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(57) Abstract: A method of applying a combined control strategy for the re-
production of multichannel audio signals in two or more sound zones, the
method comprising deriving a first cost function for controlling the acoustic
potential energy, such as on the basis of the Acoustic Contrast Control meth-
od and/or the Energy Difference Maximation method, in the zones to obtain
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; phase of the sound provided in the zones, and where a weight is obtained for
.. determining a combination of the first and second cost functions in a com-
;Eg bined optimization.
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A METHOD OF APPLYING A COMBINED OR HYBRID SOUND -FIELD CONTROL
STRATEGY

The present invention relates to a manner of providing a hybrid control strategy for deriving a

combined model providing a better sound generation in each of a number of sound zones.

The invention relates generally to reproduction and control of audio in sound fields. More
specifically a method is disclosed in which a hybrid method introduces a tradeoff between
acoustic contrast between two sound zones and the degree to which the phase is controlled

in the optimized sound fields.

Optimized sound fields in spatially confined regions can be achieved using multiple control
strategies that employ multichannel reproduction techniques. The creation of two spatially
separated regions is disclosed in the following, with one first region including low sound
pressure (dark zone) and another second region where high sound pressure (bright zone)
relative to the first region is reproduced and controlled in some sense according to the

control strategy as required.

The strategies often applied to the problem of generating sound zones may roughly be

divided into two categories:

e optimization methods and

¢ sound field synthesis methods.

Advantages of the former include versatility of the spatial source layout and in the number of
sources required, with the inherent limitations in performance due to a given configuration.
The source configuration in relation to synthesis methods tends to be more constrained,

especially in the case of methods like Wave Field Synthesis and Ambisonics.

However, these methods facilitate reproduction of a specific sound field, which enables
control of impinging wave fronts in the controlled regions, unlike the energy considerations
applied in most numerical optimization methods as in the Acoustic Contrast Control (ACC)
and the Energy Difference Maximization method (EDM). Among the above-mentioned
categories, control strategies including elements from both synthesis and optimization
approaches exist. The Pressure Matching method is an example of this type of control

strategy.
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Various parameters can be utilized in order to evaluate the performance of the methods,
where a dominant metric typically addressed in the literature is the acoustic contrast
between two adjacent regions. However, the contrast only states the acoustic separation
and does not provide any detailed information about the characteristics of the sound field in

each of the optimized regions.

Its known from prior art that control methods providing high acoustic contrast often ag-
gravate the phase control of the resulting optimized sound field due to the nature of the
optimization approach, whereas methods synthesizing sound fields, and hence providing

high degree of phase control, tend to result in comparatively lower contrast values.

The invention is based on research results documented in the:

Audio Engineering Society — Convention Paper
Presented at the 132" Convention
2012 April 26-29 Budapest, Hungary

“A Hybrid Method Combining Synthesis of a Sound Field and Control of
Acoustic Contrast”

Other manners of providing different sound zones may be seen in: US2010/0135503,
Terence Betlehem and Paul D. Teal, “A constrained optimization approach for multi-zone
surround sound”; 2011 IEEE International Conference on Acoustics, Speech and Signal
Processing (ICASSP), 22 May 2011, IEEE, pages 437-440, Chapter 2 “problem statement”,
Matthew Jones and Stephen Elliott: “Personal audio with multiple dark zones”, The Joumnal
of the Acoustical Society of America, December 2008, American Institute of Physics for the
Acoustical Society of America, New York, NY, US, vol. 124, no. 6, pages 3497-3506,
US2007/0098183 and US2010/0150361.

In the present invention, a hybrid method is proposed combining the high degree of phase
control from the synthesis methods with the versatility of the numerical methods into a
combined control strategy. The combination of the Energy Difference Maximization and the
Pressure Matching method is proposed with the opportunity of controlling the ratio of the
importance of acoustic contrast and the degree of phase control. The latter will be evaluated

using the resulting reproduction error.
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Thus, one aspect of the invention relates to a method applying a combined control strategy,
for the reproduction of multichannel sound signals in virtual sound zones, the method
comprising:
e control the acoustic potential energy in the zones to obtain acoustic separation
between the zones in terms of sound pressure,
e control the acoustic potential energy in each zone, this energy may be seen as being
proportional to the mean square sound pressure in a zone, and
e control the degree of phase control, where the phase control may be evaluated using
the resulting reproduction error, where the reproduction error may be controlled in

points sampling the bright zone.

The sound fields/-zones may be realized in different geometrical outlines e.g. circular,
elliptic, rounded rectangles and alike. The means for proving the audio may be physical
sound systems including active loudspeakers physically placed according to the required
geometry, or alternatively being virtual created from physical sound systems placed

randomly in a given listening domain.

The active sound system configuration includes typically sound transducers (loud speaker

unit), with controllable amplifier, -filter and -delay means per loudspeaker device.

In general, the invention relates to a method of applying a combined control strategy for the
reproduction of multichannel audio signals in two or more sound zones, the method

comprising:

- deriving a first cost function for controlling the acoustic potential energy in the

zones to obtain acoustic separation between the zones in terms of sound pressure,

- deriving a second cost function controlling the phase of the sound provided in

the zones,

- where a weight is obtained for determining a combination of the first and

second cost functions in a combined optimization.
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In this context, a combined control strategy is e.g. a combination of the first and second cost
functions into e.g. a combined cost function. The combination, which may also be called a

hybrid, has a number of advantages and may be manipulated by choosing the weight.

Applying the strategy may be the deriving of parameters for loudspeakers or other sound

providers or amplifiers/filters or the like configured to provide signals to such speakers.

In another situation, the applying step may be the generation of an overall combined cost

function which then later on may be used for generating such parameters or signals.

Multichannel audio signals usually will be signals detectable by the human ear and where
different signals are output by different speakers. Naturally, the signals may relate to the
same overall signals, such as a song, but where the differences between the channels
define e.g. a stereo signal or a signal with more channels, such as 4, 5, 6, 7, 9 or more

channels.

In this context, a sound zone is a zone wherein a predetermined sound is generated or at
least approximated. A zone usually is a predetermined volume of space at a predetermined
position, the zone having a predetermined outline or shape or not. Different sound zones
may have independently selected sound, such as no sound if desired. Different sound may

e.g. be different songs/sources or the same song/source but with different sound volumes.

Any number of sound zones may be selected, such as 2, 3, 4, 5, 6, 8 or more zones if

desired. The higher the number of zones, the more speakers will typically be required.

Thus, a distribution or limit is desired between sound energy and the reproduction of a

desired sound field is sought.

The first cost function may be proportional to the mean square sound pressure in each zone.
Preferably, the proportionality is the same in all zones, so that these may easily be

compared.

Separation in this situation may be a high dB value so that no or little sound from one zone
may be detected or heard in another zone. Sound pressure is a standard manner of

determining the amount of sound present in an area. The separation of the final combined
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optimization may depend on the weight, which may be selected to optimize other

parameters if desired.

The second cost function relates to the phase of the sound provided in one zone or a

plurality of zones. Usually, different phases may be used or desired in different zones.

The second cost function may be determined from or relate to a reproduction error from a
desired phase or direction of sound, such as from a plane wave in a zone. This reproduction
error may be quantified as a difference in angle between an angle of the sound and a
predetermined angle and/or a difference between an ideal, plane wave and a planarity of the

incoming wave, i.e. how much the sound wave resembles a plane wave.

The weight may be used for determining a weight, in the final optimization, of the first and

the second cost functions. The weight, as is described further below, may be determined in
a number of manners and may determine the emphasis in the final optimization on the first
cost function and thus the acoustical separation, in relation to the second cost function, and

thus the phase.

In one embodiment, the first cost function is a cost function of the Acoustic Contrast Control
method, and in another embodiment, the first cost function is a cost function of the Energy

Difference Maximation method.

In that or another embodiment, the second cost function is a cost function of the Pressure
Matching method which may be a manner of minimizing the mean square error between a
desired and a reproduced sound field. An alternative to this may be an analytical method

based on spherical decomposition of sound fields.

In one embodiment, the step of deriving the first cost function comprises deriving a cost
function where the acoustic potential energy in each zone is proportional to the mean square

sound pressure in a zone as:

Buor | o) Pdaz)

In that or another embodiment, the step of deriving the second cost function comprises
evaluating the phase control using the resulting reproduction error and to obtain a low

reproduction error, the reproduction error being defined as:
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where N is the normalization factor given as
N = / lp ()| 2dalx). (3)
Jgz2

Preferably, the reproduction error is controlled in points sampling a bright zone of the zones,

where also a dark zone, i.e. a zone where no sound is desired, exists.

In a preferred embodiment, the weight determining step comprises determining a weight for
10  controlling the tradeoff between the cost functions in the combined optimization. In this

situation, the cost functions may be an unconstrained optimization given as:

fla) = ¢ ((Rp — Re) q+a(Gq—p™) ¥ (Gq—p),
(12)

Also, in that embodiment, source weights may be calculated from the stationary points

15  where the gradient is zero, and where the stationary points are determined as given:

((Rp — Rp +aGH Q) q = aGp?. (13)

In a preferred embodiment, the method further comprises the steps of

- deriving from the combined optimization, parameters for driving each of a

plurality of loudspeakers,

20 - driving the loudspeakers in accordance with the derived parameters.
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These parameters may be phase shift (delay) parameters, amplification, and/or filtering
(typically frequency filtering). Usually, combinations of such parameters are used for each

speaker.

It is noted that a speaker may be a physical, real loudspeaker or may be a virtual speaker,
the sound from which is actually generated by a number of other, physical speakers, not
positioned at the position of the virtual speaker. This is e.g. the effect seen when two
speakers output the same signal which then sounds as if coming from a position between

the two speakers.

In one embodiment, the step of determining the weight comprises deriving the second cost
function so as to have a predetermined maximum reproduction error from a plane wave in a
predetermined one of the zones. In one situation, the maximum reproduction error is 15%,
but other values, such as 20%, 19%, 17%, 13%, 12%, 10%, 8%, 6%, 4% may be used if

desired.

As mentioned above, this reproduction error may be a difference between a direction of a
sound wave and a preferred direction and/or a difference between an ideal plane wave and

the form of the actual wave.

The weight between the contrast and the phase/direction may be selected in accordance
with a number of schemes or in relation to a number of different situations. Clearly, some
situations exist where contrast is of more importance, such as when the sound quality of the
sound or the quality of the sound providing system is low, so that it may be impossible to
obtain a high definition of the phase/angle in the first place. Also, if ambient sound or noise
is present, the contrast may not be required to be the top priority, as the surrounding noise
anyway will drown any sound carrying over from another zone. In another situation, the
phase/angle may be of a higher importance, such as when the listening situation is of

importance. In that situation, a lower contrast may be accepted.

In the following, preferred embodiments of the invention will be described with reference to

the drawing, wherein:

- figure 1 illustrates a set-up for a multi-zone audio provider.
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- figure 2 illustrates the acoustic contrast obtained with EDM at different {-values

plotted against the contrast obtained by means of ACC,

- figure 3 is a two-dimensional plot of the plane of concern at 1 kHz, where the
upper row shows the normalized level and the lower shows the real part of the complex
sound field showing the performance of ACC, PM and a preferred embodiment of the hybrid

method according to the invention, and

- figure 4 illustrates the acoustic contrast as a function of frequency in the upper
plot for all three control strategies and in the lower plot the corresponding reproduction error

is found for the Pressure Matching and the hybrid method of figure 3.
The applied Metrics to evaluate sound field control may be:

The Acoustic Contrast is defined as the ratio of the average potential energies in the two

zones, which is proportional to the average squared pressures in the zones.

This definition can be written as:

/;Q |p(x)|?dalx)
T
/ lp(z)|? dalx)

SQ

“Eo

Contrast(B,D) =

and where p is the sound pressure at position X, Sg and Sp refer to the area of the bright

and dark zone, respectively, and da is the differential area element.

The acoustic potential energy in the zones is controlled, this to obtain acoustic separation
between the zones in terms of sound pressure. The acoustic potential energy in each zone

being proportional to the mean square sound pressure in a zone as:

oo | IpCOPPdaCo)

The Reproduction Error is introduced as a metric to evaluate the deviation between a
desired p® and the reproduced sound field p". In the following the reproduction error is

defined as:
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1
N

= / p(x) — p"(z)Pda(z). (2)
et

where N is the normalization factor given as:

J‘\f:/'

pt{z)|2dalz). (3)

The Acoustic Contrast Control (ACC) is an optimization approach that can be applied to
generate two separate regions in terms of sound pressure level. The ACC is used to
increase the contrast of a desired bright zone with respect to a desired dark zone. To deter-
mine the weight for each array element the method requires the transfer functions between
sources and the control points in regions where control of the sound field is desired. The
unweight response from all sources to the control points of a specific region can be

described by means of the spatial correlation between sources and points defined as:

Rp — glz* / G(z,,2)" G(z,.2)da(z), (4)
7 s
H
s 4 Rrq e
facc (q) = '(Q]HHDQ]? f’)

H
where (-) denotes the Hermitian tranpose, G(xs,Xg) is a matrix containing transfer functions
from M sources positioned at xs to the integration point x. The cost function which is
optimized through the Acoustic Contrast Control can be defined as the ratio of potential

energies in the zones

where g is a vector of the volume velocities from each source representing the source
weights. Through differentiation with respect to q it is possible to determine the optimal

source weights as the eigen-vector of RD'RB, which corresponds to the largest eigen value.

The Energy Difference Maximization closely resembles the Acoustic Contrast Control as this
method is also applied to reduce the sound pressure level in one zone with respect to

another. The primary difference between the two methods is that EDM is an optimization of
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the sound energy difference between the zones while ACC is used to optimize the energy
ratio. By means of the EDM it is possible to adjust the potential energy difference between
the zones in relation to the control effort described by g"q, which results in the EDM cost

function:

q”(Rp — (BRp)q
qfq '

fepum(q) = (6)

where T is a weight factor. This constant is applied to determine whether the energy
distribution should be controlled in the bright or the dark zone to obtain the energy
difference. If { «< 1 the optimization focuses the sound energy in the bright zone whereas

with € > 1 the optimization reduces the energy in the dark zone.

The Acoustic Contrast Control and the Energy Difference Maximization are two closely
related methods, which both create acoustic spatial separation between two regions in terms

of the potential energy distribution.

By using ACC maximizes the acoustic contrast between the two zones which indicates an
optimal solution in terms of this metric. Implementing the EDM, on the other hand, optimizes
the energy difference subject to a specific preference between bright and dark zone, hence
the achieved contrast will depend on the value of the parameter . Application of the EDM
includes an additional step of determining the Z-value that depends on the specific setup of

concern.

With implementation of ACC an optimal relationship is determined between constructive
interference of sound in the bright zone and destructive interference in the dark zone. As the
solution obtained by EDM can be adjusted to rely almost exclusively on constructive
interference in the bright zone and destructive interference in the dark zone, it appears
reasonable to state that EDM can be applied to obtain results which are similar if not equal

to the ACC, assuming correct adjustment of .

This is indicated by Fig.2 where the acoustic contrast obtained with EDM at different g-
values is plotted against the contrast obtained by means of ACC. The additional complexity
due to the necessity of determining the € value seems to make the EDM an unattractive
method; however, it has the advantage of eliminating the need for a matrix inversion.

To determine the weights through the ACC an inversion of RD is necessary, which can
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cause numeric instability if the matrix is nearly singular. This problem increases at lower
frequencies where the transfer functions from different sources to a control point become
similar. The EDM does not include a matrix inversion to determine the source weights;
hence it is more robust in terms of such numerical instabilities. This significant difference
makes the EDM more suitable as a basis method for the hybrid method, while the ACC is

included as a reference of the obtainable acoustic contrast.

Pressure Matching is a procedure that makes it possible to approximate a desired sound
field through numerical optimization. The Pressure Matching requires the transfer functions
between sources and control points in order to determine the weights for the sources in the
array, similar to ACC and EDM.

A hybrid between the sound field control strategies Acoustic Contrast Control and Pressure
Matching method is disclosed, originating from the idea that high acoustic contrast desirably
should be combined with high degree of phase control inside an optimized spatially confined

sound field.

Simulation results for a specific configuration including a bright and dark zone
simultaneously reproduced has been examined, with an example of a potential weight

determination procedure included.

The hybrid method provides higher contrast compared to the Pressure Matching method
over a significant frequency range and at the same time obtains comparable low
reproduction error (< 3.5%, below 1500 Hz). The performance in contrast of the ACC is
superior to both the hybrid and Pressure Matching method, however, at the expense of no

phase control in the optimized regions.

The hybrid method provides significantly higher contrast in a wide frequency range without
compromising the phase control. The weight determination strategy, on which the
simulations presented are based upon, should be considered as only one example among
many. ldeally, the weight factors a and {, should be optimized in some sense, in order to

obtain the best compromise of high contrast and low reproduction error.

The hybrid appears to introduce better performance compared to control strategies that are

focusing solely on either achieving high acoustic contrast or achieving low reproduction error
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of a synthesized sound field.

Figure 1 illustrates one embodiment of a system configured to use the method of the
invention, the system having an equidistant circular array of sources 2, which encompasses
the desired sound zones, is applied. The schematic setup of zones and sources is shown
using the polar coordinate system. The spatial sound regions to be controlled are inside a
circular array of 40 acoustic monopoles. The dark zone refers to a region with low sound
pressure relative to the bright zone, where high sound pressure is desired. The system also
has a controller or processor 10 configured to receive sound or signals from one or more
sources and to generate signals for the speakers 2 in accordance with the method in order
to obtain the desired sound in the two zones. This controller may thus have filters, delay
circuits and/or amplifiers either for more speakers 2 or individually for each speaker 2.
Naturally, each speaker 2 could alternatively have its own amplifier/delay circuitffilter, if

desired.

With the circular distribution of sources outside the control zones, it is possible to describe

the reproduced sound field within the array as:

& — k| —ry |

Prn, dn) = Z Gm

Ir‘m — Pn I

where subscript m indicates a given acoustic source whereas n is a control point. The

desired sound field at the control points can then be described as:

—iklren —rn

Aps =12 ... N

g I-’"‘m» "‘"'*nl
ady . ; .
PHrn, Pn) =

AR e — |

Ape n=N4+1,... L

(8)

| Ty = n |

Here, the bright and dark zones are distinguished by applying different amplitude of the
plane wave in the zone (the amplitude of the plane wave in the dark zone is e.g. reduced by
60 dB).

The above equations can be written in matrix notation as:
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Gq = p*, (9)

where G is the transfer functions given by (7) from the M sources to the N control points, g is
the M by 1 vector of source weights, and p® is the L by 1 vector representing the desired
sound field sampled at the control points as defined in (8). When L>M the system is over-

determined, and the weights can be determined through minimizing the squared error:

fomla) = (Gg-pH)¥ (Gq-p?).  (10)

The regularized least squares solution can be written as:

rnin = (GEIG + Q{‘;I’)_l Gﬂpdg (11:‘5

where /is the M by M identity matrix while & is the constraint parameter of theTikhonov

regularization in the matrix inversion.

In the preferred embodiment of the invention two different categories of sound field control
have been introduced: one where the distribution of sound energy is optimized and one

where a desired sound field is reproduced with the highest possible accuracy.

As it is desired to control the sound field in terms of both acoustic contrast and synthesis of a
desired sound field, the concept of a hybrid method is introduced. Such a hybrid method
allows adjustment the available sources to achieve high acoustic contrast and low

reproduction error.

The hybrid method is formulated by combining the cost functions from Pressure Matching
(10) and Energy Difference Maximization (6) into a single one including a weight for
controlling the trade off between the methods in the combined optimization.

The array effort constraint q"'q from (8) is not included and the combined hybrid cost function

is written as an unconstrained optimization:

fla) =a” ((Rp — Re)q+a(Gqg—pH)7 (Gg-p),
(12)

where a is a weight factor between optimization of the acoustic contrast and the

reproduction error. In order to include terms representing both EDM and Pressure Matching,
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the sign of the EDM cost function (6) is changed.

This is done because the terms in the combined cost function should converge in the same
direction and Pressure Matching relies on minimizing the deviation between desired and

reproduced sound field.

As optimization of the contrast is included in the cost function, it is unnecessary for the
Pressure Matching term in the hybrid method to include control points in the dark zone,
where the main criterion is low sound pressure level rather than accurate wave front
reproduction. Therefore, the Pressure Matching control points in the hybrid method only
include points in the bright zone in order to reduce the restrictions on the solution.

To calculate the source weights it is necessary to determine the stationary points where the
gradient of (12) is zero. Through differentiation with respect to q, the stationary points can be

determined as solutions to the matrix equation:
((Rp — Rp +aGHG) q = aGfpl. (13)

The above equation has the form of a general Ax = B matrix equation, which can be solved

in various ways. A typical one is the pseudo inverse of A including Tikhonov regularization, x

=(AHA - 6I)_1AH B. In order to determine the regularization parameter & it might be suitable

to apply the concept of L-curve regularization.

Figure 2 displays the Acoustic contrast obtained with Energy Difference Maximization at
different values of the control factor ¢. The performance obtained by the Acoustic Contrast
Control is included for reference. The values are obtained at 1 kHz for the configuration

shown in Fig. 1.

Experimental data are disclosed, the data related to a simulation of one embodiment of the
invention. The simulation was conducted under anechoic conditions and without any
scattering elements. The EDM, ACC, and the proposed hybrid method were implemented
with a 3D acoustic monopole simulation and evaluated in the plane coinciding with a circular
source array of radius 1.5m and sound zone radius of 0.3m. Simulations employing 40
equidistant monopoles were made at different frequencies in the range 100-2500 Hz. The
acoustic contrast was evaluated as well as the reproduction error, where the latter was only

applied for the EDM and hybrid method due to the fact that no desired phase characteristics
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are implied in the ACC. A plane wave with propagation direction -90 was defined as the
desired sound field to be synthesized in the bright zone in the case of the Pressure Matching
and the hybrid method. A plane wave field was chosen only for the sake of simplicity; in
theory one can optimize for obtaining an arbitrary sound field. The performance obtained by

the hybrid method relies on determination of the two weight factors e and Z.

For the simulations the following procedure was applied:
(1) As a basis for the contrast performance ¢ is adjusted to obtain a contrast no less
than 0.9 of the contrast achieved using ACC.
(2) To obtain the desired control of the sound field in the bright zone «a is adjusted in
order to achieve a reproduction error below 8 times the resulting error found with the

Pressure Matching method.

In both step (1) and (2) the weights are determined iteratively with a maximum number of
steps, and inherently, if the desired performance cannot be achieved, the procedure

continues with the result obtained at the maximum step limit.

Figure 3 displays two-dimensional plots of the plane of concern at 1 kHz, where the upper
row shows the normalized level and the lower shows the real part of the complex sound field
showing the performance of ACC, PM and the hybrid method when generating a bright and
a dark zone each with a radius of 0.3m and a separation distance of 1.2m at 1kHz. An array
of 40 three-dimensional monopole sources on a circle of 1.5m was simulated. The surface
plot is showing the plan coinciding with the source array. Left column: ACC, Contrast
(B,D)=149dB; centre column: PM, Contrast (B,D)=62dB, {=0; right column: the hybrid
method, Contrast (B,D)= 149dB, {=0.02. It is apparent that the ACC and the hybrid method

provide higher contrast compared to the Pressure Matching.

The dark regions on the level plots are seen to spatially extend further and the low sound
pressure extends far beyond the predefined regions. For the ACC the dark region is found to
nearly overlap the space of the bright zone introducing spatial variations across this area,
which is highly unintended. Both the Pressure Matching and the hybrid method provide more

even distribution of sound energy in the bright zone.

The wave fronts found for the ACC appear not to be controlled in any particular sense, as
expected. For the two remaining strategies, the desired plane wave field appears to be

correctly synthesized.
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Figure 4 displays the acoustic contrast as a function of frequency is shown in the upper plot
for all three control strategies and in the lower plot the corresponding reproduction error is

found for the Pressure Matching and hybrid method.

The highest contrast performance is achieved using the ACC in the entire frequency band of

concern.

The hybrid method performs better compared to the Pressure Matching method below
approximately 1750 Hz in the given configuration and appears to converge towards the

Pressure Matching method at higher frequencies.

The resulting contrast obtained with the hybrid drops rapidly above 1200 Hz, where the main
effort is focused on preserving a low reproduction error rather than high contrast, since opti-
mum including both high contrast and low reproduction error seems unachievable in this

frequency interval.

Significant fluctuation in reproduction error of the hybrid may be found above 1500 Hz;
hence the error of the reproduced sound field may not converge towards that of the
Pressure Matching as was found for the contrast. This could indicate that the endpoints of
the hybrid optimization do not completely reach the points of the two most extreme ends of
the formulated optimization, namely the ACC and the Pressure Matching, as might be

expected.

The invention may be applied in domains in which enabling - and control - of individual
sound zones is relevant. These sound zones being e.g. in private domains, such as a house,
a car, a boat or public domains like trains, airplanes, shops, warehouses, exhibition halls,

airports and the like.

The system may have one or more microphones 4 (figure 1) for setting up the model and
deriving the parameters and/or for permanent or intermittent use, when parameters are to be
altered or the listening space, furnitures, listening position(s), zone positions, speaker

positions or the like are altered.

To obtain useful sound zones there preferably are strong requirements to the level of “sound

isolation” among the one or more sound zones as defined. Thus, listener in one zone
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preferably is not disturbed by sound/noise from another zone.
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CLAIMS

1. A method of applying a combined control strategy for the reproduction of multichannel

audio signals in two or more sound zones, the method comprising:

- deriving a first cost function for controlling the acoustic potential energy in the

zones to obtain acoustic separation between the zones in terms of sound pressure,

- deriving a second cost function controlling the phase of the sound provided in

the zones,

- where a weight is obtained for determining a combination of the first and

second cost functions in a combined optimization.

2. A method according to claim 1, wherein the first cost function is a cost function of the

Acoustic Contrast Control method.

3. A method according to claim 1 or 2, wherein the first cost function is a cost function of the

Energy Difference Maximation method.

4. A method according to any of the preceding claims, wherein the second cost function is a

cost function of the Pressure Matching method.

5. A method according to any of the preceding claims, wherein the step of deriving the first
cost function comprises deriving a cost function where the acoustic potential energy in each

zone being proportional to the mean square sound pressure in a zone as:

ot | IpCo)Pda)

6. A method according to any of the preceding claims, wherein the step of deriving the
second cost function comprises evaluating the phase control using the resulting reproduction

error and to obtain a low reproduction error, the reproduction error being defined as:
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E(M( x}, 2)

£+ fg (@)~ ()

o where N is the normalization factor given as

N:f |p? ()| 2dal(z). (3)
52

7. A method according claim 6, where the reproduction error is controlled in points sampling

the bright zone.
8. A method according claim 7, where method is combining the cost functions from Pressure
Matching (10) and Energy Difference Maximization (6) into a single one including a weight

for controlling the tradeoff between the methods in the combined optimization.

9. A method according claim 8, where the cost functions is an unconstrained optimization

given as:

f(a) = g ((Rp — Re) q+a(Gq—p") (Gq—p),
(12)

10. A method according claim 8, where the source weights are calculated from the stationary

points where the gradient is zero, and where the stationary points are determined as given:
((Rp — Rp +aG7 Q) q = aGp?. (13)

11. A method according to any of the preceding claims, further comprising the steps of

- deriving from the combined optimization, parameters for driving each of a

plurality of loudspeakers,

- driving the loudspeakers in accordance with the derived parameters.
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12. A method according to any of the preceding claims, wherein the step of determining the
weight comprises deriving the second cost function so as to have a predetermined maximum

reproduction error from a plane wave in a predetermined one of the zones.

13. A method according to claim 12, wherein the maximum reproduction error is 15%.
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