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(57) Abstract: Encoding of Higher Order Ambisonics (HOA) signals commonly results in high data rates. A method for low bit-rate
encoding frames of an input HOA signal having coefficient sequences comprises computing (s110) a truncated HOA representation
(C(k)), determining (s111) active coefficient sequences (lcacrr(k)), estimating (s16) candidate directions (Mpr(k)), dividing (s15)
the input HOA signal into a plurality of frequency subbands (f1,..., fF), estimating (s161) for each of the frequency subbands a sub-
set of candidate directions (Mpr(k)) as active directions (Mor(k,f1),..., Mor(k,fF)) and for each active direction a trajectory, com-
puting (s17) for each frequency subband directional subband signals from the coefficient sequences of the frequency subband ac-
cording to the active directions, calculating (s18) for each frequency subband a prediction matrix (A(k,t1),...,A(k,fr)) that can be used
for predicting the directional subband signals from the coefficient sequences of the frequency subband using the respective active
coetficient sequences (K)), and encoding (s19) the candidate directions, active directions, prediction matrices and truncated HOA
representation.
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Method and apparatus for decoding a compressed HOA representation, and

method and apparatus for encoding a compressed HOA representation

This invention relates to a method for encoding frames of an input HOA signal having a
given number of coefficient sequences, a method for decoding a HOA signal, an
apparatus for encoding frames of an input HOA signal having a given number of

coefficient sequences, and an apparatus for decoding a HOA signal.

Background

Higher Order Ambisonics (HOA) offers one possibility to represent three-dimensional
sound, among other techniques like wave field synthesis (WFS) or channel based
approaches like the one known as “22.2”. In contrast to channel based methods, a HOA
representation offers the advantage of being independent of a specific loudspeaker set-
up. This flexibility comes at the expense of a decoding process that is required for the
playback of the HOA representation on a particular loudspeaker set-up. Compared to the
WEFS approach, where the number of required loudspeakers is usually very large, HOA
may also be rendered to set-ups consisting of only few loudspeakers. A further
advantage of HOA is that the same representation can also be employed without any
modification for binaural rendering to head-phones.

HOA is based on the representation of the so-called spatial density of complex harmonic
plane wave amplitudes by a truncated Spherical Harmonics (SH) expansion. Each
expansion coefficient is a function of angular frequency, which can be equivalently
represented by a time domain function. Hence, without loss of generality, the complete
HOA sound field representation actually can be understood as consisting of O time
domain functions, where O denotes the number of expansion coefficients. These time
domain functions will be equivalently referred to as HOA coefficient sequences or as
HOA channels in the following.

The spatial resolution of the HOA representation improves with a growing maximum order
N of the expansion. Unfortunately, the number of expansion coefficients O grows
quadratically with the order N, and in particular 0 = (N + 1)2. For example, typical HOA
representations using order N = 4 require 0 = 25 HOA (expansion) coefficients.
According to the above considerations, a total bit rate for the transmission of a HOA
representation, given a desired single-channel sampling rate fs and the number of bits Ny,
per sample, is determined by O - f5 - N,,. Consequently, transmitting a HOA representation

e.g. of order N = 4 with a sampling rate of fg = 48kHz employing Ny, = 16 bits per sample
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results in a bit rate of 19.2MBits /s, which is very high for many practical applications such
as e.g. streaming. Thus, a compression of HOA representations is highly desirable.
Various approaches for compression of HOA sound field representations were proposed
in [4, 5, 6]. These approaches have in common that they perform a sound field analysis
and decompose the given HOA representation into a directional and a residual ambient
component. The final compressed representation comprises, on the one hand, a number
of quantized signals, resulting from the perceptual coding of so called directional and
vector-based signals as well as relevant coefficient sequences of the ambient HOA
component. On the other hand, it comprises additional side information related to the
quantized signals, which is necessary for the reconstruction of the HOA representation
from its compressed version.

A reasonable minimum number of quantized signals for the approaches [4, 5, 6] is eight.
Hence, the data rate with one of these methods is typically not lower than 256kbit/s,
assuming a data rate of 32kbit/s for each individual perceptual coder. For certain
applications, like e.g. audio streaming to mobile devices, this total data rate might be too
high. Thus, there is a demand for HOA compression methods addressing distinctly lower
data rates, e.g. 128kbit/s.

Summary of the invention

A new method and apparatus for a low bit-rate compression of Higher Order Ambisonics
(HOA) representations of sound fields is disclosed.

One main aspect of the low-bit rate compression method for HOA representations of
sound fields is to decompose the HOA representation into a plurality of frequency sub-
bands, and approximate coefficients within each frequency subband (ie. sub-band) by a
combination of a truncated HOA representation and a representation that is based on a
number of predicted directional subband signals.

The truncated HOA representation comprises a small number of selected coefficient
sequences, where the selection is allowed to vary over time. E.g. a new selection is made
for every frame. The selected coefficient sequences to represent the truncated HOA
representation are perceptually coded and are a part of the final compressed HOA
representation. In one embodiment, the selected coefficient sequences are de-correlated
before perceptual coding, in order to increase the coding efficiency and to reduce the
effect of noise unmasking at rendering. A partial de-correlation is achieved by applying a
spatial transform to a predefined number of the selected HOA coefficient sequences. For

decompression, the de-correlation is reversed by re-correlation. A great advantage of
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such partial de-correlation is that no extra side information is required to revert the de-
correlation at decompression.

The other component of the approximated HOA representation is represented by a
number of directional subband signals with corresponding directions. These are coded by
a parametric representation that comprises a prediction from the coefficient sequences of
the truncated HOA representation. In an embodiment, each directional subband signal is
predicted (or represented) by a scaled sum of the coefficient sequences of the truncated
HOA representation, where the scaling is, in general, complex valued. In order to be able
to re-synthesize the HOA representation of the directional subband signals for
decompression, the compressed representation contains quantized versions of the

complex valued prediction scaling factors as well as quantized versions of the directions.

In one embodiment, a method for encoding (and thereby compressing) frames of an input
HOA signal having a given number of coefficient sequences, where each coefficient
sequence has an index, comprises steps of

determining a set of indices of active coefficient sequences Ic act(k) to be included in a
truncated HOA representation,

computing the truncated HOA representation Cr(k) having a reduced number of non-zero
coefficient sequences (i.e. less non-zero coefficient sequences and thus more zero
coefficient sequences than the input HOA signal),

estimating from the input HOA signal a first set of candidate directions Mpr(k),

dividing the input HOA signal into a plurality of frequency subbands, wherein coefficient
sequences 5(1( —1,k, flmp) of the frequency subbands are obtained,

estimating for each of the frequency subbands a second set of directions Mpr(k.,f1),
....Mbir(k,fr), wherein each element of the second set of directions is a tuple of indices
with a first and a second index, the second index being an index of an active direction for
a current frequency subband and the first index being a trajectory index of the active
direction, wherein each active direction is also included in the first set of candidate
directions Mpr(k) of the input HOA signal (i.e. active subband directions in the second
set of directions are a subset of the first set of full band directions),

for each of the frequency subbands, computing directional subband signals

)?(k -1,k f), ...,)?(k —1,k, fr) from the coefficient sequences C:‘(k -1,k flmp) of the
frequency subband according to the second set of directions Mpr(K,f1),...,Mpir(K,fr) of the
respective frequency subband,

for each of the frequency subbands, calculating a prediction matrix A(k,f:),..., A(k,f¢) that

is adapted for predicting the directional subband signals X(k — 1,k, f;.. ) from the
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coefficient sequences 5(1( —1,k, flmp) of the frequency subband using the set of indices
of active coefficient sequences Ic act(K) of the respective frequency subband, and
encoding the first set of candidate directions Mpr(k), the second set of directions
Mbr(K,f1),....Mpr(K,fe), the prediction matrices A(k,f;),...,A(k,fe) and the truncated HOA

representation Cr(k).

The second set of directions relates to frequency subbands. The first set of candidate
directions relates to the full frequency band. Advantageously, in the step of estimating for
each of the frequency subbands the second set of directions, the directions Mpr(k,f1),...,
Mpr(k,fr) of a frequency subband need to be searched only among the directions Mpr(k)
of the full band HOA signal, since the second set of subband directions is a subset of the
first set of full band directions. In one embodiment, the sequential order of the first and
second index within each tuple is swapped, ie. the first index is an index of an active
direction for a current frequency subband and the second index is a trajectory index of

the active direction.

A complete HOA signal comprises a plurality of coefficient sequences or coefficient
channels. A HOA signal in which one or more of these coefficient sequences are set to
zero is called a truncated HOA representation herein. Computing or generating a
truncated HOA representation comprises generally a selection of coefficient sequences
that will or will not be set to zero. This selection can be made according to various criteria,
e.g. by selecting as coefficient sequences not to be set to zero those that comprise a
maximum energy, or those that are perceptually most relevant, or selecting coefficient
sequences arbitrarily etc. Dividing the HOA signal into frequency subbands can be

performed by Analysis Filter banks, comprising e.g. Quadrature Mirror Filters (QMF).

In one embodiment, encoding the truncated HOA representation Cr(k) comprises partial
decorrelation of the truncated HOA channel sequences, channel assignment for
assigning the (correlated or decorrelated) truncated HOA channel sequences y4(k),...,
yi(k) to transport channels, performing gain control on each of the transport channels,
wherein gain control side information e;(k — 1), 8;(k — 1) for each transport channel is
generated, encoding the gain controlled truncated HOA channel sequences z4(k)...., z(k)
in a perceptual encoder, encoding the gain control side information e;(k — 1), B;(k — 1),
the first set of candidate directions Mpr(k), the second set of directions Mpr(K,f1),...,

Mbr(K,fe) and the prediction matrices A(k,f:),...,A(k,f¢) in a side information source coder,
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and multiplexing the outputs of the perceptual encoder and the side information source

coder to obtain an encoded HOA signal frame B(k — 1).

In one embodiment, a computer readable medium has stored thereon executable
instructions to cause a computer to perform said method for encoding or compressing

frames of an input HOA signal.

In one embodiment, an apparatus for frame-wise encoding (and thereby compressing)
frames of an input HOA signal having a given number of coefficient sequences, where
each coefficient sequence has an index comprises a processor and a memory for a
software program that when executed on the processor performs steps of the above-

described method for encoding or compressing frames of an input HOA signal.

Further, in one embodiment, a method for decoding (and thereby decompressing) a
compressed HOA representation comprises

extracting from the compressed HOA representation a plurality of truncated HOA
coefficient sequences z; (k), ..., Z;(k), an assignment vector vaup assign (k) indicating (or
containing) sequence indices of said truncated HOA coefficient sequences, subband
related direction information Mpr(k+1,f1),...,Mpr(k+1,f¢), a plurality of prediction matrices
A(k+1,f;),...,A(k+1,fs), and gain control side information e, (k), 8, (k), ..., e;(k), B; (k),
reconstructing a truncated HOA representation €1 (k) from the plurality of truncated HOA
coefficient sequences z,(k), ..., Z;(k), the gain control side information e, (k), 8, (k), ...,
e;(k), B;(k) and the assignment vector vaump assign (k).

decomposing in Analysis Filter banks the reconstructed truncated HOA representation
Cr (k) into frequency subband representations ET(k, fi), o, ET(k, fr) for a plurality of F
frequency subbands,

synthesizing in Directional Subband Synthesis blocks for each of the frequency subband

representations a predicted directional HOA representation a)(k, ), ...,a)(k, fr) from

the respective frequency subband representation a(k, fi), ...,a(k, fr) of the
reconstructed truncated HOA representation, the subband related direction information
Mbr(k+1,f1),...,Mpr(k+1,fr) and the prediction matrices A(k+1,f;),...,A(k+1,fg),

composing in Subband Composition blocks for each of the F frequency subbands a
decoded subband HOA representation g(k, fi), ...,g(k, fr) with coefficient sequences

¢, (k. f;),n=1,...,0 that are either obtained from coefficient sequences of the truncated

HOA representation ET(k,fj) if the coefficient sequence has an index n that is included in
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(ie. an element of) the assignment vector vaup assign (k). or otherwise obtained from

coefficient sequences of the predicted directional HOA component a)(k,fj) provided by

one of the Directional Subband Synthesis blocks, and

synthesizing in Synthesis Filter banks the decoded subband HOA representations

E(k, ), ...,E(k, fr) to obtain the decoded HOA representation C (k).

In one embodiment, the extracting comprises demultiplexing the compressed HOA
representation to obtain a perceptually coded portion and an encoded side information
portion. In one embodiment, the perceptually coded portion comprises perceptually
encoded truncated HOA coefficient sequences 7z, (k), ..., Z;(k) and the extracting
comprises decoding in a perceptual decoder the perceptually encoded truncated HOA
coefficient sequences z, (k), ..., Z; (k) to obtain the truncated HOA coefficient sequences
z1(k), ..., z; (k). In one embodiment, the extracting comprises decoding in a side
information source decoder the encoded side information portion to obtain the set of
subband related directions Mpr(k+1,f4),..., Mpr(k+1,f), prediction matrices
A(k+1,f;),...,A(k+1,fe), gain control side information e, (k), B, (k), ..., e;(k), B;(k) and

aSSignment vector VAMB,ASSIGN (k)

In one embodiment, a computer readable medium has stored thereon executable
instructions to cause a computer to perform said method for decoding of directions of

dominant directional signals.

In one embodiment, an apparatus for frame-wise decoding (and thereby decompressing)
a compressed HOA representation comprises a processor and a memory for a software
program that when executed on the processor performs steps of the above-described

method for decoding or decompressing frames of an input HOA signal.

In one embodiment, an apparatus for decoding a HOA signal comprises

a first module configured to receive indices of a maximum number of directions D for a
HOA signal representation to be decoded, a second module configured to reconstruct
directions of a maximum number of directions D of the HOA signal representation to be
decoded, a third module configured to receive indices of active direction signals per
subband, a fourth module configured to reconstruct active direction signals per subband
from the reconstructed directions D of the HOA signal representation to be decoded, and
a fifth module configured to predict directional signals of subbands, wherein the predicting

of a directional signal in a current frame of a subband comprises determining directional
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signals of a preceding frame of the subband, and wherein a new directional signal is
created if the index of the directional signal was zero in the preceding frame and is non-
zero in the current frame, a previous directional signal is cancelled if the index of the
directional signal was non-zero in the preceding frame and is zero in the current frame,
and a direction of a directional signal is moved from a first to a second direction if the

index of the directional signal changes from the first to the second direction.

The subbands are generally obtained from a complex valued filter bank. One purpose of
the assignment vector is to indicate sequence indices of coefficient sequences that are
transmitted/received, and thus contained in the truncated HOA representation, so as to
enable an assignment of these coefficient sequences to the final HOA signal. In other
words, the assignment vector indicates, for each of the coefficient sequences of the
truncated HOA representation, to which coefficient sequence in the final HOA signal it
corresponds. For example, if a truncated HOA representation contains four coefficient
sequences and the final HOA signal has nine coefficient sequences, the assignment
vector may be [1,2,5,7] (in principle), thereby indicating that the first, second, third and
fourth coefficient sequence of the truncated HOA representation are actually the first,

second, fifth and seventh coefficient sequence in the final HOA signal.

Further objects, features and advantages of the invention will become apparent from a
consideration of the following description and the appended claims when taken in

connection with the accompanying drawings.

Brief description of the drawings

Exemplary embodiments of the invention are described with reference to the
accompanying drawings, which show in

Fig.1 an architecture of a spatial HOA encoder,

Fig.2 an architecture of a direction estimation block,

Fig.3 a perceptual side information source encoder,

Fig.4 a perceptual side information source decoder,

Fig.5 an architecture of a spatial HOA decoder,

Fig.6 a spherical coordinate system,

Fig.7 a direction estimation processing block,

Fig.8 directions, a trajectory index set and coefficients of a truncated HOA representation,
Fig.9 a conventional audio encoder as used in MPEG,

Fig.10 an improved audio encoder as usable in MPEG,
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Fig.11 a conventional audio decoder as used in MPEG,
Fig.12 an improved audio decoder as usable in MPEG,
Fig.13 a flow-chart of an encoding method, and

Fig.14 a flow-chart of a decoding method.

Detailed description of preferred embodiments

One main idea of the proposed low-bit rate compression method for HOA representations
of sound fields is to approximate the original HOA representation frame-wise and
frequency subband-wise, i.e. within individual frequency subbands of each HOA frame,
by a combination of two portions: a truncated HOA representation and a representation
based on a number of predicted directional subband signals. A summary of HOA basics
is provided further below.

The first portion of the approximated HOA representation is a truncated HOA version that
consists of a small number of selected coefficient sequences, where the selection is
allowed to vary over time (e.g. from frame to frame). The selected coefficient sequences
to represent the truncated HOA version are then perceptually coded and are a part of the
final compressed HOA representation. In order to increase the coding efficiency and to
reduce the effect of noise unmasking at rendering, it is advantageous to de-correlate the
selected coefficient sequences before perceptual coding. A partial de-correlation is
achieved by applying to a predefined number of the selected HOA coefficient sequences
a spatial transform, which means the rendering to a given number of virtual loudspeaker
signals. A great advantage of that partial de-correlation is that no extra side information is
required to revert the de-correlation at decompression.

The second portion of the approximated HOA representation is represented by a number
of directional subband signals with corresponding directions. However, these are not
conventionally coded. Instead, they are coded as a parametric representation by means
of a prediction from the coefficient sequences of the first portion, i.e. the truncated HOA
representation. In particular, each directional subband signal is predicted by a scaled sum
of coefficient sequences of the truncated HOA representation, where the scaling is
complex valued in general. Both portions together form a compressed representation of
the HOA signal, thus achieving a low bit rate. In order to be able to re-synthesize the
HOA representation of the directional subband signals for decompression, the
compressed representation contains quantized versions of the complex valued prediction
scaling factors as well as quantized versions of the directions.

Particularly important aspects in this context are the computation of the directions and of

the complex valued prediction scaling factors, and how to code them efficiently.
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Low bit rate HOA compression

For the proposed low bit rate HOA compression, a low bit rate HOA compressor can be
subdivided into a spatial HOA encoding part and a perceptual and source encoding part.
An exemplary architecture of the spatial HOA encoding part is illustrated in Fig.1, and an
exemplary architecture of a perceptual and source encoding part is depicted in Fig.3. The
spatial HOA encoder 10 provides a first compressed HOA representation comprising I
signals together with side information that describes how to create a HOA representation
thereof. In the Perceptual and Side Information Source Coder 30, these I signals are
perceptually encoded in a Perceptual Coder 31, and the side information is subjected to
source encoding in a Side Information Source Coder 32. The Side Information Source
Coder 32 provides coded side information I'. Then, the two coded representations
provided by the Perceptual Coder 31 and the Side Information Source Coder 32 are

multiplexed in a Multiplexer 33 to obtain the low bit rate compressed HOA data stream B.

Spatial HOA encoding

The spatial HOA encoder illustrated in Fig.1 performs frame-wise processing. Frames are
defined as portions of 0 time-continuous HOA coefficient sequences. E.g. a k-th frame
C(k) of the input HOA representation to be encoded is defined with respect to the vector

c(t) of time-continuous HOA coefficient sequences (cf. eq. (46)) as
C(k):=[c((kL + DTs) e((kL +2)Ts) ... ¢((k +DLTs)] € RO (1)

where k denotes the frame index, L denotes the frame length (in samples), 0 = (N + 1)?

denotes the number of HOA coefficient sequences and Ts indicates the sampling period.

Computation of a truncated HOA representation

As shown in Fig.1, a first step in computing the truncated HOA representation comprises
computing 11 from the original HOA frame C(k) a truncated version €1 (k). Truncation in
this context means the selection of I particular coefficient sequences out of the O coeffi-
cient sequences of the input HOA representation, and setting all the other coefficient
sequences to zero. Various solutions for the selection of coefficient sequences are known
from [4,5,6], e.g. those with maximum power or highest relevance with respect to human
perception. The selected coefficient sequences represent the truncated HOA version. A
data set ¢ ac (k) is generated that contains the indices of the selected coefficient
sequences. Then, as described further below, the truncated HOA version C(k) will be

partially de-correlated 12, and the partially de-correlated truncated HOA version C;(k) will
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be subject to channel assignment 13, where the chosen coefficient sequences are
assigned to the available I transport channels. As further described below, these
coefficient sequences are then perceptually encoded 30 and are finally a part of the
compressed representation. To obtain smooth signals for the perceptual encoding after
the channel assignment, coefficient sequences that are selected in the k™ frame but not in
the (k+1)™ frame are determined. Those coefficient sequences that are selected in a
frame and will not be selected in the next frame are faded out. Their indices are
contained in the data set Jc pctout(k), Which is a subset of I acr (k). Similarly, coefficient
sequences that are selected in the k™ frame but were not selected in the (k — 1)" frame
are faded in. Their indices are contained in the set Jc ocT v (k). Which is also a subset of
Jcact(k). For the fading, a window function woa(1),1 = 1,..., 2L (such as the one
introduced below in eq. (39)) may be used.

Altogether, if a HOA frame k of the truncated version Cr(k) is composed of the L samples

of the O individual coefficient sequence frames by

CT,l (k, 1) CT,l (k, L)
CT(k) _ CT,Z.(k' 1) CT,Z (k, L) (2)
CT,O. (k, 1) CT,O (k, L)

then the truncation can be expressed for coefficient sequence indices n =1,...,0 and

sample indices 1 =1,...,L by

cnlk, D) - woa() if n€Jcacrn(k)
crn(k) = en(k D - woa(L+1)  if n € Ieacrour(k) @)
, Cn (k; l) if n€ ‘7C,ACT (k) \ (‘7C,ACT,IN (k) U ‘7C,ACT,OUT (k) )
0 else

There are several possibilities for the criteria for the selection of the coefficient
sequences. E.g., one advantageous solution is selecting those coefficient sequences that
represent most of the signal power. Another advantageous solution is selecting those
coefficient sequences that are most relevant with respect to the human perception. In the
latter case the relevance may be determined e.g. by rendering differently truncated
representations to virtual loudspeaker signals, determining the error between these
signals and virtual loudspeaker signals corresponding to the original HOA representation

and finally interpreting the relevance of the error, considering sound masking effects.

A reasonable strategy for selecting the indices in the set ¢ oc1 (k) is, in one embodiment,
to select always the first Oy indices 1, ..., Oy, Where Oyyy = (Nyn + 1)? < T and Nyy
denotes a given minimum full order of the truncated HOA representation. Then, select the

remaining I — Oy indices from the set {Oyn + 1, ..., Omax} according to one of the
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criteria mentioned above, where Opyax = (Nyax + 1)? < 0 with Ny ax denoting a maximum
order of the HOA coefficient sequences that are considered for selection. Note that Oyax
is the maximum number of transferable coefficients per sample, which is less than or
equal to the total number O of coefficients. According to this strategy, the truncation
processing block 11 also provides a so-called assignment vector v, (k) € N/~9miN whose
elements v, ;(k), i = 1,...,] — Oy, are set according to

vpi(k) =n 4)
where n (with n > Oyy + 1) denotes the HOA coefficient sequence index of the
additionally selected HOA coefficient sequence of C(k) that will later be assigned to the i-
th transport signal y; (k). The definition of y; (k) is given in eq.(10) below. Thus, the first
Omin rows of C(k) comprise by default the HOA coefficient sequences 1, ..., Oy, and
among the following 0 — Oy (Or Oyax — Omin, if O = Opmax) rows of Cr(k), there are
I—Opn rows that comprise frame-wise varying HOA coefficient sequences whose indices
are stored in the assignment vector v, (k). Finally, the remaining rows of Ct(k) comprise
zeroes. Consequently, as will be described below, the first (or last, as in eq.(10)) Oyn Of
the available I transport signals are assigned by default to HOA coefficient sequences
1, ..., Omin, @nd the remaining I—0Oyy transport signals are assigned to frame-wise
varying HOA coefficient sequences whose indices are stored in the assignment vector
va (k).

Partial de-correlation

In the second step, a partial de-correlation 12 of the selected HOA coefficient sequences
is carried out in order to increase the efficiency of the subsequent perceptual encoding,
and to avoid coding noise unmasking that would occur after matrixing the selected HOA
coefficient sequences at rendering. An exemplary partial de-correlation 12 is achieved by
applying a spatial transform to the first Oy y selected HOA coefficient sequences, which
means the rendering to Oyy virtual loudspeaker signals. The respective virtual
loudspeaker positions are expressed by means of a spherical coordinate system shown
in Fig.6, where each position is assumed to lie on the unit sphere, i.e. to have a radius of
1. Hence, the positions can be equivalently expressed by directions 2; = (6;, ¢,) with

1 <j < Omn, Where 6, and ¢; denote the inclinations and azimuths, respectively (see
further below for the definition of the spherical coordinate system). These directions
should be distributed on the unit sphere as uniformly as possible (see e.g. [2] on the

computation of specific directions). Note that, since HOA in general defines directions in

dependence of Ny, actually .Q]@NM”") is meant where £; is written herein.
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In the following, the frame of all virtual loudspeaker signals is denoted by

w (k)
we) = V2% (5)
Wouin (k)
where w;(k) denotes the k-th frame of the j-th virtual loudspeaker signal. Further, ¥y
denotes the mode matrix with respect to the virtual directions 2, with 1 < j < Oyn. The
mode matrix is defined by
Yyin:= [SMIN1T - SMINoyyy] € ROMINXOMIN (6)
with
Sviv,i: = [S(Q) ST (Q) SP(Q) S{(@) .. SyTNQ) Sy(Q)] € ROMIN - (7)

indicating the mode vector with respect to the virtual direction Q;. Each of its elements
S (-) denotes the real valued Spherical Harmonics function defined below (see eq.(48)).

Using this notation, the rendering process can be formulated by the matrix multiplication

C1('If)

Wk) = @Pum) - (8)

Comn (k)

The signals of the intermediate representation €;(k), which is output of the partial de-
correlation 12, are hence given by

_ Wn(k) if 1<n< OMIN
cin(k) = {CT,n(k) Oun+1=n=<0 ©)

Channel assignment

After having computed the frame of the intermediate representation €;(k), its individual
signals ¢, (k) with n € J¢ oc7(k) are assigned 13 to the available I channels, to provide
the transport signals y;(k), i = 1, ..., I, for perceptual encoding. One purpose of the
assignment 13 is to avoid discontinuities of the signals to be perceptually encoded, which
might occur in a case where the selection changes between successive frames. The
assignment can be expressed by

(k) = {CLVA'i(k) ) if 1<i<I-0yn
YL cl’i_(I_OMIN)(k) lf I - OMIN < l S I

(10)
Gain control
Each of the transport signals y; (k) is finally processed by a Gain Control unit 14, where

the signal gain is smoothly modified to achieve a value range that is suitable for the
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perceptual encoders. The gain modification requires a kind of look-ahead in order to
avoid severe gain changes between successive blocks, and hence introduces a delay of
one frame. For each transport signal frame y;(k), the Gain Control units 14 either receive
or generate a delayed frame y;(k — 1), i = 1, ...,I. The modified signal frames after the
gain control are denoted by z;(k — 1), i = 1, ..., 1. Further, in order to be able to revertin a
spatial decoder any modifications made, gain control side information is provided. The
gain control side information comprises the exponents e;(k — 1) and the exception flags
Bi(k—1),i=1,..,1. Amore detailed description of the Gain Control is available e.g. in
[9], Sect.C.5.2.5, or [3]. Thus, the truncated HOA version 19 comprises gain controlled

signal frames z;(k — 1) and gain control side information e;(k — 1), B;(k— 1), i =1, ..., 1.

Analysis Filter Banks

As mentioned above, the approximated HOA representation is composed of two portions,
namely the truncated HOA version 19 and a component that is represented by directional
subband signals with corresponding directions, which are predicted from the coefficient
sequences of the truncated HOA representation. Hence, to compute a parametric
representation of the second portion, each frame of an individual coefficient sequence of
the original HOA representation ¢, (k), n = 1, ..., 0, is first decomposed into frames of
individual subband signals ¢, (k, f1), ..., €, (k, fr). This is done in one or more Analysis
Filter Banks 15. For each subband f;, j = 1, ..., F, the frames of the subband signals of

the individual HOA coefficient sequences may be collected into the subband HOA

representation
ei(k. f;)
ek r) =" for j=1,.F (11)
eo(k. ;)

The Analysis Filter Banks 15 provide the subband HOA representations to a Direction
Estimation Processing block 16 and to one or more computation blocks 17 for directional

subband signal computation.

In principle, any type of filters (i.e. any complex valued filter bank, e.g. QMF, FFT) may be
used in the Analysis Filter Banks 15. It is not required that a successive application of an
analysis and a corresponding synthesis filter bank provides the delayed identity, which
would be what is known as perfect reconstruction property. Note that, in contrast to the

HOA coefficient sequences c,,(k), their subband representations En(k,f]-) are generally
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complex valued. Further, the subband signals &,(k, f;) are in general decimated in time,
compared to the original time-domain signals. As a consequence, the number of samples
in the frames &, (k, f;) is usually distinctly smaller than the number of samples in the time-

domain signal frames ¢, (k), which is L.

In one embodiment, two or more subband signals are combined into subband signal
groups, in order to better adapt the processing to the properties of the human hearing
system. The bandwidths of each group can be adapted e.g. to the well-known Bark scale
by the number of its subband signals. That is, especially in the higher frequencies two or
more groups can be combined into one. Note that in this case each subband group
consists of a set of HOA coefficient sequences €(k, f; ), where the number of extracted
parameters is the same as for a single subband. In one embodiment, the grouping is
performed in one or more subband signal grouping units (not explicitly shown), which

may be incorporated in the Analysis Filter Bank block 15.

Direction Estimation

The Direction Estimation Processing block 16 analyzes the input HOA representation and
computes for each frequency subband f;, j = 1, ..., F, a set MDIR(k,f]-) of directions of
subband general plane wave functions that add a major contribution to the sound field. In
this context, the term "major contribution" may for instance refer to the signal power being
higher as the signal power of subband general plane waves impinging from other
directions. It may also refer to a high relevance in terms of the human perception. Note
that, where subband grouping is used, instead of a single subband also a subband group

can be used for the computation of Mpr(k, f;).

During decompression, artifacts in the predicted directional subband signals might occur
due to changes of the estimated directions and prediction coefficients between
successive frames. In order to avoid such artifacts, the direction estimation and prediction
of directional subband signals during encoding are performed on concatenated long
frames. A concatenated long frame consists of a current frame and its predecessor. For
decompression, the quantities estimated on these long frames are then used to perform

overlap add processing with the predicted directional subband signals.

A straight forward approach for the direction estimation would be to treat each subband
separately. For the direction search, in one embodiment, e.g. the technique proposed in

[7] may be applied. This approach provides, for each individual subband, smooth
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temporal trajectories of direction estimates, and is able to capture abrupt direction
changes or onsets. However, there are two disadvantages with this known approach.
First, the independent direction estimation in each subband may lead to the undesired
effect that, in the presence of a full-band general plane wave (e.g. a transient drum beat
from a certain direction), estimation errors in the individual sub-directions may lead to
subband general plane waves from different directions that do not add up to the desired
full-band version from one single direction. In particular, transient signals from certain
directions are blurred.

Second, considering the intention to obtain a low bit-rate compression, the total bit-rate
resulting from the side information must be kept in mind. In the following, an example will
show that the bit rate for such naive approach is rather high. Exemplarily, the number of
subbands F is assumed to be 10, and the number of directions for each subband (which

corresponds to the number of elements in each set MDIR(k,fj)) is assumed to be 4.
Further, it is assumed to perform for each subband the search on a grid of ¢ = 900
potential direction candidates, as proposed in [9]. This requires [log,(Q)] = 10 bits for the
simple coding of a single direction. Assuming a frame rate of about 50 frames per

second, a resulting overall data rate is

bit directions bands frames

50 2% = 20 kbit/s

direction band frame

just for a coded representation of the directions. Even if a frame rate of 25 frames per

second is assumed, the resulting data rate of 10 kbit/s is still rather high.

As an improvement, the following method for direction estimation is used in a Direction
Estimation block 20, in one embodiment. The general idea is illustrated in Fig.2.
In a first step, a Full-band Direction Estimation block 21 performs a preliminary full-band
direction estimation, or search, on a direction grid that consists of Q test directions
Qrgstq .9 = 1,...,Q, using the concatenated long frame

Clk—1;k) =[Clk—1) CK)] (12)
where C(k) and C(k — 1) are the current and previous input frames of the full-band
original HOA representation. This direction search provides a number of D(k) < D
direction candidates 2canp ¢ (k). d = 1, ..., D(k), which are contained in the set Mpr(k),
i.e.

Mpir (k) = {2canp 1 k), ., Lcanp,pio (- (13)

A typical value for the maximum number of direction candidates per frame is D = 16. The

direction estimation can be accomplished e.g. by the method proposed in [7]: the idea is
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to combine the information obtained from a directional power distribution of the input HOA
representation with a simple source movement model for the Bayesian inference of the

directions.

In a second step, a direction search is carried out for each individual subband by a Sub-
band Direction Estimation block 22 per subband (or subband group). However, this
direction search for subbands needs not consider the initial full direction grid consisting of
Q test directions, but rather only the candidate set Mg (k), comprising only D (k)

directions for each subband. The number of directions for the f;-th subband, j =1, ..., F,
denoted by DSB(k,fj), is not greater than Dsg, which is typically distinctly smaller than D,

e.g. Dsg = 4. Like the full-band direction search, the subband related direction search is

also performed on long concatenated frames of subband signals

C(k—1Lkf)=[€k-1f) €kf)] j=1..F (14)
consisting of the previous and current frame. In principle, the same Bayesian inference
methods as for the full-band related direction search may be applied for the subband
related direction search.
The direction of a particular sound source may (but needs not) change over time. A
temporal sequence of directions of a particular sound source is called “trajectory” herein.
Each subband related direction, or trajectory respectively, gets an unambiguous index,
which prevents mixing up different trajectories and provides continuous directional sub-
band signals. This is important for the below-described prediction of directional subband
signals. In particular, it allows exploiting temporal dependencies between successive
prediction coefficient matrices A(k, f;) defined further below. Therefore, the direction
estimation for the f;-th subband provides the set MDIR(k,f]-) of tuples. Each tuple
consists of, on the one hand, the index d € Ipr(k, f;) € {1, ..., Dsg} identifying an
individual (active) direction trajectory, and on the other hand, the respective estimated
direction 2sp 4(k, ;). i.e.

Mor(k.£;) ={(d, 2sp.a(k. ;)| d € ok, )} (15)

By definition, the set {2sp 4(k, f;)|d € Ipir(k, f;)} is a subset of Mpg (k) for each
j=1,..,F, since the subband direction search is performed only among the current
frame’s direction candidates 2canp 4 (k),d = 1, ..., D(k), as mentioned above. This allows
a more efficient coding of the side information with respect to the directions, since each
index defines one direction out of D(k) instead of Q candidate directions, with D(k) < Q.

The index d is used for tracking directions in a subsequent frame for creating a trajectory.
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As shown in Fig.2 and described above, a Direction Estimation Processing block 16 in
one embodiment comprises a Direction Estimation block 20 having a Full-band Direction
Estimation block 21 and, for each subband or subband group, a Subband Direction
Estimation block 22. It may further comprise a Long Frame Generating block 23 that
provides the above-mentioned long frames to the Direction Estimation block 20, as
shown in Fig.7. The Long Frame Generating block 23 generates long frames from two

successive input frames having a length of L samples each, using e.g. one or more

memories. Long frames are herein indicated by “ " and by having two indices, k-1 and k.
In other embodiments, the Long Frame Generating block 23 may also be a separate

block in the encoder shown in Fig.1, or incorporated in other blocks.

Computation of directional subband signals
Returning to Fig.1, subband HOA representation frames é(k,fj),j =1,..,F, provided by

the Analysis Filter Bank 15 are also input to one or more Directional Subband Signal

Computation blocks 17. In the Directional Subband Signal Computation blocks 17, the

long frames of all Ds potential directional subband signals %, (k — 1;k; f;), d = 1, ..., Dsg,
are arranged in a matrix X (k — 1, k; ;) as
% (k— 1,k f)
X(k-1ki ) = |2l =Lk ) | cosexa, (16)

§DSB (k Lk f])

Further, the frames of the inactive directional subband signals, i.e. those long signal
frames ¥4(k — 1;k; f;) whose index d is not contained within the set Ip1z (k, f;), are set to
zero.

The remaining long signal frames ¥,(k — 1; k; f;), i.e. those with index d € Ipr(k, f;). are

collected within the matrix %ACT(k -1,k f;) € cPse(kf)x2L One possibility to compute
the active directional subband signals contained therein is to minimize the error between
their HOA representation and the original input subband HOA representation. The

solution is given by
= +=
Xact(k— Lk f) = (¥sa(k. ;) €k -1k f;) (17)
where (-)* denotes the Moore-Penrose pseudo-inverse and ¥sg(k, f;) € RO*Pss(k.f5)

denotes the mode matrix with respect to the direction estimates in the set

{Qspa(k f;)|d € Ipir (K, £;)}. Note that in the case of subband groups a set of directional
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subband signals %ACT(k - 1;k; fj) is computed from the multiplication of one matrix

+ =
(lIlSB(k,fj)) by all HOA representations €(k — 1; k; f;) of the group. Note that long

frames can be generated by one or more further Long Frame Generating blocks, similar
to the one described above. Similarly, long frame can be decomposed into frames of
normal length in Long Frame Decomposition blocks. In one embodiment, the blocks 17

for the computation of directional subbands provide on their outputs long frames

%ACT(k — 1k f;),j =1, .., F, towards the Directional Subband Prediction blocks 18.

Prediction of directional subband signals

As mentioned above, the approximate HOA representation is partly represented by the
active directional subband signals, which, however, are not conventionally coded.
Instead, in the presently described embodiments a parametric representation is used in

order to keep the total data rate for the transmission of the coded representation low. In
the parametric representation, each active directional subband signal ¥,(k — 1;k; f;), i.e.
with index d € Ip1r(k, f;), is predicted by a weighted sum of the coefficient sequences of
the truncated subband HOA representation ¢,(k — 1, f;) and &,(k, f;), where

n € Jcact(k — 1) and where the weights are complex valued in general.

Hence, assuming Xp(k — 1; k; f;) to represent the predicted version of X(k — 1;k; f;), the
prediction is expressed by a matrix multiplication as

Xp(k -1k f) = A(k, ;) €x(k — Lk f;), (18)
where A(k,fj) € C9*PsB is the matrix with all weighting factors (or, equivalently, prediction
coefficients) for the subband £;. The computation of the prediction matrices A(k, f;) is
performed in one or more Directional Subband Prediction blocks 18. In one embodiment,
one Directional Subband Prediction block 18 per subband is used, as shown in Fig.1. In
another embodiment, a single Directional Subband Prediction block 18 is used for

multiple or all subbands. In the case of subband groups, one matrix A(k, f;) is computed
for each group; however, it is multiplied by each HOA representations ET(k —1;k; fj) of

the group individually, creating a set of matrices %P(k -1 k; fj) per group. Note that per
construction all rows of A(k, f;) except for those with index d € Ipr (k, f;) are zero. This
means that only the active directional subband signals are predicted. Further, all columns
ofA(k,fj) except for those with index n € J¢ acr(k — 1) are also zero. This means that, for

the prediction, only those HOA coefficient sequences are considered that are transmitted

and available for prediction during HOA decompression.
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The following aspects have to be considered for the computation of the prediction
matrices A(k, f;).

First, the original truncated subband HOA representation ET(k,fj) will generally not be

available at the HOA decompression. Instead, a perceptually decoded version ET(kfj)

of it will be available and used for the prediction of the directional subband signals.

At low bit rates, typical audio codecs (like AAC or USAC) use spectral band replication
(SBR), where the lower and mid frequencies of the spectrum are conventionally coded,
while the higher frequency content (starting e.g. at 5kHz ) is replicated from the lower and
mid frequencies using extra side information about the high-frequency envelope.

For that reason, the magnitude of the reconstructed subband coefficient sequences of the
truncated HOA component a(k,fj) after perceptual decoding resembles that of the
original one, €1 (k, f;). However, this is not the case for the phase. Hence, for the high
frequency subbands it does not make sense to exploit any phase relationships for the
prediction by using complex valued prediction coefficients. Instead, it is more reasonable
to use only real valued prediction coefficients. In particular, defining the index jsgr such
that the f;-th subband includes the starting frequency for SBR, it is advantageous to set
the type of prediction coefficients as follows:

Co%Pse for 1<j<j
A(kf) e f o ) ST
R¥*%se for jopr <j <F

In other words, in one embodiment, prediction coefficients for the lower subbands are

(19)

complex values, while prediction coefficients for higher subbands are real values.

Second, in one embodiment, the strategy of the computation of the matrices A(k, f;) is
adapted to their types. In particular, for low frequency subbands f;, 1 < j < jsggr, Which

are not affected by the SBR, it is possible to determine the non-zero elements of A(k, f;)
by minimizing the Euclidean norm of the error between %(k — 1;k; f;) and its predicted

version Xp (k — 1;k; f;). The perceptual coder 31 defines and provides jsgr (not shown).
In this way, phase relationships of the involved signals are explicitly exploited for
prediction. For subband groups, the Euclidean norm of the prediction error over all
directional signals of the group should be minimized (i.e. least square prediction error).

For high frequency subbands f;, jsgr < j < F, which are affected by SBR, the above
mentioned criterion is not reasonable, since the phases of the reconstructed subband
coefficient sequences of the truncated HOA component ET(kfj) cannot be assumed to

even rudimentary resemble that of the original subband coefficient sequences.
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In this case, one solution is to disregard the phases and, instead, concentrate only on the
signal powers for prediction. A reasonable criterion for the determination of the prediction

coefficients is to minimize the following error

X (k- 1 k;fj)|2 — Ak, 5)I°[Erlk - 1 k;fj)|2 (20)
where the operation |-|? is assumed to be applied to the matrices element-wise. In other
words, the prediction coefficients are chosen such that the sum of the powers of all
weighted subband or subband group coefficient sequences of the truncated HOA
component best approximates the power of the directional subband signals. In this case,
Nonnegative Matrix Factorization (NMF) techniques (see e.g. [8]) can be used to solve
this optimization problem and obtain the prediction coefficients of the prediction matrices
A(k,f;),j = 1,..,F. These matrices are then provided to the Perceptual and Source

Encoding stage 30.

Perceptual and source encoding

After the above-described spatial HOA coding, the resulting gain adapted transport
signals for the (k — 1)-th frame, z;(k — 1), i = 1, ..., I, are coded to obtain their coded
representations Z;(k — 1). This is performed by a Perceptual Coder 31 at the Perceptual
and Source Encoding stage 30 shown in Fig.3. Further, the information contained in the
sets Mpr(k), Mpir(k f;), j = 1, ..., F, the prediction coefficients matrices A(k, f;) €
Co*PsB, j = 1,..., F, the gain control parameters e;(k — 1) and g;(k — 1),i =1, ...,1, and
the assignment vector v, (k — 1) are subjected to source encoding to remove redundancy
for an efficient storage or transmission. This is performed in a Side Information Source
Coder 32. The resulting coded representation I'(k — 1) is multiplexed in a multiplexer 33
together with the coded transport signal representations z;(k — 1), i = 1, ..., I, to provide
the final coded frame B(k — 1).

Since, in principle, the source coding of the gain control parameters and the assignment
can be carried out similar to [9], the present description concentrates on the coding of the

directions and prediction parameters only, which is described in detail in the following.

Coding of directions

For the coding of the individual subband directions, the irrelevancy reduction according to
the above description can be exploited to constrain the individual subband directions to
be chosen. As already mentioned, these individual subband directions are chosen not out

of all possible test directions 21574, ¢ = 1, ..., Q, but rather out of a small number of

candidates determined on each frame of the full-band HOA representation. Exemplarily, a
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possible way for the source coding of the subband directions is summarized in the

following Algorithm 1.

Algorithm 1 Coding of sub-band directions

NoOfGlobalDirs (k) { coded with [log,(D)] bits )

{Fill GlobalDirGridIndices (k) ( array with NoOfGlobalDirs(k) elements, each coded with [log,(Q)] bits) }
for d = 1 to NoOfGlobalDirs(k) do
GlobalDirGridindices(k)[d]=q such that Qgp 4 (k) = Qrgsrg // global directions
end for
forj=1to Fdo
{Fill bSubBandDirlsActive (k. f;) ( bit array with Dsz elements) }
ford=1to Dszdo

if d € Ip;r(k, f;) then // active directions
bSubBandDirlsActive (k,f;) [d] =1 // per subband
else
bSubBandDirlsActive (k,f;) [d] =0
end if
end for

{Fill RelDirIndices (k,f})
(array with Ds (k.f) elements, each coded with [log, (NoOf GlobalDirs(k))] bits ) }

ford=1to Dz do // direction index of
d;=1 // full band
if bSubBandDirlsActive (k.f;) [d] = 1 then
RelDirindices (k,f) [di] =i such that Qgp 4 (k, f;) = Qg (k)
d;=d;+1
end if
end for
end for

In a first step of the Algorithm 1, the set Mg (k) of all full-band direction candidates that
do actually occur as subband directions is determined, i.e.

QCAND,d(k)|E|j € {1, ,F} and d € jDIR(k'f})} (21)

Meg(k): =
FB( ) { such that QCAND,d(k) = QSB,d(k'f})

The number of elements of this set, denoted by NoOfGlobalDirs(k), is the first part of the

coded representation of the directions. Since Mg (k) is a subset of Mpr(k) by definition,

NoOfGlobalDirs(k) can be coded with [log,(D)] bits. To clarify the further description, the

directions in the set Mg (k) are denoted by 2rp 4(k), d = 1, ..., NoOfGlobalDirs(k), i.e.
Meg(k): = {Qpp 4(K)|d = 1, ..., NoOfGlobalDirs (k) } (22)

In a second step, the directions in the set My5(k) are coded by means of the indices

q =1,...,Q of possible test directions 21gst 4, here referred to as grid. For each direction
Orp 4(k), d = 1,...,NoOfGlobalDirs(k), the respective grid index is coded in the array
element GlobalDirGridIndices(k)[d] having a size of [log,(Q)] bits. The total array

SUBSTITUTE SHEET (RULE 26)
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GlobalDirGridIndices(k) representing all coded full-band directions consists of
NoOfGlobalDirs (k) elements.

In a third step, for each subband or subband group f;, j = 1, ..., F, the information whether
the d-th directional subband signal (d = 1, ..., Dsg) is active or not, i.e. if d € JDIR(k,fj), is
coded in the array element bSubBandDirlsActive(k, f;)[d]. The total array
bSubBandDirlsActive(k, f;) consists of Dsg elements. If d € Ip1r (k, f;), the respective
subband direction 25 4(k, f;) is coded by means of the index i of the respective full-band

direction 2gp; (k) into the array RelDirIndices(k, f;) consisting of Dsg(k, f;) elements.

To show the efficiency of this direction encoding method, a maximum data rate for the
coded representation of the directions according to the above example is calculated:

F = 10 subbands, Dsg(k, f;) = Dsg = 4 directions per subband, ¢ = 900 potential test
directions and a frame rate of 25 frames per second are assumed. With the conventional
coding method, the required data rate was 10 kbit/s. With the improved coding method
according to one embodiment, if the number of full-band directions is assumed to be
NoOfGlobalDirs(k) = D = 8, then D - [log,(Q) ] = 80 bits are needed per frame to code
GlobalDirGridIndices(k), Dsg - F = 40 bits to code bSubBandDirlsActive(k, f;), and
Dsg - F - [log,(NoOfGlobalDirs(k)) ] = 120 bits to code RelDirIndices(k, f; ). This results
in a data rate of 240 bits/frame - 25frames/s = 6 kbit/s, which is distinctly smaller than 10
kbit/s. Even for a greater number NoOfGlobalDirs(k) = D = 16 of full-band directions, a

data rate of only 7 kbit/s is sufficient.

Coding of prediction coefficient matrices

For the coding of the prediction coefficient matrices, the fact can be exploited that there is
a high correlation between the prediction coefficients of successive frames due to the
smoothness of the direction trajectories and consequently the directional subband
signals. Further, there is a relatively high number of (DSB(k,fj) - Mc act(k — 1)) potential
non-zero-elements per frame for each prediction coefficient matrix A(k, f;), where

Mc act(k — 1) denotes the number of elements in the set Jc acr(k — 1). In total, there are
F matrices to be coded per frame if no subband groups are used. If subband groups are
used, there are correspondingly less than F matrices to be coded per frame.

In one embodiment, in order to keep the number of bits for each prediction coefficient
low, each complex valued prediction coefficient is represented by its magnitude and its

angle, and then the angle and the magnitude are coded differentially between successive
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frames and independently for each particular element of the matrix A(k, f;). If the
magnitude is assumed to be within the interval [0,1], the magnitude difference lies within
the interval [-1,1]. The difference of angles of complex numbers may be assumed to lie
within the interval [—m, ]. For the quantization of both, magnitude and angle difference,
the respective intervals can be subdivided into e.g. 2Ve sub-intervals of equal size. A
straight forward coding then requires Ny bits for each magnitude and angle difference.
Further, it has been found out experimentally that due to the above mentioned correlation
between the prediction coefficients of successive frames, the occurrence probabilities of
the individual differences are highly non-uniformly distributed. In particular, small
differences in the magnitudes as well as in the angles occur significantly more frequently
than bigger ones. Hence, a coding method that is based on the a priori probabilities of the
individual values to be coded, like e.g. Huffman coding, can be exploited to reduce the
average number of bits per prediction coefficient significantly. In other words, it has been
found that it is usually advantageous to differentially encode magnitude and phase of the
values in the prediction matrix A(k,fj), instead of their real and imaginary portions.
However, there may appear circumstances under which the usage of real and imaginary

portions is acceptable.

In one embodiment, special access frames are sent in certain intervals (application
specific, e.g. once per second) that include the non-differentially coded matrix
coefficients. This allows a decoder to re-start a differential decoding from these special

access frames, and thus enables a random entry for the decoding.

In the following, decompression of a low bit rate compressed HOA representation as
constructed above is described. Also the decompression works frame-wise.

In principle, a low bit rate HOA decoder, according to an embodiment, comprises
counterparts of the above-described low bit rate HOA encoder components, which are
arranged in reverse order. In particular, the low bit rate HOA decoder can be subdivided
into a perceptual and source decoding part as depicted in Fig.4, and a spatial HOA

decoding part as illustrated in Fig.6.

Perceptual and source decoding

Fig.4 shows a Perceptual and Side Info Source Decoder 40, in one embodiment. In the
Perceptual and Side Info Source Decoder 40, the low bit rate compressed HOA bit
stream B is first de-multiplexed 41, which results in a perceptually coded representation

of the I signals %;, i = 1,...,1, and the coded side information I’ describing how to create a
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HOA representation thereof. Successively, a perceptual decoding of the I signals and a

decoding of the side information is performed.

A Perceptual Decoder 42 decodes the I signals z;(k), i = 1, ..., into the perceptually
decoded signals z;(k),i=1, ..., 1.

A Side Information Source decoder 43 decodes the coded side information T into the
tuple sets Mpr(k +1,£;),j = 1, ..., F, the prediction coefficient matrices A(k + 1, f;) for
each subband or subband group f; (j = 1, ..., F), gain correction exponents e; (k) and gain

correction exception flags B;(k), and assignment vector vayg assign (k).

Algorithm 2 summarizes exemplarily how to create the tuple sets MDIR(k,fj),j =1,..,F,

from the coded side information I'. The decoding of the subband directions is described in

detail in the following.

Algorithm 2 Decoding of sub-band directions

Read NoOfGlobalDirs(k) ( coded with [log,(D)] bits)
{Read GlobalDirGridindices(k) ( array with NoOfGlobalDirs(k) elements, each coded by [log,(Q)] bits }
{Compute Mgz (k)}

for d = 1 to NoOfGlobalDirs(k) do

Qrg g (k) = QrEST GlobalDirGridindices(k)[d]
end for

forj=1to Fdo
{Read bSubBandDirlsActive (k,f;) ( bit array with Dss elements) }
{Compute Dss (kf) }
Dsg (k,fj) =0
ford=1to D (k,f;) do
if bSubBandDirlsActive(k,f)[d] = 1 then
Dss (k.f) = Dsg (k.f}) + 1
end if
end for

{Read RelDirIndices(k,f})
(array with Ds (k.f) elements, each coded with [log,(NoOfGlobalDirs(k))] bits ) }
{Compute MDIR(k, f])}
ford=1to D (k,f;) do
d;=1
if bSubBandDirlsActive(k,f)[d] = 1 then

Qs a(k, f;) = Qe Rrelbirindices (ks a1 (k)

MDIR(kJ fj) = MDIR(kaj) U {d, Qspq (k:fj)}
dl = dl +1
end if
end for
end for

First, the number of full-band directions NoOfGlobalDirs(k) is extracted from the coded
side information I'. As described above, these are also used as subband directions. It is
coded with [log,(D)] bits.

SUBSTITUTE SHEET (RULE 26)
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In a second step, the array GlobalDirGridIndices(k) consisting of NoOfGlobalDirs (k)
elements is extracted, each element being coded by [log,(Q)] bits. This array contains
the grid indices that represent the full-band directions Qg 4(k),

d =1, ..., NoOfGlobalDirs(k), such that

Qrp q (k) = Q1EST GlobalDirGridindices(k)[d] (23)

Then, for each subband or subband group f;, j = 1, ..., F, the array
bSubBandDirlsActive(k, f;) consisting of Dsp elements is extracted, where the d-th
element bSubBandDirlsActive(k, f;)[d] indicates whether or not the d-th subband direction
is active. Further, the total number of active subband directions Dsg(k, f;) is computed.
Finally, the set MDIR(k,f]-) of tuples is computed for each subband or subband group f;,
j=1,..,F. ltconsists of the indices d € Ipr(k, f;) < {1,, Dsp} that identify the individual
(active) subband direction trajectories, and the respective estimated directions

Qsp4(k ).

Next, the prediction coefficient matrices A(k + 1, f;) for each subband or subband group
fj»J = 1,...,F are reconstructed from the coded frame B(K). In one embodiment, the
reconstruction comprises the following steps per subband or subband group f;:

First, the angle and magnitude differences of each matrix coefficient are obtained by
entropy decoding. Then, the entropy decoded angle and magnitude differences are
rescaled to their actual value ranges, according to the number of bits N, used for their
coding. Finally, the current prediction coefficient matrix A(k + 1, f;) is built by adding the
reconstructed angle and magnitude differences to the coefficients of the latest coefficient
matrix A(k, f;), i.e. the coefficient matrix of the previous frame.

Thus, the previous matrix A(k, f;) has to be known for the decoding of a current matrix
A(k +1,£;). In one embodiment, in order to enable a random access, special access

frames are received in certain intervals that include the non-differentially coded matrix

coefficients to re-start the differential decoding from these frames.

The Perceptual and Side Info Source Decoder 40 outputs the perceptually decoded
signals z;(k), i = 1,..., 1, tuple sets Mpr(k + 1,1;), j = 1, ..., F, prediction coefficient
matrices A(k + 1,fj), gain correction exponents e;(k), gain correction exception flags
B: (k) and assignment vector vayup assign (k) to @ subsequent Spatial HOA decoder 50.
Spatial HOA decoding
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Fig.5 shows an exemplary Spatial HOA decoder 50, in one embodiment. The spatial HOA
decoder 50 creates from the I signals z;(k), i = 1, ..., 1, and the above-described side
information provided by the Side Information Decoder 43 a reconstructed HOA
representation. The individual processing units within the spatial HOA decoder 50 are

described in detail in the following.

Inverse Gain Control

In the Spatial HOA decoder 50, the perceptually decoded signals z;(k), i =1, ...,1,
together with the associated gain correction exponent ¢; (k) and gain correction exception
flag B;(k), are first input to one or more Inverse Gain Control processing blocks 51. The
Inverse Gain Control processing blocks provide gain corrected signal frames y;(k),i =
1,...,I. In one embodiment, each of the I signals Z;(k) is fed into a separate Inverse Gain
Control processing block 51, as in Fig.5, so that the i-th Inverse Gain Control processing
block provides a gain corrected signal frame y;(k). A more detailed description of the

Inverse Gain Control is known from e.g. [9], Section 11.4.2.1.

Truncated HOA reconstruction

In a Truncated HOA Reconstruction block 52, the I gain corrected signal frames y;(k),
i =1,..,1I, are redistributed (i.e. reassigned) to a HOA coefficient sequence matrix,
according to the information provided by the assignment vector vayp assign(k), so that
the truncated HOA representation 'C‘T(k) is reconstructed. The assignment vector
vama.assion (k) comprises I components that indicate for each transmission channel
which coefficient sequence of the original HOA component it contains. Further, the
elements of the assignment vector form a set J¢ oc7 (k) of the indices, referring to the

original HOA component, of all the received coefficient sequences for the k-th frame
Ieact(k) = {vampassion, (]i = 1,..., 1}, (24)

The reconstruction of the truncated HOA representation € (k) comprises the following
steps:
First, the individual components ¢;,,(k), n =1, ..., 0, of the decoded intermediate
representation

€11 (k)

()= (25)

¢10(k)
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are either set to zero or replaced by a corresponding component of the gain corrected

signal frames y;(k), depending on the information in the assignment vector, i.e.

¢ yi(k) if 3i€{1,..,1}suchthat (k) =
Cn(k) = {zl( ) :elsel { } such that vaomp assien,i(k) = n (26)

This means, as mentioned above, that the i-th element of the assignment vector, which is

n in eq.(26), indicates that the i-th coefficient y; (k) replaces ¢;,,(k) in the n-th line of the

decoded intermediate representation matrix €;(k).

Second, a re-correlation of the first Oy signals within Z‘I (k) is carried out by applying to
them the inverse spatial transform, providing the frame

¢11 (k)

Crmn(k) = Puin 61’2({() (27)

Cropmy (F)
where the mode matrix ¥y is as defined in eq.(6). The mode matrix depends on given
directions that are predefined for each Oy Or Nyin respectively, and can thus be
constructed independently both at the encoder and decoder. Also Oyn (Or Nyvn) is

predefined by convention.

Finally, the reconstructed truncated HOA representation ET(k) is composed from the
re-correlated signals ’C\'T,MIN (k) and the signals of the intermediate representation
¢, (k), n =0y + 1, ..., 0, according to
Crvin(k)
Ya EIO +1(k) OXL
Cr(k) =] oM € RO*L, (28)
C10(k)

Analysis Filter Banks

To further compute the second HOA component, which is represented by predicted
directional subband signals, each frame ¢1,(k), n = 1, ..., 0, of an individual coefficient
sequence n of the decompressed truncated HOA representation Cr(k) is first
decomposed in one or more Analysis Filter Banks 53 into frames of individual subband
signals ér,(k, f;), j = 1, ..., F. For each subband f;, j = 1, ..., F, the frames of the sub-

band signals of the individual HOA coefficient sequences may be collected into the sub-

band HOA representation € (k, f;) as
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cra(k f;)

Gk, f;) = Esz(:’"ff) for j=1,..,F (29)
cro(k f;)

The one or more Analysis Filter Banks 53 applied at the HOA spatial decoding stage are
the same as those one or more Analysis Filter Banks 15 at the HOA spatial encoding
stage, and for subband groups the grouping from the HOA spatial encoding stage is
applied. Thus, in one embodiment, grouping information is included in the encoded
signal. More details about grouping information is provided below.

In one embodiment, a maximum order Ny ax is considered for the computation of the
truncated HOA representation at the HOA compression stage (see above, near eq.(4)),
and the application of the HOA compressor's and decompressor’s Analysis Filter Banks
15, 53 is restricted to only those HOA coefficient sequences ¢ ,, (k) with indices n =
1,...,Omax- The subband signal frames ér,(k, f;) with indices n = Oyax + 1,...,0 can

then be set to zero.

Synthesis of directional subband HOA representation

For each subband or subband group, directional subband or subband group HOA
representations ED(k,fj),j =1, ..., F, are synthesized in one or more Directional Sub-
band Synthesis blocks 54. In one embodiment, in order to avoid artifacts due to changes

of the directions and prediction coefficients between successive frames, the computation

of the directional subband HOA representation is based on the concept of overlap add.
Hence, in one embodiment, the HOA representation ED(k,fj) of active directional sub-
band signals related to the f;-th subband, j = 1, ..., F, is computed as the sum of a faded

out component and a faded in component:

ED(k,f)) = ED,OUT(ka}) + ED,IN(ka})' (30)

In a first step, to compute the two individual components, the instantaneous frame of all
directional subband signals X;(ki; k; f;) related to the prediction coefficients matrices

A(ky, f;) for frames kq € {k, k + 1} and the truncated subband HOA representation
Cr(k, f;) for the k-th frame is computed by

Xy (ki ki f;) = A(ky, f;) €r(k. f;)  for ky € {kk + 1}, (31)
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For subband groups, the HOA representations of each group ET(kfj) are multiplied by
a fixed matrix A(kl,fj) to create the subband signals 5’21 (kl; k; fj) of the group.
In a second step, the instantaneous subband HOA representation € (ky; k; f; ),

d € Mpr(k f;), j = 1, .., F, of the directional subband signal ¥, 4(k; k; f;) with respect to

the direction 2sg 4(k, f;) is obtained as

CY(kisks ;) =¥ (2spalle £;)) Rralkeni ks 1) (32)

where (.QSB,d(k,fj)) € R? denotes the mode vector (as the mode vectors in eq.(7)) with
respect to the direction .QSB,d(k,fj). For subband groups, eq. (32) is performed for all
signals of the group, where the matrix ¥ (.QSB,d(k,fj)) is fixed for each group.

Assuming the matrices gDJOUT(k,fj), gD,IN(k,fj), and C(d)(kl, k; f;) to be composed of

their samples by

_ épouvra(k fi;1) o Epourilk fiL)
éD,OUT(k'f}) = € ROXL (33)
Cpout,o (k:ij 1) .. éouro (k:fj; L)
_ éoma(k fi;1) o Epmalk fis L)
éD,IN(k'f}) = € ROXL (34)
ok fi 1) .. épnolk fi L)
BSACESE Lk fy 1) . & -1 k'fj:L)
C(d) (kll k f}) - ROXL (35)
H(adl)o(k —Lkf;1) H()dl)o(k — Lk f; L)

the sample values of the faded out and faded in components of the HOA representation

of active directional subband signals are finally determined by

épourn(k i) = Zuerym(inr;) Eom(Ki ki £i51) - woa L + D) (36)
f
ok fii1) = Zacrpm(erns) oinlk + 1ikid; D) - woa () (37)

where the vector
Woa = [Woa(1) woa(2) ... woa(2L)]T € R?: (38)
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represents an overlap add window function. An example for the window function is given

by the periodic Hann window, the elements of which being defined by

woa(l) =1[1 - cos (2n22)] (39)

Subband HOA Composition

For each subband or subband group f;, j = 1, ..., F, the coefficient sequences ﬁn(k,fj),
n=1,..,0, of the decoded subband HOA representation €(k, f;) are either set to that of
the truncated HOA representation ET(k,fj) if it was previously transmitted, or else to that
of the directional HOA component €y (k, ;) provided by one of the Directional Subband
Synthesis blocks 54, i.e.

5 2Tn(k'fj) if n € Jgacr(k)
kf)=4_" ’
Ealk. 1) {ED,n(k, fi) else

This subband composition is performed by one or more Subband Composition blocks 55.

(40)

In an embodiment, a separate Subband Composition block 55 is used for each subband
or subband group, and thus for each of the one or more Directional Subband Synthesis
blocks 54. In one embodiment, a Directional Subband Synthesis block 54 and its

corresponding Subband Composition block 55 are integrated into a single block.

Synthesis Filter Banks

In a final step, the decoded HOA representation is synthesized from all the decoded sub-
band HOA representations E(k,fj),j =1, .., F. The individual time domain coefficient
sequences ¢,,(k), n = 1,..., 0, of the decompressed HOA representation €(k), are
synthesized from the corresponding subband coefficient sequences in(k,f]-),j =1,..,F
by one or more Synthesis Filter Banks 56, which finally outputs the decompressed HOA
representation C(k).

Note that the synthesized time domain coefficient sequences usually have a delay due to

successive application of the analysis and synthesis filter banks 53, 56.

Fig.8 shows exemplarily, for a single frequency subband f; , a set of active direction
candidates, their chosen trajectories and corresponding tuple sets. In a frame k, four
directions are active in a frequency subband f,. The directions belong to respective
trajectories T4,T,,T3 and Ts. In previous frames k-2 and k-1, different directions were
active, namely T4,T,,Ts and T4-T4, respectively. The set of active directions Mpr(k) in the
frame K relates to the full band and comprises several active direction candidates, e.g.

MD|R(k)={Qs, Qsg, Qs2, V101,209, Quas, Q5g1}. Each direction can be eXpreSSGd in any way,
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e.g. by two angles or as an index of a predefined table. From the set of active full-band
directions, those directions that are actually active in a subband and their corresponding
trajectories are collected, separately for each frequency subband, in the tuple sets
Mpr(k,f;), j=1,...,F. For example, in the first frequency subband of frame k, active
directions are Qg3, Qs,, 9 and Qsgq , and their associated trajectories are T3, T4, T, and Ts
respectively. In the second frequency subband f,, active directions are exemplarily only
Qs, and OQyy9 , and their associated trajectories are T4 and T, respectively.

The following is a portion of a coefficient matrix of an exemplary truncated HOA
representation Cr(k), corresponding to the coefficient sequences in an exemplary set
lc.act(k) = {1,2,4,6}:

[cr1(k,1) cr1(k,2) crq(k,3)
cra(k,1) cra(k,2) cr2(k,3)

0 0 0
Crl) = lera(l, 1) cra(k,2) cralk,3)
0 0 0

cre(k,1) cre(k,2) cre(k,3)

According to Ic act(k), only coefficients of the rows 1, 2, 4 and 6 are not set to zero
(nevertheless, they may be zero, depending on the signal). Each column of the matrix
C+(k) refers to a sample, and each row of the matrix is a coefficient sequence. The
compression comprises that not all coefficient sequences are encoded and transmitted,
but only some selected coefficient sequences, namely those whose indices are included
in Ic act(k) and the assignment vector v, (k) respectively. At the decoder, the coefficients
are decompressed and positioned into the correct matrix rows of the reconstructed
truncated HOA representation. The information about the rows is obtained from the
assignment vector vamp assign (k). which provides additionally also the transport channels
that are used for each transmitted coefficient sequence. The remaining coefficient
sequences are filled with zeros, and later predicted from the received (usually non-zero)
coefficients according to the received side information, e.g. the subband or subband

group related prediction matrices and directions.

Subband grouping

In one embodiment, the used subbands have different bandwidths adapted to the
psycho-acoustic properties of human hearing. Alternatively, a number of subbands from
the Analysis Filter Bank 53 are combined so as to form an adapted filter bank with
subbands having different bandwidths. A group of adjacent subbands from the Analysis
Filter Bank 53 is processed using the same parameters. If groups of combined subbands

are used, the corresponding subband configuration applied at the encoder side must be
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known to the decoder side. In an embodiment, configuration information is transmitted
and is used by the decoder to set up its synthesis filter bank. In an embodiment, the
configuration information comprises an identifier for one out of a plurality of predefined

known configurations (e.g. in a list).

In another embodiment, the following flexible solution that reduces the required number
of bits for defining a subband configuration is used. For an efficient encoding of subband
configuration, data of the first, penultimate and last subband groups are treated differently
than the other subband groups. Further, subband group bandwidth difference values are
used in the encoding. In principle, the subband grouping information coding method is
suited for coding subband configuration data for subband groups valid for one or more
frames of an audio signal, wherein each subband group is a combination of one or more
adjacent original subbands and the number of original subbands is predefined. In one
embodiment, the bandwidth of a following subband group is greater than or equal to the
bandwidth of a current subband group. The method includes coding a number of Ngg
subband groups with a fixed number of bits representing Nsz — 1, and if Ngg > 1, coding
for afirst subband group gs a bandwidth value Bsg[1] with a unary code representing
Bsg[1] — 1.1f Ngg = 3, a bandwidth difference value ABgg[2] = Bsg[2] — Bgg[1] with a fixed
number of bits is coded for a second subband group g.. If Ngg > 3, a corresponding
number of bandwidth difference values ABsg[g] = Bsglg] — Bsglg — 1] is coded for the

subband groups g, ..., gn.,-2 With @ unary code, and a bandwidth difference value

last subband group gy,,—1- A bandwidth value for a subband group is expressed as a
number of adjacent original subbands. For the last subband group gsg , no corresponding

value needs to be included in the coded subband configuration data.

Fig.9 shows a generalized block diagram of the HOA encoding path of a conventional
MPEG-H 3D audio encoder. Two types of predominant sound signals are extracted:
directional signals in a Directional Sound Extraction block DSE and vector-based signals
VVec in a VVec Sound Extraction block VSE. The vector belonging to a vector-based
signal VVec (V-vector) represents the spatial distribution of the soundfield for the
corresponding vector-based signal. Further, also an ambiance component is encoded in
a Calculator for Residuum/Ambience CRA, whereby any one or both or none of the
output data from the Directional Sound Extraction block DSE and the VVec Sound
Extraction block VSE can be used. The ambience signal is subjected to Spatial

Resolution Reduction block SRR, partial decorrelation PD and gain control GCa. The
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blocks within the box are controlled by the Sound Scene Analysis SSA. Before being fed
into the Universal Speech &Audio encoder USAC3D, also the predominant sound signals
are processed by respective gain control blocks GCp,GCy. Finally the USAC3D encoder
ENC.&HEP packs the HOA spatial side information into the HOA extension payload.

Fig.10 shows an improved audio encoder as usable in MPEG, according to one
embodiment. The disclosed technology amends the current MPEG-H 3D Audio system in
a way that the bit stream for low bandwidth is a real superset of the known MPEG-H 3D
Audio format. Compared to Fig.9, in the Sound Scene Analysis SSA a path is added that
comprises two new blocks. These are a QMF Analysis Filter bank QAc, which is applied
to ambiance signals, and a Directional Subband Calculation block DSCc for calculation of
parameters of directional subband signals. These parameters allow for synthesizing
directional signals based on the transmitted ambiance signals. Additionally, parameters
are calculated which allow for reproducing missing ambiance signals. The side
information parameters for the synthesis process are handed over to the USAC3D
encoder ENC&HEP, which packs them into the HOA extension payload of the
compressed output signal HOAc 0. Advantageously, the compression is more efficient

than conventional compression as achieved with the arrangement of Fig.9.

Fig.11 shows a generalized block diagram of a conventional MPEG-H 3D Audio decoder.
First, the HOA side information is extracted from the compressed input bitstream HOAc,
and a USAC3D and HOA Extension Payload decoder DEC.&HEP reproduces the
transmission channels waveform signals. These are fed into the corresponding inverse
gain control blocks IGCp, IGCy, IGCa. Here, the normalization applied in the encoder is
reversed. The corresponding transmission channels are used together with the side
information to synthesize the predominant sound signals (directional and/or vector-based)
in a HOA Directional Sound Synthesis block DSS and/or a VVec Sound Synthesis block
VSS respectively. In the third path, the ambiance component is reproduced by Inverse
Partial Decorrelation IPD and HOA Ambience Synthesis HAS blocks. The following HOA
Composition block HC combines the predominant sound components and the ambiance
to build the decoded HOA signal. This is fed into the HOA renderer HR to produce the
output signal HOA'p o, ie. the final loudspeaker feeds.

Fig.12 shows an improved audio decoder as usable in MPEG, according to one
embodiment. As in the encoder, a path is added. It comprises a decoder side QMF
Analysis block QA for calculation of subband signals and a Directional Subband signal

Synthesis block DSCp, for the synthesis of the parametrically encoded directional
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subband signals. The calculated subband signals are used together with the
corresponding transmitted side information to synthesize a HOA representation of
directional signals. Afterwards, the synthesized signal component is transferred into the
time domain using the QMF synthesis filter bank QS. Its output signal is additionally fed
into the enhanced HOA composition block HC. The following HOA rendering block HR for
providing a decoded HOA output signal HOAp; is left unchanged.

In the following, some basic features of Higher Order Ambisonics are explained.
Higher Order Ambisonics (HOA) is based on the description of a sound field within a
compact area of interest, which is assumed to be free of sound sources. In that case the
spatiotemporal behavior of the sound pressure p(t, x) at time ¢t and position x within the
area of interest is physically fully determined by the homogeneous wave equation. In the
following we assume a spherical coordinate system as shown in Fig.6. In this coordinate
system, the x axis points to the frontal position, the y axis points to the left, and the z axis
points to the top. A position in space x = (r,0, )7 is represented by a radius r > 0 (i.e.
the distance to the coordinate origin), an inclination angle 8 € [0, 7] measured from the
polar axis z (1) and an azimuth angle ¢ € [0,2z] measured counter-clockwise in the x — y
plane from the x axis. Further, ()7 denotes the transposition.
Then, it can be shown [11] that the Fourier transform of the sound pressure with respect
to time denoted by F,(-), i.e.,

P(w,x) = Fe(p(t,0) = [, p(t,x)e 7 dt (41)
with w denoting the angular frequency and i indicating the imaginary unit, may be
expanded into the series of Spherical Harmonics according to

P(w = keg,1,0,¢) = Xjoo Zih=—n AR (R)Ju(k1)STH(6,0)  (42)
In eq.(42), c; denotes the speed of sound and k denotes the angular wave number,

which is related to the angular frequency w by k = Cﬁ Further, j,(-) denote the spherical

Bessel functions of the first kind and S;7* (8, ¢) denote the real valued Spherical
Harmonics of order n and degree m, which are defined above. The expansion coefficients
ATl (k) only depend on the angular wave number k. Note that it has been implicitly
assumed that sound pressure is spatially band-limited. Thus, the series is truncated with
respect to the order index n at an upper limit N, which is called the order of the HOA
representation.

If the sound field is represented by a superposition of an infinite number of harmonic
plane waves of different angular frequencies w and arriving from all possible directions

specified by the angle tuple (6, ¢), it can be shown [10] that the respective plane wave
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complex amplitude function C(w, 8, ¢) can be expressed by the following Spherical
Harmonics expansion

Clw = ke, 0,¢) = Xn—o Ln=—n CH()ST (6, $) (43)
where the expansion coefficients ¢ (k) are related to the expansion coefficients A% (k)
by

AR (k) = i"CH (k). (44)
Assuming the individual coefficients ¢ (k = w/c,) to be functions of the angular
frequency w, the application of the inverse Fourier transform (denoted by F~1(-))

provides time domain functions

(e = FH(Crw/e)) = 3 7, 6 (2) etda (45)
for each order n and degree m. These time domain functions are referred to as
continuous-time HOA coefficient sequences here, which can be collected in a single
vector c(t) by
c(t)

AWM T ) LW ) D) Gl Q@) @ () . NOT

(46)

The position index of a HOA coefficient sequence ¢]* (¢t) within the vector c(t) is given by
nn+1)+1+m.
The overall number of elements in the vector c(t) is given by 0 = (N + 1)2.
The final Ambisonics format provides the sampled version of c(t) using a sampling
frequency fs as

{c(Ts)}ien = {c(Ts), €(2Ts), ¢(3Ts), c(4Ts), ... } (47)
where Ts = 1/fs denotes the sampling period. The elements of c(ITs) are here referred to
as discrete-time HOA coefficient sequences, which can be shown to always be real

valued. This property obviously also holds for the continuous-time versions c;i*(¢t).

Definition of real valued Spherical Harmonics
The real valued spherical harmonics S;;*(6, ¢) (assuming SN3D normalization [1, Ch.3.1])

are given by

(n—m[)!
(n+m[)!

ST (0, ) = J<2n+ 1) Pr o (€OS6) trg () (48)

with

V2cos(mgp) m >0
1 m=0

trgm(9) = —/2sin(m¢p) m <0

(49)
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The associated Legendre functions P, ,,,(x) are defined as
Pom (@) = (1= x2S Py (), m 2 0 (50)

with the Legendre polynomial P,(x) and, unlike in [11], without the Condon-Shortley

phase term (—=1)™.

In one embodiment, a method for frame-wise determining and efficient encoding of
directions of dominant directional signals within subbands or subband groups of a HOA
signal representation (as obtained from a complex valued filter bank) comprises

for each current frame k: determining a set Mpr(k) of full band direction candidates in the
HOA signal, a number of elements NoOfGlobalDirs in the set Mpr(k) and a number
D(k)=log2(NoOfGlobalDirs) required for encoding the number of elements, wherein each
full band direction candidate has a global index q (g € [1, ..., Q]) relating to a predefined
full set of Q possible directions,

for each subband or subband group j of the current frame k, determining which directions
of the full band direction candidates in the set Mpr(k) occur as active subband directions,
determining a set Mgg(k) of used full band direction candidates (all contained in the set
Mor(k) of full band direction candidates in the HOA signal) that occur as active subband
directions in any of the subbands or subband groups, and a number NoOfGlobalDirs(k) of
elements in the set Meg(k) of used full band direction candidates, and

for each subband or subband group j of the current frame k: determining which directions
ofuptod (d € [1, ..., D]) directions among the full band direction candidates in the set
Mbir(K) are active subband directions, determining for each of the active subband
directions a trajectory and a trajectory index, and assigning the trajectory index to each
active subband direction, and

encoding each of the active subband directions in the current subband or subband group

j by a relative index with D(K) bits.

In one embodiment, a computer readable medium has stored thereon executable
instructions to cause a computer to perform this method for frame-wise determining and

efficient encoding of directions of dominant directional signals.

Further, in one embodiment, a method for decoding of directions of dominant directional
signals within subbands of a HOA signal representation comprises steps of

receiving indices of a maximum number of directions D for a HOA signal representation to
be decoded, reconstructing directions of a maximum number of directions D of the HOA

signal representation to be decoded, receiving indices of active direction signals per
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subband, reconstructing active directions per subband from the reconstructed directions
D of the HOA signal representation to be decoded and the indices of active direction
signals per subband, predicting directional signals of subbands, wherein the predicting of
a directional signal in a current frame of a subband comprises determining directional
signals of a preceding frame of the subband, and wherein a new directional signal is
created if the index of the directional signal was zero in the preceding frame and is non-
zero in the current frame, a previous directional signal is cancelled if the index of the
directional signal was non-zero in the preceding frame and is zero in the current frame,
and a direction of a directional signal is moved from a first to a second direction if the

index of the directional signal changes from the first to the second direction.

In one embodiment, as shown in Fig.1 and Fig.3 and discussed above, an apparatus for
encoding frames of an input HOA signal having a given number of coefficient sequences,
where each coefficient sequence has an index, comprises at least one hardware
processor and a non-transitory, tangible, computer readable storage medium tangibly
embodying at least one software component that when executing on the at least one
hardware processor causes the hardware processor to

compute 11 a truncated HOA representation Cr (k) having a reduced number of non-zero
coefficient sequences,

determine 11 a set of indices of active coefficient sequences I acr(k) that are included in
the truncated HOA representation,

estimate 16 from the input HOA signal a first set of candidate directions Mpr(k);

divide 15 the input HOA signal into a plurality of frequency subbands f;, ..., fr, Wherein
coefficient sequences C(k — 1,k, f,), ..., C(k — 1, k, f=) of the frequency subbands are

obtained,

estimate 16 for each of the frequency subbands a second set of directions Mpr(K,f1), ...,
Mboir(K,fe), wherein each element of the second set of directions is a tuple of indices with a
first and a second index, the second index being an index of an active direction for a
current frequency subband and the first index being a trajectory index of the active
direction, wherein each active direction is also included in the first set of candidate
directions Mpr(k) of the input HOA signal,

for each of the frequency subbands, compute 17 directional subband signals
Xk -1,k ), o Xk =1,k fr) from the coefficient sequences C(k—1,k, fi), o,
C(k — 1,k fr) of the frequency subband according to the second set of directions

Mbir(K,f1),....Mpir(K,fr) Of the respective frequency subband,
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for each of the frequency subbands, calculate 18 a prediction matrix A(k,fy),..., A(k,fe)
adapted for predicting the directional subband signals )?(k -1,k f), ...,)?(k -1,k fr)
from the coefficient sequences C(k — 1, k, ), v Clk—1,k, fr) of the frequency subband

using the set of indices of active coefficient sequences Ic acr(k) of the respective
frequency subband, and

encode the first set of candidate directions Mpr(Kk), the second set of directions
Mbr(K,f1),..., Mpir(K,fe), the prediction matrices A(k,f;),...,A(k,fe) and the truncated HOA

representation Cr(k).

In one embodiment, as shown in Fig.4 and Fig.5 and discussed above, an apparatus for
decoding a compressed HOA representation comprises at least one hardware processor
and a non-transitory, tangible, computer readable storage medium tangibly embodying at
least one software component that when executing on the at least one hardware
processor causes the hardware processor to extract 41,42,43 from the compressed HOA
representation a plurality of truncated HOA coefficient sequences z,(k), ..., Z;(k), an
assignment vector vaup assign (k) indicating or containing sequence indices of said
truncated HOA coefficient sequences, subband related direction information Mpr(k+1,f1),
....Mpr(k+1,fe), a plurality of prediction matrices A(k+1,f;),...,A(k+1,f¢), and gain control
side information e, (k), B1(k), ..., e;(k), B; (k);

reconstruct 51,52 a truncated HOA representation Cr(k) from the plurality of truncated
HOA coefficient sequences z,(k), ..., Z;(k), the gain control side information e, (k), 8, (k),
..., e;(k), B; (k) and the assignment vector vaump assign (k).

decompose in one or more Analysis Filter banks 53 the reconstructed truncated HOA
representation C(k) into frequency subband representations ET(k, fi), o, ET(k, fr) for a
plurality of F frequency subbands,

synthesize 54 in Directional Subband Synthesis blocks 54 for each of the frequency
subband representations a predicted directional HOA representation a)(k, i) s

a)(k, fr) from the respective frequency subband representation a(k, ), ...,a(k, fr) of
the reconstructed truncated HOA representation, the subband related direction
information Mpr(k+1,f1),...,Mpr(k+1,fr) and the prediction matrices A(k+1,f),...,A(k+1,fg),

compose 55 in Subband Composition blocks 55 for each of the F frequency subbands a
decoded subband HOA representation g(k, fi), ...,g(k, fr) with coefficient sequences
¢, (k. f;),n=1,...,0 that are either obtained from coefficient sequences of the truncated

HOA representation ET(k,fj) if the coefficient sequence has an index n that is included in

the assignment vector vaup assign (k). or otherwise obtained from coefficient sequences
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of the predicted directional HOA component ED(k,fj) provided by one of the Directional
Subband Synthesis blocks 54, and synthesize in one or more Synthesis Filter banks 56
the decoded subband HOA representations g(k, ), ...,g(k, fr) to obtain the decoded
HOA representation C(k).

In one embodiment, an apparatus 10 for encoding frames of an input HOA signal having
a given number of coefficient sequences, where each coefficient sequence has an index,
comprises a computation and determining module 11 configured to compute a truncated
HOA representation Cr(k) having a reduced number of non-zero coefficient sequences,
and further configured to determine a set of indices of active coefficient sequences

lc acT(K) included in the truncated HOA representation;

an Analysis Filter bank module 15 configured to divide the input HOA signal into a
plurality of frequency subbands f;, ..., fr , wherein coefficient sequences C(k —1,k, ),

v Clk—1,k, fr) of the frequency subbands are obtained;

a Direction Estimation module 16 configured to estimate from the input HOA signal a first
set of candidate directions Mpr(k), and further configured to estimate for each of the
frequency subbands a second set of directions Mpr(k,f1), ..., Mpr(k.fe), wherein each
element of the second set of directions is a tuple of indices with a first and a second
index, the second index being an index of an active direction for a current frequency
subband and the first index being a trajectory index of the active direction, wherein each
active direction is also included in the first set of candidate directions Mpir(k) of the input
HOA signal; at least one Directional Subband Computation module 17 configured to
compute, for each of the frequency subbands, directional subband signals X(k—1,k, fi),
Xk =1k, fr) from the coefficient sequences C(k — 1,k, i), o, Clk—1,k, fr) of the
frequency subband according to the second set of directions Mpr(K,f1),...,Mpir(K,fr) of the
respective frequency subband; at least one Directional Subband Prediction module 18
configured to calculate, for each of the frequency subbands, a prediction matrix A(k,f),...,
A(k,f¢) adapted for predicting the directional subband signals Xk -1,k fi), ees

)?(k —1,k, fr) from the coefficient sequences C:(k -1,k f1), ...,C:(k —1,k, fr) of the
frequency subband using the set of indices of active coefficient sequences Ic acr(k) of the
respective frequency subband; and an encoding module 30 configured to encode the first
set of candidate directions Mpr(k), the second set of directions Mpr(K,f1),..., Mpr(K,fF), the
prediction matrices A(k,fy),..., A(k,fr) and the truncated HOA representation C (k).



10

15

20

25

30

35

WO 2016/001357 PCT/EP2015/065089

40

In one embodiment, the apparatus further comprises a Partial Decorrelator 12 configured
to partially decorrelate the truncated HOA channel sequences; a Channel Assignment
module 13 configured to assigning the truncated HOA channel sequences y.(k),..., yi(k) to
transport channels; and at least one Gain Control unit 14 configured to perform gain
control on the transport channels, wherein gain control side information e; (k — 1),

Bi(k — 1) for each transport channel is generated.

In one embodiment, the encoding module 30 comprises a Perceptual Encoder 31
configured to encode the gain controlled truncated HOA channel sequences z4(k)...., zi(K);
a Side Information Source Coder 32 configured to encode the gain control side
information e;(k — 1), B;(k — 1), the first set of candidate directions MpRr(k), the second
set of directions Mpr(K,1),..., Mpr(K,fr) and the prediction matrices A(k.f;),...,A(k,fe); and

a Multiplexer 33 configured to multiplex the outputs of the perceptual encoder 31 and the

side information source coder 32 to obtain an encoded HOA signal frame B(k — 1).

In one embodiment, an apparatus 50 for decoding a HOA signal comprises

an Extraction module 40 configured to extract from the compressed HOA representation
a plurality of truncated HOA coefficient sequences 2z, (k), ..., Z;(k), an assignment vector
vama.assion (k) indicating or containing sequence indices of said truncated HOA
coefficient sequences, subband related direction information Mpr(k+1,f4),...,Mpr(k+1,fF),
a plurality of prediction matrices A(k+1,f;),...,A(k+1,f¢), and gain control side information
e,(k), B1(k), ..., e;(k), B;(k); a Reconstruction module 51,52 configured to reconstruct a
truncated HOA representation Cr(k) from the plurality of truncated HOA coefficient
sequences Z,(k), ..., Z;(k), the gain control side information e, (k), B, (k), ..., e;(k), B; (k)
and the assignment vector vy assign (k); an Analysis Filter bank module 53 configured

to decompose the reconstructed truncated HOA representation Cr(k) into frequency

subband representations a(k, fi), s a(k, fr) for a plurality of F frequency subbands;
at least one Directional Subband Synthesis module 54 configured to synthesize for each

of the frequency subband representations a predicted directional HOA representation
a) (k, f1), > a) (k, fr) from the respective frequency subband representation

a(k, fi), ...,ET(k, fr) of the reconstructed truncated HOA representation, the subband
related direction information Mpr(k+1,f4),...,Mpr(k+1,fr) and the prediction matrices
A(k+1,fy),...,Alk+1,1);

at least one Subband Composition module 55 configured to compose for each of the F
frequency subbands a decoded subband HOA representation é(k, fi), ees é(k, fr) with

coefficient sequences &, (k, f;), n = 1, ..., 0 that are either obtained from coefficient
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sequences of the truncated HOA representation a(k,fj) if the coefficient sequence has

an index n that is included in the assignment vector vaup assign (k). or otherwise obtained

from coefficient sequences of the predicted directional HOA component €y (k, f;)
provided by one of the Directional Subband Synthesis module 54; and
a Synthesis Filter bank module 56 configured to synthesize the decoded subband HOA

representations E(k, fi), ees E(k, fr) to obtain the decoded HOA representation C (k).

In one embodiment, the Extraction module 40 comprises at least a Demultiplexer 41 for
obtaining an encoded side information portion and a perceptually coded portion that
comprises encoded truncated HOA coefficient sequences z,(k), ..., Z;(k); a Perceptual
Decoder 42 configured to perceptually decode s42 the encoded truncated HOA
coefficient sequences z, (k), ..., Z; (k) to obtain the truncated HOA coefficient sequences
Z1(k), ..., z;(k); and a Side Information Source Decoder 43 configured to decode (s43) the
encoded side information portion to obtain the subband related direction information
Mbr(k+1,f1),..., Mpir(k+1,fg), prediction matrices A(k+1,f;),...,A(k+1,f¢), gain control side

information ey (k), B1(k), ..., e;(k), B; (k) and assignment vector vaump assign (k).

Fig.13 shows a flow-chart of a low bit-rate encoding method, in one embodiment. The
method for low bit-rate encoding of frames of an input HOA signal having a given number
of coefficient sequences, where each coefficient sequence has an index, comprises
computing s110 a truncated HOA representation C(k) having a reduced number of non-
zero coefficient sequences, determining s111 a set of indices of active coefficient
sequences Ic act(k) that are included in the truncated HOA representation, estimating s16
from the input HOA signal a first set of candidate directions Mpr(k), dividing s15 the input

HOA signal into a plurality of frequency subbands f;, ..., fr, wherein coefficient sequences

Clk —1,k, ), o Gk — 1k, fr) of the frequency subbands are obtained, estimating s161
for each of the frequency subbands a second set of directions Mpr(K,f1), ..., Mpr(K,TF),
wherein each element of the second set of directions is a tuple of indices with a first and
a second index, the second index being an index of an active direction for a current
frequency subband and the first index being a trajectory index of the active direction,
wherein each active direction is also included in the first set of candidate directions
Mpr(k) of the input HOA signal,

for each of the frequency subbands, computing s17 directional subband signals

)?(k -1,k f), ...,)?(k —1,k, fr) from the coefficient sequences C_‘(k -1,k f1), ..,
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C(k — 1,k fr) of the frequency subband according to the second set of directions
Mbir(K,f1),....Mpir(K,fr) Of the respective frequency subband,

for each of the frequency subbands, calculating s18 a prediction matrix A(k,f;),...,A(k,fg)
adapted for predicting the directional subband signals )?(k -1,k f), ...,)?(k -1,k fr)

from the coefficient sequences C(k — 1,k, f,), ..., C (k — 1, k, fz) of the frequency subband
using the set of indices of active coefficient sequences Ic acr(k) of the respective
frequency subband, and encoding s19 the first set of candidate directions Mpr(k), the
second set of directions Mpr(k,f1),..., Mor(K,fr), the prediction matrices A(k,f1),...,A(k,fr)
and the truncated HOA representation Cr (k).

In one embodiment, said encoding the truncated HOA representation Cr(k) comprises
partial decorrelation s12 of the truncated HOA channel sequences, channel assignment
s13 for assigning the truncated HOA channel sequences y4(Kk),..., yi(k) to transport
channels, performing gain control s14 on each of the transport channels, wherein gain
control side information e;(k — 1), B;(k — 1) for each transport channel is generated,
encoding s31 the gain controlled truncated HOA channel sequences z4(k),...,z(K) in a
perceptual encoder 31, encoding s32 the gain control side information e; (k — 1),

Bi(k — 1), the first set of candidate directions Mpr(k), the second set of directions
Mbr(K,f1),....Mpr(K,fe) and the prediction matrices A(k,f:),...,A(k,f¢) in a side information
source coder 32, and multiplexing s33 the outputs of the perceptual encoder 31 and the
side information source coder 32 to obtain an encoded HOA signal frame B(k — 1).

In one embodiment, an apparatus for encoding frames of an input HOA signal having a
given number of coefficient sequences, where each coefficient sequence has an index,
comprises a processor and a memory storing instructions that, when executed by the

processor, cause the processor to perform the steps of claim 7.

Fig.14 shows a flow-chart of a decoding method, in one embodiment. The method for
decoding a low bit-rate compressed HOA representation, comprises extracting
s41,s42,s43 from the compressed HOA representation a plurality of truncated HOA
coefficient sequences z, (k), ..., z;(k), an assignment vector vaup assign (k) indicating or
containing sequence indices of said truncated HOA coefficient sequences, subband
related direction information Mpr(k+1,f1),..., Mpr(k+1,f¢), a plurality of prediction matrices
A(k+1,f;),...,A(k+1,fe), and gain control side information e, (k), 8,(k), ..., e;(k), B; (k),
reconstructing s51,s52 a truncated HOA representation (k) from the plurality of
truncated HOA coefficient sequences z,(k), ..., Z;(k), the gain control side information

e1(k), B1(k), ..., e;(k), B; (k) and the assignment vector vaup assign (k), decomposing s53
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in Analysis Filter banks 53 the reconstructed truncated HOA representation (Cr(k)) into

frequency subband representations a(k, fi), s a(k, fr) for a plurality of F frequency

subbands, synthesizing s54 in Directional Subband Synthesis blocks 54 for each of the
frequency subband representations a predicted directional HOA representation a)(k, ),

...,ED(k, fr) from the respective frequency subband representation ET(k, ), ...,ET(k, fr)
of the reconstructed truncated HOA representation, the subband related direction

information Mpr(k+1,f1),...,Mpr(k+1.,fe) and the prediction matrices A(k+1,f;),...,A(k+1,1¢),
composing s55 in Subband Composition blocks 55 for each of the F frequency subbands

a decoded subband HOA representation g(k, ), ...,g(k, fr) with coefficient sequences

¢, (k. f;),n=1,...,0 that are either obtained from coefficient sequences of the truncated

HOA representation ET(k,fj) if the coefficient sequence has an index n that is included in

the assignment vector vaup assign (k). or otherwise obtained from coefficient sequences

of the predicted directional HOA component ED(k,fj) provided by one of the Directional
Subband Synthesis blocks 54, and synthesizing s56 in Synthesis Filter banks 56 the
decoded subband HOA representations g(k, fi), ...,g(k, fr) to obtain the decoded HOA
representation C(k).

In an embodiment, the extracting comprises one or more of demultiplexing s41 the
compressed HOA representation to obtain a perceptually coded portion and an encoded
side information portion, perceptually decoding s42 the encoded truncated HOA
coefficient sequences and decoding s43 in a side information source decoder 43 the
encoded side information. In an embodiment, the reconstructing a truncated HOA
representation C(k) from the plurality of truncated HOA coefficient sequences comprises
one or more of performing inverse gain control s51 and reconstructing s52 the truncated
HOA representation Cr(k).

In one embodiment, a computer readable medium has stored thereon executable
instructions to cause a computer to perform said method for decoding of directions of

dominant directional signals.

In one embodiment, an apparatus for decoding a compressed HOA signal comprises a
processor and a memory storing instructions that, when executed by the processor,

cause the processor to perform the steps of claim 1.
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It is expressly intended that all combinations of those elements that perform substantially
the same function in substantially the same way to achieve the same results are within
the scope of the invention, and that each feature disclosed in the description and (where
appropriate) the claims and drawings may be provided independently or in any
appropriate combination. Features may, where appropriate be implemented in hardware,
software, or a combination of the two. Connections may, where applicable, be
implemented as wireless connections or wired, not necessarily direct or dedicated,
connections. In one embodiment, each of the above mentioned modules or units, such as
Extraction module, Gain Control units, sub-band signal grouping units, processing units
and others, is at least partially implemented in hardware by using at least one silicon

component.
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Claims

1. A method for decoding a compressed HOA representation, comprising

- extracting (s41,s42,s43) from the compressed HOA representation a plurality of
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truncated HOA coefficient sequences (z,(k), ..., Z;(k)), an assignment vector
(vams assign (k)) indicating or containing sequence indices of said truncated HOA
coefficient sequences, subband related direction information (Mpr(k+1,f1),...,
Mor(k+1,fr)), a plurality of prediction matrices (A(k+1,f;),...,A(k+1,f¢)), and gain
control side information (e (k), 8, (k), ..., e;(k), B;(k)), wherein the extracting
comprises demultiplexing (s41) the compressed HOA representation to obtain a
perceptually coded portion and an encoded side information portion;
reconstructing (s51,s52) a truncated HOA representation (Cr(k)) from the plurality
of truncated HOA coefficient sequences (z,(k), ..., Z;(k)), the gain control side
information (e, (k), B, (k), ..., e;(k), B;(k)) and the assignment vector
(Vams,assion(k));

decomposing (s53) in Analysis Filter banks (53) the reconstructed truncated HOA

representation (Cr(k)) into frequency subband representations (ET(k, fi), s

a(k, fr)) for a plurality of F frequency subbands;

synthesizing (s54) in Directional Subband Synthesis blocks (54) for each of the
frequency subband representations a predicted directional HOA representation
(a) (k, f1), > a) (k, fr)) from the respective frequency subband representation
(a(k, ), ...,a(k, fr)) of the reconstructed truncated HOA representation, the
subband related direction information (Mpr(k+1,f1),...,Mpr(k+1,fr)) and the
prediction matrices (A(k+1,f;),...,A(k+1,f));

composing (s55) in Subband Composition blocks (55) for each of the F frequency
subbands a decoded subband HOA representation (é(k, i) s C(k, fr)) with

coefficient sequences (&, (k, f;), n = 1, ..., 0) that are either obtained from

coefficient sequences of the truncated HOA representation (Gr(k, f;)) if the
coefficient sequence has an index n that is included in the assignment vector
(vamB,assign (k)), or otherwise obtained from coefficient sequences of the
predicted directional HOA component (Cp (k, £;)) provided by one of the
Directional Subband Synthesis blocks (54); and

synthesizing (s56) in Synthesis Filter banks (56) the decoded subband HOA
representations (é(k, fi), o, é(k, fr)) to obtain the decoded HOA representation
(C(K)).
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The method according to claim 1, wherein the extracting comprises obtaining a
perceptually coded portion that comprises encoded truncated HOA coefficient
sequences (Z,(k), ..., Z;(k)), and further comprises perceptually decoding (s42) in a
perceptual decoder (42) the encoded truncated HOA coefficient sequences

(z1(k), ..., Z;(k)) to obtain the truncated HOA coefficient sequences (Z;(k), ..., Z; (k)).

The method according to claim 1 or 2, wherein the extracting comprises obtaining an
encoded side information portion, and further comprises decoding (s43) in a side
information source decoder (43) the encoded side information portion to obtain the
subband related direction information (Mpr(k+1,f1),...,Mpir(k+1,f¢)), prediction
matrices (A(k+1,f;),...,A(k+1,fr)), gain control side information

(e1(k), B1(k), ..., e;(k), B;(k)) and assignment vector (Vamp assian (k).

The method according to one of the claims 1-3, wherein the subband related
direction information comprises a set of active directions (Mpr(k)) and a tuple set
(Mpir(k+1,f4), ...,Mpr(k+1,fe)) that comprises tuples of indices with a first and a
second index, the second index being an index of an active direction within the set of
active directions (Mpr(k)) for a current frequency subband, and the first index being a
trajectory index of the active direction, wherein a trajectory is a temporal sequence of

directions of a particular sound source.

The method according to one of the claims 1-4, wherein at least one frequency
subband representation comprises a subband group of two or more frequency

subbands.

The method according to claim 5, wherein subband group configuration information is
received or extracted from the compressed HOA representation, and the subband

group configuration information is used to set up said Synthesis Filter banks (56).

A method for encoding frames of an input HOA signal having a given number of

coefficient sequences, where each coefficient sequence has an index, comprising

- determining (s111) a set of indices of active coefficient sequences (Ic act(K)) to be
included in a truncated HOA representation;

- computing (s110) the truncated HOA representation (C(k)) having a reduced
number of non-zero coefficient sequences;

- estimating (s16) from the input HOA signal a first set of candidate directions
(Mpir(k));
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dividing (s15) the input HOA signal into a plurality of frequency subbands

(f1, ---» fr), wherein coefficient sequences (C:(k -1,k f1), v, Clk—1,k, fr) of the
frequency subbands are obtained;

estimating (s161) for each of the frequency subbands a second set of directions
(Mpir(k,f1), ..., Mpr(k,fr)), wherein each element of the second set of directions is a
tuple of indices with a first and a second index, the second index being an index of
an active direction for a current frequency subband and the first index being a
trajectory index of the active direction, wherein each active direction is also
included in the first set of candidate directions (Mpr(k)) of the input HOA signal;
for each of the frequency subbands, computing (s17) directional subband signals
()?(k -1,k f1), ...,)?(k —1,k, fr)) from the coefficient sequences (C:‘(k -1,k f1),
v Ck—1,k, fr)) of the frequency subband according to the second set of
directions (Mpr(k,1),...,Mpr(k,f¢)) of the respective frequency subband;

for each of the frequency subbands, calculating (s18) a prediction matrix (A(k,f1),
..., A(k,fe)) adapted for predicting the directional subband signals ()?(k -1,k f),
...,)?(k —1,k, fr)) from the coefficient sequences (C_‘(k -1,k f1), .., C_‘(k -1,k fr))
of the frequency subband using the set of indices of active coefficient sequences
(Ic act(K)) Of the respective frequency subband; and

encoding (s19) the first set of candidate directions (Mpr(k)), the second set of
directions (Mpr(k,f1),..., Mpir(K,f¢)), the prediction matrices (A(k,f:),...,A(k,fs)) and
the truncated HOA representation (Cr(k)), wherein the truncated HOA

representation (Cr(k)) is perceptually encoded (s31) in a perceptual encoder (31).

8. The method according to claim 7, wherein at least one group of two or more

subbands is created, and wherein the at least one group is used instead of a single

subband and is treated in the same way as a single subband.

9. The method according to claim 7 or 8, wherein said encoding the truncated HOA

representation (Cr(k)) comprises

partial decorrelation (s12) of the truncated HOA channel sequences;

channel assignment (s13) for assigning the truncated HOA channel sequences
(y1(k),..., yi(k)) to transport channels;

performing gain control (s14) on each of the transport channels, wherein gain
control side information (e; (k — 1), B;(k — 1)) for each transport channel is
generated, wherein the gain controlled truncated HOA channel sequences

(z1(k),..., z(k)) are encoded (s31) in said perceptual encoder (31);



10

15

20

25

30

35

WO 2016/001357 PCT/EP2015/065089

10.

11.

12.

13.

49

- encoding (s31) the gain controlled truncated HOA channel sequences (z4(k),...,
z(k)) in a perceptual encoder (31);

- encoding (s32) the gain control side information (e;(k — 1), B;(k — 1)), the first set
of candidate directions (Mpr(k)), the second set of directions (Mpr(K,f1),...,
Mor(k,fr)) and the prediction matrices (A(k,fy),...,A(k,fs)) in a side information
source coder (32); and

- multiplexing (s33) the outputs of the perceptual encoder (31) and the side

information source coder (32) to obtain an encoded HOA signal frame (B(k — 1)).

The method according to one of the claims 7-9, wherein in the step of estimating
(s161) for each of the frequency subbands the second set of directions (Mpr(K,f1),...,
Mpr(k,fr)), the directions of a frequency subband are searched only among the
directions (Mpr(k)) of the full band HOA signal.

The method according to one of the claims 7-10, further comprising a step of
determining a trajectory of an active direction, wherein an active direction is a
direction of a sound source and wherein a trajectory is a temporal sequence of

directions of a particular sound source.

The method according to one of the claims 7-11, wherein a truncated HOA
representation is a HOA signal in which one or more coefficient sequences are set to

Zero.

An apparatus (50) for decoding a HOA signal, comprising

- an Extraction module (40) configured to extract from the compressed HOA
representation a plurality of truncated HOA coefficient sequences (2, (k), ..., 2;(k)),
an assignment vector (vaup assign (k)) indicating or containing sequence indices
of said truncated HOA coefficient sequences, subband related direction
information (Mpr(k+1,f),..., Mpr(k+1,fe)), a plurality of prediction matrices
(A(k+1,f;),...,A(k+1,f¢)), and gain control side information (e, (k), 8 (k), ...,
e;(k), B;(k)), the Extraction module comprising a Perceptual Decoder (42)
configured to perceptually decode (s42) the encoded truncated HOA coefficient
sequences (Z,(k), ..., Z;(k)) to obtain the truncated HOA coefficient sequences
(z1(k), ..., Z;(K));

- a Reconstruction module (51,52) configured to reconstruct a truncated HOA

representation (Cr(k)) from the plurality of truncated HOA coefficient sequences
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(z,(k), ..., 2;(k)), the gain control side information (e, (k), 8, (k), ..., e;(k), B;(k)) and
the assignment vector (vamp assign (k));

an Analysis Filter bank module (53) configured to decompose the reconstructed
truncated HOA representation (C(k)) into frequency subband representations
(a(k, fi), o, a(k, fr)) for a plurality of F frequency subbands;

at least one Directional Subband Synthesis module (54) configured to synthesize
for each of the frequency subband representations a predicted directional HOA
representation (a) (k, f1), > a) (k, fr)) from the respective frequency subband
representation (ET(k, ), ...,ET(k, fr)) of the reconstructed truncated HOA
representation, the subband related direction information (Mpr(k+1,f1),...,
Mor(k+1,fr)) and the prediction matrices (A(k+1,f1),...,A(k+1,1));

at least one Subband Composition module (55) configured to compose for each of
the F frequency subbands a decoded subband HOA representation (é(k, i)y s
E(k, ) with coefficient sequences (€, (k,fj), n =1,...,0) that are either obtained

from coefficient sequences of the truncated HOA representation (a(k,fj)) if the
coefficient sequence has an index n that is included in the assignment vector
(vamB,assign (k)), or otherwise obtained from coefficient sequences of the
predicted directional HOA component (Cp (k, £;)) provided by one of the
Directional Subband Synthesis module (54); and

a Synthesis Filter bank module (56) configured to synthesize the decoded
subband HOA representations (g(k, ), ...,g(k, fr)) to obtain the decoded HOA

representation (C(k)).

The apparatus according to claim 13, wherein the Extraction module (40) further

comprises at least

a Demultiplexer (41) for obtaining an encoded side information portion and a
perceptually coded portion that comprises encoded truncated HOA coefficient
sequences (%, (k), ..., 2,;(k)); and

a Side Information Source Decoder (43) configured to decode (s43) the encoded
side information portion to obtain the subband related direction information
(Mpir(k+1,f1),...,Mpr(k+1,fF)), prediction matrices (A(k+1,f;),...,A(k+1,f¢)), gain
control side information (e, (k), B, (k), ..., e;(k), B;(k)) and assignment vector

(vamB,assion (K)).
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The apparatus according to claim 13 or 14, wherein the Extraction module (40)
obtains an encoded side information portion, further comprising a side information
source decoder (43) configured to decode (s43) the encoded side information portion
to obtain the subband related direction information (Mpr(k+1,f4),....,Mpr(k+1,fF)),
prediction matrices (A(k+1,f;),...,A(k+1,fs)), gain control side information

(e1(k), B1(k), ..., e;(k), B;(k)) and assignment vector (Vamp assian (k).

The apparatus according to one of the claims 13-15, wherein the subband related
direction information comprises a set of active directions (Mpr(k)) and a tuple set
(Mpir(k+1,f4), ...,Mpr(k+1,fe)) that comprises tuples of indices with a first and a
second index, the second index being an index of an active direction within the set of
active directions (Mpr(k)) for a current frequency subband, and the first index being a
trajectory index of the active direction, wherein a trajectory is a temporal sequence of

directions of a particular sound source.

The apparatus according to one of the claims 13-16, wherein at least one frequency
subband representation comprises a subband group of two or more frequency

subbands.

The apparatus according to claim 17, wherein subband group configuration
information is received or extracted from the compressed HOA representation, and
the subband group configuration information is used to set up said Synthesis Filter
banks (56).

An apparatus (10) for encoding frames of an input HOA signal having a given

number of coefficient sequences, where each coefficient sequence has an index,

comprising

- acomputation and determining module (11) configured to compute a truncated
HOA representation (Cr(k)) having a reduced number of non-zero coefficient
sequences, and further configured to determine a set of indices of active
coefficient sequences (Ic act(k)) included in the truncated HOA representation;

- an Analysis Filter bank module (15) configured to divide the input HOA signal into
a plurality of frequency subbands (fi, ..., fr), Wherein coefficient sequences
(C:(k -1,k f1), v Ck— 1k, fr) of the frequency subbands are obtained;

- a Direction Estimation module (16) configured to estimate from the input HOA
signal a first set of candidate directions (Mpr(k)), and further configured to

estimate for each of the frequency subbands a second set of directions (Mpr(k,f4),
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... Mpr(k,fr)), wherein each element of the second set of directions is a tuple of
indices with a first and a second index, the second index being an index of an
active direction for a current frequency subband and the first index being a
trajectory index of the active direction, wherein each active direction is also
included in the first set of candidate directions (Mpr(k)) of the input HOA signal;

- atleast one Directional Subband Computation module (17) configured to
compute, for each of the frequency subbands, directional subband signals
()?(k -1,k f1), ...,)?(k —1,k, fr)) from the coefficient sequences (5(1( -

1,k f), v Clk—1,k, fr)) of the frequency subband according to the second set of
directions (Mpr(k,1),...,Mpr(k,f¢)) of the respective frequency subband;

- atleast one Directional Subband Prediction module (18) configured to calculate,
for each of the frequency subbands, a prediction matrix (A(k,f:),..., A(k,fe)) adapted
for predicting the directional subband signals ()?(k -1,k f1), v Xk =1,k fr))
from the coefficient sequences (C_‘(k -1,k f), v Clk—1,k, fr)) of the frequency
subband using the set of indices of active coefficient sequences (Ic act(k)) of the
respective frequency subband; and

- encoding module (30) configured to encode the first set of candidate directions
(Mbir(K)), the second set of directions (Mpr(K,f1),..., Mpir(K,f¢)), the prediction
matrices (A(k,f1),...,A(k,fr)) and the truncated HOA representation (C(k)), wherein
the encoding module (30) comprises a Perceptual Encoder (31) configured to

encode the gain controlled truncated HOA representation (Cr(k)).

20. The apparatus according to claim 19, wherein at least one group of two or more

21.

subbands is created, and wherein the at least one group is used instead of a single

subband and is treated in the same way as a single subband.

The apparatus according to claim 19 or 20, further comprising

- a partial decorrelator (12) configured to partially decorrelate the truncated HOA
channel sequences;

- a Channel Assignment module (13) configured to assigning the truncated HOA
channel sequences (y¢(Kk),..., yi(k)) to transport channels; and

- atleast one Gain Control unit (14) configured to perform gain control on the
transport channels, wherein gain control side information (e; (k — 1), 8;(k — 1)) for
each transport channel is generated;

and wherein the encoding module (30) comprises
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- a Side Information Source Coder (32) configured to encode the gain control side
information (e; (k — 1), B;(k — 1)), the first set of candidate directions (Mpr(k)), the
second set of directions (Mpr(K.,f1),..., Mor(k,fF)) and the prediction matrices
(A(k,f1),...,A(k,f5)); and

- a Multiplexer (33) configured to multiplex the outputs of the perceptual encoder
(31) and the side information source coder (32) to obtain an encoded HOA signal
frame (B(k — 1)).

The apparatus according to one of the claims 19-21, wherein the Direction Estimation
module (16), when estimating for each of the frequency subbands the second set of
directions (Mpr(k,f1),...,Mpr(K,fr)), searches the directions of a frequency subband

only among the directions (Mpr(k)) of the full band HOA signal.

The apparatus according to one of the claims 19-22, further comprising a trajectory
determining module configured to determine a trajectory of an active direction,
wherein an active direction is a direction of a sound source and wherein a trajectory

is a temporal sequence of directions of a particular sound source.

The apparatus according to one of the claims 19-23, wherein a truncated HOA
representation is a HOA signal in which one or more coefficient sequences are set to

Zero.
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