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Apparatus and Method for Audio Signal Transformation

Description

The present invention relates to an apparatus and method for audio signal transformation,
for example, to an audio signal transformation within the equivalent spatial domain, and, in
particular.

Sound radiated in a reverberant room interacts with objects and surfaces in the
environment to create reflections. By using a spherical microphone array, it is possible to
measure those reflections at a fixed point in the room and to visualize the incoming wave
directions. The reflections arriving at the microphone array will cause a sound pressure
distribution over the microphone sphere.

Such a sound field may first be transformed into the spherical harmonics domain. (SH
domain). Figuratively, a combination of spatial shapes (see Fig. 6 below) is found, which
describes the given sound pressure distribution on the sphere. The wave field
decomposition, that is comparable to spatial filtering or beamforming, can be then
executed in that domain to concentrate the shapes to the incident wave directions.

In order to define the spherical harmonics across the elevation angle B, a set of

orthogonal functions may, e.g., be employed. The Legendre polynomials are orthogonal
on the interval [-1, 1]. The first six polynomials are provided in the following:

63z° — 702° + 15z)

Pyla) =1

Py(x) = 21

Py(z) = 5(312 ~1)

Py(z) = %{5?3 ~ 3z)

Py(r)= é(35a:4 — 302” + 3)
(@) = g

The corresponding plots are shown in Fig. 5, wherein Fig. 5 illustrates Legendre
polynomials up to the order n=5.

The elevation angle is defined between[0, ]. Therefore all orthogonal relations must be
transferred to the unit sphere. The associated Legendre polynomials Ln(cosf) can be

used as follows:
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Jy fcosp)sinpdp = [, f(x)dx

Considering a sound pressure function P(r,8,0,k) in the spherical coordinate system,
where B and a are the elevation and azimuth angles, r the radius and k the wavenumber
(k=w/c). Assuming that P(r,8,a,k) is square integrable over both angles, it can be
represented in the spherical harmonics domain.

As can be seen below, the spherical harmonics are composed of the associated Legendre
polynomials Ly, an exponential term et/M® and a normalization term. The Legendre
polynomials are responsible for the shape across the elevation angle B and the

exponential term is responsible for the azimuthal shape.

2n+1(n—m)!

4 (n+ m)! Ly (cospe™Ime

(B a) = J

Fig. 6 shows the spherical harmonics up to order n=4 and the corresponding modes, from
-m to m. Each order consists of 2m+1 modes. The signs of the spherical harmonics are
either positive 601 or negative 602.

The spherical harmonics are a complete and orthonormal set of Eigenfunctions of the
angular component of the Laplace operator on a sphere, which is used to describe a wave
equation.

The equivalent spatial domain (ESD) is a three dimensional spatial representation of
Ambisonics audio signals. The ESD representation is based on the equidistant sampling
of a sphere (see [2]) and consist of (N + 1)? sampling directions 8 with N being the
Ambisonics order.

According to the 3GPP specification (see [1], chapter 4.1.1.2), an equivalent spatial
domain representation of an N order Ambisonics soundfield representation can be
obtained by rendering the Ambisonics soundfield representation to K virtual loudspeaker
signals, (i.e., by converting the Ambisonics soundfield from the spherical harmonics
domain into the equivalent spatial domain), wherein the respective K virtual loudspeaker
positions are located on a unit sphere and may be expressed using a spherical coordinate
system. The conversion rules for converting the Ambisonics soundfield from the spherical
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harmonics domain (Ambisonics Domain) into the equivalent spatial domain, and vice
versa, are also provided in chapter 4.1.1.2 of [1]).

The ESD representation is defined and used, for example, as the signal domain for the
MPEG-H decoder export interface for the Higher-Order Ambisonics content type (see [3],
Clause 17.10.) as well as in the 3GPP specification (see [1]).

Spatial transformations in the spherical harmonics domain have been provided in the prior
art, see, for example, Kronlachner, [4]. In Chapter 3 of Kronlachner, transformations of
Ambisonics Recordings in the spherical harmonics domain are provided. For example,
chapter 3.1 and chapter 3.2. There, e.g., weighting by a direction-dependent gain,
applying an angular transformation and rotation in has been extensively described. As an
example for a rotation around the z-Axis (yaw-rotation), Kronlachner provides in its
equation 3.12 a spherical harmonic rotation matrix (i.e., a transformation matrix in the
spherical harmonics domain). A plurality of other transformation examples in the spherical
harmonics domain are also provided in the other subchapters 3.3 (directional loudness
modifications), 3.4 (warping), 3.5 and 3.6 of chapter 3 of Kronlachner [4].

However, transformations of audio signals within particular domains, for example, within
the equivalent spatial domain, have not been provided before.

The object of the present invention is to provide improved concepts for soundfield
transformation. The object of the present invention is solved by an apparatus according to
claim 1, by an apparatus according to claim 20, by an apparatus according to claim 23, by
a decoder according to claim 29, by a method according to claim 30, by a method
according to claim 31, by a method according to claim 32, and by a computer program
according to claim 33.

An apparatus for audio signal transformation is provided. The apparatus comprises a
determination unit configured for determining, using spherical harmonics information, a
transformation rule for transforming an audio input signal within a first domain, being
different from a spherical harmonics domain. Moreover, the apparatus comprises a
transformation unit configured for transforming, using the transformation rule, the audio
input signal, being represented in the first domain, to obtain a transformed audio signal
being represented in the first domain. The spherical harmonics information comprises
information on a plurality of spherical harmonics and/or comprises information being
represented in the spherical harmonics domain.
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Moreover, another apparatus for audio signal transformation is provided. The apparatus
comprises a first conversion unit configured for converting an audio input signal from a
first domain into a spherical harmonicg; domain, wherein the first domain is different from
the spherical harmonics domain. Furthermore, the apparatus comprises a transformation
unit configured for transforming the audio input signal, being represented in the spherical
harmonics domain, depending on a transformation rule within the spherical harmonics
domain to obtain a transformed audio signal, being represented in the spherical
harmonics domain. Moreover, the apparatus comprises a second conversion unit for
converting the transformed audio signal from the spherical harmonics domain into the first
domain.

Furthermore, another apparatus for audio signal transformation is provided. The
apparatus comprises a first conversion unit configured for converting an audio input signal
from a first domain into an equivalent spatial domain, wherein the first domain is different
from the equivalent spatial domain, Moreover, the apparatus comprises a transformation
unit configured for transforming the audio input signal, being represented in the equivalent
spatial domain, depending on a transformation rule within the equivalent spatial domain to
obtain a transformed audio signal, being represented in the equivalent spatial domain.
Furthermore, the apparatus comprises a second conversion unit for converting the
transformed audio signal from the equivalent spatial domain into the first domain.

Furthermore, a method for audio signal transformation is provided. The method
comprises:

- Determining, using spherical harmonics information, a transformation rule for
transforming an audio input signal within a first domain, being different from a
spherical harmonics domain. And:

- Transforming, using the transformation rule, the audio input signal, being
represented in the first domain, to obtain a transformed audio signal being
represented in the first domain.

The spherical harmonics information comprises information on a plurality of spherical
harmonics and/or comprises information being represented in the spherical harmonics
domain.

Moreover, another method for audio signal transformation is provided. The method
comprises:
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- Converting an audio input signal from a first domain into a spherical harmonics
domain, wherein the first domain is different from the spherical harmonics domain.

- Transforming the audio input signal, being represented in the spherical harmonics
domain, depending on a transformation rule within the spherical harmonics domain
to obtain a transformed audio signal, being represented in the spherical harmonics
domain. And:

- Converting the transformed audio signal from the spherical harmonics domain into
the first domain.

Furthermore, another method for audio signal transformation is provided. The method
comprises:

- Converting an audio input signal from a first domain into an equivalent spatial
domain, wherein the first domain is different from the equivalent spatial domain.

- Transforming the audio input signal, being represented in the equivalent spatial
domain, depending on a transformation rule within the equivalent spatial domain to
obtain a transformed audio signal, being represented in the equivalent spatial
domain. And:

- Converting the transformed audio signal from the equivalent spatial domain into
the first domain.

Moreover, computer programs for implementing one of the above-described methods,
when being executed on a computer or signal processor, are provided.

Some of the embodiments introduce and provide a signal processing workflow for audio
signals in the equivalent spatial domain.

According to some embodiments, signal manipulation and/or transformation of audio
signals in the equivalent spatial domain is provided.

In some embodiments, prevention of conversion of ESD signals to perform the signal
manipulation and/or transformation is achieved.
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Some of the embodiments provide an interpolation of transform matrices in the equivalent

spatial domain.

In the following, embodiments of the present invention are described in more detail with
reference to the figures, in which:

Fig. 1 ilustrates an apparatus for audio signal transformation according to an
embodiment.
Fig. 2 illustrates an approach, wherein an audio input is transformed from the

equivalent spatial domain to the spherical harmonics domain, wherein a
transformation matrix is determined and applied on the audio input in the
spherical harmonics domain, and wherein the transformed audio input is
transformed back to the equivalent spatial domain.

Fig. 3 ilustrates an embodiment, wherein a transformation matrix is transformed
from the spherical harmonics domain to the equivalent spatial domain, and
wherein signal transformation is conducted in the equivalent spatial
domain.

Fig. 4 illustrates an embodiment with matrix computation and signal processing in
the equivalent spatial domain, wherein complexity and memory
requirements are further reduced.

Fig. 6 illustrates Legendre polynomials up to the order n=5,

Fig. 6 illustrates spherical harmonics up to order n=4 and the corresponding
modes.

Fig. 7 illustrates an apparatus for audio signal transformation according to a

further embodiment.

Fig. 8 illustrates an apparatus for audio signal transformation according to another
embodiment.

In the following particular embodiments of the present invention are provided.
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To solve the problem that transformations of audio signals within some particular domains
have not been provided before, Fig. 7 provides an embodiment that solves the problem
using the known signal transformation concepts in the spherical harmonics domain.

According to Fig. 7, an apparatus for audio signal transformation according to an
embodiment is provided.

The apparatus comprises a first conversion unit 710 configured for converting an audio
input signal from a first domain into a spherical harmonics domain, wherein the first
domain is different from the spherical harmonics domain.

Moreover, the apparatus comprises a transformation unit 720 configured for transforming
the audio input signal, being represented in the spherical harmonics domain, depending
on a transformation rule within the spherical harmonics domain to obtain a transformed
audio signal, being represented in the spherical harmonics domain.

Furthermore, the apparatus of Fig. 7 comprises a second conversion unit 730 for
converting the transformed audio signal from the spherical harmonics domain into the first
domain.

The spherical harmonics domain is, for example, particularly suitable for conducting
transformations that, e.g., conduct spatial rotations of a soundfield.

According to an embodiment, the first domain may, e.g., be a spatial domain, which may,
e.g., be different from the spherical harmonics domain. In a particular embodiment, the
first domain may, e.g., be an equivalent spatial domain.

In an embodiment, the transformation rule may, e.g., comprise transformation information,
wherein the transformation information comprises one or more transformation matrices
and/or a plurality of transformation vectors and/or a plurality of coefficients for
transforming the audio input signal, being represented in the first domain to obtain the
transformed audio signal.

According to Fig. 8, an apparatus for audio signal transformation according to a further
embodiment is provided.
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The apparatus of Fig. 8 comprises a first conversion unit 810 configured for converting an
audio input signal from a first domain into an equivalent spatial domain, wherein the first
domain is different from the equivalent spatial domain,

Moreover, the apparatus comprises a transformation unit 820 configured for transforming
the audio input signal, being represented in the equivalent spatial domain, depending on a
transformation rule within the equivalent spatial domain to obtain a transformed audio
signal, being represented in the equivalent spatial domain.

Furthermore, the apparatus of Fig. 8 comprises a second conversion unit 830 for
converting the transformed audio signal from the equivalent spatial domain into the first
domain.

The equivalent spatial domain is, for example, particularly suitable for conducting
transformations that only relate to a specific spatial areas of a spatial environment. For
example, if an interfering noise source that particularly affects a specific spatial area of the
spatial environment, the equivalent spatial domain is particularly suitable for cancelling or
at least attenuating such an interfering noise source in the specific spatial area.

According to an embodiment, the transformation rule may, e.g., be configured to
implement a spatial rotation of the audio input signal. The transformation unit 720; 820
may, e.g., be configured to transform, using the transformation rule, the audio input signal
by conducting the spatial rotation of the audio input signal.

In an embodiment, the apparatus may, e.g., be configured to receive a transformation
input. The transformation unit 720; 820 may, e.g., be configured for transforming an audio
input signal depending on the transformation input.

According to an embodiment, the transformation unit 720; 820 may, e.g., be configured to
determine an interpolated transformation matrix by interpolating between the first
transformation matrix and the further transformation matrix.

In an embodiment, the apparatus may, e.g., be configured to perform a binauralization
processing to the transformed audio signal, being represented in the first domain, to
obtain a binaural output,
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To solve the problem that spatial transformations of audio signals in the equivalent spatial
domain have not been described before, according an embodiment, an approach would
be:

In a first step: Converting the ESD signals from the equivalent spatial domain into the
spherical harmonics domain,

In a second step: Applying a transformation process (for example, a soundfield rotation).
A particular (non-limiting) example would be a multiplication of a transformation matrix
T ¢y with the (audio) signal vector.

In a third step: Converting the transformed (audio) signal vector of the SH domain signal
from the spherical harmonics domain back into the equivalent spatial domain.

A generalized embodiment for an arbitrary domain not restricted to the Equivalent

This embodiment has advantage that it achieves the desired object. However, the above
embodiment has also disadvantages, because the conversion of the audio signals in the
first step 1 and in the third step is costly. It would be more efficient to avoid the need to
convert the audio signals from the equivalent spatial domain to the spherical harmonics
domain and vice versa.

Other embodiments that are presented in the following avoid this disadvantage of the
above embodiment.

Fig. 1 illustrates an apparatus for audio signal transformation according to another
embodiment that avoids the disadvantages of the embodiment of Fig. 7.

An apparatus for audio signal transformation is provided.

The apparatus of Fig. 1 comprises a determination unit 110 configured for determining,
using spherical harmonics information, a transformation rule for transforming an audio
input signal within a first domain, being different from a spherical harmonics domain.

Moreover, the apparatus of Fig. 1 comprises a transformation unit 120 configured for
transforming, using the transformation rule, the audio input signal, being represented in
the first domain, to obtain a transformed audio signal being represented in the first
domain.
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The spherical harmonics information comprises information on a plurality of spherical
harmonics and/or comprises information being represented in the spherical harmonics
domain.

According to an embodiment, the audio input signal and the transformed audio signal
may, e.g., be represented in the first domain, being a spatial domain, which may, e.g., be
different from the spherical harmonics domain. In a particular embodiment, the first
domain may, e.g., be an equivalent spatial domain.

In an embodiment, the transformation rule may, e.g., comprise transformation information,
wherein the transformation information comprises one or more transformation matrices
and/or a plurality of transformation vectors and/or a plurality of coefficients for
transforming the audio input signal, being represented in the first domain to obtain the
transformed audio signal, being represented in the first domain. The transformation
information depends on the plurality of spherical harmonics.

According to an embodiment, the transformation information depends on transformation
information for transforming audio content in the spherical harmonics domain.

In an embodiment, the transformation information for transforming audio content in the
spherical harmonics domain comprises one or more transformation matrices and/or a
plurality of transformation vectors and/or a plurality of coefficients for transforming the
audio content in the spherical harmonics domain.

According to an embodiment, the determination unit 110 may, e.g., be configured to
determine the transformation rule such that the transformation rule may, e.g.,, be
configured to implement a spatial rotation of the audio input signal within the first domain.
The ftransformation unit 120 may, e.g., be configured to ftransform, using the
transformation rule, the audio input signal, being represented in the first domain, by
conducting the spatial rotation of the audio input signal in the first domain to obtain the
transformed audio signal being represented in the first domain.

In an embodiment, the determination unit 110 may, e.g., be configured to determine the
transformation rule by determining a rotation matrix or a plurality of rotation vectors or a
plurality of coefficients of the rotation matrix within the spherical harmonics domain, and
by converting the rotation matrix of the plurality of rotation vectors or the plurality of
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coefficients of the rotation matrix from the spherical harmonics domain into the first
domain.

According to an embodiment, the determination unit 110 may, e.g., be configured to
determine the transformation rule by determining a rotation matrix or a plurality of rotation
vectors or a plurality of coefficients of the rotation matrix directly within the first domain
without converting rotation information from the spherical harmonics domain into the first
domain.

In an embodiment, the rotation matrix or the plurality of rotation vectors or the plurality of
coefficients may, e.g., define a rotation along one or more rotation axes.

In an embodiment, the determination unit 110 may, e.g., be configured to transform the
plurality of spatial directions to obtain a plurality of transformed directions of the first
domain. The determination unit 110 may, e.g., be configured to determine the
transformation rule such that the transformation rule depends on information on the
plurality of spherical harmonics for the plurality of transformed directions.

According to an embodiment, the determination unit 110 may, e.g., be configured to
determine the transformation rule depending on a transformation matrix Tgg, being
defined as:

Tesp =Y~ 2(6) - Y(M(8)),

wherein @ indicates a plurality of directions of the first domain, wherein ¥~1(8) indicates
an inverse of Y(8), with Y(8) indicating the plurality of spherical harmonics for the
plurality of directions 8 of the first domain, and wherein M(8) indicates a modification of
a soundfield.

For example, in an embodiment, modification matrix M(8) may, e.g., be defined as
M(6) = R(®,0,¢) 6,
wherein 8 indicates a plurality of directions of the first domain, and wherein R(®, 6,y)

indicates a rotation with a rotation angle (®,6,), wherein @ indicates yaw, wherein
indicates pitch, and wherein 1 indicates roll, wherein at least one of @, 8,1 is different
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from 0°, and wherein any other one of @, 6,y is also different from 0° or is equal to 0°. In
other words, a rotation is conducted along one or more rotation axes.

In another embodiment, the determination unit 110 may, e.g., be configured to determine
the transformation rule depending on a transformation matrix Tgzsp being defined as:

Tgsp =Y71(0) - Y(M(ﬂ)) Y1) - Y(0)

wherein 8 indicates a first plurality of directions of the first domain, wherein Y(8) indicates
the plurality of spherical harmonics for the first plurality of directions 8 of the first domain,
wherein Y~1(8) indicates an inverse of Y(8), wherein M (n) indicates a modification of a
soundfield, wherein 1 indicates a second plurality of directions, and wherein ¥~*(n)
indicates an inverse of ¥ (1), with Y (%) indicating the plurality of spherical harmonics for
the second plurality of directions 7 .

For example, in an embodiment, modification matrix M () may, e.g., be defined as

M(n) = R(,0,¢) ' n,

wherein R(®,6,v) indicates a rotation with a rotation angle (®,6,y), wherein @
indicates yaw, wherein @ indicates pitch, and wherein i indicates roll, and wherein 7
indicates one or more directions which are to be rotated by the rotation R(®,6,),
wherein at least one of @, 8,y is different from 0°, and wherein any other one of @,8,1 is
also different from 0° or is equal to 0°. In other words, a rotation is conducted along one or
more rotation axes.

According to an embodiment, the apparatus may, e.g., be configured to receive a
transformation input. The determination unit 110 may, e.g., be configured to determine the
transformation rule for transforming an audio input signal within the first domain
depending on the transformation input.

In an embodiment, the transformation rule comprises a first transformation matrix. The
determination unit 110 may, e.g., be configured to determine a further transformation rule
comprising a further transformation matrix. The determination unit 110 may, e.g., be
configured to determine an interpolated transformation matrix by interpolating between the
first transformation matrix and the further transformation matrix.
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According to an embodiment, the apparatus may, e.g., be configured to perform a
binauralization processing to the transformed audio signal, being represented in the first
domain, to obtain a binaural output.

Fig. 3 illustrates an embodiment, wherein a transformation matrix is transformed from the
SH Domain to the equivalent spatial domain, and wherein signal transformation is
conducted in the equivalent spatial domain.

In particular, Fig. 3 depicts an improved signal flow. Here, the conversion of the audio
signals is avoided by performing the soundfield transformation process in the equivalent
spatial domain.

In a specific embodiment of Fig. 3, in a first step, a conversion of the transformation matrix
from the SH domain to the equivalent spatial domain is conducted.

In a further step, the signal transformation is performed in the equivalent spatial domain,
including but not limited to a multiplication of a transformation matrix with the ESD signal
vector. For example, a soundfield rotation may, e.g., be performed.

An advantage of such an embodiment is that the conversion of the transformation matrix
is only needed whenever a new transformation matrix is being computed, e.g., once per
audio frame.

Regarding matrix computation, generally speaking, a transformation matrix Ty in the
spherical harmonics domain may, e.g., be converted into the equivalent spatial domain
via;

Tgsp =YHO) - Tsy - Y(O), (1)

where @ represents the (N + 1)? directions used to describe the ESD signal and ¥ (6)
represents the spherical harmonics up to order N for those (N + 1) directions.

Tgsp indicates the transformation matrix in the equivalent spatial domain. Tggp represents
a transformation rule in the equivalent spatial domain.

In some embodiments, the transformation matrix Tzsp may, e.g., be a constant matrix or
may, e.g., be at least independent from time t. In other embodiments, the transformation
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matrix Tzsp May, e.g., be time-variant / may, e.g., depend on time t: Tgsp = Tgep(t).
The notation Tggp shall refer to all these embodiments, i.e., to embodiments, where Tgsp
is static or where T does at least not depend on time t, and also to cases, where Tggp
depends on time, i.e., where Tgsp = Tgep(t).

The same applies to the transformation matrix Tgsy: In some embodiments, the
transformation matrix Tgy may, e.g., be a constant matrix or may, e.g., be at least
independent from time ¢t. In other embodiments, the transformation matrix Ts; may, e.g.,
be time-variant / may, e.g., depend on time t. Ty = Tgy(t). The notation Tgy shall refer
to all these embodiments, i.e., to embodiments, where Ty is static or where Tgy does at
least not depend on time t, and also to cases, where Ty depends on time, i.e., where

Tsy = Teu(t).

Y(8) and Y~1(8) represents spherical harmonics information indicating information on a
plurality of spherical harmonics. Ty represents spherical harmonics information indicating
information being represented in the spherical harmonics domain.

For a soundfield rotation, the transformation matrix Tgy; may be computed as
Ty =YD Y (), (2)

where 1) represents L > (N + 1)? spatial directions and Y(1) represents the spherical
harmonics up to order N for those L directions. The directions #j can be computed based
on the desired rotation angles via:

7=R(®06,9)n, (3)
with
1 0 0 cosd@ 0 sinf cosy =-siny O
R(P,6,Y)=|0 cos® -sin cp) ( 0 1 0 |J-|{sinyy cosy 0], (4
0 sin® cosd -sin® 0 cos@ 0 0 1

with (@, 8,1) being the rotation angle around the x-axis (@, roll), y-axis (8, pitch) and
z-axis (Y, yaw).

Combining equation 1, 2 and 3 yields
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Tesp =Y7H(0) Y(R(®,0,9) - m) - Y™ (i) - Y (6), (5)

In equations (2), (3) and (5), n indicates the plurality of spatial directions. # indicates a
plurality of transformed directions. Rotation angle (&,6,y) indicates (for example,
received) transformation input. And Y(3) = Y(R(®,8,¢) n) indicates information on
the plurality of spherical harmonics for the plurality of transformed directions.

From equation (5), it follows that the soundfield transformation can be done as:

Sesp(t) = TespSesp(t) (6)

If Tgsp depends on time t, i.e., if Tgsp = Tgsp(t), equation (6) may also be expressed
as;

Sesp(t) = Tgsp(t) Spsp(t) (6a)

In an embodiment, equation (5) is used to determine the transformation matrix in the
equivalent spatial domain.

In another embodiment, equation (1) is used to determine the transformation matrix in the
equivalent spatial domain. In such an embodiment, at first, the transformation matrix in the
spherical harmonics domain is determined which is then converted into the equivalent
spatial domain according to equation (1).

The embodiment which uses equation (5), does not require to determine a transformation
matrix in the spherical harmonics domain. Instead, in such an embodiment, the
transformation matrix in the equivalent spatial domain is directly computed according to
equation (5) using Y(@) which represents, as outlined above, spherical harmonics
information indicating information on a plurality of spherical harmonics.

As outlined above, the transformation matrix in the equivalent spatial domain represents a
transformation rule for transforming an audio input signal within the equivalent spatial
domain.

However, it is apparent that instead of determining a transformation matrix, it is equally
apparent to determine a plurality of transformation vectors, which comprise the
information of the transformation matrix Tzgp based on the above-described principles.
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Such a plurality of transformation vectors also constitute transformation information of a
transformation rule for transforming an audio input signal within the equivalent spatial
domain.

Moreover, it is equally apparent that instead of determining a transformation matrix or a
plurality of transformation vectors, it is likewise apparent to only determine a plurality of
coefficients that comprise the information of the plurality of matrix coefficients of the
transformation matrix Trgp. Such coefficients also constitute transformation information of
a transformation rule for transforming an audio input signal within the equivalent spatial
domain.

Moreover, it is also apparent that the provided embodiments are not limited to the
equivalent spatial domain but that the provided embodiments are equally applicable to any
other (spatial) domain, in particular, a spatial domain, in which the audio signal is
represented by a plurality of spatial audio signal components (for example, by three or
more spatial audio signal components).

Returning to equation (5), the following further embodiments are based on the finding that
the computational complexity and memory requirements may, e.g., be further reduced, if
the transformation matrix is directly computed in the equivalent spatial domain, rather than
in the spherical harmonics domain.

Fig. 4 illustrates such an embodiment with a respective signal flow, wherein matrix
computation and signal processing in the equivalent spatial domain is conducted, and
wherein complexity and memory requirements are reduced compared to the embodiment
of Fig. 3.

Regarding computation of the ESD rotation matrix, the rotation transformation matrix Tggp
for an ESD signal may, e.g., be directly computed. When the directions 1 are equal to the
spatial directions @, which define the equivalent spatial domain, equation (5) can be
expressed as:

Tpsp =Y7H(0)-Y(R(®,6,9)-6)-Y1(B) -Y(0), (7)

As already outlined above, Y~1(8) and Y (@) represents spherical harmonics information
indicating information on a plurality of spherical harmonics.

Considering equation (7), the term Y~1(8) - Y(8) (approximately) yields an identity matrix.
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Thus, the computation of Tgsp can be simplified to:

Tgsp = Y71(0)  Y(R(®,60,9)-6) , (8)

Sesp(t) = TrspSisp (D) (9)

Again, if Tgsp depends on time t, ie, if Tgsp = Trep(t), equation (9) may also be
expressed as:

Sesp(t) = Tysp(6) Sgsp(t) (9a)

It is worth noting that the term ¥~1(8) is independent from the desired rotation. Thus, in
some embodiments, ¥~1(0) may, e.g., be precomputed and thus does not contribute to
runtime complexity.

According to some embodiments, interpolation of transformation matrices is conducted.

In such embodiments, an interpolation of transformation matrices from one state to
another may be desired to avoid audible artifacts. To limit computational complexity
overhead, for example, the efficient linear interpolation method may, e.g., usually applied,
for example, depending on

T=aT;+ (1 —-a)T,, (10

with a being the interpolation value, with T, being a first transformation matrix and with
T, being a further transformation matrix. For example, Ty may, e.g., be defined as
Ty =Ty, and T, may, eg., be defined as T, =T, wherein T, indicates a
transformation matrix at time t0 and wherein T, indicates a transformation matrix at time
t1.

In some other embodiments, an energy compensated interpolation scheme may, e.g., be
employed.

The above-described embodiments may, for example, be employed in an audio
decoder/renderer (for example, a future MPEG-| decoder/renderer), in which spatial (for
example, ESD) audio signals may, e.g., be rotated in real-time to perform time-variant
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binauralization. For an efficient real-time implementation it is desired to prevent domain
switching of ESD signals.

For example, in an embodiment, a decoder for decoding an encoded audio signal is
provided.

The decoder may, e.g., comprise a decoding unit for decoding the encoded audio signal
to obtain an audio input signal being represented in a first domain.

Moreover, the decoder may, e.g., comprise an apparatus as described according to one of
the embodiments described above for transforming the audio input signal to obtain a
transformed audio signal, being represented in the first domain.

In the following, further embodiments of the invention are provided,

According to some embodiments, an apparatus, a method or a computer program for
generating an output representation from an input representation as described before is
provided.

In other embodiments, an apparatus, a method or a computer program for generating an
output audio representation from an input audio representation is provided, which
comprises:

- Generation of a rotation information using input data.

- Converting the rotation information into a domain, in which the input audio
representation is given to obtain a converted rotation information. And:

- Applying the converted rotation information to the input audio representation to
obtain the audio output representation.

In some embodiments, the apparatus, the method or the computer program may, e.g.,
further comprise performing a binauralization processing to the output audio
representation to obtain a binaural output.

According to some embodiments, an apparatus, a method or a computer program for
generating an output audio representation from an input audio representation is provided,
which comprises:
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- Generation of a rotation information using input data in a domain, in which the
input audio representation is given. And:

- Applying the rotation information to the input audio representation to obtain the
audio output representation.

In some embodiments, the apparatus, the method or the computer program may, e.g.,
further comprise performing a binauralization processing to the output audio
representation to obtain a binaural output.

According to some embodiments, an apparatus, a method or a computer program for
generating an output audio representation from an input audio representation is provided,
which comprises:

i

Converting the input audio representation into an intermediate domain
representation.

- Generation of a rotation information using input data.

- Applying the converted rotation information to the intermediate domain
representation to obtain a processed intermediate domain representation. And:

- Converting the intermediate domain representation into the output audio
representation.

In some embodiments, the apparatus, the method or the computer program may, e.g.,
further comprise performing a binauralization processing to the output audio
representation to obtain a binaural output.

It is to be mentioned here that all alternatives or aspects as discussed before and all
aspects as defined by independent claims in the following claims can be used individually,
i.e., without any other alternative or object than the contemplated alternative, object or
independent claim. However, in other embodiments, two or more of the alternatives or the
aspects or the independent claims can be combined with each other and, in other
embodiments, all aspects, or alternatives and all independent claims can be combined to
each other.



10

15

20

25

30

35

WO 2022/096376 PCT/EP2021/080059
20

An inventively encoded or processed signal can be stored on a digital storage medium or
a non-transitory storage medium or can be transmitted on a transmission medium such as
a wireless transmission medium or a wired transmission medium such as the Internet.

Although some aspects have been described in the context of an apparatus, it is clear that
these aspects also represent a description of the corresponding method, where a block or
device corresponds to a method step or a feature of a method step. Analogously, aspects
described in the context of a method step also represent a description of a corresponding
block or item or feature of a corresponding apparatus.

Depending on certain implementation requirements, embodiments of the invention can be
implemented in hardware or in software. The implementation can be performed using a
digital storage medium, for example a floppy disk, a DVD, a CD, a ROM, a PROM, an
EPROM, an EEPROM or a FLASH memory, having electronically readable control signals
stored thereon, which cooperate (or are capable of cooperating) with a programmable
computer system such that the respective method is performed.

Some embodiments according to the invention comprise a data carrier having
electronically readable control signals, which are capable of cooperating with a
programmable computer system, such that one of the methods described herein is
performed.

Generally, embodiments of the present invention can be implemented as a computer
program product with a program code, the program code being operative for performing
one of the methods when the computer program product runs on a computer. The
program code may for example be stored on a machine readable carrier.

Other embodiments comprise the computer program for performing one of the methods
described herein, stored on a machine readable carrier or a non-transitory storage
medium.

In other words, an embodiment of the inventive method is, therefore, a computer program
having a program code for performing one of the methods described herein, when the
computer program runs on a computer.

A further embodiment of the inventive methods is, therefore, a data carrier (or a digital
storage medium, or a computer-readable medium) comprising, recorded thereon, the
computer program for performing one of the methods described herein.
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A further embodiment of the inventive method is, therefore, a data stream or a sequence
of signals representing the computer program for performing one of the methods
described herein. The data stream or the sequence of signals may for example be
configured to be transferred via a data communication connection, for example via the
Internet.

A further embodiment comprises a processing means, for example a computer, or a
programmable logic device, configured to or adapted to perform one of the methods
described herein.

A further embodiment comprises a computer having installed thereon the computer
program for performing one of the methods described herein.

In some embodiments, a programmable logic device (for example a field programmable
gate array) may be used to perform some or all of the functionalities of the methods
described herein. In some embodiments, a field programmable gate array may cooperate
with a microprocessor in order to perform one of the methods described herein. Generally,
the methods are preferably performed by any hardware apparatus.

The above described embodiments are merely illustrative for the principles of the present
invention. [t is understood that modifications and variations of the arrangements and the
details described herein will be apparent to others skilled in the art. It is the intent,
therefore, to be limited only by the scope of the impending patent claims and not by the
specific details presented by way of description and explanation of the embodiments
herein.
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Claims

An apparatus for audio signal transformation, comprising:

a determination unit (110) configured for determining, using spherical harmonics
information, a transformation rule for transforming an audio input signal within a
first domain, being different from a spherical harmonics domain, and

a transformation unit (120) configured for transforming, using the transformation
rule, the audio input signal, being represented in the first domain, to obtain a
transformed audio signal being represented in the first domain,

wherein the spherical harmonics information comprises information on a plurality of
spherical harmonics and/or comprises information being represented in the
spherical harmonics domain.

An apparatus according to claim 1,

wherein the audio input signal and the transformed audio signal are represented in
the first domain, being a spatial domain, which is different from the spherical
harmonics domain.

An apparatus according to claim 1 or 2,

wherein the first domain is an equivalent spatial domain,

An apparatus according to one of the preceding claims,

wherein the transformation rule comprises transformation information, wherein the
transformation information comprises one or more transformation matrices and/or
a plurality of transformation vectors and/or a plurality of coefficients for
transforming the audio input signal, being represented in the first domain to obtain

the transformed audio signal, being represented in the first domain,

wherein the transformation information depends on the plurality of spherical
harmonics.

An apparatus according to claim 4,
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wherein the transformation information depends on transformation information for
transforming audio content in the spherical harmonics domain.

An apparatus according to claim 5,

wherein the transformation information for transforming audio content in the
spherical harmonics domain comprises one or more transformation matrices
and/or a plurality of transformation vectors and/or a plurality of coefficients for
transforming the audio content in the spherical harmonics domain.

An apparatus according to one of the preceding claims,

wherein the determination unit (110) is configured to determine the transformation
rule such that the transformation rule is configured to implement a spatial rotation
of the audio input signal within the first domain, and

wherein the transformation unit (120) is configured to transform, using the
transformation rule, the audio input signal, being represented in the first domain,
by conducting the spatial rotation of the audio input signal in the first domain to
obtain the transformed audio signal being represented in the first domain.

An apparatus according to claim 7,

wherein the determination unit (110) is configured to determine the transformation
rule by determining a rotation matrix or a plurality of rotation vectors or a plurality of
coefficients of the rotation matrix within the spherical harmonics domain, and by
converting the rotation matrix of the plurality of rotation vectors or the plurality of
coefficients of the rotation matrix from the spherical harmonics domain into the first
domain.

An apparatus according to claim 7,

wherein the determination unit (110) is configured to determine the transformation
rule by determining a rotation matrix or a plurality of rotation vectors or a plurality of
coefficients of the rotation matrix directly within the first domain without converting
rotation information from the spherical harmonics domain into the first domain.
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An apparatus according to one of the preceding claims,
wherein the determination unit (110) is configured to transform the plurality of

spatial directions to obtain a plurality of transformed directions of the first domain,
and

wherein the determination unit (110) is configured to determine the transformation
rule such that the transformation rule depends on information on the plurality of
spherical harmonics for the plurality of transformed directions.

An apparatus according to claim 10,

wherein the determination unit (110) is configured to determine the transformation
rule such that the transformation rule implements a rotation and depends on the

information Y () on the plurality of spherical harmonics for the plurality of
transformed directions being defined as:

Y() = Y(R(2,60,9) ' n)
wherein i indicates the plurality of spatial directions,
wherein 7 indicates the plurality of transformed directions,
wherein R(®, 8,1) indicates a rotation with a rotation angle (@, 8,1), wherein @
indicates yaw, wherein @ indicates pitch, and wherein 1 indicates roll, wherein at
least one of @, 8,1 is different from 0°, and wherein any other one of ®,6, is also
different from 0° or is equal to 0°.

An apparatus according to one of the preceding claims,

wherein the determination unit (110) is configured to determine the transformation
rule depending on a transformation matrix Tsp being defined as:

Tesp =Y 1(8) - Tgy - Y(O)
wherein Ty indicates a transformation matrix in the spherical harmonics domain,

wherein @ indicates a plurality of directions of the first domain,
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wherein Y (6) indicates the plurality of spherical harmonics for the plurality of
directions @ of the first domain, and

wherein ¥~1(8) indicates an inverse of Y (8).
An apparatus according to one of the preceding claims,

wherein the determination unit (110) is configured to determine the transformation
rule depending on a transformation matrix Tzsp being defined as:

Tgsp =Y7(0) Y(M(G)) ,
wherein 8 indicates a plurality of directions of the first domain,

wherein Y~1(8) indicates an inverse of Y(8), with Y(8) indicating the plurality of
spherical harmonics for the plurality of directions 8 of the first domain, and

wherein M(8) indicates a modification of a soundfield.
An apparatus according to one of claims 1 to 12,

wherein the determination unit (110) is configured to determine the transformation
rule depending on a transformation matrix T ¢, being defined as:

Tesp = Y7(8) - Y(R(®,6,9)-6),
wherein @ indicates a plurality of directions of the first domain,

wherein ¥~1(0) indicates an inverse of Y(8), with Y (8) indicating the plurality of
spherical harmonics for the plurality of directions 8 of the first domain, and

wherein R(®, 6,) indicates a rotation with a rotation angle (&, 8,), wherein &
indicates yaw, wherein 8 indicates pitch, and wherein 1 indicates roll, wherein at
least one of @, 8, is different from 0°, and wherein any other one of ®, 6,y is also
different from 0° or is equal to 0°.



10

15

20

25

30

35

WO 2022/096376 PCT/EP2021/080059

15.

16.

27

An apparatus according to one of claims 1 to 12,

wherein the determination unit (110) is configured to determine the transformation
rule depending on a transformation matrix Tsp being defined as:

Tgsp = Y71(0) Y(M(ﬂ)) Y1) - Y (6)
wherein @ indicates a first plurality of directions of the first domain,

wherein Y (8) indicates the plurality of spherical harmonics for the first plurality of
directions @ of the first domain,

wherein Y~1(8) indicates an inverse of Y (6),
wherein M(n) indicates a modification of a soundfield,
wherein 1 indicates a second plurality of directions, and

wherein Y~1(n) indicates an inverse of Y(1), with Y (3) indicating the plurality of
spherical harmonics for the second plurality of directions i .

An apparatus according to one of claims 1 to 12,

" wherein the determination unit (110) is configured to determine the transformation

rule depending on a transformation matrix Tsp being defined as:
Tgsp =Y~ 1(0)-Y(R(®,6,9) 1) -Y ') - Y(6)
wherein @ indicates a plurality of directions of the first domain,

wherein Y(@) indicates the plurality of spherical harmonics for the plurality of
directions 8 of the first domain,

wherein Y~1(8) indicates an inverse of Y (8),

wherein R(®,0,) indicates a rotation with a rotation angle (&, 8,y), wherein @
indicates yaw, wherein 8 indicates pitch, and wherein i indicates roll, wherein at
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least one of @, 8, is different from 0°, and wherein any other one of ¢, 6,1 is also
different from 0° or is equal to 0°,

wherein 7 indicates a plurality of directions which are to be rotated by the rotation
R(®,0,vy), and

wherein Y~ (n) indicates an inverse of Y(11), with Y(7) indicating the plurality of
spherical harmonics for the plurality of directions n .

An apparatus according to one of the preceding claims,

wherein the apparatus is configured to receive a transformation input,

wherein the determination unit (110) is configured to determine the transformation
rule for transforming an audio input signal within the first domain depending on the
transformation input.

An apparatus according to one of the preceding claims,

wherein the transformation rule comprises a first transformation matrix,

wherein the determination unit (110) is configured to determine a further
transformation rule comprising a further transformation matrix, and

wherein the determination unit (110) is configured to determine an interpolated
transformation matrix by interpolating between the first transformation matrix and
the further transformation matrix.

An apparatus according to one of the preceding claims,

wherein the apparatus is configured to perform a binauralization processing to the
transformed audio signal, being represented in the first domain, to obtain a

binaural output,

An apparatus for audio signal transformation, comprising:
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a first conversion unit (710) configured for converting an audio input signal from a
first domain into a spherical harmonics domain, wherein the first domain is different
from the spherical harmonics domain,

a transformation unit (720) configured for transforming the audio input signal, being
represented in the spherical harmonics domain, depending on a transformation
rule within the spherical harmonics domain to obtain a transformed audio signal,

being represented in the spherical harmonics domain, and

a second conversion unit (730) for converting the transformed audio signal from
the spherical harmonics domain into the first domain.

An apparatus according to claim 20,

wherein the first domain is a spatial domain, which is different from the spherical
harmonics domain.

An apparatus according to claim 20 or 21,

wherein the first domain is an equivalent spatial domain.

An apparatus for audio signal transformation, comprising:

a first conversion unit (810) configured for converting an audio input signal from a
first domain into an equivalent spatial domain, wherein the first domain is different
from the equivalent spatial domain,

a transformation unit (820) configured for transforming the audio input signal, being
represented in the equivalent spatial domain, depending on a transformation rule
within the equivalent spatial domain to obtain a transformed audio signal, being

represented in the equivalent spatial domain, and

a second conversion unit (830) for converting the transformed audio signal from
the equivalent spatial domain into the first domain.

An apparatus according to one of claims 20 to 23,
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wherein the transformation rule comprises transformation information, wherein the
transformation information comprises one or more transformation matrices and/or
a plurality of transformation vectors and/or a plurality of coefficients for
transforming the audio input signal, being represented in the first domain to obtain
the transformed audio signal.

An apparatus according to one of claims 20 to 24,

wherein the transformation rule is configured to implement a spatial rotation of the
audio input signal, and

wherein the transformation unit (720; 820) is configured to transform, using the
transformation rule, the audio input signal by conducting the spatial rotation of the
audio input signal.

An apparatus according to one of claims 20 to 25,

wherein the apparatus is configured to receive a transformation input,

wherein the transformation unit (720; 820) is configured for transforming an audio
input signal depending on the transformation input.

An apparatus according to one of claims 20 to 26,

wherein the transformation unit (720, 820) is configured to determine an
interpolated transformation matrix by interpolating between the first transformation
matrix and the further transformation matrix.

An apparatus according to one of claims 20 to 27,

wherein the apparatus is configured to perform a binauralization processing to the
transformed audio signal, being represented in the first domain, to obtain a
binaural output.

Decoder for decoding an encoded audio signal, wherein the decoder comprises:

a decoding unit for decoding the encoded audio signal to obtain an audio input
signal being represented in a first domain, and
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an apparatus according to one of the preceding claims for transforming the audio
input signal to obtain a transformed audio signal, being represented in the first
domain.

A method for audio signhal transformation, comprising:

determining, using spherical harmonics information, a transformation rule for
transforming an audio input signal within a first domain, being different from a
spherical harmonics domain, and

transforming, using the transformation rule, the audio input signal, being
represented in the first domain, to obtain a transformed audio signal being
represented in the first domain,

wherein the spherical harmonics information comprises information on a plurality of
spherical harmonics and/or comprises information being represented in the
spherical harmonics domain.

A method for audio signal transformation, comprising:

converting an audio input signal from a first domain into a spherical harmonics
domain, wherein the first domain is different from the spherical harmonics domain,

transforming the audio input signal, being represented in the spherical harmonics
domain, depending on a transformation rule within the spherical harmonics domain
to obtain a transformed audio signal, being represented in the spherical harmonics
domain, and

converting the transformed audio signal from the spherical harmonics domain into
the first domain.

A method for audio signal transformation, comprising:

converting an audio input signal from a first domain into an equivalent spatial
domain, wherein the first domain is different from the equivalent spatial domain,
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transforming the audio input signal, being represented in the equivalent spatial
domain, depending on a transformation rule within the equivalent spatial domain to
obtain a transformed audio signal, being represented in the equivalent spatial
domain, and

converting the transformed audio signal from the equivalent spatial domain into the
first domain.

A computer program for implementing the method of one of claims 30 to 32 when
being executed on a computer or signal processor.
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