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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-1V 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 Linecar Prediction (CELP) encoder. The above mentioned
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renormalization on the outputs from the windowing function may also be performed.



BRI EF DESCRI PTI ON OF THE DRAW NGS [0013] Various features, nature,
and advant ages may becone apparent fromthe detail ed description set

forth bel taken in conjunction wth the draw ngs.i ' I ke
W M5l none s H e

ref erence s identify correspondingly throug | G
1 is a block diagramillustrating an ex%rrpl e of an encoder that may

I nclude an MDCT anal ysis filterbank. [0015] FIG 2 is a block diagram
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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 of the piece-wise symmetric windowing factors can be
reconstructed. The stored 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. The complete set of reconstructed piece-wise symmetric
windowing factors may be applied to the output valucs after transforming the spectral
coefficients.  For fixed-point implementations, dynamic range estimation and
renormalization may be performed on the outputs from the windowing function.
[0010] Yet another example proves a method and/or device 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. The piece-wise symmetric windowing factors may be split to obtain
the subset of the piece-wise symmetric windowing factors and reduce the overall
number of unique factors. The subset of the piece-wise symmetric windowing factors
may be stored from which a complete sct of the picce-wise symmetric windowing
factors can be reconstructed. The stored 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. Subsequently, input values representing an audio signal may be
received. The complete set of reconstructed piece-wise symmetric windowing factors

may be applied to the input values to provide windowed output values.



[0025] FIG 12 is a block diagramillustrating a device for conputing
transformvalues. [0026] FIG 13 illustrates an exanple of a nethod
for decodi i | using an | MDCT transform based o

| DCT- | | tr‘gﬁéﬁg’?’%ﬁqp‘?oozn FIG 14 is a bl ock diagram i et s M H§%a
device for perform ng wi ndow ng operations. [0028] FIG 15
illustrates an exanple of a nmethod for performng a w ndow ng
operation. DETAI LED DESCRI PTI ON [ 0029] Vari ous enbodi nents are now
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non-trivial dinddsioplthahe IMBLTas opposed to the DCT-1V or FFT cores
used in many existing MDCT designs in audio codecs. 6 [0031] The
nodi fi ed wi ndow ng stage provides piece-wi se symmetric factors which
can be stored using hal fgiher bESCRIPTIONGF oAt PRasSvelf;sr appreci abl e
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decodes the bitstream 204 which is then dequantized by a Dequanti zer

208 to produ@glegenicd gueaieytartsaedan IMDEHaransiegm) MDCT Synt hesi s

Fi |l t er bank i o nv . i f-i j j pRAS

based on thﬁa%&%e-F P%/ 7d!Ssc@é§§dlg%g+1r%é&%ragﬁr§ o?glna“)?ﬂ pg(%zflrlg)t%e&s to lf:\gﬁilmesrf%m

t he frequenoylagiiElxlOspogratanl@4mproiented using tmePddRBimndierdiso si gnal
[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.



7 device, etc.), software (e.g., instructions executable by a
processor), and/or a conbination thereof |nplenmenting MDCT Using

DCT-1V an 5%' 034] According to a feature, thetr
(FIG 1) ;{ﬁ |n\€}J’é9F4£se transform 216 (FIG 2) may be deci ﬁg@fg%{gg’hﬁ}g

I npl emented by one or nore DCT-1V (and I.DCT-1V) transfol ills which
can be inplenented as one or nore DCT- 1 P (and IDCT-11) transforns,
respectivel 5003 A Modified Discrete Cosine Transform (MDCT) can
be defi ned i@m X F %MSﬁ(mprékle%ths PRFERise sYyietrie witure of thenwindow,
(Equati on 1}@3 0,2N Simlarly, the Inverse MOCT (I MXCT) can be
defined by 2-1" (N k(n) =X (k) cos+1+-)(2k +09,n =0,1,..., N- 1.
(Equat i on 210&231)21“\123 wHersea {bt¢ak) diagem AkStrdiing a .divite fore prresemgstransferm
I nput sequence of sanpl es, N denotes the frame length, X(k) is the
resul ting %oefficients, and k(n) represents the reconstructed

out puts. [O0QmEaH] Usithal Intiiusirate ai &karﬂ[b‘[e dfhe mVed fof @BC&IdAT™ Gahabesing a
representedwpq amtrix M Mi, | cos( - 7((2] +1++1) 9, where i =
01 .. .. CT J;ra@sfq_nn basecN)n a gore g tragsform.

[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 a2 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 S-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.



2N2 n3) Consequently, X = M and |- = MTX, where x represents a
matrix of input sanples [x(0),...,x(N-1)I , X represents a matrix of

resul ting M%&ﬁgf icients [T N X(0),..., X (-2-1) , %%iﬁ?gmoﬁ/ﬂ'mg

represents a nmatrix of reconstructed outputs R (0),..

[0037] In order to inplenment the MDCT transform it may be mapped
into an N 2- point DCT-1V core function.” For exanple, the transform
116 of FIG 1 may be inplenmented as one or nore N 2-point DCT-1V
t r ansf or ns. [003dB8Thampdrficd \wipdaise sieas eeavidss pipse-Mhedsyaynetrio fotorgwhich

Veanhi e, Sh TDOPTC TAREl ot AR be W (huir e et bl paetongin

-- (2n +1) ( 2bewle@ipnandOesk memoriNudagé Equald mivr Bit.
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-1V 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 212. The IMDCT Synthesis Filterbank 210 may
reverse the operations of the MDCT Analysis Filterbank 106. According to one
example, the IMDCT Synthesis Filterbank 210 may be implemented by a scaling
function 214, an inverse transform 216 (e.g., frequency domain to time-domain), and a
windowing plus overlap and add function 218, The IMDCT Synthesis Filterbank 210,
including the scaling function 214, inverse transform 216, and/or windowing function

218, may be implemented in hardware (e.g., as a processor, circuit, programmable logic



k=0 [0039] The MDCT transform can be mapped to an N2 - point DCT-1V
transformas = PSCNR, . 2; (Equation 6) and the I MDCT transform can be

mapped to i nt IDCTIVtransformasAI = CATI. on
Tapped Loaf8 et | OCL v transformas A = CAT poRfotid@hatds
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device, ctc.), software (e.g., instructions executable by a processor), and/or a
combination thereof,

Implementing MDCT Using DCT-1V and DCT-11

[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-1V)
transforms which can be implemented as one or more DCT-II (and IDCT-II) transforms,
respectively.

[0035] A Modified Discrete Cosine Transform (MDCT) can be defined by:

N

L

X)) x(n) cos(— 2rn+1 +---)(2A + 1)] k=01,.,N/2-1. (Equation 1)

n=

Similarly, the Inverse MDCT (IMDCT) can be defined by:
N/Z2-
i(n) = ZX(k)cos(—— (2n+1 +—)(2k + 1)) n=0,,..,N—1.(Equation 2)
n=0
where {x(n), for n=0,1,...N-1, represents the input sequence of samples, N denotes the
frame length, X%} is the resulting MDCT coefficients, and X(») represents the
reconstructed outputs.

[0036] Using matrix notation, the MDCT transform can be represented by a matrix M:

M, )= cos[wé%Q j+l +%{)(2z' + I)J,Where i=01,..,N/2~1;=0,,..,N —1.(Equatio

n 3)
Consequently, X = Mx and ¥=M"X, where x represents a matrix of input samples

[x(O),...,x(N —1)]T, X represents a matrix of resulting MDCT coefficients
N T
{X 0,..X (?—1)} . and Xrepresents a matrix of reconstructed outputs

[#(0),... 2N - DJ .

[0037] In order to implement the MDCT transform, it may be mapped into an N/2-
point DCT-IV 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:



/I N 40 where IN14 is an N4 x N4 identity matrix and JA, /4 is an
N4 x N4 order reversal matrix, and matrix S is defined as and

CNIVI, i N2 DCT-1V matrix that be_def
2(i J!)S@%@/g%’z‘ﬁi--m(zj J?Uzl X+1)§i1,ia2 T 'n$ﬂlifﬁl§2098f€’f7ﬂ9

2- 1(Equation 10) [0040] By using the sngetry and |nvolutory
properties of the DCT-TV matrix, it can “e nmapped into a DCT-|
transform The DCT-11 transformnmay be defined as: .1(k) A (2n +

H1(7r C =X kbe:ﬁ&)E%N_ x(nﬁcc?{%@h%i)@k:&)}( Bapapi o Al)  (kquation 4)

n=}

Meanwhile, an IDCT-IV transform can be defined as:
N-1
(m=>C" co{z’fNu (2n+1)(2k+1)} n=01.. ,N-1. (Equation 5)
k=0

[0039] The MDCT transform can be mapped to an N/2 - point DCT-IV transform as
"=pPSCl,,;  (Equation 6)
and the IMDCT transform can be mapped to an N/2-point IDCT-IV transform as
=C1,,8P"  (Equation 7)

where
O INI‘%
0 ~Jy
P= M4 (Equation 8)
JNM 0
INI4 0

where 7,,,, is an N/4 x N/4 identity matrix and J,,,is an N/4 x N/4 order reversal

matrix, and matrix S is defined as

-1 0
S = [ N4 } , (Equation 9)
0 11\’!4

and Cy,, is an N/2 x N/2 DCT-TV matrix that can be defined as
cl oG, )) = cos(i%(z 120+ 1)], i,j=0L..,N/2-1 (Equation 10)

[0040] By using the symmetry and involutory properties of the DCT-IV matrix, it can
be mapped into a DCT-II transform. The DCT-II transform may be defined as;

o :X(k)_/l( )Zx( 1o (2n+Dkm

T J, k=01,.,N-1. (Equation 11}

Likewise, an IDCT-II transform may be defined as:

N-1
x(n) = Z’l(k)c” {MJ n=0,,.,N~1. (Equation 12)
&y ON

where A(k)=1/ J2,ifk =0, otherwise 1.



Li kewi se, an IDCT-11 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. . Q%ﬁﬂﬂ%pﬁ?ﬁ If k=0, otherwise 1. 9 [0041]PC'%}L§290§/0'{7H29
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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 non-
reduceable (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 cither DCT-IV or FFF transforms.

[0045] The DCT-IV transform may be mapped to the DCT-II transform as

Cia =D(Cy, )T LT (Equation 13)

where D is a diagonal matrix with elements

DG, j) = 2cos[%(2i + 1)), i=0,,.,N/2~1, (Equation 14)
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and C,/,, may be an N/2 x N/2 DCT-TI matrix defined as

Ch .G, = cos[%(%—z— l)j), L, j=01..,N/2-1. (Equation 16)

[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 ¢ 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 C” 504 for the 5-point

DCT-H transform can be generated using 4 non-trivial multiplications and 13 additions

or 5 multiplications and 13 additions. The DCT-II transform outputs C are generated

as’
a:?}; ﬂmcos[?—g}; y=—cos[—l~%} 5=w§
Fi=x(@)+x(4);  f; =x(4)-x(0)
fi=x(3)—-x0) fi=x3)+x()
fs=h+tfs fo=fi-/
g =x(2)-afs; g, =x(2)+ f;
g = B+ s g4 = Bf -,
Ch(0)=g,; C'M=g, CTQ2)=6f-g
C"(3)=g.; CT(4) =g, - &f5
[0047] FIG. 6 is a diagram illustrating a 5-point IDCT-II transform that may be

implemented as part of a decoder IMDCT transform. That is, this IDCT-II transform
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can be generated using 4 non-trivial multiplications and 13 additions or 5 non-trivial
multiplications and 12 additions as illustrated. The IDCT-1I transform outputs X are

generated as:

i 3 e
a L yil COS(IO] ¥ COS(IO] 2

a,=C"Q)+C"@); a, =C"(H-C"(2)
by=C"(®)+a,; b,=C"(0)~aqa,
by = BCT(D)+CY (3), b, =—ACT(3)+C" ()
b, = b, +3da,; by =b,—da,
HO)=b,—b,; F)=b,+b,; H2)=bh,
iB)=b,—b; F4)=b, +b,

[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 C™(0),..., C'(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 C'(0),..., C'(9) 802, the 10-point IDCT-
IV transform can be implemented by two 5-point DCT-II transforms 804 and 806 and
factors 808 to produce output coefficients X (0),..., X(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, efc.
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W 2n+N+1)(2k +1
F(k)= Zf(n)h(n),/%cos( . M)f( )‘7, k=90,..,N—-1. (Bquation 17)
FE]

where f{n) denotes input data samples, A(n) is a windowing function, and F¢k) denotes
the output MDCT spectrum coefficients. For example, the window function k(n) may

be a sinusoidal function:

(@nibr

h(n) =si (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+ D)1
4N

h(n) = sin (Equation 19)

[0052] The combination of this windowing function A(n) and the transform factors

produces the modified window function:

Zcos(zi(Zn +1+%)jsin(@), B= 0,},...,%—1
W) = N N (Equation 20)
i N . [7#(2n+1) N
—-2cos| —(2n+1+—) |sin| ————= |, #A=—,. ,N-1
2N 2 2N 4
For 0 £ n <N/4:

z(2n+1)

w(i:m—a —n) = w(n) = 2003[3%(%. +1 +~]§-)}in[ =

J. (Equation 21)

For N/4 <n < 3N/4:
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= 4) - Qu(2) =dl (0) +a2b2 = CH (0)
- cza2 b3 =fiCH (1) +yCH
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151(1) '@of%cfua 16n %6\5' 1Compared to a symmetrical sine window, the windowing
factors can be stored using the samc 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 andio

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
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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 Il (DCT-1I), or
both the DCT-1V and DCT-H, 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 DCT-
IT 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 mput 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-wisc
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
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(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 picce-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
1V (DCT-1V), a Discrete Cosine Transform type II (DCT-1I), or both the DCT-IV and
DCT-1I, 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-I1 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, renormalization 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] FIG. 12 is a block diagram illustrating a device for computing transform
values. The device 1202 may include an input module 1206, an inverse transform
module 1208, and/or a window module 1212. The inverse transform module 1208 may
be adapted to transform the spectral coefficients 1204 into output values 1210. For
example, the inverse transform module may transforming the spectral coefficients into
time-domain output values 1210 using an Inverse Modified Discrete Cosine Transform
(IMDCT) that is recursively split into at least one of an Inverse Discrete Cosine
Transform type IV (IDCT-IV), an Inverse Discrete Cosine Transform type 11 (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
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IMDCT are merged with a subsequent windowing operation 1212 applied to the output
values 1210.

[0061] The window medule 1212 may produce a modified windowing function that
merges factors from the transform operation and the windowing function to obtain
piece-wise symmetric windowing factors. For instance, the window module 1212 may
include a merging module 1218, a factor splitting module 1219, a storage module 1220,
and/or a windowing function 1222. The merging module 1218 may perform the
function of merging factors from the inverse transform operation and the windowing
operation to obtain piece-wise symmetric windowing factors. For example, the cosine
factors 406 (FIG. 4) may be merged with other windowing function factors. The factor
splitting module 1219 may then obtain a subset of the piece-wise symmetric windowing
factors (as illustrated in FIG. 9). The storage module 1220 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 window module 1212
{(via windowing function 1222) may be further configured to apply the complete set of
reconstructed piece-wise symmetric windowing factors to the output values 1210 after
the transformation of the spectral coefficients 1204 (thercby obtaining the windowed
output values 1214). The components of the device 1202 may be implemented as
hardware, software, and/or a combination of the thereof. For example, the device 1202
may be a processor and/or circuit that implements the functions of its components or
modules.

[0062] FIG. 13 illustrates an example of a method for decoding a signal using an
IMDCT transform based on a core IDCT-1I transform. Spectral coefficients
representing an audio signal are received or obtained 1302. 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 1V (IDCT-1V), an Inverse Discrete Cosine Transform
type 11 (IDCT-11), or both the IDCT-1V and IDCT-11, 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 1104. The core IDCT-II may be a 5-point inverse transform that
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implements IMDCTs of different sizes. The IMDCT implements at least two of 320,
160, 80, 40-point inverse transforms using the same core IDCT-II. In wvarious
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.
Renormalization 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 picce-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



2N 4 2N2, These nerged or conbi ned wi ndowi ng factors nay be
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[0068] In another example, the windowing stage may occur after the transform stage.

The transform stage may implement an Inverse Modified Discrete Cosine Transform
(IMDCT) that is recursively split into at least one of an Inverse Discrete Cosine
Transform type IV (IDCT IV), an Inverse Discrete Cosine Transform type IV (IDCT
IV), or both the IDCT IV and IDCT II, where each such transform is of smalier
dimension than the IMDCT. The transform stage factors may be, for example, the

cosine factors of Figure 4.
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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



i npl ements | MDCTs of different sizes. The IMDCT inplenents at | east
two of 320, 160, 80, 40-point inverse transfornms using the sane core
| DCT-1 1. i i npl enentations, the IDCT-11 may i st
five (5) n%ty@%??g%tl ons operations and 12 additions O?@#‘}gg;ﬂm%%ﬁ%
mul tiplications operations and 13 addi ti2 ns. [0063] Additionally, a
nodi fied wi ndowi ng function nmay be proddced that nerges factors from
the transformggperation and the w ndow ng@o%%r ation to obtain

6.

pi ece-wi se 8ynnet APC i H%WYHE)GS?Oéctaor@“rf ATSTBRRECSHY St [BE Or more
pi ece- W se &YiRbEdsSorMntAhabn| el PDSP T8 PenpbBESdcl EQmwhtsh a

conplete set of the piece-w se symetric w ndow ng factors can_ be

reconst r uct E973BoWhemHepkemsnied igussdistarsf varions sreteleningy eypinetfirvare,
wi ndowi ng fag i a Q j r
each pi oce- (ageayiRt, PRESHE Trnd BRERote I, (B HBRIHE bR Es I
of reconst r neesdrypiaske nwiysiee stpnateir & ccomipntbointadgblf antdiun swaly b he ntolage

applied to the. output val ues .after transform t he spectral

oot 11 ci ent PRE3Tor PhBE A RETHT RGPS GrSt PerBamgF gy Beks. A code
i npl enent at j@ment BN APrechBNHBCORIEd, MBuh@RdN AR UIRAREHEL pRtinon @YD e
performed on the inputs to the window ng function 1305. The dynam c
range est i metWIHINGEHHMOEH Sy Fradthyae PaTresty BesSpeyFy et ingtion pl gisjructions,

recursivel ygar gegesed of Pb@faﬁ?é?ﬁgﬁlérﬁé. ER o UREMBRMANR dolpMPfoanbfher code
DCT-1V nmappi ng. Renomal i zation may be done by shi'fting all

i nt er nedi at ecorghi@rs hasdwarg birewiish fassingynd/oraseixing gfarmaien sietat wgubents
as headroo v rf i .
corpensat e TarngbfithefdS balit, N THRSEUEherdd BOSHELE B3R my S
t he | MDCT t passt, dorwandeyd, perfumnmitted glatanghiuftablagneahs irekidingr esmbtyi shgring,
quantities %é one bi.t. t%tgora e of Piece-w se. Symwetri ¢ W ndow ng

Fact ors [ 00BS{SRY RE5S1pg, IpiEenpa I%Ret&ioabtlraé’ﬁwsﬂoﬂset?'ati ng a device for
perform ng ygoTdpWARgsdAPiarfisi ppBcatidhehél Giting € cdrpbhchty " rhétiel & ydem," and
mer gi ng nodul e,_1404, a factor splitting npdul e 1405, a stor a%e nodul e
1406, a recHeJie apitanded fooisfer i a cemputeiyehiustrig: mifher herdwerg firmpare, a
mer gi ng modpbgniddRh JFRYrdR8rCARsHBWAE, s‘?ﬁ"ftw@%e?gy&%“%rm@kéduﬁgnWoPgﬁ%&ﬂ&
function that nmerges factors froma transform stage and a w ndow ng
stage 1412 asempagueat ey dist butrs ppelimited vebaingnistre¢ess Winndgvinng pogetsor ¢
1420. A factor Lt Lol 4 [ I

obt ai n piec Ifb\?mesg%’ é@% T%Egeq\% uﬁa o%gg%rg?%%ftseglf:ésutnﬁ%gj r?%?}é ’ gédgoﬁ%gépggt’rﬂ'
pi ece-w se Bynwat of dlusirmtdowboth dmeppicstidhd@BninBumha sphiptifinghdevade and the
factors is illultsitra ed in EIQ 9 for exa le. The storage nmo ul e 1406
may store t RIMBHHIESEVSE SHhEC Bi QBB %%/ﬁ‘ErB]PF“i EOBRRGINCHY "PUEpfun 2
1423 from Wpideksstah€of MR ex&atio®ind HeorlcRem-ri sk IBYA1Ied bh 6ne computer
wi ndowi ng factors 1420 can be 18 reconstructed. The receiver nodul e

1408 may r eB¥Y/Felippued PeiMiges Mo PEMEEpTERHS g 2ddtiandhese sPgRatentsTHE
wi ndowi ng megdl,@ ek QaRBYs ERmduYert BE1ableGONS haiihg S)ioGOdm S&nitel stBfed
reconstructed piece-w se symretric wi ndow ng factors to the input

val ues 1416 thermenpFloy berepanicrid awrdcosunyputate/by wes of 4a@! agherssoetenprbgesses
because onl Yk a8 écigltdar(?cfe \th{"zg& affgaJ'g%I)rperosr i€ dﬁggécgcgts.(é.g.' ﬁat%ﬁ%% one
storage space and nekes the w ndow ng device nore Icient. e
conponent s ofmpdrentdmtdraeing 40t aeyheb eompmicatmant dokah syshomt, dAgtrigyted system,
software, and/,or a combi nati on of e thereof. Faor exanple, the

covi ce. 1402 a5s5e BruRBtuBR s s Wb hen e RpPaHERDE SR
functions ofoorBE EBOFRQR@NIS cRIMPIRRIrES, tht BRREInsFlcteribkd nidyl BéSithRhRstcdn
exanple of a nethod for performng a w ndow’g{g operation. A nodified

wi ndowi ng f th&eidyareepityarep fouesd o Y Fropkjedionabeisps fIf dmplgmented in

transfor m siagerante WhBHdRWY b3R8 $PorRhdhfteR b6G%s Whe &r S¥IR ubfons
w ndowi ng factors 1502. The Set of piece-w se symmetric w ndow ng

factors mayobeodplonta rcomppeaioadabls medamm. of oppeerercodable ggdweineludes 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



[0072] When inplenmented in hardware, various exanples may enploy a
general purpose processor, a digital signal processor (DSP), an
applicati qiosampsdssC i ntegrated circuit (ASIC), a fiel gcRRBITRR
gate array signal (FPGA) or other progranmmbl e |ogic device, discrete
gate or transistor logic, discrete hardware conponents or any

conbi nati on thereof designed to performthe functions descri bed

herein. A general or may be m cr opr ocessor, i
the al i er nattvde shavBPhEaBeBs TR Srooebh eRomBil Y Sebstsremole
controller, afd C{dRCRMfthinl EfucRr cothk@-1BRE e N thed A I@ér@cc%%ﬁﬁfse nRyNE! ROMpE
i npl enented as a conbi nati on of conputing devices

conbi nat i onEEPROM, GDHYPMa Y ofheriaptend rditke slomee, ala@mq&#adwlt 9t061fge or other
m croproces r

R L R A S b S
sof t ware, vardgous cwcamﬁieefsnnragnnetmmogs gri dam/sauetpremantﬂthev\zamée@ccessed bya

m crocode. The or..code se Qrm cess
Cacke may beoCpSrech i 48 compstEr S hudeR e R a oomPb R lIs iR B
medi um or otekmnplatlﬂtk&g@ﬁsvhre A tRnaaess dfonmaywepsitel e¢irr bﬁoﬂh&cm&r yource
tasks. A cogensegrren }/ resl%ntb rio duredl 1? fu %t L:?r i a ,
subpr ogr am USNHAFEAHR, caRle SiGey eriic cabley rigigt iPai, digitahsybicaberdinedAShar &
package, a GJiR&Ss te@ﬁn(ﬁ{ﬁ@{escﬁf&ﬁ'a@%ﬂré}gd qﬁdlbn&mrﬁa&trwaé; tlféﬁttﬁ’e coaxial cable,
structures, or programstatenents. code segnent may be coupled to
anot her cod@bgwﬁi@ﬁ@blérweﬁtqﬁiawwﬁ% Qflwitq!ﬁ‘fﬁ tqggnqi%% figh anafraied, radio, and
receiving i %%W@&é ¥, in Qe m%gléféﬁﬁ‘l‘ﬁ%n oP%e%ﬁ(ﬁq‘i SHsk a8§ deMR! ¥sed herein,
contents. Information, argunents, paraneters, data, . Ay be
passed, f or wahdlesicongpact diameﬁf_ﬁ)t foeet discaomieyl chm, ﬂ@tubbfmahsiiécdmi ﬁgppy
e S g R OB SR R B AR bR
"nmodul e, " lsap&dscgm dataﬁgnctahsa vJﬁahNa;ﬁ&r e:ombtnanflsd)f&l& arbefreghohlrarlb 50 be 1nciudefd
conputer-rel ated entity, either har r ir re, a conbination o
har dwar e and 151 tt%aﬁ@pes%fe fomapuer- *’8?‘%% Fisdire (ST RESC VY oFPmESF & Single
exanpl e, a GRFR&RRANL: MMy bﬁstm@mnsl gnd By [HeMidtBButt O obs! éégera}adxpﬂé%???@de
runni ng on a processor, processor, an object, an executable

thread of exXeEffNisoANORE @f%@ﬂhwpgﬁtﬁwa@é d@fown*pmp@rbtorﬁgp Teya. of\n excmpldry
Il Tustratiogy, %@trﬂecﬁ&n% %b%aédu @drtH“Qtp?&& r%u&P%‘r'tthé‘%p @ééb?%a@@gad
the conputing device can be a componen € Of nore conponents can
resi de wi t hinfosngtioo dess anhatioy mﬁ’d:mad! of thexsewagel rosdiand latheatpmagy, the
may be | ocal ﬁpzdeg%i on one,cgrrgllfl ‘gg d/ or distributed between two or
nore conput &8 InH: Ry TRY B R 42 86’%8?1"8?“5 can execute from

Vﬁ” ous cohrrmuﬁ'?e] Tha dedthorls gt @ed diciang cmpnswanaat la:n@rb lrsuss;ats (th;re&ushprf@d
t hereon. The co onent s n| cat wa QCa an or renote
processes s AEHOURE he dssecibpd AREGInT %mst%g‘i? gisat szqnaﬁtjmw@ay() be ngrehapgads
packets (e. @ith cﬂn@%ﬁotﬁé%&ﬂ?d%@ﬂﬁ@%ﬂ{thb @&@%@Hﬂe%f%tm&wmﬁ& unless
corrponent in a local syst em istributed syst em an d/ or across a

net wor k such sagcitig erdpm%&tﬁ@tormﬂqmd@ Fesuired, &7 gepeh pperaionodt theembodiment
Geser bed s blin@idEecRbed hE P IRLEDUREGEReint WRepp HAELL ORng may be
conbi nat i onmdddiedo’hthoufdapmﬂllgrﬁmmrhdsmpesﬁﬁtw@n&s t he functions may be
stored on or nsmtted ov as one .or, nore,instructi or.cade o
5 comut or 1R PR &Pt e AEubhi s sufusreonRar ity ifFued inoeges T
conput er st Qrage Iyedy,s8, 3Ndo.cAMENI3Cal] oid/oradidayl lfu:ﬂculdmggd anyon&ahbinad
t hat facilitates,t{ansfer of a conpputer g@&gra fromﬁlﬁ)ne pl ace to
anot her. A $t'8RSYEGROFIPINCS:1S 1T 0T BECUR O, O ISH |1 SGHEHH SOTPRICIS o¥iChg O

accessed Dby fighcEoRP u&&ﬁnonayemympfco@ism{sest F%Vl%dmtfuﬁdtﬁhé @hy 85 bé&lﬁl’@d
conput er -readabl e nmedi a can conpri se CD-ROM o

ot her opt i cdlhc @peiatys,slexiges, aﬁﬁ’gﬁ@@maom@ kltustraica de Fégurest hek 19&%@@d4

may be configured or adapted to perform one or more of the methods, features, or steps



23 THE CLAI M5 DEFI NI NG THE | NVENTI ON ARE AS FOLLOAS: 1. A nethod of
conputing transform val ues, including: receiving tine-domain input
val ues regyGsRBHIRG an audi o signal; and transform ng ppgsiREEI7120
val ues into spectral coefficients using a Modi fied Di screte Cosine
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3. The method of claims 1 or 2, wherein the MDCT implements at [east two of 320, 160, 80, 40~
point transforms using the same DCT-IL
4, The method of any one of claims 1 to 3, wherein the DCT-I1 includes at most five {5)
multiplication operations.
5. The methed of any ong of claims 1 to 4, further including:

producing a modified windowing function that merges factors from the transform operation and
the windowing operation to oblain 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.
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t he tr arsf1oNyYbr bo®@ 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
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-11 is defined by a factorization characterised by the
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17. The method of clains 15 or 16, wherein the | MDCT inplenents at
| east two of 320, 160, 80, 40- point inverse transforns using the
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I5. 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 11 (IDCT-II}, or both an Inverse Discrete Cosine Transform type IV (IDCT-IV) and an IDCT-I],
where each such inverse transform is of smaller dimension than the IMDCT, wherein the [IDCT-1l is a 5-
point inverse transform that implements IMDCTs 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-I1 is defined by a factorization characterised by the

transform:
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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 [IDCT-IL.

18. The method of any one of claims 15 1o 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 symmelric
windowing factors includes at least half of the unique factors for each piece-wise symmetric set of

windowing factors.

A 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,



25. A circuit for conputing transformval ues, wherein the circuit is
adapted to performthe nethod of any one of clainms Ito 8 or 15 to 21
26. A conputer-readabl e medi um i ncl udthg instructions for conputing

transform values,. Msfbﬂh }Memi]@&%%l%% e BedHAGGARAR iﬁt@“%@—@ox%ﬂr?i%putt

processor to performthe nethod of any one of clalns to or- o]

21. values using an Inverse Modified Discrete Cosine Transform (IMDCT) that is recursively split into an
Inverse Discrete Cosine Transform type [1 (IDCT-II), or both an Inverse Discrete Cosine Transform type
IV (IDCT-IV) and an IDCT-II, where each such inverse transform is of smaller dimension than the
IMDCT, wherein the IDCT-11 is a 5-point inverse transform that implements IMDCTs of different sizes
and at least some multiplication operations of the IMDCT are merged with a subsequent windowing

operation applied to the output values.

23, The device of claim 22, wherein the IDCT-I1 is is defined by a factorizalion characterised by the

transform:
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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 medule 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.

23, A circuit for computing transform values, wherein the circuit is adapted 1o perform the method of

any one of claims 1 to 8 or 15 to 21.

26. A computer-readable medium including instructions for computing transform values, which when
executed by a processor causes the processor to perform the method of any one of ¢laims 1 to 8 or 15 to
21



