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ABSTRACT

Traditional local active noise control systems minimise the measurasscsound pressure to generate a zone of
quiet at a physical error sensor. The resulting zone of quiet is giyndémited in size and as such, placement of a
physical error sensor at the location of desired attenuation is reqwitedh is often inconvenient. Virtual acoustic
sensors can be used to project the zone of quiet away from a phgsicakensor to a remote location. A number of
virtual sensing algorithms have been developed in the past and thesshwvn potential to improve the performance
of local active noise control systems. However, it is likely that the dddmeation of maximum attenuation is not
spatially fixed. In this paper, a stochastically optimal virtual microphompalsie of tracking a desired virtual location
in a modally dense three-dimensional sound field is developed using tbeaStwally Optimal Tonal Diffuse Field
(SOTDF) moving virtual sensing method. The performance of aneciise control system in generating a zone of
quiet at the ear of a rotating artificial head with the SOTDF moving virtuasisgnmethod has been experimentally

investigated and experimental results are presented here.

INTRODUCTION

Traditionally, passive techniques such as enclosures barriers
and silencers have been used to minimise unwanted distur-
bances. While these devices do generate high attenuation over
a broad frequency range, they are less effective at low frequen-
cies and are relatively large in terms of size and cHsinsen

and Snyder 1997 Active noise control provides an alternative

to passive techniques and has shown potential in minimising
low frequency acoustic disturbances. Active noise control in-
volves the use of secondary sound sources to cancel the pri-
mary noise disturbance, based on the principle of superposi-
tion, in which antinoise of equal amplitude but opposite phase
is combined with the primary noise to cancel both disturbances
(Hansen and Snyder 1997

A local active noise control system creates a localised zone of
quiet at the error sensor by minimising the acoustic pressure
measured at the error sensor location with a secondary sound
source. While significant attenuation may be achieved at the
error sensor location, the zone of quiet is generally impracti-
cally small. Elliott et al. 1988 demonstrated both analytically
and experimentally that the zone of quiet generated at a micro-
phone in a pure tone diffuse sound field is defined ksine
function, with the primary sound pressure level reduced by 10
dB over a sphere of diameter one tenth of the excitation wave-
length,A /10. As the zone of quiet generated at the error sensor
is limited in size for active noise control, virtual acoustic sen-
sors were developed to shift the zone of quiet to a desired lo-
cation that is remote from the physical error sensor. A number
of virtual sensing methods have been developed to project the
zone of quiet away from the physical microphone to a virtual
location includinghe virtual microphone arrangeme(lliott

and David 1992 the remote microphone technig(Roure and
Albarrazin 1999, the forward difference prediction technique
(Cazzolato 1999 the adaptive LMS virtual microphone tech-
nigue (Cazzolato 200R the Kalman filtering virtual sensing
method(Petersen et al. 20p&ndthe Stochastically Optimal
Tonal Diffuse Field (SOTDF) virtual sensing methiddoreau

et al. 2009.

Spatially fixed virtual sensing methods

The virtual microphone arrangemeiflljott and David 1992
projects the zone of quiet away from the physical microphone
using the assumption of equal primary sound pressure at the
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physical and virtual locations. A preliminary identification
stage is required in this virtual sensing method in which mod-
els of the transfer functions between the secondary source and
microphones located at the physical and virtual locations are
estimated. These secondary transfer functions, along with the
assumption of equal sound pressure at the physical and virtual
locations, are used to obtain an estimate of the error signal at
the virtual location given the physical error signal. The remote
microphone techniqueRpure and Albarrazin 1999s an ex-
tension to the virtual microphone arrangement that uses an ad-
ditional filter to compute an estimate of the primary pressure at
the virtual location using the primary pressure at the physical
microphone location.

The forward difference prediction technigu@azzolato 1999

fits a polynomial to the signals at a number of microphones
in an array. The pressure at the virtual location is estimated
by extrapolating this polynomial to the virtual location. The
forward difference prediction technique does not require a pre-
liminary identification stage nor FIR filters or similar to model
the complex transfer functions between the error sensors and
the sources. Furthermore, this is a fixed gain prediction tech-
nigue that can accommodate to physical changes that may alter
the complex transfer functions between the error sensors and
the sources.

The adaptive LMS virtual microphone technigueagzolato
2002 employs the LMS algorithm to adapt the weights of
physical microphones in an array so that the weighted sum of
these signals minimises the mean square difference between
the predicted pressure and that measured by a microphone
placed at the virtual location. Once the weights have converged
they are fixed and the microphone at the virtual location is re-
moved.

The Kalman filtering virtual sensing methoBdtersen et al.
2008 uses Kalman filtering theory to obtain an optimal esti-
mate of the error signal at the virtual location. In this virtual
sensing method, the active noise control system is modelled as
a state-space system whose outputs are the physical and vir-
tual error signals. Estimates of the plant states are first calcu-
lated using the physical error signals and then estimates of the
virtual error signals are calculated using the estimated plant
states.
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The SOTDF virtual sensing metholfi¢reau et al. 2009gen-
erates stochastically optimal virtual microphones specifically
for use in diffuse sound fields using diffuse field theory. Like
the forward difference prediction technique, this virtual sens-
ing method does not require a preliminary identification stage
nor models of the complex transfer functions between the error
sensors and the sources. The SOTDF virtual sensing method is
a fixed scalar weighting method requiring only sensor position
information and as such can adapt to the physical changes that
may alter the complex transfer functions between the error sen-
sors and the sources.

Moving virtual sensing methods

Even though the sound is significantly attenuated at the virtual
location with these virtual sensing algorithms, the spatial ex-
tent of the zone of quiet is still impractically small. A human
observer with a virtual sensor located at their ear would ex-
perience dramatic changes in sound pressure level with only
minor head movements. Subsequently, a number of moving
virtual sensing methods that create a zone of quiet capable
of tracking a one-dimensional trajectory in a one-dimensional
sound field were developed including the remote moving mi-
crophone techniquePgtersen et al. 2006the adaptive LMS
moving virtual microphone techniquéétersen et al. 2007
and the Kalman filtering moving virtual sensing meth&e{
tersen 200y, These moving virtual sensing methods employ
the remote microphone technique, the adaptive LMS virtual
microphone technique and the Kalman filtering virtual sensing
method respectively. The performance of these moving virtual
sensors has been investigated in an acoustic duct, and exper-
imental results demonstrated that minimising the moving vir-
tual error signal achieved greater attenuation at the moving vir-
tual location than minimising the error signal at either a fixed
physical microphone or a fixed virtual microphone. Recently,
Moreau et al. 2008a 2008h investigated the performance of
the remote moving microphone technique in generating a vir-
tual microphone that tracks the ear of a rotating artificial head
in a three-dimensional sound field. Again, experimental results
confirmed that moving virtual sensors provide improved atten-
uation at the moving virtual location compared to fixed virtual
or fixed physical sensors.

Current work

This paper reports development of the Stochastically Optimal
Tonal Diffuse Field (SOTDF) moving virtual sensing method.
This moving virtual sensing algorithm generates a stochasti-
cally optimal virtual microphone capable of tracking a three-
dimensional trajectory in a three-dimensional sound field. It
employs the SOTDF virtual sensing method to obtain an esti-
mate of the error signal at the moving virtual location. As dif-
fuse sound fields are described statistically, this moving virtual
sensing method characterises the statistically optimal relation-
ship between a physical microphone and a moving virtual mi-
crophone in a diffuse sound field. The results achieved with the
SOTDF moving virtual sensing method represent the average
control performance at a number of different sensor locations
within the sound field. Of considerable significance is that the
SOTDF moving virtual sensing method does not require a pre-
liminary identification stage nor models of the complex trans-
fer functions between the error sensors and the sources. The
performance of an active noise control system in generating
a zone of quiet at a stochastically optimal virtual microphone
located at the ear of a rotating artificial head has been investi-
gated in real-time experiments in a modally dense sound field
and the experimental results are presented here.

It should be noted that the SOTDF moving virtual sensing
method employs the SOTDF virtual sensing method which has
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been developed specifically for use in pure tone diffuse sound
fields. The performance of SOTDF virtual sensors has been
numerically and experimentally investigated in a pure tone dif-
fuse sound fieldNloreau et al. 200Pand the results indicate
that this virtual sensing method performs as predicted by dif-
fuse field theory. In many real world applications however, its
is likely that the sound field is not perfectly diffuse. In this pa-
per, the SOTDF moving virtual sensing method is investigated
in a modally dense sound field and therefore the experimental
results presented here demonstrate the performance of SOTDF
virtual sensors in a sound field that is not perfectly diffuse.

THEORY

The SOTDF moving virtual sensing method generates a
stochastically optimal moving virtual microphone that tracks
a three-dimensional trajectory in a three-dimensional sound
field. To create a zone of quiet at the moving virtual mi-
crophone, the active noise control system must minimise the
virtual error signal,p(xy(n)), at the moving virtual location,
xv(n), estimated using the SOTDF moving virtual sensing
method. The SOTDF moving virtual sensing method uses the
SOTDF virtual sensing methodlpreau et al. 2000to obtain

an estimate of the moving virtual error signal. An overview of
the SOTDF moving virtual sensing method is provided as fol-
lows. Full details of the SOTDF virtual sensing algorithm used
in this moving virtual sensing method can be found in Moreau
et al. 009.

The SOTDF virtual sensing method calculates a stochastically
optimal estimate of the virtual error signal at a spatially fixed
virtual location using diffuse field theory. In derivation of this
algorithm, the primary acoustic field is considered diffuse and
the sound field contributions due to each of the secondary
sources are modelled as uncorrelated single diffuse acoustic
fields. The pressure at a poirtin a single diffuse acoustic
field is given byp(x) and thex-axis component of pressure
gradient at a point in this field is given byg; (x).

For a displacement vectar,=
functions are defined:

A(r) =singK|r|), (1)
_OA(r) singk|r|) —cogK|r|) Iy
=%~ () (7). @
92A(r)
or2

{S'”"(k b (i |)2+
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The correlations between the pressures and pressure gradients
at two different point<j andx, separated by are given by
(Elliott and Garcia-Bonito 1995

rxi +ryj +rzk, the following

C(r)=

(P(x))P* (%)) = A(r) {|pI?), 4)
(P(xj)g" (x)) = =B(r) {|p?), ®)
(9(x})P* (%)) = B(r) (|pl?), (6)
(9(x))g* (x)) = —C(r) (|pI?). @)

where (-) denotes spatial averaging ardndicates complex
conjugation. In the case thaf andxy are the same point, the
limits of A(r), B(r) andC(r) asr — 0 must be taken.

If there aremsensors in the field, then defipeas amtm x 1 ma-
trix whose elements are the relevant pressures or pressure gra-
dients measured by the sensors. The pressure and the pressure
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gradient at any point in the diffuse sound field can be expressed
as the weighted sum of the components, each of which are
perfectly correlated with a corresponding elemenpgfand

a component which is perfectly uncorrelated with each of the
elements. Therefore, for each positigrihe pressur@(x) can

be written as

P(X) = Hp(X)P+ pu(x), ®

whereHp(x) is a matrix of real scalar weights which are a
function of the positiorx only and py(x) is perfectly uncor-
related with the elements @f It can be shown, by postmulti-
plying the expression fop(x) by pt and spatially averaging,
that

Hp(x) =Lp(x)M 1, )
where
H
Lp(x) = % (10)
H
M= )

MatricesL p(x) andM can be found using Eqsl)- (7). The

aim here is to estimate the pressure at a virtual location. In
order to do thisp(x) must be estimated from the known quan-
tities in p. The pressure at any poirtis given by Eq. 8). If

only the measured quantitiesprare known, then the best esti-
mate ofpy(x) is zero since it is perfectly uncorrelated with the
measured signals. Therefore the best estimate of the pressure
at a spatially fixed locatiorx, is given by

P(x) = Hp(X)p. 12)

It follows that the best estimate of the pressure at the moving
virtual location,xy(n), is given by

Plxv(n) = Hp(xv(n))p. (13)

In this paper, the pressure at the moving virtual location is es-
timated using

1. The measured pressure and pressure gradient at a point.
2. The measured pressures at two points.
3. The measured pressures at three points.

In each of these three sensing strategies, the pressure at the
moving virtual location is estimated using EQ.3{. This re-
quires matrixp whose elements are the relevant pressures and
pressure gradients measured by the physical sensors and calcu-
lation of the weight matrid p(x) usingL p(x) andM defined

in Egs. L0) and (1).

To create a zone of quiet at the moving virtual locatiagin),

the SOTDF moving virtual sensing algorithm is combined with
the filtered-x LMS algorithm Nelson and Elliott 1992 The
filtered-x LMS algorithm is used to generate the control sig-
nal to the secondary loudspeaker using the estimated moving
virtual error signalp(xy(n)). Details of the filtered-x LMS al-
gorithm may be found in Nelson and Elliot492, Kuo and
Morgan (1996 and Elliott 2001).

EXPERIMENTAL METHOD

The performance of an active noise control system in gener-
ating a moving zone of quiet at one of the ears of a rotating
artificial head has been investigated in real-time experiments
conducted in a three-dimensional cavity. The cavity has di-
mensions of 1 mx 0.8 m x 0.89 m and a volume of 0.712
mS. A HEAD acoustics HMS 111.0 Artificial Head, mounted
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on a turntable to simulate head rotation, is located in the centre
of the cavity, as shown in Fid. The artificial head has overall
dimensions of 0.465 nx 0.4 mx 0.18 m to approximate the
size of a human head. The turntable is position controlled to
generate 90head rotations from-45° to +45° which is typi-

cal of the complete head rotations capable of a seated observer.
The desired trajectory of the artificial head and of the virtual
microphone is a triangular waveform with peak amplitudes of
+45°. The expression of the triangular waveform governing
the desired head rotations, in degrees, is given by

6h(n) = ?arcsin(sin (f\%:)) ,

wheren is the time sampld,, is the period of the head motion
and fs = 2.5 kHz the sampling frequency.

(14)

Figure 1: The HEAD acoustics HMS 111.0 Artificial Head
mounted on a turntable and located in the centre of the cav-
ity. The fixed frame supports the physical microphones.

The SOTDF moving virtual sensing method is implemented in
three forms; using the measured pressure and pressure gradi-
ent at a point, the measured pressures at two points and the
measured pressures at three points. Using the measured pres-
sure and pressure gradient to estimate the moving virtual error
signal requires simultaneous measurement of the pressure and
pressure gradient at the same location and this was done us-
ing the two microphone techniqu&ghy 1995% in real-time
experiments. In the two-microphone technique, the pressure
is estimated midway between two physical microphones and
the pressure gradient is calculated using a finite difference ap-
proximation. When using the measured pressure and pressure
gradient at a point or the pressures at two points to estimate
the moving virtual error signal, the two physical microphones
were arranged in linear parallel formation, as shown in Big.

In this case, the centre point between the two physical micro-
phones was 4 cm from the ear when the artificial head was po-
sitioned atf, = 0° and the physical microphone spacing was

2 cm. When using the measured pressures at three points to
estimate the moving virtual error signal, the three physical mi-
crophones were arranged in triangular formation as is shown
in Fig. 3. In this case, the three physical microphones were lo-
cated on the corners of an isosceles triangle with equal angles
of 30°. An additional electret microphone was also located at
the ear of the artificial head to measure the performance at the
virtual microphone position.

Two 4" loudspeakers were located in the opposite corners of
the cavity, one to generate the tonal primary sound field and the
other to act as the control source. The performance of the active
noise control system at the moving virtual location was investi-

gated at the excitation frequency of 525 Hz which corresponds
to the 33rd acoustic resonance. At this frequency, the modal
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(a) 6, = —45°.
Virtual A’ﬁgg'&’"
microphone e

Physical
microphones

20m\¢§‘
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I
4cm

(©) 6 = 45

Figure 2: The physical arrangement of the artificial head and
the physical and virtual microphones when using the measured
pressure and pressure gradient at a point or the measured pres-
sures at two points to estimate the moving virtual error signal.
The physical microphones are indicated by solid circle mark-
ers and the virtual microphone is indicated by an open circle
marker.
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(a) 6, = —45°.
] Avrtificial
Virtual head
microphone

Physical
microphones

18cm

(©) 6 = 45°.

Figure 3: The physical arrangement of the artificial head and
the physical and virtual microphones when using the measured
pressures at three points to estimate the moving virtual error
signal. The physical microphones are indicated by solid circle
markers and the virtual microphone is indicated by an open
circle marker.
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overlap isM = 4 illustrating that the sound field is modally
dense, as a modal overlap if = 3 defines the boundary be-
tween low and high modal densitiNélson and Elliott 1992

The performance of the moving virtual sensing algorithm was
also investigated off resonance, at an excitation frequency of
510 Hz. An excitation frequency of 510 Hz lies between the
31st and 32nd resonant frequency. For both excitation frequen-
cies of 525 Hz and 510 Hz, the performance at the moving
virtual location was measured for two different periods of 90
head rotationty, =5 s andy = 10 s.

The host-target software program XPC TARGET was used to
implement the SOTDF moving virtual sensing method and the
filtered-x LMS algorithm in real-time. The filtered-x LMS al-
gorithm was implemented using a two coefficient control filter.

EXPERIMENTAL RESULTS

The time average and standard deviation of the attenuation
achieved at the moving virtual location with the three differ-
ent physical sensor configurations at the 525 Hz resonance is
given in Tablel. Results are given for active noise control at
the moving virtual microphone, a fixed virtual microphone lo-
cated at the ear of the rotating artificial head wtén= 0°

and the fixed physical microphone located 4 cm from the ear
when 6, = 0°. The results of real-time experimental control
have been generated by averaging the results over a number of
data sets. This is because this moving virtual sensing method
gives a stochastically optimal estimate of the virtual error sig-
nal at the moving virtual location. To obtain a number of data
sets to provide the spatial average, the rotating artificial head
and the sensors were located at ten different positions within
the cavity while ensuring the relative arrangement of the sen-
sors and the rotating artificial head remained constant. The re-
sults in Tablel have been generated by averaging the results
of active noise control at the 10 different locations.

For all three physical sensor configurations and both periods
of head rotation, Tabld reveals that minimising the mov-

ing virtual error signal achieves the greatest attenuation at the
moving virtual location. Comparing the time-averaged atten-
uations achieved with the three different physical sensor con-
figurations in Tablel demonstrates that using the measured
pressures at three points to estimate the moving virtual er-
ror signal generates the best control performance at the ear
of the rotating artificial head. Such a result is to be expected
given that the three-dimensional configuration of three phys-
ical microphones in triangular formation should more accu-
rately model the three-dimensional sound field than the one-
dimensional physical sensor configuration of two physical mi-
crophones in linear formation. An additional 1.5 dB of atten-
uation is achieved when using the measured pressures at three
points to estimate the moving virtual error signal compared to
using the other physical sensor configurations. The standard
deviation of the attenuation is also significantly smaller when
using the measured pressures at three points to estimate the
moving virtual error signal, indicating a smaller variation in
sound pressure level with head movement. Tdbédso indi-
cates that minimising the moving virtual error signal estimated
using the measured pressures at three points provides up to
an additional 6.3 dB of attenuation compared to minimising
the fixed virtual error signal. Active noise control at the mov-
ing virtual microphone achieves up to an additional 15.6 dB of
attenuation at the moving virtual location compared to active
noise control at the fixed physical microphone.

Tablel also shows a decrease in the attenuation and an increase
in the standard deviation with a decrease in the period of head
rotation. Such a result is to be expected because it takes a finite
time for the controlled sound field to stabilise, so once the pe-
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riod of head rotation nears the reverberation time of the cavity,
the control performance is compromised.

Figs.4 and5 show the attenuation achieved at the moving vir-
tual location at 525 Hz and 510 Hz respectively when using the
measured pressures at three points to estimate the virtual er-
ror signals. Average control profiles are shown for active noise
control at the moving virtual microphone, a fixed virtual mi-
crophone located at the ear of the rotating artificial head when
6, = 0° and the fixed physical microphone located 4 cm from
the ear wherf, = 0°. The average control performance at the
ear of the rotating artificial head is shown for the period of head
rotation ofty = 10 s in part (a) of Figs4 and5 andt, =5 s in

part (b) of Figs.4 and5. Part (c) of Figs4 and5 shows the
desired trajectory of the artificial head and of the moving vir-
tual microphone, in degrees, compared to the actual controlled
head position. The actual controlled head position is used in
the moving virtual sensing algorithm to calculate the physical
sensor weights. The transient behaviour seen in Bigad5

at timet/ty = 0 s for bothty = 5 s andty = 10 s, is caused by
the controller initialising.

The control profiles in Figst and5 demonstrate that minimis-

ing the moving virtual error signal estimated using the SOTDF
moving virtual sensing method generates the best control per-
formance at the ear of the rotating artificial head. At the 525 Hz
resonance, Figd (a) shows that whet, = 10 s, active noise
control at the moving virtual microphone achieves an atten-
uation of between 20 dB and 28 dB at the ear of the artifi-
cial head. Minimising the fixed virtual error signal generates
a maximum attenuation of 24 dB at the ear of the artificial
head wher6, = 0° and a minimum attenuation of 12 dB when
6n = 45°. In comparison, active noise control at the physical
microphone achieves an attenuation at the ear of the rotating
artificial head of between only 1 dB and 20 dB. When the pe-
riod of head rotation is reducedtip="5 s, Fig.4 (b) shows that
minimising the moving virtual error signal results in an atten-
uation of between 20 dB and 27 dB being achieved at the ear
of the artificial head. This is an improvement in control perfor-
mance compared to active noise control at either the fixed vir-
tual or physical microphone where the attenuation levels again
fall to 12 dB and 1 dB respectively whely = 45°.

Comparing Figs4 and5 shows that reduced control perfor-
mance is achieved off resonance. This is because a number
of modes contribute to the cavity response when the primary
noise disturbance is off resonance. Whge- 10 s, minimis-

ing the moving virtual error signal off resonance achieves be-
tween 14 dB and 28 dB of attenuation at the ear of the artificial
head as shown in Fid. (a). Minimising the fixed virtual error
signal achieves a maximum attenuation of 19 dB at the ear of
the artificial head whei}, = 0° and a minimum attenuation

of 9 dB when6, = 45°. Active noise control at the physical
microphone achieves 19 dB of attenuation at the ear of the ar-
tificial head wherg, = 0° and only 1 dB of attenuation when

6, =45°. When the period of head rotatiortjs=5 s, Fig.5 (b)
shows that minimising the moving virtual error signal results
in an attenuation of between 16 dB and 25 dB being achieved
at the ear of the moving virtual location. This is an improve-
ment in control performance compared to active noise control
at either the fixed virtual or physical microphone where atten-
uation levels again fall to 10 dB and 1 dB respectively when
6 = 45°.

Table 2 gives the time average and standard deviation of the
attenuation achieved at the moving virtual location for off res-
onance excitation when the virtual error signals are estimated
using the measured pressures at three points. Tabulated results
are given for active noise control at the moving virtual micro-
phone, a fixed virtual microphone located at the ear of the arti-
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Table 1: Time average and standard deviation (in parenthesis) of theatttenin dB achieved at the moving virtual location at the
525 Hz resonance with the SOTDF moving virtual sensing method.

Using the measured Using the measured Using the measured
pressureand pressure pressures at two pressuresat three
gradient at a point points points
Moving Fixed Fixed Moving  Fixed Fixed Moving  Fixed Fixed
virtual virtual ~ physical vitual ~ virtual  physical virtual ~ virtual ~ physical
ty(s) mic mic mic mic mic mic mic mic mic
10 22.4(4.2) 18.0(4.1) 9.1(5.3) 22.4(4.5) 17.1(4.9) 9324 23.9(2.8) 17.6(3.4) 9.1(4.3)
5 21.4(4.3) 16.5(4.2) 7.1(4.8) 21.3(4.6) 16.1(4.7) 78)4. 22.7(3.2) 17.2(3.5) 7.1(4.8)
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Figure 4: The average tonal attenuation achieved at the moving virt@idaat the 525 Hz resonance with the SOTDF moving virtual
sensing method using the measured pressures at three points (pbsgsgma arrangement shown in F8). Control profiles are shown
for active noise control at the moving virtual microphone, a virtual optione spatially fixed &, = 0° and the physical microphone,
for a period of rotation (af, = 10 s; (b)ty = 5 s; and (c) head position.
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Figure 5: The average tonal attenuation achieved at the moving virt@idooff resonance at 510 Hz with the SOTDF moving virtual
sensing method using the measured pressures at three points (pbssgma arrangement shown in F8). Control profiles are shown
for active noise control at the moving virtual microphone, a virtual optione spatially fixed &, = 0° and the physical microphone,
for a period of rotation (af, = 10 s; (b)ty = 5 s; and (c) head position.

Table 2: Time average and standard deviation (in parenthesis) of thaatttemin dB achieved at the moving virtual location on and
off resonance with the SOTDF moving virtual sensing method when thealgitiantities are estimated using the measured pressures
at three points.

525 Hz 510 Hz
Moving Fixed Fixed Moving  Fixed Fixed
virtual virtual ~ physical virtcual  virtual ~ Physical
ty(s) mic mic mic mic mic mic
10 23.9(2.8) 17.6(3.4) 9.1(4.3) 21.5(3.8) 15.7(4.1) 835
5 22.7(3.2) 17.2(3.5) 7.1(4.8) 18.9(3.9) 17.1(4.2) 8B(5.
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ficial head wherf, = 0° and the fixed physical microphone.
Table 2 reveals that for active noise control of off resonance
excitation at the moving virtual microphone provides up to an
additional 5.8 dB of attenuation at the moving virtual loca-
tion compared to active noise control at the fixed virtual mi-
crophone. Minimising the moving virtual error signal achieves
up to an additional 12.6 dB of attenuation at the moving virtual
location compared to minimising the physical error signal.

Comparing the average attenuations achieved at the two exci-
tation frequencies in Tab2demonstrates that reduced control
performance is achieved off resonance. Tab#dso confirms

that as the period of head rotation decreases, the average atten-
uation achieved at the moving virtual location decreases and
the standard deviation increases.

The experimental results presented in Tallend2 and Figs.

4 and5 show the performance of the SOTDF moving virtual
sensing method in a sound field that is not perfectly diffuse.
Active noise control at the moving virtual sensors provides
improved attenuation at the ear of the rotating artificial head
compared to minimising either the fixed virtual error signal or
fixed physical error signal in a modally dense sound field. This
demonstrates that stochastically optimal moving and fixed vir-
tual sensors are suitable for use in a sound field that is not
perfectly diffuse.

CONCLUSION

By considering the pressure to have components perfectly spa-
tially correlated and perfectly uncorrelated with the measured
guantities in a diffuse sound field, a prediction algorithm for
stochastically optimal moving virtual sensors has been derived.
This moving virtual sensing algorithm generates a stochasti-
cally optimal virtual microphone capable of tracking a three-
dimensional trajectory in a three-dimensional sound field.

The performance of an active noise control system in generat-
ing a zone of quiet at a virtual microphone located at a single
ear of a rotating artificial head has been experimentally inves-
tigated in a modally dense sound field. Experimental results
demonstrate that greater attenuation can be achieved at the
moving virtual location when a stochastically optimal moving
virtual sensor is employed compared to a stochastically opti-
mal fixed virtual sensor or a fixed physical sensor. Experimen-
tal results also demonstrated that SOTDF moving and fixed
virtual sensors are suitable for use in a sound field that is not
perfectly diffuse.

It is worth noting that while greater control can be achieved at
the moving virtual location with the deterministic remote mov-
ing microphone technique, the SOTDF moving virtual sensing
method is much simpler to implement as it is a fixed weight-
ing technique requiring only sensor position information. This
also means that unlike the remote moving microphone tech-
nigue, the SOTDF moving virtual sensing method is robust to
changes in the sound field that may alter the transfer functions
between the error sensors and the sources.
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