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domain. For example, discrete cosine transform (DCT) is commonly used fo fransform

data from spatial domain to frequency domain, and inverse discrete cosing transform
(DCT) is commonly used to transform data from frequency domain to spatial domain.
DTCT is widely used for imagefvideo compression to spatially decorrelate blocks of
picture elements (pixels) in images or video frames. The resulting transform
coefficients are typically much lesy dependent on each other, which makes these
coefficients more suitable for quantization and encoding. DCT also sxhibits energy
compaction property, which is the ability to map most of the energy of a block of pixels
to ondy few (typically low order) transform coefficients, This energy compaction
property can simplify the design of encoding algorithms.

j0004] Transforms such as BCT and IDCT may be performed on large quantity of data.
Hence, it is desirable to perform transforms as effictently as possible. Furthermore, i is
desirable to performs computation for transforms using simple hardware in order to
reduce cost and complexity,

{0005} There is therefore a need in the art for techniques to efficiently perform

trazsforms on data,



desirable to perform conputation for transforns using

sinple hardware in order to reduce cost and
w@eovplog2eiri y. [ 0005] There is therefore a need PCT/UR®07/060405
art for techniques to efficiently performtransforns
on dat a. SUMVAKY f G006J Techni ques for efficiently
performng transforns on dat are described herein.
According to an aspect, an apparatus perforns
mul tiplication of a first grou® of at |east one data
value with a first group of at |east one rational
dyadi ¢ constant that approXidMARY fir st group of at
| east O t,.C N
Factor e D N RS mB R el Wi o€ AR hercin
oteprdng ¢nan grssp ofpptralusgsticome naltiplicrdionicf . Frst group of at least
Stﬁl‘éoagsggég%? n‘g{ﬂé?i i ﬁfastrmgp%f "i‘tt b agglcin%y%%ocnalc A48 Yonstant that
iappErtioaEs achiss pang o 4t lehsbynatsﬁamd COONaD rmcila;ﬂ:b@ ra first common

SR 0y 0 SRR P A ARGt e

al'aia‘z Vadas tvitbnesedatdagrvap vl atawe ode Hftame) hﬁve&imﬁ&amﬁﬁﬂmi approximates
ude ata va

23X Al I t
gxﬁ%qgh ;%QLE)OH}; at ﬁs“g‘ﬂ*}%g%ﬁgag?fu%l%gh F“‘;ﬁ‘gi g fa?"ﬁ‘é'é‘ mmmm fastor,

ma?$21Mdt*ﬂiim goﬂi@ammzﬁ he&mnalsmﬁﬁﬁar With appadiatddSominator, The first
at ast e data v

er,forns, nul ti ation of 0 | u
e uee Bt TP P Spee e SRR A o xample, the firs
@@E[ﬂ%}hﬁ&ﬁc&ﬁdﬁaﬁw J ®AS FalQ8e ahd Hal deonal QP H: Atholsaab®e data values.
f actor, The comon factor .is selecte

[0607] based gzﬁzotl gk, %@F&ldpy?%gqrbﬁmaaﬂgs Bs R erplE pl sca%mn of at least one

Qper ailue ﬁS}ﬁﬁ Qf 1&dve ot rhii Ml CBLHRNcOfstdhehat 5 ip@@‘éﬁmﬁﬁleu least one
data I‘aiﬁl ue with the at | east o rational dya

ABAER A CONSHHYE SEIET £4 P cardvelt fackiret e copenatt frotes trigjected based on

GRGEBE @ftoghihf dnd ﬁ&%%ﬁ@% >er§ﬁgnsa@g ti%oﬁ[xﬁig QQt?m i{ﬂﬁe at least one
comon factofs may be sel ec% further bas d}

pﬁag&c} Py vigs thena égu}npszaa@(wlyad@f TH§EAS pié@t I@sag%d and arithmetic

fopatubRs | G3yr ' rt a
PRS0 B B B, SRS Do o
Swoviee wlqasivigibapbesed nsﬁpfo@rmx_qomf.ihq geuleL FIG 2

j000s; ShOWS Bl QW S APIL Ok AR 85 Bbc1F5le are described in further detail below,

{0006

peadty

BRIEF DESCRIPTION OF THE DRAWINGS

[8009) FIG. 1 shows a flow graph of an 8~-point IDCT.

{00180} FIG. 2 shows a flow graph of an 8-point DCT.

{0011} FIG. 3 shows a flow graph of an 8-point IDCT with commaon faclors.

AL E e FIG. 4 shows a flow graph of an 8-point DCT with common factors.

{0013] FIG. 3 shows a look-up table storing the numbers of operations for

multiplication with different rational dyadic constant values.

{0014} FIG. 6 shows a block diagram of a two-dimensional (2D) IDCT.
{€015] FIG. 7 shows a block diagram of an image/video encoding and decoding system.
B8] FIG. 8 shows a block diagram of an encoding system.

{0617} FIG, @ shows a block diagram of a decoding system.
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follows: . where r |saIDspat|aI domai n.

functi on, ] |s a LP* gguency domai n functi on.
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generates N transformcoefficients X[ through
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x[a] 1s a 1D spatial domain function, and

XTA] 18 a 1D frequency domain function.

The 1D DCT in equation {1} aperates on N apatiai domain values \{f}] tbroudz

equarion {2} operates an N fransform coefficients and gensrates N spatial domain
values. Type I DCT is one type of transform and is commonly believed to be one of
the most efficient transforms among several energy compacting transforms proposed for
image/video compression,

The 1D DCT may be used for a two 2D DCT, as described below. Similarly, the
1D IDCT may be used for a 2D IDCT. By decomposing the 2D DCT/IDCT into a
cascade of 1D DCTS/IDTTs, the efficiency of the 20 DOTADCT is dependent on the
efficiency of the 1D DOT/DCT. In genermd, 1D DOT and 1D IDCT may be performed
on any vector size, and 2D DCT and 2D IDCT may be performed on any block size,

However, 8x8 DCT and 8x8 IDCT are commonty used for image and video processing,
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Flow graph 100 receives eight scated transform coefficients Ay - XTO1 through
A; - X{7], performs an 8-point IDCT on these coefficients, and generates eight output

samptles x[0] through x{7]. g through 45 are scale factors and are given below:

1 s (T
Ay = = 5 0 3535533906, A = ““"(7" ! m = 04499881115,
gos{x/8 . _ T {16
4, =220 g 6530814824, A, =enlOS0T8) oo iserrnos
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; e
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282 T ~2~2cos(3x/R) ’
cos {3z /8 - o S (/16
4= 2800 02705980501, 4, =SSO 0 so0emnaans

NS T V24 2sin3/8)

Flow graph 100 includes a number of butterfly operations. A butterfly operation

receives two input values and generates two output values, where one output value is
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additions required for direct computation of equation (2). The factorization shown in
FIG. 2 also results in a total of & multiplications and 28 additions, which are
substantially fewer than the number of mudtiplications and additions required for direct
computation of equation (1), The factorization in FIG. 3 performs plane rotation on two
intermediate variables with (¢ and Sawx. The factorization in FIG. 2 performs plane
rotation on two imtermediate variables with 2€uws and 285x5. A plane rotation is
achieved by mulfi plying an intermediate variable with both sine and cosine, e.g.,
cos {3x/8) and sin{37/8) in FIG. 1. The multiplications for plane rotation may be
efficiently performed using the compgation techniques described below.

{0029} FIGS. 1 aund 2 show example factorizations of an 8-point IDCT and an &-point
DCT, respectively. These factorizations are for scaled IDCT and scaled DCT, where
“scaled” refers to the scaling of the fransform coellicients X[0] through X[7] with
known scale factors 4y through 4+, respectively.  Other factorizations have also been
derived by using mappings to other known fast algorithms such as a Cooley-Tukey DFT

algorithm or by applying systematic factorization procedures such as decimation in ime
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In general, any number of common factors may be ased for g transtorm, and
each common factor may be applied to any number of intermediate variables in the
transtorm. In one design, multiple common factors are used For a transform and are
applied to multiple groups of intermediate variables of different sizes. In another
design, multiple common factors are applied to multiple groups of intermediate
variables of the same size,

FiG 3 shows a flow graph 300 of an 8-point IDCT with common factors, Flow
graph 300 nses the same factorization as flow graph 100 in FIG. 1. However, tlow
graph 300 uses two common factors for two groups of intermediate variables.

A first common factor ) is applied to a first group of two intermediate variables

&y and Xo, which is generated based on ransform coefficients X[2] and X[6]. The
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10036} f | ow grigpsacoBdTOIRRE fawoT Gimmey bactiprssifaredt wirthgr ospsal dyadic

{06037}

?Enﬁl«t{iﬁt c}g”ﬁ% c%tneffii ;T{{ll?tl}% 81?%4 fah{asr{ @%)?oxlmaﬁm of the product

ctor

it eF,nedi a;t:ﬁe&{ al‘anaﬁ:hﬁsfabt(ﬁﬂ@ X Wh' l‘i‘aﬁ\f 'béa%@&@h%&g with a rational

based on transform coefficients” Jf [2] an

Thiedic copstanr Anorhithaokerbe mikipial piipl Xed oitih ’i)(\appf(ﬁulnati()il of the
,.and is

abs vmthtr nsform constant C -

REEBtihoealt or- oy PPl SR BEKAhoF s AT sporimated i o
T M R R A S
approximated with & rational dyadic constant S, Rational dyadic constant ¥, may be
multiplied with X5 to obwain an approximation of the product X, .77 Ul and also
with X3 to obtain an approximation of the product X, £ (.. Rational dyadic
constant &, may be multiplied with X5 to obwin an approximation of the product
A by~ 8 and also with X5 to obtain an approximation of the product X, S RTON
Altered scale factors 4 /K, 4,/ F,, 4;/F, and A, /F, may be applied to transform
coefficients X{1], X{3], XS] and X[7], respectively.

Six rational dyadic constanis «, f, @z, 5., 7, and &, may be defined for six

constants, as foliows:

o = F BosF cos{xid), Eq (3)

&= by, BisF cos(nidy, yysF-cos(32/8), and &, = F, sin(37/8).



generated based o transformcoefficients X[I] , X ]

AT[S] and {7 Tli e second common factor i s nmultiplied
WOWGm03e272 i s absorbed with transform const ant SPCI/USBENT060405

1 a."di s accounted for by altering scale factors A,

A, 5 ancL . }0®5{ The first co on factor may be

approximated with a rational dyadic constant <a?{,

which nay be .multiplied with j to obtain an

approxi mat i on of the product ' ¥1 A scaled transform

factou% may, beagroxwrated with a rational
10038l gy adi cF¥ né@%‘?ﬁ“%‘%ﬁh@ﬁ 89 BanFupeinpPrdavith canxearofactors. Flow

obitaph 0B8N 58P m@%ﬁfﬁa%&&lﬁfuohnﬁ ?@&deﬂh boo iwig 2 Mwey ser, flow
altered scale factor F1 be appli dto transform

coaph fef eve twplqmmu;\hfﬂ&w \efcrsdw seabupsfoiCrtonn il vﬁ:agtbibe
joozepappl i eﬁi % &ﬁ Sk ?ﬁdﬂ&;‘:}e %g%hél e%ﬂtto ARl "rO}JF)Mk%sQ x\MextnF]edéate variables

second commn act or e ap ?OX
r-&t $6hak vehjeldl mu‘@érigmneramm mm ey c@é‘ﬁ oehitsi §DedndviX[is]. The first

X4t o0 obtain gn a tion of the product X F2 . A
SEAMER® {34 St ﬁ‘?‘ﬁ g%{r&’if*’ ey SRRETRED MO RsE TR arRtaat 3/ s, and

rt&dc@eﬁlﬂi&(ﬁ)’(ﬂ%\s 2BONSd 8 *Pamozw Cenwd”@k’ by gegg,{ldt df)%d}&g &}ulf)i By s

go obt ain an approxi mation of the product
4%‘?]*}@\ &3 FEE ERgs @$ Fur Apanediute @gmabigéag& grreugh A% which is used to

aRREAX Hﬁﬁﬁgm\i"'otc@ﬁﬁiéxﬁ{ ' Q'H_?l @?‘Zd'ﬁ"ﬁ?oﬁﬁt ;mg ﬁﬂadsn ond comumon

scal ed transform fact or be ap

Vﬁat‘»ﬂm ahmanumamwamug ponsbart witRehh9oah c@ﬁ@ﬁttC 1/ (; gn 2 8N
nstan {}E? I[tiplied with to obtain an
approth “t%‘ﬁﬁ £, "pff‘%?ﬁ*&étw‘ﬂ?\fﬂt@ié Aanip, aiwédv%t h X

{0040t O ObtBANGANCARRK M‘t&@ﬂ?ﬁ: fhelBEdRY ‘é K adic
iy éyaétl RifoRthER: | z&?mt Eﬁr T 8 U IEI.%QE"?,)EQ) adie constant

otm &r}ﬁcbﬁmaﬁmlwﬁ’z@bpﬁ ontho¥s 'ﬂph:éwtapn od @ppl ath’mtﬁ dfithe fmﬂﬂuct X, F.
th to obtain_an_ approxi mation of the product X
&w r\éﬂ trangiean Bt il /4 £ abRE e appyosimged pith arafops dyadic constant

VI SR R e Ship i e o

dadceonst de it s B
S'IYXCI}O e s(t e éﬁﬁ{&é{i % .={§ t%’fglfogggg 1%@ ﬁsﬁ . a%ar%& %cﬁ to transform

oafiitid@d gk and 8rpwni fgsp,ggq{'ew th common factors. Flow
_graph 400 uses the same factorization as flow graph
{0041} 200 | NTI@ Geopd coHowew dactor Fhowry be approximated with a rational dyadic

constant o, , which may be multiplied with Xy to obtain an approximation of the product
Xy fy . A scaled wansform facior /L /C,., may be approximated with a rational
dyadic constant /3, , which may be multiplied with .X; to obtain an approximation of the
product X -5, /C,, . A scaled transform factor 2F, -, may be approximated with
a rational dyadic constant y,, and a scaled transform factor 2F,-S,. . may be
approximated with a rational dyadic constant &, . Rational dvadic constant ¥, may be
multiplied with X5 to obtain an approximation of the product 24, F, -Cy, and also
with Xy to obiain an approximation of the product 2X,-F,-C,,... Rationsl dyadic
constant &, may be multiptied with X, to obtain an approsimation of the product
2X.-F, - S5 and also with X to obtain an approsimation of the product
2Xp B - Sy Altered scale factors 4, /K A, /F,, A/ F, and 4, /F, may be applied

to transform coeffictents X1}, X3}, X[5] and X[71, respectively.



graph 400 uses two common factors for two groups of
internmedi ate variables. j.00 A first common factor

WO 200a/08d27ed to a first group of two internmedi aP@&r/US2007/060405

{0042])

{0043]

j0044]

variables X n and J,, which is used to generate

transformcoefficients X[2) and X [6] . The .first

common factor . i s multiplied with , s absorbed with

transformconstant. I/ nd is accounted for by altering

scaie factors A % and Ac. A secbnd conmon factor } i
roup of few internedi ate

lied to.a ond g
32& abbiEdasiong 8 ‘gﬁﬁ‘h‘“‘%m“ #hi éh: s dsed: tod grropabe defined for six
t r ciets X[I] , 3] X[5] d X[J]. The
Jgggﬁg&c?n%gﬁ%act or is multiplied with X is absorbed
with transformconstants 1/Cp.-4, 2C? and S - - iU and
i s accauntied For fbicoalt é4i.ng scale factors A and 7. Eq (4)
040 The first commn factor F a may be appr oxi rr;t ed
W th ayl ats ong stant, A, a ,
nul t i Sfﬁl eé Wi t% W?t%»gg?g?n h aff 8‘%‘1"%{%@ b el sin (3 /8).
product X - . A scaled transformfactor P8 / C 4 may

be appHoR Fatoddi vhcnh excsatzpien&b cﬁ}c@dm@orcﬂmﬁ:tr@ﬁér dpdcific factorizations
‘9@5%1%&{?}6&@{5 Em g Db Ju%%hecg(tvél? \ 9 /ommon gcm’g@ gy &g used for other

approxi netion o
Seabezafiacs of the-DE f‘hndnfbcu‘ énd:am%ﬁ&h@rpd@ pbLSE fdhsforms. In general,

|
b @ﬁ{@&r%&&e{%& 'e%g)hﬁg G5 (ﬁalig)g{) of Eslgqﬁx;;?%gx%é&a\égz%/e variable in a
appﬁgmqrraﬂed mztmm‘almﬁmeﬂh& v AdbGY @ﬁ&t@@gmﬁ.@aﬂ@@'r&ﬂi @ group of

Pgl ? g_é o obtain an approximation
T 53 SR P2 FOoR s P or SR OHTHE PO Shonpivatues (o2,
asralycrore n&ﬁr@ﬁoni} HHK\eCtOMrﬁdSh Fact Sl QP dle LaMES $ONEF AN sfie actors

plied with X to obtain an
a%figfw%‘i PBHE % “?HE%‘?‘SHBEV&’“F b/ C, . A scal ed
transﬂ»&i]mﬂea%rﬁﬁma\]ﬁ@:mu r&‘vf\ be r‘%ﬁh@@ ‘r@plg H bBEGE W Dhermediate
}%gl onalg qy di ¢ constant a sca tra form

oS, i | SIOUD TR BRC aﬁcbra@m meerpleat o tfheramd&tw omalables. The
@@ﬁle@l &Qﬁ@t«zﬁﬁlp%%\ hdadipnal: dyad &&8&3{@4&% as TR R rization of

|ed W|t to obtaln a approxi mation
Qyﬁ fromn,xwherp thegirpnsforsm d»@b@@ibv\mlbhia)miﬁ *@bhm taenir ammrm ete.

% BBk e ord Q}%v @}%g}%#ﬁ Ly glzlazltwi? o <; uf i%{fiié]il?](g are xanables of

- BRDE
tgl ic constant may e
ppt

{0045]

Risetporberntin1GH odlaed 4) or differgut sizes (as shown in FIGS. 3 and 1),
For example, three common factors may be used for the factorization shown in FIG. 3,

with a first common factor being applied to intermediate variables Xy and X5, 8 second
comumon Tactor being applied to intermediate variables Xy X5, X5 and X and a thixd
commeon factor being applied 1o two infermediate variables generated from X107 and XT4].

Multiplication of an intermediate variable x with 4 rational dyadic coustant # may
be performed in various manners in fixed-point integer arithmetic. The muhiplication
may be performed using logical operations {e.g., teft shift, vight shift, bit-inversion, etc.),
arithmetic operations (e.g., add, subtract, sigo-inversion, etc.} and/or other operations.
The manber of logical and arithmetic operations needed for the raultiplication of x with
13 dependent on the manner in which the computation i performed and the value of the
rational dyadic constant «.  Different computation techniques may require different
numbers of logical and arithmetic operations for the same multi plication of x with . A
given compmtation technigue may require different numbers of logical and arithmetic

operations for the multiplication of ¥ with different values of 2.



2 XFh'"SI t ;s and also with Xf to obtain an

approxi mati on of the product 2X1- S - . Altered scale
woawmvose’™ A | F, A. t / F, A/ Fand A, /| POI/Os00De50405

applied to transformcoe cients - - [ ] , X[5} dJ

respectively.j.0042} Six rational dyadic constants a

/?, , h bband S nay be defined for six constants,, as

follows: a, h\ , bL; ; /cos (#/4) , Eq (4) ct F /cos

(L: /4), 2/v cos(3;r/8), and 20 sin (3t /8) . [0043]
FI GS. and 4 show exanple e of common factors for

(0046] g peci £ PR “F%’ét’li‘%?}ée @fecgadp{{gr RETPUDCT aisagdiptsi vantebles based on
DEderid ggpesti vely. Common factors may b e used for
ot her factorizations of the .DCT and I DCT and al so for
ot her TyPaEnE: i tERsd %H%uhﬂn&@ﬂ?e%mn? i&?&?%} [ gﬁ (ﬁcﬁam}n and
may be applied to a group of ast one tnterne
var *abl e pracigiopoditlef sewis. Thi s group of internedi ate

‘ var| ab3e(s) be generated fr mgroup of input values

18047 (e g. “Sé@ﬁéﬁnitl B fs3abl) tomivssde tiee gmn‘fbltatcé @eRabUPd arithmetic
oA BRI LS Pl BRI TER consane
é%‘bﬁpé@ g diviaee mﬁrﬁtjmmalaudsmﬁm bheatokpie.cV a'c_lddie:&ms) may he more

| b ¢ li,ed tq .
41{ inlYH ri{ﬁ)&:g%l %%L L 8TI To‘?défiéwgg%( i"HB%Sg %P 31'1%@11%%&9&1‘11!011@ may
é}t’d‘g(p ﬁ*mopraml Lﬂ@ghamytrmmnb?nmﬁimmﬁme coREIeRIE may be quantified based
%@{d@a nﬁ 3L o;[ E%‘l\)/%r f}gﬁgltlggtcgc Ptguéﬁg*ﬁ*s \P léhqqzl eia&nu info account logical

mcld@m}sz atinaenef othbehirdanss @Iﬁiﬁ’hnﬁm 6@ cain@ekdtARS (OEMshifis) may be
e transform etc.

t
I‘%&F%% gstéerm%ﬁio ?%Ié‘f‘&gsﬁ]‘f‘hi}mﬁée‘aﬁbli?@a‘ﬁt W%‘P‘t"?‘pf% raducing the

ginm]nps oof ainfr‘nthremdmat endvar kabkesl afimbbe sapmy shif@d( @1% be more
and 4) or different sizes (as shown in

'1_.1? E%““’T gn é,cgjr&i Bofcig W\gmhpﬁm@@ﬁé Stegictagmdorighmgtlic operations

bﬁa\.U&EGQédO ivhiefeetkactiQhiszaki %’i\iéﬁnpme' Bk Go c]ﬁvieﬁ\ﬁ& o0Bthe logical
first common factor being applied to interne

§a¢ pUBmRtcRPgHH OB second conmon factor bei hig appl i ed
{0048} t 0 | ntigkReiiabe of atd ﬂs@&i%m?ﬁr %eﬁu@&@h%ﬁ aady gm st metrics such as
mon factor being applied to two I nterne
\fr“.fdﬁf gbieasn Jehlerabdant romexe®. dhisXesfabi 6948hee the mumber of fogical
brkid hilﬂiﬂktﬁ@tdgﬁ&t%w B M}ﬁﬁ&t%gﬂq@tcgn%?e!\k@? & X Wbl br&ision. ¥ may

rational %a i ¢ constant
also be desirable to trade off cmnpie\m for precision, ¢.g., to achieve higher precision

al the expense of some additional operations.

jo049) As shown in FIGS. 3 and 4, for each common factor, mudtiplication may be
performed on a group of intermediate variables with a group of rational dyvadic
constants that approximates a group of at least one irrational constant (for at Igasi one
transtorm Tactor) scaled by that common facior. Multi phcation in fixed-point integer
arithmetic may be performed in various manners. For clarity, computation techniques
that pesform multiplication with shift and add operstions and using infermediate results
are described below. These computation techniques may reduce the total number of
shift gnd add operations for the DCT and IDCT,

{0050} Multiplication of an integer variable x with an irtational constant 2 in fixed-point
integer arithmetic may be achieved by approximating the irrational constant with a
rational dyadic constant, as follows:



be perfornmed in various manners in fixed-point integer
arithnetic. The nultiplication y b e perforned using

wo ogirosd27pperati ons (e.g.. left shift, right skCT/US$2007/060405

bit-in version, etc.), arithnetic operations (e.g.,
add subtract, sign-inversion, etc..) and/or other
operations. The nunber of logical and arithnetic
operations needed for the multiplication of x with i s
dependent on the manner m whi chtthe cornputatio
perforned apd the value of the rational dyadic
const aft™ U.“ Bi fferent conputation techni ques may ¥q (5)
require different .nunbers of logical a d arithnetic

atj, ons,d o, , tiplication of x with u. A )
o e e At SRRl KR PR P Tuier Rerse raftonal dyadic
m@bens bohdlcoge oadgcandndrtizt et i ¢ operations for the
mul ti p%,ipat.i on of x vi:ith di rent values of u .00 f A
common P&t Biethay2Brbls oy @bt datipwd dyagroapngnt u=e/2°, an integer-
vaheknRdinake vari abl es based on criteria such as: The
nunber of |ogical and arithnmetic operations to perform
mul tipl cation and The precision of the results.
W47] EriigeR¥ral , it is desirable to minimze the ¥ (6)
nunber of |ogical and arithnetic operations for

L phd AL EQR Ol i.nter jate.variable with a
el B e e L B B0 o1t o .
arithnetic operations (e.g., additions) y be nore
conpl e¥:-thaw:d-agkcal operations, so reducing the Eq (7
nunber of arithnetic operations .nmay be nore '
iqportant. Jn. the xt r e conputational conplexity my
BEE dnti PPt bAELET el BEy 56 Yhessnurbebtardas ifelhmet i ¢
operations, wthout taking into account | ogical
oper atj.ans, O so. other hardware platforns, |ogical _
oper at'i'ons {€: 8.7 shifts) ‘F‘rg[ «’bg“%ﬁore expensi ve, d Eq(8)
reduci ng the nunmber of |ogical operations (e.g.,
K gt W08 ol shisti, rations and/or .the. .
e PReinar ot B e A, 1 iy SRE b BT v hA comstant ) of
Imegenienakalua ey ght edsaver age nunber of | ogical and
arithnmetic operations may be used, where the weights
may répeasaith Ghey mlyabé vguaaaplexities of thesdogical | . 4«
and arithnetic operations, [04S]" The precision of thes -~ -
Eeduintgnmdiptbeslguannitht edidiasgdbotevadd Rus] BRRD GSior intermediate

SHEE 3 and e 10 the series, where either ) or 3 may be equal to zero. Each
intermediate value 3 may be obtained with one shift andfor one addition. The shift is
not needed if 5; is equal to zero. The addition is not needed if ¥ ¥ = 00 The total
number of additions and shifts for the mudtiplication is determined by the number of
intermediate values in the series, which is £ s well as the expression used for each
intermediate value. The multiplication by rational dyadic constant # is essentially
uarolled into a series of shiff and add operations. The series is defined such that the

final value in the series becomes the desired integer-valueg product, or
PN Eq (%)

As shown in eguations (5) through (9, the multiplication of integer variable x

with irrational constant g may be approximated with a series of intermediate values



those given in Table 6 below. In general, it is
desirable to reduce the nunber of | ogical and

wa@ediovkseri c operations (or computational conplB&I/U§3007/060405

for a given precision. It my also be desirable to
trade off conplexity for precision, e.g., to achieve
hi gher precision at the expense of sone additiona
operations. [0049] As shown in FIGS. 3 and 4, for each
common factor nultlpllcatlon rAy be perforned on a
QU r te variables .ith a group
?‘%59‘ ﬂedl b"d{}}ig agﬁ CEASPETAIONE AY L‘ﬂ%#’&ﬁ?‘%‘%% “awé}ﬁ dofppibdr generated

ahtelma&hmmﬁms} foaktionatc GaRshaiter OF eperdliohgast one
transfor factor) .scaled by that common factor.

(OOS4] 1l ¢ pYPERITCBHOR RE R drsEsoTaiebient egdrivwar inatineeli conayss 4 aud 77 in

oossp fol 0‘@&%%&@&@xa§m&ﬁ% llee i a?Qta ivar?iiocp g‘&%ﬁ%ﬁ%% e ba?ﬂd y=e /¥

16056}

Q@eﬁ%ﬂﬁﬂr{ ARGt dHithAli© Yy TG, e§ }nﬁﬁ_ﬁf)@fm %i%\’@at{l fptional constants

onput ation techni ques t hat per
v%"t‘lh’“"%‘ﬁf’iﬂtd‘fa}ﬁ@ wdanizerseiolions: and usi ng i nternedi ate
results are described bel ow. These conputation
techni gues-may r ce che Sotal number of shift and .
add opgrgfll ons f{ggyt hd B& I DcT. (0050f Eq (10)
Mul tiplication of a integer variable x with an
iwheat conaknd @3t ant two fafohiPRAdRULRHRL £ L, anﬁ ¢ are integers, H>0
arlt‘? tic .may be achieved by approxi mat’ing t
an’i nal constant a rational dyadlc const ant, as

appr oxi mat ed
bwar*fﬁ%eramémdmx@@w?, and b>0 . (00SI] G ven |nt eger
vari abl e and rational dyadic constant ei2h an

i nt egerval ugd,product ay. be appr oxi mat ed using a o
series of ﬁterrreg#{“gte v f‘ug)s “where '(, ~ 0, > =, Bq (11
and for aII i t values, , is obtai ned as foll ows:

whasrhe q’ppmx&mfeditﬁhﬂgﬁ seriek bhekerhRfifatdbalfidght shift

(dependi ng o the sign of constant .sv) of internediate

val e, w plts 0052] In equation (S), y. may be

equal t"o fir os ZLf . 2"v>or ',- . V2. Each Eq {12}
intermediate value >v i the series may be derived

bagedir0n of WP, PLI Bd FRLArMBJLate, ues, w; is obtained as follows:
Wk ke, 28 with fh =7, | Bq (13)

where w, -2% Jmplies either lefi or right shifl of wy by |5 | bits. The series is defined

such that the desired integer-vglued products are obtained at steps s and 7, as follows;
W, =y  and w sz, Eq {14

where m.2 5/ and either nr or 1 is equal to £

As shown in equations (10) through (14), the multiplication of integer variable x
with irvational constants g and # may be approximated with a common series of
intermediate vatues generated by shift and add operations and wsing intermediate results
to reduce the total sumber of operations.

In the computation described above, trivial operations such as additions and
subiractions of zeros and shifis by zero bits may be omitted. The following

simplifications may be made;



values v and j - in the series, where either y - or

may be equal to zero. Bach internedi ate value j-v may
wheooohsrrned with one shift and/ or one additi oPCT/Ukm®07/060405

shift i s not needed If is equal to zero. The addition

iIs not. needed If y . ~ 0 . The total mraber of

additions and shifts for the multiplication is

deternmined by the .nunber of internediate values in

the series, which i / well as tthe expression used for

each |nterned|ate value. The nultiplication by

rationdl™ df))a&‘e ‘éonst &t tiXistesddntial ly unrol | ed Eq (15)
into a . series of shift and add operations. The
seri esydefined:spth that the=£jnal value in the Eq (16)

series becones the desired’int eg’er-kval ued product, or
| 00S3j As shown i equations (5) through {9), the

{0038f nt j ul tlmpbfllu:aatm dispfihe rﬁ,\@g@momaird ghl RfXo¥ \gLJ,»h ur}]vaive‘; an addition or
j.onal,. con approximated with a
s‘f’[e‘g“?éesfm&‘f %ef%? %eéltrgé élaﬁ}gé’g@ﬁ{é? SEdERe wHbrane gl as shown by
altiel copessad ﬁﬂﬁieaﬂﬂii wshag i i eqmmdh %ﬁ@) RJ%S&J}résthm the left of “z3
geﬂ{ﬁéit ed intermediate aI ues) to re
‘E)‘t(g Y vy YorEropy Wepond by [ D@Zﬁ mapbetpegbineat woh cob addition, as
@ﬁ%\kmﬁgﬁé e%ﬁ{eé‘;?c@ B ilfe Whhilud: VR” {‘Eﬁ% L(ﬁ}@%hﬁi 13!5 s 8pmay be applied to

, Ibn fixXed - pol nt | nt"eger ari
SERHEVES) Bythagemesdamat oy ashesti ay tatmam?dm Qomat @Bt:&mmxmtrcm of wy,

{0039 W' t h rafl 19&%819%\/\%% % 9?{2§ tants thraely %mw éyre.é.m?%m \ap?xgﬁg}ed using the
@}y%mptgm@@ ﬁgﬂ}g@lﬁ dimeribed ab(u\e: an&IonY egaliilicBiaDoBitk@r variable x

G ven. intege ri.abl.e x and rational
ngth di%gsg‘éxg T constant ' @ /191 ééﬁ;@p@mt igpger pijfpmetic may be achieved by

a]bmb&gﬁﬂmg&i(m@t@nﬂr‘ QOWGE § )i datt aFddico@Rbhi ‘?(mﬁo W& Ed

(1 1) y be approxi mated using a series
mterrredgetlte Ius Eq (12) where w- 0 1 "' aitd for
all{2 it ¥| s obtained as follows: t - | . Bq (17)
2, VA] kbg@og(}(@a (13) where -2 inplies either left AL
or ri ght shift of wby Ls-, | bits. The series is
d’fﬂéx*f.ﬂ@g.,i is g rational dyadic constant that is an 8-bit approximation of ¢ e
{060} Multiplicalion of integer variable x by constant CF.s may be expressed as:
{06611 The multiplication in equation (18) may be achieved with the following series of
operations:
-};i = vr x !”f i. E{] ( 19}
Py w3y >2), /101
R I ) DA '7} . HEHIHA!
Fe= 3w (3 o2 6) /10106110101 .

The binary valug to the dght of */7 is an intermediate constant that is multiplied with
variable x.



such that the desired integer-valued products are
obtai ned at steps mand ft, as follows; ,,r y and a z
waepofage7mwhere mt | and either mor is equal PEDUS2007/060405
| 0056] As shown in equations ( JO) through (14), the
mul tiplication of integer variable x with irrational
constants mand nay be approximated with a common
series of internediate val ues generated by shift and
add operations and using internéddiate results to
reduce, {) g;pt al nunper of operations. J0O057J) In the
conput a1 BFREIEPHEE ds SBUYE0 ar PV YAl BpeFhe nonsplsuachn in equation

ag S?qg%s.){ ie&n nzagﬂggn%% _k{%ej{:dg S;H% %dﬁ%@ Pﬁ% \r/ﬁ%ﬁ . e SHEAL So bgen erate three

10062}

zero
ghigpinedipeataliengs. rapndmde: JG05S) I n equation (15), the

jong3} EXPr e iﬁ.@?_ to }tZe 1l e[_it of." - " involves an addition
or subtracti off of>Farg" Pubhetey aB{}LIE‘V)W%h Hangdprip gonstants Chug and
pRLd or fred-yWikhin@Rer 8RikhleticaSaSHOME Q% qtHhe, LESSION . oo v
to the rj {ﬁ of ¥ > . |‘{ne"§3%?t %ﬁl%(l%%)d%ﬁp?&g\f%?ggg Cotants Cans
tdrhes Vb ratgnabdyafiotwsang, shidiowsy zero bits
(denoted by 2) and .nay be perforned with one
addi tjon, 4 shewmdasit he expression to the right of "-
>'\ ﬁEquaﬁT;ng (1. 6f_;d may be applied to Eq {20)
equati on ('8) ]i’ é) nput ation ofy, as well as to
equation (13) in the conputation of ' . JOOS9] The
mul tdepl i, dd8i om81 BDGS0G1 ! through 4 y be efficiently , “
per f &'med 1 pSi igodddeoseypuUt at i on t echni ques descri bed Eq21)
above In FIG 1, nultiplication of integer variable x
wi,th transformconstant Ci fixed-point integer
ACF b rfestie S AR dklie geptasy sy B pXbRempRexicetiet aft,G, and
wth a,fational dly(gdi ¢ constant, follows: where C 4 is
a rat i‘onal® YA SEE emstaphidet ise abit8ppioximation of Syxs.
approximation of C[ O O Multiplication of integer

(0064} var i abligtixlidyionons tisRkeCyvarifBY D eYPELaseLas: ai}_go,@%lx may be

The .multiplication In equation (.18) may be achi eved
RFRTESEAESf ol | ow ng series of operations: The binary va

to the right of U" is an internmediate constant that

is mulitiplieg Mdh yari ?(bli?}A‘*ﬁsQQ 2] T desired Eq (22)

product it> equal tor 1C multiplication i equa

or _
{0065} The multiplications in equation {22) may be achieved with the tollowing series
of operations:

Wy I Eq 23)
W, =y (O e 3) 761}
Wy W 6 /1 6000001
W, W 7 6110003
o =, -, | HO1E1ITT
W=, v ] 7 00110001
Wy =R = (g s ) FO111011
N A ) I #GLII011001 .
0066} The desired products are equal to ws and ieg, or we =y and w, w2z, The two

multiplications in equation (22) may be jointly performed with five additions and five



(18) raay be performed with three additions'd tfuee
shifts to ene e three internmediate value* > : J dg
wao@ees22r2 Fl G 1, multiplication of iregei variBi/gS2007/060405

viti uan<.formconstants ( ' -s an L s in fixed-point
integer arithmetic may be achieved by approxi mating
constants i i, and ntli iational dyadic con tants s
follows Vh ie ( is a rational d adi ¢ constant that a
7-bit approximation off .s and!®' is a xattonai dvad c

f LVO 4
&‘&ﬂ% L%Qﬁtep%tg t*gr‘ng%f“l?'ﬁ‘{*eé’t&é? P gg% \gb tglm,?é}bxg g Céﬁgﬁ@ﬁg of ®rds are omitted
s m%mmube {ﬁnpﬁﬂsm’&aﬁﬁ ier(t'f Eﬁft ng {Ee'gm} tt)l%%ég%éh%ah Y6 104 and s,
0067} equg;gﬁj‘c’ét : 8n§ pf)t%fi@% ’%—hxéma\gxsfr\fm gé(lpriadﬂﬁeﬂ$ the e:oemxmtmn Otechuigues

hi
NicBlibed @ove fordAfiplithfols Byl QUkELANCAL) OIS ML 4 oo
equation (22) nmay l]Io n]f f)e #‘orrred Wit Fy B9 s 00 1O

addiplaxamsoandtbiti mesmdnt gmkoxg%mﬁ}aw 8EVENS . 5.9 44 adchtmm and
s Wthrough - Additions of zeros are

|
O?nt‘t%: d: ]%} £ Hg? o REGPEGh B destred l?fﬁt‘ffsmbyngrt@ pahieved by using

eniflcied nibbit bihigsne Efﬁétdpi_%&v\@&an oﬁa@fj% ﬁh t;‘q%;x%: Ltonsbtﬁm
8-point DCT shown mF

(0068 o chnitgude Hresktillel SB@wen Fig hutmhpﬁalc:atmam ihyrb t Crus and Saen
@ﬁ?ff}%pﬁovkwat& %&g nmté é&? ﬁ‘%g'% fom r@tlﬁex\f{gf% i azg{q%«; d’;»+§’i the rational
gh@izgggm@r@mq esithieved udimg gerentluatRnted RS 8 doseribed abave.

{8069] pr eci gh,p 'Ehc”ﬁiiﬁj? %%o@v?xhheiyi%d ”b ?yrgg@hsﬂ#{:sggﬁé%gémgutacfom Fioand Fy

bits roxumtldn
&%1 Jeant in Jibbssy td!'-i@ﬁ’ mtd‘ihchuﬁmw&i} aB@Erﬁllitﬁm bferfth s 8y the IDCT

ts .1
g%‘% rﬁg;&(:.?%gct éﬁ&&sgwpgfmg?/f Li&ﬁ,g&pgt é‘(‘jﬁg%l'éﬁ%é] through ¥[71.  Different
W@mpﬂm&a@f alsenitoh /4 hﬁdrﬁl hoRabe dyadhedconst ants gﬂ@%wﬁm} of

t echni ques descr
u@&c% l{ t o uit ALl 01?1 1ec elq:mﬁ. for gpedDCT and the
ove ¥ EhaREie eperst
mhuwe:& (Iilfthﬁcaﬂmnmaﬁzﬁﬂlﬂhﬁv be be@nfhinkd may result
- di ffeg ent t ot al ers of logical and arithnetic

0670] oper at I'oh% For ’&?‘ﬁéwmt‘ﬁﬁ?ﬂ ‘HF‘?"FéPéi‘fthSe&éeiﬁ Mf may be obtained for

% ]gr‘l]gd $i Q’r"( S st QYL PR, %%@ELI%S{)?XI{’JU cal B¢ aggmuLm Operations may
ere

then be dc,tmmmcd for multiplication of X, with a; and multiplication of A3 with 4,
For a given value of /5, mtional dyadic constants a,, £, y, and & may be obtained
for Fao 8y -Chpgy By Uy and B "Sieiy. Tespectively.  The numbers of logical and
arithmetic operations may then be determined for mattiplication of Xy with o,
multiptication of X3 with 8,, and muliiplications of X with both », and d,. The
number of operations for multiplications of X3 with 7. and &, is equal to the number of
operations for multiplications of X5 with », and 8.

{0071} To facilitate the evaluation and selection of the common factors, the munber of
Jogical and arithmetic operations may be pre~corn puted for muttiplication with different
possible values of rational dvadic constants, The pre-computed numbers of logical and
arithmetic operations may be stored in a fook~up table or some other data structure.

{0072} FIG. 3 shows a look-up table 500 that stores the numbers of logical and arithmetic
operations for mudtiplication with different rational dyadic constant values. Look-tip lable

500 is a two-dimensional table with different possible values of a first rational dvadic



conbi nations of values for \ and F - may eval uat ed.
For each co bi t of values, the total nunber of

wo o@i7osd27and arithnmetic operations for t e DCTPEr/US20011650405

{0073}

10074}

[007s]

preci sion of the output sanples may b e determ ned.
[0070] For a given value of j rational dyadic
constants and b nmay b e obtained for Fa d C
respectively. The nunbers of |ogical and arithnetic
operations may then be deterni he&d for nultiplication

f X2 h b% F
‘éé%obg%n@( m?ﬁg h Agxtggalﬁcg%f éfﬁé"cﬁt @c}?ﬁlﬁgﬁfgh}%\g} ogg sgc. cong rational dyadic

yoastdningly ob tlaa odytied| k. f The Enmbeg of Pam@]@xﬂﬂgb or éﬁch rational dyadic
unmbers of_ 1 ogical and arithnetic

res eCt Ve
Lﬁlg ARt i %p%x‘s& it r]ﬁ sauphgrafhitsaged Sr thad stk ab pogrample, if (4 is
(irépx%séd\ntddﬂwlthl 1Bitds] ﬂ@h'tﬁﬂeq{;e @‘i‘sﬁ" %&s ée vAIRgs f(ﬁ ¢ % n%e Possxbie values

icatio s of X$ with bot
g]:’][ 81% ’3{1?%‘% "’?%‘F %%‘ﬁﬁlﬁ*‘ﬁ&&@%ﬁgwoﬁ & W»th gsx vvamda £S=0, e is the

%QH g&rtn\%niz{}ﬁ) /?H@%Bd ?i’f(ﬁ ienrs%wlmgxé@ .[%{uafﬁeg %y ﬁg = a£>ti R 13-bit).

eval uaitheoema* th gel ﬁﬁi bﬂﬂnﬁ{ ahd .16 QIROS fRELEY §xbié B0 contains the

?124 d arithnmetic operations
“}15’ £ Eﬁﬁ«?‘ég “E"r“;fﬂ PREBEIH Trtiindi piipd mitlon of intermediate

W@S&biblﬁxx’v@m edforr@b 'i@&ahztzg}iﬁd&\%d?co Eéﬂs’?‘nﬁ% . cm-[pe for the second
ed nunbers of | ogical i

re C
?}t@‘ﬁfgg?‘é‘ FRYSHE Grorde Yaua f@oé@‘u?ﬂtﬂabﬁ @C&rursm’fée 500 may be
Gtztl&ﬁ’fmﬁiﬁti@ @&h‘hﬁﬁéﬁzurnﬁffu}c%ggzhf &gy éf' g\eé"ﬂ%dlidqgkdi{l%b for the joint

tl)le 500 that stores the nunbers of
B’r‘i HRERSEPR Yt a0 oot et puiry mpd S@&@H@nihwl b:ehi series, e.g., the series

it ff1RE eRbest BbdrRNRs. %@n@n&q}?%@@{) ¥Rl Hf Eaag—z téiplé%{m (with ¢, =0

table 500 is a two-di nensi onal

f)@sé}@b#&@ovélraMmbfd\adfd c@istarat & Qn«’:ﬂntedM adb GReRSEan Glerations for
ntal axis i.f ferent possible val ues

81ful ée{hs gggth é{‘tl edisie H%ﬁ)q‘c*‘ SR f(@ igh{zfﬁém@}a{ feglic constant

axi SincThee huddgy table iPasSiigcN a8 f08n A6 Jratd 0Bl (o 2., vither
S dent. o_the nunber of bits useé

t d
%% r\%ta}rt{gm?w% gﬁg’l} ﬁﬂfh Pr eg‘i’l{g iy {EP glled. @ni}egmp@@ Hasnpleat of entries 1o

Al trhey1Be hidused $1h Gdihs'icﬂa@ﬁ& 1BE Quratibndt BORSIHR @exs\{ta Lib'ﬁ%x{n%[ted with the
e val ues for each rational dyadl

I%ﬁ)g{&a%?’g%‘fraémﬁ%ﬁ’féfé&“3§ 2<?j, ¢ - - where ¢ " 0,
the spa}kheslennQByZ6f & Vz%h?ﬁal cﬂr%q < n§tafngocfg§¥c\rz?é rga\ be determined,

value (e.g., ¢cs , ~
Bt pembpts ethlogicat and @lmﬁmeﬁaﬁn @yemhoui*‘oﬁbmfm!t@ﬂkﬂm Rl evith o and

I?lg.glp@%%&‘l 05X \xﬁh S may be readily determined from the entries in the first row of
look-up table 500, where o5 and 4 correspond to Cp. Similarly, for a given value of £,
rational dyadic constants o, 2, . ¥, and &; may be determined. The numbers of logical
and arithmetic operations for mul tiplication of X with e and mult plication of &3 with g,
may be determined from the entries in the first row of took-up table 500, where ¢ and £,
correspond to €. The number of fogical and arithmetic operations for Jjetot multiplication
of Xs with », and &, may be determined from an appropriate entry in look-up table 500,
where y; may correspond to Cy and §, may correspond fo €7, or Vice versa.

For each possible combination of values for | and &%, the precision metries in
Table & may be determined for & sufficient number of iterations with different random

input data. The values of Fy and 5, that result in poor precision {e.g., failure of the



nunber of | ogical and arithnmetic operations for joint
mul tiplication of internmediate variable with both ;
wo o070827f rst rational dyadic constant C and BCT/[/82007/060405
the second rational dyadic constant C . The val ue For
each entry | ook-up table 500 nay be determ ned by
evaluating different possible series of internedi ate
val ues for the joint nmultiplication with Cl- and c for
that entry and selecting the bé%t series, e.g., the
series with the fewest operations. The entries in the
fmﬁ%wg} B or ¢isekdeh andphe sBbEs @i fihesst O et resdt in good precision

%Q%%@Etﬁa%ﬁn@%@@éx c%ﬁﬁ{qft C) contain the

ers of operatlon§ tiplication of
{078} nt er neefle & Urapiisl dovwlivh ﬁf\@l@”{mf@f appiosinftiostior the IDCT in FIG.

rigit\{iﬂpl%re%éﬁgieﬁ a% %pfatr%l?ﬁns 5 5, o m yﬂﬁ% d%ge Tjh ok aqu%\rlgmlnmas are for two

IS synmmet TIes

(wogps ofefattves, vaillovas urmkpedncw:itd&eaﬂmﬁ & agbnabhemnByup encluding oa,
O'Ied..Fgrtherrmre t he nunber of entries to fill may
bé: r Eddled by%”o%ﬁ’dgr?‘ﬁ’éc"t heepyghat | B8 somewTs faghr Jor sach group is

b‘qg 9 1@9@ i‘?l)&’r g@lgﬁg AANY thnxq‘n&?}"{cﬂﬂ 11];19}/ )6\‘%' ‘r?u. g:?@c:fi :QIQ )? the rational

C and or a given va
c@ﬂ@ttaqwstamwrmmabom mlnbe bd m@mﬁ Wettl thér mm}umme B(Sﬁe factors in

L TR N e —

qunhtabt%) agayry <bemr @ad‘mhg Ldi@hﬂf rﬁ ktedabnﬂi dyadint dcine@ni for each original

oW 00Kk -
C‘xg‘x?%cfe gg’lzund dﬁ) oﬂt\yogunmr Lfi;ttmr Is h,f\ Lfn fn ghci/ écﬁms“élaai)émg* 1’%};& series of
nateizmﬂahtedyad@qci‘mdhsttﬂmih;} zoati&»n oi‘aﬂtbjﬁeayﬁé efriable x with one or two

gé&g‘q@iﬂ’ﬁ@ﬁg}lswﬁ% %eg{ﬁ’ ffi‘)gfg} %hagh@f uy?wxf trétu Eldn&berb of add and shift

myletdtiphk ciak i ﬁl’ﬂ:h?ﬁn O3 i Ekabmﬂayz ebgidat By mgfed%%@nam;‘@mm columns,
entries.in e first. row o-upta e e .
it 85" 2bF el bR et oPaURE OIS Bt eI e sum of al
adddt bpehitienoner ald apahf efuin@l RlusMild 1Rk 6adH 0@ Q6 account for
with a n may be determnmined froman appropriate entry n
|Beikrliprtcast eashof tapad érmayx i r;ésmig& 1 @k@én@dmyl ations for all
pa%‘éé? E‘]Bge@gi gh,gm %}%}t 12y \!rlrz?}} {estgfa% 8}?“1}%3’] 0§asﬁxatt Pﬁga’mom for the IDCT is
preal teitonsiebf bld sl::rrt (Tp&béf&}tﬁ :m@e log cdiiner phugelek haren@dy again.

{8677} ISELLIt Cfaagtn ; n%ﬁ%g rigg u%ega;gsf O all <>o,gxtletﬂ a‘%‘ vglgﬁf e&%«[‘ :510%&2%%1} factor of
P/ € 6083447 bfig. each af therteoafrodiire?

Table 1 - Approximation A (42 additions, 16 shifts)
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metrics) my be discarded,

t hat

result

in good precisian (e.qg.,
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and the values of i d F
pass of the

show five fixed-point approximations for the DCT i
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Table

1/0. 87734890355 for the first group and a common factor of 1/1.0205372

3

second group.

Table 3 - Approximation € (44 additions, 18 shifis)

gives the details of algorithem C, which uses a common factor of

26359 for the

Group’s
Common
Factor

Originat
Value

Rational
Dyadic

Muliiplication of x with one or two
rational dyadic constants
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of
Adds
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of
Shifls
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W@eoo7n0ga2r2 seany st age 612,
I D IDCT stage 614 for the colums (or rows),

[0051]

| 84J FIG shows a design of a 3D I DCT 600 i npl enent ed
in a scaled and separable fa hio 2D I DCT 600 conpri ses

further

foll owed by a second scaled 10 | DGT stage 616 for the

rows (or col
scal ing stag

ums) ,
e 618.

tr.an
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The precision of the ouiput samples from an approximate I3CT

gquaniified based on metrics defined in IEEE Standard 1180-1

replacement.

may be

190 and its pending

This standard specifies testing a reference 64-bit floating-point DO

followed by the approxintate IDCT using data from a random number generator. The

reference DOCT receives random data for g block of toput pixels and generates transform

coefficients. The approximate IDCT recetves the transform coefficients (appropnately
rounded} and generates a block of reconstructed pixels. The reconstructed pixels are

compared against the input pixels using five metrics, which are given in Table 6.

Additionally, the approsamate IDCT is required to produce all zeros when supplied with



ir ptiediate biook, d () scaling |lie output of the
second LDDCTt g to g rat a block of transform

weomosxrents for t 2D DCT. JOOB7J For cl arit yPCHuUsinon60405

10083}

[6084]

{0085

the description above is for a ront scaled IDCT and an
S point scaled DCT. The techni ques described herein
may be used for any type of transform such DCT, | DCT,
DFT, DFT M.T, inverse M.T, MCLT, inverse MCLT 5 etc.
The techniques may also b e u§ d for any factorization

o PR 35\ E Db RS 5 SRS bR ove
ﬂgmmbf:aﬁtr@ﬁgn Ry denteeh padsed dfase thedtostinerable 6.
factorization, as described above. The techni ques may
al so be used for transforns,@& a¢y xi e, with exanple
8-poiiit transforns being gi h FIGS. | through 4.
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certai van SUCH as: Lower
mul ti BFGC&E]}(&H&- Edwgﬁm h}ZDdllﬁl!ZT 6Ctrengledhented in a scaled and separable

ha * .20 .nb.‘. b s ot crale
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818 Ninght 384 QiSHaRUE & RIEQES a9 kxR IDISSk oP@hndfbrm coefficients and may
appr oxi mati ons for irrational constants used

paghnidbiphc addhongndiyrnp woedbdirt by & constant C = 27, or shift each transform
coelficient by P bits to the left, where P denotes the number of reserved “mantissa”™ bits.

= may be added to the DC transform coefficient to

After the sealing, a quantity of 2
achieve the proper rounding in the output samples. To improve precision of scaling,
S= P+ R bits may be used in the conversion of the scale factors to integers, and right
shifts by R bits may be performed after multiplications. 8 may be any suitable value
that can facilitate implementations on hardware platforms, e.g. $ may be 15 or 16 for
platforms with signed/unsigned 16-bit multipliers.

First 1D IDCT stage 614 performs an 8-point IDCT on each column of the block
of scaled transform coefficients. Second 11 IDCT stage 616 performs an 8-poiat IDCT
on each row of an intermediate block generaied by first 1D IDCT stage 614, The 1D
TRCTs for the first and second stages may operate directly on their input data without
doing any internal pre~ or post scaling,  After both the rows and columus are processed,

output scaling stage 618 may shiff the resulting guantities from second 1B IDCT stage



common factors that ca be accounted for by scale
factors. }0090f Transfornms with common factors nay be

wa@s@d/o8xar2 vari ous applications such as i nage aPdI/UszeD060405

processing, communication, conputing, data networking,
data storage, graphics, etc. Exanple use of transibrrs
for video processing is described below. 0 91] FIG 7
shows a bl ock di agram of irrage i deo encodi ng and

decodi ng system 700. At an encadl ng system 710, a DCT
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conpressed a from storage or conmuni ¢ ‘
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820 pro e§§ pe 4 pence
which muliiplications are performed. The computation techniques described above
unroll multiplications into series of shift and add operations, use intermediate results to
reduce the number of operations, and perform jolnt multiplication with multiple
constants using a common series. The mulliplications may also be performed with other
computation technigues, which may influence the selection of the common factors.

The tansforms with common factors deseribed herein may provide certain

advantages such as:

+ Lower multiplication complexity due to merged multiplications in a scaled phase,

» Possible reduction in complexity due to ability to merge scaling with quantization
in implementations of JPEG, H.263, MPEG-1, MPEG-2, MPEG-4 {P.2), and other
standards, and



the raw data and generates conpressed data. Wthin
processor 820 the raw data nmay be transformed by a DCT

wanioy/0822, scanned by a zig-zag scan unit 824, PCT/US2007/060405
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quanti zed by a quantizer 826, encoded by an entropy

encoder 828, and packetized by a packefizer 830, DCT

unit 822 may perform 2D DCTs on. the raw data in

accordance with the techni ques_ described above. E c of

units 822 through 830 may be iTpl emented a

har d rmware and/ or . .For .exanple. DOT _ | ,
¢ RS i PR it ABY S o1 R A4S TR AUERRe O divedtpoint
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cont r IRER PO EE SRR ICHRE PEDLbR Kisddberat peRsfications such as

ViahdOME] vidbd PrdcRsRRE QAhRENSWHAMGIuti v, d%%&%&ﬁ% data storage,
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EPNES: $6r é%%@&suswé UrpsRH B O R edde O PPHS S ihilessriber below
encodigyg. Wb@lb@mdaggcgko%)iggéxf &&an i@n@g@x"f‘@mb &%kg;ﬁ% dﬁ (%&dmg: system

of a decoding sy t , e use
gg)gt e zylg@npaqq\@,m sema/ %@eﬁ@a} Lugid’«’ﬁq peqiERiey dnput ciata block and

Qgr@rxfgég%dmg&trﬁ wr& ‘{Eh&n%ﬁ]&%d'”ﬂ% z%ﬁzt &0, b% # &wa{xsgﬁaag\t? NxN block of

store e recel ve Sse
piebesas ¥ ~19 Mluqk rchE:&ﬂ e’sf%;hﬁa&ﬂﬁﬁfﬁ&@ echidlal aorawehe other type of data

t put W t hi
BT B TR Py BBl St ule? 5Ty i R AERBrps aflues may be

g2 Rcettes Qﬁ&%ekhymaﬁbioem 6@@&6@{6@?&?&%&2%&%&%6{ SRck of pixels and a
uanti zer 926 pl aced the

tized,.b i,nvers
Bb‘%Béﬁ pjsied ag}w?ﬁ\fé? s§~ %ﬁg byagiakn® grppmgrgheryglue. An encoder
TRARGkDINRE: BYndlmt BEFRUREL HB30 frdaChQNhhis 930, dM¥des the transform
perform 2D | DCTs on the reconstructed t ransform

E%%f‘f’ﬁeé'fse ARS Bpreraies sPEarcEEdWiath (e qosunpssgddate may be stored in a
QS%S@!B' RehrRRAENE ERGRoRfm N iSn B2 RN §30 may be

i npl'emented a hardware, firmmare and/ or software. For
exanplé, ? PRI FYSOBT Nay deoderpl&rmmeigs Whe fompressed data from:

gl%g{ﬁ%@kl‘fpmh@ﬁﬁ%&%mt@} &%\ anf 74{3’1&{({ }égz)ﬁs(?ﬂx%{ L H@lBSkA“XH é:@eﬁim s,

etc. 96] A display unit 940 displays reconstruct
LN T amgi W?Qj@g,ﬁ,f\r,tgﬁilzpr@@g@ggﬂn@ﬂ@mfwm coefficienls and generates an

\{:}glﬁ%gtgjg %#c!?x; olﬁl% g&caxi éﬁpi bqggl\ ,HQL %50{5&8\2 oig%ril%l\l &Wgsﬁza’mmted pixels,
st ON@$ blakafaachrpt o@éamxmodxffewméa&m,n@a syf&bem;ﬁ@ Qata block may
Qggu.oerstinmzte of the input data block provided to DCT unit 720 and may be used to
reconstruct the source signal.

FIG. 8 shows g block diagram of an encoding system 800, which may be used for
encoding system 710 in FIG. 7. A capture device/memory 810 may receive a source
sigual, perform conversion to digitml format, and provides inputfraw data, Capture device
810 may be a video camora, a digitizer, or some other device. A processor 820 processes
the ravw data and generates compressed data. Within processor 820, the raw data may be
transformed by a DCT unit 822, scanned by a zig-zag scan unit 824, guantized by a
quantizer 826, encoded by an entropy encoder 828, and packetized by a packetizer 830,
DOT unit 822 may perform 2D DUTs on the raw data in accordance with the techniques

described above. Each of units 822 through 830 may be Implemented a hardware,



nore buses 960 interconnect various units m decodi ng
system 900. [009-7| Processors 820 and 9.20 .nmay each

wheoorigd2ezrent ed with one or nore application sSperiU$§1007/060405
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integrated circuits (ASICs), digital signal processors
(DSPs) , and/or sone other type of processors.
Alternatively processors 820 and 9. 20 nay each be

repl aced with one or nore random access nenories
(RAMB), read only nenory * electrical
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900, A memory 952 stores data and program codes for decoding svstem 900, One or
more buses 960 interconnect varions anits in decoding system 900,

Processors 820 and 920 may each be implemented with one or more application
specific integrated circuits (ASICs), digital signal processors {IDSPs), and/or some other
type of processors. Alternatively, processors 820 and 920 may each be replaced with
onge oF more random access memories (RAMs), read only memory (ROMS), electrical
programmable ROMs  (EPROMs), elecirically erasable  programmable ROMs
(EEPROMSs), magnetic disks, optical disks, andfor other types of volatile and
nonvolatile memorigs known in the art.

The techniques described herein may be implemented in hardware, firmware,
softyare, or a combination thereof, For example, the logical (e.g., shifty and arithmetic
{e.g.., add) operations for multiplication of a data value with a constant value may be
inmplemented with one or more logics, which may also be referred to as units, modules,

ete. A logic may be hardware logic comprising loglo gates, transistors, and/or other



desired logical and arithnetic operations. The codes
.may be hardwired or stored in a nenory (e.g., nenory
w@a@7/ose2E G 8 or 952 in RG 9) and executed bRCT/US2007/060405
processor (e.g . processor 850 or 950) or sone other
hardware unit. fOOXoil The techni ques described herein
may be inplenented in various types of apparatus. For
exanpl e, the techni ques may i %enented in different
types of processors, different“types of integrated
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Fomglcemmpan jokicust #are olics i nter changeabl lity of
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corrponents ocks rcult St eps ave
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;jﬂ(}wi;partl Cﬂieateo&pmkzbs:ate&@medbhéiesumw bpl mmémhaxtteérm various types of
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[(D0&: 04}, Fbferevaisipol & ihtpiatddativotts] digieeah rlwaksslectronics devices,
andg rcujts, descrlbed in connection with the

dﬁ“g“dl‘aﬂ‘sﬁi’b“% ‘“%‘é‘“f%“éﬁ‘é?at“é‘d or performed with a

jporo2dener abiRik RESEIL in the art would understand that information and sigoals may be
represenied using any of a varlety of different technologies and technigues. For
example, data, instructions, commands, information, signals, bits, symbols, and chips
that may be referenced throughout the above descripbion may be represenied by
voltages, currents, electromagnetic waves, magnetic fields or particles, optical fields or
particles, or any combinaiion thersof.

{00103] Those of slall would further appreciate that the various lustrative logical
blocks, modules, circuits, and algorithm steps described in connection with the
disclosure may be implemented as elecironic hardware, computer software, or
combinations of both. To clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, modules, circudts, and steps have been
described above generally in terms of their functionality, Whether such functionalify is
implemented as hardware or software depends apon the particular application and

design constraints imposed on the overall system.  Skilled artisans may implement the



processor, a DSP, an ASIC, a field programmuabl e gate
array (FPGA) or other progranmabl e | ogic device,
waele@engRe2 gat e or transi stor |ogic, discrete he€Tus2087/060405
conmponents., or conbination thereof designed to
performthe functions ibe herein. A general-purpose
processor may be a m croprocessor, but in the
alternative, the processor nay_pe any conventiona
processor, controller, n1crocd%¥roller or state chi e
nted as_.a conbi
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fiber og;]tl cabl e, twi sted tgalr DSL, or
fifF et st i BEOBHT FEouHI BPciny dare © angber. A storage

medla may be any available media that can be accessed by a computer. By way of
example, and not limitation, such computer-readable media can comprise RAM, ROM,
EEPROM, CD-ROM or other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium that can be used to carry or store desired
program code in the form of insteuctions or data structures and that can be accessed by a
computer.  Also, any connection is properly termed a computer-readable medinm. For
example, if the software is transmitted from a website, server, or other remote source
using a coaxial cable, fiber optic cable, twisted pair, digital subscriber line (DSL}, or
wireless technologies such as infrared, radio, and microwave, then the coaxial cable, fiber
optic cable, twisted pair, DSL, or wireless technologies such as infrared, radio, and
microwave are included in the definition of medium. Digsk and disc, as used herein,
includes compact dise (CD), Iaser dise, optical disc, digital versatile disc (DVD), floppy

disk and blo-ray disc where disds usually reproduce data magnetically, while discs



m crowave i included i the definition of nedium D sk
and disc, as used herein, includes conpact disc (CD),
wo awensxtrsc, optical disc, digital versatile dPGDUS2007/060405
(DVD), floppy disk and bl u-ray disc where disks
usual Iy reproduce data magnetically, xvhile
di scsreproduce data optically wth | asers.
Conbi nati ons of the above should al so be included
wi thin the scope of conputer-r@adable media. GO O §
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VAITGR LG 4 s vel feamrggrdbenhorst hatein, east one rati onal
dyadi ¢ constant that approximtes a first group of at
Hgﬁﬁirqngdiﬁﬁkkpﬂ?| constant scaled by a first common
factor, each rational dyadic constant being rationa
nunmber with a dyadi c denom nator; and a secork.1 |og
to perforin multiplication of a second group of at
| easl on data value with a second group of at | east
one rational dyadic constant that approxi mtes a
second group of at | east one irrational constant
scal ed by a second conmon factor, the first and second
groups of at. |east one data val ue having different
sizes. 2. The apparatus of claimL further conposing:
athird logic to performnultiplication of a third
group of at |east one data value with a third group of
at | east one rational dyadic constant that
approximates a third group of at |east one irrationa
constant scaled by a third co o factor.



3. "H e apparatus of claimL wherein the second group
of at |least one data value is twice the i of the first
w@e@opsnf2 at | east one data val ue. 4 The apparBETUBESD7/060405

claim1, wherein the first group of at |east one data
val ue conprises two data values and t e second group

of at | east one data value conprises four data val ues.
5. The apparatus of claim1, mggrein tlie first group
of at |east one irrational conStant conprises a single

irrational constant and the ( group of at | east
one irrational constant co S hree irrational
constants. 6. The appar atus of claiml, wherein the

nunber, of |Rrat|%Qa constants in the first group is
fewer than tREPRUABSFOBPTH 28 onal dyadic constants in
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value with the second rational dyadic constant. 10.

The agpar at f.claims$S. th second | ogi c.
perforins nigjl%tq’l%s RS &o‘ﬁm& T b%l{eﬁ‘ §§I $58o%¢th **‘toﬁé A @ Hiagt one data

galow s tiiththi oS fiam grcﬁ@@@ Rfichatd:RNRka value.

4, The apparatus of claim 1, wherein the first group of at least one data
vatue comprises two data values and the second group of at least one data value

comprises four data values.

5. The apparatus of claim 1, wherein the first group of at least one irrational
constant comprises a single irrational constant and the second gronp of at least ane

irrational constant comprises three irrational constants.

6. The apparatus of elaim 1, wherein the sumber of irrational constants in

the first group is fewer than the number of rarional dyadic constants in the first group.

7. The apparatus of claim 1, wherein the first logic performs muitipltication
of a first data value in the first group with a first rational dyadic constant that

approximates the first common factor, and performs multiplication of a second data



dyadi ¢ constants using a single series of internediate
values. 11. The apparatus of claim , wherein the

wo peogmseamon factor is selected based on nunbRCT/U82007/060405
| ogi cal and arithmetic operations for the
mul tiplication of the first group of at |east one data
value with the first group of at |east one rational
dyadi ¢ constant, and wherein t% second common factor
is sel ected based on nunber of ogi cal and arithnetic
O»Rﬁf af;| g'fa%:??f L er \.Ebg %wggﬂl/alsgcon g foal)ehiocgy ¢ heﬁ%ﬁgﬁggﬁﬁ;‘égwima{% an
hsasmuénenmaﬂwoﬁaﬂbgymﬁm@temnsmﬁmhmoﬂZ. The appar at us
of claim1li, wherein the logical and arithmetic
operations conprise shift and add operations. 13. The

appar a. us O‘t‘hé: lagparaild . ofvbienei N hdefd BRt sRBHY S&ﬁ’&%‘@)f’ at least one
tors are.selecte furth r based on at |east
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alue with different possible values tor t rs

é’ he@eng cpwaan fgperr at i onal dyadi ¢ constant obt ai ned

vvlth di fferent possible values of the first common

factor. .15. The apparatus of claim1, wherein for

mul ti [ﬂ i catTiom aagteatd wilite §.n stlier fibr she gyeoud Wickdr:  performs -
E}ﬁﬂh paakiol¥adl LuL AN e k%oﬁxgesr&#%%gih% 4 Psl’t ; zn‘g:mslfé é'%zc constant,

iC generates a series O are
éﬁg pHéoEy myHinlisation elithe dhisagtueonieh il secometlistiveal\vighdie constant,
in the series being generated b d on t |east one oth r
ntepiisdi & e value in the seri provides one
i nt er €di at’i“é:evaippez akus tofe chémi e aﬁ}e@am pﬂte vabtiel fkic performs

aton of th the ratjonal
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multiplication for a linear transform 17. The
apparatus of claim 16 farther conpri sing:
i1, The apparatus of olaim 1, wherein the first common factor is selected

based on number of logical and arithmetic operations for the muki phcation of the first
group of at least one dats value with the first group of at least one rational dyadic
constant, and wherein the second common factor is selected based on namber of fogical
and arithmetic operations for the multiplication of the second group of at {east one data

value with the second group of at least one rational dyadic constant.

12, The apparans of claim 11, wherein the logical and arittunetic operations

comprise shift and add operations.

13, The apparatus of claim 11, wherein the first and sscond common factors
are selected further based on at least one precision metric for results generated from the
multiplication.

i4, The apparatus of claim 1, wherein the first common factor is selected by

determining the number of logical and arithmetic operations for multiplication of the



athird logic to performat |east one butterfly
operation based on outputs of the first mx second
WO ogi7o822tD generate .results for the |linear treeEis200T/060405
18. h apparatus of claim1 wherein the first and
second |l ogics performthe nmultiplication for a
di screte cosine transform (DCT) .19. Tbe apparatus of
claiml wherein the first and second | ogics perform
the multiplication for a i nver§§ di screte cosi ne
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factor. 22. A nethod conprising: pertormng

mul tiplication of a first group of at |east one data
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factor, ch rational dyadic constant being a rational

nunber with a dyadi c denom nator; and perform ng
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val ue Wit h 8, at t.ope rationgl dyadic
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data val ue having different sixes.

18, The apparatus of claim 1, wherein the first and second logics perform the
multiplication for a discrete cosine transform (DCT).
19, The apparatas of claim 1, wherein the first and second togics perform the

multiplication for an inverse discrete cosine transform (IDCT).

20.  The apparatus of claim 1, wherein the first and second fogics perform the
multiplication for an B-point discrete cosine transform (DCT) or an 8-point inverse

discrete cosine transform (IDCT).

21 An apparatus comprising:
a first logic to perform multiplication of a first group of two dats values with a
first group of two rational dyadic constants that approsimates a first group of at least
one irrational constant scaled by a first common factor, sach rational dyadic constant

being a rational number with a dvadic denominator: and



23. The nethod of claim 22, further conprising:
performng nultiplication of a third group of at |east
wor®7as0222 val ue with a third group of t | east PCEUS2007/060405

rational dyadic constant that approximates a third

group of at least one irrational constant scaled by a
third common factor. 24. The nmethod of claim 22,

wherein the performng nultiplication of the first

group of at |east one data val dé conprises, for
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24 The method of claim 22, whersin the performing multiplication of the
first growp of at least one data value comprises, for multiplication of & data value in the
first group with a rational dyadic constant in the first group,

generating a series of intermediate values based on the data value, with st least
one intermediate valse in the series being generated based on at least one other
intermediate value in the series, and

providing ove intermediate value in the series as an output value for the

multiplication of the data valae with the rational dyadic constant.

25, The method of claim 22, wherein the performing multiplication of the
second group of at least one data value comprises performing multiplication of a data
value in the second group with first and second rational dyadic constants ia the second

group based on a single series of intermediate valuss.

26, An apparatus comprisiog:



means for performng nultiplication of a third group
of at |l east one data value with a third group of at
wo e@gosnme rati onal dyadi ¢ constant that appr ORCTHSEE7/660405

third group of at |east one irrational constant scal ed

by a third cormon factor. 28. The apparatus of claim

26. wherein the neans for performng .nultiplication

of the first group of at |least o e data val ue conpri
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receive at |east one a econd logic to
per f orftHas| o priteratiip nugfipkdndicatol] edétd gnep dibalasal ose data value
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appr ox| mates Bt I'east one |rr const a

Byoup elotimemt puciat ond adhsirat dcaled by dythdi comanst aator,

being a rational nunber with adyadi c denom nator, the

comon factor being sel ected based on nunber of

| ogi cals. andT o | dppamtisc ocbpermtm ads fberedihethe means for performing

t one data val ue wi
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other intermediate value i the series, and
means for providing one intermediate value in the serigs as an output vaiue for

the muttiplication of the data value with the rationst dyadic constant,

29. The apparatus of claim 28, wheretn the means for performing nwalti plication
of the second group of at least one data value comprises means for performing

multiplication of a data value in the second group with first and second rational dyadic

constants in the second group based on a single series of intermediate values.

30, An apparafus comprising;

a first logic 1o receive at least one data value; and

a second fogic to parform nmitiplication of the at least one data value with at
least one rational dyadic constant that approximates at least ome irrasional constant

scaled by a common factor, each rational dyadic constant bein ¢ a rational number with a



based o at |east one pr cision netric for results

generated fromthe nultiplication of the at |east one
waladoaosrrzue with the at | east one rational dyaPETUS2007/060405

constant 33. The apparatus of claim 30, wherein for

mul tiplication of a data value with a rational dyadic

constant, the second |ogic generates a series of

i nt er medi ate val ues based on the data value ., with at

| east one internediate val ue iA° the series being

g@ﬁnigfc eqzd)tnﬁg Stgié ti?e %Qm%qa%%?t&/ﬂag g qslﬁ(étefl ﬂ‘ﬁg’{dﬁg%lgfglgﬁ of logical and

vmiihnaem spthhﬁmﬁdbl e msitiphcaltnRytihy &l 18R oh@Hath RQlue with the at loast

nultiplication of the data value with the rational

d"‘md‘“g‘“&agﬁ‘i“gﬁf}‘f’“%ﬂ‘? The apparatus of clai m 30,

wherei n the nunber of | ogi cal and arithnetic

oper at j ons determ ned by performng nultiplication

o1|‘o t he:l | ég%?%%%afi Qa&iﬁwﬁe“«hﬁw thedogieal f@élsv“bmuc operations
r@tmalsmyﬁgyg@dg%@%@gg using internediate results to
generate at |east one output value for the o

mul tiplication. 35. A nethod conprising: receiving at

| east gne dag aa;)ﬁ@ldﬂ@w ofaarigmp% f\@ﬂéﬂ ﬂg Uﬁ}“x {ﬂopl id&%l; lsWected further
of the at |east one data value Wt east

ReERbRRat Rpspre pEastanmettafor apﬁﬁtsmmaﬁ&si mm masﬁulnp}marmm of
gg% %ﬂ lsaéa*?}agg gé\li \:ﬁﬁ%ﬁ@ﬂ%}ﬁéﬁ? géﬁgtd ;%yrﬁﬁm?ﬁ? r@gli)cﬂg ﬁtg)'? t‘?mhb or

with a dyadic denom nator, the conmon factor |

sel ectgd bag; r and ar

oper atlﬁons ﬁed%!% &ﬁgm QIIan i éﬁelg " mﬁlhpl §§§t§?‘} Ghé data vaiu
Feitha q\,@rzg@aiv\ﬁmﬁfq h«emmnu é&stw@né Ioaltcl maht&iy&@;ﬁm of intermediate

T

FaREREey dPreralh PRVE TR Gl B R R G YOS i thgmgries being

@pmrawd&mecwn afﬁaestlmbhmlﬁlemﬁteﬁ:;hzaﬂlme&&iud/m&he sBridsh@nd provides one
I t onpr

@Lﬁlexfn% Cg't %nmoﬁ cl sg%glf glq\f:,gﬂ gptpw fﬂmé 3?13{ heomy]ti p&}f%ﬁub of the data

efeimstvam thegafrenbdyalic anseines of internedi ate val ues

based on. the data value, with at |east one
internediate value mthe series being generated based

on at sHeastTiengpatherod diial SRAVRLSI AL UBmbBr bM®gical and arithmetic

rie
opmatmﬁs 1sni(2u; mined by performing multiptication of the at least one data value with

ihe at east one rational dyadic constant using intermediate results to geoerate at least

one output value for the multiplication.

35 A method comprising:

receiving at least one data value; and

performing multiplication of the at least one data valae with at least one rational
dyvadic constant thet approximates at feast one irrational constant scaled by & common
factor, each rational dyadic constant being a rational number with a dvadic denominator, the
common factor being selected based on number of logical and arithmetic operatians for the

multiptication of the at least one data value with the at Ieast one rational dyadic constant.

36, The method of claim 35, wherein the logical and arithinetic operations
comprise shift and add operations.



providing one internediate value in the series a an

output value for the nmultiplication of the data val ue
waowaon/ose2 rat i onal dyadi ¢ constant. 38. An appBCEHUSZE07/060405

conprising; neans for receiving at |east one data

val ue; and nmeans for performng nultiplication of the

ai | east one data value with at. |east one rational

dyadi ¢ constant that approxi mat gs at | east one

irrational constant scal ed by a4common factor, each

t ant atj onal npumber, with a
gstald?(r:]%egg%g% ;n%‘ra{l)% a}@“ he n% ; a\éfe?fP“}béF 1% gPLEBH PR gmultiplication

beswietison fnumbﬁmim:hn bmgi mékmafaﬂmamit fHr@ional QRREAERNS:
for the nult n of the at_ |east one data val ue

Wi th t%%mx'%tm e'b% ne%ﬁa urttéml afe \&9§al @Sté‘bﬁ%f%&éd{& yolue, with at least

The apparaidis aludchai ik 3Ricyhene Beﬁé?&eﬂ"&ls@@'ond at least one other
arith tlc ragmons conprise shift and
’B&?‘é‘? 1gifsva ‘%0““ &er, H‘“ﬁp tus of claim 38 vvher ein the

e ns faovield ehel ﬁ@awﬁi&ih’t@'daﬁ@ {00 £ QERES 385, og tputi v value for the
rrultlg catlfgg?of a data value with a rationa

CBHYiphRtioneifne dyjanahusrviythe rabpnabdyatic constantedi at e
val ues based on the data value, wth at | east one
internediate value in the series being generated based
on at .33 easfngnpasinernipisiewimedi ate val ue in the

seri esmezéﬂ%fﬁ%@ﬁ%xf@{tIQJ%P&‘;Q&#QVQPS il{aﬁer medi ate val ue

in the series as an out put
mul ti pheastipbredereing rdatialivaioneotithe ht tdast oat Honakiue with at least

m pr oduct
g%ﬁ%?i?%r%ﬁ 85&2% tﬁgr&éé} t_tﬁétggygg(%{}u%me ra‘g %r 2to ﬂg{fzﬁaéi copyjant scaled by

fAOTOTRBUS if4Fiorm cadnitcar] tendie caistamt bcineastatmme ! fh@hBer with a dyadic
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Frcat
|a@§gnetmem;tqm st ﬂ}dysaﬂtiph ceins toflfite dthedst apPaaX vARLSSth the at least

nal constant scaled by a conmmon
?)glgf%rg%tgg%%%n?m&m dyadi ¢ constant being a rational

nunber with a dyadic

39, The apparatus of claim 38, wherein the logical and arithmetic operatons
comprise shift and add operations.

40.  The apparatus of claim 38, wherein the means for performing
multiptication comprises, for multplication of a data value with & rational dyadic constant,

means for generating a sedes of intermediate values based on the data value,
with at least one intermediate value in the series being generated based on at least one
other intermediate value in the series, and ,

means for providing one intermediate value in the series as an output valoe for

the muitiplication of the data value with the rational dyadie constant.

41. A computer program product, comprising:
computer-readable medium comprising:
code for causing a computer to receive at least one dala value: and
code for causing the computer to parform multiplication of the at
least one data value with at least one rational dvadic constant that

approximates at least one imational constant scaled by a commion factor,



denom nator, i comon factor being selected based on

nunber of |ogical and arithmetic operations for the
woredoviogd2rzat i on of the at. | east one data val UBCTMIB1907/060405

the at |east one rational dyadic constant, 42. A

conmput er program product, conprising: _

conput er -readabl e nmedi um conprising: cod for i g a

conputer to p fo nmultiplication, of a first group of at

| east one data value with a first group of at least o

rational t hat a oximates a .
group of at é‘aiscf%g%eg? z}dfétﬁ"ﬁﬁ F‘%@ﬁ%ﬁaﬁ?“%&ﬂ%‘aﬁ’&y With a dyadio
first commodetfomgnaos, gectomabhofasior otmm Gelocted based on number of
Genom nat or A& 48 MR S SRGEHing® taiabe prlacion of the at east one
per f or m nmul dasphrioatdnibeht RaSQERIG AP HPaRE c@lstdgast

one data value with a second group of at |east one

rational dyadic constant that approxi mates a second

group 4f at Ak@@iﬁt@ﬁb@@@,lhﬁﬂﬁb&%%o ?mtant scal ed by a

second common factor, first and second groups of

at | east one d’ﬁi“é’“{f‘a’l‘ﬁ@ﬂﬁaﬁ‘ﬁ‘éum FOREIBMG si zes. 43.

The conput er - r eaglakl @r nﬁ&’d!h’s.maov m?du@uzt% pcxf‘&;tn |§¥$}{1#)11w£10n of a first
conprising: code for causing a conputer to per

nul ti pli cat¥EHP 6f ahlepstiqug Cbafméummata 1l&agt01.mne° ad&taat one raionsl
val ue W tn &qdhl &hs@hOHRe QL?a%t\nln&%SE fﬁ&e ogé o?qmaast _gne irrational
dyadi ¢ const’ant that approximates a thir

| east one i¥Watrbigkedclan gtimt covaloedabpr.seath Ifii?ﬂ‘}ﬁabk’i'm’ﬁt constant

factor. being a rational mumber with a dyadic denominator; and

code for causing the computer to perform multiplication of a
second group of at least one data value with § second group of at least
one rationat dyadic constant that approximates a second group of at least
one Irrational constant scaled by a second common factor, the first and

second groups of at least one data value having different sizes.

A+
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The contputer-readable medium of claim 22, further comprisi g

code for causing a computer to perform multiplication of a third group of
at least one data value with a third group of at least one rational dyadic constant
that approximates a third group of at least one irrational constans scaled by a
third common factor.



