Genetic algorithms wins with a population oi randomly selected strings. The fitness value
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for each member oi this initial population. tor each initial suing, is then caiwiated. The strings in this
first generation are then seteaed at random, but with a probability proportional to their fitness in order to
pertorrn a reproduction operation to generate the next generation oi strings. Alter selection. various
genetic operators such as Crossover and Mutation are used to extract oomrrron properties shared by two
good strings which are then 'materf and used to provide selected oilsprings lor the next generation. The
process is repeated until convergence is achieved to a population dominated by the global maximum or
the fitness tunction or satistying user defined conditions. Genetic algorithms are robust and
computationally simple to implement and are not limited by restrictive assumptionsicominuity. existence
at derivative. unirrrcdality. etc.) about the searching space.

A simple genetic algorithm used in many practical problems is composed oi three operators:
Reproduction. Crossover and Mutation [5]. Reproduction is a process in which individual strings are
used again at random In the next generation according to their objective iunction value (illness vahe).
Hence. strings with higher fitness have a higher probability oi composing one or more oiispring in the
next generation. One or the easiest way oi implementing this operator Is to create a biased roulette
wheel where each string in the lament population has a roulette wheel slot sized proportional to its
fitness. Every spin at the weighted wheel then yields the next candidate. In this way. strings with higher
times have a higher number or oilsprlng in the succeeding generation but theprocess or selection is still
random. v In a crossover operation. newly reproduced strings are 'mated' at random. Each pairs oi
strings undergoes crossover as iollows : an integer number k, which determines the crossover site. is
selected at random between 1 and the string length less one. with uniform probabilities. Two new firings
are created by swapping all genes behind the crossover site( called as a 'tail' oi a string ). For example.
assume string A—‘Dror'. suing 5-131 io’and crossover site k4. The crossover operation yields two new
strings (A‘ and E) as follows where the crossover site is roamed with a dotted line.

«am «Mm
A-'¢IO:I‘ m-wroio'

m" e-urrrjr'J I ' 0 1 1'0 '

The mutation operatcir also plays an 'Inportant role In the operation oi genetic algorithms. in the simple
genetic algorithm. mation is the random alteration oi the value at genes in the strings. usually with a
small probability. In the binary coding at a string. this simply meam changing a ‘1' to a '0' and vice
versa. The mutation operator helps protect a genetic algorithm against converging to local optimal
points in the searching space. It acts as an insurance policy against premature converging behaviour.
Empirical studies oi genetic algorithm have shown that good mutation probability is on the order or one
mutation per thousand position translers [6].

3.2 A SPECIFIC CONSTRAINT IN APPLYING GENETIC ALGORITHMS TO ANC PROBLEM
The secondary source loudspeakers used were coded using a binary iorrrtat. i.e. a string
ooaaaooarrrrrrrr'mans that thefirst 3 speakers( lrorn loudspeaker No.1 to No.8) are not used and
last a loudspeakers( irom No.9 to No.16 ) are used. Because of the restriction that the total number or
Waiters used should be a constant. general geneti: algorithm could rot be used directly without
modifications. For inflame. consider a simple example oi selecting 3 locations lrom 8 and assrrne
string A-‘ooorrr' and string B-‘reraa'are mated in a crossover operation. For the given two strings.
anycrossoversitewillcausethetwostrihgs alteraossovertonothavethree't‘sin anystrings. lithe
crossoversiteisa. ioreirample. stringAbeoornes oooooo snowing B becornee mm: A number
at rnethods were investigated or applying the constraint that the total number or sources remain consent
during crossover [7]. The most succestul was to identity the total number oi pairs at pares (bits) which
were ditterent in the two parent strings, andto swap a random but even nunberoi these pairs between
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the two strings to form the next generation, While maintaining a constant total number at secondary
sources ("Modified random reordering'). Furthermore. in the mutation operation. a mutation or one gene
in a string should beacoornpanied by another mutation ot a ditterent gene which has dilterent value to
keep the constant number ot 't's in the string. That is. a mutation at one gene in a string trorn 't' to '0‘
should be followed by another mutation of one gene in the string lrorn '0' to '1‘.

On the basis at the simple genetic algorithm. various modifications were investigated such as the
'Penalty Method'iS] . 'Constrained random crossover" [7]. 'Modified random reordering" [Z]. 'Elitist
model' [5]. 'Variable mutation probability" [7], "Linear scaling" [5]. etc. 9 modified genetic algorithms
were developed using the above techniques which incorporate this constraint and the results were
wmpared to each other( see reiereme [7| tor the details at each algorithms and their comparative
performance ). Armng all these possibilities, ,9
algorithm 5633 showed the best perlorrnance in us
which "linear scaling'. 'stochastio remainder selection   

 

without replacement'. 'Modrried random reordering“. 52,:
"Variable mutation probability‘ and 'Elitist model' — 2,
techniques were used. w

II
An example ol the result oi using algorithm 5633 to ‘
choose the best 8 loudspeaker positions trorn a in"
possible 16 in set 1 is shown in Figure 5. Which also 2‘
shows the results ol using threeother variations on
this algorithm. The maximum attenuation resulting
trorn any ot the 30 strings In each generation is 5 m m k I" h
plotted against generation number. averaged over the "W" m “‘5” W W‘
results oi 20 applications ot the genetic algorithm. Emmwmw)?mm“mm
From the possible 12870 combinations. the algor'nhrn - semi ; 5533 .MMWMMWM
finds a loudspeaker anangement which has an " 5644 : $6331 ~mnmnmmww.
attenuation within about 0.5 dB ol the best possible "‘ 5°22 = 55“ ‘mmm‘mmm
(trom Figure 4) after an average ol 8 generations. Le. '
atter evaluating the results of 240 strings:

6. USE OF GENETIC ALGORITHMS IN FINDING BEST 8 LOUDSPEAKER POSITIONS FROM 32

It L microphones and M secondary source loudspeakers are used in the comrol system. the measured
impedance matrix (2) has dimensions L x M, in equation (1). The 2 matrix can be augmented simply by
attaching amther Z matrix for other set at secondary source positions to the original 2 matrix. or can be
reduced simply by deleting some columns trorn the original. For example. two ditterent trarster
impedance matrices 21 (LxM) and 22 (LxN). measured tor two ditlarent sets oi secondary source
positions. can be combined to term an L by MN 2 matrix under the assumption oi linear superposition
ol acoustic remnse. A reduced L by M-N 2 matrix can also be obtained by eliminating N columns trorn
the original. Predicted maximum attenuations can thus be calculated tor any combination ot
loudspeakers and microphones from the new 2matrix and similarly partitioned primary field vector p'.

Using the measured transter Impedance data tor the Mo sets at seetmdary source positions shown in
Frgure 3. the attenuation oi any combination o1 loudspeakers lrorn both sets can be calculated. In this
way the maximum attenuation which can be obtained by choosing 8 loudspeaker positions from the

442 Proc.l.0.A. Vol 15 Part 3 (1993)

 



 

Proceedings of the Institute of Acoustics

GENETIC ALGORITHMS FOR CHOOSING SOURCE LOCATIONS IN ACTIVE CONTROL SY$TEM

possible 32 in both sets has been calculated. This is a much larger problem than that discussed above,

with 10.518.300 possble combinations. Figure 6 shows the results oi using the genetic algorithm $633

in this case. In which the obiective iunction (litness) was taken as the sum oi the mean square pressures

at the 32 microphones at 88 Hz. An exhaustive search oi all possible combinations was also run tor this

case to establish the best possible periorrnance. a procedure which would be prohibitively expensive

under normal circumstances since it requires the equivalent ot a mantis running time on a 486PC l

Figure 5 also shows the results oi a simple

random searching in which the initial
population generating procedure used in the

(MS is repeated every generation so that all

the strings are generated in a purely random ~
way without any genetic operations. 'Also, a
simulated annealing method [3] was
Investigated tor comparison. The simulated
annealing method is an optimisation
technique suitable tor very large scale

problems. For this problem. the initial set of

loudspeaker positions is selected randomly

 

. . . . Numhuolltfin‘a searched
and the objective tuna-on is calculated. New W.Wmm:wW

“mums 5'9 General” by Mischa M Wmmihgmummy-mm to: r- em
location with dissimilar values at random and eitindmgcplimela secondly woe palm item as at satin and

monitoring the change in the objective Mdmmwmm-
iunction value. It the new configuration produces a higher attenuation value. it is accepted

unconditionalty. it not. it is accepted with probability el'E’n- where E is the change in the objective

iunction and T Is a 'temperature' selected such that the Initial acceptance rate is approximately so

percent. It the new solution is not accepted. the previous configuration is renewed. ii the convergence

criteria tor a particular value oi Tis satisfied or the maximum number at iterations has been reached. 1'

is reduced by a user specifiedamount. decreasing the probability oi acceptance. and the best solution is

used as a starting point Final convergence occurs Mien the solution remains unchanged for a

predetermined number of times Since too rapid 'cooling' increases the probability oi converging on a

local optimum and too slow cooling causes high cost in the searching. a balance must be obtained by

adiusting the parameters. in the simulations tor this problem. an initial value oi T=50 as above was used

and then Twas decreased by assigning each subsequent value to be 90 percent oi the current value.

Also. the number -01 iterations
Hrwycodedulnpnprascmtrg
mammalian. (dB)

(3W5”"

     

          

  

   

required at each temperature was

set to 200 and the maximum
number of iteration success in 5555

each Emma was set to 20. Kim—E—
m result oi the simulated unam-
nneai‘ rneti'rod wasoornpared n—aasoe-

3,3,, *2; 0, Wm, awn,“ "-12-
"‘ 59""6- “9mm” 5633
slwed better performance than arm-
simulated annealing method in n.—
m , imhltcanmtbg n—szm—-

is “5° 3" 9 III-  definitely concluded that genetic
. . measurement-a Mudghmpobhndm

mm“ WI" “ways M Pemrm mew-mangmmmummwmmuu
genocqu
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simulated annealingmethods since algorithm 563:! was developed through many relining procedures to
produce the best results but the simulated annealing method was not so exhaustively developed.

Table 4 shows the 10 strings found by the exhaustive search which produced the best attenuations at
ca Hz. Also shown is the number at times each 01 these strings was identified over 20 runs at the
genetic algorithm $633 which were allowed to run tor 50 generations with 200 srings per generation.

Algorithm $683 was also used ( tor a total oi 100 generations with 200 strings per generation ) to find
optimal 8 locations. in which the objective function was taken as the sum oi the mean square pressures
at the 32 microphones at the three harmonic Irequencies 88 Hz. 176 Hz and 264 Hz. The results
indicated that best periormance may be obtained with the combination ol loudspeaker numbers 2. 3. 5
and 15 in position set 1 and number 1, a. 14 and 16 loudspeakers in the position set 2 ( Figure 3 ). It is
interesting to note that these loudspeaker positions are not just those closest to the primary-source. An
experiment was then pertormed using loudspeakers placed at those positions in which an adaptive
algorithm [2] was used to adapt the outputs to the loudspeakers at the three trequencies to minimise the
output lrom the 32 microphones. The results. PM
together with the predicted reductions. are shown M." “Mal urn-Dune“,

name-mural .

TubaAmnnmhtenndumblnuslngasoaondaryseurcu

in Table 5. Despite the small dillerences between
calculated and measured attenuations. the genetic
algorithm had clearly lound a set oI secondary
source positions which gave very good reductions
in practice. There may be many reasons tor the
dilterences between expected and measured MM MM563'

 

values in Table 5. Among them. the most significant reason is thought to be inconsistencies in the data‘ ' I
tor the primary pressure field. In tact, there exist two ditierem primary field vectOrs :measured with the
loudspeakers in the position set 1 and position set 2. The two vectors were expected to be identical. in
practice. however the acoustic field lormed by the primary source was slightly changed by the secondary
source loudspeakers located in the two (filterent sets at positions. Averaged values of the primary field
were used in the obiective tunction calculations in the genetic algorithms used, which were thus not
entirely consistent with the practical measurement conditions. The dillerences between calculated and
measured attenuations were. however, less than 1 dB at all trequencies.

5. DISCUSSIONS AND CONCLUSIONS

In Figure 7. the control elicits (equation (7))
are plotted according to the descending order at
attenuation values(equation(6)) tor the best
100 cases tor the problem at finding the best 8
secondary source positions irom 16 using data
taken trom position set 1 at 88 Hz. This shows
that the optimal control alien Is very similar tor
many loudspeaker combinations. but
substantially higher tor others. Among these
100 cases. experiments were pertormed tor the
best 7 secondary source position sets and
showed good agreemertts( within 0.5 dB
diflerence) between the predicted and WQTRQ:mm’zfi

marmopamemm qumithtaett near-1:).
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measured attenuations in all but one case. In that case (marked with n in the l-‘rgure 7), the short
required was relatively high. the measured attenuation was 3:13 less than that predicted and a much
longer time was needed for the control sysam to converge. In order tor the genetic algorithm not to
select such ill conditioned solutions [2], it may be advantageous to Include an effort term in the objective
tunction used to assess the fitness oi each string.

As a way of confirming the robustness ot the positions tor the secondary sources. lound by minimising
the sum oi the mean square pressures at the three harmonic frequencies using genetic algorithm $633.
the primary source fundamental frequency used

in me expeumems was arranged «em as Hz to El“
SSH: and to 87 Hz. As shown in Table 6. the I"!!!
measured reductions produced by the ANCmm
system under these conditions were still high. Ii-
even though the trensler impedance matrix used my”?!mam
by the control system was learned at 88 Hz. We 9., )mlmufi‘ugmgw‘
have thus iound that the source locations iound
by the genetic algorithm are reasonably robust to small changes in the conditions of the experiment. but
this robustness has not been exhaustively explored. and further work on this aspect ol the problem is
curreme underway.

 

In this paper we have concentrated on finding the optimal secondary source locations tor a leedlorward
active control system designed to control a pure tone enclosed soundfield (an interior problem). We
have found that genetic algorithms provide an efficient and robust search procedure tor such problems.
which appearsto perfcrrn better than random searching or simulated annealing algorithms. Similar
techniques could be used to find the optimal secondary source locations In the control oi sound ramaticn
from a body (an exterior problem). or in the active control oi vfliration using mechanical actuators. The

genetic algorithms developed above may be also applied to find optimal error microphone positions so
that the total number ol microphones could also be optimised. The method could also be extended to
the active control oi broadband noise using either feediorward or feedback methods. '
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