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AUDIO CODER WINDOW AND TRANSFORM IMPLEMENTATIONS

CLAIM OF PRIORITY
This patent application claims the benefit of priority to U8, Provisional
Patent Application No. 62/492,011, filed on April 28, 2017, which is

incorporated by reference herein in its entirety.

BACKGROUND
Coding of audio signals for data reduction is a ubiquitous technology.
High-guality, low-bitrate coding is essential for enabling cost-effective media
storage and for facilitating distribution over constrained channels {(such as
Internet streaming). The efficiency of the compression is vital to these
applications since the capacity requirements for uncompressed audio may be

prohibitive in many scenarios.

Several existing audio coding approaches are based on sliding-window
time-frequency transtorms. Such transtorms convert a time~-domain audio signal
into a time-frequency representation which 1s amenable to leveraging
psychoacoustic principles to achieve data reduction while limiting the
introduction of audible artifacts. In particular, the modified discrete cosine
transform (MDCT) is commonly used in audio coders since the sliding-window
MDCT has properties that are inherently favorable for audio coding applications;
in particularly, the shiding-window MDCT may be configured to achieve pertect
reconstruction with overlapping nonrectangular windows without oversampling

in the time-frequency representation.

While the time-frequency representation of an audio signal derived by a
sliding-window MDCT provides an effective framework for audio coding, it is
beneficial for coding performance to extend the framework such that the time-
frequency resolution of the representation can be adapted based on the
characteristics of the signal to be coded. For instance, such adaptation can be
used to limit the audibility of coding artifacts. Several existing audio coders
adapt to the signal to be coded by changing the window used in the sliding-
window MDCT in response to the signal behavior. For tonal signal content, long

windows are used to provide high frequency resolution; for transient signal
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content, short windows are used to provide high time resolution. This approach

is commonly referred to as window switching.

Window switching approaches typically provide for short windows, long
windows, and transition windows for switching from long to short and vice
versa. It is common practice to switch to short windows based on a transient
detection process. If a transient is detected in a portion of the audio signal to be
coded, that portion of the audio signal is processed using short windows. It may
be beneficial for coding performance, however, to allow for additional

intermediate window sizes between short windows and long windows.
SUMMARY

This Summary 18 provided to introduce a selection of concepts in a
simplified form that are further described below in the Detailed Description.
This Summary is not intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used to limit the scope of the

claimed subject matter.

In one aspect, an audio signal encoding method is provided. First and
second audio signal frames are received in succession. A scaling windowing
rotation is imparted to portions of the first and second audio signal frames to
scale the second portion of the first audio signal frame and the first portion of the
second audio signal frame based upon the second portion of the first window and
the first portion of the second window. The result of the intermediate scaling
windowing rotation is transformed to a first set of spectral coefficients that
corresponds 1o the second portion of the first audio signal frame and a second set
of spectral coefficients that corresponds to the first portion of the second audio

signal frame.

in another aspect, an audio signal decoding method is provided. A set of
spectral coefficients is received that corresponds to a second portion of a first
audio signal frame and a first portion of a second audio signal frame. The set of
spectral coefficients is transformed to a set of ime-domain signal values. A
scaling windowing rotation is imparted to the set of time-domain signal values,
based upon a second portion of a first scaling window and a first portion of a

second scaling window, to produce a second time-~domain signal portion
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corresponding to a second portion of the first audio signal frame and a first time-
domain signal portion corresponding to a first portion of the second audio signal

frame.

In yet another aspect, an audio signal encoder is provided. A framer
5 circuit 1s configured to receive an audio signal and to produce a corresponding
succession of audic signal frames including a first frame followed next by a
second frame. A windowing circuit is configured to impart a scaling windowing
rotation to portions of the first and second audio signal frames to scale the
second portion of the first audio signal frame and the first portion of the second
10 audio signal frame based upon the second portion of the first window and the

first portion of the second window, to produce an intermediate result. A
transform circuit configured to transform the intermediate result to a first set of
spectral coefticients that corresponds to the second portion of the first audio
signal frame and a second set of spectral coefficients that corresponds to the first

15 portion of the second audio signal frame.
In stili another aspect, an audic decoder is provided.

A transform circuit is configured to transform the first and second sets of
spectral coefficients to a set of time-domain signal values. A windowing circuit
is configured to impart a scaling windowing rotation to the set of time-domain

20 signal values, based upon a second portion of the first window and a first portion
of the second window, to produce a second time-domain signal portion
corresponding to a second portion of the first audio signal frame and a first time-
domain signal portion corresponding to a first portion of the second audio signal

frame.

[\
W

BRIEF DESCRIPTION OF THE DRAWINGS
Referring now to the drawings in which like reference numbers represent
corresponding parts throughout:
Figure 1A is an illustrative drawing representing an example of an audio
signal segmented into data frames and a sequence of windows time-aligned with

30 the audio signal frames.
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Figure 1B is an dlustrative example of a windowed signal segment
produced by a windowing operation which multiplicatively applies a window to

a segment of the audio signal encompassed by the window.

Figure 2 is an illustrative example audio signal frame segmentation and

5 afirst sequence of example windows aligned with the frames.

Figure 3 1s an Ulustrative example of a timing diagram showing audio
signal frame segmentation and a second sequence of example windows time-

aligned with the frames.

Figure 4 15 an illustrative block diagram showing certain details of an

10 audio encoder architecture in accordance with some embodiments.

Figure 5 is an illustrative drawing showing first encoder and first
decoder (first coder) pipelines to code a sequence of audio data frames to which

a corresponding sequence of windows is aligned.

Figure 6 15 an illustrative drawing showing second encoder and second
15 decoder (second coder) pipelines to code a sequence of sequence of audio data

frames to which a corresponding sequence of windows is aligned.

Figure 7 1s an tlustrative flow diagram representing a process performed
by the encoder architecture of Figure 4 in the second encoder embodiment of

Figure 6.

20 Figure § 15 an illustrative drawing that depicts a window sequence
consisting of a long window, a long-to-short transition window, and short
windows, associated respectively with audio signal frames n a frame
segmentation.

Figure 9 15 an illustrative drawing that depicts an example frame

25 segmentation and a corresponding window sequence in accordance with some
embodiments.

Figure 10 is an tllustrative drawing that depicts a window in accordance
with some embodiments.
Figure 11 is an illustrative drawing showing frame boundaries, signal

30 segment boundaries and window segments.



WO 2018/201113 PCT/US2018/030061

10

20

30

Figure 12 is an tllustrative drawing showing frame boundaries, stgnal

segment boundaries, and window segments for a transition window.

Figures 13(a}, (b), (¢}, {d) are illustrative drawings showing examples of
window-switching sequences which are readily supported by the coder and

method of Figures 6-7.

Figure 14 is an illustrative block diagram illustrating components of a
machine, according to some example embodiments, able to read instructions
from a machine-readable medium (e.g., a machine-readable storage medium)

and perform any one or more of the methodologies discussed herein.
DESCRIPTION OF EMBODIMENTS

In the following description of embodiments of an audio codec and
method reference is made to the accompanying drawings. These drawings shown
by way of illustration specific examples of how embodiments of the audio codec
and method may be practiced. It is understood that other embodiments may be
utilized and structural changes may be made without departing from the scope of

the claimed subject matter.

Efficient audio coding requires the use of an appropriate signal-adaptive
time-frequency resolution for representing the audio signal to be coded. Audio
coders typically use long and short windows for tonal and transient content,
respectively to achieve signal-adaptive time-frequency resolution. Efficient
approaches to achieving signal-adaptive timne-frequency resolution may use a

multiplicity of different window lengths instead of only long and short windows.
Sliding Window MDCT Coder

Figures 1A-1B are illustrative timing diagrams to portray operation of a
windowing ctrcuit block of a coder (not shown). Figure 1A is an illustrative
drawing representing an example of an audio signal segmented into data frames
and a sequence of windows time-aligned with the audio signal frames. Figure
1B is an illustrative example of a windowed signal segment 117 produced by a
windowing operation, which multiplicatively applies a window 113 to a segment
of the audio signal 101 encompassed by the window 113. A windowing block
applies a window function to a sequence of audio signal samples to produce a
windowed segment. More specifically, a windowing block produces a windowed

~

3
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segment by adjusting values of a sequence of audio signals within a time span
encompassed by a time window according to an audio signal magnitude scaling
function associated with the window. A windowing block may be configured to

apply different windows having different time.

An audio signal 101 denoted with time line 102 may represent an excerpt
of a longer audio signal or stream, which may be a representation of time-
varying physical sound features. The audio signal 1s segmented into frames 120-
128 for processing as indicated by the frame boundaries 103- 109. A windowing
block (not shown) multiplicatively applies the sequence of windows 111, 113,
and 115 to the audio signal to produce windowed signal segments for further
processing. The windows are time-aligned with the audio signal in accordance
with the frame boundaries. For example, window 113 is time-aligned with the
audio signal 101 such that the window 113 is centered on the frame 124 having

frame boundaries 105 and 107,

The audio signal 101 may be denoted as a sequence of discrete-tirne
samples x[t] where t is an integer time index. A windowing block audio signal
value scaling function, as for example depicted by 111, ruay be devoted as win]
where n is an integer time index. The windowing block scaling function may be

defined in one embodiment as

14 o l\.\
. /4
win]=sin —[ n+— }
\ 47‘\] A\ 2/

(1)

/

for 0 <n < N - 1 where N is an integer value representing the window time

fength. In another embodiment, a window may be defined as

{ ARR
T 1)
win] = sin| — smh{ ----- - ] 7+ J ‘ (2)
2 N 2)))

Other embodiments may perform other windowing scaling functions
provided that the windowing function satisfies the certatn conditions explained

in section 4C of the Appendix. A windowed segment may be defined as
Kyl nf=wifn pfntt]

where 1 denotes an index for the windowed segment, wifn] denotes the

windowing function used for the segment, and t; denotes a starting time index in
6
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the audio signal for the segment. In some embodiments, the windowing scaling
function may be different for different segments. In other words, different
for different parts of the signal 101, for example for different frames of the

signal or in some cases for ditferent portions of the same frame.

Figure 2 is an illustrative example of a timing diagram showing an audio
signal frame segmentation and a first sequence of example windows aligned
with the frames. Frames 203, 205, 207, 209, and 211 are denoted on time line
202, Frame 201 has frame boundaries 220 and 222 Frame 203 has frame
boundaries 222 and 224 Frame 205 has frame boundaries 224 and 226, Frame
207 has frame boundaries 226 and 228, Frame 209 has trame boundaries 22
and 230. Windows 213, 215, 217 and 219 are aligned to be time-centered with
frames 203, 205, 207, and 209, respectively. In some embodiments, a window
such as window 213 which ray span an entire frame and may overlap with one
or more adjacent frames may be referred to as a long window. In some
embodiments, an audio signal data frame such as 203 spanned by a long window
may be referred to as a long-window frame. In some embodiments a window
sequence such as that depicted in Figure 2 may be referred to as a long-window

sequence.

Figure 3 is an illustrative example of a timing diagram showing audio
signal frame segmentation and a second sequence of example windows time-
aligned with the frames. Frames 301, 303, 305, 307, 309 and 311 are denoted on
time line 302, Frame 301 has frame boundaries 320 and 322, Frame 303 has
frame boundaries 322 and 324. Frame 305 has frame boundaries 324 and 326,
Frame 307 has frame boundaries 326 and 328. Frame 309 has frame boundaries
328 and 330. Window functions 313, 315, 317 and 319 are time-aligned with
frames 303, 305, 307, and 309, respectively. Window 313, which is time-aligned
with frame 303 is an example of a long window function. Frame 307 is spanned
by a multiplicity of short windows 317, In some embodiments, a frame such as
frame 307, which is time-aligned with multiple short windows, may be referred
to as a short-window frame. Frames such as 305 and 309 that respectively

precede and follow a short-window frame may be referred as transition frames

PCT/US2018/030061
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and windows such as 315 and 319 that respectively precede and follow a short

window may be referred to as transition windows.

Figure 4 15 an illustrative block diagram showing certain details of an
audio encoder architecture 400 in accordance with some embodiments. An audio
signal 401 including discrete-time audio samples is input to the encoder 400.
The audio signal may for instance be a monophonic signal or a single channel of
a stereo or multichannel audio signal. A framing circuit block 403 segments the
audio signal 401 into frames including a prescribed number of samples; the
number of samples in a frame may be referred to as the frame size or the frame
fength. Framing block 403 provides the signal frames to control circuit block
405 and the windowing circuit block 407. The control block may analyze one or
more frames and provide analysis results to the windowing block 407, a
transform circuit block 409, and a data reduction and formatting circuit block
411. Analysis results provided to the windowing block 407 may indicate a
sequence of windowing operations for the windowing block 407 to apply toa
sequence of frames of audio data. The windowing block 407 may indicate a
sequence of scaling windows to apply to a sequence of frames of audio data; the
windowing block 407 may also indicate a corresponding sequence of time
indices at which to apply the respective scaling windows to the audio data. The
control block 405 may cause the windowing block 407 to apply different scaling
operations and different window time lengths to different audio frames, for
example. Some audio frames may be scaled according to long windows. Others
may be scaled according to short windows and still others roay be scaled
according to transition windows, for example. In some embodiments, the
control block 405 may include a transient detector (not shown} to determine
whether an audio frame contains transient signal behavior. For example, in
response to a determination that a frame includes transient signal behavior,
control block 405 may indicate a sequence of windowing operations consisting

of short windows to apply.

The windowing block 407 applies windowing functions to the audio
frames to produce windowed audio segments and provides the windowed audio
segments to the transform block 409, Analysis results provided by the control

biock 405 to the transform block 409 may include transform sizes for the

PCT/US2018/030061
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transform block 409 10 use in processing the windowed audic segments. In some
embodiments, the transform sizes provided by the control block 405 to the
transform block 409 may correspond to the window sizes provided by the
control block 405 to the windowing block 407, As will be understood by those
of ordinary skill in the art, the output of the transform block 409 and results
provided by the control block 405 may be processed by a data reduction and
formatting block 411 to generate a data bitstream 413 which represents the input
audio signal. In some embodiments, the data reduction and formatting may
include the application of a psychoacoustic model and information coding
principles as will be understood by those of ordinary skill in the art. The audio
encoder 400 may provide the data bitstream 413 as an output for storage or
transmission to a decoder (not shown) as explained below. The transform block
409 may be configured to carry out a MDCT, which may be defined

mathematically as:

S (2x( N 1Y, 1))
X;lel= 2 x;lnjcos —l it —+— ! k- l
n=0 VN4 2 2)) (3)
)
o<k o _ |
where 2 and where the values x;{n] are windowed time samples, i.e.

time samples of a windowed audio segment. The values Xifk] may be referred to
generally as transform coefficients or specifically as modified discrete cosine
transform (MDCT) coefficients. In accordance with the definition, the MDCT
converts N time samples into i;i transform coefficients. For the purposes of this
specification, the MDCT as defined above is considered to be of size N,
Conversely, an inverse modified discrete cosine transform (IMDCT), which may

be performed by a decoder {(not shown), may be defined mathematically as:

N2 (2z( N 1Y, 1))
Elnl= ¥ X i[k}c()sl ﬂr{ M+ y + 1 [ k+ L ]
k-0 N4 20 2 (4)

where 0 <n < N - 1. As those of ordinary skill in the art will understand, a scale
factor may be associated with one or both of the MDCT or the IMDCT.
Additional mathematical details about the scale factor in the MDCT and IMDCT

are provided in the Appendix in section 2F.

PCT/US2018/030061
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In typical embodiments, a transform operation such as an MDBCT s
carried out by transform block 409 for each windowed segment of the input
signal 401. This sequence of transform operations converts the time-domain
signal 401 into a time-frequency representation comprising MDCT coefficients
corresponding to each windowed segment. The time and frequency resolution of
the time-frequency representation are determined at least in part by the time
length of the windowed segment and the size of the associated transtorm carried
out on the windowed segment. In some embodiment, transforn size corresponds
to window length. For a windowed segment corresponding to a long time-length
window, for example, the resulting time-frequency representation has low time
resolution but high frequency resolution. For a windowed segment
corresponding to a short time-length window, for example, the resulting time-
frequency representation has relatively higher time resolution but lower
frequency resolution than a time-frequency representation corresponding to a
long-window segment. In some cases, a frame of the signal 401 may be
associated with more than one windowed segment, as illustrated by the example
frame 307 of Figure 3, which is associated with multiple short windows, each

used to produce a windowed segment for a corresponding portion of frame 307

Sliding-window MDCT Coder with Windowing Operations Aligned to Window

Centers

Figure 5 is an illustrative drawing showing first encoder 509 and first
decoder 513 ({first coder) pipelines 560-1, 560-3, and 560-5 10 code a sequence
of sequence of audio data frames 530-536 that are aligned with a corresponding
sequence of windows 501, 503, 505 and 507. The encoder architecture 400 of
Figure 4 is used in the first encoder 509. The coder 509/513 uses a sliding-
window MDCT. The illustrative example windows 501-507 are equal in time
fength, although windows with different time lengths may be used as explained
above. Fach window spans portions of three audio signal data frames and one of
the three frames that it spans 18 centered within the window. For example,
window 501 spans portions of frames 530, 532 and 534, with frame 532
window-centered within window 501. Frame 530 is partially encompassed by
time window function 501 since its left frame time boundary 540 is outside the

time window 501 while its right frame time boundary 542 is within the time

10
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window 501. Similarly, frame 534 is partially encompassed by time window
function 501 since its right frame time boundary 546 1s outside the time window
501 while its left frame time boundary 544 1s within the time window 501,
Window-centered frame 532 is fully encompassed and centered within time
window 301 since its left and right frarne boundaries 542, 544 are within the

time window 301.

Each coder pipeline is aligned with a window center. A coder pipeline
560-1, for example, is configured to generate coding representing window 501,
which entirely spans frame 532 and which spans portions of frames 530 and 532.
A coder pipeline 560-3, for example, 1s configured to generate coding
representing window 503, which entirely spans frame 534 and which spans
portions of frames 532 and 536. A coder pipeline 560-5 is configured to
generate coding representing window 505, which entirely spans frame 536 and
which spans portions of frames 534 and S38. It will be appreciated that although
the illustrative sequence of windows 501, 503, 505 and 507 shown in Figure 5
include only long windows, the first encoder 509 and first decoder S13 (first
coder) may be configured to implement multiple pipelines (not shown) centered
at multiple corresponding short windows that collectively span a single frame,

for example.

It will be understood that the encoder 509 and the decoder 513 may
operate independently. Transform coefficients produced by the encoder 509 may
be transmitted over a communication system to the decoder 513, A signal
processing circuit (such as the machine described with reference to Figure 14)
may be configured to configure the encoder 509 in each of pipeline
configurations 560-1, 560-3, 560-3 in time sequence. Likewise, a signal
processing circuit (not showny may be configured to configure the decoder 513
in each of pipeline configurations 560-1, 560-3, 560-3 in time sequence.
Moreover, it will be understood by those of ordinary skill 1o the art, the encoder
509 in Figure 5 depicts only the window and transform components of an
encoder and does not depict other components such as data reduction or
bitstrean formatting which may be present in an encoder. Likewise, the decoder

513 depicts only the inverse transform, window, and overlap-add components of

11
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a typical decoder and does not depict other components such as bitstream

reading which may be present in a decoder.

Consider for example the processing of the frame 534, which window
503 is centered upon. The encoder 509 includes windowing block 570
configured to apply the window 503 to audio samples within frame 534 and to
audio samples within portions of the preceding frame 532 and portions of the
subsequent frame 536, which are partially encompassed by window 503, to
generate a windowed segment. The encoder includes an MDCT block 572
configured to produce transform coefficients 574-2 corresponding to time
window 503 based upon the windowed segment produced by the windowing
block 503. The decoder 513 includes an Inverse MDCT (IMDCT) block 576 to
produce IMDCT output time-~-domain signal values based upon the transform
coefticients 574-2 and includes a windowing block 578 configured to apply the
window 303 to the IMDCT output time-domain signal values to produce a
windowed result. In some embodiments, the window 578 applied after the
IMDCT 1s the same as the window 572 applied betore the MDCT; in other
embodiments, they may be different. The decoder 513 includes an overlap-add
block 580 configured to overlap and add the windowed result for frame 534 with
a windowed result from a previous frame 532 associated with a previous window
501. The result of the overlap-add with the previous frame is that an indicated
output segment 523 13 constructed. Those of ordinary skill in the art will
understand that overlap-add with the previous frame 532 (associated with
window 301 obtains the benefit of time-domain aliasing cancellation in
generating output samples for the segment 523 associated in part with the time

window 503,

MBCT Coder with Windowing Operations Aligned to Window

Transitions

Figure 6 15 an ustrative drawing showing second encoder 609 and
second decoder 613 (second coder) pipelines 660-1, 660-3, and 660-5 to code a
sequence of sequence of adjacent audio data frames 630-636 that are aligned
with a corresponding sequence of windows 601, 603, 605 and 607. The encoder
architecture 400 of Figure 4 is used in the second encoder 609. The coder

12
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609/613 uses an MDCT. The illustrative example windows 001-607 are equal in
time length, although windows with different time lengths may be used as
explained below. Each window spans portions of three audio signal data frames

and one of the three frames that it spans 1s centered within the window. For

W

example, window 601 spans portions of frames 630, 632 and 634, with frame
632 centered within window 601. Frame 630 is adjacent to frame 032 and frame
632 15 adjacent to frame 634, Frame 630 1s partially encompassed by time
window function 601 since its left frame time boundary 640 is outside the time
window 601 while its right frame time boundary 642 1s within the time window
10 601, Similarly, frame 634 ts partially encompassed by time window function 601
since 1ts right frame time boundary 646 s outside the time window 601 while its
jeft frame time boundary 644 is within the time window 601. Window-centered
frame 632 is fully encompassed and centered within time window 601 since its

teft and right frame boundaries 642, 644 are within the time window 601,

15 Each frame time boundary is aligned with an instance of the coder
pipeline. Each coder pipeline instance is configured to generate coding results
based upon adjacent half-frames and corresponding adjacent half-windows.
More specitically, a first transform block 672-1, which is part of a first coder
pipeline 660-1, is aligned with frame 632; a second transform block 672-2 which

20 is part of a second coder pipeline 660-3, is aligned with frame 634; and a third
transform block 672-3 which is part of a third coder pipeline 660-3, is aligned
with frame 630. coder pipeline 660-1 is centered on frame time boundary 644
and is configured to generate coding results based in part upon a second-half
windowed segment generated using second-half of window 601, second half of

25 frame 632, and first half of frame 634, and a first-halt windowed segment
generated using first-half of window 603, first half of frame 634, and second half
of frame 632. A coder pipeline 660-3 is centered on frame time boundary 646
and is configured to generate coding results based in part upon a second-half
windowed segment generated using second-half of window 603, second half of

30 frame 634, and first half of frame 036, and a first-half windowed segment

generated using first-halt of window 6035, first half of frame 636, and second half

of frame 634. A coder pipeline 660-5 is centered on frame time boundary 648

and is contigured to generate coding results based in part upon a second-half

windowed segment generated using second-half of window 6035, second half of

13
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frame 636, and first half of frame 638, and a first-half windowed segment
generated using first-half of window 607, first half of frame 638, and second half

of frame 636,

It will be understood that the encoder 609 and the decoder 613 may
operate independently. Coefficients produced by the encoder 609 may be
transmitied over a communication system to the decoder 613, A signal
processing circuit {such as the machine described with reference to Figure 14)
may be configured to configure the encoder 609 in each of pipeline
configurations 660-1, 660-3, 660-5 in time sequence. Likewise, a signal
processing circuit (not shown) may be configured to configure the decoder 613
in each of pipeline configurations 660-1, 660-3, 660-5 in time sequence.
Moreover, as will be understood by those of ordinary skill in the art, the encoder
609 in Figure 6 depicts only the window and transform components of an
encoder and does not depict other components such as data reduction or
bitstream formatting which may be present in an encoder. Likewise, the decoder
613 depicts only the inverse transform, window, and overlap-add components of
a typical decoder and does not depict other components such as bitstream

reading which may be present in a decoder.

Consider for example the first pipeline instance 660-1 processing of the
second portion of window 601 and second portion of frame 632 together with
the first-portion of window 603 and first portion of frame 634. The encoder 609
includes windowing block 670 configured to impart 2 windowing rotation
operation on the second portion of frame 632 and the first portion of frame 634
based upon the second portion of window 601 and the first portion of window
603 so as to produce an windowing rotation result. More particularly, in some
embodiments, a scaled portion of an input signal may be combined with a
corresponding portion of an input signal scaled and folded about a frame time
boundary to form an intermediate time-aliased time~-domain signal. The frame
time boundary acts as a fixed point about which the rotation occurs. In some
embodiments, the scaling, folding, and combination may be realized via a
windowing rotation operation. Moreover, in accordance with some
embodiments, a vector of samples corresponding to a concatenation of the

adjacent half-frames, a second half of frame 632 and first half of frame 634, is
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processed by a rotation matrix that corresponds in part to the windowing
operations as explained in Appendix A. In particular, sections 3 and 4A of the
Appendix provide a mathematical formulation of the windowing operation of the
encoder 609 as a rotation matrix. In particular, Eq. (27) provides a mathematical
formulation of the scaling, folding, and combination operations which may be
realized via a windowing rotation operation. In particular, the submatrix in the
box Eq. (26) 1s the “windowing rotation” of the Figure 6 pipeline and the
Figure 7 flowchart. Eg. (24) shows the DCT applied to the results of the

windowing. This is the transform (DCT) in Figure 6 and Figure 7.

A transtorm block 672 accepts as input an intermediate encoding result
corresponding to a concatenation of portions of the windowing rotation results
from adjacent transitions. The transform block then transforms the concatenated
windowing rotation result {the intermediate encoding result) by a discrete cosine
transform (BCT) to produce DCT transform coeflicients 674, also referred to as
spectral coefficients. In some embodiments, a variation of a BCT known as a
DCT-IV is used, which 1s known to those of ordinary skill in the art. The DCT
transform coefticients likewise correspond to MDCT transform coefficients as
explained mathematically in the Appendix.  In the decoder section 613, an
inverse DCT-IV transform may be performed in block 676 to produce an
intermediate decoding result, which 1s subsequently provided in part to adjacent
windowing rotation blocks 678. A windowing rotation block 678 may receive
concatenated intermediate decoding results from adjacent inverse DCT blocks.
The windowing rotation block 678 may processes the intermediate decoding
results to perform windowing and overlap-add functions to generate output
samples representing the second half of trame 632 and the first half of frame 634
for the output portion indicated by 621,

Figure 7 is an illustrative flow diagram representing process 700
performed by the encoder architecture 400 of Figure 4 within the second
encoder 609 of Figure 6. A processing system {(such as the machine described
with reference to Figure 14) may be configured with executable instructions to
perform the operations of process 700. At operation 701 framing block 403
receives frame F; of audio samples. At operation 703, control block 405
evaluates the samples of frame F; to determine a window size for frame Fy. At
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operation 705, windowing block 407/670 determines a windowing rotation for a
transition from a previously received frame Fi.q to frame Fy. At operation 707,
the windowing block 407/670 may apply a windowing rotation operation based
on the transition from frame Fi.q to frame F;. The windowing rotation operation
5 may combine (1) a scaled version of the audio samples of a least a portion of the

second half of frame Fi.1 and audio samples of at least a portion of the first half
of frame F;, where the scaling may be based upon the determined windowing
transition from frame Fi.y to frame F; with (2) a scaled and time-aliased version
of the audio samples of at least a portion of the second half of frame Fi.; and

10 audio samples of at least a portion of the first half of frame F;, where the scaling
may be based upon the determined windowing transition from frame Fi.y to
frame F; and may include negation.

At operation 708, an intermediate encoding result may be formed by corbining

a portion of the windowing rotation for the transition from frame i-1 to frame 1

o
W

with a portion of the windowing rotation for the preceding window transition,
for instance that from frame i-2 to i-1. In some cases, the preceding window
transition may correspond to a window contained entirely within frame -1, In
some cases, finalizing the intermediate encoding results from frame i-1 in step
708 includes aggregating intermediate encoding results formed 1o step 717 for
20 the previous iteration of the process. At operation 709, transform block 409/672
applies a DCT transform respectively to one or more intermediate encoding
results for frame Fi.y. At operation 711, the data for frame i-1 may be finalized,
which may include providing the data to data reduction and bitstream formatting
block 411. At operation 713, windowing block 407/670 determines subsequent
25 windowing rotations for frame F;if the control block 405 has indicated that
multiple windows should be applied for frame ¥;. For example, if frame Fiis a
long-window frame, operation 713 does not involve any further processing, It
frame F; is a short~-window frame, for example, operation 713 determines
windowing rotations for the short windows that are contained within the frame
30 boundaries of frame Fi. At operation 715, the windowing rotations for any

windows that are contained within the frame boundaries of frame F; are apphied.
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At operation 717, the results of the windowing rotations for windows within the
frame boundaries of frame Fy are combined to form intermediated encoding
results. The operation 717 may pertains to shorter windows. At operation 719,
the frame counter is incremented and the process repeats for the next frame

starting at operation 701,

It will be appreciated that the windowing block 670 and transform block
672 may start processing for a first halt of a frame before the subsequent frame
has been received. Moreover, part-way through processing of a frame, the
control block 405 may determine that a different window shape should be used
for a latter half of the frame than for the former half of the frame, and may
instruct the windowing block 670 to associate a ditferent window function with a
second half of the frame. For example, the control block 405 may determine that
audio data for a subsequent frame has a different characteristic requiring a
latter half of a frame be processed with a different window shape in preparation
for a transition to the window determined for the subsequent frame. For
example, shorter windows are used for transients. In response to a determination
by the control block 405 that a subsequent frame contains transients, a transition
window may be applied to the latter half of the current frame. Thus, less
lookahead for window planning is required since a window can be changed
during the processing of a frame. As a result, lower signal processing latency can
be achieved since processing of a frame can start before the subsequent frame is
received. In contrast, in the first encoder 509 and first decoder 513 of Figure §,
for example, a subsequent frame typically must be received before starting any
processing for the current frame since a window for a current frame ordinarily
overlaps the subsequent frame and the entire window is applied before
performing an MDCT. In accordance with some embodiments as depicted in
Figure 6, the windowing rotation and MDCT transform operations in an audio
encoder 609 may be realized as orthogonal matrix multiplications. In accordance
with some embaodiments as depicted in Figure 6, the IMDCT transform and
windowing rotation operations in an audio decoder 613 may be realized as
orthogonal matrix multiplications. In some embodiments, realization of

operations as orthogonal matrix operations may provide computational benefits.
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In some embodiments, orthogonal matrix operations may be realized as integer
transtorms, which may be beneficial in implementations using fixed-point

arithmetic,

Figure 8 is an illustrative drawing that depicts a window sequence
consisting of a long window 801, a long-to-short transition window 803, and
short windows 805, associated respectively with audio signal frames 811, 813,
and 815 in a frame segmentation 807. The midpoint of frame 811 is indicated by
the dashed line 821 and the midpoint of frame 813 is indicated by the dashed
line 823, In a -window transform embodiment as depicted in Figure 5, the audio
signal frames 809, 811, and 813 must all be available for processing before the
window 801 is applied because the long window 801 spans all or part of each of
those frames. In other words, in the embodiment of Figure §, the MDCT of the
windowed segment generated by applying window 801 cannot be carried out
until frame 813 is available for processing. Similarly, in the embodiment of
Figure §, frame 815 must be available for processing before window 803 can be
applied and its associated MDCT of the windowed segment generated by
applying window 803 can be carrted out. Furthermore, in the embodiment of
Figure 5, frame 815 must be analyzed to determine an appropriate window size
for frame 815 before any processing can be carried out for frame 813 In the
embodiment of Figure 5, the window size for frame 815 is required prior to
processing frame 813 because the frame 815 window constrains the shape of the
transition window 803, which must be determined before any processing can be

initiated for frame 13,

In the embodiment of Figures 6-7, processing can be initiated for audio
signal frame &11 before audio signal frame 813 has been received. This is
possible because the initial processing for frame 811, namely the windowing
rotations for the first half of the frame, depends only on the first half of frame
311 as indicated in Figures 6~7 and explained mathematically in Appendix A in
Sections 3 and 4. For example, Eq. (22) shows that the windowing rotations for
the first half of & frame can be processed before carrying out any processing on
the second half of the frame. The top half of the x vector, which consists of
segments o2 and x11, can be processed by the top left block matrix without using

the segments X1, OF X21.
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Simtlarly, in the embodiment of Figures 6-7, frame 815 need not be
available before processing is initiated for frame 813, The window size for frame
&15 need not be determined before initiating the processing of frame 813

because the windowing operations for the first half of frame 813 can be

W

processed independently of the window shape of the second half of the frame.
Moreover, in the embodiment of Figures 6-7, the second half of frame 813 can
be processed to conclude the derivation of MDCT coetticients for frame 8§13
after frame &15 has been received and analyzed to determine a window size for

frame 815, which indicates a window shape for the second half of frame 813.

10 Figure 9 1s an Ulustrative drawing that depicts an example frame
segmentation and a corresponding window sequence in accordance with some
embodiments. Across the numerous frames 1n the depiction, a variety of window
options in accordance with some embodiments are iHustrated. The window
sequence includes a start window 901, a long window 903, a series of four

15 windows (905) spanning a frame, a transition window 907, a series of eight
windows (909) collectively spanning a frame, a series of two windows (911)
spanning a frame (the first of which being a transition window), and a stop

window 913,

When there are multiple windows within a frame, the first window
20 straddles the beginning-of-frame boundary. Pipeline processing of successive
windows may continue through the frame, trom one window to the next, with a
selected window and MDCT transform size. The windowing rotation of the
pipeline processing is centered on the transitions between successive windows.
The processing pipeline runs for each window transition within the frame. The

25 last window in the frame straddles the end-of-frame boundary.

In some embodiments, all frames may be spanned by a number of
windows that corresponds to a power of two. In some embodiments, each
window may be processed by an MDCT that generates half as many spectral
coeflicients as the window length. Thus, each frame may be represented by the

30  same number of spectral coefficients independent of the window size used to
process the frame. In an example embodiment, the frame size N may be 1024,
For a long-window frame, a single long window may span 2048 time-domain
sarnples from the respective long-window frame and the adjacent frames; the
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cotresponding MBCT may generate 1024 spectral coefficients. For a short-
window frame, a short window may span 256 time-domain samples such that 8
overlapping short windows span the frame. An MDCT corresponding to a short
window may generate 128 spectral coefficients. Considering that the short-
window frame may counsist of 8 windows, for each of which a corresponding
MDCT may generate 128 spectral coefficients, a total of 1024 spectral
coefficients may be generated for a short-window frame. In this example and in
other examples that appropriately constructed, the number of spectral
coetticients generated may be equivalent for a long-window frame and for
frames conststing of multiple windows. In some embodiments, this regularity
may be advantageous in that the hitstream formatting (such as that carried out in
block 411) may be consistent for all frames independent of the window size used
to process the frame. In prior approaches to window switching, the data rate may
be significantly different for ditferent window types. In some embodiments, the
regularity may be advantageous in that the data reduction steps (such as those
carried out in block 411) may employ commonly structured processes such as

vector quantizers independent of the window size used to process the frame.

In some embodiments, using window sizes that are related by powers of
two may improve the efficiency of the implementation of the associated
transforms in that transforms with sizes related by powers of two may share
common processing components. In some embodiments, a start window such as
window 901 may be used to process the beginning of a signal. In some
embodiments, a stop window such as 913 may be used to process the end of a
signal. In some embodiments, a stop window and a start window may be used in
succession at an intermediate point in a signal to form a sync point, such as that

shown in Figure 13{d}, which is discussed below.

Figure 10 is an llustrative drawing that depicts a window in accordance
with some embodiments. Figure 10 also depicts a sequence of three frames
1001, 1003, and 100S. For the sake of illustration, the window size associated
with these frames will be defined respectively as 2Mo, ZMh, and 2M:. The frame
jfength will be denoted by N. The depicted window ts further partitioned into five
segments 1011, 1013, 1015, 1017, and 1019. Figure 19 1llustrates how a length

2M; window that entirely spans frame 1003 may be counstructed to transttion

20



WO 2018/201113

W

10

15

PCT/US2018/030061

from a window size of ZMp at frame 1001 to a window size of ZM; at frame
1003, In the depiction of Figure 190, the length 2M; window 1015 that entirely
spans frame 1003 also spans the second half of frame 1001 and the first half of
frame 1005 such that the length 2M; of window 1015 15 equal to twice the frame
size N and thus My=N for this example.

The window 1015 may be constructed as follows. Segment 1011 may

N-M

consist of 2 ----- - zeros. Segment 1013 may be of length Mg and may comprise

the left half (rising portion) of a length 2Mo window designed in accordance
with the constraints discussed in Appendix A in section 4D. Segment 1015 may

consistof 2 2 ones. Segment 1017 may be of length M, and may

/‘V
comprise the right half (falling portion} of a length 2M, window designed in

accordance with the constraints discussed in section 4D of Appendix A. Segment

1019 may consistof 2 zeros.

The example described in conjunction with the depiction of Figure 10
corresponds to the case where frame 1003 is processed by one window. If the
number of windows associated with frame 1003 is greater than one, the
construction may proceed differently than described above. In some
embodiments, a first window for a frame associated with more than one window
may be constructed in five segments in the following way, where my s defined
as the minimum of Mg and My and M is defined as the maximum of mg and M

M —my

N2

a first segment consisting of zeros, a second segment comprising the

left half (rising portion) of a length 2mo window designed in accordance with the
G|

constraints discussed in Appendix A, a third segment consisting of 22

ones, a fourth segment 917 comprising the right half (falling portion) of a length

28 window designed in accordance with the constraints discussed in Appendix

A, and a fitth segment consisting of zeros. In some embodiments, a last
window for a frame associated with more than one window may be constructed
in five segments in the following way, where m; 1s defined as the minirourn of
M and My and M is defined as the maximum of m; and My a first segment

21
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consisting of 24~ zeros, a second segment comprising the left half (rising
o)

portion) of a length 2M; window designed in accordance with the constraints
discussed in section 4D of Appendix A, a third segment consisting of

my M
2 2 ones, a fourth segment 917 comprising the right half (falling

M -

portion) of a length 2m; window designed in accordance with the constraints
M — by

discussed in Appendix A, and a fifth segment consistingof 2 zeros. In
some embodiments, an intermediate window for a frame associated with more
than one window may be constructed as a length 2M: window designed in

accordance with the constraints discussed in section 4D of Appendix A.

An MDCT embodiment such as that of Figures 6-7 may reduce the
memory requirements of the implementation. As explained with respect to the
iltustration in Figure 8, the embodiment of Figures 6-7 may allow for window
switching with reduced latency in that the first half of a frame may be processed
independently of the second half of a frame. Tn embodiments, such as that of
Figure 6-7, the decision to realize a transition window may require less
lookahead and incur less latency than in other MDCT implementations such as
that depicted 1n Figare 5. In some embodiments, processing frames with
windows and associated transforms whose sizes are related by powers of two

may provide advantages in computational efficiency and data reguiarity.

While embodiments of the invention have been discussed in the context
of audio signals, those of ordinary skill in the art will understand that it is within
the scope of the invention to operate on different classes of signals other than

audio signals.

Appendix
A mathematical framework for efficient implementation of
the modified discrete cosine transform in audio coders

1. Introduction

This section describes a general mathematical framework for
implementation of the modified discrete cosine transform in audio coders or
other signal processing applications. The implementation features:

» Good time-frequency localization,
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« Efficient computation using the BCT-IV.
= Realization of windowing as a rotation matrix.
» Flexible window design.

* Flexible window switching with limited lookahead.

W

2. Definitions and properties
24, BOT-IV

The discrete cosine transform (DCT) of order & is the N x N matrix Dy
defined by

. 3
T fmy a
,Dm = cas[ﬁ (Ak + })(B;n + E}/ (5)

10
with O <& # <N, where £ 15 the row index of the matrix and # 18 the column
index. There are other variations of the DCT defined in the literature; this
variation is referred to as the DCT-IV,
The DCT-IV as defined above satisfies the orthogonality condition

Zly (6)

15 D 7'\[/ D N TS
where [y denotes the & x & identity matrix and the superscript 7 denotes a

matrix transpose. Note that a scale factor of fff in the definition of the DCT-IV
'Y
¥4

20 alater section.
2B. MDCT
The modified discrete cosine transform (MDCT} of order N 1s the NV X

2N matrix Cy defined by

Crn = COS (;% (2k+DEn+ N + 1:’) )

[\
W

with O <4 <N and 0 <n <2N. This is also referred to as the forward MBCT.
2{, Relationship between the MBCT and the DCT-IV

For N a power of 2, N> 1, the MDCT and DCT-IV of order V are related
by

[ Q]
3
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r x * N Y
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(8
where J denotes the anti-identity matrix. The sub-matrices in the block matrix
on the right are each of size %’— X g— . the size subscripts have been omitted from
the equation for simplicity.

2D, Inverse MDCT

W

The inverse MDCT is the 2V x N matrix given by the transpose of the

MDCT. This can be written using the block matrix formulation as

x .- -Q

UVed 0

H

N

Vorog
(-f'}“ i A & § ; ?'“\F
- N TR os 3 | R

i Ll { N

i

Py 5

L o

9
noting that J§ = Jy .
10 2E. Time-domain aliasing
The product of the inverse MDCT and the forward MDCT yields the 2N

x 2N matrix

I
- R SO I
- I I
Lo 4
(10}
Ved o]
N b -d 5 oo
RN R S B B .
AR
L Y ( 1 I)
o J_%: § u
15 o (12)
The off-diagonal elements in the sub-matrices (the /vy terms) correspond 1o time-
domain aliasing incurred in the MDCT.
ZF. Normalization
To normalize the result of applving the forward and inverse MDCT
20 successively, the forward and inverse MDCT are each scaled by a factor 4\1{ Nk
AI /

Furthermore, for the sake of computational efficiency, the forward MDCT and
inverse MDCT may be realized in a codec as the negatives of the definitions
given above. The MDCT as implemented in an encoder may be given by
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Hyp = _x]% cos (zi;-;(zzc +DCn+ N+ 1)) (13)
(9)
and the inverse MDCT as implemented in the decoder may likewise be given by
~ E Vi - . 7 N o
Gug = —\f]:v— COS Z?‘J(‘Zk +DEn+ N+ 1) (14}

5 withO <A< Nand O <n<2N

In matrix notation, the scaled forward and inverse transforms are

{0
s (15)
(16)
10 . (17

3. Windowing
In typical processing scenarios, a transform is applied to a segment of a

signal extracted and weighted by a window function:

(18)
15 where the window function w;[n] may vary as a function of the frame index 7
and where &5, are the kernel functions of the forward transform when viewed as
functions of 1.
Figure 11 1s an tllustrative drawing showing frame boundaries, signal
segment boundaries, and window segments. In matrix notation, the windowing
20 and transform operations for a single frame (frame | in this case) can be

expressed in accordance with the notation in Figure 11 as

(19)
where W1 is a 2N x 2N diagonal matrix with the length-2N window wi{n] on the
diagonal. As depicted in Fig, I, the window wi{#] can be decomposed into four

T

N w , .
fength- - sub-windows w4, wis, wic and wip corresponding to the four sub-

Fa

[\
W
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N . ) N
— diagonal matrices W,

p

A

. . . . N

frames spanned by the full window. Defining f;- X
Wig, Wic and Wip similarly as W) (with the corresponding sub-window on the
diagonal), the windowing and MDCT operation from frame 1 can be further

expressed as

Yitiseasasssssnesiossiss

20)
Using the above formulation of the MDCT, this can be rewritten as
& G } § g
o0 r o J 80 W 00 aw
oo Q £ Wig | E oy
& N o N -
(21)
i
¥
¥ PUEF ; : 1 §
% o [ = W 0 Hfmr
A & R ¥ g J
Lo 1)
(22)

The expression in Eq. (22) refactors the MDCT into a sequence of
matrix operations. The vector on the rightmost side of Eq. {22} is a vector of
signal values. A first matrix operation applied to the vector of signal values in
the sequence of matrix operations corresponds at least in part to a windowing
operation. A second matrix operation, which is applied to the result of the first
matrix operation, corresponds at least in part to a DCT transform. Scaling and
permutation operations may be incorporated in either the first or the second
matrix operation. The result of the second matrix operation corresponds to the
MDCT of the vector of signal values. The formulation in Eq. (22) represents the
computation of the MBCT of a single vector or sequence of signal values. In
Egs. (20)-(22), the sliding-window MDCT is constructed by considering the
matrix processing of a succession of signal vectors. This construction indicates
that the sliding-window MDCT can be formulated as windowing rotation
operations centered at frame boundaries (for the case of long windows) followed
by transform operations corresponding at least in part to a DCT transform. For
the case of shorter windows, the windowing rotation operation may be centered

more generally at window transition boundaries.
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4 The sliding-window MDBCT

In signal processing applications such as audio coding, signals of
arbitrary length are often processed via a sliding-window transform in which the
window and transform operation is applied successively at regular intervals
throughout the signal.
4A. Mathematical formulation of the forward MBCT

Using Eq. (18) as a basis, the sliding-window MDCT can be written in

block diagonal form as

' -

i R N

H v N

1 N

N N N

k) ¥

3 N

3 . N

b S N

B C N

PXy T

3 L g

N § =5 FARE R

N \\ 2 t

R

N

N

N

{
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N

N

i

N e
ey

where [ and J¥ are defined as block-diagonal matrices; note that the block-

diagonal sub-matrices operate on successive frames of the input sigoal:

“

am i3 b\ N RS
2= PG F
RO
& ( 24)
NA 14 Eil &
W

) A s
The construction of W can be understood by considering the correspondence of
the boxed elements above to the single-frame formulation of the MDCT in Eq.

(e i+

Hop i 0" g9

(22). The boxed sub-matrix is applied to the frame 1 signal B

part of the computation of the transform X1 Likewise, the subsequent two rows

< ot
b
e}

are applied to the frame 2 signal 12 €@ ¥ S P part of the computation of
the transform X3, Note that the non-zero elements in these two rows have the

same form as the boxed sub-matrix, but are respectively shifted overby NV
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columns; this corresponds to an inter-frame hop size of N for the sliding-
window transform.

Note that the windowing block matrix 10 Eq. (25) has a block-diagonal
structure. The diagonal of the matrix consists of windowing rotation
submatrices that are centered on frame boundaries as indicated by the boxed

element in Eq. (26) below:

e

~fWrq Wig

o
‘i‘,\ =y ) _— ? EE': 4

(26)
The boxed element depicted in Eq. (22} corresponds to a windowing rotation
operation carried out on the second half of frame 1 and the first half of frame 2

as expressed below:

Wic meE ]M:]
—IWas Wy j X2

(27)
where the matrix consists of zeros except for the diagonal {from the top left to
the bottom right of the matrix} and the anti~diagonal {from the top right to the
bottom left). The diagonal operates to scale the data in the vector; the anti-
diagonal operates to negate the first half of the data in the vector, scale the
vector, and flip the data arcund the center point to create a time-aliased version
of the data. In full, the matrix thus operates to combine a scaled version of the
data vector with a scaled and time-aliased version.

The structures of the matrices in Eqs. (24)-(27) gives rise to the pipeline
in Figare 6. Note that Eqgs. (24)«(27) and Figure 6 illustrate the windowing
rotation operation and subsequent processing for the case of long windows,
wherein the windowing operations are centered on frame boundaries. More
generally, the windowing operations are centered on window transitions, for

example in the case of shorter windows within a frame.

4B. The inverse MDCT and perfect reconstruction
The block-diagonal formulation of the sliding-window MDCT can be
used to establish conditions to achieve perfect reconstruction via a frame-by-
23
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frame inverse MDCT. Constraining the overall forward block-diagonal
transformation to be orthogonal, the cascade of the forward and inverse

transforms can be expressed as

(28)
where the property 7D = [ has been incorporated. Perfect reconstruction is thus
achieved if W = I, which requires that the N x ¥ sub-matrices on the

diagonal satisty an orthonormality condition. Consider the highlighted square
submatrix in the windowing matrix # in Eq. (26). From this, the required
orthogonality condition for the window is:

grerereerrres;

(29)
where the condition as stated is for the overlap of frames 1 and 2. If the
corresponding condition holds for all of the sub-matrices on the diagonal (i.e.,
all of the window overlap regions), then perfect reconstruction is achieved for
the full sliding-window transform.

4C. Window conditions for perfect reconsiruction

The orthogonality condition in Eq. (29) can be equivalently written as

5 E‘S\ﬁj < \ § e

E H'f% ._\\? § &g "

i IIN { (30)

from which four sub-matrix conditions can be dertved:

SN S

e 1 1)
WRL LR 7

Yi A3 TR o (32)

§ ‘i(:% A \XH aR i} .

(33)

WindWe -~ Baad®Wi, = O '
L R¥ (34)

Note that the latter two are related by a transpose and are thus equivalent
conditions. Recalling that the W sub-matrices are diagonal, the three sub-matrix
conditions for perfect reconstruction can be equivalently expressed as time-

domain conditions for the window segments wu{n], walnlwcln], and wpln}:
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where 0 <n < N -1 Using Egs. (35) and (36), Eq. (37) can be rewritten as
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Similarly,
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From Eqs. (35}, (36}, (40} and (41), the following relationships can be derived:
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Denoting the concatenation of the window segments wal#] and wa{n] as was{#]

(and similarly for wep{n}), the requirements on the window can be simplified to

R fav 43
TR IR 5, S LN IR § SN LA S
wrrsint b whon V-1 ow

! (44)

-~

(45)
for 0 <n < N - 1. The first constraint means that the latter half of a frame's
window must be power-complementary with its reverse {about its midpoint).
The second constraint means that the reverse of the lafter half of a frame's
window must match the first half of the subsequent frame's window. Given
those constraints, it follows that the first half of a frame's window must also be
power-complementary with its reverse. Note however that all of the constraints
apply to salf of the window, meaning that the second half of a window can be
designed independently from the first half, a property which will become
important in the context of window swiiching.

If a symmetric window is assumed such that

30



WO 2018/201113 PCT/US2018/030061

(A

10

8 (46)

b (47)
holds for 0 < n < N - 1for the window halves wsp{n] and wep{n], then Eq. (45)
can be simplified to wus[n]* = waus{n}’ for 0 <m < N - | and Eq. (44) can be

rewriiten as

| (51)
or, in terms of the full window win}:
-g_g,sgn}:‘,' - &;‘j‘; Bs :§‘;§: EO | ) (52)

which is referred to as the Princen-Bradley condition [}
5. Implementation of the running MDBCT
In this section, two different approaches for implementing the shiding-
window or running MDCT (and inverse MDCT) are reviewed.
5A. Realization using sliding windows

A typical implementation of the running MDCT consists of the

following steps

» Frame the time-domain input signal to partition it into length-N
adjacent segments.

« Apply a length-2V multiplicative window to 2N samples of the signal
comprising N samples from the current frame and N additional samples
from one or both of the preceding and subsequent frames.

» Apply an MDCT to the length-2N windowed segment. This MDCT is
typically implemented using a computationally efficient approach such
as the fast Fourier transform (FFT). The MDCT vields N spectral
coefficients.

» Apply an inverse MDCT (again using efficient computation) to the N
MDCT coefficients to derive 2N time-domain values.

* Apply a length-2N multiplicative window to the 24 outputs from the
MDCT.

» Carry out overlap-add of the length-2N windowed segment with ¥V
previously generated output samples to derive N final output samples

and N samples to store for overlap-add in the following iteration.
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Running MDCTs are commonly implemented based on these steps or relatively

minor variants, This series of operations is depicted in Figure 8,

5B. Realization using orthegonal transforms

Referring again to Figure 6 there is shown an Ulustrative block diagram
of an MDCT implementation based on rotations. Persons skilled in the art will
appreciate that a rotation is a type of orthogonal transtform.

When the windows used in the sliding-window MDCT satisfy the perfect
reconstruction conditions derived above, the N x N sub-matrices on the diagonal
of W are orthogonal matrices. The sliding-window MDCT and inverse MDCT
can thus be implemented in this way:

e Framing to partition the time-domain signal in length-V adjacent

segments.
s  Orthogonal windowing transformation (rotation) covering the latter V.
)

points of one frame and the initial ¥ points of the next. This can be
2

interpreted as the N-point overlap between successive length-2N
windows applied to the respective frames.

e DCT-1V applied to the latter half of one windowing rotation {e.g. the
frame 0-1 overlap) and the initial half of the next {e.g. the frame 1-2
overlap}, the result of this DCT-1V is the MDCT of the frame central {0
the two successive rotations {(frame 1 in this example).

e Inverse BCT-IV applied to the cutput of the DCT-1V.

e Inverse windowing rotation applied to the latter half of the output of the
inverse BCT-IV for one frame and the initial half of the output of the
inverse DCT-TV for the next.

e (Concatenation of the inverse windowing rotation results to form a time-
domain output signal.

This sertes of operations is depicted in Figure 6.
6. Window switching
In audio coders, it 1s beneficial to adapt the window and transform based

on the time-frequency behavior of the audio signal. For tonal signals, the use of
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windows for transient signals limits coding artifacts.
In order to preserve perfect reconstruction, an asymmetric transition

window is needed to adjust the window size. Figure 12 15 an illustrative

W

drawing showing frame boundaries, signal segment boundaries, and window

segments for a transition window. More particularly, Figure 12 is an ilhustrative

drawing showing a transition window for switching from long windows to short
windows. Note that the transition window matches the long window behavior
over the first half of the frame (segments A and B}, With the MDCT

10 decomposed into orthogonal rotations, this part of the window can be processed
{and the computation of the MDCT for frame | can be initiated) prior to
deciding on the window shape for the second half of the frame (segments C and
D). This means that less lookahead is needed than in direct windowing methods
where the entire window for a frame is applied prior to starting the MDCT

15 computation. Note that the transition region in the second half of the window
consists of a flat (constant-valued) region in segment C, the downward transition
across the C-D boundary, and a flat (zero-valued) region in segment D.

Figures 13(a), (b), (¢}, (d) are illustrative drawings showing examples of
window-switching sequences which are readily supported in the orthogonal-

20 rotation MDCT framework of Figures 6-7. Figure 13{a} shows a transition
from a long-window frame to a short window frame via an intermediate
transition window such as that shown in Figure 3. Figure 13(b} shows a
window sequence with multiple window-size transitions; it includes a start
window at the beginning of the window sequence and a stop window at the end.

25 Figare 13{c) shows another sequence with multiple transitions. The start and
stop windows can be used mid-stream as well, e.g. to establish sync points for
switching between different coded streams. Figure 13{d) shows a sequence of
long windows with a mid-stream sync point comprising a stop window and start
window in succession.
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Example Hardware Implementation

Figure 14 is an illustrative block diagram illustrating components of a
machine 1400, according to some example embodiments, able to read
instructions 1416 from a machine-readable medium (e.g., a machine-readable
storage medium) and perform any one or more of the methodologies discussed
herein. Specifically, Figure 14 shows a diagrammatic representation of the
machine 1400 in the example form of a computer system, within which the
mstructions 1416 {e.g., software, a program, an application, an applet, an app, or
other executable code) for causing the machine 1400 to perform any one or more
of the methodologies discussed herein may be executed. For example, the
instructions 1416 can configure a processor 1410 to implement modules or
circutts or components of Figures 4, 5 and 6, for example. The instructions 1416
can transform the general, non-programmed machine 1400 into a particular
machine programmed to carry out the described and llustrated functions in the
manner described {(e.g., as an audio processor circuit). In alternative
embodiments, the machine 1400 operates as a standalone device or can be
coupled (e.g., networked) to other machines. In a networked deployment, the
machine 1400 can operate in the capacity of a server machine or a client
machine in a server-chient network environment, or as a peer machine in 4 peer-

to-peer {or distributed) network environment.

The machine 1400 can comprise, but is not limited to, a server computer,
a client computer, a personal computer (PC), a tablet computer, a laptop
computer, a netbook, a set-top box (S§TB), a personal digital assistant (PDA), an
entertatnment media system or system component, a cellular telephone, a smart
phone, a mobile device, a wearable device (e.g., a smart watch), a smart home
device {e.g., a smart appliance), other smart devices, a web appliance, a network
router, a network switch, a network bridge, a headphone driver, or any machine
capable of executing the instructions 1416, sequentially or otherwise, that
specitfy actions to be taken by the machine 1400. Further, while only a single
machine 1400 is illustrated, the term “machine” shall also be taken to include a
collection of machines 1400 that individually or jointly execute the instructions

1416 to perform any one or more of the methodologies discussed herein.
The machine 1400 can include or use processors 1410, such as inclhuding

34
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an audio processor circuit, non-transitory memory/storage 1430, and VO
components 1450, which can be configured to communicate with each other
such as via a bus 1402, In an example embodiment, the processors 1410 (e.g., a

central processing unit (CPU), a reduced instruction set computing (RISC)

W

processor, a complex instruction set computing {CISC) processor, a graphics
processing unit {GPL), a digital signal processor (BSP), an ASIC, a radio-
frequency integrated circuit (RFIC), another processor, or any suitable
combination thereof) can include, for example, a circuit such as a processor 1412
and a processor 1414 that may execute the instructions 1416. The term
10 “processor” is intended to include a multi-core processor 1412, 1414 that can
comprise two or more independent processors 1412, 1414 (sometimes referred to
as “cores”} that may execute the instructions 1416 contemporaneously. Although
Figure 14 shows multiple processors 1410, the machine 1100 may include a
single processor 1412, 1414 with a single core, a single processor 1412, 1414
15 with multiple cores (e.g., a multi-core processor 1412, 1414), multiple
processors 1412, 1414 with a single core, multiple processors 1412, 1414 with
multiples cores, or any combination thereof, wherein any one or more of the
processors can include a circuit configured to apply a height filter to an audio

signal to render a processed or virtualized audic signal.

20 The memory/storage 1430 can include a memory 1432, such as a main
memory circuit, or other memory storage circuit, and a storage unit 1136, both
accessible to the processors 1410 such as via the bus 1402, The storage unit
1436 and memory 1432 store the instructions 1416 embodying any one or more
of the methodologies or functions described herein. The instructions 1416 may

25 alsoreside, completely or partially, within the memory 1432, within the storage
unit 1436, within at least one of the processors 1410 {e.g., within the cache
memory of processor 1412, 1414), or any suitable combination thereof, during
execution thereof by the machine 1400. Accordingly, the memory 1432, the
storage unit 1436, and the memory of the processors 1410 are examples of

30  machine-readable media.

As used herein, “machine-readable medium” means a device able to store
the instructions 1416 and data temporarily or permanently and may include, but

not be limited to, random-access memory (RAM), read-only memory (ROM),
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buffer memory, flash memory, optical media, magnetic media, cache memory,
other types of storage (e.g., erasable programmable read-only memory
{(EEPROM}}, and/or any suitable combination thereof. The term “machine-

readable medium” should be taken to include a single medium or multiple media

W

{e.g., a centralized or distributed database, or associated caches and servers) able
to store the instructions 1416. The term “machine-readable medium” shall also
be taken to include any medium, or combination of multiple media, that is
capable of storing instructions {e.g., instructions 1416} for execution by a
machine {e.g., machine 1400}, such that the instructions 1416, when executed by
10 one or more processors of the machine 1400 {e.g., processors 1410}, cause the
machine 1400 to perform any one or more of the methodologies described
herein. Accordingly, a “machine-readable medium” refers to a single storage
apparatus or device, as well as “cloud-based” storage systems or storage
networks that include multiple storage apparatus or devices. The term “machine-

15 readable medium” excludes signals per se.

The VO components 1450 may include a variety of components to
receive tnput, provide output, produce output, transmit information, exchange
information, capture measurements, and so on. The specific VO components
1450 that are included in a particular machine 1400 will depend on the type of

20 machine 1100. For example, portable machines such as mobile phones will
likely include a touch wnput device or other such input mechanisms, while a
headless server machine will likely not include such a touch input device. It will
be appreciated that the /O components 1450 may include many other
components that are not shown in FIG. 10. The /O components 1450 are

25 grouped by functionality merely for simplifving the following discussion, and
the grouping is in no way limiting. In various example embodiments, the VO
components 1450 may include output components 1452 and input components
1454, The output components 1452 can include visual components {e.g, a
display such as a plasma display panel (PDP), a light emitting diode (LED)

30 display, a liquid crystal display (LCD), a projector, or a cathode ray tube
{CRT})), acoustic components {e.g., loudspeakers), haptic components (e.g, a
vibratory motor, resistance mechanisms), other signal generators, and so forth,
The input components 1454 can include alphanumeric input components {e.g., a

keyboard, a touch screen configured to receive alphanumeric input, a photo-
36
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optical kevboard, or other alphanumeric input components}, point based input
components {e.g., a mouse, a touchpad, a trackball, a joystick, a motion sensor,
or other pointing instruments), tactile input components {e.g., a physical button,

a touch screen that provides location and/or force of touches or touch gestures,

W

or other tactile input components), audio input components {e.g., a microphone),

and the like.

In further example embodiments, the VO components 1450 can include
biometric components 1456, motion components 1458, environmental
components 1460, or position components 1462, among a wide array of other

10 components. For exarple, the biometric components 1456 can include
components to detect expressions (e.g , hand expressions, facial expressions,
vocal expressions, body gestures, or eye tracking), measure biosignals {e.g.,
blood pressure, heart rate, body temperature, perspiration, or brain waves),
wdentify a person {e.g., voice identification, retinal identification, facial

15  identification, fingerprint identification, or electroencephalogram based
identification), and the like, such as can influence a inclusion, use, or selection
of a listener-specific or environment-specific impulse response or HRTF, for
example. In an example, the biometric components 1156 can include one or
more sensors configured to sense or provide information about a detected

20 location of the listener in an environment. The motion components 1458 can
include acceleration sensor components {e.g., accelerometer), gravitation sensor
components, rotation sensor components {(e.g., gyroscope), and so forth, such as
can be used to track changes in the location of the listener. The environmental
components 1460 can include, for example, illumination sensor components

25 (e.g., photometer), temperature sensor components {e.g., one or more
thermometers that detect ambient temperature), humidity sensor components,
pressure sensor components (e.g., barometer), acoustic sensor components (e.g.,
one or more microphones that detect reverberation decay times, such as for one
or more frequencies or frequency bands), proximity sensor or room volume

30 sensing components {e.g., infrared sensors that detect nearby objects), gas
sensors {e.g., gas detection sensors to detect concentrations of hazardous gases
for safety or to measure pollutants in the atmosphere), or other components that
may provide indications, measurements, or signals corresponding to a

surrounding physical environment. The position components 1462 can include
37
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location sensor components {(e.g., a Global Position System (GPS) receiver
component), altitude sensor components {e g, altimeters or barometers that
detect air pressure from which altitude may be derived), orientation sensor

components (e g, magnetometers), and the like.

Communication can be implemented using a wide variety of
technologies. The V0 components 1450 can include communication components
1464 operable to couple the machine 1400 to a network 1480 or devices 1470
via a coupling 1482 and a coupling 1472 respectively. For example, the
communication components 1464 can include a network interface component or
other suttable device to interface with the network 1480 In further examples, the
communication components 1464 can include wired communication
components, wireless communication coraponents, cellular communication
components, near field communication {(NFC) components, Bluetooth®
components (e.g., Bluetooth® Low Energy), Wi-Fi® components, and other
communication components 1o provide communication via other modalities. The
devices 1470 can be another machine or any of a wide variety of peripheral

devices (e.g., a peripheral device coupled via a USB).

Moreover, the communication components 1464 can detect identifiers or
include components operable to detect identifiers. For example, the
communication components 1464 can include radio frequency identification
(RFID) tag reader components, NFC smart tag detection components, optical
reader components {e.g., an optical sensor to detect one-dimensional bar codes
such as Universal Product Code (UPC) bar code, multi-dimensional bar codes
such as Quick Response (QR) code, Aztec code, Data Matrix, Dataglyph,
MaxiCode, PDF49, Ultra Code, UCC RSS-2D bar code, and other optical
codes), or acoustic detection components {e.g., microphones to 1dentify tagged
audio signals). In addition, a vartety of information can be derived via the
communication components 1064, such as location via Internet Protocol (IP)
geolocation, location via Wi-Fi® signal triangulation, location via detecting an
NFC beacoun signal that may indicate a particular location, and so forth. Such
identifiers can be used to determine information about one or more of a
reference or local impulse response, reference or local environment

characteristic, or a listener-specific characteristic.
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in various example embodiments, one or more portions of the network
1480 can be an ad hoc network, an intranet, an extranet, a virtual private network
{VPN), alocal area network (LAN), a wireless LAN (WLAN}), a wide area
network (WAN), a wireless WAN (WW AN), a metropolitan area network
{(MAN), the Internet, a portion of the Internet, a portion of the public switched
telephone network (PSTN), a plain old telephone service (POTS) network, a
cellular telephone network, a wireless network, a Wi-Fi® network, another type
of network, or a combination of two or more such networks. For example, the
network 1480 or a portion of the network 1080 can include a wireless or cellular
network and the coupling 1082 may be a Code Division Multiple Access
(CDMA) connection, a Global System for Mobile communications (GSM)
connection, or another type of cellular or wireless coupling. In this example, the
coupling 1482 can implement any of a variety of types of data transfer
technology, such as Single Carrier Radio Transmission Technology (1xRTT),
Evolution-Data Optimized (EVDO) technology, General Packet Radio Service
(GPRS) technology, Enhanced Data rates for GSM Evolution (EDGE)
technology, third Generation Partnership Project (3GPP) including 3G, fourth
generation wireless (4G) networks, Universal Mobile Telecommunications
System (UMTS), High Speed Packet Access (HSPA), Worldwide
Interoperability for Microwave Access (WiMAX), Long Term Evolution (LTE)
standard, others defined by various standard-setting organizations, other long
range protocols, or other data transfer technology. In an example, such a wireless
communication protocol or network can be configured to transmit headphone
audio signals tfrom a centralized processor or machine to a headphone device in

use by a listener.

The instructions 1416 can be transmitted or received over the network
1480 using a transmission medium via a network interface device (e.g., a
network interface component included in the communication components 1064)
and using any one of a number of well-known transfer protocols (e.g., hypertext
transfer protocol (HTTP}). Similarly, the tnstructions 1416 can be transmitted or
received using a transmission medium via the coupling 1472 {(e.g., a peer-to-peer
coupling) to the devices 1470. The term “transmission medium” shall be taken to
include any intangible medium that is capable of storing, encoding, or carrying

the instructions 1416 for execution by the machine 1400, and includes digital or

39
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analog communications signals or other intangible media to facilitate

communication of such software.

While the above detailed description has shown, described, and pointed
out novel features as applied to varicus embodiments, it will be understood that

5 wvarious omissions, substitutions, and changes in the form and details of the
devices or algorithms iHustrated can be made without departing from the scope
of the disclosure. As will be recognized, certain embodiments of the inventions
described herein can be embodied within a form that does not provide all of the
features and benefits set forth herein, as some features can be used or practiced

10 separately from others.

Moreover, although the subject matter has been described in language
specific to structural features and methodological acts, it 18 to be understood that
the subject matter defined in the appended claims is not necessarily limited to

the specific features or acts described above. Rather, the specitic features and

o
W

acts described above are disclosed as example forms of implementing the claims.
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CLAIMS

I. An encoding method for encoding an audio signal comprising:

receiving first and second portions of a first audio signal frame and at
least a first portion of a second audio signal frame of the audio signal in
succession;

processing a second portion of the first audio signal frame and a first
portion of the second audio signal frame using an orthogonal transformation to
determine a first windowing rotation result; and

combining with first windowing rotation result with a second windowing
rotation result to form a first intermediate encoding result;

processing the first intermediate encoding result using an orthogonal
transformation to determiune a set of spectral coefficients that corresponds to the

first audio signal.
2. The encoding method of claim 1,

wherein the orthogonal transformation to determine a first windowing
rotation result corresponds to a windowing operation.

o}

3. The encoding method of claim 1,

wherein the orthogonal transformation to determine a set of spectral

coefficients includes g discrete cosine transform.

4. An encoding method for encoding an audio signal comprising:
recetving first and second portions of a first audio signal frame and at
least a first portion of a second audio signal frame of the audio signal in

succession;

providing a first window and a second window in succession, wherein
the first window encompasses the first audio signal frame and the first portion of
the second audio signal frame and wherein the second window encompasses the

second audio signal frame and the second portion of the first audio signal frame;

imparting a scaling windowing rotation to portions of the first and second
audio signal frames to scale the second portion of the first audio signal frame
and the first portion of the second audio signal frame based upon the second
portion of the first window and the first portion of the second window, to

produce an intermediate scaling windowing rotation of the second portion of the
41
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first audio signal frame and the first portion of the second audio signal frame;

and

transforming the intermediate scaling windowing rotation of the second
portion of the first audio signal frame and the first portion of the second audio
signal frame to a first set of spectral coetficients that corresponds to the second
portion of the first audio signal frame and a second set of spectral coefficients

that corresponds to the first portion of the second audio signal frame.
5. The encoding method of claim 4 further including:

wherein imparting the scaling windowing rotation includes to portions of
the first and second audio signal frames scaling a second half of the first audio
signal frame and a first half of the second audio signal frame based upon the
second half of a first window and the first half of the second window to produce
an intermediate scaling windowing rotation of the second half of the first audio

signal frame and the first half of the second audio signal frame.
6. The encoding method of claim 4 further including:
wherein 1mparting the scaling windowing rotation includes,

generating a second portion windowed segment based
upon the second portion of the first window, the second portion of
audio signal frame the first audio signal frame and a first portion

of the second audio signal frame, and

generating a first portion windowed segment based upon a
first portion of the second window, a first portion of the second
audio signal frame and the second portion of the second audio

signal frame.
7. The encoding method of claim 4 further including:
wherein imparting the scaling windowing rotation includes,

generating a second-half windowed segment based upon
the second half of the first window, a second half of audio signal
frame the first audio signal frame and a first half of the second

audio signal frame, and
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generating a first-half windowed segment based upon a
first-half of the second window, a first half of the second audio

signal frame and a second half of the second audio signal frame.
8. The encoding method of claim 4,

wherein transforming the intermediate scaling windowing rotation

includes performing a discrete cosine transtorm.
9. The encoding method of claim 4,

wherein tmparting the scaling windowing rotation includes imparting the

rotation about a boundary between the first and second audio signal frames.
10. The encoding method of claim 4,

wherein the first window has a time duration different from the second

window.

I A decoding method for decoding an audio signal comprising:

receiving a first set of spectral coefficients that corresponds to a first
audio signal frame;

recetving a second set of spectral coefficients that corresponds to a
second audio signal frame;

processing the first set of spectral coefficients using an orthogonal
transformation to determine a first intermediate decoding result;

processing the second set of spectral coefficients using an orthongal
transformation to determine a second intermediate decoding result;

partitioning the first intermediate decoding result into a first partial
windowing rotation result and a second partial windowing rotation result;

partitioning the second 1ntermediate decoding result into a third partial
windowing rotation result and a fourth partial windowing rotation result;

combining the second partial windowing result with the third partial
windowing result to form a windowing rotation result; and

processing the windowing rotation result using a windowing rotation to
determine a set of time-domain audio signal samples corresponding to the
second portion of the first audio signal frame and the first portion of the second

audio signal frame.
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12, The decoding method of claim 11,

wherein the orthogonal transformation to determine the first intermediate

decoding result includes an 1nverse discrete cosine transform.
13. The decoding method of claim 11,

wherein the windowing rotation to determine the set of time-domain

audio signal samples corresponds to a windowing operation.
14 A decoding method for decoding an audio signal comprising:

receiving a set of spectral coefficients that corresponds to a second
portion of a first audio signal frame and a first portion of a second audio signal
frame;

transforming the set of spectral coefficients to a set of time-domain

signal values; and

producing a first window and a second window in sequence, and
imparting a scaling windowing rotation to the set of time-domain signal values,
based upon a second portion of the first window and a first portion of the second
window, to produce a second time-domain signal portion corresponding to a
second portion of the first audio signal frame and a first time-domain signal

portion corresponding to a first portion of the second audio signal frame.
15. The decoding method of claim 14,

wherein imparting the scaling windowing rotation includes scaling the
time-domain signal values, based upon the second half of the first window and
the first half of the second window, to produce a second time-domain signal half
corresponding to a second half of the first audio signal frame and a first time-

domain signal half corresponding to a first half of the second audio signal frame.
16.  The decoding method of claim 14 further including:
wherein imparting the scaling windowing rotation includes,

generating the second time-domain signal portion of the
first audio signal frame based upon the set of time-domain signal

values and the second portion of the first window, and
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generating the first time-domain signal portion of the
second audio signal frame based upon the set of time-domain

signal values the first portion of the second window.
17.  The decoding method of claim 14 further including:
wherein imparting the scaling windowing rotation includes,

generating the second time-domain signal half of
the first audio signal frame based upon the set of time-
domain signal values and the second half of the first

window, and

generating the first time-domain signal half of the
second audio signal frame based upon the set of time-

domain signal values the first half of the second window.
18. The decoding method of claim 14,

wherein transforming the first and second sets of spectral coefficients to
a set of time-domain sigoal values performing an inverse discrete cosine
transform.

19.  The decoding method of claim 14,

wherein imparting a scaling windowing rotation includes imparting the

rotation about a boundary between the first and second audio signal frames.
20.  The decoding method of claim 14,

wherein the first window has a time duration different from the second
window.

21 An audio signal encoder comprising;

a framer to receive an audio signal and to produce a corresponding
succession of audio signal frames including a first frame followed next by a
second frame;

a windowing circuit configured to impart a scaling windowing rotation to
portions of the first and second audio signal frames to scale the second portion of

the first audio signal frame and the first portion of the second audio signal frame

based upon the second portion of the first window and the first portion of the
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second window, to produce a windowing rotation result corresponding to the
second portion of the first audio signal frame and the first portion of the second

audio signal frame; and

a transform circuit configured to combine a portion of the windowing
rotation result with a prior result to form an intermediate encoding result, and
further configured to transform the intermediate encoding result to a first set of

spectral coefficients that corresponds to the first audio signal.
22. The encoder of claim 21,

wherein the windowing circuit 1s configured to impart a scaling
windowing rotation to portions of the first and second audio signal frames to
scale a second half of the first audio sigoal frame and a first half of the second
audio signal frame based upon the second half of the first window and the first
half of the second window, to produce a windowing rotation result for the
second half of the first audio signal frame and the first half of the second audio

signal frame.
23. The encoder of claim 21,

wheretn the windowing circuit is configured to impart the scaling

windowing rotation by,

generating a second portion windowed segment
based upon the second portion of the first window, the
second portion of audio signal frame the first audio signal
frame and a first portion of the second audio signal frame,

and

generating a first portion windowed segment based
upon a first portion of the second window, a first portion
of the second audio signal frame and the second portion of

the second audio signal frame.
24, The encoder of claim 21

K

wherein the windowing circuit 1s configured to impart the scaling

windowing rotation by,
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generating a second-half windowed segment based
upon the second half of the first window, a second half of
audio signal frame the first audio signal frame and a first

half of the second audio signal frame, and

generating a first-half windowed segment based
upon a first-half of the second window, a first half of the
second audio signal frame and a second half of the second

audio signal frame.

25. The encoder of claim 21,

wherein the transform circuit is configured to perform an orthogonal

transformation.

26. The encoder of claim 21

K

wherein the transform circuit 18 configured to perform a discrete cosine
transform.

~r
7
i

2 The encoder of claim 21,

wherein the windowing circuit is configured to impart a scaling
windowing rotation centered around a boundary between the first and second
audio signal frames.

28. The encoder of claim 21,

wherein the first window has a time duration different from the second

window.

29 An audio signal decoder comprising:

a transform circuit configured to transform a first set of spectral
coefficients corresponding toa first audio signal frame to a first intermediate
decoding result and a second set of speciral coefficients corresponding to a

second audio signal frame to a second intermediate decoding result;

a windowing circuit configured to combine a second portion of the first

intermediate decoding result and a first portion of the second intermediate
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decoding result to form a first windowing rotation result, and further configured
to produce a first window and a second window in sequence, and to impart a
scaling windowing rotation to the first windowing rotation result, based upon a
second portion of the first window and a first portion of the second window, to
produce a set of time-domain signal samples corresponding to a second portion
of the first audio signal frame and a first time-domain signal portion

corresponding to a first portion of the second audio signal frame.
30. The decoder of claim 29,

wherein the windowing circuit is configured to impart a scaling
windowing rotation to the windowing rotation result, based upon a second half
of the first window and a first half of the second window, to produce a set of
time-domain signal samples corresponding to a second half of the first audio

signal frame and a first half of the second audio signal frame.
31 The decoder of claim 29,

wherein the windowing circuit is configured impart a scaling windowing

rotation to the set of time-domain signal values by,

generating the second time-domain signal portion of the
first audio signal frame based upon the set of ime-domain signal
values and the second portion of the first window, and
generating the first time-domain signal portion of the
second audio signal frame based upon the set of time-domain
signal values the first portion of the second window.
32. The decoder of claim 29,
wherein the windowing circuit is configured impart a scaling windowing
rotation to the set of time-domain signal values by,
generating the second time-domain signal half of
the first audio signal frame based upon the set of time-

domain signal values and the second half of the first

window, and
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generating the first time-domain signal half of the
second audio signal frame based upon the set of time-

domain signal values the first half of the second window.
33. The decoder of claim 29,

wherein the transform circuit is configured to perform an orthogonal

transformation.
34, The decoder of claim 29,

wherein the transform circuit is configured to perform an inverse discrete

cosine transform.
35. The decoder of claim 29,

wherein the windowing circuit is configured to impart a scaling
windowing rotation centered around a boundary between the first and second

audio signal frames.
36. The decoder of claim 29,

wherein the first window has a time duration different from the second window.
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Continued from Box No. |Il Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-10, are drawn to an encoding method for encoding an audio signal comprising: receiving first and second portions of a
first audio signal frame and at least a first portion of a second audio signal frame of the audio signal in succession; processing a second
portion of the first audio signal frame and a first portion of the second audio signal frame using an orthogonal transformation to
determine a first windowing rotation resuit.

Group ll, claims 11-13 and 29-36, are drawn to a decoding method for decoding an audio signal comprising: receiving a first set of
spectral coefficients that corresponds to a first audio signal frame; receiving a second set of spectral coefficients that corresponds to a
second audio signal frame; processing the first set of spectral coefficients using an orthogonal transformation to determine a first
intermediate decoding result.

Group Ill, claims 14-36, are drawn to a decoding method for decoding an audio signal comprising: receiving a set of spectral coefficients
that corresponds to a second portion of a first audio signal frame and a first portion of a second audio signal frame; transforming the set
of spectral coefficients to a set of time-domain signal values.

The inventions listed as Groups |, Il and Ill do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the
Group | invention: receiving first and second portions of a first audio signal frame and at least a first portion of a second audio signal
frame of the audio signal in succession; the first window encompasses the first audio signal frame and the first portion of the second
audio signal frame and wherein the second window encompasses the second audio signal frame and the second portion of the first
audio signal frame; imparting a scaling windowing rotation to portions of the first and second audio signal frames to scale the second
portion of the first audio signal frame and the first portion of the second audio signal frame based upon the second portion of the first
window and the first portion of the second window, to produce an intermediate scaling windowing rotation of the second portion of the
first audio signal frame and the first portion of the second audio signal frame as claimed therein is not present in the invention of Groups
Il and Il. The special technical feature of the Group II invention: processing the first set of spectral coefficients using an orthogonal
transformation to determine a first intermediate decoding result; processing the second set of spectral coefficients using an orthogonal
transformation to determine a second intermediate decoding result; partitioning the first intermediate decoding result into a first partial
windowing rotation result and a second partial windowing rotation result; partitioning the second intermediate decoding result into a third
partial windowing rotation result and a fuurlh partial windowing rotation resuit; combining the second partial windowing result with the
third partial windowing result to form a windowing rotation result; and processing the windowing rotation result using a windowing
rotation to determine a set of time-domain audio signal samples corresponding to the second portion of the first audio signal frame and
the first portion of the second audio signal frame as claimed therein is not present in the invention of Groups | or Ill. The special technical
feature of the Group |ll invention: transforming the set of spectral coefficients to a set of time-domain signal values; and imparting a
scaling windowing rotation to the set of time-domain signal values, based upon a second portion of the first window and a first portion of
the second window, to produce a second time-domain signal portion corresponding to a second portion of the first audio signal frame
and a first time-domain signal portion corresponding to a first portion of the second audio signa! frame as claimed therein is not present
in the invention of Groups | or II.

Groups |, Il and lII lack unity of invention because even though the inventions of these groups require the technical feature of an audio
signal processing method comprising providing a first window and a second window in succession: a first set of spectral coefficients that
corresponds to a first audio signal frame; and a second set of spectral coefficients that corresponds to a second audio signal frame, this
technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2011/0238426 to Fuchs et al. teaches an audio signal processing method (Para. [0002]) comprising providing a first
window and a second window in succession (Para. [0021)]): a first set of spectral coefficients that corresponds to a first audio signal
frame; and a second set of spectral coefficients that corresponds to a second audio signal frame (Paras. [0118), [0133], [0156], [0160)).

Since none of the special technical features of the Group !, Il or Ill inventions are found in more than one of the inventions, unity of
invention is lacking.
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