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1 Method for Perform ng a Domain Transformation of a
Digital Signal fromthe Tinme Domain into the Frequency

woeovsiosisand Vice Versa. Cross Reference to Rel B¢PEG2004/000120
Applications This application claims the benefit of
priority of U 'S. Provisional Applicati on no

60/ 5 filed 29 Septenber 2003, and
Metid T hetE %aaml?%a%.laﬂﬁﬁanaﬁrew 2mathPPe&fze Digital
SigneP! £POET tRD0Bimd NforkQDheNhEo0theaERBAERG h%ﬁlaxn and
i ncorporated by reference in its entirety ?or al
Vlc%u‘f?ﬂb%@s Further, the follow ng comonly o- vvned
applications are concurrent | y - filed herewith, and
herein incorporated inits entirety: "Method for
Crods Rsfarendy o Relidineéd Shgpalicheionshe Tine Domal n
Into the Frequency Domal n and Vi ce Versa, " Att

Thipmt iRt 1ey gpleins Jhae " Proeéss QRIPDEGEEEYS eﬁ U.s.
Pro&%gf%ﬁﬁf”ﬁgbfhag€§§ﬁ0ﬁ81@NéngHETb f@il@dcﬁpegeptember

Transf or mati on Functi on thod and Device
2003y aarsd 0F 06 ngP oD giqrad 1 Shgpali cétommt he $DMBO0DpAEOR filed

' h Do d Conput
29 S VAT o Ty - DBEReD NG ChLOB382. PBAERYT ound

incd}pdmaﬂbﬁﬂﬁyCMEféﬂéﬂd@ genetal bxttieedi/grbal ashgpakposes.
processing, and in particular to systens and net hods
for perform ng donmain transformations of digitally

FurEﬁé%f“ﬂﬁé“kéﬂﬁHWﬁﬁh'commonly—owned applications are

concurrently—-filed herewith, and herein incorporated in its

entirety:

“"Method for Transforming a Digital Signal form the Time
Domain into the Frequency Domain and Vice Versa," Atty.
Docket no. P100444, and

“Process and Device for Determining a Transforming
Element for a Given Transformation Function, Method and
Device for Transforming a Digital Signal from the Time Domain
into the Frequency Domain and vice versa and Computer |

Readable Medium,” Atty. Docket No. P100452.

Background

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

signals.

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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Domai n transformations, for exanple the discrete

cosine transform (DCT), are widely used in nodern
wa2@aaBisps ocessi ng i ndustry. Recently, a vari aPtT/66200v€00120

DCT, called integer DCT, has attracted a | ot of

research interests because 2of its2 inportant role in

| ossl ess codi ng applications. The term."| ossl ess”

ImpofATC 1S tHk EAigéh &PRtle Cart 18Ract TEGpyeBT
m1oddEe Sounge s analt frimddhe rnicedsd finke ragtr ganbxltag copy

Is a real -valued block transform Even
of thpuowtascleigmesi siomriihe emdattesydrid - Stthfeamut put
bl ock of the DCT can conprise non -integer conponents.
For conveni ence, the input block is referred to as

The | TPt &/ Ctr@fa lanth el Qiqui HHem€am.ouveut i¥egher inpht
a vector corrprl ses onl Yy i nt eger conponents It

blogh ¢ iats megerh ddttGgensy it pa@tpwtobtlﬁékaelfstbﬁeDCT
can | & s Phboenaralas rﬁd}Le%&%f %trp%n‘(r%?ﬁ@hcfefo%é”

i nt eger i nput vector e same I nteger Input
inpwedtlrck tire Heftesgerd du:t Lt 1v3nrtowe@:ftqmtaeglerthBC$utput

cl osel y .appr oxi tes e real,_ out put vec
bLodh R T STaT Koepe ot KeTR50a s Bpor PLegrT
compdreed¥S, it spedduBARA Visitege AR dJTRAT.t ARt cphepaktYto
of the integer DCT is reversibility. Reversibility

the s tifatin Shtaenay atnsegar intesiege oBEPULI DEFFor
frOIﬁO?rE L e rgfef he i &E&1 HCT i9ENQRAL &3, @N 19‘%0%%&%%&@

|nput vector x , the iInteger -
vect@mxnﬂhetﬂntagﬁﬂ(nubpdvcnedﬁur\aﬁnumtegeSOEQEinéQSEhE

| f d .t f _
NN XTI
DCT | Rye@s S e 11 aisd QfdBd properties of the DCT in spectrum

analysis.

An important property of the integer DCT is reversibility.
Reversibility means that there exists an integer inverse DCT
(IDCT) so that if the integer DCT generates an output vector
y from 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.

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 from its
prototype - the modified discrete cosine transform (MDCT).
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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A transformcalled integer nodified discrete cosine
transform (Int MDCT) is recently proposed and used in
wo @833 EC MPEG - 4 audi o conpression. The | Pt VBEI004/000120
can be derived fromits prototype - the nodified
di screte cosine transform (VDCT) . The disclosure by H
Mal var in, "Signal Processing with Lapped |,

.. S
can he s or WS4 et > Ligg73 16k GHleS's dingnt

intd&atd zad | g K MCIsy £ascadi NG Lank of sgouenrs J.
rotations with a DCT- 1V block. It 7is well known that
Kol @wens. rtandendiean Heudiac tGadiged bastes! o dartieigfetdi ng
steps f.or ppj l.ntegers to jntegers. .
Trar&f‘eig%)%nrlg, TAgsgioIrkgr?oﬂv.gnk%Wér W e deR u’rgs,qufA‘ugoom'
Intdgpsht Ngr drasoro ddar agerd HeansfiooohveAEtS d [ rGantertiiron,
New York, USA, Sept. 2001. Integer transforns can be
Protf e W%o‘”rﬁi?elracc‘e“d‘?r AR (eieTST OGO My the fih&&ieng

1ireath doqens gatatdon widh hriee ihif ting, steps iBecause
In each’lifting step there is one roundi ng operation,
roundieng ot ratoimdi ntheuder]l ofouadiingt egewetr adsbor initeger

three ti t he G vens .rotation nu r. of th
erans b L PRI oMC ROIS dSr Bt 6 ARG MEeE of the
protfidiafsd of ren {fcm exasmpl & ddiedd seriefoadmeurier tHaarshbem
(DFT) or the D screte Cosine Transform(DE’Q ), the
(foIn mBEIP 6t TS dHsS TRt i T diadv Fped Tiogmu < a1 y o&t tRieqy

Disé\’:é@é’%osi’ﬁ@rﬁé}lﬁﬁofnhe(D%T%gdgghFeh%umb%‘ik%’f i((B'i%{e tghe

anount of data synbols inclu I n each bl ock,
rotabiigiisalirstginadd iiss distizded; iatt QV loacor gl y , whdwe: totiad
nunber is also at JVIQg level for the famly

the (1 18 1ROTNE TRt ot 1ot G SO GEALBe SHTEOIST
inclded %%dém’bl%ﬂ,”t%efditg&%if Qi'hal 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 error 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.
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only approximates its floating -point prototype. The
approxi mation error increases wth the nunber of

wo ousaBrsgs. What is therefore needed i s a net hedr/aazho4/000120
system i npl ementation for perform ng domain
transformati ons using fewer4droundi ng operations,
therebé resul in npre accurate and | ess

In OO GTRORSRENEy OF nt Bael YEet §Eoier o et b oRe TauRRFPHing

domhhe trueBtbenaThsenisventy i§91V§§gﬁ%F Proplen of ine

providing a nethod for performng a domain

dompigndhspnbEohrefuendy giemsisi gmdl viconvehea timeludes
LN equenc omai n_and_vice, ver whi.ch . .
pexf8R Mg EbS PGt i PRI R e Mnur ot i vicn
inchpeeat kop3urdlity one eibothdestasds | hehdérvention, a
nmet hod for performng a domain transfornation of a

LragPgPrERtePEnaPTream It t9 M HeRRE FOT bl heF rieldueddy

lead@MBLE aNE:YhGesVELSa hALlddes, pef a%fncp.rgetmhiliary
transformation by a transtorm ng el ement whic

trapagbudesianpharaltt whofch i #1 i ttye st eges? o meerieim naterix

. nsfo tion corresponds to a transformation nmatri x.
s R o B nEOT P T hEE SURUe T HE e 214 e O o e
diman¥ibhar putteesf osaet | DNF G | staydi Tht18ddd& rounding
transformation matrix jtself or the respective -
unitr af8PoPRERPSNTWEEIG X BICIUART REGRIBIBH e tHamal by

e ; A9& oyndi )
then%%ﬁ%gb?ﬁygggéﬁincﬁ%gggHgS%@ggéing t he éﬁ%ﬁﬁﬂAQ%%ﬁlgg the
respespéeei gexibimdy ngrans fomidteron hetriansf or mat i on by
the respective auxiliary transformation matrix. Brief
Descri ption of the Draw ngs
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
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
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
method according to the invention;

Figure 7 illustrates an embodiment of the method
according to the invention using DCT-IV as the transformation

function;



10

15

20

25

30

Figure 1 shows the architecture of an audi o encoder
according to an enbodi nent of the invention; Figure 2
wabh@s®3tshe architecture of an audi o decoder acBOT/AGTIY4/000120
to an enbodi nent of the invention, which corresponds
to the audio coder shown ih figure 1; Figure 3 shows a
fLow chapt . ap_epbod] nent. of t thod according to
[ RoYEhaR (s of 20 subaclent, of 115, MELDOd, Sceording,
trankfiermet hed é@@@fcd&ﬁ? te the tMYEMhen: Ust NehdGlet 4 as
the transformation function; Figure 5 illustrates the
accogzfgpgi tAnther LpNENE&gRr sblus hRated nit | Browe ofdi ng t o
t odi 0 h t
| DealFRon TRPherFabeqr TRLPROAEE MO | hddl arahiving
systehaatcotdangenbodnnembodiméhe @ﬁtthmirmmnmtﬁan@ to the
i nyention ure 7 illustr . an _enbodi nent of the
L RBEC ab ot HEHG CEBE PRt B rES o BT RSOkt he
accokHaA§T epMBhEORNLHAEE bANL S fh Ot By i 44 ustd at snd MSrmation
al gorithmfor the reverse transformation according to
functh@nenbodlnent of the nethod according to the
pygnrLon, L vaLeakedet Byl M fn T B &0 sy d e
ure or I 'ma em according
tranbﬁoﬁﬂaéﬂbﬁdhﬁéﬂkdmﬁgthe tna6§mbdmuméh@waéﬂMb method
ustrates an enbodi nent_of the nethod according to

aCCOFHéngnGQnFP%nlﬂgﬁﬁﬁlﬁﬁwlliwﬁgga?%%iﬁPﬁﬁﬁQﬁ?m&Q@n
fenghkONi2 illustrates a method for performing a domain

transformation of a digital signal in accordance with one
embodiment of the invention;

Figure 13 shows forward and reverse transform coders
used to assess the transform accuracy of presented DCT and
FFT transformation methods in accordance with the present

invention.

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
transforming element comprising a plurality of lifting
stages. The transformation corresponds to a transformation
matrix wherein at least one of the lifting stages comprises
an auxiliary transformation matrix and a rounding unit, the
auxiliary matrix comprising the transformation matrix itself
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.
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Figure 11 illustrates the algorithmfor the reverse
transformati on according to the enbodi nent of the
woretsosisagcording to the invention illustratedPCTSG2004/000120

figure 10; Figure 12 illustrates a nethod for
perform ng a domain transfermation of a digital signa
i n accordance with one enbodinent of the invention;
Figure 13 shows forward and reverse transform coders

used asse r r ted- G
Hext 0 P o T oo 10 emoranse w th ihe
by theesenhdiingenhionafbetathed DesetoprabhonfoBpd fic

Enbodi nents Figure 12 illustrates a nmethod for
aquﬁéPFMrﬁﬁﬁﬁlé'donain transformation of a digital signa

in accordance with one enbodi nent of the present

invention. Initially at 1210, a transformation of the
Accodighyaltos pgRAPTFSIperPerHaen by of t FaRsTot P he & g to

conpri sing I [ I EEI S T,
the trans| glroﬁét i%g% gé?%‘eé o%]égt%f aﬁ%? a%gggg?r}at ?%narrlatarﬁex
provibedeitd &hel eashsbonemdhgt bbehefiti ag 3tdges Conprl ses!

an auxiliary transfornation trix and_a, roundi
eachydif L 1fRe S&aRFY | gf‘? ﬂﬁn??i's’(e‘&gﬁﬁr%i Agthe BN ot
vectbransf QraRkireRnEBt bi/Xai isehin of réhereoneespanditige result

transformation matrix of | ower dinension. Exenplar

: : . y
of témbodiomsrogretiphelpr seesded 2380 aRFUEDRAY NTC a1 1nteger
vectu2NHQrmald qn waeh can.pe Hsedoti Aohng-d0PRi Ay to the
Ion are further describe el ow. Next at
transformati oi thér d bed bel
statﬁZ%&ht&er@umdlm@e@penathenroﬁndhagspgnabSBsiaep¢tﬁ¢ﬁmﬁd
t he roundi_ ng uni '
witqﬁ%dqqgﬂa;qﬂggp%yggﬁgnagg82eEQefEEaQBEOEHBE%QHuQY éfghent
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 method according to the invention
does not require large computation time and computer

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
method according to the invention requires a significantly
reduced number of rounding operations compared to prior art
methods. 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

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.
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According to preferred enbodi nents of the nethod

according to the invention, the data synbols of the
wale@snals9si gnal are provided to the transforn PQI/SG2004/000120

el enent as a data vector. In each |ifting stage, the

data vector or a part of tHe data vector is

transfornmed by a domain transformer, and the result of

the transformation is rounded subsequently to an

The MREEHEI MEBCERAE. d&bi el 8cbBraQRr 8stthe® BiyeBidWdcan be
according to the state of the art, wherein the

usedr gordiny pvoeesoii g\lgétﬁér AbAnaLe hi pueheas audio, image

transfor Lon., ro for n e
o T4HER SyMtalo nTERcR BLber 8t ORRe af o EA L et rhied
signbhe roirkespohdsoubdanghgpetrali nassined heigmeihodnay be
according to the invention is reatl¥?reduced Due to

generpé efe QYc §G2ROABEr 25f LFEERdPRE BPRFAtFoMsSthef TRt HoT ©F

a co@%%%@@hﬁgnboahQ?obngﬁethn (d0escPQtpliLaui ke 1@ Ofance and
conputation tine and conputer resource. Further, the

chroggpeoxengeiloasepfor ufident éggrlaélon*alilﬁ arphstererse o

o 580 SRR B SRS shECHS T DR DEETELESE, rom <

sensioedl.i rhegdtihetkmt egghauynempryswatpamsaﬁbiwm;tw\daﬂdne
nmet hod according to_the invention requjres

symbeilgni fflheafply pEBkeéd Rnber GFQFBﬁkd?hﬁn%be?%?l%ﬁ@@ped

intCTRRAE MQtHrEQEhabﬁogﬁthQQ§ngﬁﬁﬁeas&ﬁéuéfedéf@hed
approxi mation error is greatiy reduced, in the case of

numbB@Tofldata sanbbésr bdaedd ofir bhet henpbiag NGy O | el

as low.as 1.5N in one enbodi nent and as | ow as
Coryfsgﬁndﬁngngpﬁ Ogeﬁﬁgalgent where denotes the bl ock
size of the digital signal. The nethod according to

The %gggkgyggkggglhz kgmkhg %%@EH%?E£022£ ggnBQSXItgrand
transforming an input digital signal Wthh represents integer
values to an output signal which also represents integer
values. The transformation méthod according to the invention
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 reversibility
property of the transformation according to the method of the

invention can be used in lossless coding in which the output

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
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
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structure. The nethod and the device according to the
i nvention can be used for any types of digital
waek@saBs9s such as audi o, inmage or video si gnal BCT/3G®04/000120
digital signal, which is a digitised signal,
corresponds to a physical freasured signal, may be

ener at scanni ng. at | east one_characteri
Cact B GPEToR SaoREE T bR okl B anAPogoS: GuEra b bt L ek arine 1
trankierindfi Bance and chrom nance val ues of a video
signal, the anplitude of an anal og sound signal, or
the anal og sensing signal froma sensor) . The digital
irg c u [ a t a
n prraBard BB T, P LD iy A B SH RS AT
sultwbﬂb éachbbtbckohavan@ $her§anapplbdeti@mﬂ Nresnof
data.synbols based on the s rate of the
=PPliGAEA8HEnaFHE SRAFBG 5T BndbloThe 1ot FERP LT dteh i quped
and bB@cb@%@Htt@@e@ﬁ@rbeTH§§d1ﬁE¥o&ﬁ@@§fQI@%QQ &M APRM one
i tal nal which represents integer values to an
blOCéiugﬁugtéu y%an apehred seo reprebent so¢ht pgesessings.
tean t ccordin t|on
Howe$§§{652r2%%F53 %ﬁglou% ?”%uggé : gthe h'irs%f%wfor can
be pbavbntedtthOSL@hDﬁiné@@mtsam@m@JbIch@rfﬁﬂmnﬁKktﬂ&ft<and
mati on nethod according to the invention. Such
the 5195 FERBRPT t §7 PropRis cind RS PaFRt D TRAT TIFT
accordlng to the nmethod of the invention can be used

in lossless coding in which the output signal should
Accopdipgehei EhF Bothe@ aetgidily itputhei grednt Queh HEre

dlglkgaegﬁpngiaﬂgfgw@;f(gﬂne% S 9{@; S;f‘%%@&% U &

nventron can use n many sys erts
transtiohmasgMPEGnanidi o, i mage and V|deo conpre33|on,
JPE&000 or :

Preferably, the transforming element comprises a plurality of

lifting stages.

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
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 pieces in an alternating manner,
such that the output (or input) ends of adjacent lifting

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



10

15

20

25

30

spectral analyzers (for analyzing Infrared, Utra
-violet or Nuclear Magnetic Radiation signals) . It
W@ 20588505 be easily inplenmented i n hardware sSyBCERE2004/000120

such as in a fixed -point Digital Signal Processor

(DSP), without having to cbnsider8 factors such as

.querflow in the case of a,real-val ue_sjgnal X
to il EetFGF fnt-PEn CEoASpPERRFE ¥ kAT Mt Tof LT ABSEorming
elemeR¥entionBveesCrhBednbehoyoh Ssigalt abbe $Or1 BRL BBORY said

and stereo applications. In nono applications, two
laddegngeedgti-ve bl ocks of sanples are grouped and

processed together. This introduces signal delay of

one bl ock | ength when conpared to single -block
Discpeteesskhge Hopwaw€brmsp &ieceotapplicatronssothiss

extra_bl ock del ay can be prevented, if sinultaneous

d1scEglfl EOBraEks SFRBMFPRBS | oF tabmerehe WilghnThakRel 24fe
exan@1@UPBE AREnREECRESEInE CEREDEhay ASC B AG-FOI TR the
net hod according to the invention, the digital Signa
methiod Begasfidnaetot shehéntertiency domain by a
transformng el ement. Preferably, the transform ng
el ement conprises a plurality of lifting stages. The
In oheansbermi bg ehenentesanobe éddhslipdaty basegeon the
nodel of a lifting |adder, The lifting |adder nopde
COrrggRop{s §Pde préEeBY BAERF ofRieket¥inP B oF rigpoular
mat r4&O0UBRpef sdabarsurbels-md We: Ok s Moy L1105 di s Lt fi b BY
stages are provided between the two side pieces. Each
integett hAa§rirageinecrpvesagosi hnakn atxaomeslemif (& npaftend)
matrixa[.lg,outputs a signal at the other end (output end)
via a'sunmation unit. A rounding unit

P2, O
Cy Pl

wherein Cﬁ’is the transformation function matrix, in this

case the DCT-1IV transformation matrix, and Pl, and P2, are

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 invertible
integer matrices may also be arranged in the lifting matrix

in another way, for example as

0 PIN]

Preferably, the invertible integer matrices are diagonal
matrices which comprise only components which are one or

minus one.
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is arranged at the output end. The lifting stages are
arranged between the side pieces in an alternating
wors®estsosuch that the output (or input) ends BET/SG2004/000120
adjacent lifting stages are connected to the different
side pieces. It should belfoted that although the
transformng elenment is described in the formof the
lifting | adder nodel, it is only9 to illustrate the

FiguireanstpenBt tRE pathstoEtthe &F anst ol Hkflshaent 100
However, the invention shall not be limted to said

accopgdner tavael enbpitReRt eotoshpelnyemisior s, T serdie
encog:egelbpggéél&;@e déS&ér%gngfc%éf‘;%éff&?gl?glmbgge layer

Scre ransforns are éxanp of “ttansf or nati ons
codetrhbt sgayobet perhod httedydt herard hosk ace arndirmgfbomt (EDCT)

i nvention. I n one aspect of the invention, each

and B {PPHLCEP afRNART PR PbNtRItH RAFeE tThg- Mt kSWRFch i s

modi&iBHOGKscEELENGYS Bhe r@ﬁﬁ&&ﬁﬂpfiﬂmf our _ _
sub-matrices, with two invertible integer matrices in
one diagonal. An exanple of a lifting matrix is: P2 V
the transformation f

. ! erein [ netion

an s Rondf TR ALE  HBobnd {00 T bRl 4RE b

microphbh, 180dasadwiPieh at € egtd Bl zed BRatd 8851 od-to-
ernutation matrix, is a matrix which changes the

. . P !
digifgdi ePBReBF ST hel Bl bRePt U iFeAntt hehe mitdi erReder 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
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
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.

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
quantized MDCT coefficients, which are the output of the
guantizer 103, are used to predict the IntMDCT coefficients.

The quantized MDCT coefficients are fed into an inverse
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pernmutation matrices may al so be identical. The
invertible integer matrices may al so be arranged in
wo b@slosfshi ng matri x i n anot her way, for exanpl BCESGDO4W0120

(2) NC Preferably, the invertible integer matrices
are diagonal matrices whichlconprise only conponents
which are one or minus one.1 O Figure 1 shows the

quani +REY et fir 2NOf LR ALY e reh @ Laddy diuRP bz ad MDCT

coefrbodLAEs) o 188 LVeniQndiil e audi  gncoder 100
conprises a conventional perceptua ase |layer coder
based on the nodified discrete cosine transform (NVDCT)

and _a.l ossl ess enhancenment coder based on i nt eger
The LGRS GHEEE oTReus o A LRSI (IPHRDRREE  An
coe BELE Dest gNadnd OShahi &dn af0r 1MDRVTC&odrF iRF@H e byi éh

m crophone 110 and which is digitalized by a anal og -
are g gl Gfcromcrrbetvasn the grddased wad uehdDgddiand the

1 - aud) | rise

e a7y oF ot s Syrbot Lt iAo 3] GRar iRy coder

108 di Thelezh t oy septatat i tanadfodaluec ks, tihee fodits tesedm bdrocdder
conprises plurality of data synmhols of the digita

104 ¢ fRE PER R AR B I, ATRSRD I Ty 5 Chodh 11 6 Pt and

prod@li&Es e €1 6951 &9 t&ans{ nBtVREDs tdewnca 1801. Tihe MXJ1ess
coefficients are quantized by a quantizer 103 with the

enhapFPrItt P pereiepraml L ivbdagetier Tdépéhee peaalenouslly
cod%cggclg%}oétc’rég}? ﬂi'@,ntéﬂie]so%ﬂen n%%%@s%r‘%gn%%@tnatgy_eon to

e distortions
reconstruct the input audio signal 109 with minimal error.

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
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 dewvice 203.
Thus, the reconstructed perceptually coded audio signal 209

1s 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
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
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resulting fromthe quantization error are low Trie

guanti zed MDCT coefficients are -subsequently encoded
wg00a/0Bispst r eam encoder 104 whi ch produces t heP¢DSE63004/000120

perceptual |y coded output bitstream 112. The bitstream

encoder 104 | osslessly conpzesses its input to produce

an out put which has a | ower average bit-rate than its

addedipbe byS stankdid mahRls S fdsiamt st N drhedering

the %MD@?”&&&f@f@d& T@@Lnaﬂﬂg} audi Q r3igral DET is
al'so fed into an Int VMDCT device 105 which produces

applied/DCT coef INNEM ssochid cqearttsi ped aMDCTiveossd | T &MDGT

whi ¢ re the out of the quanti zer are use
dev it P08 E it heb e Rl 0 bl By et °
audteeifdcaentspare fed into an inversel 1 quantlzer 106

and the output (restored or non-quantized NMDCT
coefficients) is fed into a rounding unit 107. The

Flglﬁf’é‘?? D 4 f%gﬁt e %r(‘) %tfe%%r ﬁé%]o Qmert of e

coefficients, € reS| I'nt
methwmcﬁnewfdiﬂgatbfmnwemn@nhﬁkmeamlm@etm@t@@m>IMUam a

and, t he I ef fici, are entropy_coded
Er AR O i Vo LGS %1 68 SFhel Lt Ty teeOders 15t
1ifenadd ogodse tt he Ridsineamnrengeder a44 302085 E£s$! dhird
reduces the average bit -rate of Its input and

llfipqcre)@u%%&sg% 3%%5|Té§§ asfiaece fenrsifegeodymusks! hethe
Intﬁﬁ@@lﬁgé i&ﬂé %t w;%%slh%%ggQﬁrlﬁ%ﬁﬁbfrﬁ%v1ce

perceptua y co tr eam carries th
206n@ﬁeﬁﬁgu@e|2ﬁtHrEMQLamem¢ ﬂammmsmramﬁ umgemmnutlmﬂmmmm
error. 2 shows th

i gnal 109 wit |
resie Y ur o el addi B HeRodh® S00 Hori srRGoAH blocks
of Endodgi gl ofidrha i RepldceRvenWli.cl Ger hespedSrmediate

signal, and y; and y; are output signals corresponding to the

first and second block of the digital signal, xrespectively.

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

role in lossless audio coding.

The transformation function of the DCT-IV comprises the

transformation matrix Cj . According to this embodiment of

the invention, the transforming element corresponds to a

block~-diagonal matrix comprising two blocks, wherein each

block comprises the transformation matrix CJ .

So, in this embodiment, the matrix corresponding to the

transforming element is:

Cy
=
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to the audio coder 100 shown in figure 1 . The

perceptual |y coded bitstream 207 is supplied to a
whrdaosssain decoder 201, which perfornms the i nvVECEEG2004/000120

operations to the operations of the bitstream encoder

104 of Figure 1, producing3a decoded bitstream The

decoded bitstreamis supplied to a n inverse quanti zer

202, the output of which (restored MDCT coefficients)

o i t [ Nyerse. A 203. h
cr SR S e e s 200 FB sl
as tROtaLae oﬂKg{i&§§£§§§i§qﬂggﬁﬁﬂggﬁLbltstrean1208 i s

supplied to an entropy decode whi ch perforns the
i nverse operations to the operations of the entropy

The SOPRSE ohat oL+ IS T T nEEE GOeRR drtntaimsRg of
11ft Otk Psitadds tHe 4Hy e e Aol tzem %Q%Ide&tr,oumeﬁw%%yr a

roundi ng device 205 to produce integer val ue
embodyeent colentle Theenhteayerwhasiaje WOCF Idoetd i Ehent s

t HFE r esi | nt MOCT coefficients, thus
ranprdé%??%g§gﬁggﬁ%?%bCTﬁ%gg?%?%ients. Finally, the

inverse IntMDCT is applied to the I nt MOCT coefficients
by an i nverse_|nt MDCT device 206 to produce the X
The Peloniiiuctod TRRSFestty: ol andivonsiegmi) 216, defined
as fgiggwg:s shows a flow chart 300 of an enbodi ment of
the net hod according to the invention using the DCT -
IV as a transformation and using three lifting stages,

a tirst lifting stage 301, a second lifting stage 302
yom) £ %2%@%@(%%3@31/3@@) 393, _Fhi.s_fetfod is "

sed i1 nyt he

Let C)/ be the transformation matrix of DCT-IV, that is

cv - \/’_2'_ [cos((m +1/2)(n+]/2)n” (5)
— N N myn =0, N -1

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

cr ) -y (6)

With gc=I:x(iz)],,_o,l,,..,]\,_1 and X=[y(m)]m_0’1;,,’N_1, equation (4) can be

expressed as

y=Cyx (7)
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I nt MDCT device 105 of figure 1 and the inverse |Int VDCT
devi ce 206 of figure 2 to inplenent |IntMDCT and
WO pvsn3593 nt MDCT, respectively. In Fig.3, are PCT/SG2awd00120
second bl ocks of the digital signal, respectively. z
|s an internedi ate signal, 1and and are out put signals
respond|n to the flrst and second bl ock of the
Nowdl g?Faﬁl'sKg?n e, trespBEePeEl ¥ % 1A cogn aTasiogBevEhet he
colld - v@b@bggrk}hquké¥§e ohdPOSLARL L&y n %O%%le gital
audi o codi ng- The transfornmation unctlon of’
Slgm&ﬂcmhpchsescchﬁdim@nsfdﬂmawnmennndn><dﬁé@transformed by

to thi of th t th
o R BB T BRI co Fodbndy (4 25 BERS - of affondz are

Vir @ggrméspgamﬁ&gnpg two bl ocks, wherein each bl ock

conprises the transformation matrix (tm . So, in this
enbodi ment, the matrix corresponding to the
,ansfornlng element is: IV[3) CNL 3 (tm) shall in

Y1 = tweFcontext of this enbodinent b e referred to as the (8)
transformation matrix henceforth. The nunber of
‘KL¢ang matri ces, and hence the nunber o f lifting (9)

stages in the transfornation elenent, in this
enbodi nent of the invention, wherein DCT - IV i s the

Combi2NSE OfgRLi,on fdnction, is three. The DCT - |V of an
-poi nt real 1nput” sequence x ( is defined as follows:

Let be the transformation matrix of DCT -1V, that is

x
5

The above diagonal matrix is the block-diagonal matrix that

Cy

Cy

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

N %
% % (11)

Let Zé! be the counter diagonal matrix in (11), that is

Gy
Cy

(12)

The matrix T,, can be factorised as follows:
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‘(mH/2)(n +1/2p) CN =- COS (5) Nmn =0,1, ',-JV

The followi ng relation holds for the inverse DCT - |V
woriosioxtsosNth x = 0,1 yan=d[y()w) Lo, i,--, equarPCDRG%043/000120

canbe expressed as (7)14 Now, let X, be two integer

NxI colum vectors -. Thel®ol um vectors x x

correspond t o two blocks of the digital signal which,

a cordlmlg 7he inv 119n Ei? fransfdrmed by one
T, £1ansf orijng |etepent . mtrangforms of ares)
—= 2)Ciespect| verfy (8)x m (9)1 foirni Ag |(8) and (9) v

ZF"X(10) -“The above di agonal ix is fhe

bl ock- di agonal matri x that the transform ng el ement

corresponds to. It is within the scope of the
wherienJgntiisorthief N héV abdeet éguanebriks changed by sinple

al gebraic nodifications like the one leading to CIV] N

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

as

Iy X,
Iy [_Ci _I_HEJ .

The three lifting matrices in equation (14) correspond to the

three lifting stages shown in Fig. 3. Each lifting matrix in

(14) comprises the auxiliary matrix CQ’, which i1s the

transformation matrix itself.

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

derived.

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

signal.

The three lifting stages illustrated in figure 4 coxrrespond

to the three lifting matrices in equation (14).
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;i) X Let T be the counter diagonal matrix in (11),
that is T2NilV "N The matrix T can be factorised as
WO odososrs9LS r ¢ T2N - - C ( 13) LL N where | iBCT/h6208N0120
identity matrix. Equation (13) can be easily verified
using the DCT |V property LA (7). Using (%JS\I)i\I Eqﬁ$t%gn
can_be expressed as -IN TV (14) - t The
As {#‘)é%t?????rﬁy | {9htes’ RSt q AP G Ces AR o
intégertbreestdihi Ng $4LES RROWY 'trheF'%ll%_wi_nga,Ch

lTfting matrix in (14) conprises the auxiliary matrix
(tm , which is the transformation matrix itself. From

4) - i integer DCT-. |V algorit t _iat
In 448 e 0e SR e, B b B en el PP P S
tram$ Boemticn de0d vt FHagwor-4v ldoestriatiestbh@re rounded

enhodi nent _of the method according to the invention
403u2%h@ BeRdgy M 1he qqefifsroemas arer (hehi 8Adethito x;

404 ﬁnﬁﬂﬁéﬁe{ﬁe | ShitsEebd Thild1& 10 L£adery 1,09,8hawn d N 1o
|

g.
intermediate signal z fulfils the equation:
z=|C¥ %, |+, (15a)

In the second stage 405, z is transformed by a DCT-IV
transformation 406 and the DCT-IV coefficients are rounded
407. From the rounded DCT-IV coefficients X; 1is then
subtracted. Thus, the output signal V1 1s generated. So, the
output signal y; fulfils the equation:

»=levzl-x (15b)

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:

v, =-|C¥ yi |+ 2 (15c)
where |*| denotes rounding operation.

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

according to the invention using DCT-IV as the transformation
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1 for inplenmenting IntMDCT . Like in Figure 3, X and X
are two blocks of the input digital signal, is an
WO paos/08s0F at e si gnal, and and y are correspondP@mSG2004/000120
bl ocks of the output signal. The three lifting stages
iIIustrated in figure 4 cotvespond to the rrree .
[iftin natrl es.in equation (14).16 A s illustrate
Fungl ORGSRt Y S sendy e incigeraer 200

shot aihsfpi@] i3 fet enPiRe it hdt rfL‘if’lvfeQJseo"f’E‘I‘l‘%Q{EDC,JTn t’ﬂ?e
first stage 401, Xis transforned by a

2lgQF HHaR of Frht § torr oD dan € itdveeDET is rt\bleco@fwelrcaeentfs ’ral’[@

- n eff|C|ents a
algéﬁen a dﬂg§ %?%%gyl$ﬁ%umﬁhe |¥te 8t§té0§|g i Zhe
dlffesregemesmms 3q, y;_he H;pt gy read af earsd ghadsan ful fil's

ation In the second stage 405, z is

corﬁ?%ﬁ%ﬁ&h%%dxbﬁi otatyopsaréf SAAHEF0R -406 and the
DCT - IV coefficients are rounded 407. Fromthe
rounded DCT - |V coefficients X is then subtracted.
As  Iphkisstxaeed dyp ot gsirgnal, W@egémeanEQy SodtﬁMe ouﬁﬁi?n
.t h uat.i o third, stage
1nt|<§€?%ﬁ%#%%%£d1§ %e% lneEVb SPEEPW&H9410 and
the DCT - 1V coeff|C|ents are rounded 411. The rounded

IV coeff|C|ents are then subtracted from Thus,
n tt[?}?% fdtﬁs&uts‘tﬁg&nél y Y& generansormed bnea ok pulV

trarfd alath drblsiool anbheneawatien: 6d2¢) yhgre 1:1 denotes
roundi ng operation.

503. The rounded DCT-IV coefficients are then added to Vo2

504. Thus, the intermediate signal Zz is generated. So, the

intermediate signal z fulfils the equation:

z=|Cin]+w (16a)

In the second stage 505, z is transformed by a DCT—IV
transformation 506 and the DCT-IV coefficients are rounded
507. From the rounded DCT-IV coefficients Y1 is then
subtracted. Thus, the signal x, is generated. So, the signal

Xz fulfils the equation:

In the third stage 5009, X2 1s transformed by a DCT-IV
transformation 510 and the DCT-IV coefficients are rounded
511. The rounded DCT-IV coefficients are then subtracted from
z. Thus, the signal X1 is generated. So, the signal X1

fulfils the equation:
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Figure 5 illustrates the algorithmfor the reverse
transformati on according to an enbodi nent of the
woredolosisatcording to the invention using DCT -PeCNSG2084/000120
the transformationl 7 function. This enbodi nent is
used in the audi o decoder 2@ shown in Fig. 2 for
l.ementing inverse IntMDCT. The al gorithm
—rfCu§b aged in figure 5is the inverse o f the (16c)
algorithmillustrated in figure . The denotations for
the different signals i , and chosen corresponding to
the denotations of figure . A s illustrated by Figure
5, the frequency to tinme domain integer transformis
It dehebai sednbyhsbethol & pydAYthh edderdidpttstage Shtions
| tra fforned by a DCT IV transformation 502 and the
O VL EBbI 17 c B¥E 55 €0 r B oI BOG NI Gaistie HETE he

equbVi69§fﬁ1§é?n£§ 91§cfheﬁh@§degft§%égyﬁn-@HESeﬁégaﬁf ?nd

i nternedi ate sign I's generated. So,” the interne
decgplghallusurét¢d ihef bgumats oh:and Zhej&eam@bﬂmtnms

ansf o db I V_transfaqrmati on 506 and
proffie p {803 AT Mo Bt oo PSP T i @ Sting
rounded DCT - IV coefficients is then subtracted.
Thus, the SI nal x is generated. So, the signal X

Thef GREATFLOR P Bepat FDnfl c)bbaf)dl hl @ae chi APt dethes; show
I t 1
thatStEr@&ﬁé@%@EgWQyAﬁ&&%:Ent unde S?Yga LRRe2 gléﬁdcégﬁ—

DCT- 1V coefficients are r The rounde
IVs} Vthoeé f No«lerut@uai:qusherarsgubﬂrm N xfir adiziohBuaret he

neeaegn%here ogee,negoar eone SZ% IE’he:Ln%Ie%er DCT-IV, the average

is:
RC(N)=15N (17)
AC(N) =15AC(CY ) +1.5N (18)

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.

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
integer algorithms. Exact analysis of the algorithm

complexity depends on the DCT-IV algorithm used.
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fulfils the equation:18 x = - \c x \+z ( 16¢c) It can
be seen that the algorithmaccording to the equations
W@ 20wa)p3t5e5 (16¢) is inverse to the al gorithm aceRoOr/eGTg4/000120
to the equations (15a) to (15c) . Thus, if used in the
encoder and decoder illustid@ted in figures 1 and 2,
tge al gorithms grovi de a nethod and an apparatus for
As 2

QER Ll LHEPBeRodi Ay The sy aiqRReq igleasyr OBRYIV

b : t
R A L R

ex1pblndi Pg8Iéndlyhr eehmeldin iidrs iTe- TeedethutEhiereef dskock.
f one NxN integer DCT-1V, .the average ,s: . N) =1 SN
the BhsB0Ee ) S 4TERETE 1SN AES Tore A e et
reqtotal IfeMDdi Nde NGMbeR , t i P-4 dudildedtetali sumper
of arithnetic operations. Conpared to the directly

refeppRe? B¢ ht @ger DCT - |V algorithns, the proposed
integer DCT- |V algorithmreduces R C fromlevel M og
Nt oN. As indicated by (18), the arithnetic

Figeoepd extiows of {hew prloposedd( ntfeger eEbdinevitalogord Hdim

| s.about 50 percent npre than that of_ .a - 1V
Mot AP GH T TR Hovever e | 1 Fe e éasg&gcéﬁéﬁedglé&,mtghestagesr
a fLesbi netk Lonpsexdd Ve ACRGe nd he MrieResed R gord t hin

. does not much exceed that of the directly converted
EhifdtehEring gofashnel3 Badtowtdl Ysifld iol shegs ¢odi el a
£1 £ QML €44 g 0N 41 Bebriod Vo8l 4l 1AW ysed . 9

* A's shovvné/i n ?gures 4 and b, he Sroposélg mtieger ocT

IntMDQF device 105 of figure 1 and the inverse IntMDCT device
206 of figure 2 to implement IntMDCT and inverse IntMDCT,
respectively. In Fig.6, x; and X, are first and second blocks
of the digital signal, respectively. Z1, Z2, Z3 are
intermediate signals, and y; and vz are output signals
corresponding to the first and second block of the digital

signal, respectively.

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.

The DCT-IV matrix Cﬁl (see equation (5)) can be factorised
as
CY -R,T (20)

po—"eo

where P, is an even-odd matrix, i.e., a permutation matrix

reordering the components of the vector
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algorithmis sinple and nodular in structure. It can
use any existing DCT - IV algorithns inits DCT - |V
wa@eows8Ebi on bl ock. The proposed al gorithmis BOi/samio#000120
for applications that require Int MDCT, e.g. in the
MPEG - 4 audi o extension 326eference nodel O . Figure
6 shows a flow chart 600 of an enbodi nent of the
mex(@dd] according to the invention using five lifting
x=[Stages| a first lifting stage 601, a second lifting
- [stage 602, a third lifting stage 603, a fourth lifting
)604 and a fifth l[ifting stage 605. This nethod
can be used in the I nt MDCT device 105 of figure 1 and
the inverse I nt MDCT device 206 of figure 2 to
b I @/qggn@ﬂgg v I?:M};g ctivel .
Y 5@@&?&?{1%9; J[g(ﬁand X ar edt?sl Sgﬁ%zgln secoﬁé{rﬁsgg)ktgvgﬁ txﬁglces
fromi ghe a¢OIBH><ngrﬁ111tS rasipattdorelespondz t2r ddut dmugdieat ei.e. ,
sucﬁ'@ﬁ? and and are output signals corresponding to
The'$Trst and second bl ock of the di gital signal,
respectively. Figure 7 shows a flow chart of an
enbodi ment of the nethod according to the invention,
x@¢rdin the transformation function is a DCT - 1V
t.rancformatlon function. The DCT- IV matrix (tm (see
Kquatji on %)}c n be factorised as (20) where P is an

xl(gvelf)-od e., a pernutation nmatrix
@9rc€rﬁ’ g the onponents of the vector20 x = (21)
x(N -1)
xz(?‘l)

where further

I -D K I
T=TLT =% H L= 1_2]'[—1?2 , ] - (22)
B Ay N/2 Bs LIy
with
£= (CAIIV/Z N/2+‘/_IN/2 N/2 (23)
_ S (24)
= 2
X3 '\/——CI\IIV/Z‘DN/Z"*‘IN/? (25)
and
Ly Iy, Hy | [y
R, =RR,R,=|-" N |5 (26)
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X(N ) by separating the conmponents which correspond to
even indices fromthe conponents which correspond to

wodesiosdptes, i.e., such that X (O ( -1) x(0)PCD3G10@1/000120
) X(N- I) where further [7 N2 - D2\l N2 Z=TTT

S (22) N22N2wth=21( NI2DN2 + 42] J IV N2
(23 ) V_ (24 ) - V2ON/ 2DN/ 2 /2 (25 ) and \l N2 |
N2 N2HN2NZ31 N221(iV-1) - tan 8iVH=H =

3p (.2 7 ) - tan- N

N -1
—tan( )ﬂ
SN
-H_];=_—3‘= _tan—3_7[_ (27)
SN
V4
—tan—
L 8N
and
. T
sin—
4N
. 3n
H, = SN (28)
. (N=-Dx
sin —————
| 4N

Equation (20) can be further written as

CJI\/V =RR,S I,T,F, (29)
where
Iy,
S=RT, =|,—, (30)
—== [ﬂ*ﬁ I_N/:J

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

matrix S, T, and T3 in (29) comprises the auxiliary matrix

C¥ ., which is the transformation matrix itself.

The transforming element comprises five lifting stages which

correspond to the five lifting matrices of equation (29) .
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p - tan- SN and sm 4iV SU - 4iVvV ( 28) (JV-1 ) SU
4jV Equation (20) can be further witten as C=T T P
w@ 29r/0815e5 e ' N2 (30) H K N2 The transfor m ngPel/eamo/000120
used in the enbodinent illustrated in figure 7
corrgsponds to the equatiéﬁ (29). Each lifting matrix
and in rises, the auxiliar natr whi.c
Furtpﬁé'tFﬁﬁs¥6Fﬂﬁf? 1t PSS ef P T ﬁr%a qé}fllng
es_f ch correspond
staof EPR e PO gt he T Che G PRI (Boy2e o
Further, the transform ng el enent conprises a data
shuffling stage corresponding to the pernutation
In fiatirex 7P thenifipgtref 7¢he heirsiputi Bfindhesfagstatd filiengtwo

ta h i gi
bloci g% gLe 5181%?? g£8§§ §f gﬁdﬁ g[gégﬁ{_SIQEPhrxa§gd X
1ntermed1ate 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
blocks of the first 1lifting stage of the transforming element

x; and x, fulfil the equation

-
=P,x (31)

In the following, the first lifting stage 701 is explained,
which is the lifting stage corresponding to the lifting

matrix T;.

v
Let {i} be the output vector of the first lifting stage, for
Va

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

iEe
n| 2

Using the definition of 7, provided by equation (22),

equation (29) is re-written as
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internedi ate signals and and g out put signals
corresponding to the first and second bl ock of the
wale@snalshs si gnal , respectively. The input of tPer/SG2004/000120
transform ng el ement and the two input bl ocks of the
first lifting stage of theZBransform ng el ement and X

fulfil the equation X (31) X-, In the follow ng, the

f| gt liftipg stage 701 is explained, which is the

{4 f£ing §Fage corresponding to the lifting matrix T-,(33)
ValLe X [1&2 put put vector of the first lifting stage,

for thetiine being without rounding to i nteger val ues,
i.e (32) v X Using the definition of T provided by
equation (22), equation (29) is re-witten as23 Y 2

whef@g) ngngtés tﬂ@eiﬁebtggyoﬁgérigeofd&ﬂ&%ﬁgﬁgguﬁ)g‘Of

|nep5|on . Since In enbod

reversi bl e algorlthn1for integex DCT - IVin this
provided there is included a rounding to integer
val u So, according to equation (30), in the first

Since 1n thls 'embodiment, a reversible algorlthm for integex
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, X3 is multiplied by

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

values in step 707. The rounded values are then added to Xz

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

equation
a=|K xlx (34)

where Fj denotes rounding operation.

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

transforming element illustrated in figure 7, which

correspond to the matrices T,, §, 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 =Dy, .

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

reference to figure 8.
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step 706 of the first lifting stage 701, nultiplied by
K. The result of this multiplication is rounded to
WO paosgars9val ues in step 707. The rounded val ueBCHEB8E2004/000120
then added to X in step 708. Thus, the internediate
si gnal z fulfils t he equaﬂﬂon Z = X j+x (34) where 1*1

: den te on Si nce the_other, fou

FLGuERL B nd BBk R0Sny Dbt Chi S TuRe0rof 1 TRS TR B g

elem@h%n?BE khkustkat-gd tﬂaﬁégéf@agioMméEhtﬁ@rfﬁ§@§ﬂﬂmﬁ§tlon
he matrices T, , R and respectively, have identica

lllugtmatﬁdrég dsgvme fi-rst lifting stage 701, their
explanation is onmtted. It only has to be noted that i
n the adding step 709 of the second lifting step 702,

In fXgU&e QCCQhélmgphﬁ bhetﬂeffﬂrstonlﬁflﬁg sta¢ i pté edhe two

In . th foIIo the lifting stages of the
blocﬁ§aﬁ§f8PﬁlﬁégéF@ ﬁﬂgﬁﬁ ﬁé efPse it f%ﬁfkﬁ Care
1nte§}?ﬁ@h§'a@%d sWothikebarenced® £ quie ouRpuki ggpﬁaﬁs

ustratesthe liftimng stages of the transform ng
correbgweduHUOKOthéerévesgeandaﬂ%¢@mﬁabl©ﬁko@fth@e digital
ansformati.on-illustrated in figure . In figure 8,

Slgn?ﬁé Fhpat < %VFﬁg first lifting stage are the two

blocks of the digital signal and are internedi ate

ghal.s and and x are outEut signals corresponding, to
The §RECt LidE 1860 S6866nE OBl HERIBHTFHET dgigi taPUEF ghatS 1T1Verse

to tﬁ%SEEQEEV§h¥t1£EesEQ§E bbitifgu§£99€e§o§n'fi@éféatedSo,
In figure 8 is inverse
in the first step 806 of the last lifting stage 805, x; is

multiplied by K, . The result of this multiplication is
rounded to integer values in step 807. The rounded values are

then subtracted from z; in step 808. Thus, the signal x»

fulfils the equation

x, =2 - K x| | (35)

where Fj denotes rounding operation.

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

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

produce Xj.
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to the first lifting stage 701 illustrated in figure 7
So, inthe first step 806 of the last |lifting stage
w@0ms5/081585 mul tiplied by K. The result of thisPCT/SG2004/000120
mul tiplication is rounded to integer values in step
807. The rounded val ues a2 t hen subtracted fron12|

1t GroRs’ SEEnBHRt obhE kil Pa ohbr e k05 a THE fot%?é? and

801 buribufti BYastagrscB8Od, + 802ne 8085+ BOS @cigéshe701 to 705
transtformng elenment illustrated in figure 8, ch

of fggErenver §@SP@Cth*éelth$h@cgt@3g@@ s, pemmutatos»rarsaf the

. 02.0f the t f £ il ; d 5,
lnpu? Fé@ss‘a ?ea?%‘%’ﬂﬁéi“ns?%m”%Pm@ﬁ%f o6 hs b gef oo

ftln explanation is omt .
and giy 5oh9ed B9Eadhg: b FRL SR ERST hEF ety i Padensy
1nvetr|3% fc@tahts!ﬂokﬂnilﬁd_:j ngl&hept S0dhe t Beov B84 tmefhddel saddi ng
ste%lSOg is multiplied with ~D to produce25 It can be

revegsdRlenathttpe LEfEpng L2 ages Bosio geacodsys, 1HyANghdthe
audl%%e%dékg ?6 §1§a§t££¥§ésfnt&g%@feé'1ta{rﬂ§ St %ﬁoﬁzEQ}ng a

lgure 7, respective Since al'so
methpdranﬁaanoappafathe foputosshaas &wdxespnhﬂmng to the
matri x P can be reversed and an accordi ng data
shuffling stage is conprised by the inverse

An ahkapsfier sEnghel eampér dher iRy cesd wddodh ithis
reversible, thus, if used in the audio encoder 100 and

embofEeRfdis BeEeMert 20e i F1dsef atlerl APSFT iR Pladd g,

lnveg&gth|ng a method and an apparatus for |ossless audio
codi ng.

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
processed by a analog-to-digital converter 902 to provide a
corresponding digital image signal. The digital image signal
is losslessy encoded by a lossless image encoder 903 whi.ch
includes a transformation from the time domain to the
frequency domain. In this embodiment, the time domain
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 fetched from the
storage device 904 and provided to a lossless image decoder
905 which decodes the losslessly coded image signal and

reconstructs the original image signal without any data loss.
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An anal ysis of the nunber of roundings used in this
enbodi nent is given at the end of the description of
wo b@siosnseht i on. Figure 9 shows the architectureCt/e62@mw000120
i mage archiving systen1accord|ng to an enbodi nent of
the invention. In flgure g%an i mage source 901, for
[ vides an, an i gna
et e s e R e B ot Uedeet by 4L Sk obTBoEsant,  for
exam;mgu tah casverker tBR2 tige pir@a@éi@ Br &S FLSPORELBY o
ital image signal. The di al image signal is
SemlFaggP%@y YAEBHEJ2DRY BaToskP $ dhesdértens
kgh includes a transformation fromthe tine domain
o the frequency domain. In this enbodi nent, the tine
domai n corresponds to the coordi nate space of the

1 P A Eobeatobist o AT o i sRebRod BB the

tran%@ﬁm&h@ohnageal Ql??@ﬁ?dsléﬂlﬁ | ossih assd yt?ﬁgegofnﬁﬁﬂeto
gnal is fetched fromthe storage device 904 and

the BF%W%@@YtQO@aF’ésém@s%lcFW&Pe@mr@O& wh chhelecodes
Lpheho e e and recopstructs
lnveori%#n%? ?%ggélggg ha Hﬂ?q%oufgg%%ﬁﬁéfﬁFioss gé%cﬁ 8 in
the l@ssless amghevengoddr | Sy ersl gitad SLdssliaporivage H6koder
ex in the case that the inages are_error maps of
905 O %nhﬁ%?%r hal eF A $18 it e St e iR of 19arer 9
anaIyS|s In the follow ng, a further enbodi ment of
the nmethod for the transformation of a digital signa
F1guse ohy t bkl ¢5 Hed Boreah e adiasive pfertdhe demehed andcurding

to tN§r§§v@§€96ﬁ'@glﬁ8lﬁHEIV as the transformation function.

anal

The DWT-IV of a N-point real input sequence x(n) is defined

as follows:

y(m) = \/%Nz—lx(rz)sin(% + (m + 1’/2)(]:; +Y2)2m ) mn=01--- N -1 (36)

The transformation matrix W, of DWT-IV is given by

2 ﬂ m+1/2)n+1/2)2x
m,n=01,---,N-1
The DWT-IV matrix is factorised into the following form:
W =R, T, P, (38)

ﬁ is a NxN rotation matrix defined as
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20

invention is explained. This enbodinent is preferably
used in the | ossless i mage encoder 903 and the
wo omsloasss | nage decoder 905 of the image ar chi RETI§G2004/000120
systemillustrated in figure 9 . Figure 10 illustrates
an enbodi nent of the methéd according to the invention
usi DWI - as the transformation function. The DW-
R _1¥ Jotva - pmizgt real input sequence x(n) is defined ag
& il -dws, ¢,m|n=0,1, -,N-: ( 36) The transformation (39)
matrix (tim of DM - IVi s given by (37 N4 Nj mn =
0,l,- -,N | The DI - IV matrixi s factorised into
the following form ~ RV TJV P Nis a NN rotation
Iy, wetithe déehhétyasalrix2od btdef39/2: I, N 2iBl 2hk tdunter
_ the identity matrix of order N 2. the counter identity
idenpdhty inetofizoraferonder; N/2. ,i.2(40) Pi s a NxN
permutation matrix N 2

17

~

I}
o
S
(@]

lez

P, is a NxN permutation matrix

T is a NxNmatrix given by

T=—1— EHIVB_ —% (42
T2 CII\}//ZDN/z CIIVV/2DN/2 !
where le,vlz is the DCT-IV matrix of order N/2, i.e., a
corresponding transformation matrix of lower dimension.
2 m+1/2)(n+1/2)x
Cy, = ( cos| & Y2)n+12) (43)
N/Z) (N/Z) mn=0,1,--- N /2-1

>

vz 18 an order N/2 diagonal matrix given by
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PN = (41) 2 T i

S amtrix given by CWT = N2 ( 42 )
/2 CN2DNI2 N (tm
e.

2DN/ 2 where is the DCT- |V matrix
w@boososisps NV 2, i.e., a correspondi ng transfor natT/862004/000120
matrix of lower dinension. v _ "'"(m+ 1|/2)(n+1/2) p'
2 cos (43) W12) (N2) mn28,l,--,N2- | Dis an order
N 2 diagonal matrix given by2 8 - 1 D44 ) - 1 R and
T ¢hn further bd factorised into a product of lifting
matricgs : JV/I2|T =TT T = N2 (45 N2 K where =

p, (P - CEMD)R(tmK - a4

-1

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

matrices:
D K I
T ﬁ&&“ };/2 ; NI2 2 B 07 ) (45)
K Ly vp| | K5 Lwp
where &, = w2 ~CnpDuia Cuia I&= D &= 2Cy 2 Dyyn~Iyya s
and
Iy Iy, H, Iy,
R, = = - (46)
S o Lol | A
where
-0414
_1=__3=_tan(7r/8)-JN,2= , -0414 (47)
-0.414
and
0.707
. 0.707
H, =sm(7r/4)-],\,,2 = . (48)
0.707

Thus, equation (38) can be written in the form
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-3and NH2 H. 1r/ JVI2 46 ) 1.N2JVI2 N2 where
- 0.414 - 0.414 f = - tan( /8) ( 4 7 ) - 0.414 and
wW@2008/03t995mp ( /J4) = 0.707 (48 ) 0.707 Thus, BOL/SG200#000120
(38) can be witten in the forn29 The lifting matrices
R and T can be aggregated2fo the lifting matrix : N2
S=RT=(so: H+tK NI2 From (49) and (50), the
followi ng factorisation forrmula for the DAWI- 1V nmatrix
v C j ned: Equation (51) indicates that a
Cn_ tﬁzﬁ&?ﬁgﬁ% el ement for the integer DW- IVtransforr§149)
can be used which conprises five |ifting stages. Each
lifting matrix S, a.nd in (51) conprises the auxiliary
The MatkiXg(hBkricabi RY badt e ¢amnsé oigmtLontemt tiox the
itself. Further, e transform ng el enent conprises a

1iredabanshuifl isng

IN/Z
=RT =} — 50
Soih [i&fi 1} | oY

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

the DWT-IV matrix can be obtained:

CY =RR,S T,T,P, | (51)

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

1ifting stages. Each lifting matrix S, T» and T3 in (51)
comprises the auxiliary matrix Cﬁb , which is the

transformation matrix itself.

Purther, the transforming element comprises a data shuffling
stage corresponding to the permutation matrix f&. The data
shuffling stage rearranges the components order in each input
data block. According to f&, the input data vector is
rearranged in the following way: the first half of vector

remains unchanged; the second half of vector is flipped,

i.e.:



stage corresponding to the pernutation matrix . The
data shuffling stage rearranges the conponents order
WO p00s@astsoF nput data bl ock. According to , the PEPSG2004/000120
data vector is rearranged in the follow ng way: the
first half of vector remaid¥s unchanged; the second
hal f of vector is flipped, i.e. :30 X X X N2 N2 ( 5
K 8 L N\\ X N2+ _ In figure 10, the
nexfl st lifting stage are the two bl ocks of
S|g al Xand X, Z, and are internediate
i and| y are output signals corresponding to
arg spcond bl ock of the digital signal, (52)
Yx,, “The i nput of the transformng elenent X
D |np t blocks of the first lifting stage of
briviing el ement X and fulfil the equation P X
he fpllowi ng, the first lifting stage 1001
'1ed ichis the lifting stage
ﬁ@“t the lifting matrix T .

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

two blocks of the digital signal x; and Xz, 21, Z:2 and zz 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

x; and X2 fulfil the equation

—1=5x (53)

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

matrix T; .

v,

v i 13
Let [i] be the output vector of the first lifting stage, for

20 the time being without rounding to integer values, i.e.
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Let be the output vector of the first [ifting stage,
for the time being wthout rounding to integer val ues,
WO 2@5/0315054) Xr,3 1 Using the definition of J peDséziedo00120
by equati on (45) equation (51) is re-witten as 2
(55; KLJ 2L J Since in3this enbodlnent a

reversible algorithmfor integer IV in i'S
USln%r%@?d@% 1?h%%%n|% BcIRr¢ed 9 5ﬁh§ﬁﬁﬁtﬁgr}n %g
val ues. accordlng to equation (55), in the first

equa%%%% i@bé bF FRe"F1YS¥" 13% ting stage 1001, i s
multiplied by K. The result of this nultiplication is
rounded to integer values in step 1007. The rounded
vl ues are then added to in step 1008. Thus, the

Vi |nrerne i‘atte signal fulfils the equation (56) where (55)
1KLL, dép roundi ng operation. Since the other four

v

= [iTTing ges 1002, 1003, 1004, 1005 of the
transformng element illustrated in figure 10, which
correspond to the matrices T 5, R and R respectively,

have ent t [ n t
cunclStg LRD RBLPAEIE! U s dind o Lo shpeoer
DWT - }_nv]E ef thata pﬁofrh&e@ﬁd’ihﬂ@:étﬂp D dfd teher secdndg to

£ N
integ!ﬁrTlrQ%H%tpfl E%?géc%%%c%l}s@ atccg:oerqu,lla 'otno @5% ,deﬂl n{:}tlleogirst
step 1006 of the first lifting stage 1001, x; is multiplied

by K, . 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

5= |Ks x|+ x (56)

where |*| denotes rounding operation.

Since the other four lifting stages 1002, 1003, 1004, 1005 of
the transforming element illustrated in figure 10, which

correspond to the matrices T,, S, 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;1is,

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.
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In the followng, the lifting stages of the
transformng el ement of the reverse transformation are
wezpsasrsesl with reference to figure 11.32 Fi gup€r/8G2004/000120
illustrates the lifting stages of the transform ng
el ement for the reverse tBansformation of the
ransforpmpati on i

ot I luystrated in fiqure Nt

Figuggelinputt t_fr?'l‘the’_es ftr estll! i Ftthg’ &egse Oz]ali?édiehécq%yoéfogﬁing
elemBhOCksy Ofné heefh gid al r £ gnaimanchansk afte: ivites sediaseion
. signals and are out&ut signals corresponding to the
1lluﬁtrstedndnséxqmmﬁkﬂ ck of the digital signal

respectively. The last lifting stage 1105 illustrated

in figure 11 is inverse to the first lifting stage
In f%%gé;el fftluaﬂﬁ@tﬁfiipth df giree A0rstSalifninchesfagest aseephe

of the last |ifting stage 1105, is_nultiplied b

two RloCKkReOF e tAtd 1t ht SHAATT pfs G2 &5 i &1 (flfn%‘élac?t—%? are

inte&ﬁ%@ggEevgigﬁélérb§&e£1%&Qﬁo@Tgﬁerguﬂﬁﬁﬂ ¥adhiag sar e
then subtracted fromTn step 1108. Thus, the signa
corrkebbhb$ngheo etjuat fonstX an seqerd wakpek 104 %ogégital

. __rounding operation. Since the other four lifting
Slgnéﬁagégsgiﬁﬁfviaﬁz, 1103, 1104 of the transforning
eLenFn¥ illustrated in figure 11, which are inverse to
the lifting stages 1005, 1004, 1003 and_1002 .
The daspedtifvény, Shave ?H%%t+%%TSE¥?E%$u+%Sf%ﬁPﬁ?u§lFa%?

i nveldsht it%gtﬁgaggréi;loﬁifﬁﬂ@é rs€xpbapgpi ot issorddd @dinl Figure
onl'y has to be noted that after the adding step 110 9
10. ¢b,t he toerthrbifsieag 1106 of the last lifting stage

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

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

%, =2~ Ky o (57)
where |*| denotes rounding operation.

Since the other four lifting stages 1101, 1102, 1103, 1104 of
the transforming element illustrated in figure 11, which are
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

with Dy, to produce X;.
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step 1104, the result of the adding step 1109 is
multiplied with Dto produce X3 3 It can be seen that

wo b@slosfshi ng stages 1105, 1104, 1103, 1102 andrdmed200#/000120
figure 11 are inverse to the lifting stages 1001 to
1005 of figure 10, respectiBdely. Since also the

ernutation of the input signal corresponding to the
It Eﬁ?r % PRt ridter t%ﬂﬂi%ﬂ?%ﬁ%&#@ﬁngléﬁga 1103, 1102

andShUf {1 b A0rsh20e 15 LAPHiRed P 4 hed NUeHS8 4 stages 1001
transform ng el ement, the whole provided nethod IS

to peVersf bfeguneus), ifespeetivelthe Jiossl edsoi hge

oder_90 nd the |ossle i mage decader ,90 .
perfiFRERIA el TIF ATie D0 oA Mg P8 arHod Card R trix
P, 2BPaLat uevbekchoaskess LERESAEAY Afta AL heEO & nstsage is
— expl ai ned enbodi nents, the enbodi nents of the netho

comBeLHEdi g e thed Myent i 80k A iPET e 1kMaWRr e chsedHore
audi o codi ng and the enbodi ment of the nethod
Proge@d dieigha® ishedvwaesithlon fidusDWEL ngegadnusee floyssless

: 'QH?E ' the odi nents of. the thad a di ng
lmaél;o Cecg:ci(l)%\/en 3| o‘—%ldf ggr}peD%‘los-srh]%ScéLﬁnagse \%EGICIO%gg %@(%gl for
illuseget @ddimg;iddie enbashiomntinef =t hetieuheddaeao=tigiratus
to the invention for DIM- |V can as well|l be used audio
for IfF TP Shd ™ 9e SRP ¥ used as wel | fox the coding of

ot her digital signals, such as video signals.
Consi dering the equations (34) and (35) one sees that
Althoiegle by ey 2aduidiathenibedasmtsi f thegesbagdéments of the

e Rt g g huBar LoF RS EFAnarof o bg Sl e
audiorcddienendatittentendfodihedCHE ktHealhgohbthBccording to
the iirlﬂyesrgtriacgnedfcirn waI —uIrVeswa7s %r]sdedS f%?:c?tgngiggg cto?iing, 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

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
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.

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 (fgﬁ , when
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the invention is five tinmes N2, that is 2.5N, which

is significantly lower than Nlog N according to the
waet@s®e3shsthe art . Agai n consi dering equati onPCRS9%52004/000120

one sees that the nmgjority of conputation power is

used in the four N2 point3BCT - |V subroutines

,corresponding to a nultiplication with &ég? when3 4
N ig ¢ slardarmeiied 9o .- NE4oBPRcapsealde tHeating-point

pcriiPatd s ROk by Elsg \6i6RN e &ah¢uhabed YRY iV 1us
half -length DCT- IV plus pre- and post -rotati ons,
pret hendrpesitret ¢ toa ttiompd e xihtey aofift hiied 1jor opospdesiintyegdr the

DCT- . IMis 1o stimated.to be.tw . ce that of the
ProRyRRd | 1oL S D I\ TRCETYL S8 ABREFGs fon DEarf e that
of tHawnl éPfiddrepdittitegrrr-OMI - |V transfornation

function. In the followi ng, a further enbodi nent of

the nethod for the transformation of a digital signa

A sIfOM1E NeodLITEs Bl (R, (henfy eaueney dAmRID ARAHAGE

versa according to e Invention is exp
tramsbodnarteidn ofuidisl gr.esent i nvention, the domain

transformation is a DCT transform whereby the bl ock

size Nis sone integer and where the input vector

In €ROPFOBRSwINg, SUbVEeIHYTS emdertimRatt Be NxlN HWeansforfyr the
matrix of DCT (also called Type - DCT) : C7 2/ Nk

tra%ﬁﬁﬂ?ﬂ#ﬁﬁ@?ZBﬁﬂﬁﬁqiq#ﬂﬂllﬁﬁgn@lOfIPm,t el time domain to

the frequency domain and vice versa according to the

invention is explained.

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.

Let Cg be the NxN transform matrix of DCT (also called

Type-II DCT):

C# = \[2/Nk, cos(m(n +1/2)r/N)] (58)

mn=01---,N-1

where:

" 1 if m=0

. ={1/J§ if m=0

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

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

zero. m and m are matrix indices.
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where: 1 f and Nis the transformsize which can be a
power of two, N =T in one enbodinent and i is an

WO piosgersogyr eat er than zero, mand n are matri XPCT/SG2004/000120
i ndices.35 Let be the Ntransformmtrix of type - V

DCT, as already defined aBéve : = /N[ cos((m+l]2)(n
N] mn=0,1, ,N- As above, a plurality of lifting
naprlces gﬁll be used, which lifting matrices are in
odi I fgem
et WORE"HR TP AU B O cnobeiubes o

alreégghg%g¥ﬁgéoagggélx is an arbitrary NxNmatri x. For

¢ ting matrix L , alifting stage reversible
integer to integer mapping is realized in the same way

as the 2x2 lifti tep descy i bed he i ncor porat ed
refmenma"Q%FJ?R&W@W%W”@&HQWW into Liftingsg)
Steps,” Tech. Report, Jgi Dawbeghi es and W. Sweldens,
Bel | Laboratories, Lucenf Technologles 1996. The onIy

difference is ;hat rounding is applied to a vector
instead of a single variable. In the above description

As 5% v%he OEEﬁEafﬁp dbﬁeﬂiﬁtlhé wasr-akLgagyl detaih £ howhich

ifting stage is realized’for a
liftlng matrices are in this embodiment 2N x2N matrices of

the following form:
(61)

where I, is the NxN identity matrix, Oy is the NxN zero

matrix, A, 1s an arbitrary N xNmatrix.

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.
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
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.



lifting matrix, so the explanation of the lifting

stages corresponding to the lifting matrices will be
woniosiadi n the foll owi ng. 3 One sees that the PCT/SG2004/000120
transposition of L , is alsoa lifting matrix. In this

enbodi ment, the transform B¢ el ement corresponds to a
matrix, which is defined as a 2Nx2N rratrlx intrie
Onef @ﬁﬁ@v\ﬁlh@tv\h@re FrangposiNon (B2) L,y ,'I'hbz,de:c:@rmkm t&on
of the matrix into lifting matrices has the follow ng
LifEoRemaRFLiPps L8 L7 L6 P2 L5 L4 L3 L2 LI Pl (63) The
matrices constituting the right hand side of the above

equation will be explained in the following. Pl is a
In thistepeedimant onthat tianglwern iy d]mee@aidrmes@cqxﬁda; to a
where_ i s the NxN counter index matrix given by 0 0 0

5 matgly Tgy @BIGhols POLIPD amd (&Y % 2Nl Bgonal tHaer i x
fol%xﬂ‘nd' agonal el ement being 1 and - 1 alternatively: 37

c” o
T, =| % N 62
W[ o 2

The decomposition of the matrix T,, into lifting matrices

10 has the following form:
T,, =P3-L8-L7-L6-P2-15-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

0o, D

pi=| % (64)
Jv Oy

20
where J, is the NxN counter index matrix given by

0 0 01

J 0 0 10 65

Yo .00 (es)
1 0 00

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

being 1 and -1 alternatively:
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100000000DOO1OO( 66) OOO0OO0O0O0OO0O -

1 P2 i s a second pernutation matrix, an exanpl e of
wokiosi3is95 generated by the foll owi ng MATLABSCPCPBG2000000120

= eye (2*N); for i =2 : 2 :N, Pd (i, i ) =0; Pd
(N+i, N+i) 0; Pd (i,N+i) 271; Pd (N+i, i ) 1; end Peo
= zeros (2*N) ; for i =1 :N Peo (i , 2*i - 1) =1,
Peo (i+N, 2*i) [* 19 ehd 02 &| (Pd*Peo) ' ; As an
exanpl e, when Ngi s149 B2 i0f a 8x8 matrix given a s r
000O0O 0d.0 1.00000000100010 ?6%)
000 for P=&|96Y 110b Ppo000000000

0 0 0 ° 0

0 0 0 0 -1

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

generated by the following MATLAB script:

l
I

Pd = eye(2*N);
for i = 2:2:N,
Pd(i,i) = 0; Pd(N+i,N+i) = 0;
Pd(i,N+i) = 1; Pd(N+i,1i) 1;
end
Peo = zeros(2*N) ;
for i = 1:N,
Peo (i,2*i-1) = 1;
Peo (1i+N,2*i) = 1;
end
P2 = (Pd*Peo)';
As an example, when N is 4, P2 is a 8x8 matrix given as
1 0 0 0 0 0 0 O]
0 0001O0O0O0
0 000O0T1O0O0
0000O0OO0CT1TO
0 000O0O0O0OT1
L0 001000 0f




000000010001 000038P3isathird
permutation matri x, an exanple of which is generated
wygoosios1spdl | owi ng MATLAB script: P3 = zeros(2*MNT/SG100#/000120
i = 1:N, P3(i,2*i - 1) =1; P (N2-i+l,2*i) = 1; end As
an exanple, when Nis 4, P38is a 8x8matrix given as 0
0000001000000000100000000 O,
P3 pg=afhiyd-parpupapion onatnix, (o wkagwdel f o'oiehoig

sen i byt AR IR ook er ai agonal |

matrix given as: 0 0 O -tan( p/8N) 0 0O tan(37r/8i\r)
0

5 P3 = zeros (2*N);
for i = 1:N,

P3(i,2*i-1) = 1;
P3(N2-i+1,2*1) = 1;
end
10
As an example, when N is 4, P3 is a 8x8matrix given as
1 0 0 0 0 0 0 O]
00100O0O00O0
00001O0O00QO0
000O0O0O0T10O0
P3= for N=4 (68)
0 000O0O0TO0T1
0 00060100
0 0010O0O00O0
01000000
15
Ll is a first lifting matrix
I (0]
Li=| % 7 (69)
z, I,
where Z1, is a NxN counter diagonal matrix given as:
20
0 0 0 — tan(/8N)
0 0 -tan(37z/8N 0
71, = _ an(3/8N) (70)
0 . 0 0
~tan((2N -1)z/8N) 0 0 0

L2 is a second lifting matrix:



10

15

20

25

Z- 0(70) 00 - tan((2iVv ~l) /87v) 000 L2is a
second lifting matrix:3 9 Z2 L2 (7 : N i wherei s a

wol@swstses di agonal matrix given a s : 0 0 O sPer/§QIN4/000120

I>r/4iV) 00 . 0 2Z2 = (72) 0 sin(3 /4iV) 0 0 sin(
r/4/v) 00 0 3 is athird Bdfting matrix: L '73 Z3
where: +l +ZI (74) L4 is a fourth lifting matri x:
Gl1,Z4 L4 =0 (75 where: (76) L5 is a fifth lifting

mat ri x:
I, 72
2= N (71)
ON IN
where Z2, is a NxN counter diagonal matrix given as:
0 0 0 sin((2N -1)z/4N)
72 0 0 0 (72)
Yoo sin(37/4N) 0 0
sin(n/4N ) 0 0 0
L3 is a third lifting matrix:
I O
L3=| ¥ ¥ (73)
z3, I,
where:
73, =/2CY +1, +Z1, (74)
L4 is a fourth lifting matrix:
-1, Z4
L4=[ N N] (75)
oy, I
where:
Z4, =C¥ [\2 (76)
L5 is a fifth lifting matrix:
I (0]
Ls=|_ Y ¥ (77)
Z5, 1,



L5= (77)40 where : L 6 is a sixth lifting matrix: L6=

Z6 where is a NxN counter diagonal matrix given as: O
w@20s503505/8J 0 0 tan( /8) 0 Z6 = (80) 0 . 0O BCT/86%004/000120

r/8 000 L7 is a seventh lifting matrix: L7= N Z7 :

) where Z ' is a NxN countép diagonal matrix given as:

0O000-sin(/ 400 " 0O0- sin( r/4) 00 - sin( /4)

O0O0L8is an eighth lifting matrix: L8=L6 ;83)4 1
whelbBus, resulting in the factorization as shown in (x) :

P3 L8 L7 6 P2 L5 4 L3 L 2 LI PI (84) where PI, P, and

P3 are three pernmutation matrices. L/, from1l to 8,

are eight lifting rfatficez% (Ve +1,) (78)
NTT N N

L6 is a sixth lifting matrix:

I 0]
Le=|_"% ¥ (79)
Z6, I,
10 where Z6, is a NxN counter diagonal matrix given as:
0 0 0  tan(n/8)
0 0 tan(z/8) 0
76, = . 80
N 0o . 0 0 (80
tan(z/8) 0 0 0
L7 is a seventh lifting matrix:
15
I, Z7
L7=[ N ”] (81)
ON IN
where Z7, is a NxN counter diagonal matrix given as:
0 0 0 -sin(z/4)
0 0 ] 0
20 77, = ) (82)
0 —sin(z/4) 0 0
—sin(r/4) 0 0 0

L8 is an eighth lifting matrix:

L8 =16 (83)
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The lifting matrices L3, L4 and L5 conprise an

auxiliary transformation matrix, which is, in this
w@ams/03tshe transformation matri x itself. From BOr/SG843/000120

it is possible to conpute the integer DCT for two

i nput signals of dinmensiodl. As Eq. (84) provides a

l[ifting matrix factorization which describes the DCT-

IV transformati on domain, its lifting matrices can be

thusUsedsiintihe MANPRE shever hafeidh tos comput eird hec domai n
transformati on of an applied input signal. The
equation (84) can be derived in the follow ng way. The

foll owi ng deco ey ry [ t he
di scl osure Wo%%%L%ﬁgﬁg%i%E&L@%pﬁl% the (84
Di screte Fourier and Cosine Transforns", |EEE
Transactions on Acoustics, Speech and Signal

wherer ®tesf2ng,andIP3 ASSP t133e Nermhit@itioemald8seA?. "N}
(85¥i P TJV Cis known, wherein " denotes the

fromt Lafef 8r nafPoRieREr kT BLRT PR KR SRT et e sine transform
of type 2 p _ i s a NN pernutation matrix given by /
2 86 ) J N2 cos sm4N 4N

The lifting matrices L3, L4 and L5 comprise an auxiliary

transformation matrix, which is, in this case, the

transformation matrix C%V itself.

From Eqg. (84), it is possible to compute the integexr DCT for

two input signals of dimension N x1.

Bs Eqg. (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.
The equation (84) can be derived in the following way.

The following decomposition can be derived using the
disclosure from Wang, Zhongde, "On Computing the Discrete
Fourier and Cosine Transforms", IEEE Transactions on
Acoustics, Speech and Signal Processing, Vol. ASSP-33, No.4
October 1985:



3p 3 cos sm4N 4N (N - ) p (N- ) p cos sin 4N 4N = (N

- ) p- (N-) smcos 4N 4N 3p 3 - s cos 4N4N p - sm
weo®sAaNdN and43 1 - 1 11 %=1- 11 1 EquatPoOnsG86)/000120

can be conbined with the equation C=R'N2 1? P P (

87 ) 2 42

v T T CZ/Z
CN =(BN) '(PN) ) ==-T,
Sz

- (85)
=(BN)T'(PN)T'[ 2 ]'PDJ'TN

)/
CN/ 2

I

is known, wherein SN

:;2 denotes the transformation matrix of

the discrete sine transform of type 2,

5
p I
DJ D-J
P, is a NxN permutation matrix given by
Iy
/2
10 P,=|— (86)
— JN/Z
n .=
Ccos — sin —
4N 4N
3n 3n
cos — sin —
4N 4N
(N - l) s ) (N - 1) %
Ccos sS1in
4N 4N
Ty =
N N -D)= (v -1)n
— 8S1n coOs
4N 4N
. 3w 3
- s8in — cos —
4N 4N
. 4
- 81ln — cOos ——
4N 4N |

15 and
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wherei n even-odd pernutation matrix, 7 /2 iV/i2 2 - |

T/2 Requals T, 2 2 After transposition equation (87)
w@eovestssst o (tm [ V. 2 [ 2 24 4 The conbi per/s6rmoehHoo120

(85) and (88) yields CN'2 1 (p.ECFCDJ (89 ) 1 PR -

2N 22 RPN 2 where p 43\

p F(PF-~(ppJFP

=PN T '_from (89), equation (84) can b e easily

derivédi In this enbodi nent, t
donmi p transformation requires
operationﬁ, ?s wi | |

By =

<
V2

N/2

C11VV=RP0'[ B v :I.RI’R'PD-PEO

he conputation of the
only 4N roundi ng

(87)

wherein Pgp is an even-odd permutation matrix,

R=1[1M {_N/_Z]

prﬁ

IN/Z ‘Ile

Rpo equals Ty,

I'o
g
Il

After transposition equation (87)

CIV
Cfvv = (PEO )T '(PD )T ‘Rpp * [ Nz

1 [Ch. Cy
=, ) -(p ) —]| M2 w2 | RV
() (®,) \/E[CIIV‘;Z _C%Z] ( PO)

converts to
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now b e explained: Let a(*)b e the nunber of real
additions, m(*)b e the nunber of real nultiplications,
wa@ar@s03159% e the nunber o f real roundings, PCT/SG2004/000120
respectively. For the proposed IntDCT al gorithm one
gets: (IntDCT)=11tf+ 3 (D&F-1V) m(I nt DCT)= 9N +3m
(DCT -1V) (IntDCT)= 8JV The above results are for two
bl ocks of data sanpl es, because the proposed | ntDCT
The ak@Ob i 4581 §F 06LSEES) tham teagethergsthus4s for one
bl ock of data sanples, the nunbers of calculations are
hal ved V\,hl ch are (intDCT)= 5.57V+1. 5a(DCT - 1V)
C,,(l ) = 4.57V+ 1.5/ X( e ﬁJ 4 ntDCT) = 47V where C
~z2 andd ape.ghep Df 2ad Ntzl er ofir
[ real” I?IY pil}‘?’cg g‘ angz nat fher— ef! ]Jr(gm?gum%g
for one block of sarrpl es, espectlve y. For DCT - 1M9)
—p. gl c#l alli HAy- t NENEAT bﬁsed al gorithm described in the
3 n&orzpqﬁa @@I ref@lr n§e 1Si gnal Processing with | apped
Tr ansf or . Mal var, Norwood, MA. Artech
House, 1992 pp 199 201 can be used, for which (DCT -
V) = 1.5JVIQg TV (DCT - 1V) = 0.57VIQg Tv+ TV
whexgnsequent |y: (intDCT) = 2.257V1 O TV+ 5. 5TV

Iq:(Bw)T

IE==OEOTZ(P )’=03 IEOY
P, =P,

R1 = (RPO )T TN

Ra==BN

from (89), equation (84) can be easily derived.

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

now be explained:

Let aGﬂ be the number of real additions, u@ﬂ be the number

of real multiplications, and y@) be the number of real
roundings, respectively. For the proposed IntDCT algorithm,
one gets:

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

p(IntDCT) = 9N +3u(DCT -1V)

y(IntDCT) = 8N

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

the proposed IntDCT algorithm processes them together. Thus
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m (intDCT) = 0.757V log TV + 67V In the follow ng, a
further enbodi ment of the nethod for the

wo e@sssepiat i on of a digital signal fromthe tPEESG2004/000120
domain to the frequency domain and vice versa
according to the inventiondbs explained. In this
enbodi t di screte fast fourier transform (FFT) is

tor u%%%ld%‘gg&ﬁe&doci?a'ah B or ﬁ:g’tei WSS R CRCNRRtions

arethansd®r mumdy i¢of the nornalized FFT46 mn O, 1,N, -
where is the transform size which is sone positive
i nteger and, in one enbodi nent, can be a power of two,
N=2i an inge r er. th . and are matrix
i ndi ces. Untféilnﬁﬁégp:eﬁg&dﬁ]ﬂ{%@%é%& nutation matrix
of di mensi on (RIOGHR}-ch5Nrdl.3d@CT AfVEes 0 or . After
multiplying it with vectqr (the matrix
representation of tl?rghﬂﬂ%ﬂ" =st\jnal ) the order of

h elenents in the vector are changed. In this
WRCET i it 209 1 RS nBEF i CWEPRF e He¥ sk it Tiop@i number
i .Qf 7 .t fall owl ng R AR, (92 ere and
Bt R g T A
one drbitk arfy smtalies, Fespeicttivegynatri x reversible
integer to integer mapping is realized in the same way
as the 2x2 lifting step in the aforenenti oned

For i meorporatie 1:efiehene8 ok rlr-HaBRUbee Bbe$ t nmAdSscribed in

the incorporated reference "Signal Processing with lapped

Transforms," H. S. Malvar, Norwood, MA. Artech House, 1992,

pp. 199-201 can be used, for which

a(DCT -1V)=1.5Nlog, N
#(DCT ~IV) =0.5Nlog, N + N

Consequently:

o, (IntDCT) = 2.25N log, N +5.5N
14, (ItDCT)=0.75N log, N + 6N

In the following, a further embodiment of the method for the
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 (FET) is

used as the domain transformation.

Let F be the NxN transform matrix of the normalized FFET
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above, however, rounding is applied to a vector

instead of a single variable. It is apparent that the
woe@sspsition of L also a lifting matrix. 47 FeeT/RE€2004/000120

let a 2i\Tx2iV transformmatrix: ro F 0 ( 93)

Accordingly, the nodified4ransformmtrix (and

accordingly the domain transformation itself) can be

expressed as the lifting matrix factorization: o -QF

I T= QF I ere-is the xNidentity matri X,
and is a peF _&;;@@p&ﬂﬁ%ﬁi& given as: IxNN -I1xl ( 95)
and and are ro oINhn ectors of zeros

respectively. S 1f{ counter index matrix given

by ( 96]4 8 Iﬁhgq &¥96?f %Iank space in the squa?e (91)

bracket represents all zeros matrix elenents. The

lifting matrices on the right hand side of equation

(94) conprise an auxiliary transformation nmatri x,
wherehifhiksthentrhhsfoasesizhevhianst Droeie qrosETV& Fnteger

itself. A can b e seen fromEq. (94), the lh; &n
and,matr ioxef anbodiimahicpncan be a power of two, and ! is

an integer greater than zero. ™ and " are matrix indices.

Under this embodiment, a permutation matrix P of dimension
NxN is a matrix which includes indices 0 or 1. After
multiplying it with a Nx1 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

matrices of the following form:

L [P1 A]
O P (92)

Pl PZ

where and are two permutation matrices, Ois the NxN

zero matrix, A is an arbitrary NxN patrix. For lifting
matrix L, reversible integer to integer mapping is realized

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

single variable. It is apparent that the transposition of

L, L' is also a lifting matrix.



can b e use to conpute the integer FFT for two conpl ex
vectors using the nethods as descri bed herein. Under
wo bios/osrshodi ment, the conputation of the domai PCT/SG2004/000120
transformation requires only 3N roundi ng operations, a
s will now b e explained: 4let: b e the nunber of real
additions, b e t%\(ngﬁ)er of real multiplications, and
Furthee, t het nintser aof2¥ rtotaTe frfroged tatizons,
respectively . For the proposed IntFFT algorithm we
have (I nt FFT=)6N +3a (EFT) (IntFFT=)3m (FFT) g 6N The
above results are fg” fwo bl ocks o f data sanpl es,
because the pr opibset FFT al gorithm processes t hem
toget her. Thus for &nelpl ock o f data sanmpl es, the(93)
nunbers o f calcul ations are hal ved, which are
(IntFFT) = 3N + a(FFT)4 9 ~(IntFFT) = 1.5 (FFT) where
, and are the nunber of real additions, nunber of real
5 mul tiplications, and nunber of real rounding
opreations for one bl ock of sanples, pectlvely For
AccoEETngaleuthei nodifhed sprans £ @ el ma FRX e@R RETY

acco§ﬁ9 ELt hgkigc%ngelrﬁ“s% XN%QNE ﬁ(\g‘ic&x £1‘.S5Fg:lFT)) G4 og N -

expressed as the lifting matrix factorization:

Lo o e
10 QF I/|0 I|(F I ( 94)

where I is the NN identity matrix, and Q js 2 NxN

permutation matrix given as:

1 leN-l
*lo.. 7]

ON —-1x1 J

15 (95)

0

and =N-1 gand ON"M 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

1 (96)
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Consequently, we have: C (liltFFT) = 4.5i VI og JV-
1.57v+ 6 Al (liltFFT)- LSTVIQg V- 4.57V+ 6 Figure 13
wa bed®3fses ward and reverse transform coders usedr/s62004/000120
assess the transform accuracy of the DCT
transformation techni que déscri bed above and the FFT

domain transformati on, above. The test invol
In Egepaddpi ngbg_ﬁgknggﬁcgqaarié]ae eFTHFEY %Sﬁc% toﬁ\geg%:esents all
Zerogrﬁg§gg&nbhgm@ﬁgg(dance with the eval uati on standards

proposed by the MPEG - 4 | ossl ess audi o codi ng group
as described in "Coding of Mwing Pictures and Audi o:

rk.plan_for Evaluatjion o n r :
The Q5 Bge Nes Br PRt at Pan EF Bheha, 7 TS0 e Tre sl
comp29:WGah1 aN578 2Pgt tayastdhakt aod, mdbrix20@8ich is, in
_incorporated herein. Specifically, the Es for I ntDCT
thisagdsent 6§6r LrAVREESEMBETORI REFDED) Fat BS54t ven as: Ky-yN-
f (91)50 where the error signal is for IntDCT, and for
IntIDCT as in Fig 1 . is the total nunber of sanple _
A cabl eekseesedriom Ehe 94l uathenlifTheneBrstiby faEFPTigRdLon
integer inverse FFT (IntIFFT) are given as%\]lng N (98)
can Wieeneset o eomputsi Ghel insepsr FRTFETT &¥a for | RPTREFX

vecﬁaig %SE%% he RERLEIENLS naLm-of.a epRigXx value. is

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

now be explained:

Let:aG@ be the number of real additions,
“@) be the number of real multiplications, and

VGJ be the number of real rounding operations,

respectively.

For the proposed IntFFT algorithm, we have

o (IntFFT) = 6N +3a(FFT)
p(IntFFT) = 3u(FFT)
y(IntFFT) =6N

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

are halved, which are

o, (IntFFT) = 3N +1.5a(FFT)
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~of rgplomglidplhFBEkORT zeR U B %D

total nunber of sanple blocks used in the eval uation.
For both domain transformations, a total of 450
waewssisom t h 15 di fferent types of nusic fil eBCEHE€2004/000120
used in the 48 JcHz/ 16 - bit test set. Table | shows
the test results. As can B& seen from Table 1, the MSE
gen rateﬁ=usin the systens and net hods of the present
i py@mErd L§#0§ﬂ9 m ni mal, and unli ke conventiona
systens,, i s _substantially independent of the
ot dE¥EET kB3] ock size. Referring to the DCT - IV
domai n transformation, the MSE only slightly increases
wherei h i Aoy easd n klreck hsi z@mNeup offo r4096 abidis ioThe VBEEr
of the FFT_are even better, exhibiting, a constant MSE
667 B TS AT
opredeqRast Fat-ednperi gepBsceshpidie, preseattiwention is
viewed in light of the present capabilities and
i ncreasi ng need for |onger block sizes, the advantages

t he . present i nyent | on.: be C r n -k
For %&Flﬁé%cpiﬁ%ﬁﬁPFF?g n%ﬁgig %9%f§3€§%_g§%F%¢L5% ¥%¥?m
can H® Q46 GoB46hOcU80 0 . 412 32 0.549 0.548 0.461 0
7391 64 0.550 0.550 0.462 0 .393 128 0.551 0.551 0. 461
0 o(§BFFRE63N 1o N 038524 0. 461 0 . 391 512 0.552 0.552
0.461 0 .391 1024 0,552 0.552 0.460 0 .391 2048 0.552
0..45BFThsd 102, BgPMbd6 0.553 0.552 0.461 0 .391

Consequently, we have:

o, (IntFFT) = 4.5N log, N ~1.5N +6
1, (ItFFT) =1.5N log, N ~4.5N +6

Figure 13 shows forward and reverse transform coders used to
assess the transform accuracy of the DCT transformation
technique described above and the FFT domain transformation
above. The test involved measuring the mean sdquared error
(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
Experimentation Framework," ISO/IEC JTC 1/SC 29/WG 11 N5578

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
Aﬂﬂ?=——2§—— ef
Kj:ONi-O (97)
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10 Table 152 Incorporated References The foll ow ng
docunents are herein incorporated by reference: H. S

WO 20d8l03Ep5 " Si gnal Processing with Lapped TranBéDs@H04/000120
Azt ech House, 1992; R . Ceiger, T . Sporer, J .
Rol l er, . Brandenburg, "Audio Codi ng based on | nteger
Transforns"” AES th Convention, New York, USA, Sept.

whe 20085 VNG, - Zhonade, e " o Conp &‘f'ﬂ%éﬁé@eﬂansr@t or IntIDCT

Fouri er: and Cosi ne Transforns" actions

as &OEIJS@II?.S Ksﬁ%e@hea%talgﬁ‘ﬁimb%rxo%%S%bﬁgleVBhocﬁ§SBsed in
- 33, . October 1985; | . Daubechies and W.

theSWé?Jd@%lom-Fact oring wavel et transforns into lifting
steps”, Tech. Report, Bell Laboratories, Lucent
Technol ogies, 1996; S. Oraintara, Y. J . Chen and T

The MS;ES Nyguyler; FFT rdreeimfeagir Rowdrete transfIonmbrT)) ERe
rans Si gnal Processing, vol. 50, no. 3, Mar. 2002,

91Vl 2%07-618: P . Hao and Q. Shi, "Matrix
factorizations for reversible i nt eger mappi ng, " | EEE
Trans. Signal Processing, vol. no. 10, Cct. 2001,

pp. 2314-2324; .%ch)nkhzt\‘ ﬁ/‘ zTasche "I nvertible
i nt eger DCT al gor"f[ ZN‘J ” Comput . Harnon. Anal .
15: 70- 88, 2003; Y . . 17eng? . . Cheng, G. A . &i8)
and Alex C. Kot, "I nt eger DCTs and fast al gorithns"
| EEE Trans. Signal Processing, vol. 49, no. 11, Nov.
2001, pp. 2774 -2782, J .eWang, J . Sun and eS Yu, "
where [}'%darzrorD st% of nassfrforﬁor IntFFT, and for IntIFFT

FY
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 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,
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 FFT
are even better, exhibiting a constant MSE of 0.4 for block
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.
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integers to integers", in Proc. Int. Conf. Acoustics,
Speech and Signal Processing, Hong Kong, 2003, vol.

WO Rgo5pL59549 -552; " Codi ng of Movi ng Pictures BOTSG2004/000120
Audi o: Work plan for Evaluation of Integer NMDCT for
FGS to Lossl ess Experinentati on Franmework", 1SQ | EC
JTC 1/ SC 29/ W5 11 N5578, Pattaya, Thail and, Mar.
2003.53 What is clainmed is: 1. A method for perforrri ng

a dormann t ranstormetiranroErar ¢ githRlr &l gnal T opgH N

time dgmal N 1At Troe%lée7nby 5 et-sq,
th —e—per | 2 on
by IR T RN E T ur 81432 of

i fltintf st hgeh S4herlei 948 t rlans of @kt | bn_Oor¥Pspohds
to |a_td%nsf orteti0n [matdr.ise0and whersén al | easiopne
lifiti bg8st pged .af5it hg ploursali ty ofgldd1ing sbages

corfprpses pt gegst qne oAWg ary d.ré fo ITHbI %;élum i X
ang a5i9un i [w 5[.!_-)[? l, 1 l B§§2)\I Hi =] é]:‘i?; o+ a;_3;9:]_|“

AAAAA AG—thetF forlnmation [ s f r

mat C Ot a)

Rl R s il anlt-Godmnt oo GeA6S 2 bi Dol
di n 4éh: ar@d%@rfor m%ngSa r dundi nploper at Do df the
si qnadlOXy |t hed .ri5aBndijng ouBise af|t ero t4wel t r ansbhqrwat 1 on
by the auxiliary transformation matrix. 2 . The method
of claim11, wherein the t rekilor mation is a DCT- |
transformati on, DCT- |V transformati on, DST- |
transformation, DFT- | transfornation, a DFT- V
transformati on, DST- |V transformati on, DW- |
transformati on
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or DWM- IV transformation. 3 . The nmethod of claiml
or 2, wherein each |ifting stage corresponds to a
WO pdosiosugosrat ri X, wherein the lifting matrix i sPar/bGmok000120
-triangular matrix conprising four sub- matrices with
two invertible integer matb2ces as two of the

n.one di agonal . 4. The nethod of claim 3,
IncSHORL é Reteks e integer matrices in each
The | £611dwgi mAtdd otntdre sdiaa@omalr 18t i@ pWirhRgogpone ence:
whi ch are either one or mnus one.54 5. The ggthogﬂ%ﬁ

any one of clains 1 to 4, wherein the transformng

el t se reep Lifti stages. .. Th t ho .
o AT Sl ge G g5 ISR, pandhy, IF LG oms
Art@¢@wﬁnusaumﬁﬂ923es five I|ft|ng stages. 7 . The net hod

g any .one of , cl wherei n_t he transforn1nq

eIe 9 §§O€F§htJl|Fpﬁﬁﬁrstggegra%deﬁh@r%eth@@dlo

Codtig s eN&rOfTnEledieds TEahQ £6rmierzgisn lgﬁtla%n‘?fe%'tqll% New
or a video signal is used as the digital signal.

Yorlye H¥e ﬁ@@tper@@ﬂﬁlng a domai n transfornatkonfof a
) to t r equenc
Sl AL, O LR SO LR e e

donaii and é versa
Cos irearTsfagrsifmirine!t , UNEEEC Trphkaichgd oast bansten st Ngs &l epeRlch

form ng.the transformation which transformng
amdé?éﬁ%ﬁiﬁ@?ﬁﬁF%§8§' aVBlur &PPEy36r Npffi Agtearek?ss:
thrEbﬂb%ﬁﬁlb%aﬁﬁﬁownagh@@d@ﬁ&resﬁgegéﬁi?§ ﬁévele
transformation matrix, and whefein eac fting s age

transfHagriss dgtar lidadngoatenaki | Fary -t Rapstbr el bn
Labdygﬂafﬁes, iﬁgent Technologies, 1996;

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;

P. Hao and Q. Shi, “Matrix factorizations for reversible
integer mapping,” IEEE Trans. Signal Processing, vol. 49, no.
10, Oct. 2001, pp. 2314-2324; )

G. Plonka and M. Tasche, “Invertible integer 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
Processing, vol. 49, no. 11, Nov. 2001, pp. 2774-2782;

J. Wang, J. Sun and S. 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. 548-552;

“Coding of Moving Pictures and Audio: Work plan for
Evaluation of Integer MDCT for FGS to Lossless
Experimentation Framework”, ISO/IEC JTC 1/SC 29/WG 11 N5578,
Pattaya, Thailand, Mar. 2003.
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is the transformation matrix itself or the respective

transformation matrix of |ower dinmension and wherein
weamh/0sishi i ng stage further conprises a roundi PQI/SG2U04/000120

wher eby, the signal is processed by the respective

roundi ng unit after the tradsformation by the

spectiyve auxiliary transformation matrix. 10. The
Whal ote Slathgd , Wherein the transformation unit
conprises :55 a nodified discrete cosine transform

devi ce coupled to receive the a plurality of data
1. pliodiethaf ionmygiaing dofeimainr ansheforpathi aatef a

: i fi.cje ~.a quanti_zer .coupled to .
dlg%)&e%ersvleﬁeaglct%tcﬁg I&lﬁ%lﬁ g%ogr?a inci(']Lél%tos,t thraﬁﬁhetr?%rdomam

and oplerabterda,o frodugtod ramgspense,: quantized MDCT
coefficients; a hit stream encoder coupled to receive
t l?eerqﬁ? S d WG OETEteRPs LYt RetbrPSEPFEEMTI element

o) g plur4183RONSE 1 idtRehCerbyakl v aaded Pidy
com%lr egcr% arllO [ nver?gpquantli zerbcouplbied tg recei ve the
Cranffmatd @IVDOT Lesafaidsi éot ¢, trhesifnvepseoguanttizier and

t.Q..r estor coefficients to.an no
e e B o) SURGERE Fuhl e BOLBPod o o7
1iftrienpistedelre acestrdrsets MECIeaeef bhei eaks1andy operable to

duce .i nteger val ue MDCT coefficients. 11. The
trargsr rg[@ecd‘loncln%%ﬁlf WEr & AOHRE1RPaHBE br NP oAuEHiltiaTy

tradfdfidrRer 1GRNRIELSES: RhpiivehgerARALELADFIRST 818 GO NG
t.ransf orm devi ce
itself or the corresponding transformation matrix of lower
dimension; and
performing a rounding 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
DCT-I transformatioﬁ; DCT-IV transformation, DST-I
transformation, DFT-I transformation, a DFT-IV
transformation, DST-IV transformation, DWT-I transformation

or DWT-IV transformation.

3. The method of claim 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.

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.
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coupled to receive the data bl ocks and operable to
produce, in response, IntMDCT coefficients; nmeans for
wae@eows8ispgy t he di fference between respective | PCVBEI004/000120
coefficients and integer val ue MDCT coefficients to
produce respective residuaé4 VMDCT coefficients; and an
entropy coder coupled to receive the residual NMOCT
coefficients and operable to generate, in response, a

5. | ogsl BS$nEANGRCERBNLLDI 481 E B 12. tThe, dewkeeiaf the
claim1ll, wherein trie transformati on unit further

trancdoprisgs elanbit stowpni des otleree olpf €N @o Stédéisve t he
perceptual l'y coded bitstream and operable to output,
in response, a decoded bitstream5 an inverse
6. Ouart ngehoaoypl gflyt eneecei yeaihe Hecoded bhestrearnhand
to produce, in response, restored MDCT coefficients; a
transdignaiing 6APTCBSUBPBETLBCF eEbV Fell hE1P@sCOAEF SVDCT
coefficients and operable to round each NMDCT
coefficient to an integer value; and an inverse NMDCT
7. degbcmemhunled aoyr evei v€ theimesiofedviVBCEigt tdEm
and tq produce in generate in Spo a
transd gty SﬁeegpﬁggPr?ﬁgspS%gégtE§E?§ngo§§535ijnal.
13. The device of claim12, wherein the transformation
unit conprises : an entropy_decoder coupled to .receive ..
8. tHdd oeshessobi En¥t PRENPANELBPBFab EOtéP gdMETA 3§ audio

Sig&ﬁfQQP%FWi%%%igH%Bal is used as the digital signal.

9. A device for performing a domain transformation of a
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,

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

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

comprises:
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I nt MOCT coefficients; neans for adding the residua

I nt MDCT coefficients to the integer val ue NMDCT
weoethssbents to produce | nt MDCT coeffici ents; PEEG2004/000120

i nverse |1 nt MDCT device coupled to receive the

sunmati on of the integer wal ue MDCT coefficients and

the I nt MDCT copefficients, t d
{heyon PET FRELTAELTIS,S PLOCKES R hEReng Eiada co

recedYEPYLHEN & QQ§Qh§thQfUﬂéﬁéVbD@b@spéﬁgr@6hﬁ&@@&¢ﬁdto
ther eon, erein the programis adapted to nmake a
domadnnmmfesfpemfeanhadﬁéahbHO¢bri®%@fME@?n@Q@ﬂiﬁﬁ%QPts7
transformation of .a digita ' r j
dﬁwﬁpﬁnFﬁFSItﬁSuP%%au%%c§e%%%%?%§%ﬁg g?kgﬁge?ggﬁlthe
coefEARRWLENs, I eadablhentedeumpenpbisi ng: prodeidegr in response,
performng the transformation by a transform ng
quangigeshMbEdnpreditagianpfaral ity of lifting stages,

“@?%g}gsEQ%ahréﬂééeéﬁaéégﬁléaf£§S£@6€§v% @n® quantized

tra rmation matrix an wherein at |east one lifting
MDCTS tcagef fafcitehe spl thal bty et reaht PAgAsicages donHie I IR, 2

| east .qne auxiliary57 transformation matrix and a
perQ%ﬁEﬂﬁﬁ%y Gﬁ%@ﬁ-?ﬁé §uxFl'ary transformation matrix

CRIPLinsiehd et BRahtanstkocoaploa tat riexeliteeltheorquadreized

correspondi ng transformation matri x of | ower

MDCTHiqnefsiiorierdnd ¢b@e PIPTEEr ABRRT G SE CRfTdHg® to restore
the Wftdo%%ﬁcitelﬂgfskgngk HﬁnpﬁﬁaﬁﬁEQ‘@d"%ﬂH’d‘é; afder the

transfornmation the auxiliary transformati on matri x.
a rounding unit coupled to receive the restored MDCT
coefficients and operable to produce integer value MDCT

coefficients.

11. The device of claim 10, wherein the transformation unit
further comprises:

an inverse modified discrete cosine transform device
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

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
further comprises:

a bitstream decoder coupled to receive the perceptually
coded bitstream and operable to output, in response, a

decoded bitstream;
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an inverse quantizer coupled to receive the decoded
bitstream and to produce, in response, restored MDCT
coefficients;

a rounding unit coupled to receive the restored MDCT
coefficients and operable to round each MDCT coefficient to
an integer value; and

an inverse MDCT device coupled to receive the restored
MDCT stream, and to produce in generate in response, a

reconstructed copy of the perceptually coded signal.

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

an entropy decoder coupled to receive the lossless bit
stream and operable to generate, in response, residual
IntMDCT coefficients;

means for adding the residual IntMDCT coefficients to
the integer value MDCT coefficients to produce IntMDCT
coefficients; and

an inverse IntMDCT device coupled to receive the
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
thereon, wherein the program is adapted to make a computer
perform 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 transformation by a transforming
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
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transformation matrix and a rounding unit, the auxiliary
transformation matrix comprising the transformation matrix
itself or the corresponding transformation matrix of lower
dimension; and

code for performing a rounding operation of the signal
by the rounding unit after the transformation by the

auxiliary transformation matrix.



