EP 2 944 098 B1

(19)

(12)

(45)

(21)

(22)

Patent Office

Europdisches
Patentamt
0’ European

Office européen
des brevets (11) EP 2 944 098 B1
EUROPEAN PATENT SPECIFICATION
Date of publication and mention (51) IntCl.:
of the grant of the patent: HO04S 7/00 (2006.07) HO04R 3/00 (2006.07)
29.03.2017 Bulletin 2017/13 HO4R 3/12 (200597
Application number: 14700441.0 (86) International application number:
PCT/EP2014/050081
Date of filing: 06.01.2014

(87) International publication number:
WO 2014/108365 (17.07.2014 Gazette 2014/29)

(54)

A SOUND-FIELD CONTROL METHOD USING A PLANARITY MEASURE

EIN SCHALLFELD-KONTROLLEVERFAHREN UNTER VERWENDUNG EINES
PLANARITATSMASSES

UN PROCEDE DE CONTROLE D’UN CHAMPS SONORE UTILISANT UNE MESURE DE PLANARITE

(84)

(30)

(43)

(73)

(72)

Designated Contracting States: * BECH, Sgren
AL ATBE BG CH CY CZDE DK EE ES FI FR GB DK-8800 Viborg (DK)
GRHRHUIEISITLILT LULV MC MK MT NL NO « PEDERSEN, Jan Abildgaard
PL PT RO RS SE SI SK SM TR DK-7500 Holstebro (DK)

¢ OLSEN, Martin
Priority: 10.01.2013 DK 201300015 DK-7600 Struer (DK)

* M@LLER, Martin Bo
Date of publication of application: DK-7600 Struer (DK)

18.11.2015 Bulletin 2015/47
(74) Representative: Inspicos P/S

Proprietor: Bang & Olufsen A/S Kogle Allé 2

7600 Struer (DK) 2970 Hersholm (DK)

Inventors: (56) References cited:

COLEMAN, Philip + MOLLER MARTIN BO ET AL: "A Hybrid Method
Guildford Combining Synthesis of a Sound Field and
Surrey GU4 7HP (GB) Control of Acoustic Contrast”, AES
JACKSON, Philip Justin Bletsoe CONVENTION 132; APRIL 2012, AES, 60 EAST
Guildford 42ND STREET, ROOM 2520 NEW YORK
Surrey GU4 8NQ (GB) 10165-2520, USA, 26 April 2012 (2012-04-26),
OLIK, Marek XP040574591,

Guildford

Surrey GU2 7JW (GB)

Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been

paid.

(Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 2 944 098 B1
Description

[0001] The presentinvention relates to a method of controlling sound output to a space and in particular sound output
to a space having a target zone and a dark zone, where a predetermined audio signal is desired in the target zone but
no sound (or another audio signal) is desired in the dark zone.

[0002] Inthe mid 1990s, Druyvesteyn proposed the concept of personal sound zones. Since then, array signal process-
ing for the creation of sound zones has emerged as a key sub-topic of sound field control. Fundamentally, at least two
kinds of region must be created by the loudspeaker array - the target zone, where the sound pressure reaches a certain
target level, and the dark zone, a region of cancellation where the audio programme delivered to the target zone is
attenuated. If desired, an independent audio system then can be created by superposition.

[0003] The development of sound zones in the academic literature has seen the emergence of techniques which
broadly fall in to two categories. One technique, with its heritage in wave-field synthesis, is to precisely specify the sound
field controlled by the array. In this manner, a target sound field can be defined and the dark zone created by attenuating
the sound pressure magnitudes over a region. Such control has been investigated both analytically based on sound
field coefficient translation in 2D (using line sources) and 2.5D (using point sources), and by an optimized pressure
matching (PM) to directly minimise the error between a discretised desired sound field and the field reproduced by the
array. These methods often require many loudspeakers, although some recent work has given attention to this. Typically,
a plane-wave is specified as the desired field, although any sound field could in principle be synthesised.

[0004] Alternatively, the energy in the zones can be controlled, either via a beam forming approach, or using an energy
cancellation based optimization approach. For instance, brightness control is an optimized beam former for focusing the
energy in a particular direction, and acoustic contrast control (ACC) is an energy cancellation method creating a region
of significant attenuation. Various applications of this work have been investigated for the personal audio scenario,
including for PC users, aircraft passengers, and users of mobile devices. An alternative cancellation method known as
acoustic energy difference maximization (AEDM) was proposed with a modified cost function to avoid the matrix inversion
and allow for adjustment of the array control effort.

[0005] Owing to the nature of the respective cost functions, they have distinctive performance characteristics. The
energy cancellation methods can produce excellent acoustic contrast (cancellation) between the zones, offering great
potential for sound zone reproduction, yet the phase in the target zone is uncontrolled. Consequently, multiple plane
wave components can impinge on the zone from various directions, which may create highly self-cancelling waves or
other undesirable audio artefacts. The synthesis approaches are able to resolve this issue, but often at the cost of some
contrast performance and with high array effort. Furthermore, in being strictly specified, these methods are subject to
spatial aliasing problems as frequency increases, with an upper frequency bound for accurate reproduction (which is
required for good cancellation).

[0006] Accordingly, recent advances in the literature have included hybrid methods that attempt to recreate a plane
wave in the target zone whilst using an energy cancellation approach for the dark zone. A constrained optimization
approach has been devised based on PM to constrain the dark zone energy without specifying a desired field for that
zone, and similar formulations have been proposed based on hybridisations of PM with ACC and AEDM. Such hybrids
have been shown to be effective at relatively low frequencies for reproducing planar sound fields with good contrast
between the zones. In each case, the target sound field must be specified by the designer.

[0007] Whilstin some cases reproduction of specific plane wave components may be necessary (e.g. for spatial audio),
specifying a plane wave is by no means the only satisfactory propagation pattern that the array could achieve in the
context of personal audio. However, plane wave sound fields exhibit other advantageous properties such as good
homogeneity of sound level across the zone and the avoidance of self cancellation properties.

[0008] Plane wave reproduction has commonly been regarded as the best way to create a target zone with these
properties (due to the potential of reproducing any given sound field by superposition), and synthesis approaches have
been adopted for sound zone problems where this is a particular requirement. Other methods have considered the
manipulation of intensity in a single zone (with no corresponding cancellation region). For instance, the intensity based
on adjacent microphone responses in a zone may be spatially averaged, optimized and controlled, or a plane wave may
be reproduced by focusing the plane wave energy towards a point in the wavenumber domain.

[0009] Here, the intensity is estimated using a superdirective beam forming approach that could be applied to any
microphone array (rather than depending on a particular geometry), is spatially averaged, and applied to the target zone
meanwhile a dark zone is also created.

[0010] Technology of this type may be seen in Mgller, Martin Bo et al.: "A hybrid method combining synthesis of a
sound field control of acoustic contrast", AES CONVENTION 132, april 2012, (2012-04-26), XP040574591.

[0011] The present invention generally relates to a novel cost function ’planarity control’ for sound zone optimization,
where the incoming plane wave direction with respect to the target zone is constrained over a range of angles, rather
than a single one (or unconstrained). In this way, a planar soundfield can be reproduced (alongside excellent cancellation)
but the optimization is free to find the best plane wave direction within the specified range.
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[0012] The invention relates to a method according to claim 1.

[0013] In this respect, the properties optimized may be an optimization of a contrast between the dark zone and the
target zone.

[0014] As is mentioned below, another parameter may be that no propagation takes place via the dark zone.

[0015] Another parameter may be the control effort which is a measure of the power required by the loudspeakers in
order to create the desired sound. Excessive sound power leads to degradations in reproduced performance due to
non-linear transduction, an increased effect of room reflections and increased sensitivity to errors in the system.
[0016] A Direction of Arrival is a direction seen from the target zone. Usually, a direction is determined by an angle
from a predetermined direction, such as a direction perpendicular to a line through a centre of the target zone and a
centre of the dark zone.

[0017] In one embodiment, the range of Directions of Arrival is 120-240 degrees to a direction perpendicular to an
axis intersecting centres of the target and dark zones.

[0018] In a preferred embodiment, the same T is used for all frequencies.

[0019] In a preferred embodiment, step c) further requires that no sound must propagate across the dark zone.
[0020] Inthe following, preferred embodiments of the invention will be described with reference to the drawing, wherein:

- figure 1 illustrates a geometry of a sound zone system,

- figure 2 illustrates the performance of planarity control (PC) with respect to ACC, PM and ACC-PM (a = 0:9), under
the metrics of contrast (top), effort (middle) and planarity (bottom),

- figure 3illustrates a sound pressure level (top row) and phase (bottom row) maps for PC, ACC and ACC-PM (a = 0:9),

- figure 4 illustrates energy distributions over azimuth for PC (top), ACC (middle) and ACC-PM (bottom), plotted at
100Hz intervals from 100-7000Hz,

- figure 5 illustrates target vs. achieved energy distribution over azimuth, and
- figure 6 illustrates target vs. achieved energy distributions.

[0021] A sound zone system comprises an array of loudspeakers and a number of microphones sampling the sound
field in each zone. For a single frequency, the source weight vector is written as q = [¢49,... q;]7, where there are L
sources and g4 describes the fth loudspeaker’s complex source strength. The vectors of pressures at the microphones
in each zone can likewise be written. Here, we consider two zones, A and B; p = [p1P5 --- pulT @nd pg= [p1p5---pN1 7T,
where there are M microphones in zone A and N in zone B, p,, is the complex pressure at the mth microphone in zone
A and and p,, is the complex pressure at the nth microphone in zone B.

[0022] For zone A, the plant matrix containing the transfer functions between the loudspeakers and the microphones
in zone A is defined as G4, and the equivalent notation is used for Gg. The pressure vectors for each zone are populated
by the summation of the contribution of each loudspeaker at each microphone, written in vector notation as p, =Gpq
and pg =Ggq for zones A and B, respectively.

2.1. Evaluation measures

[0023] In this section, the three evaluation metrics used for evaluation of the novel cost function are introduced.
[0024] These measure the achieved zone separation, the extent to which the target zone sound field exhibits charac-
teristics of a plane wave, and the physical cost of cancellation.

2.1.1. Acoustic contrast

[0025] Acoustic contrast is a spatially averaged summary measure for sound zone performance, and is commonly

used in the cancellation literature to describe system performance. For zone A defined by M microphones, the spatially
averaged squared pressure is

&u

NS -
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and can be more suitably expressed in decibels as the sound pressure level relative to the threshold of hearing, p, .~ 2
x10-%Pa:

; |pla ‘,
Pspr, = 10logyg ﬁ : @
Prerl

[0026] Likewise, the pressures pg and ;_)SPLB can be obtained. The acoustic contrast between target zone A and dark
zone B is defined as the ratio of spatially averaged pressures in each zone due to the reproduction of program A:

contrastag = Psp, — PsPLg- 3

2.1.2. Planarity

[0027] The planarity of the sound field is a physical measure for assessing the extent to which a reproduced sound
field resembles a plane wave. The reproduction error, often used in the sound field synthesis literature to quantify the
performance of sound field synthesis methods, may rate a highly planar sound field very poorly if the plane wave direction
does not coincide with the specified sound field. For sound zone reproduction at a single frequency, the absolute angle
of the incoming plane wave is not important and the planarity property has been designed to test each plane wave
component impinging on the microphone array. The energy distribution at the microphone array over each incoming

plane wave direction w = [w1 ... wi] is given by w; = 31;,1 & i, where ."denotes the complex conjugate, ¥'= [y ... yy]
2

are the plane wave components at the ith angle, related to the observed microphone pressures by the steering matrix
H whose elements are determined by super-directive beam forming about the microphone array,

v =Hp. @

[0028] The elements of H could alternatively be calculated using a spatial Fourier decomposition approach. The
planarity metric can now be defined as the ratio between the energy due to the largest plane wave component and the
total energy flux of plane wave components:

. Wby
\ ity, = =01 5
planarity, R )

where u; is the unit vector associated with the ith component’s direction, u”; is the sum of all components in the~ th

direction 3y = arg max; w;, and . denotes the inner product.

2.1.3. Control effort

[0029] The control effort is the energy that the loudspeaker array requires in order to achieve the reproduced sound
field. It is defined as the total array energy (sum of squared source weights) relative to a single monopole g, producing
the same pressure in the target zone, and expressed in decibels as

H
rar

[0030] Itis a necessity in any practical system to achieve a suitably low control effort. On the one hand, it is physically
related to whether a set of source weights is realizable through loudspeakers. Yet in addition, limiting the control effort
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results in there being less sound energy overall in the environment, leading to improved robustness to reflections in
reverberant rooms, and limits the white noise gain of the system, improving robustness to other kinds of errors such as
measurement noise and non-linear distortion.

2.2. Existing approaches

[0031] To facilitate a comparison between the proposed cost function and existing sound field control methods, ACC,
PM and their hybrid are formally introduced in the following sections.

2.2.1. Acoustic contrast control

[0032] The ACC costfunction, where the ratio of the spatially averaged sound pressure levels between the bright zone
and the dark zone is maximised, represents the energy cancellation approach. The cost function can be written as a
constrained optimization problem based on minimising the dark zone pressure and constrained by the bright zone
pressure and control effort:

J=pips+4,(pf pp —~B)+A:(q"q-E), (D

where the subscripts .d and .b denote assignment of the pressure vectors with respect to the dark and bright (target)
zones, respectively, B is the target sound pressure in the bright zone, and E is the maximum allowed control effort.
[0033] Taking the derivative of J and setting to zero, we obtain:

81 p
3q =2 [foqu +2,G} Gyq +ﬁgq} =0. ®

which can be rearranged as an eigenvalue problem of the form 1,q = Aq:

Mg =—(GJGy) (GF G+ A,1)g C)]

[0034] The minimum can be found by taking the eigenvector corresponding to the minimum eigenvalue of

—t ‘ .
[(}gﬁb) ' '(G:}[Gd 4 A,1) whichis equivalent to taking the eigenvector corresponding to the maximum eigenvalue

) o~ H . .
of ((}g G‘d .:L.Z;l} (Gg Gé) The regularization term A, therefore regularizes both the control effort and the

numerical conditioning of the inversion of GEG"' In order to ensure the latter over all frequencies, the regularization

parameter is splitsuch that A, = A, + A5 Where 4., is first set to ensure that the condition number of ((;g(}d .p,"gzi}

is suitably controlled to avoid numerical errors and A is subsequently adjusted, if necessary, to ensure that E does not
exceed the specified value.

2.2.2. Pressure matching

[0035] As a sound field synthesis method, any phase distribution can be specified for PM. A complex pressure is
specified at each microphone; in this case, a plane wave is specified propagating through the target zone, and a pressure
amplitude of zero is specified for the dark zone positions. The optimization cost function is written to minimise the error
e=Gq-d between the desired sound field d and reproduced sound field, with a control effort constraint which acts as
Tikhonov regularization:
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J=e"e+A(q"q-E). (10)

[0036] The solution can then be found for the optimal q:

g=(G"G+an'G"q, (1

where G = [G,Gg]" is the complete system plant matrix and A = 4, + A.is split as above.
2.2.3. PM and ACC hybrid
[0037] Forthe hybrid solution combining PM and ACC, the PM portion of the cost function is restricted to the reproduction

of the bright zone, whilst the contrast control formulation is used for cancellation. Here, for consistency with the other
methods, we introduce Tikhonov regularization instead of using the pseudo-inverse as in the original work:

J=apip;+(1 —a)efe,+A(q%q—E), (12)

where the error e, = G,g-d,, is now between the desired sound field and the reproduced field in the target zone only.
The weighting o provides a tuning parameter between the pure ACC solution and the pure target PM solution, with the
standard pressure matching approach (Eq. (10)) being equivalent to o = 0:5. The solution can be determined by finding
the gradient of Eq. (12) and rearranging for the source weights:

H . H - H
q= ‘aGdG-d+(l—a}G_bGi,~E-2«f, (1 —a)Gy dy,
(13)
and as above, A - A, + A
3. PLANARITY CONTROL OPTIMIZATION

[0038] The proposed cost function optimizes the acoustic planarity by modification of the ACC cost function stated in
Eq. (7). The elements of H from Eq. (4) can be written in full, with respect to the microphones in the target zone, as

{. (14)

where h;,, is the steering vector between the ith incident angle with respect to the mth microphone in the zone. Using
the super-directive (ACC) beam forming approach, H,, can be determined for each steering angle by grouping the plane
wave components c in each direction (based on the plane wave Green’s function, g; ; = e/".4/M) in to a passband P
and stopband S:

P, = '{gp,i:} (15)
S«‘- {gm}s

it

where p denotes passband range centred upon the ith angle and s denotes the stopband range. We can then obtain
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b, = argmax ('S, + Bp) PR, (16)

and each row of H is populated by the corresponding h;.

[0039] H, represents a mapping between the complex pressures at the microphones and the reproduced plane wave
energy distribution over azimuth, as previously introduced in Eq. (4). Therefore, it presents us with an opportunity to
include it in the cost function for the sound zone optimization, and achieve some control of the plane wave energy in the
target zone. In order to do this, a weighting must be applied based on the acceptable range of incoming plane wave
directions. Such a weighting can be specified in terms of the desired normalised energy distribution over DOA by means
of a diagonal matrix I' comprising weights, typically set between zero and one:

T 0o ... 0
10 5 ... 0]

r=|. 7 7, an
\o o ... y

where y;is the weighting applied for the ith steering angle. The planarity optimization cost function can now be introduced:

J =y pa+A,(pf HyTHypy, — B) + 4, (q” q— E), (18)

and deriving the solution in the identical manner to Eqgs. (7 - 9) above, the optimal source weights can be found to be
the eigenvector corresponding to the maximum eigenvalue of

(GHG,+4,1) " (GFHITH,G,).

[0040] The optimization is thus constrained to maximise the sound energy in the target zone from among the potential
incoming azimuths allowed by I'. The selection of T is clearly a significant factor. If the vector is filled with ones, then
the cost function in Eq. (18) is no different from the contrast control formulation in Eq. (7) and identical performance is
achieved. If, on the other hand, the vector is populated with zeros apart from a single target direction, a plane wave
impinging from the specified direction should be reproduced. The approach is somewhat similar to that employed in the
prior art, where a mapping matrix was used to deactivate certain loudspeakers for efficient 3-D reproduction based on
a non-uniform array, yet here the loudspeakers are not expressly deactivated as they may contribute to the cancellation
region as well as the target plane wave direction. Nevertheless, the solution is highly efficient. When the range of allowable
angles is suitably designed, the system is free to maximise the energy under this constraint, which is best achieved by
the generation of a planar soundfield, and thus the planarity is optimized. Furthermore, if T is keptidentical over frequency,
similarity between adjacent frequency bins can be achieved.

4. SIMULATIONS

[0041] The operation and performance of the planarity optimization algorithm is demonstrated in the following by
means of simulations.

[0042] Figure 1 illustrates a geometry of the sound zone system, where zone A is the target zone and zone B is the
dark zone. The outer (dashed) circle represents the loudspeaker array, and the inner circle the reproduction radius with
respect to the aliasing limit of the synthesis methods. The directions of plane wave incidence with respect to zone A are
indicated.

4.1. Method

[0043] The simulations were conducted in Matlab, simulating a free-field lossless anechoic environment, with each
source modelled as an ideal monopole. The free-field Green’s function was used to populate the plant matrices, giving
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the transfer function at each microphone due to a loudspeaker at distance r:

_ Jjpckq &r

where p = 1:21kg/m3, ¢ = 342m/s, and k is the wavenumber w/c.

[0044] The test geometry comprised a circular array with 48 equally spaced loudspeakers, of radius 1.2m (see Fig.
1), and 156 omnidirectional microphones in each zone spaced at 2.1cm and arranged to sample 30cm diameter circles.
The microphones used for calculating the sound zone filters (setup) and those for obtaining predictions (playback) were
kept spatially distinct or mismatched in order to assess a slightly wider spatial region than the specific points sampled
for setup (becoming more independent with increasing frequency). The target sound pressure level was set to 76dB
SPL (achieved by scaling the prototype source weight vector q), which has been shown to be a comfortable listening
level and has been used during listening tests based on the sound zone interference situation. This imposes an upper
limit on the achievable contrast scores as we do not allow sound pressure levels below 0dB, although we consider 0dB
to be measurable (there is no noise floor imposed).

[0045] Figure 2 illustrates the performance of planarity control (PC) with respect to ACC, PM and ACC-PM (a = 0:9),
under the metrics of contrast (top), effort (middle) and planarity (bottom)

[0046] To set the regularization conditions, the minimum regularization parameter component 4,,,;, was set to enforce
a maximum matrix condition number of 1010, and the effort regularization parameter component Ao @djusted, where
necessary, to enforce a maximum effort of 20dB, with reference to a single monopole on the radius of the circle (g,, Eq. (6)).
[0047] The plane wave for the PM and ACC-PM hybrid (herein simply referred to as ACC-PM) approaches was
specified to travel from north to south (= 180_, marked on Fig. 1), and the weighting matrix I was set to constrain the
incoming plane wave components between 120° and 240°. The weighting on the diagonal of T is indicated in Fig. 4
(top). The weighting « for ACC-PM was set to 0.9 to encourage good contrast performance.

4.2. Planarity optimization performance

[0048] The planarity control method was applied to the array and the results obtained under the evaluation metrics
introduced in section 2.1. Figure 2 shows the method’s performance over frequency, alongside those obtained for ACC,
PM and ACC-PM under the same conditions. The contrast performance is very good and very consistent across the
extended midrange band of 50-7000Hz. The term responsible for cancellation in the proposed planarity control (Eq.
(18)) is unchanged from that in the ACC cost function (Eq. (7)) and the dark zone creation is therefore similar in each
case, resulting in perfect cancellation as for ACC, and outperforming PM and ACC-PM.

[0049] Likewise, the control effort performance tends towards that of ACC, which gives preferable performance by a
small margin across the whole range, outperforming the planarity control by up to 6dB at the lowest frequencies but
generally being within 3dB. Nonetheless, the effort is below 0dB for much of the frequency range, and it is consistently
preferable to PMand ACC-PM underthe same conditions. Finally, there is a good planarity performance across frequency.
Under this metric, the synthesis metrics PM and ACC-PM naturally produce optimal scores for significant portions of the
frequency range. However, with the exception of the low frequency performance (due to poor resolution of the planarity
steering matrix in this region) and a narrow notch at 3.6kHz, the planarity scores are similar to PM and ACC-PM, and
greatly improved from ACC, as the DOA constraint has removed the self cancellation artefacts from the reproduced
sound field.

[0050] Perhaps the most striking characteristic of the planarity control method is its robustness as a function of fre-
quency. Where PM and ACC-PM suffer from well documented limitations to the upper frequency of accurate reproduction,
depending on the loudspeaker spacing and array radius, the planarity control is able to operate well above this limit. In
fact, the aliasing problems for PM and ACC-PM can be observed in relation to each of the evaluation metrics: from the
contrast the effect of aliasing lobes passing through the dark zone can be observed, and the corresponding control effort
response noted. The planarity response is interesting.

because a planar target field is still reproduced. Even under this metric, however, these methods falter around the aliasing
frequency. As there is little to distinguish between the performance characteristics of PM and ACC-PM apart from the
slight improvement in contrast, ACC-PM is taken forward for further simulations.

[0051] The optimal contrast and planarity performance obtained using planarity control can be further clarified by
studying the sound pressure level and phase maps shown in Fig. 3. Figure 3 illustrates a sound pressure level (top row)
and phase (bottom row) maps for PC, ACC and ACC-PM (a = 0:9). The target (left) and dark zones are indicated by the
white circles. For the sound pressure level maps, white indicates a high sound pressure and black a low sound pressure
at high frequencies for PM and ACC-PM, We can now confirm that the planarity control produces an ACC-like dark zone,
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yet replaces the north-south self-cancellation (visible across the whole of the bottom-middle plot) in the target zone with
a planar field (indicated by the sharp transition in the phase response), and reduces the overall sound pressure in the
environment as a consequence of the low effort score with relation to PM and ACC-PM (visible by comparing the amount
of bright white in the top row of Fig. 3).

4.3. Target sound field properties

[0052] The properties of the sound field reproduced by the planarity control method are of some interest to potential
users.

[0053] First, we consider the energy distribution over azimuth (with respect to the target zone) obtained for the window
function used for the simulations in section 4.2. We have seen from the planarity scores (Fig. 2, bottom) and the phase
distributions in the enclosure (Fig. 3, bottom) that the planarity control method is capable of creating highly planar fields
in the target zone, for single frequencies. However, these plots do not give us an indication of the range of incoming
plane wave directions as a function of frequency. Therefore, in Fig. 4 the normalised energy distributions for multiple
frequencies have been plotted across azimuth for planarity control, ACC and ACC-PM. This gives us a useful insight in
to the planarity control’s performance in relation to the existing methods. The synthesis adopted in ACC-PM can be seen
to successfully place the plane wave propagation to the specified direction, with a wider lobe at low frequency due to
the poor beam former resolution (c.f. planarity scores for PM at low frequency in Fig. 2), and the higher frequency aliasing
effects noticeable as side lobes. Conversely, ACC produces plane wave energy from a wide range of azimuths as well
as self-cancellation patterns. ltis likely that such a field would result in an unpleasant listening experience. The distribution
of plane wave energy directions over frequency for planarity control can be noted to conform, for the most part, to the
target range, with side lobes emerging at higher frequencies above the array aliasing limit.

[0054] Figure 4 illustrates energy distributions over azimuth for PC (top), ACC (middle) and ACC-PM (bottom), plotted
at 100Hz intervals from 100-7000Hz. The bold dot-dash line in the uppermost plot indicates the specified window along
the diagonal of T, and the directions 90_ and 180_ correspond to incoming plane wave directions of west-east and north-
south, respectively, in relation to Fig. 3.

[0055] Figure 5 illustrates target vs. achieved energy distribution over azimuth at 1kHz, using planarity control to
specify the DOA, for 90° (west-east) (top), 180° (north-south) (middle) and 146° (optimal) (bottom). Maximum contrast
is achieved in each case. Energy reproduced by PM is included for reference (dot-dash line)

[0056] To test the ability of the planarity control to reproduce a specific incoming plane wave direction, the window
was set to allow a single azimuth (with a raised-cosine weighting to smooth the transition), and the direction varied.
Three significant results are plotted in Fig. 5 for specified directions of 90°, 146° (the optimal case for this frequency)
and 180°, at 1kHz. In the middle plot (180°), the planarity control method can be seen to accurately place the plane
wave to arrive from the required direction (corresponding to north-south in Fig. 3), and for the optimal case this is achieved
with additional side lobe suppression, although the width of the energy lobe for PM is slightly narrower. Yet for directions
perpendicular to this (west-east propagation shown), which would require a beam to be placed across the dark zone, a
highly self-cancelling pattern is instead reproduced and the peak in this direction is unsatisfactory. There is no variation
in the contrast between these cases and the effort difference is minimal, yet if PM had been applied, the cancellation
would have been poor and the effort very high, albeit with the specified plane wave component reproduced. An interesting
property of the planarity control cost function is therefore exposed: that producing high contrast is the priority of the
optimization, and that where specification of the incident direction does not conflict with contrast performance, the energy
can be placed precisely in the desired direction. The behaviour over frequency is clarified by Fig. 6 for a constrained
window (146° *=20° with a raised cosine weighting). Figure 6 illustrates target vs. achieved energy distributions over
azimuth with lines plotted over frequency, for low (top), mid (middle) and high (bottom) frequency bands, using planarity
control to constrain the DOA to a window around the optimal angle of 146_. Maximum contrast is achieved in each case.
[0057] At low frequencies, the compounding of poor beam former resolution for both setup and evaluation results in
very wide lobes, at mid frequencies up to the spatial aliasing limit (approximately 2kHz) the placement is satisfactory,
and at high frequencies the behaviour is rather similar to that of ACC-PM, where side lobes emerge. Even so, the main
energy components remain close to the specified window and good contrast and planarity are still achieved.

5. CONCLUSIONS

[0058] A method for optimizing the planarity in the target zone, as well as producing significant cancellation between
zones, has been proposed. The method has been shown to be comparable to the well-established acoustic control
method in terms of contrast and control effort, and superior for creating a planar field in the target zone. It also outperforms
the pressure matching approach and a state of the art hybrid between pressure matching and acoustic contrast control
in terms of contrast and control effort, and particularly in terms of its ability to produce a good cancellation region above
the spatial aliasing region, and a planar field around this limit. The resolution of the microphone array beam former limits
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planarity performance at low frequencies below 400Hz. Definition of the weighting matrix I is very important for good
performance. The ability of T" to constrain incident plane wave directions over frequency has been demonstrated, and
furthermore under the condition that it does not require propagation across the dark zone, a precise plane wave direction
can be specified. The method therefore presents a compelling cost function for sound zones where the self-cancellation
artefacts of energy cancellation approaches can be reduced whilst allowing more flexibility over the incident plane wave
specification, yet with the potential to reproduce a wave from a single direction if required.

Claims

1. A method of controlling sound output to a space by a plurality of sound generators, the method comprising:
1) optimizing properties of a target zone in the space, wherein also a dark zone is present, by selecting, for at
least one frequency, a Direction of Arrival where the sound at that frequency in the target zone should be planar
and homogenous across the target zone, and
2) outputting a sound into the space by the sound generators, the sound being output on the basis of the

optimized properties

characterized in that a plurality of Directions of Arrival are defined, within +- 20° of a target direction, and step 1
comprises minimizing a function J defined by :

J=pjipa+A, (0 HY THyp,— B) +A,(q" q—E). (18)

where:

P, is the pressure at each of M microphones in the target zone
P is the pressure at each of N microphones in the dark zone
q is the vector of complex source weights

= . a7
L ITTAY
Poap
Iy

where h;,, is a steering vector between the ith angle of Direction of Arrival with respect to the mth microphone,
where v, is a weight for the ith steering angle and

- each 0<y<1,
- at least one y>0 and
- not all y=1.

2. A method according to claim 1, wherein step 1) a) comprises for each of a multiple of frequencies requiring that the
sound at that frequency in the target zone is planar and homogenous across the target zone, and requiring that the

plane waves at the individual frequencies are at least substantially aligned to each other.

3. A method according to any of the preceding claims, wherein the range of angles is 120-240 degrees to a direction
perpendicular to an axis intersecting centres of the target and dark zones..

10
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4. A method according to any of the preceding claims, wherein the same r is used for all frequencies.
5. A method according to any of the preceding claims, wherein step c) further requires that no sound must propagate
across the dark zone.

Patentanspriiche

1. Verfahren zum Steuern einer Tonausgabe in einen Raum durch mehrere Tongeber, wobei das Verfahren umfasst:
1) Optimieren von Eigenschaften einer Zielzone in dem Raum, wobei auch eine Dunkelzone vorhanden ist,
durch Auswahlen, fiir mindestens eine Frequenz, einer Einfallsrichtung, wobei der Ton bei jener Frequenz in
der Zielzone eben und homogen Uber die Zielzone sein sollte, und
2) Ausgeben eines Tons in den Raum durch die Tongeber, wobei der Ton auf der Grundlage der optimierten

Eigenschaften ausgeben wird,

dadurch gekennzeichnet, dass mehrere Einfallsrichtungen innerhalb von +-20° von einer Zielrichtung definiert
sind, und Schritt 1 ein Minimieren einer J-Funktion umfasst, die folgendermafen definiert ist:

J =P/P;+ 2,(pfHfTH,p, — B) + 2,(q"q — E), (18)

wobei

P, der Druck bei jedem von M Mikrofonen in der Zielzone ist,
P4 der Druck bei jedem von N Mikrofonen in der Dunkelzone ist,
q der Vektor von komplexen Quellgewichten ist,

Y1 0 .. 0

r={°% 1 %) an
00 . 7
h11 h12 th

L B s L DD
hyy hyy .. hy

wobei h;,, ein Lenkvektor zwischen dem i-ten Winkel der Einfallsrichtung in Bezug auf das m-te Mikrofon ist,
wobei yi ein Gewicht fiir den i-ten Lenkwinkel ist, und jedes 0<y<1,

mindestens ein y>0, und

nicht alle y=1.

2. Verfahren nach Anspruch 1, wobei Schritt 1)a) fir jede von mehreren Frequenzen umfasst: Fordern, dass der Ton
bei jener Frequenz in der Zielzone eben und homogen uber die Zielzone ist, und Fordern, dass die ebenen Wellen

bei den einzelnen Frequenzen zumindest im Wesentlichen aufeinander ausgerichtet sind.

3. Verfahren nach einem der vorhergehenden Anspriiche, wobei der Winkelbereich 120 - 240 Grad auf eine Richtung
senkrecht zu einer Achse betragt, die Mitten der Ziel- und der Dunkelzone schneidet.

4. Verfahren nach einem der vorhergehenden Anspriiche, wobei dasselbe r fir alle Frequenzen verwendet wird.

5. Verfahren nach einem der vorhergehenden Anspriiche, wobei Schritt c) ferner fordert, dass sich kein Ton (ber die

1"
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Dunkelzone ausbreiten darf.

Revendications

1. Procédé de contrble de I'’émission en sortie de son vers un espace par une pluralité de générateurs de son, le
procédé comprenant :

1) l'optimisation des propriétés d’'une zone cible dans I'espace, dans lequel également une zone sombre est
présente, en sélectionnant, pour au moins une fréquence, une Direction d’Arrivée ou le son a cette fréquence
dans la zone cible devrait étre planaire et homogéne a travers la zone cible, et

2) I’émission en sortie d’'un son vers l'intérieur de I'espace par les générateurs de son, le son étant émis en
sortie en se basant sur les propriétés optimisées,

caractérisé en ce qu’une pluralité de Directions d’Arrivée sont définies, dans = 20° d’'une direction cible et I'étape
1 comprend de minimiser une fonction J définie par :

J =P]P;+ A, (pjH TH,p, — B) + 2,(q"q — E), (18)

dans laquelle :

P, est la pression a chacun de M microphones dans la zone cible
P4 est la pression a chacun de N microphones dans la zone sombre,
q est le vecteur de poids de source complexes

Y1 O 0

r=(% 72 - 0) ar
6 0 14
h11 hlZ th

Hy =t B
hyy hp .. hyy

dans lequel h;,, est un vecteur de direction entre le n®me angle de Direction d’Arrivée par rapport au mieme
microphone,
dans lequel yi est un poids pour le niéme angle de direction et

- chaque 0<y<1,
- au moins un y>0 et
- pas touty = 1.

2. Procédé selon la revendication 1, dans lequel I'étape 1) a) comprend pour chacun d’un multiple de fréquences de
requérir que le son a cette fréquence dans la zone cible soit planaire et homogéne sur toute la zone cible, et de
requérir que les ondes planes aux fréquences individuelles soient au moins essentiellement alignées I'une avec
l'autre.

3. Procédé selon 'une quelconque des revendications précédentes, dans lequel la plage des angles est de 120 - 240
degrés par rapport a une direction perpendiculaire a un axe coupant les centres des zones cible et sombre.

4. Procédé selon I'une quelconque des revendications précédentes, dans lequel le méme r est utilisé pour toutes les
fréquences.

12
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5. Procédé selon I'une quelconque des revendications précédentes, dans lequel I'étape c) requiert en outre qu'aucun

son ne doit se propager a travers la zone sombre.

13
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