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described herein may be used for various types of transforns such as DC]',
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100231 FIG 1 shows a flow graph 100 of an exanple factorization of an
8-point IDCT. In flow graph AL, 18 W RLesepked by symbol "8
and each nultiplication = LAY EREHIER on suns or

subt r agoemot Wo I NREG. qaghug»sa&nﬁvgﬂfagwodeﬁsqmmmm vaI ue. Each nultiplication
mul ti pI s an In%&/ ue with a tg?)? %rm CQ{SE‘ ant shown inside the box and
provi dé h outp BWS ROV B@P REPYEI G 1 has six to ul

tiplicadmgps w t hrrhe shebk QW REpGeR SF AR Bt TIFCST with commen faclors.

[0012] FIG. 4 shows a flow graph of an 8-point DCT with common factors.

{0013} FIG. 5 shows a look-up table storing the numbers of operations for
nmultiplication with different rational dyadic constant values.

{0014} FIG. 6 shows a block diagram of a two-dimensional (2D) IDCT.

{0015] FIG. 7 shows a block diagram of an image/video encoding and decoding system.

[0016}] FIG. 8 shows a block diagram of an encoding systein.

{0017} F1G. 9 shows a block diagram of a decoding system.



C, 14 = COS (I 4) :45, 0.707106781, cos Of 1S) 0.382683432 , and S, is =
sin (3arl18) 0.923879533. 100241Fl ow graph 100 recei ves ei ght scal ed.

t ransf or MA@ 240708228ht s 4, X[ 0] through ' ATM pRET/HPWRTRA4®B- poi nt

[ OCT on these coefficients, and generates ei ght output sanples x[0] through
x[7]. AO through A7 are scale factors and are given below 1 4 =03535533906,
242 -- (77(116) - 0.4499881115, ' 2sin (37/18)- -42 cos (5z/16) cs
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|/ C'f4, 2(73’*‘19@'l s gomumdy uged momgstaﬁlmﬁbm@ssmgls for the IDCT and DCT in

FIGS. k 2 ar I|c .b tially the
sane co??g?gnt fa?% gfrzi_rti W t%q%{%ﬁ%p% %’t‘%ﬂd ¥/ % Bﬁﬁéif’?p&’ﬂet gf’%ﬁ’ebe
advant ageousiefiogd asrfpllewent ati on of the DCT and IDCT on an integrated
circuit, In particular, the simlarity may enable savings of silicon or die
areatoinplerrent t he terflies d mul tiplications by transform
const ants, whi ch Af4g 4 Exb:jtdsbszg'é-}!%r dahd inverse transfor MBEq (1)
100281The fact ori zati onéshewn in FIG 2N resul S in a total of 6

mul tiplications and 28 additions, which are substantially fewer than the
nunber of multiplications and additions required for direct conmputation of

equation (2). The fact g{ﬁtlon shm Ilj'l ;G 2 also results in a total of 6

mul tiplications &= ¥ iddscos .substantially fewer thangg g
nunber of multiplicatf®dng and additi ofi§ reqw red for direct conputation of
equation (1). The factorization in FIG | performs plane rotation on two

i nternedi ate vari abl e }y\nﬁh Q?@L_%s and S3nes. The factorization in FIG 2
perforns pl aiﬂ!erer@(’fa)tirgn Si two' intermediate variables with 2(73..rs and
293ws. A plane rotatidd is a(étﬁf'*é‘vév by nul tiplying an internediate variable
wi th both sine ang( cOsi 3w 8) and sin (37r/8) in FIG 1. The
mul tiplications f5H HiR ﬂisi’?ﬁagldf’ Rpch. apd i ci ent |y performed using the

conput ati on techr)‘r[gguﬁd @gsggcﬁggyl_gg&%\g u&@oo%gl':' GS. | and 2 show exanpl e
an

factorizations of an 8- poi nt

[0020] The 1D DCT in equation (1) operates on N spatial domain values x{0] through
¥[N-1] and generates N transform coefficients X]0] through X[N--1]. The 1D ¥IDCT in
equation (2) operates on N iransform coefficients and generates 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 fransforms proposed for
imagefvideo compression,

{0021} The 1D DCT may be used for a two 2D DCT, as described below. Similarly, the
1D IDCT may be used for & 2D IDCT. By decomposing the 2D DCT/IDCT into &
cascade of 1D DCT/IDCTs, the efficiency of the 2D DCTADCT is dependent on the
efficiency of the 1D DCT/IDCT. I general, 1D DCT 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 commonly used for image and video processing,



DCT, respectively. These factorizations are for scaled IDCT and scal ed DCT,
where "scaled" refers to the scaling of the transform coefficients X 0]

t hr ough . W0 2007/8822Rnown scal e factors An through A7, red§dEVT20eVAp0408; her
factorizations have al so been derived by using mappings to other known fast
al gorithnms such as a Cool ey- Tukey DFT al gorithm or by applying systematic
factorization procedures such as decimation in time WO

2007/ 082272PCT/ US2007/ 060405 6 or declination in frequency. In general,
factorization reduces the nunber of nulti 6I i cations but does not elimnate

constant s r Shie Thid bfia 86, °RS Llhinic b b 1T afe MBICE, it bied G Sencande
mul tipl es ﬁbuiﬁgﬁiﬁgﬂﬁbcﬁsﬁﬁ \@rip0s ]EltzaMncﬁﬁiéeb Q@Iin%ﬁ‘ﬁaﬂcmlfd%_tduleﬁ%ls JPE@‘MPEELE a
constant t t a.r | nt egers, e nultiplications wt
irrational g@%@@éﬂ&Pﬁ’&ﬁ@e%?%‘%l\gﬁéﬁﬂé Iy perforned in fixed-point

i nt egefooaz} t hmet iTheWIBDERERN | DIBIC oMY bgglgﬁléﬁgnté@inacﬂgi'i‘%?ﬁm f¥Ysh@wn in

rational dyadic, constant. A ratiognal dyadic constant Is a rational constant
with a dyadPBUaiins klh 208 (Cantsspres velse o7, sphbstanied rredictiomdine camputatiomeger s
and b >0. MabhbRkitGahiPhe flanady i AL ' at,j | dvadi, c.
constant may bg ac, ie\;)e!(atlle V\,i‘at!?]&‘l E(’)%ihggﬁ%&gmngag?%@rsr&%tge%pl)%r%aatsﬁ%\%s[?&égﬂca%ms
descri bed bardadditinas aunesiblef Al fglotakticmibrar irsdsfie mayiermpicsased by a flow

dependent og, i { C Lon 4 erforned as well as the
val ue of thgml%)kalt%%1 %Eﬁg@% ?ggkfég}%co'ﬂ?ﬁgalﬁf‘gfgggﬁ%{’& nf%ﬁgﬁégfﬁ?s @&mon factors
are ust®23o reduddG. Heshbesalflovaghph 100 dperahinphsfabaiizatiss ahsf SpsaMOE, to

i nprove theypreci si the transformresults. A commn factor is a |

constant t hgfﬁlgg’ %’S@? ilgé‘ ?883 Sﬂ%’%&’ ’AWE*’%@WFQMFM nggrﬁnétﬂaé‘é ojyliigfication

transform #Avepresesta®ty atlrxy adch U6 HEkuds<H sBBrA&] 8F6 Ghul 0a1dss émﬂﬂxfo%i&é@' ue,

etc. A common factor, ma e aP,s rbed with one or nore transform constants
it éagkrwt@@

and may al s&* BRPHE Y caffqrempkiplien an spuirlue soth atransfomr sonstant
common fact sowiRihsidEhe b6x bh& pRRRI U RithQNvable, OFfe BletdIBhGod b m&} ﬁﬂgg dix
transformconstants by one or nore ratiohal dyadic constan?s, i'ch ey then
result in a® catigpvith thpdHowinggnastaot Bastorsind/ or i nproved preci si on.
[0032)In general, any nunber of common factors may be used for a transform
and each comon fact Greosdy/ de HPPPTIEE78b, any nunber of internediate
variables in the transform In one design, nultiple conmon factors are used

for a transform and, arssappid)ad 1gpoguls2 pl@ groups of internedi ate variabl es
of different sizes. In another design, multiple comon factors are applied

to multiple grougs of Jni- di 4-abl es of the sane size. (00331FIG 3
shows a flow gr a%sﬁ”?aoogngﬁﬁzgfr%?g- ;’)‘O‘T’gr#&%ﬁ%T wi th comon flictors, Flow graph
300 usgs._the sane factorization as _flowwgraph 100 in FIG 1. However, flow
graph BBfluses t {9 smnbni 9ieaceives eight soaded reniforrofooeffictente df, atkd0) shmoagh es.
100341A first n factor jfl | plied to first group of two
i nt er nedi at & v"gﬂﬁalﬂegfé’"fs&ﬂd‘!“ﬁ’@?t @ﬁ&@m ea?eﬁ%?ﬁ%a%a%aewwm@mm
coef fici entgndidleang 7 Ng. }%% 2007 / 07,060405 7 first
common. factg’r%’lFl lig wnﬁ%@b ?’-e? tvl~\x” fg’%Qgéﬁgﬁgﬁggg%et%‘?ﬁéegﬁbrm ‘
constant and is accoupted for by altering scale fs~ o A2 and A6. A second
common fact or F21i>.—s—a£" appt 0.883156380&econd ng@p—éiM—beﬂ@Oﬂlﬁdb%iﬂls,
vari abl es X, : throug%" ,$, which is generat ed 25568 /8h~ vRansf or m
coefficients AT] , 43);£ i f] and 473, The second common factor .172 is
multiplied with - B0sale ol b hd fhalbpansf gr m cens{emtis) Cir | , and S,
and i s account ed;?f‘or by/2al te?i%r%b%%éﬁbg’fac'b?'gi%lgcéﬁégﬁg 5?&%%?%351The
first common factor F1 nay be approximated with a rati ona? dyadi ¢ const ant
which may be nultiplied with >§Ié to obtain an apgk ,,'ﬂ% ion of the product
X1 'J. A stal ed #hansterR PaEI8B06C ' Cf 4 Aay-@e—a@?#@é—na&ﬁ(ﬁ&&ﬂﬁﬂ%f),
rational . dyadic conSfant )31, which may be nMATEFPEETBEh 34 to obtain an
approxi mati on of the pl’&Odl_.léi)'é X, .C'."4. An altered scale factor A2 If may be
applied to transfor/&% SL¥)c +An gl ter exbs§rdl® f ac SRl may
2 ’qu&g?%nt ?%1. ‘% %f%ré’gﬁ\ﬁ%‘%"fsac

be applied to trahsforgxoef V03Bl 2 L3660 tor
F2 may be approximated with a rational dyadic constaﬁ(t azj,) whi ch may be

mul t i ghd with : t e ' ' e.prodyct X4172. A.scal ed
ranshora t act or' £ SeR 0 RcAls3RACrRE bk, RhS Hobiaferth opratis
constant firegeivits bip mppt byetueslatd phiedicnitvh o@putovabldsaivheAnomPpuoN fahe on of
the product K3 172 Ce4. A scaled transformfactor F',-(7 may be
approximated with a rational dyadic constant y2, and a scaled transform

factor .F2 Sste may be approxinmated with a rational dyadic constant 05. 2.
Rat i onal dyadic constant r:, may be multiplied with X*5 to obtain an
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Xa and Xt" which is used to generate transformcoefficients .X[2] and X[6].
The first comon factor Irais nmultiplied with X is absorbed with transform
const ant WQ2930823Rd i s accounted for by altering scal e RGRPR0/KIM4Eh A6. A
second common factor Ft, is applied to a second group of four internediate
vari ables X', through Xf, which is used to generate transform coefficients
X[I']. X[3], X[5] and X[7]. The second common factor Ph is multiplied with

Xa, is absorbed with transform constants I5 /C .-4, 2C3,e8 and 2. Snes, and is
accounted for by altering scale factors At, A3, A5 and A7. [00401The first
comon factq ) Y, gSQnst ant aa
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respect i vel PHPHH J8kodd 4 bHnken theleattam brnch. nay be approxi mated, with
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X 3], X[ 5] arg ]]%ack, ectively WO 20
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defi ned fortosix)Xplenmﬁtt ﬂa@ttﬁmaﬂ:}iei ghd ﬁ%,/smxﬂh;{lﬂ:ancﬁﬂs 53 trﬁnﬁﬂxgz&gonét@ts ﬂlcﬁ/ﬂ%g) ’

/3t, Ft, %& ;j{x ,w , cos (3if

[00431FI GS “?? dngo %’ﬁé ’é*‘ﬁ%sé‘%‘f‘s"@&ﬁﬁnn factors for Speci f| c

fact orjpazdji ons Ofh8 tRRbiM tg,pc;r eexale| i tors
may be used foQr other facatlorl Zg.tl oﬁgﬁép 1rktes Jaégﬁ%_&?ﬁé’ hc%{; her

types of tr "I“b‘?\“'rrs“ rhich @fénélltﬁiaﬂ“&“)tofmm ﬁ?aettbp myb@eoﬁpqnbit@dicmmm gnd)up
of at | eastadgo t f ou

i nt er medi at & vari}sgﬁgsgﬂgdjr& &;&%bﬁﬁg@gtbg %e%g%pcga g‘,')o[} chﬁa?gwé%}&é% n
(e.g., as shSHnZi dsE 1@?‘*@) Hpra @@ahqfobgm&mmmmsgawm&)faddmw whidil ege
(e.g., as s ountedf r. by the
scal e fact ogrus?maaggalligc%%z*% e%?glﬁgl%?ﬁ{elggél catﬁﬁg%l%nfﬁ%f Aty {?ggrec?for direct

[ 00441Mul ti ‘mf@lé@fmﬂﬂ’f gty € )nﬁ‘}% lﬁmctarpmtwadn TG bufpn‘nes g&@&lﬂﬁaﬂfﬂ on two

i nt er nedi at; Lk e nd gro | ude any,

i nt er nedi at gteﬁr L apl asﬁab%ﬁ w@b? ?‘Hﬁ %FW% i Ib’@ deb%‘ﬁ‘éfé?ﬁtplé'ﬁﬁ
vari ous faabmt&nsu@ hwasintditelRes Qhiigsbé Qﬂﬂ@fzt‘t,,b;? aﬁc’i angform ;{fﬂ“rer ?ot%@&x is
transfortn nst S are | ocated within the transform etc t1 ple conmon
factors ma)f‘ @Vﬁggﬁi SPHPIYIG er grtecpediats yaGable nwish rhdk atee wadi edsires oof., t he

GS.
3 a grrslds |4 )z e I(: %t?.t(gﬁgﬁy\pﬂ&g& PNy {r 3@8(): gzr}?gg} ]fll)aciﬁge s fi{g{n’%@ 'f%-e;?lggx@?%%@on maynb Fl

factori zat mﬁhwgmbyvnenfm‘d‘dd@m& thmncbdmp&tai;bfzséummmEieécﬁﬁé@bcibw ng applied to

i nter Lhat e vary ,1 S.. N d X2" a second factor being applied to

i nter K@%}gt e var}:.lg% a’@s’ ail]cﬁw °5"(§m§ff'd ‘%"Fﬂ?’?sdmc%ﬁﬂ’ﬁ“f‘éw apd R G-RYpl i ed

to two int QWQYQPQCMU aPhee RepsLaial ikan ddld ardTikd) scaieh()@é?l where

Mul tiplicati 53 ‘?Qns q.n rmediate variable x with a rational dyadi t constant
FOF e &P V’a

n may be pef eotraling pfethe fransfosee sopBidnots afel erongh tHihetthc.
Th I tipl

Sh 11 ] Ghosn RIS AR ThAEHEH, HERCilRe) Olho BIOBAAIR fifelitsq, b8
subtract, sﬁeaﬁe‘# RY 8FISB GRAPPENES 1) 0§mkoownttm ralg@px@uras stmhsxs ameoiaym:hkey m«*;

0 o, TR R NG DR SRS P “\E/’M}Fteh :

val ue of the rational dyadic constant a Different conputation techniques may
require different nunbers of logical and arithnmetic operations for the sane
mul tiplication of x with u. A given conputation technique may require
different nunbers of lotjcal and arithmetic operations for the

mil +inlirati1 Aan Nf v st h A1 fFfaoranmnt yvial 1ince Nnf n \ADD




[ 0048] The precision of the results nmay be quantified based on various
nmetrics such as those given in Table 6 below. In general, it is desirable to
reduce t hWh2WRD8822T | ogi cal and arithnetic operations (RET/ESAPR6E40S0nal
conplexity) for a given precision. It nmay al so be desirable to trade off
conplexity for precision, e.g., to achieve higher precision at the expense
of sone additional operations. [0049] As shown in FIGS. 3 and 4, for each
common factor, rnultiplication my be perf%pned on a group of internediate
vari ables with a group of rational dyadic constants that approximates a

group of at J.easd i | copstant. (fqr at. |east one transform
factor) scaldtlada :mf[&. ﬁgj‘t1 {:r%%}%q%g@éléto?& %e{%l,pﬁfa%@{zﬁﬁwq ﬁe‘%{f%d-xﬁoi"ﬂmbﬁﬁt@‘ger
arithmetic mﬂtipécq@@nsbumwm olamineteghemnners_ For clarity, conputation

t echni that. -gear nul tiplicatiqon with shift, and add operations and
usi ng ﬁ?\@glr medi at’g]%rlfé"gfﬁﬁlga%?né; ’Be@g;r*ﬁ' ae"ﬂ‘\yb% REWV SR EORY RRNSARIS JAPResEINEqUes
may reduce tiesihotad cosimber ditfersnbhgled Whidd g iBlds Sy

| DCT, 100501!\/%'” &gﬁj i ¢cat,i on of ;n i n%gger }var ieggﬁglﬁ%ésm t hfgﬁoﬁtpgg%%g?ér
constant pi A% IREd- poftitrational senstantiis Respstantihpt ibaci alratio of ty intepersx i Thet | ng
the irrati onalitisipcasibad el § afd I.£ as_ f WS o\
2007/ 082272PCT/ %52007/ 0‘804?{?@@%1&%&%’%&?’3%5%%“ P{;?Q‘?%gﬁ?‘tr"}ﬂa}'t E%%%Jf‘lego'ﬁ‘sﬁﬁ‘\fﬁ? to
be appr oxi nRPEY, niegen prithmeticewhen cathaimativadl comstardtiardpprdximatedasye ai matiogar s,

and h > 0 . g5 1NN 1 At avaclabl.e x. and rati.onal dyadic constant. u
=eft, an int gger- s/ti?l e§ %?g’ ?chta%/(ﬁlg (’?Qg(tdg‘) ?’Zf'allt?a‘%{*%) c?i%%‘%e“g@p‘? 6@?‘%‘& ed
using a ser desominatont endreitisatie feimies/ By (hereierRdYe ard) intéders Xandng=foor

Il 2t val .pl ks obtained as faollows: , th j .k <i ,

Ea (8) wher Syutieain b, Uikaef Rarhie A gl dymdiercopaeiomay hs whiaved

si gn of consddrtogiosl afd hsmmremdipaiaﬁou@lau%kc:médlbe%nz.bilﬁxéE-nu%%?t%%k zgmgai on
or -z, . acn |1 nter late

(8), yo may be equal to.yi Yg. 2;yfr -2" . . Jiat
value yi i nl‘”f‘ﬁlg’ T FRYE B-g HOPRYDY Pndbe wanwskotprwideh | theeromptitation vial ues
yf and YL i perfivenciicsivedli asMh@NaluRick AR rakibndlidyhlicTRysR@ equal to zero. Each

i nter rTFdl a}te val &Je yi may be obtained with oOne Shl?t and/ or one additi on.
The shi®Pli s not Hha@3eRectrcammesn facraars wsedapgedifisctha dotat nembérsofimteraizaded
if yl = 0. &he b WRRLRE 8 Jol ¢ , N yl ti,plication
i's deternined by the number f,ofln@%ggrdrz}gglﬁ g‘?%%?u%??&%%ﬁ%%%és% %/%“gﬁni S
t, as wel |l Bstarieaspprtanisthabiswopticd tr onsawhmpret intoredilinteevaraibles. in Beansform.

mul tiplicatihgn i ] viadl & t .U is essential nrolled,into a.
series of shi f?%nﬁ%égﬁﬁ&qgg%a‘?%%gg 32%?{%1%}8}8? |y0e§b ?ga%evtaiﬁ%eﬁl%d%ﬁc’?lﬁﬁ’(n fafer
final val uemian berrdsebei edtlhesomemotd sanidein ednstaitegad nvwdl alsdbeuesbuated foF EQ
(9) WO 200y¢/ 0822:¢2PCT[ US2007/ 0 5,12 generated b hift and .add

oper ati ons g{nd?ﬁ%%%gg;%t g‘rzrrxgé{eag gélgegaﬁﬁ%‘ : (d‘& B?’PB‘I‘%Q AR i 'MPEPYRedhit e
val ues) to apduceatice dfanal ornuateairafonaparaisi@isconkRetBMahé op niGatrh@hapf an

i nteger varj e | t irrational constants p and 77 in fixed-point

i nteger ari %ﬁ%& Féﬂsﬁé{&g} b%h\qg% Iﬁ‘%’v@'&" B %i?"ﬁ%ﬁ ?"ﬁ*’d b Oof QPETAHRNS BBYEE ant s
wi th rati onatprdyatirecicesmhuns, as follows: p c¢,/2bandn Ong ,Eq (1.0) where
012b | 2d agre t rational dyadic copstants, b, c, dand e are

int egg@g?z b > an 8‘3@’\9@: at*ﬁd%‘ﬁ%@“ @éﬁO{W%gwt%ﬂ*%P% ﬂﬁe%g‘er # dxengiern. dyddi c
co gst a?t s Ueaeh cdmraod fycter euay be byMliddMoeER! n¥AbEEr PIBSNSH sto YoaTiabbs 1§ HheD

and z (x.

r?gn/sFo%m(. 1}3 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,

{6033} F1G. 3 shows a flow graph 300 of an 8-point IDCT with common factors.” Flow
graph 300 uses the same factorization as flow graph 100 in FIG. 1. However, flow
graph 300 uses two common factors for two groups of intermediate variables.

{0034} A first common factor ) is applied to a first group of two intermediate variables

A and X, which is generated based on transform coefficients X[2] and X{6]. The



may be approximated using a series of internediate values lvo,I1t12, " W Eq
(12) where nit, 0, wi =x, and for all 2 L.ci s:t values, w is obtained as
fol | ows: WOn20090822722" with j,k: Eq (13) where wi,inpli eP@Eiv$2007/068406 or
tight shift of wk by Is, | bits. The series is defined such that the desired
I nt eger-val ued products are obtained at steps in and n, as follows;

Wtcy and w' zEq (14) where nz,n Si and either ft: or nis equal tot
(00561As shown in equations (10) through (14), the nultiplication of integer
variable x with irrational constants p and 77 may be approximated with a
comon seri ﬁs of internedi ate val ues generated by sh‘iﬁ% and add operations
and using i AFEs FRIUNGP dagersh samplliptied veth £hds gbiaghed with dransformprongtent fis:.
1005711 n t hgpgq ' rﬁﬁﬁ,dsc@féoﬁ -4 B Wi o] | o
addi ti ons andgsﬂgﬁgtteigg‘gg@}gg&ézer 0S an &ghﬁtﬂ és{ﬁ(ﬁ‘gs'zg%% If({)g&n%gﬁg%&%r# 1 Ped.
The fol | owi FgPEethyseid sewwril croupeyf frarniathemedinp 2edables X2 1BRUEHUSR 004icB 613405

1005811 ' | . | feey X' ] )
10651 S A o BRSNS, A1, 58, ) AEAEL R S
one shift, zenshehchy H, m@n@mjfli%& SUAN XY, 9s bR rbd 0Nl Yansfoin -cohﬁaﬁ'tg :t*t%ts;,' Olx

(16), the expression to the left of ""“involves a shift by zero
(denot ed by 28§l Sard avehip dgeoysied for by dltwiing sohefatds i.oh, 4asndiown by t he

expr esgd to thewmll = t 15)..and ) applied to
cquat MRy % o B8 ecimor Sro g b BE abrrokioBis R Fhipel Su AR cpfgent
conput at i on ¢of wihich RHOBE inulhsiedLibith At it6 abiabien kfprbkiatioh dmh@gaﬂauéc xeyrhe
efficiently perfornmed using the conputation techniques described above. In
FIG 1, nul t4 pralesbrsnsfornf factor & ef .y andyalst gprokivhatéd with hontionat dpsdianbnGmtf . t
in fixed- poié;{t integer arithnetic may be achi eved by approxi mating constant
O with a Wat e RRYa8e coeidwbiedivith ok toabain: an 8ppissroatien of e e bduct

100000000 Eqgy(Xd) wh SN LS. & Lat dyadi c constant that is.an 8-bit
appr oxi mat i on® of S, %&863%%?‘%@% ?%{tlgia}&!}g%ﬁ 78’%" i ﬁtaé’gg?é%%ﬁ‘lﬁ FEEOR oot
constant (74x[my Aeaeebd SEFERRS AYE (el AR ed BlirhdPdrok POGELTRE X161,
mul tiplication in equation (18) may be achieved wth the follow ng series of
oper at {4988k y| srihelset@od cob@or=fador( ¥2 i) bk dRiodifafddiOlith ¥4 ratiohal MPadic
"1/ 010110101 . Tbte bi pary val ue Eo the ri %ht of "if" is an internediate
const ant t KPR Y‘P‘Hﬁ‘l”éﬁ Pitpliedapitip-Xe to obtain an approximation of the product
X, -F,. A scaled transform factor F,-C,,, may be approximated with a rational
dyadic constaut B, , which may be multiplied with X; to obtain an approximation of the
pr‘bduct Xy By Cli. A scaled transform factor F, -, may be approximated with a
rational dyadic constant y,, and a scaled transform factor F,-8,., may be
approximated with a rational dyadic constant §,. Rational dyadic constant », may be
multiplied with X5 to obtain an approximation of the produet XI5 -C,,, and also
with Xs o obtain an approximation of the product X, -F,-(,,,. Rational dyadic
constant &, may be multiplied with X5 to obtain an approximation of the product
X Py -8 and also with X5 to obtain an approximation of the product X -F, -8, .
Altered scale factors A /FK,, 4,/ F,, A;/F, and 4,/F, may be applied to transform
coefficients X{1], X[3], X[S] and X[7], respectively.
{0037) Six rational dyadic constanis o, B, @z, £.. », and &, may be defined for six

constants, as follows:

a = F, B ~F cos(xl4y, Bq (3)

e, =F,, Bi=F cos(w/d), y,~F,-cos(3x/8), and 5, ~ K, -sin(3x/8)}.



WO 2007/ 082272PCT/ US2007/ 060405 14 100621The desired product is equal to y4,
or y4 =y. The nultiplication in equation (18) may be perfornmed with three
addi ti onsWANOI/PERE shifts to generate three interned atRCHBINEKIH)405 ys and
y4. 100631In Ha 1, nultiplication of integer variable x with transform
constants C3,ett and 331e8 in fixed-point integer arithmetic may be achieved
by approxi mati ng constants C37pis and 33sig with, rational dyadic constants,
as follows: 49 b00110001 Laffl18 = 128 b 10000000 son 473 b 0111011001 3 s
512 b 1000000000 andEq (20) Eq (21) wher® C:31,1; is a rational dyadi c

- bi ' 7 t I
const =t . i Potor PR 5k 30 Bkt 325 Sl oo £ Bow
100641Mil ti phragtat00msed thHendage facyaizabbh A RY gfqhSLaN LS FIGSRI SHaREve4 flow MY
be expressed as: 1‘@-/9 (x-49) 7128 and z=(x-473)/512Ecl (22) 100651The

mul ti pl i cat i BAR 9P uses e FBW"“("Z’Z")“"W&S/*%é""aéﬁ?%é’ﬁ* Eredigte vidatilenni ng seri es

of ope ns: = radn 01 .
1/ oogldg%sf? 1V, =V ‘&‘(hm\(&”' 4) Fac}&f\gyflo e%%%%f@é&&é “9'71%%’1‘&“ 8%'}%’3’ 23)
WD 2007/ oszzﬁmmsmvnsosed% gengate trequmsccte@ﬁgmr Xy méﬂﬁl nflélerf’ta'd!i ate
val ues w2 throu

ddltlos of oS are .o ed ip the generation of
1v3 and 116, °°§H19‘P'{ "CB’J adf Grudiigh ’F‘? gf ”ﬁbﬁ‘?@egéﬁérwﬂww nf HE riasand
10067] For t He aBcaimtdd for ByTaipdtmisdale fdctors 14, 4431 A9 N S oRERULAL P BackGCANI AUes

applied {0 a second group of four intermediate variables X, through X§, which is used to

generate transform coefficients XT1], X{3], X[5] and X[7]. The second comimon

factor Fy is multiplied with X, is absorbed with transform constants 1/Cg4, 2Cams and
283x, and is accounted for by altering scale factors 4y, A3, 45 and 4.
[004061 The first common factor &, may be approximated with a rational dyadic constant

&, , which may be multiplied with X, to obtain an approximation of the product X, - %, .
A scaled transform factor F, /C_ ., may be approximated with a rational dyadic constant
F., which may be multiplied with X} to obtsin an approximation of the product
X,-F /C,,. Altered scale factors 4,/F, and 4, /F, may be applied to transform
coefficients X2} and X6}, respectively.

{0041} The second common factor ¥, may be approximated with a rational dyadic

constant 1, ., which may be multiplied with Xy to obtain an approximation of the product
Xy F,. A scaled wansform factor 5 /C,., may be approximated with a rational
dyadic constant £, , which may be multiplied with X, to obtain an approximation of the
product X £, /C,.,. A scaled transfonmn factor 2F, -Cy,,, may be approximated with
a rational dvadic constani y,, and a scaled transform factor 2F,-S,., may be
approximated with a rational dyadic constant J,. Rational dvadic constant ¥, may be
multiplied with X to obtain an approximation of the product 2.X - F, -C\. and also
with Xy to obtain an approximation of the product 2X, - F,-C,.... Rational dyadic
constant &, may be multiplied with X, to obtain an approximation of the product
2X,-F, -8, and also with Xy to obtain an approximation of the product
2X; F, -8, Altered scale factors 4,/ F,, A,/ F,, 41 F, and 4, /F, may be applied
to transform coefficients X{1}, X3}, X[5] and X{7], respectively.



descri bed above for multiplications by constants C,., CL.,8 and S8, the
total conplexity for 8-bit precision may be given as: 28+ 32+ 5. 2 = 44
additions and 3-2 +5.2 16 shifts. In general, any desired precision my be
achi eved P W7/P82Ruffi ci ent number of bits for the apprRE/HROPENOME each
transformconstant. (00681 For the 8-point OCT shown in FIG 2, irrational
constants 1./C 14, C3,ag and /93/cig nay be approximated wth rational
dyadi c constants. Miultiplications with the rational dyadic constants may be
achi eved using the conputation techni ques _described above, [00691 For the
| DCT shown in FIG 3, different val ues of “comon factors Ft and F' 2 may

resul t s iffer ! . logical, and arit tic rations for
the | mﬁﬁd di f@%ér@’?@%@p ‘g{“ﬁ%&esc%s’i r Forynke BE‘E] %t‘”%ﬁ%&%@"e&‘@f six

t hrough 471 cohdthdtgr8WbiieoEbi nati ons of values for FL and F2 may be

eval uated. For each conbi nati on of values, the total nunber of |ogical and
arithnmetic operations for the IDCT and th.e precision of the output sanples
may be determ ned?s’f‘é‘eal Fof, /g0y .val ue of 21, rational dyadic caip{dnt s
a, and f1 may be obtained for F1 and Fi -Cxj4, respectively. The nunbers of
| ogi cal and arit et i, gRes At lcer hemn rb 1 I, f0n @Il kil Rk - @ § on
of XI with cri and rru;Ft ?%Ii?tati Oﬁﬂ{)‘?X 'Wth"ﬁ‘fg%%;g{gyaqg{avgo v”ﬁ’u%&hg?r@,'
rati on&!q dyadi ¢ constants a2, 132 , r2 and cS71 may be obtained for F.F2
Ca"," HH®IE s 165, 3 aad sediom erampinee of sbenmnofactoogfaraipeaifid factparioni C

oper ati ons _ﬁ(,l;}g-nlgg L - ipllcation.of X4 wth er. ..
mFJ)I ti p: i catiagﬁ' of 9(3 Wi iaﬁﬂ?gg]ngggﬁg?%%%%lfcgﬁﬁ%?3#05@ W'Pﬁ UB%{‘F?’ PeLng
dt . The nuffstarizstionpef deildBE and ADE aridpdlse &iri e (9PesE, trabsFmE2 1 nétal, | S

equal to th i or iltiplications of Xs . wmth r2.and 82.
100711To fa%iclag{ﬁg {eﬁ%qg%‘g%gg F'ger?{ g’nﬁ%%‘fpe& o 'aﬁf‘}r’terf@{eé‘@mf?? ol & 2t he
nunber of | bgksfeim.anihisngidipne? interopdiast L ateblaBy e Y geempd treh b £
mul tiplicatjan, W &an%ijfe%rsnt RO (Jf’b e valﬁﬁje.éss(a)(;:c rati%?lal dyadi c é.%rﬁt;% gnts.
The pr e-corrpgpe\climnu o OB ?g BT WP EhgRerate 8 880Ul Sighir v iuse (&g or ed
in a |ook-ums slabieinFIGoAr TheebmaainfRidrUahybe ac :

| ook-up table 5%3 %hat stores trfe nunber ofﬂdl ogaiccglgﬁgéﬁgﬂa% %%ngﬁgé‘@ac?ors
operations $EVIEHhP hrep‘F’P'éta‘f“ﬁ‘E?ﬁ "\‘l'vf‘fer'imﬁp‘ftf"é‘?‘é-‘ﬁt rational dyadic constant

val uesjpoddpok- up MalHigle58inhtn Fakiohs Hi=7EPSIB0RL 4ahhEnld B it & fRl-RARSL b! €
e S, a8 s 1 o b
second 1 at | sfiéthiofl \FAhE gFIPS ti%tbelc@eg;ﬂdé&%nv‘?{rfdug FhorBd! Set 109 nﬁg%%{zﬁfg«;nna% or

possi bl e val ues for each rational dyadic constant 1s dependen

of bits usclerErmsiem. wherst At transéorne conpinets & Otated withinethentrenttoint hett3

bi ts, then {Rlfe RbGHHIBRASH i (o oS POSSi DL e val ues for
each rati onal Jggdj c consst:ant' gfggé%ﬁ(l#g%égfu %gzé%psg ,’&8 © tgr"@"%%es. 6{ cl
i s the smalitesempsizefeoichouhieFIGHS amd 4)5ort diferemxsimemiay shaven [rEFIGS. 3cand=)8191

for 13-bit)p [ L Nt -1 and f-th row of | ook-up
t abl e 500 C%%%%%ﬁﬁgfeﬁl%gé?&gfac&oainéa Pb%%%ﬁ%gﬁl '?ﬂ?rgaﬁt@% ap éﬁ?‘ﬁ’ﬁér‘ %3#' Foi nt
mul ti pl i catwish aofirst nommoadizetoe buimgi aypiplied xo intbimdtiith vatiables X, hedf X stsecond

rational dyadi : . C1 i .for the second rationgl dyadi c constant
G2, The varal ol HabE Bhinkraytie R sntpedais Cauee Gy o Jactr 1. fed i
eval uat i ng ahirfthen &ntorieiet dipticd ar ivasintdrmicdies VRN sR e BIaURBR HATDEhd Joj4)!
rmltipi ication %lﬁt ﬁnd é%éfora%gat entr)f and sel ecting the best series,
e.g., ‘The series Wt £HT PeifibEtergiseiatt varble yiyathop rations! dypdiqeomstanty mayw of
| ook- up t atieepdififiniedi inhvaious rhohers fhBxaeseRd zzitegér%ahméa@dIwmeqsaﬁ@%ﬁo?@)
contain the_nu er% of o ‘eraitl ons for .multiplication of iInternediate

vari abl e i tO% PRPFUSTed usng logigal pperationseigight shifhdight sbifls birinvasion) ¢ted. t he

| ook-up t abkighrnstiS YHEREbHE &d.g., QBAT 4BSrall) BO-vBRSdn, Ui § RER N Fer (Grefations.
ei t her abo or bel ow the main diagonal) nay be fill ed. Furt hernore, tﬁe
nurmber of e b of fogical 3aq ajthmetig epemtisgs seedadder thegnultilication dfonwith &

constants i i it Dk j : i C..const Cl angd,.C2.
100741F0r A CrhaRent B et ih Sl e Y B e RRBT e el S0P
det er m ned rationsl rpedir sonstarttagi Riffesent compitation cechpiqurt i may require different

mul tiplicatj.qn i . ultiplication of 12 with [31 my, be

readi |y dé’*@%ﬁ%&ﬁ% %@%@%‘:’g‘y’f’ﬁoﬂ@?ﬁ t?’gtsa?‘g\ﬁ“b’f‘ iggien gf "E%lYHBé"“ 580,
where al amgivenl computatians pavhdidue why réquitd dffferent! QimPergioraBgical ¥Rl afithnded
rational dyadi coFsﬁEntsic 2, ./ 12 %/ %%@81 maig{ be determ ned. The nunbers
of 1ogical “ERFYEPF 19 %P‘&*‘H’S‘&P«%‘N%fn% Vi digterient Yasesatiton of X4 with a, and

mul tiplication of X3 with )62 may be deternined fromthe entries in the
first row of |ook-up table 500, where a2 and fis correspond to ClL. The

niimhoer Af | ArAal ~ral anAd Aart +thrnot i 2~ Anor a1 Aane fFAar 11t mMmil +1nlt ~rat 1 An Af VYe




| 0076) Tabl es 1. through 5 show five fixed-point approximtions for the |IDCT
in FIG 3, which are denoted as algorithnms A, B. C, D and E. These

appr oxi maMOo2987/882272f or two groups of factors, with one QRSN ng al
and fl and another group including a2., a,. 72 and b,. For each of Tables 1
through 5, the common factor for each &mno is given In the first colum. The
common factors inprove the precision of the rational. dyadic constant
approxi mati ons and may be nmerged with the appropriate scale factors in the
flow graph for the 1DCT. The ori gi nal val s (which may be 1 or irrational

consta are giyen . in.t hird col um.. The rational dyadic constant for
each o:i !I :gills'hal va|®8°@'8‘gﬂég&8§“‘ia{fg’ec§8%§ﬁ fpcg graupad ‘%e%?ag?'tﬁ varablepbased on
col um. The csitariaasmiclhfis:i nternedi ate values for the nultiplication of
intermediate variable r with one or two rational dyadic constants is given

in the fifth cel umenukiter BETHRRIES afd adlicheBBGpaiatibhs RNSERIhORSL ii»%atﬁﬁs? Qﬁxd

mul tiplication are given in the sixth and seventh col ums, ré pectively. The
total nunber ot Jd Poprisias pbths reeiitsthe IDCT is equal to the sumof all add
operations in the sixth colum plus the last entry again (to account for

nul ti pl@&3ki on oflneggerrabfit X5 desunbleAveminitiizd theh mmbandf 8agical asd 28ttaitic
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operations. On some other hardware platforms, logical operations (e.g., shifts) may be

more expensive, and reducing the number of logical operations (e.g., reducing the

number of shift operations and/or the total number of bits shifted) may be more

important. In general, a weighted average number of logical and arithmetic operations

may be used, where the weights may represent the relative complexities of the logical

and arithimetic operations.

{0048} The precision of the resulis may be quantified based on various metrics such as
those given in Table 6 below. In general, it is desirable to reduce the number of logical
and arithmetic operations {or computational complexity) for a given precision. It may
also be desirable to trade off complexity for precision, e.g., to achieve higher precision
al the expense of some additional operations.

0049} As shown in FIGS. 3 and 4, for cach common factor, multiplication may be
performed on a group of intermediate variables with a group of rational dyadic
constants that approximates a group of at least one irrational constant (for at leasi one
wanstorm factor) scaled by that common factor. Multiplication in fixed-point integer
arithmetic may be performed in various manners. For clarity, computation techniques
that perform mukiplication with shift and add operations and using intermediate results
are described below. These corhputation technigues may reduce the total number of
shify and add operations for the DCT and IDCT,

{0050} Multiplication of an integer variable x with an irrational constant z in fixed-point
integer arithmetic may be achieved by approximating the irrational constant with a

rational dyadic constant, as follows:



IS I y..2+(x>>2);1/101 ,y3=x-(yz>>2);/ 1 01011 3' 53.3+(, 12>>6) li 010110101
33 256 111-2.= 1.0000442471 a2 1 1 Y=x; 0 0 .t6: 181 ----- 256
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umsel2t, Eq (5)

where 4 is the irrational consiant to be approximated, ¢/2° is the rational dyadic
constant, & and ¢ are integers, and 4> 0.
{0051} Given integer variable ¥ and rational dyadic constant u=c¢/2", an integer-

valued product
y={x-¢)/2" ¥iq (6)
- may be api;mxima’red using a series of intermediate values
Fos Fov Vase By s Eq (D)
where p, =0, ¥ =x, and for all 2=<7 5/ values, v, is obtained as follows:

Yomky, by 2% with j &k <i, Eq (8)

¢
hal 4

where y,-2% implies either left or right shift (depending on the sign of constant &) of
intermediate value y. by | s, | bits.

{0052} In equation (8), y; may be equal to Vit Ve 2% 3, -3,-2% or — ¥+ Yo
Bach intermediate value jv in the series may be derived based on two prior intermediate
values 3y and y¢ in the series, where either 3; or 3 may be equal to zero. Rach
intermediate value 3, may be obtained with one shift and/or one addition. The shift is

not needed if 5; is equal to zero. The addition is not needed if ¥; = ¥a = 0. The total

number of additions and shifts for the multiplication is determined by the mumber of
intermediate values in the series, which is £, as well as the expression used for each
intermediate value. The multiplication by rational dyedic constant u is essentially
uarolled into a series of shift and add operations. The series is defined such that the

final value in the series becomes the desired integer-valued product, or

Fe=y. Eq (%)
{0053} As shown in equations (5) through (9), the multiplication of integer‘vaﬁ.abie x

with irrational constant ¢ may be approximated with a series of intermediate values
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[0054]

{0055

{0056}

{0057}
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generated by shift and add operations and using intermediate results (or prior generated
intermediate values) to reduce the total number of aperations.
Multiplication of an integer variable x with two irrational constants pand 7in

fixed-point integer arithmetic may be achieved by approximating the irrational constants
with rational dyadic constants, as follows:

el and  ym~es2¥ Eq (10)

where ¢/2" and e/2” are two rational dyadic constants, &, ¢,  and e are integers, 6>0
and d >0,

Given integer variable x and rational dyadic constants w=¢/2% and v=e/2°,

two integer-valued products

y=(x-c)/2° and z=(x-e)/27 Eq(11)
may be approximated using 2 series of intermediate values

Wo, Wi, Waol., W, Eq(12)
where w, =0, w =x, and for all 2=/ < values, w; is obtained as foll_ows:

W kw e 2% with fk<7F, | BEq (13)

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

such that the desired integer-valued products are obtained at steps # and #, as follows:
‘W_"! k"-}; an{i w!‘. R z b 'Eq (14.)

where m 1 <{ and either pr or nis equal to £,

As shown in equations (10) through (14), the multiplication of integer variable x
with irrational constants & and 77 may be approximated with a common series of
intermediate values generated by shift and add operations and using intermediate results
to reduce the total number of operations.

In the computation described above, irivial operations such as additions and
subtractions of zeros and shifts by zero bits may be omitted. The following

simplifications may be made:



z=w3- (W2>>6); 110111011001 100781Tabl e 2 gives the details of algorithm B,
whi ch uses a common factor of 1/1.0000442471 for the first group and a
conmon f aWi0R00W822121, 02053722659 for the second group. P 2907/060405

Approxi mation 13 (43 additions, 17 shifts) Goup's Comon Factor . C
Oiginal Value Rational r.,,. LAvaule Constant Multiplication of x with one
or two rational dyadic constants Num of Adds Nurn of Shifts 1.0000442471 al

11ji=x00 A
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Vi=EP £y 2w y=dy 2%, Eq(15)
By z‘“iy_y = A -2 = Jy = iy‘; A Eq (16)
{0058} In equation (15), the expression to the lefi of “=»” involves an addition or

subtraction of zero (denoted by yv) and may be performed with one shift, as shown by
the expression to the right of “=»". In equation (16), the expression to the left of “=>"
involves a shift by zero bits (denoted by 2°) and may be performed with one addition, as
shown by the expression to the right of “=>”. Equations (15) and {16) may be applied to
equation (8) in the computation of y; as well as to equation (13) in the computation of w;.
{0059} The multiplications in FIGS. | through 4 may be efficiently performed using the
computation techniques described above. In FIG. 1, multiplication of integer variable x
with transform constant Cry in fixed-point integer arithmetic may be achieved by

approximalting constant Cry with a rational dyadic constant, as follows:

.5 _ 181 bOI0I1010}

"4 7256 b100G00GO0 ° Ea(7)
where C ., is a rational dyadic constant that is an 8-bit approximation of Cya.
[0060} Multiplication of inleger variable x by constant ('}, may be expressed as:
¥ ={x 181}/ 256 . Eq(18)
{00611 The multiplication in equation (18) may be achieved with the following series of
operations:
Yo=x, i1 Eq (19)
Yo=Y+ >>2), /1101
¥z~ {(3>>2), 01011
Fi =B ey > 6), // 010110101 .

The binary value to the right of “/7" is an intermediate constant that is multiplied with

variable x.
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010110001011 3
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{6062} The desired product is equal to ys, or ¥, =y. The multiplication in equation

(18) may be performed with three additions and three shifis to generate three

intermediate values i, 3 and y.

{0063} In FIG. 1, multiplication of integer variable x with transform constants Caue and

S1xs in fixed-point integer arithmetic may be achieved by approximating constants Cags

and S with rational dyadic constants, as follows:

<7 _ 49 50011000}
#1280 b10000000

o 473 _b0111011001
% T 812 b 1000000000 °

Eq (20)

Eq 2

where €, is a rational dysdic constant that is a 7-bit approximation of Ciue, and

Sivis 1s a rational dyadic constant that is a 9-bit approximation of Syus.

{0064} Multiplication of integer variable x by constants €. and $7., may be

expressed as;

y={x-49)/128 and z=(x-473)/512. Eq (22)

{0065] The multiplications in. equation {22) may be achieved with the following series
of operations:

W= i1 Eq (23)

w, =y (> 2) /011

Wy =W 6, /1 6000001

W=, bW, /7 6110001

W =W -, 70111111

wy=w, >> 1, 7760110001

W, =W = () > 4) /0111011

e =L+, > 9) | /0111011001 .

{0066} The desired products are equal to ws and g, or w, =y and w,=2. The two

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



2 cos(37c¢c/8) 318 -1412=x4-(A>>1);// 11 w)=3/4.2+0:>>6);11 1100001
I224g41 "43/ /i01(110011? 11 -' 2,-.-.1. ( .V?. )7//0011 fro 4 .82 sin(37t/10 927
------- 1024 100791Tabl e 3 gl ves the details of al gorlthrP C vvhlsch uses
a cormon WAL1087/0832721/ 0. 87734890555 for the first group ad/SUHEENSE act or
of 1/1.02053722659 for the second group. Table 3 - Approximation C (44
additions, 18 shifts)
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shifls to generate seven intermediate values . through ws. Additions of zeros are omitted
in the generation of w4 and wy. Shifts by zero are omitted in the generation of wy and ws.

{0067} For the 8-point IDCT shown in FIG. I, using the computation technigues
described above for multiplications by constants CJ,, Core and S5 .. the total
complexity for 8-bit precision may be given as. 28+3-2+5.2=44 additions and
3-2+5.2=16 shifts. In general, any desired precision may be achieved by using
sufficient number of bits for the appraximation of each transtorm constant,

{0068 For the 8-point DCT shown in FIG. 2, irrational constants 1/Cus, Cans and Ssrs
may be approximated with rational dyadic constants. Muttiplications with the rational
dyadic constants may be achieved using the compatation techniques described abave,

{0069} For the IDCT shown in FIG. 3, different values of common factors £y and Fy
may result in different total numbers of logical and arithmetic operations for the IDCT
and different levels of precision for the output samples x{0] through x[7]. Different
combinations of values for | and F; may be evaluated. For each combination of
values, the total number of logical and arithmetic operations for the IDCT and the
precision of the output samples may be determined.

{0076} Fora gi ven value of /4, rational dyadic constants e, and 5, may be obtained for
Fyand K .., respectively. The numbers of Togical and arithmetic operations may
then be determined for multiplication of X with &, and multiplication of .X; with B
For a given value of F3, rational dyadic constants ay, . 7y and &, may be obtained
for Fo, £y -Crrgs Fy Copw and Fy - Sy, respectively. The numbers of logical and
arithmetic operations may then be determined for mualtiplication of X: with L~
multiptication of X3 with 8,, and multiplications of X3 with both 7, and &,. The
number of operations for multiplications of X; with », and &, is equal to the number of
operations for multiplications of Xs with y, and 4,.

{0071} To facilitate the evaluation and selection of the common factors, the number of
logical and arithmetic operations may be pre~computed for meltiplication with different
possible values of rational dyadic constants. The pre-computed numbers of logical and
arithmetic operations may be stored in a look-up table or some other data structure.

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

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



G oup's Conunon FactO C Original Value Rational Dyadi c Constant

Mul tiplication of x wwth one or two rational dyadic constants Num of Adds
Num of ShWOt2007/882272007/ 082272PCT/ US2007/ 060405 19 0. 8773439380/060403 577
yrx-gx"6);// 1000001 3.=x+0/2>>3);11 1001000001. 2 2 512

[6073]

{6074}

{0075}
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constant C'; on the horizontal axis and different possible values of a second rational dyadic
constant ( on the vertical axis. The number of possible values Tor each rational dyadic
copstant is dependent on the number of bits used for that constant. For example, if (7 is
represented with 13 bits, then there are 8192 possible values for Cy. The possible values
for each rational dyadic constant are denoted as ¢q, ¢y, €2, ..., ¢y, Where e, =0, ¢y is the
smallest non~zero value, and cy is the maximum value (¢.g., ¢, = 8191 for 13-bit).

The entry in the i-th coluran and j-th row of look-up table 500 contains the
number of logical and arithmetic operations for joint multiplication of intermediate
variable x with both ¢; for the first rational dyadic constamt C; and ¢ for the second
rational dyadic constant Cz. The value for each entry in look-up table 500 may be
determined by evaluating different possible series of intermediate values for the Jjoint
multiplication with ¢; and ¢; for that entry and selecting the best series, e.g., the series
with the fewest operations. The entries in the first row of look-up table 500 (with ¢, = 0
for the second rational dyadic constant ;) contain the numbers of operations for
multiptication of intermediate variable x with just ¢, for the first rational dyadic constant
Cy. Since the look-up table is symmuetrical, entries in only half of the table (e.g. cither
above or below the main diagonal) may be filled. Furthermore, the number of entries to
fill may be reduced by considering the irrational constants being approximated with the
rational dyadic constants Cy and (s,

For a given value of 7, rational dyadic constants ¢ and /& may be determined.
The numbers of logical and arithmetic operations for multiplication of Xi with oy and
mulliplication of X; with £; may be regdily determined from the entries in the first row of
look-up table 500, where @y and S5 correspond to ;. Similarly, for a given value of B,
rational dyadic constants e, 8., ¥, and &, may be determined. The numbers of logicat
and arithmetic operations for multiptication of Xy with e and multiplication of X3 with 8,
may be determined from the entries in the first row of look-up table 500, where & and £,
correspond to (73 The number of logical and arithmetic operations for joint multiplication
of X5 with 7, and &, may be determined from an appropriate entry in look-up table 500,
where y, may correspond to 'y and &, may correspond to (s, or vice versa.

For each possible combination of values for F) and £, the precision metrics in
Table 6 may be determined for a sufficient number of iterations with different random
input data. The values of Fy and F, that result in poor precision (e.g., failure of the



fit cosOt14) 51 -&i .v2=x-(x:x,2).,// 011. it9,2+07? 4);ft 0110011 2 2

1. 02053722659 a2 i 8027 8192 //100001 3,3=-)is+(y2>>2);1 1 10100101
rtx-0,' 3>W8) 200708201111 101011011 3  04: 41 ce's(x|-rj ROAKUS200760405c >7):
ft 10000001 p, =ys>>1,-,//010000001 .1'1,24i3;it 110000011 r..v.1-1-6t4"1]
01. 0110001011 3 3

17

metrics) may be discarded, and the values of F\ and 5 that result in good precision
{e.g., pass of the metrics) may be retained.

{0076} Tables 1 through 5 show five fixed-point approximations for the IDCT in FIG.
3, which are denoted as algorithms A, B, C, D and E. These approximations are for two
groups of factors, with one group including o and £ and another group including 3,
B.. ¥, and 8,. For each of Tables 1 through 5, the common factor for each group is
given in the first colwmn. The common factors improve the precision of the rational
dyadic constant approximations and may be merged with the appropriate scale factors in
the flow graph for the IDCT. The original values (which may be | or irrational
constants) are given in the third column. The rationat dyadic constant for each original
value scaled by its common factor is given in the fourth column. The series of
intermediate values for the multiplication of intermediate variable x with one or two
rational dyadic constanis is given in the fifth column. The numbers of add and shif
operations for each mulliplication are given in the sixth and seventh columns,
respectively. The total number of add operations for the IDCT is equal to the sum of all
add operations in the sixth column plus the last entry again (o account for
multiplication of each of X5 and X; with both y, and &,) plus 28 add operations for all
of the butterflies in the flow graph. The total number of shift operations for the IDCT is
equal to the sum of all shift operations in the last column plus the last entry again.

{6077} Table 1 gives the details of algorithm A, which uses a common factor of
1/1.0000442471 for each of the two groups.

Table 1 - Approximation A (42 additions, 16 shifts)

g;tg Oi ¢+ | Original }g;'g;il Multiplication of x with one or two Ngf{n Nggl
Factor Value Constant rational dyadic constants Adds | Shifts
o 1 i w=x ] O
VEy = 181 o 2); 71101
100004424711 2 | costmia) Seg |2y /0101 3 3
- PERHOaRSE6), /010110101
UFy = a; 1 i g 0 0
0000842471
! 7 181 Jomme 2, 1101
By | cos(r/4) 356 y=e-(3>2 ) 0101l 3 3
FeEpet(n>6); £ 010110101




2049 77 cos(3/t/8) 3/8 wi=x+(x"1.);Jill w---ws-qgx"61);11 1100001
y=x-(ws>>4)-//01110011111 11 0011 it,,a 3 4 sin(3x18 ) 927

7-,-7.-. WO2007/820MRabl e 4 gives the details of al gorithBO/URWEWWSes a
common factor of 1/0.87734890555 for the first group and a common factor of

1/ 0. 89062054308 for the second group. Table 4- Approxinmali on D (45
additions, 17 shifts)
18
3135 | wyme-(a>>4); /01131
7, | cos(3n8 ! -
Vo |eosGRE ) 155 W k(x> 10y, /01111000001 sl s
o 473 | ¥ =Oe-Qes>>2))>>1; /0011000011111 .
Oy | snBn/8) | T | gmy (w>n6); /0111011001
{0078} Table 2 gives the details of algorithm B, which uses a common factor of

1/1.0000442471 for the first group and a common factor of 1/1.02053722659 for the

second group.

Table 2 - Approximation B (43 additions, 17 shifts)

Group’s . 1 Original .Ra.tmr;&l Multiplication of x with one or two Num Nu”.“
Common ¢ Value Dyadic rational dyadic constants of  of
Factor ' Constant Y S Adds | Shifts
oy } ] y=x 0 ]
W, = . A 181 ppcH{ae>2); 1101
1.0000442471 Bi | cos(nid) 5:5? Py 2), H 01011 3 3
2 yenGa>>6);  # 010110101
= (YeS); /7 100001
8027 y=rtl . f)' /1
o 1 3150 yeeebQee>2), /10100101 3 3
yEx(>>6); /#01111101011013
o> T), #1 10000001
. 1419 |yl /f 010000001 v
W = Pz | cosln®) ;.048 vty // 11000001 1 313
1.02053722659 Fa=Vards ) -
FEeckQe3), /010110001011
¥y jeos(3n/8)| 38 wamet (x> 1) Nl
wiyEt>>6);, /1100001 4 A
5, Lsingry | 2L |y=e-Geo>f), 401110011111
1024 | peme>n2: /0011

[0079]

Table

3

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

1/0.87734890555 for the first group and a common factor of 1/1.02053722659 for the

second group.

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

Group’s + | Original Rational Multiplication of x with one or two Num Nur
Comnon ¢ Value Dyadic ratiopal dyadic constants of qf
Factor Constant o Adds | Shifts




G oup's Common Factor (u Original Value Rational D oeb. ynwc Const ant
Mul tiplication of X wwth one or two rational dyadic constants Num of Adds
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1001000001 2 512 A cosor./4)
19
a ) 371 px(x>>6), / 100Q00) ” 5
R = ' 512 | gmes(ueo3), /1001000001
. 87734890535 < e 2): 7011
B | cos(n/4) 3L ey ! 0_1. 2 2
&4 Syt (), £#0110011
gagy | PEHES) J1 100001
o 1 81":}'? Yty A 10100101 3 3
T pexe{p>6Y, #011131101011011
Py (>T); # 10600001
. 1419 ] pgy>>1 /1 810000001
By = B | cos(mfd) | oo | T 3 3
o3y, 4010110001011
¥, |cos(3n/8) 3/8 wymxr(e>>1); i
wamwat(x>0);, /1100001 3 4
5, |sinauiny | —2L [y=e-Ge>>d), /01110011111
g TO024 | geyad; #0011

{6080} Table 4 gives the details of algorithm D, which uses a common factor of
1/0.877348903555 for the first group and a comnon factor of 1/0.89062054308 for the
second group.

Table 4 - Approximation D (45 additions, 17 shifts)
Group’s « | Original Rational Multiptication of x with one or two Num | Num
Common ¢ Value Dyadic rational dyadic constants of | of
Factor Constant y Adds | Shifts
) S77 | wwxt(6), 41000001 N
VE, = @ 512 | pexd(er3); /1601000001 - -
0.877348%03335 ﬁ P :il }’3”.!(.‘*('\':’3‘2); 11011 , ,
¢ | cos(r/d 64 | yepatQuend), /0110011 “ -
1 4399 R S N A0 5 5
@ 3096 | y=etm»>3n /100011111011
R bt A 1061111
Bz | cos(n/d) - I%Z Y4y, {f 100001111 3 3
VEy = y=y— (> 2); /1 Q1100101108
5203 oY
0890620343081 | osGumy| ss/12g | WeeHESR3R A 1001
- Wy /1 00001001
4249 WaEWtRy; /10011001 4 4
O, |sin(3m/8) Eg"afé yxdOe>Sy,  H 1000010011001
ZX )l F00110111
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{0081} Table 5 pives the details of algorithm E, which uses a common factor of
1/0.87734890555 for the first group and a common factor of 1/1.22387468002 for the
second group.
Table 5 - Approximation E (48 additions, 20 shifis)
Group's Original 1&&;013@]. Multiplication of x with one or two Nam
Comimon ¢ Value Dyadic rational dyadic constants of
Factor Ye | Constant Y ' Shifts
1 377 Vo> 6); 1000001 \ N
VP 512 | peeeen3); 41001000001 L
087734890533 5 | costd) 5' g 2); 7011 5
o 64 | yept(arm4);, /0110011
Inpe (o), HO1111
. R e /ol
wl 1 | EE e yo10000001111 5
2 P2, /0101000100101
JEpcHse>l), /7 011010001001011
Mol ol
e 4733 Yty /711
1Ry = 4733 ~
A6 Ba }oos(n/dy | oo PR M 17 301 3
. > 4(( )} '
122387468002 8192 | peyr(eans)y, 40100101
JEpe-{>>12), /0100100111101
LS R 0oL
773 wewrt(u4); 4 00101 4
8, | sin(3w/8) Tooa yEweHwS>6) /01100000101
s (w> > 12), A 0019100000000 1 1

{0082}

The precision of the output

samples from an approximate IDCT may be
quantified based on metrics defined in IEEE Standard 1180-1190 and its pending

replacement. This standard specifies testing a reference 64-bit floating~point DCT

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

reference DCT receives random data for a block of input pixels and generates transform

coefficients. The approximate IDCT receives the transform coefficients (appropriately

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 approximate IDCT is required to produce all zeros when supplied with
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zero transform coefficients and to demonstrate near-DC inversion behavior. All five
algorithms A through E given above pass all of the metrics in Table 6.

Table 6
Metric Description Reguirement
Maximum absolute difference between .
4 reconstructed pixels psl
dixy] | Average differences between pixels fdfx, ¥1]1£0.015 for all [xy]
n Average of all pixel-wise differences im|<0.0015
e[xy] | Average square difference between pixels fefx, ¥]1< 0.06 for all [x)]
" Average of 31l pixel-wise square differences in]<0.02
{0083} The 1D IDCT shown in FIG. 3 may be used tor a 2D IDCT. Similarly, the 1D
DCT shown in FIG, 4 may be used fora 2D DCT.
[0084] FIG. 6 shows a design of a 2D IDCT 600 implemented in a scaled and separable

fashion. 2D IDCT 600 comprises an input scaling stage 612, followed by a first scaled
1D IDCT stage 614 for the colummns {or rows}, further followed by a second scaled 1D
TDCT stage 616 for the rows (or columns), and concluding with an output scaling stage
618. Input scaling stage 612 receives an 8x8 block of transform coefficients and may
pre-multiply each transform coefficient by a constant € =27, or shift each transform
coefficient by P bits to the left, where P denotes the number of reserved “mantissa™ bits.
After the scaling, a quaatity of 27! may be added to the DC transform coefficient to
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. S may be any suitable value
that can facilitate implementations on hardware platforms, e.g., S may be 15 or 16 for
platforms with signed/unsigned 16-bit multipliers.

{0085} First 1D IDCT stage 614 performs an 8-point IDCT on each column of the block
of scaled transform coefficients. Second 1D IDCT stage 616 performs an 8-point IDCT
on each row of an intermediate block generated by first 1D IDCT stage 614. The 1D
TDCTs 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 columns are processed,

ontput scaling stage 618 may shift the resulting quanlities from second ID IDCT stage
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616 by P bits to the right to generate the output samples for the 2D IDCT. The scale
factors and the precision constant P may be chosen such that the entire 2D IDCT may be
implemented using registers of the desired width.

[0086] The 2D DBCT may be performed in similar manner as the 2D IDCT. The 2D
DCT may be performed by (a) pre-multiplying a block of spatial domain samples, (b)
performing 1D DCT on each colummn (or row) of the block of scaled samples to generate
an intermediate block, (c) performing 1D DCT on each row (or column) of the
intermediate block, and (d) scaling the output of the second 1D DCT stage to geuerate a
block of transform coefficients for the 2D DCT.

{0087} For clarity, much of the description above is for an 8-point scaled IDCT and an 8-
point scaled DCT.  The techniques described herein may be used for any type of
transform such as DCT, IDCT, DFT, IDFT, MLT, ioverse MLT, MCLT, inverse MCLT,
etc. The techniques may also be used for any factorization of 2 transform, with several
example factorizations being given in FIGS. 1 through 4. The groups for the common
factors may be selecied based on the factorization, as described above. The techniques
may aiso be used for transforms of any size, with example 8-point transforms being given
in FIGS. 1 through 4. The techniques may also be used in conjunction with any common
factor selection criteria such as total number of logical and arithmetic operations, total
number of arithmetic operations, precision of the results, etc,

{0088} The number of operations for a transform may be dependent on the manner in
which multiplications are performed. The computation techniques described above
unroll multiplications into series of shift and add operations, use intermediate results to
reduce the number of opetations, and perform joint multiplication with multiple
constants using a common series. The mulliplications may also be performed with other

computation techniques, which may influence the selection of the common factors.

{00895 The wansforms with common factors described 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, H263, MPEG-1, MPEG-2, MPEG-4 (P.2), and other

standards, and
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{0090}

[0091]

[0092]

{0093}

« Improved precision due to ability fo minimize/distribute eyrors of fixed~point
approximations for irrational constants used in multiplications by introducing

common factors that can be accounted for by scale factloss.

Transforms with common factors may be used for various applications such as
image and video processing, communication, computing, data networking, data storage,
graphics, etc. Example use of transforms for video processing is described below.

FIG. 7 shows a block diagram of an image/video encoding and decoding system
700. At an encoding system 710, a DCT unit 720 receives an input data block and
generates a fransform coefficient block. The input data block may be an NxN block of
pixels, an NxN block of pixel difference values (or residue), or some other type of data
generated from a source signal, e.g., 8 video signal, The pixel difference values may be
differences between two blocks of pixels, differences between a block of pixels and &
block of predicted pixels, etc. N may be equal to 8 or some other value. An encoder
730 receives the transform coefficient block from DCT unit 720, encodes the transform
coefficients, and generates compressed data. The compressed dats may be stored in a
storage unit and/or sent via a communication channel (cloud 740).

At a decoding system 750, a decoder 760 receives the compressed data from
storage unit of communication channel 740 and reconstructs the transform coefficients.
An IDCT unit 770 receives the reconstructed transform coefficients and generates an
output data block. The output data block may be an NxIN block of reconstructed pixels,
an NxN block of reconstructed pixel difference values, etc. The output data block may
be an estimate of the input data block provided to DCT unit 720 and may be used to
reconstruct the source signal.

FIG. § shows a block diagram of an encoding system 800, which may be used for
encoding system 710 in ¥IG. 7. A capture device/memory 810 may receive a source
signal, perform conversion to digital format, and provides input/raw data. Capture device
810 may be a video camera, a digitizer, or some other device. A processor 820 processes
the raw 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, quantized by a
quantizer 826, encoded by an entropy encoder 828, and packetized by a packetizer 830,
DCT unit 822 may perform 2D DCTs on the raw data in accordance with the techniques
described above. Each of units 822 through 830 may be implemented a hardware,
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firmware and/or software. For example, DCT unit 822 may be implemented with
dedicated hardware, a set of insiructions for an arithmetic logic unit (ALL), efc.

[0094] A storage unit 840 may store the compressed data from processor 820. A
transmitter 842 may transmit the compressed data. A controller/processor 850 controls
the operation of various units in encoding system 800. A memory 852 stores data and
program codes for encoding system 800. One or more buses 860 interconnect various
units in encoding system 800.

[0095] FIG. % shows a block diagram of a decoding system 900, which may be used for
decoding system 750 in FIG, 7. A receiver 910 may receive compressed data from an
encoding system, and a storage unit 912 may store the received compressed data. A
processor 920 processes the compressed dats and generates output data. Within processor
920, the compressed data may be de-packetized by a de-packetizer 922, decoded by an
entropy decoder 924, inverse quantized by an inverse quantizer 926, placed in the proper
order by aun inverse zig-zag scan unit 928, and transformed by an IDCT unit 930, IDCT
unit 930 may perform 2D IDCTs on the reconstructed transform coefficients in
‘accordance with the techniques described above. Bach of units 922 through 930 may be
implemented a hardware, firmware and/or software. For example, IDCT unit 930 may be
implemented with dedicated hardware, a set of instructions for an ALU, etc.

{6096} A display unit 940 displays reconstructed images and video from processor 920.

A controller/processor 950 controls the operation of various units in decoding system
900. A memory 952 stores data and program codes for decoding system 900, One or
more buses 960 interconnect various anits in decoding system 900,

{0097} Processors 820 and 920 may each be implemented with one or more application
specific integrated cirouits (ASICs), digital signal processors {(DSPs), and/or some other
type of processors. Alternatively, processors 820 and 920 may each be replaced with
one or more random access memories (RAMs), read only memory (ROMs), electrical
programmable ROMs (EPROMs), electrically erasable programmable ROMs
(EEPROMSs), magnetic disks, optical disks, and/er other types of volatile and
nonvolatile memories known in the art.

{0098} The techniques described herein may be implemented in hardware, firmware,
software, or a combination thereof. For example, the logical (e.g., shift) and arithmetic
(e.g., add) operations for multiplication of a data value with a constant value may be
implemented with one or more logics, which may also be referred to as units, modules,

ete. A logic may be hardware logic comprising logic gates, transistors, and/or other
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circuits known in the ait. A logic may also be firmware and/or software logic comprising
machine-readable codes.

{0099] In one design, an apparatus comprises a first logic to perform multiplication of a
first group of at least one data value with a first group of at least one rational dyadic
constant that approximates a first group of at least one irrational constant scaled by a first
common factor. The apparatus further comprises a second logic to perform
multiplication of a second group of at least one data value with & second group of at least
one rational dyadic constant that approxitates a second group of al least one irrational
constgnt scaled by a second common factor. The first and second groups of at least one
data value have different sizes. The first and second logic may be separate logics, the
same common logic, or shared logie.

{00100] For a firmware and/or software implementation, multiplication of a data value
with a constant value may be achieved with machine-readable codes that perform the
desired logical and arithmetic operations. The codes may be hardwired or stored in a
memory {(e.g, memory 852 in FIG. 8 or 952 in FIG. 9) and executed by a processor
(z.g., processor 850 or 950) or some other hardware unit.

{00101} The techniques described herein may be implemented in various types of
apparatus. For example, the techniques may be implemented in different types of
processors, different types of integrated circuits, different types of electronics devices,
different types of electronics circuits, etc.

{00102) Those of skill in the art would understand that information and sigoals may be
represemed using any of a vardety of different technologies and techniques. For
example, data, instructions, comniands, information, signals, bits, symbols, and chips
that may be referenced throughout the above description may be represented by
voltages, currents, electromaguetic waves, magnetic fields or particles, optical fields or
particles, or any combination thereof.

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

design constraints imposed on the overall system. Skilled artisans may implement the
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reconst r uct ggrpBéeXSicBessor, a DSP, an ASIC, » field programmable gate array (FPGA) or other
programmable logic device, discrete gate or f{raunsistor logic, discrete hardware
components, or any combination thereof designed to perform the functions described
herein. A general-purpose processor may be a microprocessor, but in the alternative,
the processor may be any conventional processor, confroller, microcontrolier, or state
machine. A processor may also be implemented as a combination of computing
devices, e.g., a combination of a DSP and a microprocessor, a plurality of
MICrOPTOCessOrs, One or mere microprocessors in conjunction with a DSP core, or any
other such configuration.

{o0105) In one or more exemplary embodiments, the functions described may be
implemented in hasdware, soflware, firmware, or any combination thereof. If
implemented in software, the functions may be stored on or transmitted over as one or
more instroctions or ¢ode on a computer-readable medivm. Computer-readable media
includes both computer storage media and communication media including any mediwn
that facilitates transfer of a computer program from one place to another. A storage
media may be anv 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 instructions or data structures and that can be accessed by a
computer. Also, any connection is properly termed a computer-readable mediosmu. For
example, if the software is transmilted 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. Disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital versatile disc {DVD), floppy
disk and blu-ray disc where disks usually reproduce data magnetically, while discs
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The scale factors and the precision constant P may be chosen such that the
entire 213 EDCT nay be inplenented using registers of the desired w dth.

[ 043861 The 21), OCT nay be perforned in simlar nmanner as the 2D I DCT. The
213 OCT may be perfornmed by (a) pre-multiplying a block of spatial domain
sanples, (b) performng ID DCT on each colum (or row) of the block of

scal ed sanples to generate an internedi ate bl ock, (c) performng ID OCT on
each row (or colum) of the internediate bl ock, and (d) scaling the output
of the second ID DCT stage to generate a bl ock of transformcoefficients for
the 2D OCT. 100871For clarity, nmuch of the description above is for an
8-point scaled IDCT and an 8- point scaled DCT. The techni ques descri bed
herein may he used for any type of transform such as OCT, |IDCT, OFT, LOFT,
NWI, inverse nmur, MC LT, inverse MCLT, etc. The techni ques nay al so be used
for any factorization of a transform wth several exanple factorizations
being given in FIGS. 1 through 4. The groups for the conmmon factors may be
sel ected based on the factorization, as described above. The techni ques may
al so be used for transforns of any size, with exanple S-point transforns
being given in FIGS. 1 through 4. The techniques may al so be used in
conjunction with any common factor selection criteria such as total Dunber
of logical and arithmetic operations, total nunber of arithnetic operations,
precision of the results, etc. |e088)The nunber of operations for a
transform may be dependent on the manner in which nultiplications are
performed. The conputation techni ques descri bed above unroll nultiplications
into series of shift and add operations, use internmediate results to reduce
t he nunber of operations, and performjoint nmultiplication with nmultiple
constants using a common series. The nmultiplications may al so be perforned
with ot her conputation techniques, which may influence the selection of the
common factors. 100891The transforns with common factors described herein
may provide certain advantages such as:
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an i nver selaiiclniont: and die secdrtd BAH, ofamagetdat i °E‘ffja§’n° fe¢nts.uni t 930. I DCT
unit 930 may perform 233 ] DCTs on the reconstructed transform coefficients
in "accordance with the techni ques descri bed above. Each of units 922

t hrough 930 may be i nplenented a hardware, firmware and/ or software. For
exanple, IDCT unit 930 nay be inplenented with dedi cated hardware, a set of
insnrctions for an ALU, etc. (00961 A display unit 940 displ ays
reconstructed i mages and vi deo from processor 920. A controller/processor
950 controls the operation of various units in decoding system 900. A nenory

952 stores data and program codw%ggggeg.qgﬁmg system 900. . One or nore buses
960 | nter ne akg g i ing system 900. [0097f Processors 820
gﬂMe%QAhqﬁegggﬁkt%ﬂbéé)@n@nﬂéfEﬁbg?f h Ano 9\1‘ Ymrn annl i r-[:n‘ AR ecnoar fFi~ -




-6002003 The: 4@011n|qq1¢e$:odﬁsdmcbedotlet€e¢ BIRBATRE S| enented in v u
of apparatus. For exanple, the techniques nayPG'é/Uﬁtﬂm[‘@@Q 4Or§r O%f &%/808

types of processors, different types of integrated circuits, different types
of el ectroni vices, different types of electroni q&p GlobrRbtt kBeetset C.
[OOlOZlﬂ?Qé@iﬁfvg@ki Il in the art woul’d understand that |nf ormation and
signals may be represented using any of a variety of' different technol ogies

and techni q”%STh %aﬁﬁ%@'cﬁmd%ﬁmcmfﬂ@tﬂrbt@o ,lrraﬁmafhaodstants nf or mat i on,
signals, bits, ,

and chi ps that %be refer en ém{soughout the
above dammtp&blmmkayrubemﬂémsé@émdéhew rafiona %‘Wf’ el ect ronagnetic
waves, netic, fiel cles, opt.ical f| eI ds or particles, or any
conbi nat ¥ H’“f“?‘?gm%tmﬂ%&%f)g:&%ildhose of skill would further appreciate that
the various illustrative | ogical blocks, nodules, circuits, and al gorithm
steps descri RS WhbretntRe icSiek BSia o Yotanisip terfst ed as
el ectronic hgiragh& Qpé%)corrﬁﬁhg@ soft\?vare or conbin @Gs of bo.t h, To clearly
i T ustrapeup Mmumqbca:ﬂsmngaeatnwwmynﬂtcnm&tcrcnft/é?‘f@n&#fb i ous
illustrative co ﬂitﬁi’iﬁtl)?%orﬁ nodul es, circuits, and st eps have been

descri beﬁrSéEfBWeo P85 of their functionali ty. Whether such
functionality is |rrpl enent ed as hardware or software depends upon the

particul ar ap cation _an aesoRuliniédieneygral | system
S0 11 ed art; ke Amroiing PEORIRE. MleRORS BB Dt oma o o O R 05 26

deSﬁ ri belff’irJt EETES Ialleﬁhaﬁd ih the tﬁmt gtamlyu;]ﬁlglrl%va@a@ With a St rﬁﬂﬁaaltftyghp &nsggbi¥fati on, but
such i nplenentatign eC| si ons ou ALSéMeht a

depart uréPI?fP’éiW@mﬁH@ fﬁﬁgr Pl rg'?ﬂm lh &gﬁé}{egffog‘%%%%me vari ous

1T ustratye s‘?%}o%ﬁ'of Bh&}%@tavﬁiﬂﬂmeesnd ratﬁxfhabcﬂyndmmnstateﬁhﬂtame?dxumweénnect| on
with the disc ure ma | enented or perfornmed with a general - purpose.
processorﬁ,rstmmmlCansmmi@le‘hb}ﬁhéﬁ&tﬁct%?%ﬁﬁj&bl e gate array (FPGA) or other
programuabl e | ogi c device, discrete gate or transistor logic, discrete

har dwar e conponents, or any i _nat,i n t her, formthe
functions des&rﬂﬁé@l’ﬁé%n"hddwgb W%W G?“b’B Of“P %gﬁjg%gﬁg cg&l@%

m Cr opr oG ﬁ%ﬁ%& R bod RcbREirAkibed @&tstam, whiiéin Mﬁme@ﬂmom@f lb@ﬂahy

conventio rocessor, controlle (irocontr | | er, ﬁ*eeﬁﬁr{achl ne. A

pr ocessordyadiy cmtsﬁmtsbempmm@@'ﬁ‘tfé@n&%d}ﬁ SRR, aBﬂ’p(')? ([S% g devi ces,

e.g., a conbin t| on. .of ecoid Rkivhdldyadic of

m croproc‘é@é tﬁ'étscg?lgd Pfﬁmﬁg%glgﬁ?%%%gg%%ﬁggon unct i éwvmth a DSP core, .
or any ot gt agRotirgtes diid ssoond|in@ionsl cmnﬁaweal%tbm%? ECCORLAPTRPY

enbodi nments, the functions described may be inplenented in hardware,

sof t war e, faptpy: mvar e, or any conbination thereof. If inplemented in software,
the functions nay be stored on or transmtted over as one O nore

i nstructions or de on.a QAL seadeal e nmedi a

i ncl udes both Qo %?Pé’lamgtso‘t% [m]% f’%&g% %gor%%ﬁ%lgg%trﬁ);% nedlﬁgml ncl udi ng any
medi Em t hﬁAitS‘t Jaa@ubm&;amgﬂmtsemﬂfgmup@f iraape dppotithvthy fiesh rasionsl dypdie PRISERGC e tg i
anot her . st orage nedi a a accessed by
a conput etmd‘B&‘hwﬂ‘é‘fméﬂ%ﬁfgﬁémoﬁﬂg%ﬁg‘f"??‘fthtg% ]%f ggﬂlhalg %E%B‘é‘gﬁdgﬂ?‘gr -readabl e
nedi a can lgggo;]a@ﬂRAM ROM EEPROM CD-ROM or other optical disk storage,
magneti c storage or other magnetic storage devices, or any other nedium
that can be used to carry or store desired program code in the form of

i nstructions ofy,das apskaicéfolam Bntcrtinahe ssaendlogia pederstsdniip licatiomPA er .

Al so, any connection is properl rrred C r jum For
exanpl e, ~ fifst date clsmepidathe ﬁ"%"%%ﬁ%ﬂ ‘%‘Fﬂ »ﬁ'}ﬁgﬂ\%\e %lﬁﬁgg&géfﬁg?@ or ot her

renot e So'd(é go% ﬂblﬁgﬁ)éin%ie s8AR| of inthridedibteoplues. cable, twisted pair,
di gi tal SCT | ne or wireless technol ogi es such as infrared,
radi o, and m crowave, then the coaxi al cable, fiber optic cable, tw sted

pair, DSL, or y4 r']%'e‘%.gﬁ 566 BIOkingl, emesticiuriag multiptaatis ofreditiislatzalemant cr owave
are |ncI uded in the definition of nmedi y

sk and di.s d herein,
i ncl udes moﬂlpﬁmt guivpof frome, datrawidh aﬁ;sg@tw%%i]}’@éﬂ cOfFtaRt in eg{%tgta# g‘\r}eré;atl le disc
(DVD), flo sk .and blu &s)rwumddwwme@aime odat a
magnet i cal‘ﬁs%“ t&‘é‘“ % WE@%@%@%@S%‘?’?USZOO?/ 06040 eprqduce data
optical 'y swahia alss%sx-atcsl w&Bouhbnf‘mtlatenlcmﬂt wherciagh rastone itemg ’ét?vﬁ °"r‘1&°uded
within the scope of conputer-readable media. 100106) The previ ous description
of the disclosure is provided to enable any person skilled in the art to
make or use the present disclosure. Various nodifications to the disclosure
may be readily apparent to those skilled in the art, and the generic
princi pl es defined herein may b Egdqupgmot her deS| gns wi thout departing

fromthe ri f, Psure Thus, the present disclosure is
meﬂlgg m bctg{'] ?6‘%9‘§é ng\n 6;@22“ ne chmwnh hnr ol nphnf Tie +n ho .




30FRAbE 0NE] 4@ aNAtRL] cednma I nchrPET gF el PP 8433984 ?Dgl g?(gégt fo# h_a% 1 g{@i;glozs
scaled by a third 0011310. 011 factor. CT %@‘S s Of claim 2,
wherein the second nunber of data elenents is twice the first nunber of data
el enent s 5. The apparatus ofzpcl ai m 1, wher ei rRégeechbmshecty oup of
i mge 0%034%%9 ses two data el enents and the second group of inage data
conprises four data el enents. . . .
A'\’ENDEDsgﬁgLﬁ%%ﬁéf&Ed/%e@bn t1easED atirer GternBdiatcrGb® inthosericssandorbeeely of 12
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claim2, wherein 06 d S empwith tHerfratritivnal dyadissoasiad. conpri ses a single
irrati oh‘&%@éﬁgﬂgﬁip’%ﬁﬁ%@% second group of irrational constants conprises
three irrational constants. 7. The apparatus of claim1, wherein the -
nunber of ir{ati apahd capgiARLs in the first group of irrational constants is
fewer than t %Anrgl lér of lra‘ggl onal gyadi C cg}gs'{fa tsl{rhftilngﬁefda{ast group of
rati onal dyaptirforminpstaitiphication of eagh dafpglempiof 27410% 8LUPCY JI5R"1 “wherei n t he
first logic perforne multiRlhoabhandihtisnd tylic chakanaifadestigriup afhe fir st
group of i mge da?lganyﬂlgtg%fcprq%ﬁ)br ar%él){_)nal dj;}/acl i(ﬁ@apnstant t hat approxi mat es
the first conmon fchaklyaticequetantsywiereinpachgptiongt legpnsiaiecond data el enent
in the first group of |i e data w . Ll .anad eréipasdi ¢ constant t hat
approxi mates a fi 9@?%4“?‘@??‘8??57”%%#@3%?@@%@3@lby t he %fi rst_conpon factor.
9. The apparatus @fgishaicihaniydealeebns e covmonthegmrouferan speraiiBhal
constants conprises :first and second.irrati.o : &noiafoed N the
second group of r &yadieanseYLAImPriEes FLpty nléb%grﬂ%lvsu%&lg&%ﬁ st rational dyadi c
constant that app%&yi mates the first irrdtional constant scaled by the
second common factor and a second rational dyadic constant.. APproxi mat e
the second i rpeﬂ’bminglmﬂimiisumd%%}ld@@%“?nﬁgy‘éﬁ’éﬁlﬁggg%@bmﬁb#gﬁ%% 10.
The apparatus of cl.aim9, ElyaG6 enkidn0al £sepe gromsofivatianapl i cat i on
of a first data el“éﬁ?e‘h‘turﬁeﬂ%ﬁ{é‘gg%iggﬁd ygr‘ofgf of _i mage dogéha Wit é‘%‘ﬁ’ first
rational dyadic caradiansnstamts, aereineachyerionsd dxadia g HRERGBIOE T e : rust
data elenment with the, second rat] I HiG oPRSIcAng irrationall 1. The

appar atus of cl ai rﬁfg?“‘\ﬁﬁ]e‘%@gﬁc?‘?fga%s%\ggrﬁ‘ ogi c pe?éf orrrg mul tiplication of a
first data el ementyghfeith® aseoaddrogp ofijratibnal cengbmisaceedPY H34AR f i rst and
second rational dyadic constants using a single series of inter nediate

val ues. 11 The appa?mtl@sfa@tpﬁcl aiml, wherein during multiplication-.of a
first data el ﬁE@%n tbsﬂﬁﬁrgmﬂf.) bBdat8l StiehtOicintesgefiniananber ofdedr ¢leneRis r at i onal
dyadi ¢ constant in the tast group of ratiopal .dyadic ¢ the first

| ogi ¢ generates a therdiffersdifon m%eéﬁﬂ?éﬁm°%%§‘xﬂg§%s OCE%?%@%%& associ at ed
with the first data clene Litat | east one internmediate value in the
AVENDED SHEET 3cei %wipoﬁ;{;]gf%ga%% Oct 31, 2008 00:41:35. Page 10 of 12
30-2008 04:40 PM Qual comm | ncor por at ed 858845398411/ 12 PCT/ US&Z&O?/ 060 405 -
31-10-2008 06 131 imNBPhAGERDeifosk e traliptivaten df s sged fied based on
at | east one g?‘n “Pﬁgge%r()fgcgff%lﬁg value in the s rél.es ‘EEE‘? f/\@gﬁ%itgmhge first

| 0gi e pr Quinssasinane fied gtong vitihtthy cowsonding satipad dyadie GRnsigl PLEC HE" B0 0t put
value of the . multipli cati ‘of .th.e first data elenent with the first
rational ofyafinal @a%ﬁa?ﬁmﬁ@“ﬂh%"%%‘ﬁ’ﬁ%ﬁ' conpri si ng: perform ng, mul tiplication
of each data glfsmpiMy Hierias bf intmaiinserpaleds baspd PR a@é‘?*‘é“”@@éﬁ@ﬂ‘%? et h a
correspondi ng Tational dyadic constant, of T lelndai gl QkiRe 8 hé &drdegpnl dyadi c
constants, wherein Séléﬁtﬁdﬁ"&'t‘fﬂ(‘ﬂ‘?ﬁ’ln"d : gﬁlg‘gigﬁesl{'ﬂg{ﬁlt d<':1ppr oxie_ mat es, a

cor respondi ng i rr atj,RpaldifORbaRn@itcdbdstd et atdc@m@flodfthqfﬁw&‘tn%‘?@ﬁéq val¥hst ant s
scaled by a fast common factor, wherein each rational dyadic constant
conprises a rati onahthfasHes ahy | ng a dyadi ¢ denom nator; and

providing one intermediate value in the series as an output value of the
multiplication of the selected data clement with the corresponding rational

dyadic constant.
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el ements with a corresponding rational dyadi P&t 3RO7dP6H @

rational dyadic constants, wherein each rational dyadic constant of the
second group .of rational dyadi c congiants approxi mat RSp 13ccnfhf $ependi ng
irrati oﬁ@qﬂggg‘% nt of a second groé% irrational constants seal ed by a
second common fact or; wherein the first group of data el enents includes a

first number,ofnd c@,ﬂ&@ﬁ%%t\blfé&eiﬁlbéri@ﬂﬁng‘molﬂpﬁcmenoﬁeiichdaitber of data
el enent s assom ated wth the second grou %‘ﬂ? a, el e 14. The net hod

of cl ai elef@nt afites sseondgsevefdaiigl ‘mﬂ“ﬁ ﬁ?P}PE‘é‘ESl iplying a €d data el ement in
the first aro lﬁx&mals&on@msmdnt of the
first gf“ﬁi’ﬁ% @?Q‘?Q’ftz‘% @%ﬁ%@%@@gg@g@ gﬁglhmer conpri ses: &]ﬂgeneratl ng a
series q&admé@fswﬁdhﬁﬂe waind(gmub&fuﬂouﬁ daaﬂl%%‘@ﬂ'&tbé‘t?d\‘i’wa&@ SR% sel ected
data elenent, wth ? | east one internediate value in the series of

i nter rred’ifmtwgﬂat?evél"@%ner ated based on at | east one other internediate val ue
| at he series, and providing one internediate value in the series as an

out put value of the multiplication of the selected data elenent with the
correspondi ng rational dyadic constant. AMENDED SHEET :calved at the EPO on
Cct 31, 2008 00:4'1:35. Page 11 of 12 30-2008 04:41 PM Qual comm _

| ncor por at ed 858845398412/ 12 PCT/ US 2007/060 405 - 31-10-2008 060340U1W) -
31 -Repl acenment sheets - . 15. The method of claim 13, wherein performng
mul tiplication of each data el enment of the second group of data el ements
conprises nultiplying a data value associated with a first data el enent of
the second group with first and second rational dyadic constants in the
second group of rational dyadic constants based on a single series of

i nternedi ate val ues. AMENDED SHEET )cei ved at the EPO on Cct 31,
200800: 41: 35. Page 12 of 12
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