
WO 2009/039451PCT/US2008/077129 1 EFFICIENT DESIGN OF MDCT / IMDCT
FILTERBANKS FOR SPEECH AND AUDIO CODING APPLICATIONS BACKGROUND Claim
of Priority under 35 U.S.C. 119 [0001] The present Application for
Patent claims priority to U.S. Provisional Application No. 60/973,709
entitled "Design of Fast MDCT/IMDCT Module for G.VBR Codec" filed
September 19, 2007, and U.S. Provisional Application No. 60/989,400
entitled "Design of Fixed-Point MDCT/IMDCT Module for G.VBR Codee"
filed November 20, 2007, both assigned to the assignee hereof and
hereby expressly incorporated by reference herein. Field [0002] The
following description generally relates to encoders and decoders and,
in particular, to an efficient MDCT / IMDCT implementation for voice
and audio codecs. Background [0003] One goal of audio coding is to
compress an audio signal into a desired limited information quantity
while keeping as much as the original sound quality as possible. In
an encoding process, an audio signal in a time domain is transformed
into a frequency domain, and a corresponding decoding process
reverses such operation. [0004] As part of such an encoding process,
a signal may be processed by a modified discrete cosine transform
(MDCT). The modified discrete cosine transform (MDCT) is a
Fourier-related transform based on the type-IV discrete cosine
transform (DCT-IV), with the additional property that blocks are
overlapped so that the ending of one block coincides with the
beginning of the next block. This overlapping helps to avoid aliasing
artifacts, and in addition to the energy-compaction qualities of the
DCT, makes the MDCT especially attractive for signal compression
applications. [0005] MDCT transform has also found applications in
speech compression. ITU-T G.722.1 and G.722.1C vocoders apply MDCT on
input speech signal, while more recent ITU-T G.729.1 and G.718
algorithms use it to process residual signal, remaining after the use
of Code Excited Linear Prediction (CELP) encoder. The above mentioned
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vocoders operate with input sampling rates of either 8kHz or 16 kHz,
and 10 or 20-millisecond frames. Hence, their MDCT fiterbanks are
either 160 or 320-point transforms. [0006] However, if future speech
coders will support block-switching functionality support for
decimated sizes (160, 80, 40-points) may also be needed. SUMMARY
[0007] The following presents a simplified summary of one or more
embodiments in order to provide a basic understanding of some
embodiments. This summary is not an extensive overview of all
contemplated embodiments, and is intended to neither identify key or
critical elements of all embodiments nor delineate the scope of any
or all embodiments. Its sole purpose is to present some concepts of
one or more embodiments in a simplified form as a prelude to the more
detailed description that is presented later. [0008] An encoding
method and/or device are provided for computing transform values.
Time-domain input values representing an audio signal are received. A
modified windowing function may be produced or obtained that merges
factors from the transform operation and the windowing operation to
obtain piece-wise symmetric windowing factors. A subset of the
piece-wise symmetric windowing factors are stored from which a
complete set of the piece-wise symmetric windowing factors can be
reconstructed. The stored subset of the piece-wise symmetric
windowing factors may include at least half of the unique factors for
each piece-wise symmetric set of windowing factors. Prior to
transforming the input values, the complete set of reconstructed
piece-wise symmetric windowing factors may be applied to the input
values. The input values may be transformed into spectral
coefficients using a Modified Discrete Cosine Transform (MDCT) that
is recursively split into at least one of a Discrete Cosine Transform
type IV (DCT-IV), a Discrete Cosine Transform type II (DCT-11), or
both the DCT-1V and DCT-11, where each such transform is of smaller
dimension than the MDCT, wherein at least some multiplication
operations of the MDCT are merged with a prior windowing operation
applied to the input values. The DCT-II may be a 5-point transform
that can implement MDCTs of different sizes. The MDCT may implement
at least two of 320, 160, 80, 40-point transforms using the same
DCT-II. For fixed-point implementations, dynamic range estimation and
renormalization on the outputs from the windowing function may also
be performed.  3 [0009] A decoding method and/or device are provided
for computing transform values. Spectral coefficients representing an
audio signal are received. The spectral coefficients may be
transformed into time-domain output values using an Inverse Modified
Discrete Cosine Transform (IMDCT) that is recursively split into at
least one of an Inverse Discrete Cosine Transform type IV (1DCT-IV),
an Inverse Discrete Cosine Transform type II (IDCT-II), or both the
IDCT-IV and IDCT-II, where each such inverse transform is of smaller
dimension than the IMDCT, wherein at least some multiplication
operations of the IMDCT are merged with a subsequent windowing
operation applied to the output values. For instance, the IDCT-II is
a 5-point inverse transform that implements IMDCTs of different
sizes. The IMDCT may implement at least two of 320, 160, 80, 40-point
inverse transforms using the same core IDCT-II. Additionally, a
modified windowing function may be produced that merges factors from
the transform operation and the windowing operation to obtain
piece-wise symmetric windowing factors. A subset of the piece-wise
symmetric windowing factors may be stored from which a complete set



BRIEF DESCRIPTION OF THE DRAWINGS [0013] Various features, nature,
and advantages may become apparent from the detailed description set
forth below when taken in conjunction with the drawings in which like
reference characters identify correspondingly throughout. [0014] FIG.
1 is a block diagram illustrating an example of an encoder that may
include an MDCT analysis filterbank. [0015] FIG. 2 is a block diagram
illustrating an example of a decoder that may implement include an
IMDCT synthesis filterbank. [0016] FIG. 3 illustrates how the MDCT
transform may be implemented based on the N/2-point DCT-IV core
function. [0017] FIG. 4 illustrates how an IMDCT transform may be
implemented based on the N/2-point IDCT-IV core function. [0018] FIG.
5 is a diagram illustrating a 5-point DCT-II transform that may be
implemented as part of an encoder MDCT transform. [0019] FIG. 6 is a
diagram illustrating a 5-point IDCT-II transform that may be
implemented as part of a decoder IMDCT transform. [0020] FIG. 7 is a
block diagram illustrating an example of how a DCT-IV transform of
length N=10 points can be implemented using two DCT-II transforms.
[0021] FIG. 8 is a block diagram illustrating an example of how an
IDCT-IV transform of length N=10 points can be implemented using two
IDCT-II transforms.  5 [0022] FIG. 9 is a graph illustrating the
piece-wise symmetric nature of the window function. [0023] FIG. 10 is
a block diagram illustrating a device for computing transform values.
[0024] FIG. 11 illustrates an example of a method for encoding a
signal using a MDCT transform based on a core DCT-II transfomi. 



[0025] FIG. 12 is a block diagram illustrating a device for computing
transform values. [0026] FIG. 13 illustrates an example of a method
for decoding a signal using an IMDCT transform based on a core
IDCT-II transform. [0027] FIG. 14 is a block diagram illustrating a
device for performing windowing operations. [0028] FIG. 15
illustrates an example of a method for performing a windowing
operation. DETAILED DESCRIPTION [0029] Various embodiments are now
described with reference to the drawings, wherein like reference
numerals are used to refer to like elements throughout. In the
following description, for purposes of explanation, numerous specific
details arc set forth in order to provide a thorough understanding of
one or more embodiments. It may be evident, however, that such
embodiment(s) may be practiced without these specific details. In
other instances, well-known structures and devices are shown in block
diagram form in order to facilitate describing one or more
embodiments. Overview [0030] One feature provides for implementing an
N-point MDCT transform by mapping it into smaller sized N/2-point
DCT-IV and DCT-II transforms with isolated pre-multiplications which
can be moved to the subsequent windowing stage. That is, the
windowing operations may be merged with first/last stage
multiplications in the core MDCT/IMDCT functions, respectively, thus
reducing the total number of multiplications. Additionally, the MDCT
may be systematically decimated by factor of 2 by utilizing a
uniformly scaled 5-point DCT-II core function (using at most 5
non-trivial multiplications) as opposed to the DCT-IV or FFT cores
used in many existing MDCT designs in audio codecs.  6 [0031] The
modified windowing stage provides piece-wise symmetric factors which
can be stored using half the factors. Such features offer appreciable
reduction in complexity and less memory usage than the prior art.
Codec Structure [0032] FIG. 1 is a block diagram illustrating an
example of an encoder that may include an MDCT analysis filterbank.
The encoder 102 may receive an input audio signal 104. An MDCT
Analysis Filterbank 106 (i.e., modified discrete cosine transform
based on the type-IV discrete cosine transform) operates to decompose
the time-domain input audio signal 104 into a plurality of sub-band
signals and convert the signals to the frequency-domain, where each
sub-band signal is converted into a transform coefficient per
sub-band per block. The resulting signal is then quantized by a
Quantizer 108 and encoded by an Entropy Encoder 110 to produce a
bitstream 112 of the digitized audio signal. According to one
example, the MDCT Analysis Filterbank 106 may be implemented by a
windowing function 114, a transform 116 (e.g., time-domain to
frequency domain), and/or a scaling function 118. The MDCT Analysis
Filterbank 106, including the windowing function 114, transform 116,
and/or scaling function 116, may be implemented in hardware (e.g., as
a processor, circuit, programmable logic device, etc.), software
(e.g., instructions executable by a processor), and/or a combination
thereof [0033] FIG. 2 is a block diagram illustrating an example of a
decoder that may implement include an IMDCT synthesis filterbank. The
decoder 202 may receive a bitstream 204. An Entropy Decoder 206
decodes the bitstream 204 which is then dequantized by a Dequantizer
208 to produce a frequency-domain signal. An IMDCT Synthesis
Filterbank 210 (i.e., inverse modified discrete cosine transform
based on the type-IV discrete cosine transform) operates to convert
the frequency-domain signal 104 back to a time-domain audio signal



7 device, etc.), software (e.g., instructions executable by a
processor), and/or a combination thereof Implementing MDCT Using
DCT-IV and DCT-II [0034] According to a feature, the transform 116
(FIG. 1) and inverse transform 216 (FIG. 2) may be decimated and
implemented by one or more DCT-IV (and IDCT-IV) transfol ills which
can be implemented as one or more DCT-I1 (and IDCT-II) transforms,
respectively. [0035] A Modified Discrete Cosine Transform (MDCT) can
be defined by: X (k) =Ix(n) cos(2n +1+ -N)(2k +1))k = 0,1,...,N/2 -1.
(Equation 1) n=0,2N Similarly, the Inverse MDCT (IMDCT) can be
defined by: N/2-I (N k(n) =X (k) cos+1+-)(2k +09,n = 0,1,..., N - 1.
(Equation 2) n-02N2 where {x(n), for n=0,1,. ..N-1, represents the
input sequence of samples, N denotes the frame length, X(k) is the
resulting MDCT coefficients, and k(n) represents the reconstructed
outputs. [0036] Using matrix notation, the MDCT transform can be
represented by a matrix M: M(i, j)= cos(-7((2] +1++1)9,where i =
0,1.....N/2 -1; = 0,1,...,N - 1. (Equatio 



2N2 n3) Consequently, X = Mx and I- = M TX,  where x represents a
matrix of input samples [x(0),...,x(N -1)I , X represents a matrix of
resulting MDCT coefficients [T N X(0),..., X (-2-1) , and X'
represents a matrix of reconstructed outputs R:(0),..., AN - 1)f .
[0037] In order to implement the MDCT transform, it may be mapped
into an N/2- point DCT-1V core function. For example, the transform
116 of FIG. 1 may be implemented as one or more N/2-point DCT-IV
transforms. [0038] A DCT-IV transform can be defined as:  27r? Cr =
X(k)= Tpr Ex-(n)COE(2n+1)(2k+1)k = 0,1,...,N-1.(Equation 4)
Meanwhile, an IDCT-IV transform can be defined as: n- x(n)= Ecr ca5.
-- (2n +1)(2k+1)9,n =0,1,...,N-1.(Equation 5) 



k=0 [0039] The MDCT transform can be mapped to an N/2 - point DCT-IV
transform as = PSCNR,.2;(Equation 6) and the IMDCT transform can be
mapped to an N/2-point IDCT-IV transform as Al = CATI..,SPT(Equation
7) where P= o414 - J N/4 (Equation 8)     `IN / 40 



/N/40      where IN14 is an N/4 x N/4 identity matrix and JA,/4 is an
N/4 x N/4 order reversal matrix, and matrix S is defined as    and
CNIVI, is an N/2 x N/2 DCT-IV matrix that can be defined as C Arir
.2(i , j) = cos(2-1--2N (2 j +1)(2i +1))1,1 = 0,1,..., NI
2-1(Equation 10) [0040] By using the symmetry and involutory
properties of the DCT-TV matrix, it can be mapped into a DCT-II
transform. The DCT-II transform may be defined as: .1(k) A'(2n +
1)1(7r C = X(k)=E 40 co  k = 0,1,...,N -1.(Equation 11) 



Likewise, an IDCT-II transform may be defined as: '.2..(k) H/ (2n
+1)lar) x(n) = EC,. cosn = 0,1,..., N -1. (Equation 12) x A 2, 2N
where A..(k)= 1I -sh , if k = 0, otherwise 1.  9 [0041] FIG. 3
illustrates how the MDCT transform may be implemented based on the
N/2-point DCT-1V core function. The MDCT transform may be implemented
as part of an encoder that transforms time-domain input samples into
frequency-domain output samples. For an input sequence X(3N/4) to
X(N/4) 304, an MDCT transform can be represented by cosine factors
306 followed by a DCT-IV transform 302 to produce outputs 308. As
discusses below, the cosine factors 306 can be absorbed into a prior
windowing stage/function within an encoder. [0042] Similarly, FIG. 4
illustrates how an IMDCT transform may be implemented based on the
N/2-point IDCT-IV core function. The IMDCT transform may be
implemented as part of a decoder that transforms frequency-domain
input samples into time-domain output samples. For an input sequence
X(0) to X(N/2-1) 404, an IMDCT transform can be represented by an
IDCT-IV transform 402 followed by cosine factors 406 to produce
outputs 408. As discusses below, the cosine factors 406 can be
absorbed into a subsequent windowing stage/function within a decoder.
Note that the IMDCT mapping and cosine factors illustrated in FIG. 4
serve to reverse the operations of the MDCT mapping (FIG. 3) assuming
the same windowing function is used at both the encoder and decoder.
[0043] The use of cosine factors 306 and 406 in both of these
mappings (FIGs. 3 and 4) provide for numerical stability at zero or
near zero values, which is something not achievable with other types
of factors (e.g., inverse cosine factors). [0044] Note that the
inputs to the MDCT and IMDCT transforms may be processed as frames or
blocks having a plurality of data points. Consequently, in order for
a vocoder (e.g., G.VBR codec) to support data blocks having frame
lengths smaller than 320, transforms of decimated sizes are needed.
For blocks having a frame length of 160, 80, 40, etc., it is observed
that these sizes are all multiples of 5. Therefore, the last
nonreduceable (by decimation techniques) block size could use a
transform of size 5. It is observed that, in terms of decimation
techniques, it is much more efficient to design a 5- point DCT-II
transform than either DCT-IV or FFF transforms. [0045] The DCT-IV
transform may be mapped to the DCT-II transform as Civirc 2 = D(CNB/
)T LT (Equation 13) where D is a diagonal matrix with elements D(i,
j)= 2 cosH1-2N (2i +i = 0,1,..., N/ 2 -1, (Equation 14) 
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0 0 0 ,(Equation 15)  and CNI1/ 2 may be an N12 x N12 DCT-II matrix
defined as CIAL.2 (i,j71.) = cos -(2i +1)jj = 0,1,...,N12
-1.(Equation 16) \N [0046] FIG. 5 is a diagram illustrating a
factorization of a 5-point DCT-II transform that may be implemented
as part of an encoder MDCT transform. Note that factor a in this
transform is a dyadic rational, and so multiplication by it is just a
binary shift operation. This 5-point transform can be implemented
either using planar rotation and 5 multiplications or by using 4
multiplications by factorizing planar rotation or using lifting
steps. For a 5-point sequence of inputs x 502, the outputs Cu 504 for
the 5-point DCT-II transform can be generated using 4 non-trivial
multiplications and 13 additions or 5 multiplications and 13
additions. The DCT-II transform outputs e are generated as: 137r \ 



TCAfg =-; 4-cos(- ; y= -cos uo, f, = x(o)+ x(4); f2 = x(4) - x(0) fj
= x(3) - x(1);ft = x(3) + x(1) fs =f4; f6=f4-fi gl = x(2) - af5;g2 =
x(2) + f5 g3 = fif2 + 7f3;gr = fif, - yr, C (0) = g 2;C 11 (1) = g 4
;C H (2) = 616 - g C H (3) = g3;C 11 (4) = gL - 6f6  11 may be used
to implement the IDCT-IV transform (FIG. 4) for a decoder IMDCT
transform. It can be implemented either using planar rotation and 5
multiplications or by using 4 multiplications by factorizing planar
rotation or using lifting steps. For a 5- point sequence of inputs Cu
602, the outputs .1 604 for the 5-point IDCT-II transform can be
generated using 4 non-trivial multiplications and 13 additions or 5
non-trivial multiplications and 12 additions as illustrated. The
IDCT-II transform outputs 1 are generated as:  



a, = CH (2) + CH(4); a2 = Cu (4) - Cu (2) = Cll (0) + a2;b2 = CH (0)
- cza2 b3 = fiCH (1) + yCH (3);b4 =(3) + yCH (1) bs = b2 + gal;b6 =
b, - gal 1(0) =- 1) 6 - b 4;= b + b5;/(2) = 1(3) = b5 - b3;1(4) = +
b6 [0048] FIG. 7 is a block diagram illustrating an example of how a
DCT-IV transform of length N=10 points can be implemented using two
DCT-II transforms (N = 5 points). For a sequence of ten input points
x(0),..., x(9) 702, the 10-point DCT-IV transform can be implemented
by two 5-point DCT-II transforms 704 and 706 and factors 708 to
produce output coefficients C11(0),..., C11(9) 710. In this manner, a
core 5-point DCT-II transform may be used to implemented transforms
capable processing frame lengths of 160, 80, 40, etc. [0049] FIG. 8
is a block diagram illustrating an example of how an IDCT-IV
transform of length N=10 points can be implemented using two IDCT-II
transforms (N = 5 points). For a sequence of ten input points
C11(0),..., C11(9) 802, the 10-point IDCTIV transform can be
implemented by two 5-point DCT-II transforms 804 and 806 and  factors
808 to produce output coefficients (0),..., 1 (9) 810. In this
manner, a core 5- point IDCT-II transform may be used to implemented
transforms capable processing frame lengths of 160, 80, 40, etc.  12
Merging Multiplication Factors into Windowing Stage [0050] The MDCT
transform is often used in voice and audio coding algorithms (such as
a G.VBR codec) and is essentially a scaled MDCT combined with
windowing function h (n): 2N-1 



F(k)=f (n)h(n)cos (2n + N +I)(2k +1 r)n- 4N k =N -1 . (Equation 17)
where. f(n) denotes input data samples, h(n) is a windowing function,
and F(k) denotes the output MDCT spectrum coefficients. For example,
the window function h(n) may be a sinusoidal function:        2. ( n
+1)7r h(n) = sin 4N (Equation 18)  [0051] As previously discussed,
the pre-multiplications factors (e.g., 306 in FIG. 3) involved
mapping an DCT-IV transform to an MDCT transform, as well as the
post-multiplication factors (e.g., 406 in FIG. 4) involved in mapping
an IDCT-IV transform to an IMDCT transform, can be merged into their
respective windowing stage. For example, the windowing function may
be a sinusoidal function defined, for example, as: .(2n +1)ff  h(n)
sin(Equation 19) 4N [0052] The combination of this windowing function
h(n) and the transform factors produces the modified window function:



w(n) yrN. 2  ' n = n = N - 4 -N-I 4 . N -1 (Equation 20)  cos - (2n
+1 + -) sin ', 2N2 



2      +11 ,2N                                n-(2n +1)) - cos((2n
+1+ -N)jsini 2N22N     



For 0 <n <N/4: w(-N-1- n)= w(n) = 2 cos(- (2n +1 + -N)\sin(  R-(2n
+1)'' 42N22N (Equation 21)  13 w(n +-N)w(N -1- n) = 2 sin -(2n +1+
-N)\ sin ( Ir (2n I.(Equation 22)    



2N  4 2N2,     These merged or combined windowing factors may be
pre-calculated and/or stored. In the case of the cosine factors 306
in FIG. 3 and 406 in FIG. 4, these provide piece-wise factors once
merged. Consequently, for the modified window function, just a subset
(e.g., half) of the factors need be stored. During windowing
operations on values, the subset of stored factors can be retrieved
and used according to their piece-wise symmetric properties. [0053]
FIG. 9 is a graph illustrating the piece-wise symmetric nature of the
window function (of Equation 20). Compared to a symmetrical sine
window, the windowing factors can be stored using the same amount of
memory since only half of the windowing factors 902 and 904 are
stored. In this example, for N = 640 samples/factors and the
illustrated piece-wise symmetric window, a first set of 160 samples
(i.e., 0 to N/4 -1) may be represented by just the first 80 samples
or factors 902 since this is a symmetric portion. Likewise, a second
set of 480 samples/factors (i.e., N/4 to N) may be represented by
just the first 240 samples or factors 904. Consequently, just half of
the factors are stored, thereby saving memory space. Additionally,
this reduction of sample points may also result in faster processing
since it reduces the number of memory accesses used to retrieve the
windowing factors. Example of Encoding using MDCT Transform [0054]
FIG. 10 is a block diagram illustrating a device for computing
transform values. The device 1002 may include an input module 1006, a
window module 1010, and/or a transform module 1014. The input module
1006 may be adapted to receive an audio signal 1004 and provide
time-domain input values 1008 representing the audio signal. The
window module 1010 may produce a modified windowing function that
merges factors from the transform operation and the windowing
operation to obtain piece-wise symmetric windowing factors. For
instance, the window module 1010 may include a merging module 1018, a
factor splitting module 1019, a storage module 1020, and/or a
windowing function 1022. The merging module 1018 may perform the
function of merging factors from the transform operation and the
windowing operation to obtain piece-wise symmetric windowing factors.
For example, the cosine factors 306 (FIG. 3) may be merged with other
windowing function factors. The factor splitting  14 module 1019 may
then obtain a subset of the piece-wise symmetric windowing factors
(as illustrated in FIG. 9). The storage module 1020 may then store
the subset of the piece-wise symmetric windowing factors from which a
complete set of the piece-wise symmetric windowing factors can be
reconstructed. For instance, the subset of the piece-wise symmetric
windowing factors may include at least half of the unique factors for
each piece-wise symmetric set of windowing factors. The windowing
module 1010 (via windowing function 1022) may be further configured
to apply the complete set of reconstructed piece-wise symmetric
windowing factors to the input values 1008 prior to transforming the
input values (thereby obtaining the windowed input values 1012). 



[0055] The transform module 1014 may transform the windowed input
values 1012 into spectral coefficients 1016 using, for example, a
Modified Discrete Cosine Transform (MDCT). The MDCT may be
recursively split into at least one of a Discrete Cosine Transform
type IV (DCT-IV), a Discrete Cosine Transform type II (DCT-II), or
both the DCT-IV and DCT-II, where each such transform is of smaller
dimension than the MDCT, wherein at least some multiplication
operations of the MDCT are merged with a prior windowing operation
applied to the input values. in one example, the DCTII may be a
5-point transform that implements MDCTs of different sizes, such as
the DCT-II illustrated in Figure 5. The MDCT may implement at least
two of 320, 160, 80, 40-point transforms using the same core DCT-II.
The components of the device 1002 may be implemented as hardware,
software, and/or a combination of the thereof. For example, the
device 1002 may be a processor and/or circuit that implements the
functions of its components or modules. [0056] FIG. 11 illustrates an
example of a method for encoding a signal using a MDCT transform
based on a core DCT-II transform. Time-domain input values
representing an audio signal may be received 1102. For instance, an
analog audio signal (e.g., voice signal, music, video, etc.) may be
sampled to obtain the input values. [0057] In one example, a modified
windowing function maybe produced that merges factors from a
transform operation and a windowing operation to obtain piece-wise
symmetric windowing factors 1104. A subset of the piece-wise
symmetric windowing factors is then stored from which a complete set
of the piece-wise symmetric windowing factors can be reconstructed
1106. Prior to transforming the input values, the complete set of
reconstructed piece-wise symmetric windowing factors may be applied
to the input values 1108. For instance, the cosine factors
illustrated in FIG. 3  15 (reference 306) for the MDCT transform may
be applied at the prior windowing operation. The subset of the
piece-wise symmetric windowing factors may include at least half of
the unique factors for each piece-wise symmetric set of windowing
factors. [0058] The resulting (windowed) input values (from the
windowing operation) may be transformed into spectral coefficients
using a Modified Discrete Cosine Transform (MDCT) that is recursively
split into at least one of a Discrete Cosine Transform type IV
(DCT-IV), a Discrete Cosine Transform type II (DCT-II), or both the
DCT-IV and DCT-II, where each such transform is of smaller dimension
than the MDCT, wherein at least some multiplication operations of the
MDCT are merged with a prior windowing operation applied to the input
values 1110. For example, the MDCT may be implemented based on a
Discrete Cosine Transform type IV (DCT-IV) which is implemented based
on the core DCT-II (e.g., the transform in Figure 5). The DCT-II may
be a 5-point transform that implements MDCTs of different sizes. For
instance, the MDCT may implement at least two of 320, 160, 80,
40-point transforms using the same core DCT-II. The core DCT-II may
include five (5) multiplication operations and 12 additions or four
(4) multiplication operations and 13 additions. [0059] Additionally,
for fixed-point implementations, dynamic range estimation and/or
renormalization may be performed on the outputs from the windowing
function 1112. In one example, renoimalization may be done by
shifting all intermediate values left (in a buffer) reserving at
least one bit as headroom to prevent overflows in subsequent stages
in the transform. Example of Decoding using IMDCT Transform [0060]



implements IMDCTs of different sizes. The IMDCT implements at least
two of 320, 160, 80, 40-point inverse transforms using the same core
IDCT-I1. In various implementations, the IDCT-II may include at most
five (5) multiplications operations and 12 additions or four (4)
multiplications operations and 13 additions. [0063] Additionally, a
modified windowing function may be produced that merges factors from
the transform operation and the windowing operation to obtain
piece-wise symmetric windowing factors 1106. A subset of the
piece-wise symmetric windowing factors may be stored from which a
complete set of the piece-wise symmetric windowing factors can be
reconstructed 1308. The stored subset of the piece-wise symmetric
windowing factors may include at least half of the unique factors for
each piece-wise symmetric set of windowing factors. The complete set
of reconstructed piece-wise symmetric windowing factors may then be
applied to the output values after transforming the spectral
coefficients 1310. [0064] Optionally, for fixed-point
implementations, dynamic range estimation and renormalization may be
performed on the inputs to the windowing function 1305. The dynamic
range estimation and renormalization may be performed after all
recursively processed inter-coefficient subtractions in MDCT to
DCT-IV mapping. Renomnalization may be done by shifting all
intermediate values left (bit-shifting), reserving at least two bits
as headroom to prevent overflows in subsequent transform stages. To
compensate for dynamic range expansion, all intermediate stages in
the IMDCT transform may perform right shifting of their resulting
quantities by one bit. Storage of Piece-wise Symmetric Windowing
Factors [0065] FIG. 14 is a block diagram illustrating a device for
performing windowing operations. The device 1402 may include a
merging module 1404, a factor splitting module 1405, a storage module
1406, a receiver module 1408, and/or a windowing module 1410. The
merging module 1404 may be configure or produce a modified windowing
function that merges factors from a transform stage and a windowing
stage 1412 and 1414 to obtain piece-wise symmetric windowing factors
1420. A factor splitting module 1405 may split the complete set of
obtain piece-wise symmetric windowing factors 1420 into a subset of
piece-wise symmetric windowing factors 1423. Such splitting of
factors is illustrated in FIG. 9 for example. The storage module 1406
may store the subset of the piece-wise symmetric windowing factors
1423 from which the complete set of the piece-wise symmetric
windowing factors 1420 can be  18 reconstructed. The receiver module
1408 may receive input values 1416 representing an audio signal. The
windowing module 1410 may apply the (reconstructed) complete set of
reconstructed piece-wise symmetric windowing factors to the input
values 1416 and provide windowed output values 1418. Consequently,
because only a sub-set of windowing factors are stored, this save
storage space and makes the windowing device more efficient. The
components of the device 1402 may be implemented as hardware,
software, and/or a combination of the thereof. For example, the
device 1402 may be a processor and/or circuit that implements the
functions of the components or modules. [0066] FIG. 15 illustrates an
example of a method for performing a windowing operation. A modified
windowing function may be produced that merges factors from a
transform stage and windowing stage to obtain piece-wise symmetric
windowing factors 1502. The set of piece-wise symmetric windowing
factors may be split to obtain a subset of piece-wise symmetric



[0072] When implemented in hardware, various examples may employ a
general purpose processor, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field programmable
gate array signal (FPGA) or other programmable logic device, discrete
gate or transistor logic, discrete hardware components or any
combination thereof designed to perform the functions described
herein. A general purpose processor may be a microprocessor, but in
the alternative, the processor may be any conventional processor,
controller, microcontroller or state machine. A processor may also be
implemented as a combination of computing devices, e.g., a
combination of  20 a DSP and a microprocessor, a plurality of
microprocessors, one or more microprocessors in conjunction with a
DSP core or any other such configuration. [0073] When implemented in
software, various examples may employ firmware, middleware or
microcode. The program code or code segments to perform the necessary
tasks may be stored in a computer-readable medium such as a storage
medium or other storage(s). A processor may perform the necessary
tasks. A code segment may represent a procedure, a function, a
subprogram, a program, a routine, a subroutine, a module, a software
package, a class, or any combination of instructions, data
structures, or program statements. A code segment may be coupled to
another code segment or a hardware circuit by passing and/or
receiving information, data, arguments, parameters, or memory
contents. Information, arguments, parameters, data, etc. may be
passed, forwarded, or transmitted via any suitable means including
memory sharing, message passing, token passing, network transmission,
etc. [0074] As used in this application, the terms "component,"
"module," "system," and the like are intended to refer to a
computer-related entity, either hardware, firmware, a combination of
hardware and software, software, or software in execution. For
example, a component may be, but is not limited to being, a process
running on a processor, a processor, an object, an executable, a
thread of execution, a program, and/or a computer. By way of
illustration, both an application running on a computing device and
the computing device can be a component. One or more components can
reside within a process and/or thread of execution and a component
may be localized on one computer and/or distributed between two or
more computers. In addition, these components can execute from
various computer readable media having various data structures stored
thereon. The components may communicate by way of local and/or remote
processes such as in accordance with a signal having one or more data
packets (e.g., data from one component interacting with another
component in a local system, distributed system, and/or across a
network such as the Internet with other systems by way of the
signal). [0075] In one or more examples herein, the functions
described may be implemented in hardware, software, firmware, or any
combination thereof. If implemented in software, the functions may be
stored on or transmitted over as one or more instructions or code on
a computer-readable medium. Computer-readable media includes both
computer storage media and communication media including any medium
that facilitates transfer of a computer program from one place to
another. A storage media  21 may be any available media that can be
accessed by a computer. By way of example, and not limitation, such
computer-readable media can comprise RAM, ROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other magnetic



23  THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:  1. A method of
computing transform values, including: receiving time-domain input
values representing an audio signal; and transforming the input
values into spectral coefficients using a Modified Discrete Cosine
Transform (MDCT) that is recursively split into a Discrete Cosine
Transform type II (DCT-II), or both a Discrete Cosine Transform type
IV (DCT-IV) and a DCT-11, where each such transform is of smaller
dimension than the MDCT, wherein the DCT-II is a 5-point transform
that can implement MDCTs of different sizes and at least some
multiplication operations of the MDCT are merged with a prior
windowing operation applied to the input values.  2. The method of
claim 1, wherein the DCT-II is defined by a factorization
characterised by the transform: 42) 37r7i where a = -; g =cos(-10); y
= - cos(--); 410  3. The method of claims 1 01 2, wherein the MDCT
implements at least two of 320, 160, 80, 40- point transforms using
the same DCT-II.  4. The method of any one of claims Ito 3, wherein
the DCT-H includes at most five (5) multiplication operations.  5.
The method of any one of claims Ito 4, further including: 



producing a modified windowing function that merges factors from the
transform operation and the windowing operation to obtain piece-wise
symmetric windowing factors; and       storing a subset of the
piece-wise symmetric windowing factors from which a complete set of
the piece-wise symmetric windowing factors can be reconstructed.  24
6. The method of any one of claims 1 to 5, further including:
prior to transforming the input values, applying the complete set of
reconstructed piece-wise symmetric windowing factors to the input
values.  7. The method of any one of claims I to 6, wherein the
subset of the piece-wise symmetric windowing factors includes at
least half of the unique factors for each piece-wise symmetric set of
windowing factors.  8. The method of any one of claims Ito 7, further
including:       performing dynamic range estimation and
renormalization on the outputs from the windowing function.  9. A
device for computing transform values, including:       an input
module to receive an audio signal and provide time-domain input
values representing the audio signal; and       a transform module to
transform the input values into spectral coefficients using a
Modified Discrete Cosine Transform (MDCT) that is recursively split
into a Discrete Cosine Transform type 11 (DCT-11), or both a Discrete
Cosine Transform type IV (DCT-1V) and a DCT-11, where each such
transform is of smaller dimension than the MDCT, wherein the DCT-11
is a 5-point transform that implements MDCTs of different sizes and
at least some multiplication operations of the MDCT are merged with a
prior windowing operation applied to the input values.  10. The
device of claim 9, wherein the DCT-II is defined by a factorization
characterised by the transform:  25 



I I.The device of claims 9 or 10, wherein the MDCT implements at
least two of 320, 160, 80, 40- point transforms using the same core
DCT-II.  12. The device of any one of claims 9, 10 or 11, further
including:       a windowing module for producing a modified
windowing function that merges factors from the transform operation
and the windowing operation to obtain piece-wise symmetric windowing
factors; and       a storage module for storing a subset of the
piece-wise symmetric windowing factors from which a complete set of
the piece-wise symmetric windowing factors can be reconstructed.  13.
The device of any one of claims 9 to 12, wherein the windowing module
is further configured to apply the complete set of reconstructed
piece-wise symmetric windowing factors to the input values prior to
transforming the input values.  14. The device of any one of claims 9
to 13, wherein the subset of the piece-wise symmetric windowing
factors includes at least half of the unique factors for each
piece-wise symmetric set of windowing factors.  15. A method of
providing a decoder, including: receiving spectral coefficients
representing an audio signal; and       transforming the spectral
coefficients into time-domain output values using an Inverse Modified
Discrete Cosine Transform (IMDCT) that is recursively split into an
Inverse Discrete Cosine Transform type II (IDCT-II), or both an
Inverse Discrete Cosine Transform type IV (IDCT-IV) and an IDCT-11,
where each such inverse transform is of smaller dimension than the
1MDCT, wherein the 1DCT-II is a 5- point inverse transform that
implements 1MDCTs of different sizes and at least some multiplication
operations of the IMDCT are merged with a subsequent windowing
operation applied to the output values.  16. The method of claim 15,
wherein the IDCT-II is defined by a factorization characterised by
the transform:  26   



17. The method of claims 15 or 16, wherein the IMDCT implements at
least two of 320, 160, 80, 40- point inverse transforms using the
same core 1DCT-II.  18. The method of any one of claims 15 to 17,
further including:        producing a modified windowing function
that merges factors from the transform operation and the windowing
operation to obtain piece-wise symmetric windowing factors; and
storing a subset of the piece-wise symmetric windowing factors from
which a complete set of the piece-wise symmetric windowing factors
can be reconstructed.  19. The method of any one of claims 15 to 18,
further including:        applying the complete set of reconstructed
piece-wise symmetric windowing factors to the output values after
transforming the spectral coefficients.  20. The method of any one of
claims 15 to 19, wherein the subset of the piece-wise symmetric
windowing factors includes at least half of the unique factors for
each piece-wise symmetric set of windowing factors.  21. The method
of any one of claims 15 to 20, further including:        performing
dynamic range estimation and renormalization on the outputs from the
windowing function. 22. A device for computing transform values,
including: an input module for receiving spectral coefficients
representing an audio signal;  27        an inverse transform module
for transforming the spectral coefficients into time-domain output
values using an Inverse Modified Discrete Cosine Transform (IMDCT)
that is recursively split into an Inverse Discrete Cosine Transform
type II (DOT-11), or both an Inverse Discrete Cosine Transform type 



(ICT-IV) and an IDCT-1I, where each such inverse transform is of
smaller dimension than the LMDCT, wherein the IDCT-II is a 5-point
inverse transform that implements IMDCTs of different sizes and at
least sonic multiplication operations of the LMDCT are merged with a
subsequent windowing operation applied to the output values. 23.The
device of claim 22, wherein the IDCT-11 is is defined by a
factorization characterised by the transform: CH(4)0(2)  alb5 137r-1
4  where a = - ;=cosH; 10y = - cos(-); o =. 104  24. The device of
claim 22 or 23, further including:        a merging module for
producing a modified windowing function that merges factors from the
transform operation and the windowing operation to obtain piece-wise
symmetric windowing factors;        a storage module for storing a
subset of the piece-wise symmetric windowing factors from which a
complete set of the piece-wise symmetric windowing factors can be
reconstructed; and        a windowing module applying the complete
set of reconstructed piece-wise symmetric windowing factors to the
output values after transforming the spectral coefficients. 



25. A circuit for computing transform values, wherein the circuit is
adapted to perform the method of any one of claims Ito 8 or 15 to 21.
26. A computer-readable medium including instructions for computing
transform values, which whcn executed by a processor causes the
processor to perform the method of any one of claims 1 to 8 or 15 to
21. 


