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Abstract: A system for low-frequency noise control in small, enclosed sound fields is proposed, using
compound sound sources optimized by a genetic algorithm (GA). It is the integration of the developed
low-BI driver compound sources with a GA computer program in the Python language, aiming to
control the modal field. The lack of appropriate free space in small room:s is critical for positioning
the secondary sound sources; therefore, the proposed system has been designed to adapt to any
available position. Two quadrupole topologies of the secondary compound source are applied and
examined in a room. The convergence of the algorithm to the optimal solutions is attained through
parametric configuration. The spatial radiation of the compound source at a single fixed position
is adapted to couple with the modal noise field and attenuate it. The experimental results indicate
that the proposed system can successfully control resonances of different low frequencies down to
50 Hz at multiple positions. The tonal noise attenuation reaches up to 32 dB at 100 Hz, confirming
the applicability of the small subwoofer loudspeaker configurations for low-frequency control. This
new method offers a practical and effective alternative to the typical abatement techniques that use
distributed monopole sources in limited spaces.

Keywords: low-frequency active noise control; compound sound sources; genetic algorithms; modal
field adaptation

1. Introduction

Active noise control (ANC) is a long-established method of attenuating noise with the
superimposition of a secondary field. The underlying concept is the destructive interference
of acoustic waves among primary and secondary sources, first introduced by P. Lueg in
1936 [1] as a sound-damping process between two out-of-phase acoustic waves. The
cancellation of the noise source sound pressure by a signal with equal amplitude and
opposite phase has long been researched [2], and relative studies dealing with ANC
applications [3] or the control of outdoor noise emissions [4] have followed. Each control
scheme uses one or multiple actuators to produce a secondary field and partially cancel
the primary noise. The arrangement of loudspeakers and microphones has been a field of
research aiming at active sound reduction [5]. Low-frequency noise (LEN) is a fundamental
component of occupational activity. Steady-state LEN is produced by power stations,
industrial equipment, rotating machines, ventilation systems, etc. LFN is highly pervasive
in buildings and is magnified by the modal field of enclosed spaces. The ANC principle
has been widely adapted for LEN mitigation in rooms [6,7] and vehicles [8-10]. A thorough
survey on ANC research and applications during the past decade can be found in [11,12].

Genetic algorithm (GA) optimization is a global guided random search technique that
seeks a solution to optimize an objective function [13]. Genetic algorithms are well suited for
application in several control problems and are known for their easy adaptation and overall
efficiency. They can locate the global optima in a parametric search, so they can be applied
to large-dimensioned problems with vast search space and converge to the optimal solution
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in a short computation time. GAs are heuristic and can offer multiple solutions close to the
global optima, which is important for problems imposed by technical limitations. However,
some attention must be taken to an unpredictable response in real-time applications and
constraints must be imposed.

In the noise control field, the first GA for noise control was presented in 1994 [14].
Since then, it has been studied as an emerging optimization algorithm [15]. Numerous
studies have applied genetic algorithms for optimal configurations of sensors and actu-
ators, especially in larger spaces, where there are more possible positions and a guided
random search method is advantageous. The performance characteristics of various genetic
operators have been thoroughly tested for the optimal search configuration of a cylinder
with a floor structure, representative of an aircraft fuselage [16]. The application of genetic
algorithms for the optimal placement of sources and microphones inside an aircraft cabin
has been studied [17]. In [18], the authors have compared natural algorithms with opti-
mization techniques based on gradient descent methods, for the optimal secondary source
locations in an ANC system of a pure tone enclosed field, finding that the former are more
efficient and robust. A study on noise reduction in a duct has been made using a GA-based
system, comparing its performance to an LMS-based system [19]. It has been concluded
that for complex noise signals and simple controller structures, GA-based systems are more
effective than classical systems utilizing gradient algorithms. A mixed method using a
primary field model and a GA has been studied to determine the error sensor configuration
with multiple real acoustic sources and provide a solution near the optimal [20]. In [21],
the authors have investigated the optimization of an ANC system in a telephone kiosk
model using several genetic algorithms and considering the coupling among secondary
sources. A near-black-box ANC model has been established by incorporating the GA into a
parametric design of the delay-less subband algorithm [22].

In this study, a new method is presented that aims to achieve the control of different
dominant resonance frequencies in an equipped room utilizing a compound source. The
control focuses on different areas of rooms such as workplaces, where the actual conditions
for control implementation contain space restrictions for positioning the sources. Instead
of distributing several and usually big-volume monopoles, according to the antinode of
the modes under control, as is often met in the literature, the designed low-frequency
control source is concentrated in a fixed position and can be located anywhere in the
modal field. The local noise control is attained by reducing the sound pressure at the
microphone position. This work extends our previous studies on low-frequency noise
control simulations with quadrupole sources [23,24], and the development of small low-
frequency compound sources with low force factor (low-BI) drivers [25,26], suitable for
control application in small common or factory control rooms. In the study of [24], the
successful attenuation of all the investigated modal frequencies would not be possible if
monopoles or dipoles were solely used. A compound source was simulated in global control
by reducing the total acoustic potential energy of harmonic fields in a small enclosure,
compared to a method with distributed sources [27]. Furthermore, the low-BI drivers have
a high efficiency in a limited frequency region [28], so they can be tuned at low-frequency
resonances, fs, in designs with small cabinets. Multiple such loudspeakers can be used
as narrow-band components to form an ideal subwoofer system for the optimization of
low-frequency reproduction [29].

The proposed ANC system is integrated with a developed GA-based software that
optimizes the control signals in real time to attenuate a noise field. The challenge is to
utilize the low-frequency compound sources, which, with the beneficiary search behavior
of genetic algorithms, are combined to offer an alternative solution to a common problem
of principal interest. Given a quadrupole in different setups as a control actuator and a
limited number of possible positions, the target is to find the optimal control parameters
for maximum noise attenuation in predefined areas. The experimental results confirm
the efficacy of the presented control design. The main contributions of this paper are as
follows. Firstly, the adaptation of the compound source radiation is utilized to couple with
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the modal field. As a result, there is no need to use multiple sources in a limited space.
Secondly, the system adapts to any available position and controls multiple frequency
resonances at different single areas without the need to reposition the secondary source.
Thirdly, the low-BI loudspeakers are beneficial for compound sources in ANC. This novel
system offers the flexibility to adapt the control regardless of the room space and shape. To
the best knowledge of the authors, this technique has not been applied to low-frequency
noise control.

2. Compound Sound Sources
2.1. Compound Sources in Noise Control

The sound field in small enclosed spaces is governed by a strong spatial and frequency
non-uniformity of the acoustic energy, due to the distinct and intense modes. There is a
significant impact on the sound quality of the audio content, causing the feeling of distortion
and sound coloration. The acoustic response of a source is determined substantially by its
position, which affects its coupling with the modal field. Therefore, in the usual case that a
steady-state low-frequency industrial source operates, the noise reduction level is critically
dependent on the location of secondary sources, and it is more effective when their number
increases. However, the physical size of the usually big-volume low-frequency sources
may be a constraint on their positioning.

The directivity in low frequencies, as its principles were presented by Olson (1973)
concerning the gradient loudspeakers [30], can be utilized to partially overcome the spatial
constraints. In multipole topologies or compound sources, the directivity results from the
radiated wave superposition of the elementary sources and depends on their setup and
driving parameters. A system consisting of multiple components can be effective for equal
coverage in the low-frequency range by adapting to a defined listening area [31]. Each
component of the subwoofer array is driven by a dedicated signal, adjusted in amplitude
and phase.

The control of the directivity pattern can have an advantageous effect on noise attenu-
ation [32]. The feasibility of active directivity control for the reduction of sound radiation
to a certain direction from the near to the far field has been presented with numerical
simulations and experiments with a planar error microphone array [33]. In the free field,
the cancellation of a primary monopole sound field using secondary multipole sources
has been studied [34]. A numerical study on the types of secondary sources for sound
radiation control concluded that arrays of monopoles are suitable for controlling a primary
source [35]. The compound sources can be used to substitute secondary monopoles, reduce
the number of control channels, and improve the noise reduction performance of a system
for different primary sound fields, as presented in [36] for frequencies higher than 200 Hz
and in free-field conditions.

The efficiency of the source decreases for low-frequency radiation as the order increases
in the free field [37]. On the contrary, in closed or semi-closed spaces, room boundaries
positively affect the directivity of the sources and improve the noise attenuation perfor-
mance [38—40]. The spatial radiation of a compound source can be adapted in such a way
that it is coupled with the modal noise field and produces a destructive effect of the latter.
The noise reduction also depends on the orientation angle of the source configuration,
based on the mechanism that a surface can convert a vertical dipole into a longitudinal
quadrupole [39]. At low frequencies, if a dipole is aligned parallel to a reflective surface,
the maximum pressure amplification can be achieved, acting as a gradient source. The
defined directivity causes the excitation of modes in the direction of the dipole axis [41].

In the present study, two compound source configurations are applied, aiming at
the coupling of the modal field of the investigated room: the longitudinal and the lateral
quadrupoles [42]. The topology of each one is depicted in Figure 1. They consist of
two dipoles with their monopoles radiating out of phase at a small distance 4, so that
d < A, and d < r, where A is the wavelength and r the observation distance [43].
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Figure 1. Compound sources, with d as the distance between the two poles of a dipole component, D
as the distance between the dipoles, and the encircled minus and plus symbols determining the 180°
phase difference of the dipole components. (a) Longitudinal and (b) lateral quadrupole.

2.2. Investigations with Quadrupole Control Sources

In room acoustics, a wave-dominated field can be predicted accurately using a wave-
based computational method, such as the finite element method (FEM) [44]. Simulations
in a typical room model with finite elements are presented in order to investigate the
advantage of employing a quadrupole over a simple dipole as a control source. The model
dimensions are (X, y, z) = (4m, 3.5m, 2.8 m), as depicted with the control positions
(CP) in Figure 2. Both primary and secondary sources were modeled as point sources,
introducing pressure waves with a mass flow rate m = pgQ (kg/s) and monopole strength
Q (m3/s) as volume velocity [45]. A combination of point sources is included as a forcing
term in the acoustic wave equation for the steady-state response as

V3 (9= g Wy 1)

where Q is the strength of a point mass source operating at the forcing frequency
f = w/2m (Hz). The noise field minimization with a stepped sweep of the parameters
is examined in a rectangular area of 0.9 m?(z = 0.5 m). The adjustable driving parame-
ters are the moments of the dipoles through the strength or amplitude of monopoles and
their relative polarity. The simulations are carried out at the room’s natural frequencies of
49Hz (0,1,0) and 65 Hz (1, 1,0). For the quadrupole point sources, d = 20 cm (D = 40 cm),
and for the dipole, d = 40 cm, so that the acoustic centers have the same geometry length.
The metric for the control evaluation is the noise level reduction using the average sound
pressure level (SPL) L,y determined by (2), where L; are the sample levels. The control
performance with the highest attenuation in the area is given in Figure 2.

1 n
Lay = 10 lg<n2 108/ 10) @)
i=1

The noise attenuation using a dipole source, either at CP 1 or CP 2, is limited. For
the area under control, the average noise level reduction is satisfyingly higher with
a quadrupole. The attenuation of 49 Hz with the longitudinal source at CP 2 reaches
up to 55 dB. Instead of using the longitudinal source for the case of 65 Hz at CP 2, the
highest noise attenuation is attained with a lateral quadrupole. This example indicates
the flexibility of using a quadrupole source. It offers a more adjustable control field, while
many different areas can be controlled along with the investigated area, as seen in the case
of 49 Hz at CP 2. The second dipole offers more degrees of freedom to adjust the radiation
pattern of a quadrupole while varying its driving parameters and coupling with a modal
field. A more uniform sound field is obtained after the modal field control. In the case of
49 Hz at CP 2 or 65 Hz at CP 1, it seems that the control is almost global.

It should be noted that the limited noise reduction which is attained with one dipole
at a specific area presupposes higher source amplitude than using a quadrupole. These
investigations assume point sources and the results may seem very optimistic for such low
frequencies. However, they can be a guideline for the following noise control measurements
with quadrupoles as secondary sources.
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Figure 2. Sound pressure level (SPL) mappings (dB) in a finite element model with the attenuation
results. First column: noise field from a point source in the upper right corner at 49 (first row) and
65 Hz (second row). Control with a dipole at control position (CP) 1 (second column), a quadrupole at
CP 1 (third column), a dipole at CP 2 (fourth column), a longitudinal (49 Hz), and a lateral quadrupole
(65 Hz) at CP 2 (fifth column).

3. GA-Based Developed ANC System
3.1. Genetic Algorithm Consideration

A genetic algorithm searches for the optimal solution of a problem by evolving itera-
tively generations g using probabilistic transitions, with populations Py, which are sets of
candidate solutions. Each solution 7, also known as an individual or chromosome, consists
of a set of properties, the genes. The algorithm begins with a random population, Py. Its
convergence speed and computing cost depend on the number of operations, which is a
function of the population size N. Each individual is assigned a fitness score, evaluated by
a fitness function. The offspring population is created through the genetic operations of
selection, crossover, and mutation. The possibility for high-fitness solutions to be lost in
the next generations exists, resulting in missing important search information. Elitism [13]
ensures the continuing survival of the fittest individuals, by retaining a small portion of
the population to carry over unchanged to the next generations. However, this may lead
to selective pressure behavior and focus the search exclusively on some good solutions,
overlooking other, potentially, fitter ones. Population diversity is a measure of the distribu-
tion degree of individuals in the solution space and contributes to making the process less
susceptible to being stuck in local optima. A balance between population diversity and
selective pressure must be kept, to reach the global optimal point.

The implemented GA is developed in the Python programming language [46] using
the “PyGAD” Python package [47]. The proposed control system with the developed
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GA
software

compound source is shown in Figure 3. A subwoofer simulates the noise source, operating
simultaneously with the control signals. The objective of this strategy is to adapt the
compound source radiation and coupling to the modal field through its setup and driving
parameters to attenuate the primary field at a selected point. The sequence of the genetic
evolution process for the control system is depicted in Figure 4. The GA ends when it
reaches the user-defined number of total generations G.

Enclosed sound field

Audiointerface Primary noise field
input outl out2 out3 \

Power amplifier

_d Li.g
@z
Measurement point W
Secondary field /\/
@ ~ ag

Figure 3. The control system with a compound source. L; ¢ is the primary field Ln combined with the
secondary field, a; — a, are the driving amplitudes of each dipole, and Ag is their phase difference.

N
Fitness f; o, i:[LN]

N
g [1G]
Genetic operations N
/ \ Sub-population 2
: Crossover f=e=«=+" Mutation > By
: A /[ 90% N (Offspring) A
Mating pool Gene space
Best 70% al,a2,Ap
: /I\
Elitism Sub-population 1
: Best 109
: - 10% N
: \ 7y /
N N

Figure 4. Genetic evolution process of the control system.

3.2. Coding Scheme

A real-coded GA is used in which each individual is a set of positive real numbers
with equal length to the number of the system parameters. The compound control source is
a quadrupole configuration; thus, the driving parameters are two numbers for the driving
monopole amplitudes of the comprising dipoles and one for their phase difference. These
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are bounded due to practical limitations, enabling a more effective search for feasible
solutions. Therefore, every individual is structured by three genes, {41, a2, Ap}, where:

e genel (dB): amplitude of dipole components 1, ay;
e gene? (dB): amplitude of dipole components 2, a5;
e gene3 (deg): phase difference between dipoles, Ag.

The gene values are taken from a defined gene space, which is [0.5, 9.5], with a 0.5 dB
step for a and ap, and [0, 315], with a 45° step for Ag. The two amplitudes are levels in dB,
relative to the initial driving amplitude of the compound source, a.. A difference of 2; and
ay higher than 9.5 dB degenerates the quadrupole radiation features. The a. is set so that
the secondary sound level at the measurement point is equal to the primary level Ly, as
first recorded.

3.3. Fitness Evaluation

The fitness function returns a numeric value representing the calculated fitness of each
solution, f; ;. It establishes the basis for selecting mating parents during reproduction. In
this control system, the objective is to generate quiet zones: the minimization of the primary
field using the norm of sound pressure at a discrete point of measurement by utilizing
the partial sound destructive interference. The process of selecting the optimal driving
parameters is followed each time for a given configuration. The fitness of each individual
is assessed as the difference between the existing noise level, Ly, and the controlled level
after applying the generated i driving parameters for the compound source, Lig:

fi,g =Lh— Li,g (3)
Therefore, the performance index of noise attenuation is measured based on the direct
recording of the combined primary and secondary level, L; ., which is then subtracted
from the measured primary Ly, to obtain f; ;. The quality of a real-time GA system, with
the ability to determine each solution fitness properly, leads to the stable operation and
production of fitter scores in subsequent generations. During the system operation, the
event of external temporary sound disturbances is probable and may disorientate the
evolution convergence. A band-pass finite impulse response (FIR) digital filter design with
cutoff frequencies of 20 Hz around the examined frequency is applied to the microphone
input signal. The desired attenuation in the stop band is 60 dB.

3.4. Parent Selection

Several parent selection schemes that emulate the “survival-of-the-fittest” nature
mechanism have been proposed, with the prospect to generate better solutions [13]. The
rank selection scheme is preferred, as it also serves the concept of elitism. When selecting
the parents, the solutions are first ranked based on their fitness, and then the top individuals
are used as parents for mating. Individuals from this mating pool produce offspring, and
in the next population, the new parents are selected from the top individuals by ranking
the solutions of the current parents and offspring. This process terminates when the
breeding population has replaced all the old individuals. As shown in Figure 4, the new
population consists of two sub-populations. The elitist sub-population 1 is the direct fittest
10% of the current population. The remaining 90%, the offspring sub-population 2, is
produced by genetic operations on a mating pool of parents, which are the fittest 70% of
the current solutions.

3.5. Genetic Operations of Crossover and Mutation

The basic genetic operations of crossover and mutation create offspring using histor-
ical search information and introducing some recombination. Crossover is the principal
genetic operator that combines the genes of two parents, resulting in new solutions with
intermediate characteristics. Since each chromosome consists of three genes, the single
point type is applied with a random crossover point on the genes of both parents. After the
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GA tuning, the crossover probability parameter p. at a particular mating is set to 0.75 for a
good balance between population diversity and selective pressure.

In the mutation process, some genes are changed randomly from the gene space
obtaining new solutions. The mutation rate is given a small probability, i.e., pm = 0.15, to
prevent the irreversible loss of important information for the search progress. Mutation is a
way of avoiding premature convergence to local optima. Although it is used less frequently,
as its random nature is more likely to degrade a good chromosome than improve it, it
contributes to population diversity.

The adaptive mutation is also used for further investigations of the GA operation and
comparison purposes. Instead of using a constant rate, adaptive mutation replaces strings
of low fitness with higher probability. The offspring produced from crossover does not
directly undergo mutation, but first take part in a temporary population along with the
parents from elitism, to complete N individuals. The average fitness f, is calculated from
this intermediate population, and each solution is determined for low or high mutation
probability according to its fitness. This helps to avoid the total randomness of mutation
applied equally to all chromosomes. Therefore, the fitness of the good solutions is main-
tained, and that of the weaker ones may be increased. Two values are given in adaptive
mutation: the first is the mutation rate for the low-quality solutions and the second is for

the high-quality ones : [plow, phigh} . The adaptive mutation works as follows [47]:

- Calculation of the population’s average fitness, f;. For each individual:

- If fiy < fg itis regarded as a low-quality solution, so the mutation rate is high in
order to improve its quality.

- If fig > fg itis regarded as a high-quality solution, so the mutation rate is low in
order to avoid disrupting its quality.

3.6. GA Parameters Selection

A crucial factor that determines GA effectiveness is the tuning of the parameters and
the genetic operations. The population size is chosen to be sufficiently big in order to fulfill
the population diversity. After several experimental tests for this ANC implementation,
proper GA performance is obtained using 40 individuals, along with the genetic parameters
in Table 1.

Table 1. Selected genetic parameters.

Population size, N: 40 Elite solutions: 4

Total generations, G: 40 Crossover type: single point
Chromosome length: 3 Crossover probability, p. : 0.75

Parent selection scheme: rank selection Random mutation probability, pm : 0.15

Adaptive mutation probabilities,

Selected solutions as mating parents: 28
{pIOW/ Phigh] :10.3,0.1]

4. Measurement Strategy and Equipment
4.1. Investigated Room and Sources Configuration

The room for the noise control investigations is in our laboratory and has an approxi-
mate volume of 33 m® and a floor area of 12 m?. There is a suspended ceiling of acoustic tiles
at a distance of 0.25 m from the concrete to drive the ventilation ducts. Perforated panels
backed by thick absorbing material cover the side walls. Three areas are targeted to create
quiet zones at the measurement points (MP). Regarding the control positions, there are no
other options than placing the compound source in two vacant areas: at a corner or along
the edge between the floor and the wall. The floor dimensions of 3.8 m x 3.4 m x 3.1 m,
height of 2.8 m, MP at a height of 1.2 m, and the control positions are depicted in Figure 5a.
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Figure 5. (a) Room schematic diagram with the positions of interest. (b) Noise level at eight points
for the frequency of 50 Hz at the measurement height of 1.2 m.

In the following experiments, the first axial modes cannot be derived directly due to
the room shape. These could be a guideline to orientate the quadrupoles to the direction
of modes. The dominant frequencies are measured with a low-frequency logarithmic sine
sweep in each MP, as seen in Figure 6. The frequency of 50 Hz is the most dominant in
the three points. For this frequency, the sound pressure level at eight points was acquired
using an NTI XL 2 Audio analyzer and is depicted in Figure 5b to show that no axial mode
is profound in the two main axes. For each area, the two most dominant frequencies are
considered for attenuation. Therefore, along with the frequency of 50 Hz, noise control
should be also implemented for the frequencies of 100 Hz at MP 1, 77 Hz at MP 2, and
108 Hz at MP 3 (Figure 6). Due to the long wavelengths of the investigated frequencies, i.e.,
~3.2 — 6.8 m, one error microphone is sufficient for investigating quiet indoor working
zones. For each dipole source, d = 20 cm. For the longitudinal source, the distance between
the acoustic centers of the dipoles is D = 55 cm, while for the lateral it is 20 cm. Thus, it
applies d << A for the shortest investigated wavelength of ~3.18 m (108 Hz).

20 30

40 50 60 70 80 90 100 110 120 130 140 150
frequency (Hz)

Figure 6. Noise level for the three areas in the low-frequency range.
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4.2. Equipment of the ANC Experiments

The strategy proposed in Section 3.1 was tested with the experimental setup shown in
Figure 7. With the measurement microphone positioned at one out of three investigated
points, as shown in Figure 7b, the setup corresponds to the wire connection diagram for
the experiments (Figure 3).

Primary

source

Control source

(b)

Figure 7. The equipment for the ANC experiments: (a) noise source, audio amplifier, sound card,
and computer; (b) compound source at control position (CP) 1, and microphone at measurement
point (MP) 1.

Each monopole source, with outer dimensions of 20 cm x 18.5 cm X 18.5 cm, includes
a4”(# =101.6 mm, 4 Ohm) Visaton (Haan, Germany) KT 100 V driver with low resonance
frequency, fs = 37 Hz, and low force factor, B = 3.43 T-m, in an optimal bass-reflex box
design [25]. The developed lightweight subwoofers were arranged in two quadrupole
configurations for noise control (Figure 8). A computer was used with the developed
software to drive the compound source into a Thomann (Burgebrach, Germany) The t.amp
TA 600 MK-X 2-channel audio power amplifier, with each channel dedicated to a single
dipole. The signal is reversed by 180° before the input to the second monopole. An
active subwoofer loudspeaker system Genelec (Iisalmi, Finland) 7360 APM was driven by
a third channel to simulate the primary source. The omnidirectional NTT Audio (Schaan,
Liechtenstein) M4260 measurement microphone was used, positioned at the head height of
the listener, z = 1.2 m. A four-channel, high-resolution USB audio interface, Tascam (Santa
Fe Springs, CA, USA) US-4x4HR, was used for connection between the sound equipment
and software.
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@) (b)

Figure 8. The investigated room with the compound control source located at CP 2 and the micro-
phone at MP 1: (a) longitudinal and (b) lateral setup.

5. Experimental Results and Discussion
5.1. Results

The developed system was tested several times with the two quadrupoles placed at
the two control positions. Among these experiments, the two optimal configurations for
each dominant frequency are presented. The corresponding maximum noise reduction and
optimal driving parameters for the longitudinal (Long) and the lateral (Lat) quadrupole
setup are shown in Table 2.

Table 2. The two optimal attenuation results for each MP and frequency, with the optimal driving parameters.

. Optimal Driving
MP  Freq.(Hz) CP CS(:::OI Relzl/[uac)fdljr(:l(sgB) Parameters
P {a (dB), a3 (dB), Ap (deg)}
1 50 2/1 Long/Lat 18/18 5.5, 1.5, 135/2.5, 0.5, 180
100 1/1 Long/Lat 32/29 4,35,90/2.5, 25, 90
5 50 2/2 Long/Lat 18.5/15.5 4,75,270/9, 8, 180
77 2/1  Long/Long 29.5/28 1.5, 5, 180/3.5, 1.5, 135
3 50 1/2  Long/Long 19.5/18 5.5, 1.5, 225/1.5, 2.5, 225
108 1/1 Long/Lat 32.5/27.5 2,55,45/35, 8, 315

- MP 1: From Table 2, it seems that both quadrupoles offer the same maximum attenua-
tion at 50 Hz when they are positioned at CP 2 and CP 1, respectively. At 100 Hz, the
attenuation is much higher, reaching 32 dB, and the longitudinal prevails slightly over
the lateral source, giving a 3 dB higher maximum attenuation.

—  MP 2: At 50 Hz, the longitudinal quadrupole at CP 2 attains a quite satisfying attenua-
tion of 18.5 dB, while the lateral source at the same position achieves a reduction of
15.5 dB. At 77 Hz, the longitudinal quadrupole offers noise attenuation up to 29.5 dB,
in which CP 2 has the advantage over CP 1.

- MP 3: At 50 Hz, the longitudinal quadrupole at CP 1 offers high primary attenuation
of 19.5 dB. At 108 Hz, it reaches a reduction of 32.5 dB at the same position. Again,
the longitudinal source offers higher attenuation at both frequencies.

In Table 3, the optimal attenuation results are given for the two control setups in each
CP, MP, and frequency. In Figure 9, the same results are depicted with colored arrows to
show the noise control efficiency between each pair of CP and MP. The results are divided
into four groups: red color is used for noise attenuation of up to 8 dB (“not sufficient”),
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orange for up to 16 dB (“sufficient”), blue for up to 24 dB (“satisfying”), and green for
higher reduction levels (“very satisfying”).

Table 3. Optimal noise attenuation results of the two secondary setups for all CP, MP, and frequencies.

MP 1 MP 2 MP 3
50 Hz (dB) 100 Hz (dB) 50 Hz (dB) 77 Hz (dB) 50 Hz (dB) 108 Hz (dB)
Long—CP1 10 32 7 28 19.5 325
Long—CP2 18 17 185 29.5 18 255
Lat—CP1 18 29 6 9 85 275
Lat—CP2 17 24 15.5 185 6.5 215
W cp 1 [l [ IW P2 %
MP 3 MP 1 MP 1
% = 9

MP 2 MP 2

W cp 1 [[H]

MP 1

5 7

MP 2 MP 2

? ?

Figure 9. Optimal noise attenuation among each CP, MP, and frequency. For each MP, the first arrow
represents the 50 Hz case, while inspecting the graph in a clockwise direction. The second arrow is
for 100 Hz (MP 1), 77 Hz (MP 2), and 108 Hz (MP 3).

It is derived that the dominant frequencies can be controlled sufficiently in every MP
by using either the longitudinal or the lateral configuration. The longitudinal source can at
least satisfyingly control all the problematic frequencies in each MP, especially when it is
positioned in CP 2. This does not stand for the lateral source. Specifically, at CP 1, noise
control is not sufficient at 50 Hz in MP 2 (6 dB), while it is slightly sufficient in MP 3 (8.5 dB).
With the lateral source at CP 2, the attenuation at the same frequency is not sufficient in
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MP 3 (6.5 dB), while it is sufficient in MP 2 (15.5 dB). The same setup offers a reduction
of 18.5 dB at 77 Hz in MP 2. Although this is satisfying, it is far less than the maximum
attained attenuation with the longitudinal source at the same position (29.5 dB). For the
higher frequencies of 100 Hz and 108 Hz faced in MP 1 and MP 3, the longitudinal source
at CP 1 attains the highest attenuation of 32 and 32.5 dB, respectively. In Figure 10, the
genetic evolution with random mutation for the primary field attenuation at each MP and
frequency is depicted for the two optimal cases, as presented in Table 2.

50 Hz MP1 100 Hz
235
i
g 30 P——_
'¢§ 25
1 £ 20 %%
e
— w1
latCP 1 ; > ” 101’1g CP1
long CP 2 2 10 ——1lat CP 1
TTTTTTTT T T T T T T T T T T T T T T T T T T I T T T T T T T rrIrITl 5 LIS I O I
1 4 7 1013 16 19 22 25 28 31 34 37 40 1 4 7 101316 19 22 25 28 31 34 37 40
Generation, g Generation, g
50 Hz MP 2 77 Hz
235
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= 30
2 /]
/' -§ 25
/ IJ § 20
lat CP 2 ; 15 /f' long CP 2
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Z long CP'1
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Z —]at CP 1
1 4 7 1013 16 19 22 25 28 31 34 37 40 1 4 7 101316 19 22 25 28 31 34 37 40
Generation, g Generation, g

Figure 10. Evolution of noise attenuation for the two best cases of each MP and frequency.

As far as investigations in the GA operation are concerned, the evolution is also tested

using adaptive mutation ([Plow/ Phigh] :[0.3, 0.1] ). The genetic evolution for each case is
depicted in Figure 11, along with the corresponding one from Figure 10 for comparison
purposes. It is shown that the optimal results given in Table 2 not only can be reached
but this is also achieved in earlier generations. This is expected, as the adaptive mutation
replaces strings of low fitness with higher probability and drives to selective pressure; thus,
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fitter solutions tend to appear in earlier generations. The optimal results of the genetic
evolution with the adaptive mutation are given in Table 4.
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Generation, g

Figure 11. Evolution of noise attenuation for the best case of each MP and frequency, with random
(red) and adaptive (green) mutation.

Table 4. Optimal noise attenuation results with adaptive mutation for the best case of each MP and frequency.

Frequency Control Max. Noise Optimal Driving
MP (Hz) cp Setu Reduction (dB) Parameters
P {a1 (dB), a,(dB), Ap(deg))

1 50 2 Long 18 5,15, 135
100 1 Long 32 3.5, 3,90

5 50 2 Long 18.5 4, 75,270

77 2 Long 29.5 1.5, 4.5, 180

3 50 1 Long 20 5.5, 1.5, 225
108 1 Long 32.5 2,55, 45
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The Ag is an important degree of freedom. Various steps of 45° seem to offer a sig-
nificant contribution in searching for successful noise attenuation. The third gene has
a crucial role in the fitness score, as solution sets with the same A¢ and close first and
second genes can obtain the same score, i.e., {3.5,3,90} = {3.5,2.5,90} = 32, while indi-
viduals with the same first two genes and different Ap may have far different scores, i.e.,
{3.5,3,90} # {3.5,3,315} = —3.5, resulting in noise reinforcement. Therefore, while some
of the optimal driving parameters in Table 4 slightly differ in some a; and a,, they produce
the same fitness with the corresponding results in Table 2. In any case, the optimal A¢ value
remains the same, with either random or adaptive mutation.

5.2. Discussion

While various orientations of the two quadrupole topologies were examined, especially
in CP 2, the presented ones are the most effective. The concept was to set the compound
source in a location to occupy the least possible space and to control the noise frequencies at
all points. By inspecting Table 3, control of different frequencies and areas can be attained
by the compound source in a fixed position thanks to its radiation coupling with the room
modal field. If one control position suppresses a disturbing frequency, the same can be
sufficient for attenuating another frequency. This is achieved via the driving signals; thus,
there is no need to relocate the source. There is also no requirement for a specific compound
layout for successful performance, as the source will adapt itself to the position.

In addition, the engineering perception indicates where the sources must be placed
to efficiently control the noise field in combination with the limited available space in an
equipped room. The presented system surpasses the space constraints as it can control
different frequencies without distributing secondary sources. Furthermore, if a convenient
location is no longer available, an alternative one can be chosen, and the GA produces a set
of optimal solutions for the driving parameters with a similar amount of noise attenuation,
as has been shown for most cases in Table 2.

In the experiments, the longitudinal source offers a fine solution for noise control in
the low-frequency range, as it prevails over the lateral type in almost all cases. Considering
that these sources operate at low frequencies in a room rather than in the free field, the
coupling degree of sound pressure distribution is higher for the longitudinal case.

The low-frequency radiation from small sources is inefficient; therefore, the use of low-
Bl drivers offers a fine solution for the development of low-volume subwoofer compound
sources. The maximum attenuation for the frequency of 50 Hz that is obtained in all
measurement points is not as high as it is for the higher frequencies of 77, 100, and 108 Hz.
This is probably due to limited power output at 50 Hz, compared to higher frequencies,
as was observed when designing the low-BI loudspeakers [25]. Although the attained
amount of reduction is quite sufficient for such a low frequency, more source strength may
be required for possible higher attenuation by designing more powerful low-BI subwoofers.
This may be done at the expense of the volume of each secondary monopole, but the
concept of this work is beneficial to this direction.

It is noticed that the maximum noise reduction is 20 dB when placing the longitudinal
quadrupole at CP 1 to reduce the 50 Hz component at MP 3, in Table 4. However, the
corresponding value is 19.5 dB in Table 2. In sound level measurements, we obtain pres-
sure fluctuations, and therefore, the same driving parameters may produce fitness score
differences within 0.5 dB in subsequent measurements, which are meaningless and not
audibly distinctive to the human ear.

Regarding the GA performance, it is expected that the process converges in a pop-
ulation dominated by the optimal solution of the fitness function. This provides the
opportunity to choose the most convenient set for each case among several near-global
solutions that may offer an overall reduction at the microphone, which is within 0.5-1 dB
of the optimal one, as presented in Figure 12. The system robustness was tested with
experiments of five consecutive genetic evolutions for the case of MP 2 at 77 Hz and the
longitudinal source at CP 2, each with a different initial population of the same length.
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Despite the slight differences, all five cases converge in the same vicinity and attain primary
field attenuation within +0.5 dB of the maximum reduction level of 29.5 dB, showing
consistency in the optimal result. Another advantage is that there is no need for a reference
signal or correlation with the error signal. The proposed ANC system is independent of
transfer functions between sources and error sensors.

7 ,_//—I/U

population 1

population 2

/ / population 3

population 4

population 5

4 7 10 13 16 19 22 25 28 31 34 37 40

Generation, g

Figure 12. Consecutive experiments with different initial populations on attenuation at 77 Hz in
MP 2 with the longitudinal source at CP 2.

In this work, every solution constitutes a single measurement with a duration of
~3 s; thus, the whole optimization procedure may take several minutes to complete.
Nevertheless, this is only what it takes to face and suppress an annoying low-frequency
tone for a single source configuration. In the case that the noise tone shifts, which is not met
often in industrial equipment operating at a steady cycle rate, then the compound setup can
suppress it with a new genetic evolution. It is worth mentioning that adaptive mutation
proves to be quite helpful in reducing the experimental duration, as it can reach the optimal
result in earlier generations. In the experiments, one generation with 40 individuals could
last ~2 min. From Figure 11, it is observed that 20 generations are enough to reach the
optimal attenuation using adaptive mutation.

6. Conclusions

In the present study, a novel approach for low-frequency noise attenuation in modal
fields using genetic algorithm optimization is addressed. The proposed method can suc-
cessfully control a modal primary field with a compound source at a single fixed position,
for different frequencies, and at multiple listening positions. The longitudinal quadrupole
located at CP 2 can control all the problematic frequencies in all positions at least satis-
fyingly. The secondary field is produced by the adaptable radiation of the compound
source and, therefore, the developed low-volume low-B! loudspeakers are quite promis-
ing in noise control, contributing to the formation of small secondary sources in limited
spaces. The experiments show that topologies such as the longitudinal quadrupoles can
offer better control. The control ability of each mode frequency has a limited dependence
on the combination of the compound source configuration with its position in the room.
The present study faces the control of a single noise frequency, simulating an operating
industrial machine. Future work may be expanded to study the system robustness in the
control of multiple resonance frequencies.
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The overall performance of the proposed system is evaluated as quite satisfying, in
combination with the self-adaptation and single-position characteristics of the secondary
source. The presented results validate the integrated ANC system, which provides an
effective and flexible alternative solution to the existing control systems in dealing with
low-frequency attenuation in enclosed sound fields.
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