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concurrently-filed herewith, and herein incorporated in its
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15 "Method for Transforming a Digital Signal form the Time
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Background

25 This invention relates generally to digital signal
processing, and in particular to systems and methods for
performing domain transformations of digitally-formatted

signals.

30 Domain transformations, for example the discrete cosine
transform (DCT), are widely used in modern signal processing
industry. Recently, a variant of the DCT, called integer DCT,

has attracted a lot of research interests because of its
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transforn1 (IntMDCT) i-s recently proposed and used, in the 1SOIEC
MPEG- 4 from an integer input vector. For the same integer input
vector, the integer output vector of integer DCT closely
approximates the real output vector of DCT. Thus the integer
15 DCT keeps all the good properties of the DCT in spectrum

analysis.

2An important property of the integer DCT is reversibility.
Revefsibility means that there exists an integer inverse DCT

20 (IDCT) so that if the integer DCT generates an output vector
y £rom an input vector x, the integer IDCT can.recover the
vector x from the vector y. Sometimes the integer DCT is also
referred to as the forward transform, and the integer IDCT as
the backward or inverse transform.

25
A transform called integer modified discrete cosine transform
(IntMDCT) is recently proposed and used in the ISO/IEC MPEG-4
audio compression. The IntMDCT can be derived £rom ifs
prototype - the modified discrete cosine transform (MDCT).

30 The disclosure by H. S. Malvar in “Signal Processing with

' Lapped Transforms” Artech House, 1992 provides an efficient

realization of MDCT by cascading a bank of Givens rotations

with a DCT-IV block. It is well known that Givens rotation
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the size of the blocks, i.e. the amount of data symbols
included in each block, the digital signal is divided into.
Accordingly, the total rounding number is also at Nlog,.N
level for the family of directly converted integer
transforms. Because of the roundings, an integer transform
only approximates its floating-point prototype. The

approximation errxor increases with the number of roundings.

What is therefore needed is a method and system
implementation for performing domain transformations using
fewer rounding operations, thereby resulting in more accurate

and less computationally intensive transformations.

Summary of the Invention

The invention solves the problem of providing a method for
performing a domain transformation of a digital signal from
the time domain into the frequency domain and vice versa
which comprises a significantly reduced number of rounding

operations.



i mpl enentation for performng domain transformations using fewer
roundi ng operations, thereby resulting in nore accurate 25 and | ess
conputational ly intensive transformatj ons. Sunmmary of the Invention
The invention solves the problem of providing a nethod for

per f or nimgome dempddineainsfruiet iigrveftiondi @i tetiwidifar beefordinghe
tinme do nto the frequency. donpin . and vice_ve sa I ch conprises
a S|gn|$a%%h?l %ﬁ% 'ﬂﬁﬂbé&’ %ﬁéﬁﬁﬁﬁnélg £Ee4 tipg one
enbodi n@diha Df irb@: | Five Nt hefbend vTRIdRA f AndPerfer We&@aaanQﬁEég
transformation of a digital signal fromthe tine domain into the

f r equerRSTERORI D aree Vi kansfersa tiles M!e@ tpenisdormigat kdement which
t ramrsf o | whi_ch ludes a plurality
of |I3I ft;l[rgl%i%c?%s 2% ﬁv%%aflemsgﬁp otr? r’:Lq'tf(r%é{%l SRELT dnwé%(?rr %gspggﬁs to a

t r ansf orreats Dornmst ¥ o1 . cAfrespeasis @re d Iﬂrﬁh@ﬁo&h@@&oh”&b'ﬂ@&i.alkﬂ east
one au§tllary transformation matrix, which is the transformation

matri x 1§33l MOl Fe e Sie0e veCLidest GitnafRst Rer PRXAL1RsWer 10
- di mensiofhn S#ENST 3 oL 80 d1kd T LG 3T age th@CltE%%%;%m%ﬁQghnﬂatyfkt The

met hod further includes processing the si e respective
roundlngt&ﬂﬂi QﬁtuhetﬁﬂspecangbotmaMBdDIM¢tuba maespecbifveoadxi | i ary

sfornati on _mat 15 Bri tion of the Drawi n s FL ure 1
tnafe R BRoh aT i hehGkteadBtgRy PoraRnaL
| enbodi Mt OfTHeh end RNt hekrl g%auae%h? cb@@.lﬁ@d&hbe%.lg‘ﬁSlolfsyan
o]

audi o decoder according to an enbodi nen f the invention, whitch
the respective rounding unit after the transformation by the

respective auxiliary transformation matrix.

15 Brief Description of the Drawings

Figure 1 shows the architecture of an audio encoder
according to an embodiment of the invention;

Figure 2 shows the architecture of an audio decoder
according to an embodiment of the invention, which

20 corresponds to the audio coder shown in figure 1;

Figure 3 shows a flow chart of an embodiment of the
method according to the invention;

Figure 4 illustrates an embodiment of the method
according to the invention using DCT-IV as the transformation

25 function;

Figure 5 illustrates the algorithm for the reverse
transformation according to the embodiment of the method
according to the invention illustrated in figure 4;

Figure 6 shows a flow chart of an embodiment of the

30 method according to the invention; v
Figure 7 illﬁstrates an embodiment of the method
- according to the invention using DCT-IV as the transformation

function:;



20 corresponds to the audio coder shown in figure 1; Figure 3 shows a
flow chart of an enbodi ment of the mnmethod according to the

i nvention; Figure 4 illustrates an enbkodi nent of the nethod
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function; Fi§teers §|ilkesirakes Heh@l yFqniiinf don hber apgesee

transfo ' [ aroodi e d rdi ng
to the ?%%gﬁ??gﬁg??§ﬂs$§%%g%£$§'flguremﬁgkfﬁéﬁég:éﬁihgﬁhmg §§§M/chart
of an esbodidEng ©b the iBGemetdwd Btesrditegl tio tHedrevant i on; Figure
7 illustrates, an eq?o i ment, _of Egﬁlnet od ccording to the_inyention
Usi ng DCT- |V HEUFRed (FA0RT o oL FRmIcHeo RO TS 2NEage BIFPLESESat o5
the 3l gaybtBin §8EctdiEnd EVET &€ érﬁ@é@{zﬁw@td@&@%@@ﬂgoﬁ? the _
enbodi ment of the nmethod according to the invention illustrated in

figure 7; Figlgers %%o@kluﬂﬁiaﬁQﬁnamxﬂnhQﬁﬂMQntanfinhgematbbdging 5
| nhodi f.1he_i tion; Figure_1 .
T ustr SFESEALAG, £8 e SRR (et UGS, Gen e, ERBSEhvmAE L oA

usi ng DiNInt¥i@s; the transformation function; Figure 11 illustrates

the algorithmfor the reverse 10 transfornation according to the
enbodi ment of IS et hiddl LsHe @il idia o ithredprofthel regeraeed in

Figue ‘Q'Péng.f%%tﬂ&l !Aééb‘#ciﬂ% St(f R 'Ie‘i’rﬁ)ofagﬁne%%r 9 1,10, 2, HQERI N
transformation of a digital signal 1h accordance wth one
according to the invention illustrated in figure 10;

Figure 12 1illustrates a method for performing a domain
transformation of a digital signal in accordance with one
embodiment of the invention;

‘15 Figure 13 shows forward and reverse transform coders
used to assess the transform accufacy of presented DCT and

FFT transformation methods in accordance with the present

invention.

20 Detailed Description of Specific Embodiments

Figure 12 illustrates a method for performing a domain
transformation of a digital signal in accordance with one
embodiment of the present invention. Initially at 1210, a
transformation of the digital signal is performed by a

25 transforming element comprising a plurality of lifting
stages. The transformation corresponds to a transformation
matrix wherein at least one of the lifting stages compriées
an auxiliary transformation matrix and a rounding unit, the
auxililary matrix comprising the transformation matrix itself

30 of the corresponding transformation matrix of lower
dimension. Exemplary embodiments of the process 1210 and
domain transformation which can be used in the domain

transformation are further described below.



enbodi ment of the invention; -15 Figure 13 shows forward and reverse
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vector. This is in contrast to any method according to the

state of the art, wherein the rounding process is performed
within the transformation process for the individual element

15 or data symbol in each block of the digital signal. Thus, the
number of rounding operations in the method according to the
invention is greatly reduced. Due to the reduced number of
rounding operations, the méthod according to the invention
does not require large computation time and computer

20 resource. Further, the approximation error of integer domain

transformations can be significantly reduced.

In a preferred embodiment, the invention provides a method
for realizing the integer type-IV DCT transformation. The

25 method according to the invention requires a significantly
reduced number of rounding operations compared to prior art
méthods. As a result, the approximation error is greatly
reduced, in the case of DCT-IV it can be reduced from the
usual Nlog,N level to be as low as 1.5N in one embodiment

30 and as low as 2.5N in another embodiment, where N denotes the

| block size of the digital signal. The method according to the
invention is low in computational complexity and modular in

structure.



10 vector is transformed by a domain transformer, and the result of
the transformation i s rounded subsequently to an integer vector.

This is in contrast to any nethod accprding to the state of the art,
wherein the rounding process is performed wthin the transformation
process for the individual elenent 15 or data synbol in each bl ock of
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corresponding analog signal.
15
The method according to the invention can be used for
transforming an input digital signal which represents integer
values to an output signal which also represents integer
values. The transformation ﬁethod according to the invention
20 is reversible. The output signal may be transformed back to
the original input signal by performing the transformation
method according to the invention. Such a reverxsibility
property of the transformation according to the method of the
invention can be used in lossless coding in which the output

25 signal should be identical to the original input signal.

Such an integer transformation of signals according to the
invention can be used in many applications and systems such
as MPEG audio, image and video compression, JPEG2000 or

30 spectral analyzers (for analyzing Infrared, Ultra-violet or
Nuclear Magnetic Radiation signals). It can also be easily
implemented in hardware systems such as in a fixed-point

Digital Signal Processor (DSP), without having to consider



generated by scanning at | east one characteristic feature of a
correspondi ng anal og signal (for exanple, the |um nance and
chrom nance values of a video signalg the anplitude of an analog
sound signal, or the anal og sensing signal froma 10 sensor). The
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bl ock K&FNAGOrRBE3ARe predefined nunmber of data synbols based on the
sanpling rate of the corresponding analog signal. 15 The net hod
according to the invention can be used for transform ng an input
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fixed-point Digital Signal Processor (DSP), without having to
COﬂSIdﬁécgrding to the method according to the invention, the
digital signal is transformed to the fregquency domain by a

15 transforming element.

Preferably, the transforming element comprises a plurality of

lifting stages.

20 The transforming element can be illustrated based on the
model of a lifting ladder. The lifting ladder model has two
side pieces, each for receiving one of two groups of data
symbols. Two or more cascading lifting stages are provided
between the two side pieces. Each lifting stage receives a

25 signal at one end {(input end), and outputs a signal at the
other end (output end) via a summation unit. A rounding unit
is arranged at the output end. The lifting stages are
arranged between the side piecés in an alternating manner,
such that the output (or input) ends of adjacent lifting

30 stages are connected to the different side pieces.

It should be noted that although the transforming element is
described in the form of the lifting ladder model, it is only



factors such as overflow in the case of a real-val ue signal
transformation. A preferred enbodi nent of the invention described
belowis 5 suitable for both nono a@d stereo applications. In nono
applications, two consecutive bl ocks~of sanples are grouped and
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when conpared to single-block processing. However, in stereo
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Si nultgl e blocks fromthe left and the right channel are
~grouped and processed together. According to the nmethod according to
the invention, the digital signal is transfornmed to the frequency
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integer macrices in one diagonal: An example of a lifting

matrix is:
15

P2, O
& ““

wherein Cj is the transformation function matrix, in this

case the DCT-IV transformation matrix, and Pl, and P2, are

20 permutation matrices. A permutation matrix is a matrix which
changes the position of the elements in another matrix. .The
permutation matrices may also be identical. The inwvertible
integer matrices may also be arranged in the lifting matrix

in another way, for example as
25

0 By | :
P2, CF|° | (2)

Preferably, the invertible integer matrices are diagonal

matrices which comprise only components which are one or

30 minus one.



9 toillustrate the transformati on paths of the transform ng

el ement. However, the invention shall not be limted to said | adder
nodel. 5 Discrete cosine transforns, discrete sine transforns,
discrete Fourier transforms or disctBte Wtransforms are exanpl es of
transformati ons that may be perfornmed by the nethod according to the
I nvention. 10 I'n one aspect of the invention, each lifting stage
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An audio signal 109 which, for instance, is provided by a

10 microphone 110 and which is digitalized by a analog-to-
digital converter 111 is provided to the audio encoder 100.
The audio signal 109 comprises a plurality of data symbols.
The audio signal 109 is divided into a plurality of blocks,
wherein each block comprises a plurality of data symbols of

15 the digital signal and each block is transformed by a
modified discrete cosine transform (MDCT) device 101. The
MDCT coefficients are quantized by a quantizer 103 with the
help of a perceptual model 102. The perceptual model controls
the quantizer 103 in such a way that the audible distortions

20  resulting from the quantization error are low. The quantized
MDCT coefficients are-subsequently encoded by a bitstream
encoder 104 which produces the lossy perceptually coded
output bitstream 112.

25 The bitstream encoder 104 losslessly compresses its input to
produce an output which has a lower average bit-rate than its
input by standard methods such as Huffman-Coding or Run-
Length-Coding. The input audio signal 109 is also fed into an
IntMDCT device 105 which produces IntMDCT coefficients. The

30 guantized MDCT coefficients, which are the output of the
quantizer 103, are used to predict the IntMDCT coefficients.

The quantized MDCT coefficients are fed into an inverse



matri ces which conprise only conponents which are one or 30 mnus
one. 10 Figure 1 shows the architecture of an audi o encoder 100
according to an enmbodi ment of the inygntion. The audio encoder 100
conprises a conventional perceptual base |ayer 5 coder based on the
nndlfleéuanéézételéésand thanstibput (METYorahdnr dosshesst epbdnmegent

coder h nteg podi fied discrete 005|ne transform
(1nt ?gggngﬁé ?3 si'§ g?d16§ fh? FOURSRS dtdncdd 7+ s provided by a

10 m crophone 110 and which is digitalized by a analog- to-digital
converter 111 is provided to the audio encoder 100. The audio signal
109 compf ?s@%madbnarawt:yr@ﬁn@atho symbbhisegerTalasdMPET gnal 109 is

di vigled a b eac Iock conpr
‘plurngggQ%?l§%§%£§ %§§¥§%a%lgl (ﬂglgngi Bh ﬁ is

t r ansf oanedty alfﬁedeﬁtedbdtﬂ@éﬁtfh@Oﬁmﬁ&géﬁYﬂHﬁdﬁWMUd@XHiddEMbCe
101. Thf t%%?i coe 1clents are quantized by a quantizer 103 with the
hel p of & e‘b‘i’% 1%%%1[510@”%’:%%@& Libdal eEdRHEPRY SCOERE

quant i zegs 108hd NeStisbpd ¥RYobbAL éﬁﬁ%@l@fe dippd ﬁ@%@e e{eﬁﬁ%&“g

fromthe quantization error are quantlze crents
are. sub@%qubﬁ@$@e%ﬁbbde@d®qea'bh@sive%age(bmﬂmhateiaﬁfwhtghlppaduaﬁs

th 0Sg§ pt u coded . out itstream1 25 The bitstream
englodde %[L%C%ﬁf%gs e]gé%%lcoﬁp?l&as%%grﬁ% i Lresm éﬁé“ducéﬂéﬁ iﬂ?ﬁﬁ]?ss
whi ch harshmdmumt aYEE ager i - 128 ecddutmddt SvitHRMe Rerstapdardly

met hods_s as_Huf f man- Codi ng or Run- Lengt h- Codi ng. The i nput audlo

si gnal g sbJa‘q%Br$%tﬂ 1o %Q]rrles the necessary information to
reconstruct the input audio signal 109 with minimal error.

15 Figure 2 shows the architecture of an audio decoder 200
comprising an embodiment of the invention, which corresponds
to the audio coder 100 shown in figure 1. The perceptually
coded bitstream 207 is supplied to a bitstream decoder 201,
which performs the inverse operations to the operations of

20 the bitstream encoder 104 of Figure 1, producing a decoded
bitstream. The decoded bitstream is supplied to an inverse
quantizer 202, the output of which (restored MDCT
coefficients) is supplied to the inverse MDCT device 203.

Thus, the reconstructed perceptually coded audio signal 209
25 1is obtained.

The lossless enhancement bitstream 208 is supplied to an
entropy decoder 204, which performs the inverse operations to
the operations of the entropy encoder 108 of figure 1 and

30  which produces the corresponding residual IntMDCT
coefficients. The output of the inverse quantizer 202 is
rounded by a rounding device 205 to produce integer value

MDCT coefficients. The integer value MDCT coefficients are



| nt MDCT devi ce 105 which produces I nt MOCT coefficients. The 30
quanti zed MDCT coefficients, which are the output of the quantizer
103, are used to predict the Int coefficients. The quantized
MDCT coefficients are fed into an inverse 11 quantizer 106 and the

out put agidesit avedher raghdgyant hzeocMXe £ oaefdntes eriishsi prbadcinyo a
roundi ng uni%_ 107. The roundi ng unit rounds to an integer val ue
5 coef F1'€i ¢RC¥PCInGoeREIFESR bRl THIMBOT déts rinvTerma, IahMBRT dse t he

differ ;bat wee he.i e ; YRG

coeffi g?g%fl g@ ‘grgeegtr?t sgggﬁggd%%g%%n ent r%gga %g&ﬁéf%%mgcgnt ropy
encodefevangl 8§6usot protecdi tise rearorenicodered 104ss1@sslgsebyderieduces
the5 aver age bi.t-ritg 8f its input and 10 produces a | ossl ess
enhancéient BirPEfream’113. The | ossless enhancement bit stream 113
together with the perceptually coded bitstream 112, carries the

necessary infornation to reconstruct the input audio signal 109 with
m ni maF18RESr 3 $BOoRpgar 619w stoast t HY arfthin ehiedimgninofuthe decoder

200 c LSi odij of _the inventior i rresponds to
Che auPEhbE 88-apaeloCh MBIt Ay 08 RN b d e £ 0 e R
bi t st r eaem@@drmatsopphhedusing thisd reiamiders odeigdl, a whiceh perforns

t i nyerse _operatio to the operations of 20 the bitstream encoder
13‘33 of fs%gaPE i{ﬁag?ogﬁ&r Ny EHRDIEE Cg sthaEin 3%heaBdcadegird

whi ch (roct ofed NBET Ceaer Tt o i B E T T (o Hhe fuerse wpcT
devi cel20¥DCTTHEBicEh20P eebnEigwes 6l ayet o8P UalTer s dEUtHDE0 dsivgaal
209 250kSo@bEREAEE 2 to implement TntMDCT and inverse IntMDCT,
respectively. In Fig.3, x; and x; are first and second blocks
15 of the digital signal, respectively. z is an intermediate
signal, and y1 and y, are output signals corresponding to the

first and second block of the digital signal, respectively.

As explained above, the DCT-IV-algorithm plays an important

20 role in lossless audio coding.

The transformatio_n function of the DCT-IV comprises the

transformation matrix C) . According to this embodiment of

the invention, the transforming element corresponds to a

25 Dblock-diagonal matrix comprising two blocks, wherein each

block comprises the transformation matrix CY .

So, in this embodiment, the matrix corresponding to the
transforming element is:

30

Cy

Cy

(3)




The | ossl ess enhancenent bitstream 208 is supplied to an entropy
decoder 204, which perforns the inverse operations to the operations
of the entropy encoder 108 of figuresl and 30 which produces the
correspondi ng residual IntMDCT coefficients. The output of the

i nverse quantizer 202 is rounded by a roundi ng device 205 to produce
integer_yalue NDCT coefficients. The integer value MDCT coefficients
are 12 Cadddtpth ihdheesomta=t wiivbbtscembpildments be meferoaticing
the Int MOCT coefficients. Finally, the inverse IntMDCT is applied to
the | ntNDERS Serpisdrsnesipy aatirdvehspcefeMICT devi ce 206 to produce
the reconstructed | osslessly coded 5 audi o signal 210. Figure 3 shows
a flow chart 300 of an enbodi nent of the nmethod according to the
-invent iThre usinhgrt bE DCFtiVgamaariteapsind éhes ane wsidbert yree
Iiftingﬁ ages, .a first 1g Iiftin% stage 301, a second lifting stage
302 and* % §t30PFt fRgtEEabE2B6301 R %O%E@¥%@e$§rpﬁ@f§ﬁé§ly used in
the | ilMRGEdev hey 1 LAverse | devi ce
206 of figure 2 tggi%g?eﬁéﬁ%h?%?%bd#%¥%#$ﬁ%%?sgvI%FN%%%PCT

r espectivg@isyformatitpy. Sungktiand %8 aheeéirst and second bl ocks 15 of
the digital signal, respectively. z is an internediate signal, and
yrl and y2 are output signals corresponding to the first and second
bl bek @het DeTdTyi bal afii FABbintesRACt iNSY - seQF=£XP! GiAEd: 20y e nthe
DCT-IV-al%orlthn1pIays an inportant 20 role’in |ossl'éss audio

codi ng2sTheldparsf or mati on function of the DCT-1V conprises the
transformation matrix CN . According to this enbodi nent of

y(m) = ‘/%Aix(n)cos((m +1/2)IE‘: +]/2)ﬂ) m,n=01---,N-1 (4)

n=4

15 Tet CJ be the transformation matrix of DCT-TV, that is

cr - 2 [cos( (m+12)(m+1/2)x
N

N (3)

)]m,n=0,1,---,N-—1

The following relation holds for the inverse DCT-IV matrix:

cr )y -cr (6)

With 1‘=[x(”)]n-o,1,..-,m_1 and y =[y(m)]m_,,,l;__,,‘f_1 , equation (4) can be

25 expressed as

y=Cyx (7)



the invention, the transform ng el enent corresponds to a 25

bl ock-di agonal matrix conprising two bl ocks, wherein each bl ock
conprises the transformation matrix . So, in this enbodinent, the
matri x corresponding to the -transformng elenment is: 30 NCN - (3)
13 CNshal llemn 1heGond exbo Ofnddysr ephediisRithbde delsrLedro as the
transformation matrix henceforth.” 5 The nunber of Tifting matrices,
and herf%gla‘{fﬁé FRAPFS gfr K feorrpsRegkdd nmwohd todnsf of maheodigital

el ementg; 4y 1 s ciemadi of_ t i nvention, wherein DCT-1V is the
t ransf osrln%%lonm ucnl(g't i on,oq:aghtghgtgeggfol?ﬁgnjﬁﬁbr VaEE drr TG &l
i nput  sevuenesdoyniryy @dkineed . ahef oClrows: +¥EAbFodms of x;, x, are
N- é( n) cos%mirl/ Z%élnfl[ Z%ZC mzz=01 ... IN1(4) Ng ONI15Lerc C'

t het r 2t et FORCHEEYTW of DCT-1V, that is ON F2 [cos((,n 1
_+V2) (n+1~2)7r\l (5) J1 nz,n=0,1,- ,N1 The followi ng relation holds
for the inverse DCT-1V matrix: O 1/ \CNCN (6) Wth

x:[x(n)jLiijxr. N 1 and y=~y(zn)~_0 ...N_|, equation (4) .can be (8)

be

¥, =Cy x, (9)

10 Combining (8) and (9):

nl Jey X,
Yaf CY||* o)

The above diagonal matrix is the block-diagonal matrix that

15 the transforming element corresponds to.

It is within the scope of the invention if the above equation

is changed by simple algebraic modifications like the one

leading to
20
nl_ Gy %
Y| |G x5 o
Let T_%i be the counter diagonal matrix in {11), that is
Cy
25 .’Zé{: C_;:,V — {12)

The matrix T,, can be factorised as follows:



25 expressed as y = CN N x (7) 14 Now, let x1, x2 be two integer Nxl
colum vectors-. The colum vectors x1, x2 correspond to two bl ocks
of the digital signal which, accordigg to the invention, are
transforned by one transform ng el enent. The DCT-1V transforns of
x1l, x2 are yl , e;specti Iler Y& 1 (8) Y2 =C\Nx2 (9) 10
Conbi ni g (&) and_ﬁ9 N2 CN ¥ The pbove di agona
mat ri x 14t hg Bl ock- K gogdl nmf i x thay -Wrmgt ansf or mi nd ¥element
corresponds — It i thitn t scope tion if the above
.equation is changed by S|nple al gebraic nDdlflcatlons | i ke the one
leading to 20 | rv if Y2 CN C 1Lx'J (11) Let T2. be the counter
di agonaydind 1 x 18 £3d) ¥ 0akdeheliely ZaclaN = -N C 1 (12) N The

| ows:

-matri x T2A, cédn be factorised as

5 Equation (13) can be easily verified using the DCT—IV
property in (7). Using (13), Equation (11l) can be expressed

as
vo| |-G I Iy ||€F Le||®

10
The three lifting matrices in eguation (14) coxrespond to the
three lifting stages shown in Fig. 3. BEach lifting matrix in
{14) comprises the auxiliary matrix Cﬂr, which is the
transformation matrix itself.

15

From {14), the following integer DCT-IV algorithm that
computes two integer DCT~IVs with one transforming element is

derived.

20 Figure 4 illustrates the embodiment of the method according
to the invention using DCT-IV as the transformation function.
This embodiment is used in the audio coder 100 shown in Fig.
1 for implementing IntMDCT. Like in Figure 3, x; and x» are
two blocks of the input digital signal, z is an intermediate

25 signal, and y; and yz are corresponding blocks of the output

signal.

The three lifting stages 1llustrated in figure 4 coxrrespond

to the three lifting matrices in eguation (14).
30



15 IVIV1I T2NCNCN=-CNr I-ININCNIN (13) where INis the N
X Nidentity matrix. 5 Equation (13) can be easily verified using the
DCT-1V property in (7). Using (13), Equation (11) can be expressed
as rv 14) [Y2 - CNININl( IN I~CNI®I[Xi 10 The three lifting
matrices

T e mel 1930 L1 RLfeaPand ch LG LB S2l bR ehase>

tri'x I'Ses thé auxiliary

mat ri x Oﬂnte\gi@lrcltrla&stfb@m tlrsam%fc@n:mtnle@n biyatthiex flotLS_ekvflngl5 From (14),
the following integer DCT-1V algorithmthat conmputes two integer
DCT-1Vs with one transformng elenent is derived. 20 Figure 4

|| Lustrabgs e sqiodisrente olo1the MpLhod,aceorghidoyte pbe-tyvention

using DCT-1V as the transformati on function nbodlnent is used
in the a&dﬁas@@dﬁmti@@ §@menﬁntﬁegDCT}INOcoeﬁﬁh@aentﬁngrEntND@ﬁed

Li ke in FEi bl.ocks of the input, digital
si gnal , ?Ols |EP@P%§%136§ §§E§O§#§HC1§H53 frgn&%ﬁﬂ g%geg %o &
CorreSp0Q®l4ﬂngh|u%9k$h@f ibRerekliute $igRRAN. z is generated. So, the

intermediate signal z fulfils the equation:
10 z=|C¥x,|+x (15a)

In the second stage 405, z is transformed by a DCT-1V
transformation 406 and the DCT-IV coefficients are rounded
407. From the rounded DCT-IV coefficients x, is then

15 subtracted. Thus, the output signal y; is generated. So, the
output signal y; fulfils the equation:

=lc¥ z)-x, (15b)

20 In the third stage 409, y; is transformed by a DCT-IV
transformation 410 and the DCT-IV coefficients are rounded
411. The rounded DCT-IV coefficients are then subtracted from
z. Thus, the output signal y; is generated. So, the output

signal y, fulfils the equation:
25

=—Lc_§fﬁj+£ (15¢)

where |*| denotes rounding operation.

30 Figure 5 illustrates the algorithm for the reverse
transformation acceording to an embodiment of the method

according to the invention using DCT-IV as the transformation



The three lifting stages illustrated in figure 4 correspond to the
three lifting matrices in equation (14). 30 16 As illustrated by
figure 4, the time to frequency domai;p integer transformis
determned by the following: In the flirst stage 401, x2 is

t ransf of HBEtBYNa DiTts| smsodiresrst of sratsah 40X ndhiidies e bMer 200
coef ficLanls %nggunge 403.. The rounded DCT-1V coefficients are
then added to Xl 404 AU RHES M B Pedt @S %i YrafDGT i sThener at ed.
So, thealgotithmdialessignal & fed dits eguaty.an; 2J+x~
- (15a) Iﬂgt he second stage 405, z_glf’s trE;anln!L{sesic or mdirg(&%é%lcghé :
t r ansf of nBPT OhNR0EL AR ¥Hee DGR |84 wuvesf 14 ciTet slearataoiordedFod0FheFr o

the g oungdeds PGTe | Vs 69 icients x2 i.s then 15 subtracted. Thus, the
. output signal i %/Jéﬁggj;l;ér%f i S%l,’ ERe™1DUE plt® sFYRSPRY| fulfils the

equat i ORPTNeSPONIZdg Xi2o (HHBb)der? At drhe dhimidnatage, 409, yl is
transfornmed by a DCT-1V transformation 410 and the DCT-1V
coefficients are rounded 411. The rounded DCT-1V coefficients are

t hen suibd rarl esht 5089 : tshe i 2 .. generated. So,
the output signal y2 %I%%eﬂ?g gglfa%ﬁ%eg%@Yf%:ﬁ_ﬂ%ﬂqlEa%]}Sc)
wher e L3Rt ksansiont ig oedeaniiored 3F FhgufalSddidst rates the
algerithmfor the reverse transformation according to an enbodi nent
of the method '

In the first stage 501, Y1 is transformed by a DCT—IV
transformation 502 and the DCT-IV coefficients are rounded
503. The rounded DCT-IV coefficients are then added to Va2
504. Thus, the intermediate signal z is generated. So, the

15 intermediate signal z fulfils the equation:
z= Ci,"yl_l+& (16a)

In the second stage 505, Z is transformed by a DCT--IV
20 transformation 506 and the DCT-IV coefficients are rounded .
507. From the rounded DCT-IV coefficients ¥1 is then

subtracted. Thus, the signal X2 1s generated. So, the signal

X2 fulfils the equation:
25 x=|cyzl-n (16b)

In the third stage 509, Xz is transformed by a DCT-IV

transformation 510 and the DCT-IV cocefficients are rounded

311. The rounded DCT-IV coefficients are then subtracted from
30 z. Thus, the signal X1 1s generated. So, the signal X2

fulfils the equation:



according to the invention using DCT-1V as the transformation 17 |
function. This enbodinent is used in the audi o decoder 200 shown in

Fig. 2 for inplenenting inverse Int . The algorithmillustrated

in figure 5is the inverse of the dilgorithmillustrated in figure 4.
The dengtatjcang |t.or the 5 different signals yl, y2, x1, x2 and ;z- are
chosen —cor nding to the denotations of figure 4. As iIIus&ra ed

by Figure 5, the frequency to tinme donmain integer transformis
determ ned by the following: 10 In the first stage 501, y1l is
transfornmed by a DCT-1V transformation 502 and the DCT-1V
coefficients are roun%ﬁd gOS. The rounded DCT-1V coefficients are
then addedFo 725684 Lh#hyEhe ALIPALEFMearaPEIEIGnzd e segeRELaREd.
So, sthe(16ky et qneegli akeingpak 2of UhEi LegbPerRAUALEOR by THENY
J+Y, (16a) _In the second stage 585, z isgtrangﬁorne ? % DCT-1V 20
t r ansf GARLORS508 Sandtenél B - | Vhysef L Eciiendt simriehe camdeder 587Rd Fr om
the ro cients yl is,the subpt ract ed. . Thus, the
signal%¥%§%§E§g%g¥§?§§£géo$gt%%géFaﬁaF aQQ ful P57 19 BYYSE i on: 25
XZ = Chrotidgi a(héhhodl Bntihent Appdrstagerspl oxl éss t4@dsd oEnBEnbY a
DCT- IV transformation 510 and the DCT-1V coefficients are rounded
511. The rounded DCT-1V coefficients are then subtracted from 30 z.
Zgggi e s5a8Rkokd (359PNesal ek Shnat R26s) 008! (1) HhHAS! BRow
that to compute two NxN integer DCT-IVs, three NxN DCT-

IVs, three Nx1 roundings, and three Nxl additions are

needed. Therefore, for one NxN integer DCT-IV, the average

is:

15
RC(N)=15N (17)
AC(N) =15AC(Cy ) +1.5N (18)

20 where RC(.) is the total rounding number, and AC(.) is the
total number of arithmetic operations. Compared to the
directly converted integer DCT-IV algorithms, the proposed

integer DCT-IV algorithm reduces RC from level Nlog,N To N.

25 As indicated by (18), the arithmetic complexity of the
proposed integer DCT-IV algorithm is about 50 percent more
than that of a DCT-IV algorithm. However, if RC is also
considered, the combined complexity (AC+RC) of the proposed
algorithm does not much exceed that of the directly converted

30 integer algorithms. Exact analysis of the algorithm
complexity depends on the DCT-IV algorithm used.



18 x1 =- CN x2l1+a-(16c) It can be seen that the algorithm according
to the equations 5 (16a) to (16¢) is inverse to the algorithm
according to the equations (15a) to {g5c). Thus, if used in the
encoder and decoder illustrated in figures 1 and 2, the algorithns
provi de A ﬁ@ﬁﬁ@dl@ﬂil@mr&ﬁp$ram@55fOtthpr?SSedUﬂhﬁeﬁéglDQT—t@'The

equati o 15¢) .and o0 (16c¢c) further s that to
cgrrpute%tﬁ\%%%m?\lll g]tsé r- DT WQ)du%LHFfaén %\[t%?uﬁltm fyscaphpse RowL
roundi ngscisanegt moge TRt 11 [ ngna d e N
SO ed ey L omidubhensnat o Jeriey ciplEiessn Lban

AC( N) =1 TBRCPERPPECENal 991 the! Wﬁesem@plge fertappmtatmnsmdmg

nunbegr he o tal,_n e rithpetic eratigns.
-Cowpareééggltgglhgyéggfly dn&grggg ﬁﬁgé g Egﬁo 5?56???h§3 t he

pr oposedefiereeger mbdEil 7. algorlthn1reduces RC fromlevel NNog2Nt -0
N. 25 As indicated by (18), the arithnetic conplexity of the
proposed integer DCT-1V algorithmis about 50 percent nore than that

of a DCEihMral goghbhm e i 0 asi der e e
conbi ned goﬁbleX|ty AETE%§% %hak% g§%p§sgé T%%rl?%%1d%%s%E8t much
exceed mﬁﬁhoéfa?nerdnngctbythanwavéadlaﬁ usiegefi e gbi £t mg. sExaek,
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third lifting stage 603, a fourth lifting stage 604 and a
fifth lifting stage 605. This method can be used in the
IntMDCT device 105 of figure 1 and the inverse IntMDCT device
206 of figure 2 to implement IntMDCT and inverse IntMDCT,

15 respectively. In Fig.6, X3 and X, are first and second blocks
of the digital signal, respectively. z;, z,, zZ3 are
intermediate signals, and y1 and y, are output signals
corresponding to the first and second block of the digital
signal, respectively.

20
Figure 7 shows a flow chart of an embodiment of the method
according to the invention, wherein the transformation

| function is a DCT-IV transformation function.

25 The DCT-IV matrix EEE (see equation (5)) can be factorised

as

IV I

po="¢eo

30 where ﬂa 1s an even-odd matrix, i.e., a permutation matrix

reordering the components of the vector



algorithmis sinple and nodular in structure. It can use any
existing DCT-1V algorithnms in its DCT-1V conputation block. The
proposed algorithmis suitable for éfplications that 5 require

Int MDCT, e.g. in the MPEG 4 audio extension 3 reference nodel O.
Figure 6 flow chart 600 of an enbodi nent of the nethod
according to the invention using five lifting stages, 10 a first
lifti ng=dtage 6Pp1, a second lifting stage 602, a third lifting stage
603, a fquhijfting stage 604 and a fifth lifting stage 605. This
met hod c be used in the IntMDCT device 105 of figure 1 and the
inverse I nt MDCT device 206 of figure 2 to inplenent |IntMDCT and

i nverse | nt MDCT,, 15 respectively. In Fig.6, xj and x2 are first and
second¥| FRP&ratGMNG Hdraicgmpsanasitgnahichespaseisveny. tg1ever, indiaes

interr@,_x;icglgt@lesicgﬁ@é : (o BRI Y- [ tput, signals .
corresponding to té?%ﬁ%%?ﬁéﬁﬁlggggﬁépgpgc%%OB%Phéng%SFFaIl'%lgnal
reSpectuctelthat20 Figure 7 shows a flow chart of an enbodi nent of the

met hod according to the invention, wherein the transformtion
function is a DCT-1V transformation function. 25 The DCT-1V matrix CN

(see u Qb ny(5)) can be factorised as CNN =RPO_ 60 (20) 30 where
P~ isjgnﬁb entodd matrix, i.e., a pernutation matrix reordering the
conpo en{ﬁ,of the vector 20 x(0)
% (-1 *©)
2 iy :
150 | T (24)
: x(N -1)
N
xz(E'_l)

where further

10
I - -D K. I
T=TLT =" , || == ==~ - (22)
- oine P 73 Imz & Ier
with
15 K = “(CAIrV/zDN/z ‘*‘\Elmz kﬁ?z (23)
Cyn
K =
=27/ (24)
§5=VECErDNm+Im2 (25)
and
20
Ly Ly, Hy [
R, =RR,R, = |2£ g il B e 26




x= X(N -1) by separating the conponents which correspond to even

i ndices fromthe conponents which correspond to odd indices, i.e., 5
such that x1(0) xI (Z-1) = eo x(0j4x2 (0) P (21) Xx(N1) x2(2 -1
where further 10 T =T11, T3 = IN2/2 DNV2 K2 IN2 (22) K, N2 L
IN2J L K3 IN12 wth LLL 15 KI1--(CNI,DN 2+VA@ N 2) " X-FV /2 (23)

CNIN 2 KZ= ~. (24) K3 - v2CN 2DN12-FI N, (25)_ and 20 - IN12 IN2
112 IN2 1Zvo RZR3 = 111 |IN12 LJJ@EhDﬁ I3 INrj (26) 21 -1)n - tan
(N 8N SN
CH. = ' 27y
El— E"—' —tan?’—irr ( )
8N
T
-tan—
8N
and
5
. ®
sin —
4N
. 3w .
H, = smo (28)
Sin(le)ﬂ:
4N

BEquation {20) can be further written as

10 CJ{TV =R R,S T,T,F, (29)
where
IN!Z
S=RIT =|_—— (30)
- = H; + K IN!z}
15

The transforming element used in the embodiment illustrated
in figure 7 corresponds to the equation (29). FEach lifting

matrix S, T, and T3 in (29) comprises the auxiliary matrix
Cy.,, which is the transformation matrix itself.
20

The transforming element comprises five lifting stages which

correspond to the five lifting matrices of equation (29).



H1=H3= tan 37r (27) - 8N rz tan 8N- and 5 it sin- 4N 3,r Hsm-
(28) z = 4N sin (N-1)7r 4N Equation (20) can be further witten
as 10 CN =R1R2S TZT3PeO (29) where,S-R3T1H3+Ki (30) 15 The

transform ng el ement used in the e dinment illustrated in figure 7

correspondset 0 4 QaaldpmMihg9k1 Ragh 'cbfnfzjh:ﬂgesrrﬁt HbXaSshh£faAthgl3
in (29) conprises the auxiliary matrix C, 2, which is the

t r ansf orangt | o pandics ddof th20 pEhentteanshomatngxelfinent conpri ses
five lifting stages which correspond to the five |ifting matrices of
equation (29)

In figure 7, the input of the first lifting stage are the two
5 b%ocks of the digital signal x; and X;, 2:, 22 and 23 are

intermediate signals and y; and y» are output signals

corresponding to the first and second block of the digital

signal, respectively.

10 The input of the transforming element x and the two input
blocks of the first lifting stage of the transforming element

X; and x; fulfil the equation

x
x2

In the following, the first lifting stage 701 is explained,

=P x (21)

15

which is the lifting stage corresponding to the lifting

matrix T, .

V.
20 Let [i] be the output vector of the first lifting stage, Lox

Y,y

the time being without rounding to integer wvalues, i.e.

HTH 32)
21 T2

25 Using the definition of T, provided by equation (22),

equation (29) is re-written as



22 Further, the transform ng el ement conprises a data shuffling
stage corresponding to the pernutation matrix PPO. In figure 7, the
input of the first lifting stage are $he two 5 blocks of the digital
signal x1 and x2, zl, z2 and z3 are Tnternediate signals and yl and
y2 are output[Igigndal s corresponding to the first and second bl ock of
t he digif*al |stgnal|[*rlespectively. 10 The input of the transformng
el ement |y, nd&Lhd ,t 2input bl ocks of the first lifting stage of33he
transforinmrhg [elTement—Ix1 and x2 fulfil the equation Px (31) X21 = m
15 In the followng, the first lifting stage 701 is explained, which
is the lifting stage corresponding to the lifting mtrix T3. V1 20
Let -' be the output vector of the first lifting stage, for V2 the
time bei"ny L r@o RGP tislenitidge matdive syt idismensy ohl N#B3[ X' |
(32) 25 Using?the definition of T3 provided by equation (22),
equation (29) is re-witten as 23 INV1 v2 K31l Z~x1( 3 3)

5 Since in this embodiment, a reversible algorithm for integer
DCT-IV in this provided, there is included a rounding to
integer values. So, according to equation (30), in the first
step 706 of the first lifting stage 701, x; is multiplied by

K, . The result of this multiplication is rounded to integer

10 values in step 707. The rounded values are then added to x,

in step 708. Thus, the intermediate signal z; fulfils the

eguation
a=Kx vz (3¢)

15

where FJ denotes rounding operation.

Since the other four lifting stages 702, 703, 704, 705 of the

transforming element illustrated in figure 7, which

20 correspond to the matrices I,, §, R, and R respectively,

have identical structures as the first lifting stage 701,
their explanation is omitted. It only has to be noted that in
the adding step 709 of the second lifting step 702, x; is,

according to the definition of T,, multiplied with g L

25

In the following, the lifting stages of the transforming
element of the reverse transformation are explained with

reference to figure 8.



where IN denotes the identity matrix of dimension NN2. i 5 Since in
this enbodi ment, a reversible algorithmfor integer DCT-IVin this
provided, there is included a rounding to integer values. So,
according to equation (30), in the £frst step 706 of the first
lifti 7 . T u f

multip |g§1a%ggan J?%h}%ct]fn(}se dg'mE g} él F\itlefg%rrgyg tlééeﬁe?%l rrEﬁ%t lettlp:agisfbgh?mgI

r ound ezl arsnie st ar ethdwe:remm traneX orma tsbep oT08heThusnstthgnation

intern'%g;ate SI f#?tﬁ‘uIﬂJs the equation z, = K3'.x7,+x2 (34) 15
wher e HY operation. Since the other four lifting
stages 702, 703 704 705 of the transformng el errent illustrated in
figqure 7, V\hlch0correspondtothe matrices T2 , , R and R

r eSpeckl \f@l‘:’}ﬂre Hav el ditftalofs tihic tiirss dd ftAadf |S|’l‘-§1gel B RS iR

Zgé adﬁgd1 NG step J%B%t ]?ﬁltjhe seé{%-I g_d|¥1 qi’%'t S’?%% Qﬁ?ngt %%gggr:ﬂpng

to t heirteddmddiore ofighylsndrid pii eddmg hare B\h]tpuﬁ%:lqhélm fol | ow ng,
the lifting sta es of the transforming elenment of the reverse

t r ansfETRATRAN I I Eihdd 5t Png eieranc 8106 Pfurd s 4194+ gure
B illustyaies tdgdddiidg, stages of the transformng elenment for the

reverse transformation of the transformation illustrated in figure
710
The last lifting stage 805 illustrated in figure 8 is inverse
to the first lifting stage 701 illustrated in figure 7. So,
in the first step 806 of the last lifting stage 805, x; is

multiplied by K;. The result of this multiplication is

15 rounded to integer values in step 807. The rounded values are
then subtracted from z; in step 808. Thus, the signal x;

fulfils the eguation

%, =7 - |K; x| | (35)
20

where [*| denotes rounding operation.

Since the other four lifting stages 801, 802, 803, 804 of the
transforming element illustrated in figure 8, which are

25 inverse to the lifting stages 705, 704, 703 and 702 of the
transforming element illustrated in figure 7 respectively,
have identical structures as the last lifting stage 805,
their explanation is omitted. It only has to be noted that
after the adding step 809 of the fourth lifting step 804, the

30 result of the adding step 809 is multiplied with -Dy, to

produce Xj.



5 1n figure 8, the input of the first lifting stage are the two

bl ocks of the digital signal yl and _72, E2, z2 and z3 are

I ntermedi ate signals and x1 and x2 af.e out put signals correspondi ng
to the first and second bl ock of thedigital signal, respectively.

10 The 1tastad idd istgersttage 888 nhkushiakedgkB BDEYr 808, i §0BNVEI0E arld
the first lifting stage 701 illustrated in figure 7. So, 1In the
first &% Hodigunnd past inverrAgtet hje 305ting ssagaal 710bl ted 1P

5. Theg ez ol | s ks Laticabiansl 5118 LaUndedol.oLhLoos \alues

.in step 807.” The roun val ues are hen su Fromzl;,in

808. Thirpuit ke ghiegnalorxdspbubifhstbhenequati-0R ¥, Zlcd3xk) {3 rsdd
where r] denotes roundi ng operation. Since the other four lifting

- st afes B0l ,arBGccMng8A4tef shher1ihanstagei ng ebspentedl i)gsah’ét ed in
figure 8, which are 25 inverse to the |ifting stages 705, 704, 703
and 702T0F4¥e tHarsiSrBi R nglenenent thel nsevated Rathpdute 7

respectddgl gy vey,dent ic teyclLyre t hET ] ge
B0, Cher T eRaAngtroh 15 gnete o b BnfyondBepaShoLit: she, BiR
af t er thwelizddiewpdstre208091bfisthetéduthhflghirenglsang 804prote Bhg a

result _of .t he adding ste 09 is |tiplied with -D,,2 to produce
x1. 25me|*?th°cd§r?“5‘gaéleéﬁpﬁgagu?héoiﬂf??ﬁ ©8Faged1i808°d8nd; 803, 802 and
801oof figure 8 are inverse to the lifting stages 701 to 705

An analysis of the number of roundings used in this

embodiment is given at the end of the description of the

invention.

15 Figure 9 shows the architecture for an image archiving system

according to an embodiment of the invention.

In figure 9 an image source 901, for instance a camera,
provides an analog image signal. The image signal is

20 processed by a analog-to-digital converter 902 to provide a
corresponding digital image signal. The digital image signal
is losslessy encoded by a 1osslesé image encoder 203 whi.ch
includes a transformation from the time domain to the
frequency domain. In this embodiment, the time domain

25 corresponds to the coordinate space of the image. The
lossless coded image signal is stored in a storage device
904, for example a hard disk or a DVD. When the image is
needed, the losslessly coded image signal is fetchéd from the
storage device 904 and provided to a lossless image decoder

30 905 which decodes the losslessly coded image signal and

reconstructs the original image signal without any data loss.



of figure 7, respectively. Since also the pernutation of the input
signal corresponding to the matrix P,, can be reversed 5 and an
accordi ng data shuffling stage is cggpri sed by the inverse
transform ng el enment, the provided thod is reversible, thus, if

used i ButhelaydiesensodRlvAQP A 'Ltﬂi degoder 8?951&1' | ugtrated
a

in figures 1 and 2,. providing a ne an appa
| 0ss| e8%525R4Pe £ndEhE. Caﬁﬁlth&ﬂuﬁh&nxmagesrareuﬁﬂmmromapeuﬁdlngs used

in thi ve t, the .end of the description of the
i nvent ?%ﬁgﬁggkl gﬁ%e\]”gfgﬁ vénc?t’}-é A R T ot 2R i%@é ar chi vi ng
syst enenatgsiding to an enbodi ment of the invention. In figure 9 an

[ e source 901, for instance a canera, provides an anal og image
srgﬁal The image signal is 20 processed by a anal og-to- dlgltal

conver §gr+992 d i M si,g The
digital im efi?%ﬁggwé Qaaﬁﬂﬁﬁgggéggﬁg%3%ﬁﬂbgﬁ%%FH§§T%§§ ﬁngaﬁ the
encodekr et on nef ualedla talansfermtiren foremd heet 8BRadamebn to
t he f Egdfr? donalcg%?ln this enbodinent, the tine domain 25

corresponds to the’ Y hat ﬁ%ﬁb“@ﬁsﬁh@QQﬁﬁﬂéngwﬂéD £bssl ess coded
i mge Shonelin B 05esd Thed. St’l@fl@%ﬂ%%\al%rﬁgq] éfé%é‘ﬂﬁ?g dggeﬁaiﬂ

di,sk or. a DVD._. When the image is needed ess I 'nage
si énal the Iesshrse riwree hfé'lCO@terr 2GS el ¢é1&0(l4>sasﬂcéqm o:umdgd tiecader

Iossle§@5|@@g@hékgﬁg§§ 5%% ich decoﬂgf the | oss] es coded
i mge signal and retons Fucts ﬁ§5tﬁpb| Fﬁﬁﬁ@ f éPFﬁoat any
data | oss. 26
Figure 10 illustrates an embodiment of the method according
to the invention using DWT-IV as the transformation function.
15
The DWT-1V of a N-point real input sequence x() is defined

as follows:

y(m)=\/-;}x(n)sm(ﬁ (m+1/2)§:;+]/2)27r) mnr=01--,N-1 (36)

20

The transformation matriz W)’ of DWT-IV is given by

(37)

- N 4 N

)]m,n =01, N-1
25 The DWT-IV matrix is factorised into the following form:

WJ\F =RNTN‘PN {38)

Eli is a NxN zrotation matrix defined as

30



Such | ossl ess archiving of image signals is inportant, for exanple,
in the case that the i mages are error maps of sem conductor wafers
and have to be stored for |ater anaé sis. 5Inthe following, a
further enbodi ment of the nethod for the transformation of a digital

signal fromt t,i mer doein to the frequency. domein and vice versa
accor dlﬁg—t:zz—;gzla on is explained. This enbodiment is (3
preferably he | ossl ess i mage encoder 903 and the

| ossl ess i mage decoder 905 of the inage archiving systemillustrated
.in figure 9. Figure 10 iIIustrates an enbodi rent of the nethod

accor di e J ntlon DW-1V as the transformation
functi (}}S’—— JIl% 15I]:EE Jlﬁ%ln "gcﬂ%to"“rd@ﬁ N/ Bput azeqdénddrs (@punter
, defl ne(ide?ﬁ:;.k/?' }“%%}X g}g:dgﬁvth\l??fxg%m n( +('n+l/2) +1/2)27cl

e’transformation matri x WN of
DV\7I5IV is given by 12 [SI n(d + (m+J3/2)((n +1/2)2X (37) ni,n WN = N
25 The DWM-1V matrix is factorised into the follow ng form WN
=RNTxj'x (38) RNisId Nx Nrotation matrix defined as 30 27

1
J:IV= . i (40)

2

Fy is a NxN permutation matrix

Lysz
10 P, =—
— [ sz} {41)

T is a NxNmatrix given by

ro L[ Cva  -Cys

T = 7 42
‘\/_- CNIZ N2 CAI:,!Z NiZ ( )

H
where Cy),, is the DCT-IV matrix of order N/2, i.e., a
corresponding transformation matrix of lower dimension.
v m+1/2)n +1/2
cl. - (N/z)[ (( ]/(er(/z)]/ )EH (43)
m=l,1 N f2-1

20

D,,, is an order N/2 diagonal matrix given by



1 IN2LM2 RN (39) '~ L-JN2 INL2 INL12 is the identity matrix of
order V2. JN2 is the counter identity matrix of order N2, i.e., 5
1 11V (40) 1 PNis a NXxN pernutation matrix 10 PV =1IN2 1 I
JN21 (41) T is a NxNmatrix given B8N N T =1 CN2 CNl2 ry (42)
"wL CN12I~N 2 CNI 2DN 2 S where CN2 is the DCT-1V matrix of order N 2,
i.e., a corfesponding transformation matrix of |ower dinmension.

Qv/2 =2 cos((m1l/2)(n+l/2)ir (43) (N2) [ (N2) 11 mn-O1I: ..,N
12-1 2§ DNJ is an order [N/ 2 diagonal matrix given by 28 1 -8.44)

N2 T

-1

I_EAL and T can further be factorised into a product of lifting

matrices:
5
1 D K Iy
EEJ;TQTE_:[—I’:’{” ; H——”’Z I——Z-H%: / ] (45)
=S 7) w2 | L5 Lan
here K, =12 i i ~Cuiz i
where K, =W2ly, ~Cy Dy Ly K, = N §=\/§CN12DNIZ-_INIZVI
and
10
I I H I
LU N il S A
Hy  Iwpe twz| (s dan
where
: -0414 _
15 H,=H,=-tan(s/s) 7y, = | Toms (47)
-0.414
and
0.707
, 0.707
H, =sin(z/4)-J,,, = . (48)
0.707
20

Thus, egquation (38} can be written in the form



DNI2 (44) R and T can further be factorised into a product of

Iitng matrices: 5 T TTTIN/2DN/2K2IN/2123K]'IN/2,[INlZ]
13 IN21 (45) _/7 -CV where K |3( N2 -CN2DN 2 ~N2 K2 =/~ 2
K3 "CN2DN/2 -IN2 and ~~ 10 RRRRINI2 11 IN2 H2 | 12 H IN2
IN2 ILHIN2 where - 0.414 15 H =H3 =-tan(~rl8)'JNI2 = -0.414 (47)

- 0.414 and 0.707 Hsin(2c/4). J 0.707 2 - N2 - (48) 0.707 20

Thus, Qg{Ha;RORRQB_pTCpn be witten in the form29 CN = RLRZR3TI 293
PN (49)-—The—’r-rﬁ-rrrg-1mtr| ces R3 and T, can be aggregated to the

The 1ifting matrices R, and I, can be aggregated to the

5 1lifting matrix §:

| Len (50)
Hy,+ K, Iy,

From (49) and (50}, the following factorisation formula for

.U the DWT-IV metrix can be obtained:

CJ{TV =RR,S I,T,F, | (51)

Equation (51) indicates that a transforming element for the
15 integer DWT-IV transform can be used which comprises five

lifting stages. Each lifting matrix S, Tz and T3 in {51)
comprises the auxiliary matrix Ci,",2 , which is the

transformation matrix itself.

3 Further, the transforming element comprises a data shuffling

stage corresponding to the permutation matrix Ij,ﬁ . The data
shuffling stage rearranges the components order in each input

data block. According to P, , the input data vector is

rearranged in the following way: the first half of vector
25 remains unchanged; the second half of vector is flipped,

l.e.:



51lifting mtrix S S=RT IN2 (50) 33 H3 +K1 IN12 From (49) and
(50), the fiollowng factorisation formula for .0 the DW-ILV matrix
can be obtained: C N =RaR2S T2T3PN (51) Equation (51) indicates that
a transformng elenent for the 15 3hteger DWI-1V transform can be
used which conprises five lifting stages. Each lifting matrix S, T2
and T3 in (51) *c nﬁrﬁse the auxiliary matrix C,,2 , which is the
transfornatlcnxna rlxx%t elf. Further, the transform ng el enent
conprises a dat & hyfflipg stage corresponding to the pernutation
matrix PN . The datq ‘shuffling stage rearranges the conponents order

in each inpyt xdataibt,ack. According to P. , the input data v i's
rearraggéﬁqy Syt e Félﬁg ng way: the first half of vector egé ins
unchanged; the se¢ond hakf of vector is flipped, i.e.: 30 x1 h x2
x2 P x-P xNf2 N |= >8NL12 N (52) xN2+1 xN XN.1 xN 1 xN'xN2+1

XN

b X ] Kwea

In figure 10, the input of the first lifting stage are the

two blocks of the digital signal x; and X2, 21, Z2 and z3 are
5 intermediate signals and y; and y, are output signals

corresponding to the first and second block of the digital

signal, respectively.

The input of the transforming element x and the two input
10 blocks of the first lifting stage of the transforming element
%; and x, fulfil the equation

[£}=I}§ {53)

15 In the following, the first lifting stage 1001 is explained,
which is the lifting stage corresponding to the 1lifting

matrix TI;.

Vs

V
Let ["l} be the output vector of the first lifting stage, for

20 the time being without rounding to integer values, i.e.

o)
n| F%n



In figure 10, the input of the first lifting stage are the two

bl ocks of the digital signal x1 and x2, z1, z2 and z3 are 5

I nternmedi ate signals and _7] and gzéﬂée out put signals correspondi ng
to the first and second bl ock of th igital signal, respectively.

The in gtt he %&%%ﬁkﬁ gp%g E%eﬁggglé téﬁh ﬁ%bﬁn %%10 bl ocks

of the |ft|ng st age e TFanst ng” el ement and x2
ful fil g+eguati=q 15 In the following, the first
I|ft|ngh§t§ggHiéglqls explaf%ggén G Which is the lifting stage

corresponding to the lifting matrix T3. Let v-1 be the output vector
of the first I|ft|ng stage, for v, 20 the tinme being w thout

r oundi ol4mt eg r lues, i.e. LV2 -T3(X, (54) 31 Using the

 defini ti ﬁr f2T3 ded by equation (45), equation (51) is (55)
re- MWItVQ K31 L1v2) X2 5J 2

'Since in this embodiment, a reversible algorithm for integer

DWT-IV in this provided, there is included a rounding to

integer values. So, according to egquation (55), in the first

step 1006 of the first lifting stage 1001, x%; is multiplied
L0 by Eﬁ- The result of this multiplication is rounded to

integer values in step 1007. The rounded values are then
added to x; in step 1008. Thus, the intermediate signal z;

fulfils the equation

15 n-losles 6

where |*| denotes rounding operation.

Since the other four lifting stages 1002, 1003, 1004, 1005 of

0 the transforming element illustrated in figure 10, which

correspond to the matrices 7,, §, R, and R, respectively,

have identical structures as the first lifting stage 1001,
their explanation is omitted. It only has to be noted that in

the adding step 1009 of the second lifting step 1002, x; is,
25 according to the definition of T, , multiplied with Dy, .

In the following, the lifting stages of the transforming
element of the reverse transformation are explained with
reference to figure 11.

30



Since in this enbodinent, a reversible algorithmfor integer DW-1V
in this provided, there is included a rounding to integer val ues.
So, according to equation (55), in the first step 1006 of the first
lifting stage 1001, x1 is nultiplie® 10 by K3. The result of this

mul tiplLication i ounded t i n[t. v i NS :
roundet ¥af Ge ajﬁef%#érr?ecefd&?& {1 cﬁ%galgn%lsttL‘gl é%slg’&Ft%‘%hé%?gIﬁ%%mg

i nt er nelééer St@Nathe , revdnild idrarisfereatdionon f1Ehel tzakids fdrimxi2i ¢56)
where L*j denotes rounding operation. Since the other four lifting
st agesitbostrabed ingolgurrpdd -of 0 the transform ng el enent
illustrated in figure 10, which correspond to the matrices T S, R
and Rl respectively, have identical structures as the first lifting
st &ge 1H0fjgutdell, expd anghitord Shenmifited. Uitf tamigy staget e hoted

that i th din tep,.100Q9 .of .the.second lifting ste 02, xj.is,
25 accﬁvailaﬁw StHe 0 R o P2l il £ Yed %t ZoRrt 5wt
fol | ow RPerhB&1dtd tiThSTAG8R of, khE kiansé osntpge eigpmens of the
reverse transformation are explained wth reference to figure 11. 30
32 Figoreespondingttatiewe tHe gt fanidhgesoage dlsick ke thensibihtad
element.for-th everse transformation of the transformation
iIIust?%?%%lfngé%%ﬁéifﬁ%%YB In figure 11, the input of the first
liafti ng stage are the two blocks of the digital signal _V1 and y2,
;: én;?gﬁlgdlégt aIrLj?ftJ!_rrl]é esrtnéegdel afle() Ii%ﬂ%!sstraaq:deci( %xﬁ%%uzrearfl qutspUt
inverse to the first lifting stage 1001 illustrated in figure
10. So, in the first step 1106 of the last lifting stage

1105, x; is multiplied by K;. The result of this

15 multiplication is rounded to integer values in step 1107. The
rounded values are then subtracted from z; in step 1108.

Thus, the signal x», fulfils the equation

% =7 =K 5 (57)
20

where |*| denotes rounding operation.

Since the other four lifting stages 1101, 1102, 1103, 1104 of
the transforming element illustrated in figure 11, which are
25 inverse to the lifting stages 1005, 1004, 1003 and 1002
respectively, have identical structures as the last lifting
stage 1105, their explanation is omitted. It only has to be
noted that after the adding step 1109 of the fourth lifting
step 1104, the result of the adding step 1109 is multiplied

30 with D,,, to produce x;-



corresponding to the first and second block of the digital signal,
respectively. 10 The last lifting stage 1105 illustrated in figure 11

Is inverse to the first lifting stage 1001 illustrated in figure

10. So, in the first step 1106 of the3 ast lifting stage 1105, x1 is
mul tiplied 3. The result. of . this 15 nultip]jcation is rounded _to
integerI@aFgésgﬁnS§F8p£§ig7£h?hél?%bﬁﬂd%ﬁa@%ﬁ 0% el 10bn L4BEradidd

fromzland step 3%208iglbusiithgesighabsx2-dulid | the Oé@é?ﬁg 18041
K3XJ] (57)_. 20 where r'] denotes roundi ng operation. SInce e ot her

four |ifCi AYOst a§ediaune, 1@10pespeoBivalps Hfnce el ariss or mi ng
el ement .j d. kn_ fij 1,..which are 25 inverse to the. |,
L TrT P T RUEaE Fha ok hohe B E e 1 e B o ot iF V58 i Pasical

struBt URs & e dedsirddd B0 arstRGQrkiGe dbREI che¥Rhanat i ds ;
‘omitted ™1t only has to be noted thaf af?ér t he adging gtep 1 Oél%f

the foutbhipkibedngy chepidddfset Peanssshi @f dNenaddi %étxﬁﬁoiéog s
multiplied 30 with DNn to produce.-x1. 33 71t can be seen that the

i ftingP%PYgeed1mpthod 199 ravessibley thimel, 1D msdd figurkes 1loasdess

i nver ses h I fLin t S 0 tp 1005 of fiqure 10
| oepeor ihdptNencbath 08! A scidPlood Ped Onle Wit 305
cor r espbhdinagrabed hin nét gixe 59 PNoeai ding ey efstb@nth@macsepdi-B8us

dat.g, shufflin tage.is conprised by the inverse transformn
el e nt?ofhéogﬁi?ﬁ indge ‘Coding. ’

Although in the explained embodiments, the embodiments of the
method acceording to the invention for DCT-IV were used for
audio coding and the embodiment of the method according to
15 the invention for DWT-IV was used for image coding, the

embodiments of the method according to the invention for DCT-
IV can as well be used for image coding, the embodiment of
the method according to the invention for DWT-IV can as well
be used audio coding and all can be used as well for the

20 coding of other digital signals, such as video signals.

Considering the equations (34) and {35) one sees that there
are N/2 roundings in each lifting stage. Therefore,
considering equation (26), one sees that the total rounding
25 number for the transforming element for the embodiment of the
DCT-IV algorithm illustrated in figures 7 and 8 according to
the invention is five times N/2, that is 2.5N, which is
" significantly lower than Nlog:N according to the state of the
art.
30
Again considering equation (29), one sees that the majority

of computation power is used in the four N/2 point DCT-IV

subroutines corresponding to a multiplication with CXEZ, when



provi ded nethod is reversible, thus, if used in the |ossless inmage

encoder 903 and the | ossless imge decoder 905 illustrated in figure
9, providing a nethod and an apparatus 10 for |ossless inmage coding.
Al though in the explained enbodi nent¥, the embodi nents of the nethod

accorgﬁgg1 he invention for DCT-1V were used for audio coding and
the e iSment 35S W8 4t hGdJactordiAg?t BPaBrede FReeRlPBRLIPErPOWRY v

vwas usegti-ary Idmgec%u@qla&es ugﬂﬁﬁd‘cwﬂ?rﬁz§lz_e-f-léﬂ§tﬂ'ef35?d1§c§gh@.' ng

to the invention for DCT- |V can as be used I mage codi ng,
t he enﬁ@@ﬂﬂ@mﬁ @Dstrw@tﬁéuhnd,atherdrx@bmeti@ecmmpéakmtm bar ther- 1V

can as ed au d|n and can be ysed as well he
20 cothg of lgitheregie |$g? g ?§0u§5@% %%t%W%E%H E@nﬁ?stW1ce Thale
Cbn5|d®f|umdlﬁ&o@qu@@kpain635¢Tamd (35) one sees that there are N2

roundings in each lifting stage. Therefore, considering equation
(26), one sees that the total rounding 25 nunber for the transform ng

el eneny §Qmithe exhedi LaeBh egn gs aPls 1 8621 9oL m%gé%ggmag%d in

figures 7 and 8 accor |ng e rnventton s frve t hat
is 2. SNrawHﬁ©hma$ioa|@unbtmantly | ower than N og2N according to the
state of the art. 30 Again considering equation (29), one sees that
the majority of conputation power is used in the four N 2 point

DA | VInS*ﬁhléOlibllu%ﬁrlﬁgrrgSEQBQh@E RSt P+ C@Eéoﬂe%BB " cpen
34 Nis a |large val ue, = 1024. Because the floating-point

DCT- |vtéaﬁS§@r@arté9nap§daugmgtwosh@ml|@r;gnhtlm€Ttmvepﬁgmam to

the frequency domain and vicé versa according to the

invention is explained.

15 In this embodiment of the present invention, the domain
transformation is a DCT transform, whereby the block size N

is some integer and where the input vector comprises two sub-

vectors.

20 Let C, be the NxN transform matrix of DCT (also called
Type—IT DCT):

CY =.J2/N|k, cos(ml(n +1/2)z /N)]

(58)
mn=0Q1--- N-1
25 where:
2 i =
k= 1/\/— 1f m=0 (59)
1 if m=0

and N is the transform size which can be a power of two,

30 N=2' in one embodiment and i is an integer greater than

zero. m and n are matrix indices.



pre- and post-rotations, the arithnetic conplexity of the proposed
integer DCT-1V is roughly estimated to be twice that 5 of the
floating-point DCT-1V. A simlar conclusion can be drawn for the
integer DIM-1V transformation functfen. 10 In the foll owi ng, a
further enbodi nent of the nethod for the transformation of a digital
signal fromthe time domain to the frequency domain and vice versa
accor di g tet hes ﬂr{@/enw\ontkangfekﬁl p8eridScknc{pésTenbor) reat of

t he present 'nvention, the domain transformation is a DCT transform
‘Wwher Ebyalflﬁacbjraﬂé(fﬁlezce dMovex sone integer and where the input vector
conprises two sub- vectors. 20 Let CN be the NxN transform matri x of

DCT (also called Type-I1I = 2/ N kncos(m(n+1/2)1r/ N)] (58)
n,n=0,1,, N1 25 where; [ and Nis the
transform size which c¢&n ‘bﬂ&%@fl*‘gﬁ%wéh@ﬁh in one (60)
enbodi ment and i is an integeg geoat-erNthan zero. in and n are

matrix indices. 35 Let CN be the NxN transformmatrix of type-1V
DCT, as already defined above: CN = 21N cos((n+1J2)(n+1/2)/N)] 5
(60)

As above, a plurality of lifting matrices will be used, which
lifting matrices are in this embodiment 2N x2N matrices of

the following form:

lo
=L, A
Ly=| " ¥ (61)
0, =I,
where I, is the NxN identity matrix, O, is the NxN =zexo
matrix, A, is an arbitrary NxNmatrix.
15

For each lifting matrix L,,, a lifting stage reversible
integer to integer mapping is realized in the same way as the
2x2 1lifting step described in the incorporated reference
"Factoring Wavlet Transforms into Lifting Steps," Tech.

20 Report, I. Daubechies and W. Sweldens, Bell Laboratories,
Lucent Technologies, 1996. The only difference is that

rounding is applied to a vector instead of a single variable.

In the above description of the other embodiments, it was

25 already detailed how a lifting stage is realized for a
lifting matrix, so the explanation of the lifting stages
corresponding to the lifting matrices will be omitted in the

following.



fn,n =0,1, -,N-i As above, a plurality of lifting' matrices wll be
used, which Ilifting matrices are in.this enbodi mrent 2N x2N matri ces
of the following form Lo INANIZN (ONIN (61) where INis the N
xNidentity matrix, ONis the NxN zeB® matrix, ANis an arbitrary N
Xx N mtrix. 15 For each lifting matrix L,N, a lifting stage

rever sidile sqen dd@t tthd msgerandpiiong oifs Lpgal IZgd disnaflse same way as
the 2x2 lifting step described in the incorporated reference

" Fact oryji ARG T E P ansf orms into Lifting Steps,” Tech. 20 Report, |I.
Daubechi es and W Swel dens, Bell Laboratories, Lucent Technol ogi es,
1996. The only difference is that rounding is applied to a vector

i nst ead rofthel ssiemycel iweemitablihe Hmansferabnyesldrsati pbroaspbridie i her
enbedi ments, it was_ 25 already detailed howa lifting stage is

reaPi z r}CfIdTXra Loyi tiisy st Gofingd eReaedfdt mofrd® thethe ting
stagesfoqﬁrreshpondi ng to the lifting mtrices will be omtted in the
fol | owng. 6 "0tE Ysees that the transposition of L,N, LZNis also a
lifting matrix. In this enbodi t,Athe transform ng el enent
corresponds to a 5 matriXg,, T2 J\’/vhi(c)ﬂ"\ is defined as a 2Nx2N nggay x in
the follow ng way: !V 0o, Cy

The decomposition of the matrix T,, into lifting matrices

10 has the following form:
T,y =P3-L8-L7-L6-P2-L5-L4-L3-L2-L1-P1 (63)

The matrices constituting the right hand side of the above

15 equation will be explained in the following.

Pl is a first permutation matrix given by the equation

1§ D ’
[JN ON] (64)

20

where J, is the NxN counter index matrix given by

00 01

0010

Yo .00 tes)
1000

25 and D, is a NxN diagonal matrix with diagonal element

bging 1 and -1 alternatively:



T2N = [OC N ON (62) N The deconposition of the matrix T,Ninto
lifting matrices 10 has the followng form T2N =

P3L8L7L6P2L5L4L3L2L1P1 (63)
side of the above 15 equation will 3Be
is a first pernutation rié ghng by .
ONl 20 1 J where J. ist N™¥x count 4
1 JNOOOO (65 10 0|@ 251a6d (DN @5
di agonal el enent beigg_land - tern

OO0ODX=00100 (6 N_Oggoio?q)gé(
"matrix, an exanple of whildh Os Ogener@t

The matrices constituting the right hand

explained in the follow ng. Pl
t he equation ON DN (64) P1=JN
er index matrix given by 0 0 O
a N x N diagonal matrix with
natively: 37 1000 Q66 -10

-1 P2 is a second pernutation
ed by the foll ow ng MATLAB

U0 700 =

P2 is a second permutation matrix, an example of which is

generated by the following MATLAB script:

5
Pd = eye(2*N};
for i = 2:2:W,
Pd(i,i) = 0; Pd(N+i, N+i) = 0;
10 PA(i,N+i) = 1; Pd(N+i,i) = 1;
end
Peo = zeraos(2*N);
for i = 1:N,
Peo (i, 2*1i-1) = 1;
15 Peo (i+N,2*%i) = 1;
end
P2 = (Pd*Peo)’':
20 P2 is a 8x8 matrix given as

As an example, when N is 4,

1 0 0 0 0 0 0 0]
00001000O0
0 00001C00
P, - 0 100060600 for N4
0 6100000
0 000O0O0T10O0
0 000O0CO01
0 60100 0 0

(67)



for i = 2:2:N, Pd(i,i) = 0; Pd(N+i,N+i) = 0; 10 Pd(i,N+i) = 1;
Pd(N+i,i) = 1, end Peo = zeros(2*N); for i =1:N, Peo(i,2*i-1) =
1; 15 Peo(i+N,2*i) =1; end P2 = (Pd*Peo)"’

----------------------------------------------------- 20 As an

exarrp | 3 v iy peppuitaty oy gt x 2gi 9EAmRee 2fowbiFiF 0 0 0
00 (l);egegagedob9 Pnd Qoi-lgwgng vATiaf QC]QLIQtD 0 for N=4 (67) 200
100 00000010 000 r 00021000038 P3
is athird pernutation matri x, an exarrple of which is generated by
the follow ng MATLAB script:

RS el P3-=-zeros(2*Ny;--""""""""""“""""""“"""-=--=----- S P3 =
zeros(2*N); for i = 1:N

for i = 1:N,
P3(i,2%i-1) = 1;

P3 (N2-i+1,2%1i) = 1;

end
10 ==
As an example, when N is 4, P3 is a 8x8matrix given as
1 0 0 0 0 0 0 0
0 0100000
06001000
0 00 0CO0OO0OTI1TOQD
P3= for N=4 (68)
0 00CO0CO0OCDO0I1
0 00 0O0C100
0 0010CO0O0TO
01000000
15
L1 is a first lifting matrix
X 0
| 3 ol (69)
7y, I,
where Zl, is a NxN counter diagonal matrix given as:
20
0 0 0 — tan(z /8N )
0 0 ~tan{37/8N 0
71, = | ~tannfN) (70)
0 . 0 0
—tan((2N -1}z /8N) © 0 0

L2 is a second lifting matrix:



P3(i,2*i-1) =1; P3(N2-i+1,2*i) =1; end 10 ------- As an exanpl e,
when Nis 4, P3 is a 8x8matrix givenas 1 0000000001000O0
00 0000O1000P=00000010for N4 (68) 0OOO0OOOOO
100000100 000210000 2000000 15 L1 is a first

G
lifting matrix L1=[Z1 ON] (69) N N where ZINis a N x N counter
di agonal matrix given as: 20 0 0 0 - tan(ir/8N) Z1 NO O tan(3ir/N)
0 (70) 000 -tan((2N-1)7C/8N) O 0 Lﬁzi a second lifting matrix:
39 L2 = INZ2N (71) ON IN whergz< I{I”is a'" NxN count er di agongl)
matri x given as: o, I,

where Z2, is a NxN counter diagonal matrix given as:

5
0 0 0 sin((2N -1)z/4N)
0 0 0
72, = 72
N 0 sin(37/4N) 0 0 72
sin{z/4N ) 0 0 0
L3 is a third lifting matrix:
10 L3t Ox (73)
z3, 1,
where:
73, =2C¥ 41, + 71, (74)
15
L4 is a fourth lifting matrix:
-1, Z4
L4=| ¥ il (75)
0y, 1
20 where:
Z4, =C¥ /2 (76)

I5 is a fifth lifting matrix:

I, O
25 L5=[ y N (77
75, 1,



5000sin((2N-1) /4N _ 0o 0 0 Z2N O sin(3ir/4N) 0 0 (72)
sin(ir/4N) O O O L3 is athird lifting matrix: 10 L3= IN ONl (73)
Z3N I N where: Z3N =2CN +I N\+Z1N (74) 15 L4 is a fourth lifting
matrix: L4=[ IN Z4N (75) ONIN 20 whgre: Z4AN CN (76) L5 is a fifth
lifting matrix: 25 L5= IN O\NJ (77) Z5N IN 40 where: Z5N=-("i CN\+IN)
(78) 5 L6 is asixth lifting matrix: L6 INON (79) = Z6N IN 10
where Z@N.is. a N x N counter diagonal matrix given as:

z5, = -{y2c¥ +1,) (718)

L6 is a sixth lifting matrix:
I 0
L6=l N “’] (719)

10 where Z6, is a NxN counter diagonal matrix given as:

0 0 0 tan(z/8)

76 ¢ - 0 ta{z/8) 0

e 0 0 (90)
tan(z/8) 0 0 0
L7 is a seventh lifting matrix:
15
1, Z7 |
L7= N N
B
where Z7, is a NxN counter diagonal matrix given as:
0 0 0 -sin(z/4)
0 0 . 0
20 Z7, = 82
N 0 -sin(z/4) 0 0 (92)
~sin(z/4) 0 0 0

L8 is an eighth lifting matrix:

I8=16 (83)



00O0Otan(/8)" OO tan(/8) O Z6N= (80) O O O tan(7r/8 000 L7 is
a seventh lifting matrix: 15 IN Z7N L7= (81) ON IN where Z7Nis a N
X N counter diagonal matrix given as;. 0 0 O -sin(7r/4) 0 0 0 20 Z7N
O sin(7r/4) 0 0 (82) ~-sin(ir/4) 0foL8is an eighth lifting
matrix: L8=L6 (83) 41 thus, resulting in the factorization as shown
in (x) TZN = P3L8L7L6P2L5L4L3L2L1P1 (84) 5 where P1, P2, and P3 are
t hr ee pédrumit atdson timtor iceshel jfactorfirehidnt @as8shawe énghli)l:i fti ng
matrices. The lifting matrices L3, L4 and L5 conprise an auxiliary
10 transformation matrix, which is, in this case, the transformation
matrix CN itself. From EQpa(84);7ixs.pS. i ute th
I nteger DCT for two :Tﬁ’butms?gn[é?gﬁogg |rrei§ls?gﬁL%IoLx$qup &)

5

where P1, P2, and P3 are three permutation matrices. Lj, J

from 1 to 8, are eight lifting matrices.

The lifting matrices L3, L4 and L5 comprise an auxiliary
10 transformation matrix, which is, in this case, the

transformation matrix C%v itself.

From Eq. (84), it is possible to compute the integer DCT for

two input signals of dimension Nxi.

15
' Ls Eg. (84) provides a lifting matrix factorization which
describes the DCT-IV transformation domain, its lifting
matrices can be used in the manner shown herein to compute
the domain transformation of an applied input signal.
20

The equaticn (84) can be derived in the following way.

The following decomposition can be derived using the
disclosure from Wang, Zhongde, "On Computing the Discrete

25 PFourier and Cosine Transforms", IEEE Transactions on
Acoustics, Speech and Signal Processing, Vol. ASSP-33, No.4
October 1385:



15 As Eqg.

derive MSI hﬁ? vall £§hosur &ron1wang, Zhongde, "On Conputing the
Di scret e) #ransforns", | EEE Transacti ons on
Acousti cs, Speech an Slg dWZProcessing, Vol . ASSP-33, No. 4

1985: Tr 2 TNfT SNN2] rr (85 (Bv )T . (P N2

CHD N ]N‘}Z I§; i?w et'dbn*BN. 2 denotes the transformation matrix
of the discrete ne t am formof type 2, 5 (1 | PD, =L DJ] PNis a
N X N pernutation matrix given by 10 PNIN2 = - 1 (86) JN2

10

15

is known, wherein 8

(84) provides a lifting matrix factorization which
descri bes the DCT-1V transformation donain,
be used in the manner shown herein to conpute
transformation of an applied input gizgnal.
be derived in the foll ow ng way.

t he domai n

its lifting matrices can

20 The equation (84) can
The foll ow ng deconposition can be

I(:;Q;[{]ober

denotes the transformation matrix of

the discrete sine transform of type 2,

wl o

Ii is a NxN permutation matrix given by

Imz
Py = J
NiZ
3 T
cos —
4N
3m
co38 —
AN
TN =
., Im
- sin —
4N
R
- 5in —
AN

and

. 3w
sin —
4N
(8 -1)=x (- 1a
€05 ——— sin ———7m ——
AN 4N
- sin (N - l)a cos (N — 1)“:
4N 4N
3m
cos —
4N

{86)

sin —
4N

cos —




nn cos - sin- 4N4N 3n 3n cos - sin - 4N 4N (N-1)n (N-1)a cos
sin TN _ 4N 4N -sin (N-1)n cos IN1~n 4N 4N 3n 3n sin - cos 4N
4N n - sin - cos - 4N 4N 15and43431-111 N1B=721-1 11

F2
/2

-

o }.RPR'PD'PEO | (8°7)
Nf2

wherein Pgp is an even-odd permutation matrix,

prﬁ

R 1[&& f_fm}

INI?_ _"INIZ

10 Rpo eguals Ty,
Pp =

After transposition equation (87) converts to

15

CIV

¥ =(e,) -,V R, [ v ]-(RPJ
C.NIZ

(88)

RO 1 ) L

IV lid
CNI 2z T CNI 2



Equation (85) can be conbined with the equation C5 CN "' -RPO Nz ~
CN RPR PD PEO (87) wherein PEOis an even-odd permutation matrix, R

1 IN12 IN2 pr - 2 IN2 -IN2 10 Rpo equals TN, IN PD 2 = DNJ 2
After transposition equation (87) cdifverts to 15 CN = (PRO YT ' (PD
)T' RPR- CN/2 “'+N12 ] \RPO)T f ~r (PIr 1 rCN 2 CN 2 (R\T (88)
Pco D/ 2 LC,,,,/2 _ CN1 PON?2 44 The conbination of (85) and (88)
yi el ds TeN12onblinaRs onBNE( PES) ) Ind DBY) Lyi&Iy2 CNIV -TN N2 2 N2
“CON''1 (89) VIV p3.R2.p2.1 On2 CN12 .-/L CN2 JRrPi 5 where

P, =\ pDJ1

Ir v Iy
CN/z 2 CNI2 "CNfz

CII CW i
[ " ] = PN 'BN '(PEO)T '(PD )T %[ A CMZ ].(RPO )T 'TN '(PDJ )T
(89)

Iy v
-P,'R, P, — [C”“ CM"'}-RI-P

’ "/_ Cﬁ.:z ‘CJIZZ '
5

where

P1=( w)r

Pz"""( L‘O)T (D) —(P PEO)T

P, =P,

R, =(Ry) T,

Ra BN

10 from (8%9), eguation (84) can be easily derived.

In this embodiment, the computation of the domain
transformation requires only 4N rounding operations, as will

now be explained:

15
Let a@@ be the number of real additions, y@ﬂ be the number
of real multiplications, and y@ﬂ be the number of real
roundings, respectively. For the proposed IntDCT algorithm,
one gets: |

20 o(IntDCT) =11 +3a(DCT-1V)

u(ItDCT)= 9N +3u(DCT -IV)
y(IntDCT) =8N

The above results are for two blocks of data samples, because

25 the proposed IntDCT algorithm processes them together. Thus



= ((EO\T - (PD)T = (PD- pEO\T p3 =pNR = RoY' TN R2 = BN
10 from (89), equation (84) can be easily derived. 1In this
enbodi nent, the conputation of the donmain transformation requires
only 4N roundi ng operations, as w |l 4ow be explalned 15 Let a(*)
be the myyben oglgg | ,ad 0 e, the nnumber
nultlpllcatloﬁg y? 5Eé ?%%pgéﬁber Bf NPRRATES r%ﬁnﬁﬁ atlons
respectﬁﬁ@l@ﬁlﬁ@d thhlphopnsed | nt DCT al gorithm one gets 20
a(lntDcr)=11N+3a(DCT-1V) ,u(IntDCT) = 9N +3y(DCT - V) y(IntDCT)=
8N The above results are for two bl ocks of data sanples, because 25
t he proposed | nt DCT al p gether. Thus 45 for
one bl ock of data sanpﬁ 59@@i?§a§$8@“}%ﬁlatlons are hal ved,
‘whi ch are a, (I ntDCT) =5 h}ﬂi Tt BN +1Pu(BCTHIM)DCT) = 4. 51V
+1. 5y(DCT-1V) y1(IntDCT) = 1, pl, and yl are the nunber of
real additions, nunber of redﬁﬁgﬁyfrﬁfﬂﬂétlons and nunber of real

roundi n or one bIo k of sa Ies specti vel
gﬁerg o, & are umkerpof realyaddgtlons, number

of real multlpllcations, and number of real roundings, for

one block of samples, respectively.

10
For DCT-IV calculation, the FFT-based algorithm described in
the incorporated reference "Signal Processing with lapped
Transforms,™ H. S. Malvar, Norwood, MA. Artech House, 1992,
pPp. 199-201 can be used, for which
15
a(DCT-1IV)=15N1og, N
#DCT-1IV)=05Nlog, N+ N
Consequently:
20

a,{IntDCT)= 2.25N log, N +5.5N
1, (IntDCT) = 0.75N log, N + 6N

In the following, a further embodiment of the method for the
25 ‘transformation of a digital signal from the time domain to
the frequency domain and vice versa according to the

invention is explained.

In this embodiment a discrete fast fourier transform {FFT) is

30 used as the domain transformation.

Let ¥ be the NxN transform matrix of the normalized FET



For DCT-1V cal culation, the FFT-based al gorithm described in the

i ncorporated reference "Signal Processing with | apped Transforns,"

H S. Malvar, Norwood, MA. Artech House, 1992, pp. 199-201 can be
used, for which 15 a (DCT-1V) =1.5M90g2 N p(DCT-1V) = 0.5Nlog, N + N
Consequently: 20 al(IntDCT) = 2.25Nloa2 N +5.5N 1(IntDCT) = 0. 75N
loge N+ 6N In the follow ng, a further enbodi nent of the nethod for
the 25 transformation o di,gibal s{gnal fromthe tinme domain to
the frequency domai n Fan ££i@@(¥épgﬁ—§kcording to the invention is
expl ained. In this enbodidgnt \a df scypte fast fourier transform (FFT)
is 30 used as the domapn,tmhansfgryation. Let F be the NxN tra rm
matrix of the normalize}gllcl'rlz:F‘IQail6’NF,T-51 N expl -127[ mlj m n=01, ,R@g?ll
(91) where Nis the transform size which is sone positive integer 5
and, in one enbodi ment, can be a power of two, N=2" and i is an

i nteger greater than zero. mand It are matrix indices. Under this
enbodi vegte 4 pks nthatimnaftm iReoWhdiokedsi eoneNpsid iyeminisger
whi ch includes indices O or 1. After 10 nultiplying it wiith a N xI
ve& orafid heimabme xemingpd asent atdaon beofa tpveram put ’@iognalff)f 2t lmendbr dets of

elements {n the vector are .
an integer greater than zero. M and ® are matrix indices.

Under this embodiment, a permutation matrix P of dimension
NxN is a3 matrix which includes indices 0 or 1. After

10 multiplying it with a Nx1l yector (the matrix representation
of the input signal), the order of elements in the vector are

changed.

In this embodiment, lifting matrices are defined as 2N x2N

15 matrices of the following form:

“o v

O P (92)

P P,

where and are two permutation matrices, Ois the NxN

20 =zero matrix, A is an arbitrary NxNmatrix. For lifting
matrix L, reversible integer to integer mapping is realized

in the same way as the 2x2 1lifting step in the
aforenentioned incorporated reference of I. Daubechies. As
above, however, rounding is applied to a vector instead of a

25 single wvariable. It is apparent that the transposition of

L, L' is also a lifting matrix.



changed. In this enbodinment, lifting matrices are defined as 2N x2N
15 matrices of the following form "1 Al L-[0 P2J (92) where P, and
Pz are two pernutation matrices, Ois the Nx N 20 zero matrix, Ais
an arbitrary N x N matrix. For I|ft|ﬂb matrix L, reversible integer

to integer mapping ins reali n the same way as the 2x2 lifting
step i ﬁ@eraf&angﬁt?%n%diﬁﬁ%g$pBFéF%goF@f@? ht¥: of 1. Daubechies.
As above, however, rounding is applied to a vector instead of a 25
single variable. It is apparent that the transposition of ‘L, LT is
~also a I|ft|ng mat ri x , let T be a 2Nx2N transform
matrix: T=[' 0 (93) 5Acc$r=d[%gg,'the nmodi fied transformmatrix T
(and accordingly the domain formation itself) can be é&é#®83nessed
as the lifting matrix factorization: 10 T-QF O1l1 O I] LF I (94) where
| is the NxNidentity matrix, and Qis a NXN pernutation matrix
given as: Q= [ON-IxI 1 OxN-1 15 J 1 (95 and 01x~' -1 and ON-141 are
rowband colum vectors of N-1 zeros respectively.

Accordingly, the modified transform matrix T (and
accordingly the domain transformation itself) can be

expressed as the lifting matrix factorization:

“lar o 1l o
10 QF I[{O0 I||F I (54)

where I is the NxN identity matrix, and Q is a Nx¥N

permutation matrix given as:

ot %5

15 ON—le J ( 95)

0

0 -
and N1 and ¥l are row and column vectors of N -1 Zeros

respectively.

20 J is the (N-—l)x(N—l) counter index matrix given by

1

(96)



20 J is the (N -1)x(N -1) counter index matrix given by 1 J=1 (96)
48 In Eq. (96), blank space in the square bracket represents al
zeros matrix elenents. The lifting matrices on the right hand side of

equation (94) 5 conprise an auxili%ty transformation matrix, which
i in this ¢

is, e, ,the transformation matrix F iiself o e en
from B8 Tba) (Tie HARH RGSE i tPBcPORF St PERC e pRE RS a g 1Y
conputzR e rdHaeee1ihEnter two N x1 conpl ex 10 vectors using the
nmet hods .as descri bed herein. Under this enbodi nent, the conputation
of the domain transformation requires only 3N roundi ng operations,
as wl aw.be expl.ai.ned: 15.Let:a(* he. r . 0f
addi t Fj&?s rh{ﬁt)l%@eﬁ%ﬁgf lﬁ:%%b S48, é—”gf-:’h%u P??% Sidy ?Qﬁs?@%%?ﬁ@& °%e
t hg nwdagyricfe raalauxdlAdiryg topelsEorantionr eapedki vehych2@ skorint he
proposed IntFFT algorithm_we have a IthF);6N+i%(FFT) A(Int FFT) =
3y ( FFERIZS GReew i) TeRnrferasdvery Bebrtd 5rétf6rtwo bl ocks of data
sanpl es, because the proposed IntFFT al gorithm processes them
t oget her. Thus ’ ] .

A can be seen from Eg. (%4), the lifting matrix factorization

can be use to compute the integer FFT for two Nx1 Complex

10 vectors using the methods as described herein.

Under this embodiment, the computation of the domain
transformation requires only 3N rounding operations, as will

now be explained:

15
Let:aeﬂ be the number of real additions,
ﬂ@ﬁ be the number of real multiplications, and
YGJ be the number of real rounding operations,
respectively.
20
For the proposed IntFFT algorithm, we have
ot (IntFFT)=6N +3a(FFT)
p{IntFFT) = 3 u(FFT)
25 y([tFFT)= 6N

The above results are for two blocks of data samples, because
the proposed IntFET algorithm processes them together. Thus
for one block of data samples, the numbers of calculations

30 are halved, which are

o, (IntFFT) = 3N +1.50(FFT)



for one block of data sanples, the nunbers of calculations 30 are

hal ved, which are a, (IntFFT) = 3N +1.5a(FFT) 49 pl(IntFFT) =1.5 jc
(FFI") Y1(IntFFT)=3N where al, Pl, and Ti are the nunber of real
addi ti ons, nunber of real nultiplications, and nunber of real

roundi ng 5 qp(ﬁ } Qq_gmpmne bl ock of sanples, respectively. For FFT
cal cul ation,” 'the splitiradi’x FFT (SRFFT) algorithm can be used, for
whi ch: a (S%ﬁiﬁmﬁ)s;ﬁﬂmgz N -3N + 4 10 y(SRFFT)=Nlog, N- 3N+4
Consequently, we have: al(lntFFT)=4.5N1log2N-1.5N+6 i (IntFFT) =
.1.5Nlo N - 45N = 6 _15¢Fi f ) e
transfg'qr% *Soder's Iﬁéeamgjoﬂ:a%éegcsriL he ranscf%\rl%%cgét}?%{ci?’ 0 é’t hgu%l&'le'r

t r ansf gyfimatd 0n mileciyliigueidascr shednahbee. odndetherbEfiddogai n trans
.forrnation above. The test involved nmeasuring the, nean squared error
20 PVEEPLSRRGAIRNS TS OFEMPIRCHc Obr §aRPe SR t ﬁegﬁscg&aﬁié{ti on

standards proposed by the MPEG 4 | ossl ess audi o coding group as
described in "Coding of Mwving Pictures and Audio: Wrk plan for
Eval uatfen EET |calegerathbe] ftbe EESitorbdds| €8 (ERPEW) nasgam vmm
Framework, " 1SQ | C%TC i;l{is 29/ WG 11 N5578 25 Pattaya, Thail and,

Mar. 2063 iSfcdtifstat®F WEr&M.  Specifically, the MSEs for IntDCT and

I nteger inves&RHPF)=3Nlog, N -3N +4

10 J(SRFFT)=Nlog, N ~3N +4

Consequently, we have:
o, (IntFFT)=4.5N log, N -1.5N +6
1, (IniFFT)=1.5Nlog, N —4.5N +6

15
Figure 13 shows forward and reverse transform coders uised to
assess the transform accuracy of the DCT transformation
technique described above. and the FFT domain transformation
above. The test involved measuring the mean squared error
20 (MSE) of the transform in accordance with the evaluation

standards proposed by the MPEG-4 lossless audio coding group

as described in "Coding of Moving Pictures and Audio: Work

plan for Evaluation of Integer MDCT for FGS to Lossless

Bxperimentation Framework," ISO/IEC JTC 1/SC 29/WG 11 N5578
25 Pattaya, Thailand, Mar. 2003 incorporated herein.

Specifically, the MSEs for IntDCT and integer inverse DCT

(IntIDCT) are given as:

1 K-1 1 N-1 R

MSE=--2—237

1

30 KN (97)



(IntIDCT) are given as: 1 K-1 i Ni ' DISE-1-1e 3 0 K ;-0 N,-0 (97)
50 where the error signal e is of for IntDCT, and e, for IntIDCT as
in Fig 1. Kis the total nunber of s lee bl ocks used in the
evaluation. 5 The MSEs for IntFFT and”integer inverse FFT (IntlFFT)
are givenas 1"-11ml ME--~"Lle+t U+-0 1l 11 YY (98) 10 where
the errBhespghat eryer gfidnml |t EFT,/ afwk dntfigT,| MddFFT fas TREHDETL.
[1*I'1 represents norpof a conplex value. Kis the total nunber of
sanpl e BPotRs* el i tife tOealtet@lomunber b6t Kapde blocks used in

transf orpat LPRBuaty 4Pt al of 450 seconds with 15 15 different types
of nusic files are used in the 48 kHz/16- bit test set. Table I shows
the test results. As can be seen from Table 1, the MSE generated

usi t te hods of the present invention is very

i il T B T R Ao s pevenge FRToStaRETAl 152

i ndepenglefénods t he processing bl ock size. Referring to the DCT-1V
domain transformation, the MSE only slightly increases with

i ncreasi ng block size Nup to 4096 bits. The MSES of the FFT are
even better, exhibiting a constan of 0.4 for block 25 sizes up

VS
to 4096 bits. Wen the demypst Lait%_]p%llm? mance of
Kj=0'Ni-U (98)

10 where the error signal € is % for IntFFT, and % for IntIFFT

*
as in Fig 1. "” represents norm of a complex value. K is the

total number of sample blocks used in the evaluation.

For both domain transformations, a total of 450 seconds with
15 15 different types of music files are used in the 48 kHz/16-
bit test set. Table I shows the test results.

As can be seen from Table 1, the MSE generated using the
systems and methods of the present invention is very minimal,
20 and unlike conventional systems, is substantially independent
of the processing block size. Referring to the DCT-IV domain
transformation, the MSE only slightly increases with
increasing block size N up to 4096 bits. The MSEs of the FET
are even better, exhibiting a constant MSE of 0.4 for block
25 sizes up to 4096 bits. When the demonstrated performance of
the present invention is viewed in light of the present
capabilities and increasing need for longer block sizes, the

advantages of the present invention become clear.



t he present

and increasing need for
i nventi on becone clear.

pr esent

51

i-nvention is viewed in light of the present
| onger bl ock si zes,

t he

capabilities
advant ages of the
1/ ntDCT-1V IntIDCT-1V I nt FFT

IntlFFT 8 0.537 0.537 0.456 0.371 16 0.546 0.546 0.480 0.412 32
0.549 0.548 0.461 0.391 64 0.550 0.550 0.462 0.393 128 0.551 0.551

Table I

0.461 0. 391 525616552 524610391 —512 0 552 0 552 0 461
0.391 1024 Ol Eat C’E‘REV 34 PCTyaNg EEFT 45 Arg-4BET0.[391
4096 0.553 0. 1 8:391 [0 TaB¥E | 520. KA6or gor &t s87 Ref dr ences
. The follow ngl_dot@nenft sOab£e6 hef ei . 0@ 0r por at edoby reﬁpr@pge H S
Mal var, "Signal Frocesspngsov t uﬁppgg T angrg ﬂs b(fwagtn fHouse,
1992; R Ceiger,g4d. PPOf €E 50 J- |§3Q‘ B augZHUL.U, “Qﬁ Codi ng
.based on |ntegea2§ld|>|¢rg§l “&;Sﬁ.. ChAv-e AEp Newd Pl USA,
Sept;, 2001; V Zhorgd ca thB-®kcr dt e Ocod®ler land 10
Cosi ne Transf 6| i ﬁﬁ%nslagtqw on| AcBuébics| Sgestdl and
Si gnal Proces |ﬁé2 Vol .0 A88P- 33, NG5 Ccf ober 44985 1.0 Dewbechi es and
W Swel dens, ["FaE2or|ng vesel gt 0,552 0.460 0.391

2048 0.552 0.552 0.461 0.391

4096 0.553 0.552 0.461 0.391

10



transforns into lifting steps”, Tech. Report, Bell Laboratories,
Lucent Technol ogies, 1996; 15 S. Oraintara, Y. J. Chen and T. Q
Nguyen, "Integer fast Fourier transfornf, |EEE Trans. Signal
Processing, vol. 50, no. 3, Mar. 2 , pp. 607-618; P. Hao and Q
Shi, " Nmtadnpdraciedr Re@&bi-eAseEor reversible integer mapping," |EEE
Tr ans. ;{ignal Prqocessing, vol. 49, no. 20 10, Cct. 2001, pp.
2314- 23281 181 1pWdRRa JaREMRNt FasEhehe e iy eincdtporalteatdry D ference ;
al gorithns", Appl. Conput. Harnon. Anal. 15:70-88, 2003; Y. H Zeng,
L.Z. Cheng, G A Bi, and Alex C. Kot, "Integer DCTs and fast
al gorithns" H.| EEEM3twas, SBimail PPoRsOSESS I wihh RppAD T s fdrmbOV.
2004, %@.tezc7 -2782; é Wang, J. Sun and S. Yu, "1-D and 2-D
transf 6rms Fr 8905Fnt £4efs to integers”, in Proc. Int. Conf.
"~ Acoustics, Bpegghgean _Sigg@ r ogessi g 003, v@l. .lI,
pp. 549-552; " Codlgng g¥ NDVi n%P'Pi %'t ?%is%arrfd 'uﬁ%?ﬁ%‘r ESran #8?1030
Eval uatP8Anef PrAEEgen MDGToé I TFESs forhos sARS s1 1 BRpephtreat abirgn New
Frame I T C 29/ WG 11 N5578, Pattaya, Thail and, Mar.
2003_“’%%5};\,/%2?%’,85%%', g%#fs 1. A nethod for performng a domain -
t r ansf or mat Wang pf zlongtigj t'8dn SRRkt f{PRHNS itd VR 1dOMR) 11 1)t Oa#@e
frqpuegcg.dogﬁi n ? and vice versa, the nethod conprising: performng
t He' t r aRSHBF el FOREBYRS 4 rHiFisE of f e el lamenton dormustsiany Smeeachl ity
of |ifahAOSSEAYESEr i 1.t trm_ o) r.respo 0 a
t ransf or mat i %n %ra%??‘\gg&réﬁi Hfor! SN PHER b4

L. Daubechies and W. Sweldens, “"Factoring wavelet

transforms into 1ifting steps”, Tech. Report, Bell
Laboratories, Lucent Technologies, 1996;

15 - S. Oraintara, Y. J. Chen and T. Q. Nguyen, “Integer fast
Fourier transform”, IEEE Trans. Signal Processing, vol. 50

no. 3, Mar. 2002, pp. 607-618;

I

P. Hao and Q. Shi, “Matrix factorizations for reversible
integer mapping,” IEEE Trans. Signal Processing, vol. 49, no.
20 10, Oct. 2001, pp. 2314-2324;
G. Plonka and M. Tasche, “Invertible integexr DCT
algorithms”, Appl. Comput. Harmon. Anal. 15:70-88, 2003;
Y. H. Zeng, L.Z. Cheng, G. A. Bi, and Alex C. Kot,
“Integer DCTs and fast algorithms”, IEEE Trans. Signal
25 Processing, vol. 49, no. 11, Nov. 2001, pp. 2774-2782;
J. Wang, J. Sun and 8. Yu, “1-D and 2-D transforms from
integers to integers”, in Proc. Int. Conf. Acoustics, Speech
and Signal Processing, Hong Kong, 2003, vol. II, pp. 549-552;
“*Coding of Moving Pictures énd Audio: Work plan for
30  Evaluation of Integer MDCT for FGS to Lossless
Experimentation Framework”, ISO/IEC JTC 1/8C 29/WG 11 N5578,
Pattaya, Thailand, Mar. 2003.



wherein at |least one lifting stage of the plurality of 10 lifting
stages conprises at |least one auxiliary transformation matrix and a
rounding unit, the auxiliary transfgmmation matrix conprising the
transformation matrix itself or the corresponding transformation
matri x offhPswés cdpimadi ®a; and 15 perfornming a roundi ng operation of
the signal by the rounding unit after the transformation by the
auxiliary transformation matrix. 2. The nethod of claim1, wherein
the transfor rekébRodSfar BOrBGImind ANsd R Rt 0, % i
~transforpation, DST-I tr%nsforngt?on, DFT- 1 traﬁ% orﬁ% %8%105 BFT-1v
t r ansf ofELFBA, SEETRT VExeEnsher hime ofondMT-into artsé of redriiencyotomain
DWI-4 V thangf eemation. 3 e.method. of claim1l or 2, wherein each
.lifting stage corre%bdﬁ%% ?%Egp?i??TQiﬁ§&391x, wherein the lifting
matrix is apétdekeing arigel atan@tdine GO HE NG fHEreHR1 Bt Lh efsnt
with two invertible integer matrices as two of the sub- mafrices in
one di agonar1558942 HHerdet RBdobrlefEing Sstagre eivherminntbeti bl e

i nt eger traBEFOERStI S CAGPrbbhEARY RIS Lagonal mairices with
conponents which are ef t her IE’)ne or%a{nuﬁs&%{nﬁo B Tive ﬁéi‘hgawof
any one"Bereinia® least oonehki£iing hetade s farangiga € e0ept ogonpri ses
thrge Ti{EL S S. 5 6. _The nethod of any one of clains 1 to 4,
wher ei n t%eﬂg?r%ns %ﬁrﬁ?ﬂpﬁ%%ﬁﬁﬁyzgﬁﬁﬁﬁi§@§quﬁiﬁﬁqﬁﬂng st ages.

transformation matrix and a rounding unit, the auxiliary

transformation matrix comprising the transformation matrix
itself or the corresponding transformation matrix of lower
dimension; and

15 performing a xounding operation of the signal by the
rounding unit after the transformation by the auxiliary

transformation matrix.

2. The method of claim 1, wherein the transformation is a
20 DCT-I transformatioﬂ, BCT-IV transformation, DST-I

transformation, DFT-I transformation, a DEFT-IV

transformation, DST-IV transformation, DWT-I transformation

or DWT-IV transformation.

25 3. The method of c;aim 1 or 2, wherein each lifting stage
corresponds to a lifting matrix, wherein the lifting matrix
is a block-triangular matrix comprising four sub-matrices
with two invertible integer matrices as two of the sub-
matrices in one diagonal.

30
4. The method of claim 3, wherein the invertible integer
matrices in each lifting matrix are diagonal matrices with

components which are either one or minus one.



7. The nethod of any one of clains 1-4, wherein the transformng

el ement conprises eight lifting stages. 10 B. The nethod of any one
of clains 1 to 6, wherein an audio ignal or a video signal is used
as the digital signal. 9. A device ?% perform ng a domain
transformation of a 15 digital signal fromthe tine domain into the

frequency domain and vice versa, the device conprising: a

t r ansfor matThen matitodc ofp RRyi ﬁ@eaofr ghstoeningoetenserdi gt Wt f orning
t he transfornmation tr n I UYL g a plurality
of 1ifrf é %g}ﬁﬁégrg%%‘ Sg%rgﬁg %gﬁg Fé% cof%e ponds to a
transfornatlon natrlx and wherei n each I|ft|ng stage conprises at

| east one auxiliary transfornatlon matri X, i

i s the, ,
t r &nsfr matTheh BAFA gt SN 05 Offe Cﬁé&ﬁ'éctll %? Iatfr a{%éel’%?%tht?l?ﬁ mat ri x
of | OWera d FRAR AN AN MRl -a3ER Fivld Mliicans apadus ! her
conpri ses roundi ng unit, whereby, the signal 7is processed by the
respective . rounding unit after the transformation by the respectlve
auxiliﬂry transfornation matrix. %Q 0. Th geV| ngé @ﬁ
wher ei h- t he' 15 & i GRYulPe 9 ﬁéﬁﬁggs ﬁ%dl dlscrete
cosi ner 143886 SR RS VI G BOWRIRE ile o @GRINte 1tilFe iacpl sttat;eby of data
bl ocks and configured to domain transform each data bl ock into MDCT
cdéfficients; a quantizer coupled to receive each of the MDCT 5

coef figi ent o tREAANY 28l R P 1Ay AIYCP6,| NEESRPASEN audio

signal or a video signal is used as the digital signal.

8. A device for performing a domain transformation of a

15 digital signal from the time domain into the frequency domain
and vice versa, the device comprising:

a transformation unit comprising a transforming element
for performing the transformation which transforming element
comprises a plurality of lifting stages,

20 wherein the transformation corresponds to a
transformation matrix, and wherein each lifting stage
comprises at least one auxiliary transformation matrix, which
is the transformation matrix itself or the respective
transformation matrix of lower dimension and wherein each

25 1lifting stage further comprises a rounding unit,

whereby, the signal is processed by the respective
rounding unit after the transformation by the respective

auxiliary transformation matrix.

30 10. The device of claim 9, wherein the transformation unit

comprises:



guanti zed MDCT coefficients; a bit stream encoder coupled to receive
t he quantized MDCT coefficients, the bit stream producing, in
response, a perceptually coded bit reanm 10 an inverse quantizer
coupled to receive the quantized coefficients, the inverse

quanti zer opehrRUIFiledl aScgeee tbei NPCIranefbirai eltvaid® @dupled to
non-quanti zed state; and a rounding unit coupled to receive the
rest or SEOBCE e iRdterld tan@Toperanke of 65p AL GO Mt EYER A vaP ue

MDCT Jd%mfa[&‘?{ I, Gl ¥ Son ThonT i 1dCK 6810 p€baMBCHD c aer £ ek e,
~transformation unit urther conprises: an inverse nodified discrete
cosi ne transf eumamtevdere ca2@®ledupbetdeteiveceavd tdie tat MPTDcks and

operabl e to pr.oduce, _.in respaonse, |nt oefficients;,nmeans_for

comBut IR HE T o i TR B85EERI et d RS Coet Fi £7BRYS Gnd
i nt egerqusaliue Meh@oeldd ieitehtsy produce respective residual MXCT
coefficients; and 25 an entropy coder coupled to receive the residual

MDCT  coef f iaciberit starrdmoparcaisies cougéaer per Sapis fdis equant1 84| ess
enhancepenl Dldstseam, d2.lhe deviee gl ShahBildy, Wereliohlie, a

t ransf or mat i on uni rconprise 'ream déec

coupl edpdr@xdraaei Mgy tdienaigptdtalelayn; coded bitstream and operable to
output, in response, a decoded bitstream 56 an inverse qu%ntiéer
cotfl ed to rPEcEiNEELTR EEEdEFr coupled to recelve the quantize

MDCT coefficients, the inverse gquantizer operable to restore
the MDCT coefficients to an non-guantized state; and

a rounding unit coupled to receive the restored MDCT
coefficients and operable to produce integer value MDCT

15 coefficients.

11. The device of claim 10, wherein the transformation unit
further comprises:
an inverse modified discrete cosine transform device
20 coupled to receive the data blocks and operable to produce,
in response, IntMDCT coefficients;
means for computing the difference between respective
IntMDCT coefficients and integer value MDCT coefficients to
produce respective residual MDCT coefficients; and
25 an entropy coder coupled to receive the residual MDCT
coefficients and operable to generate, in response, a

lossless enhancement bitstream.

12. The device of claim 11, wherein the transformation unit
30 further comprises:
a bitstream decoder coupled to receive the perceptually
coded bitstream and operable to output, in response, a

decoded bitstream;



bitstream and to produce, in response, restored MDCT coefficients; a
roundi ng unit coupled to receive the restored MDCT 5 coefficients and
operable to round each MDCT coeffi cisgt to an integer value; and an
i nverse MDCT device coupled to recei the restored MXT stream and
to produce qR geRerakeqhBnkesRONESuA ed @PNUJIGIEEHORYeadde
perceptual |y coded signal. 10 13. The device of claim 12, wherein the
t r ansf ¥ifgitireamuand teopprdses; an asoromssdecmiRoralMRkET t o recei ve
the | os Ie%gﬁcgie stream and operable to generate, in response,

resi dua It coefficients; means for adding the residual

| nt MDCT coetf rouadtisgt anithechipl eger ovalede: iMCT o efd ¢ tohemd sMbOT
produce I nt MDCT coefficients; and an inverse |Int MDCT devjce coupl ed
to Pecd&iofdiifdepd ss@miaoPsHabi-et he iGREgeread MPRFbEetberFierent
and the, Ik cegffi.cbents to produce a reconstructed copy of the
| ossl essly coded audio signal. 14. A conputer readabl e nmedi um havi ng
a program r ecoideers25MDARr domicaheoaipl cche qprograine sthaslapt gdoted
make a copputer perfaorm a nethod f.or perfornm ng a donain

“transf SHTEt i°6% S6F 7 a A0 §°t BFOSHGRat Y SSRGS it TOHRPASTNtd the

f r equen@:cdeRLRt AN &ophC eV ehsaphe Ut £res&adladl gnaedi um
corrBr|S| ng: code for performng the transformation by a transform ng
3018l enent conprising a plurality of lifting stages, wherein the

13. The device of claim 12, wherein the transformation unit

comprises:
an entropy decoder coupled to receive the lossless bit
_ stream and operable to generxrate, in response, residual
15 IntMDCT coefficients;
means for adding the residual IntMDCT coefficients to
the integer wvalue MDCT coefficients to produce IntMDCT
coefficients; and |
an inverse IntMDCT device coupled to receive the
20 summation of the integer value MDCT coefficients and the
IntMDCT coefficients to produce a reconstructed copy of the

losslessly coded audio signal.

14. A computer readable medium having a program recorded
25 thereon, wherein the program is adapted to make a computer
perfbrm a method for performing a domain transformation of a
digital signal from the time domain into the frequency domain
and vice versa, the computer readable medium comprising:
code for performing the transfdrmation by a transforming
30 element comprising a plurality of lifting stages, wherein the
transformation corresponds to a transformation matrix and
wherein at least one lifting stage of the plurality of

lifting stages comprises at least one auxiliary



transformation corresponds to a transformation matri x and wherein at
| east one lifting stage of the plurality of 1lifting stages conprises
at least one auxiliary 57 transformation matrix and a rounding unit,
the auxiliary transformation matrix Conprising the transformation

matri x tddessd foratidre me@ki 2speadiag-duratisiorum & OncRat £4%1 pfatpwer
di mension; and 5 code for perform ng a roundi ng operation of the
signal PAIHCTRFHEMGatsiE sPr@riHad g forms formayienenatrix

auxi | i arst dd1ansf,ord ic%%r@%&ﬁéing transformation matrix of lower
' dimension; and
5 code for performing a rounding operation of the signal
by the rounding unit after the transformation by the

auxiliary transformation matrix.




