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BACKGROUND OF THE I NVENTION 1. Field of the Invention [0001] The present
i nvent i onwioai3abEss t o i mage processi ng and conpressi on. MiPeT/pEe4b7 cal |y,
the present invention relates to a coding of DCT coefficients using Gol onb-
Rice. Il. Description of the Related Art [0002] Digital picture processing
has a prom nent position in the generalldiscipline of digital signal
processi ng. The inportance of human vi sual perception has encouraged
t remendous i nt DEF COMBRESSEON USINGaGIORQIVESiRICE QIODPINGal picture
processing. In the field of transm ssion and reception of video signals,
such as those used for projecting filns or novies, various inprovenents
are being nmade to i mage conpression techniques. Many of the current and
proposed video systens nmake use of digital encoding techniques. Aspects of
this field include i mage BAGKGROUNDOF 8HOINVENTION i nage feature
sel ection. Image coding represents the attenpts to transmt pictures of
digital comunication channels in an efficient manner, naking use of as
few bits 3s pERBéhE IhRntishni M ze the band width requi red while at the
sane time, maintaining distortions wwthin certain limts. |nage
restoration represents efforts to recover the true |nage of the object
The i mge,hein ransmtte nuni ca chann have
peen OBIG or ¢ o By Paset daLeiab: S’ el STORGTE off: SRS o AR cen
ori gi nal | ¥pédificaigathe Peesekitifvéntivg eelafeo o & b&hﬁ%bﬁDCT FRBfidiERs 88heCoigb-r ef ers
to the selection of certain attributes of e picture. Such attributes may
be requiréﬁCWn the recognition, classification, and decision in a w der
context. [0003] Digital encoding of video, such as that in digital cinema,
is an area that benefits frominproved inmge conpression techniques.
Di gi tal i fhg®esanptiesef the RekytedArtgeneral |y classified into two categori es:
| oss-1ess and | ossy nethods. A loss-less inmage is recovered w thout any
| oss of information. A |lossy nmethod involves an irrecoverable WO 03/003738
PCT/ W2 19407 Dlgmltqﬁ&uef pro6dEBink MHaQ A BbhRbnt $SRBOH 1A Ghd! PR MBscHAMRI &S SI on
y O

ratio, the quali
digital signal processing. The importance of human visual perception has encouraged

tremendous interest and advances in the art and science of digital picture processing. In
the field of transmission and reception of video signals, such as those used for projecting
films or movies, various improvements are being made to image compression techniques.
Many of the current and proposed video systems make use of digital encoding
techniques. Aspects of this field include image coding, image restoration, and image
feature selection. Image coding represents the attempts to transmit pictures of digital
communication channels in an efficient manner, making use of as few bits as possible to
minimize the band width required, while at the same time, maintaining distortions within
certain limits. Image restoration represents efforts to recover the true image of the object.
The coded image being transmitted over a communication channel may have been
distorted by various factors. Source of degradation may have arisen originally in creating
the image from the object. Feature selection refers to the selection of certain attributes of
the picture. Such attributes may be required in the recognition, classification, and
decision in a wider context.

[0003] Digital encoding of video, such as that in digital cinema, is an area that benefits
from improved image compression techniques. Digital image compression may be
generally classified into two categories: loss-less and lossy methods. A loss-less image is

recovered without any loss of information. A lossy method involves an irrecoverable



conpression algorithm and the inplenentation of the algorithm Generally,
| ossy conpression approaches are considered to obtain the conpression
rati os deworoe®od’es a cost-effective digital cinema approach/usiviacehi eve
digital cinema quality |levels, the conpression approach should provide a
visually |l oss-less | evel of performance. As such, although there is a
mat hematical |1oss of information as a result of the conpression process,
the image distortion caused by this | oss should be inperceptible to a

vi ewer  uhabsrofnammalinfoireationg dependiitg open the) OOMpreBsidms trating the giualaly dfnthge
conpr essi on_t echnol ggi es hav een devel oped r ot her, applicatiqns
ey ofoPBIEYPe GepEhe ahd Be mReRtABRogt die Ale08 g cCtsciilh 165y
conpr om s@smaRREIBR abptoaceararé REndiddr& €e eb@RPiheCtfniREbsionliati 6P dB@led 8L t he

quality requirenments needed for cinema presentation. [0005] Digital cinenma
conpr essi epstiediehtid digitak pidame appeeacie Thechipwudigitaueinpmg qualty velaptieegoer
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same timealthdigh BerPises shaherhaahilspseofsinfuthdtibae dighlt afdthe goafpkdsgioancy to
be practical. As defined herein, coding efficiency refers _to the bit rate
needed f oPreRE, drasesdigtoriiyeausedby ithistlgss shogld BE d@pergsniibiuta R vigYSFe

| evel . qulﬁg&q{omglk\qe@%lgtcgﬁ%@?&codi ng techni que should have built-in

flexibility to accomo erent formats and shoul d be cost effective;
t hat [0094] a snddxistingzbgitanchagd £ompressiondechuidogios havechatardepelopas for (tiF06]
Many conpressi an techniques avail abl e of fer, sjgnificant |evels .of, .

conr oo BRocagghs. ity 15 R andienon oreh HEel ey M rhe® viesien
signal . TypngRIthiYes hRBPHiAAYEDr e intbhd@AS APlichiich, CRITPAE 95 tnden ftd @amﬁtg_n
require the conpressed I nformation to be transferred at a constant Dbit
rate. [O0Ouitemenis dapiedder enemea prseidiioncapabl e of of fering significant
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hereinafter he referred to as the aptive Block. Size D screte Cosine
Tr ansf or msk‘%’g‘émph@t%ﬁﬁﬁq t%ﬁ‘i ‘éthat ]é‘gﬂ‘rﬁs&]&é( rpleags; RIAE 5’@‘% “_}tﬁﬁfl.sa%e. umge Bt No.
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System " assSigned e assignee of the present” invention and

i ncor por ahetirhepding efficiersf aefersde the HCHte eesided fprabe comprassed imageaiuelydoi n UL
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built-in flexibility to accommodate different formats and should be cost effective; that is,
a small-sized and efficient decoder or encoder process.

[0006] . Many compression techniques available offer significant levels of compression,
but result in a degradation of the quality of the video signal. Typically, techniques for
transferring compressed information require the compressed information to be transferred
at a constant bit rate.

[0007] One compression technique capable of offering significant levels of compression
while preserving the desired level of quality for video signals utilizes adaptively sized
blocks and sub-blocks of encoded Discrete Cosine Transform (DCT) coefficient data.

This technique will hereinafter be referred to as the Adaptive Block Size Discrete Cosine
Transform (ABSDCT) method. This technique is disclosed in U. S. Patent No.
5,021,891, entitled “Adaptive Block Size Image Compression Method And System,”
assigned to the assignee of the present invention and incorporated herein by reference.
DCT techniques are also disclosed in U. S. Patent No. 5,107,345, entitled “Adaptive
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Block Size Image Compression Method And System,” assigned to the assignee of the



WO 03/ 003738 PCT/ US02/ 19407 3 present invention and incorporated herein by
reference. Further, the use of the ABSDCT technique in conbination with a
D fferentwalo3Quexds ree Transformtechnique is discussed i mCO/USE/1Rat ent No.
5,452,104, entitled "Adaptive Block Size |Image Conpression Method And
System " also assigned to the assignee of the present invention and

i ncorporated herein by reference. The 3ystens disclosed in these patents
utilize what is referred to as "intra-frame" encodi ng, where each frane of
i mage dat réssntgneandiod and ikromporated herdint by tefesenceodugher, dfc wapf dreheBSPCIne.

Usi ng the ABSDCT .t echpi que, the i evabl.e data.rate be reduced from
o ousd 1SR if, SRRl wiB G B ED b Rad R Sray S it Sl
second wi GOUS. HitsweaNi MR, HRg eRdRidl ‘Mlapfivd Bl ck FRE En8eRCbiyresiiOMRInolNE
ABSDCT techni que nay be used to conpress either a black and white or a

col or i mag@doYys&ingnaisor issicaed i ithegassigacs phdlee PresntdByBtionrgwdtingergeratednay be
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format.. Cidwerfrimsvencbdingpbere sachhfrase dhienageMataYEbhdoded wREBuif regardts theay

al so be used. Because of the | qw spat.i sensitivity of the eye to color,
most 1 ese&PRENHAEANY 0GR THame %Slg%ﬁles‘éﬁgli)gf&?a}%%&G&Chlewﬂﬁéﬁé FRIE TRY a

factor of ubQruckd rlohealdahd 29biRlondBlek peelsbdodlio qgﬁz%ﬁfdlﬁa? S0Smi1B&E BapLe-
Accordingly, a video signal nmay be represented by four [um nance cohponents

and two eésondiwithevediscemibleedegrmdafi@0odhe ligageguaBSDCT, a vi deo signal will

gener, be segne intqg bl ocks of pixels for ocessing. . For. _each

b1 0000 umi RIS G erlPBHERG B° eSS Bmesdts BhBZEERKF foq \Big RE

i nt er| eaveblor MAkgeesBsphal reprededdting Ghe hage! )THY @tde BNt HgnNmesesd Rda tYOQL he

bl ock interleaver, which orders or organizes the | mage sanples wthin each

16x16 bl OERTH WHh oYL RR o RSN SR BN ESS BTN R bRNGAL defng; the
di screte GORARkE A0SR MDD for 308 ¢ or R DTTRRC GG S PREmER! hod

of converting a tine an Iral sanp signal to a frequency
r epr esent atdhoas the YU, ¥EBE: wiRGRIfornByts mapassothenged.o Bacduse gfi éredgw spatial

representation, the DCT techni ques have, heen, sho to allow for very high
| vel s of SRMASE eve 48 DR ATPS aPErchhon Sh e B dor Per e L ctge of

the frequepgyondhksSby iabfdbioP Bt ¢AR RChE MoRtomial fd PRibdTRBR oM B PAsehsyié.ed
enbodi nent, one 16x16 ~is applied to a first ordering, four 8x8 DCTs
are appl i dgcerdinglyacuder signdmasgbe epresstedby fourdpminappd fedpensnis anditwd

orderi ng, Cﬁr%%ﬁgﬁmg)égm%%tsgre applied to a fourth ordering.

[0009] Using ABSDCT, a video signal will generally be segmented into blocks of pixels
for processing. For each block, the luminance and chrominance components are passed
to a block interleaver. For example, a 16x16 (pixel) block may be presented to the block
interleaver, which orders or organizes the image samples within each 16x16 block to
produce blocks and composite sub-blocks of data for discrete cosine transform (DCT)
analysis. The DCT operator is one method of converting a time and spatial sampled
signal to a frequency representation of the same signal. By converting to a frequency
representation, the DCT techniques have been shown to allow for very high levels of
compression, as quantizers can be designed to take advantage of the frequency
distribution characteristics of an image. In a preferred embodiment, one 16x16 DCT is
applied to a first ordering, four 8x8 DCTs are applied to a second ordering, 16 4x4 DCTs
are applied to a third ordering, and 64 2x2 DCTs are applied to a fourth ordering.

[0010] The DCT operation reduces the spatial redundancy inherent in the video source.

After the DCT is performed, most of the video signal energy tends to be concentrated in a



[ 0010] The DCT operation reduces the spatial redundancy inherent in the
video source. After the DCT is perforned, nost of the video signal energy
tends to weosomrenitrated in a WO 03/ 003738 PCT/ US02/ 19407 pca/udSet 13CT
coefficients. An additional transform the Differential Quad-Tree Transform
(DQT), may be used to reduce the redundancy anong the DCT coefficients.

[ 0011] For the 16x16 bl ock and each subgbl ock, the DCT coefficient val ues
and the DQT value (if the DQTl is used) are analyzed to determ ne the
nunber of fbitRCT eqefificants oAneddoibeaalt thansfirog kheoDifferbatidl dglad-Tibe Aransfoembl ock

or the conpinati on of sub-b)J ocks that, require | east. nunmber of bits to
encode isqgﬁﬁserﬁaﬁfﬁe\l R EEHEe éeﬁ?‘?i‘g@‘écysag@??@rfﬁ?b@coegi%ﬁ”g?'e, two, 8x8
sub- t?d)(ﬁqtsi hsi Yofihk Fo2s BIREMEd eahuBiiIbdk, el erRobifoRkE vATEY 438 thebogen to

represen e image segnent. [0012] The chosen bl ock or conbination of
sub- bl ockyalue (iththe PRApisr ksgdh preasrgésded rio sleteamine the oruanbiesof @its| egwkiredrive
DCT/ DQT coeffjcien al ue then under frequency .. wei i

guanti zat ieB?ﬁdeath(a 5 Wi gsu%ébg??% a?ﬁ?}lalﬁileaﬁllogﬁ % rﬁ%‘% %O%olé?tﬁ%fbgﬂ}bbgg%%rtg? t| on
for transequesh eie left hipuehoftis (MBS id @obei Buepdest tidiathea bspneenpeFHior s
remarkably "well, it is conmputationally intensive. Thus coni%act har dwar e
i mpl ement #KABRleotWe IRXS ubAcksusixndiA Bab-Blocks, camd eightoded pubzBlorsh Y| Rngt h
codi ng ha i Sk i formof run length and size. O her
conpr essi %Hgﬁng?%geg’g%ggﬂuﬂgﬁﬂgggeg%igltr??ﬁphot ographi c Experts G oup (JPEG or
Movi rgo1R] ct ur e Thephoten HBoakug coPEGP) of sgeblcks @riber propérty zregged anordery

t hod t i si ze. Usi SDCT,. h
0t Forent pctnox o block, BTRE EREFAd Soatieht saloen ayaPen siesd e bPocks
of data. SpuEnERILMMITRENNGRd cOlGB Bfch HWAIBR RAGESodERNh Prepaiatian Fon Of

zeros followed by "‘a non-zero coefficient. Huffman codes, however, are nore
opti mal wheansmissiopr Althpigh theed BEPQThtechuigne despyipd|aboyt perforaygaempekabbiver s
n

of two. However,. In . .of t.he - | engt, i aj .

pr obab |1 T Taise b iFARE aknh e TP SR Ao et B
codi ng r eqébhhRpe anayadaldititak. of pre-conputed code words to be stored. The
size of the code book can be prohjbitively | arge. Afsl so, the]ﬁéé)tggggt, code

wor d [0OM8) be priGiabletlenghygorigs bas peenascomplishse tntherfRgn of g e

o ey be B . e e
gt 1%5% Bompielsion WRRbS, st MY PREGLGHER! Ex )R OSAPBIBEG) or

Moving Picture Experts Group (MPEG-2), use a standard zig-zag scanning method over

.

the entire processed block size. Using ABSDCT, however, different block sizes are
generated, based on the variance within blocks of data. Some coding methods, such as
Huffman codes, consist of a run of zeros followed by a non-zero coefficient. Huffman
codes, however, are more optimal when the probabilities of the source symbols are
negative powers of two. However, in the case of the run-length/size pairs, the symbol
probabilities are seldom negative powers of two.

[0014] Further, Huffman coding requires a code book of pre-computed code words to be
stored. The size of the code book can be prohibitively large. Also, the longest code word
may be prohibitively long. Hence, use of Huffman coding for the run-length/size pair

symbols is not very efficient.



5 SUMVARY OF THE | NVENTI ON [ 0015] An apparatus and nethod to encode the
run-1 engths and anplitude of the quantized DCT coefficients in a | ossless
manner toweaahioedres conpression i s described. SpecificallypPCcEalsomm4Ri ce
coding is used to encode both zero runs and non-zero anplitudes of the DCT
coefficients after quantization. It is found that the use of a schene

t aki ng advant age of an exponential distgibution of data, such as

Gol onmb- Ri ce coding, allows for higher coding efficiencies than alternate
schenes. [0016] The present i S3UNMMARY OF THFUENVENTI@Ned system and net hod
of image conpression that utilizes adaptively sized bl ocks and sub-bl ocks
of Discrete Cosine Transformcoefficient data and a quality based

quanticst i on seal Qppaeiuer and bRk tPfendddeethe A8iRnbhs | MAUAMpRIAS &naRder .
The encoder conprises a bl ock size assignnent (BSA) elenent, which

segnent s ghntizag RCB|ceelicisntspinke lesskesy manerreosichigve TRBPBISBIOR isidgseribed.
assi gnment,_L S-hage he ances e lLnput bl g further
subdi vi degp%ﬁsl%%i fq?’%gm%g%ggg‘{oﬁ %r Zsag 8%% :t(ﬂ qngg(geetrm@larz :érén%%g aéllrﬂengrllj @Pvi ded

i nt o snal heplibides kBthe T asettisiends tafter Guitiziony R4 fNEe shadtte udObf Hecheme
subdi vi ded, .provi ded the bl ock and sub-bl ock pean values_ fall intg

di f f er ent 13K adeningaed anagpoaentiph distripytiog of; data. sieh a8 Golembaderoreding. a

bl ock is [ AT PHihd SerRA peadisng on its nean val ue, and
t hen the 3g§?ange%g%£ gﬁ%égﬁog%kﬁghgggggﬁg %Mﬁt E% threshold, and if the
vari &d6] i s gr datepresemnintvertiorthrieshodiahlity t hesed t dystebl ook instlsdb aif vincked.

[0017] The bl ock size sign t 1s provyided tao a.transform el t, which
Eransf or mEOMPREE B [T A veg e OGS tnd b kol Dh ol Kt o

per f or med Tesisfor@itdeffieidtt Aata and AGuakil-babcicdianE Ao kefe FRtRUAbIBEIOSIpIREIZE
assignnment. The transform data then undergoes scaling through quantization

and seri adptRaisiiBRUt Quathencaser. ol hef enchdert Goapsises h bleelt 8izp fsyjgrmentZ B Hased
on an ima |4t [ ch.as I r . adj-yst i
espect ot whitn elefis B HHpA00ReR W AT prdcdfind MY FoclllR, o

bl ock si zessigmsing ivsédon dred/acianqeast tiedape blaktiand Surtiee suledivided blooks. Such as
Zi g-zag scanning, is based on creatin | ongest_passi bl g‘}f{un | engt hs of

. the |
the sane $SHGR: 2PAD Wiy BESET YATIRRCES AfesSUodidedcingn smplerplocks; ansl arepeRiin

coder in i f 1158} i 1] i al
G St 11 but PAERAT ARSI HE pbf BOABIRIARN prfild e RRRR B huBbloioncNAl

zer o repr édbmiediftia¢, predeteminedimnges n gibius | Brstitheeranianeedthreah@dlob miblpck mnet er
;: ad]? Lﬁgﬁogﬁﬁﬁjeéffsror% i{surrllo%iinglnva%e Eigp%ngﬁ%[g%nri snmlegnn%lgé, aﬁdqﬁ'é)r;[ .heé‘ r{/tr«,rriiar?ceeor}cOded
the block is compared with a threshold, and if the variance is greater than the threshoild,
then the block is subdivided.
10017] The block size assignment is provided to a transform element, which transforms
the pixel data into frequency domain data. The transform is performed only on the block
and sub-blocks selected through block size assignment. The transform data then
undergoes scaling through quantization and serialization. Quantization of the transform
data is quantized based on an image quality metric, such as a scale factor that adjusts
with respect to contrast, coefficient count, rate distortion, density of the block size
assignments, and/or past scale factors. Serialization, such as zig-zag scanning, is based
on creating the longest possible run lengths of the same value. The stream of data is then
coded by a variable length coder in preparation for transmission. Coding based on an
exponential distribution, such as Golomb-Rice encoding, is utilized. Specifically, for
zero represented data, a zero run length is determined. A Golomb parameter is

determined as a function of the zero run length. A quotient is encoded as a function of

the zero run length and the Golomb parameter. A remainder is encoded as a function of



the zero run length and the CGol onb parameter. A remainder is encoded as a
function of WO 03/003738 PCT/ US02/ 19407 6 the zero run |length, the Gol onb
par anmet erwearnd/ 003188 quot i ent. The coded quotient and the cededsornadhder are
concat enat ed. For non-zero represented data, the nonzero data is encoded
as a function of the non-zero data value and the sign of the non-zero data
value. The encoded data is sent througéh a transm ssion channel to a
decoder, where the pixel data is reconstructed in ’grepar ation for display.

[0018] Acdbs ziragiylength, the Gelombrammeser and tbtrrgmnentn he epdediqueteentiané thepr i or |

eaui ro. ¢ reot ey 4 Poncalepked A8t R AR Ebls e af BRGHBED iy B

anot her aspesdedak adon@ivhaditiendn-teo deduatictdnd thd zign bEddadnizro dai dijas.e
i mpl ement atl on. &0021 It is another aspect of an enbodi nent. to achieve a
hi gh codi Hdieemepdadedty is feaeﬁrz?ughtatr@ﬂﬁdﬁé%lﬂwh@@ﬁbaqaéﬁcoéﬁr orhssR theepitelt o
t ake adva but| on of DCT data. BRI EF
DESCRI PTI g%‘g%g #&@%&E&?ﬁl@%&%fmﬁi}% eatures and advant ages of the
pr esgonis] nvent iAmcosdingly,beécanen raspeet agfpan entbodfmantn tbheotdedyairt egpridascadept i on
set forth bel ow when taken in conjunction with the drawi ngs in which |ike
ref er ence &EXEREM er s i dent | fy correspondi ngly throughout and wherein:
[0024ho1b] G 1 isisanbitef kspdbedABntoddheR 6 Ae€TeqRRé tHeQlke @if aﬁlexﬂeﬁm@code
conpression and processing system [0025] FIG 2 is a k di agram of a
decoder pbeek embeftorgd. i mage conpression and processi ng system [0026] FIG
3is ow di a t €SS ps., | i ance
based0BPbok si Joaishin b 4 08 AodthBn R oS e MRS bl e
di stri but iimpledfentdienY conponent of zero run- Iengt hs in a DCT coefficient
mat ri x {0028 FIG 4b illustrates an exponenti al }&%I strlpciutlllon of the Cb

g 2t

conpd ?Q% of zdtis 2pother asppEiof an pRbgdipert Oschieve p 8 ciency.
[0022] .- It is another aspect of an embodiment to take advantage of the exponential
distribution of DCT data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The features and advantages of the present invention will become more apparent
from the detailed description set forth below when taken in conjunction with the
drawings in which like reference characters identify correspondingly throughout and
wherein:

[0024] FIG. 1 is a block diagram of an encoder portion of an image compression and
processing system;

[0025] FIG. 2 is a block diagram of a decoder portion of an image compression and
processing system;

[0026] FIG. 3 is a flow diagram illustrating the processing steps involved in variance
based block size assignment;

[0027] FIG. 4a illustrates an exponential distribution of the Y component of zero run-
lengths in a DCT coefficient matrix;

[0028] FIG. 4b illustrates an exponential distribution of the C, component of zero run-

lengths in a DCT coefficient matrix;



WO 03/ 003738 PCT/ US02/19407 7 [0029] FIG 4c illustrates an exponenti al
distribution of the Cr conponent of zero run- lengths in a DCT coefficient
matri x; [WO30WoFBEL 5a il lustrates an exponential di stri beCirarsowissphe Y
conponent of anplitude size in a DCT coefficient matrix; [0031] FIG 5b
illustrates an exponential distribution of the Cb conponent of anplitude
size in a DCT coefficient matrix; [0032] FIG 5c illustrates an exponenti al
di stribution of the C conponent of anplitude size in a DCT coefficient
mat r i[§029] 0033] HG Gl @lusirptgs an gxpeneatidodiisimibuiRpe of drecod¢agpqnenicelszero awet

[ 0034] FI il E)%(I%_E{El&%ﬁﬂ%% ratus for CGol onb-Ri ce encodi ng. DETAI LED
DESCRI PTI g‘fgéf“’rﬁ ’E)%% | MENTS [0035] In order to facilitate
di gi y@d3of r ansmMpsG) S ilnfstraliegiah @kpsiegtial disteibdtienpOihet e onponéd i andlingle

benefits, it is_generally necessary to enploy sonme form of signal
conpr essi e ima DicheeebfcipitdpatEdnpr ession in a resulting inage, it is also

. t hat o . : . . h
ot} onal - E1% % dRGaicl n GrpbiehiTRARL R B B B Y ainnghe PR e
whi ch i s isivpan & AT coefficient mgipkj cati ons. [ 0036] Before one enbodi nent of

the invention is explained in detail, jt |S.to nder st ood .t hat. t he
i nved®®3sh is nﬁGi %‘Fﬂlﬁ’éﬁat?% R Fép‘%{‘ﬁﬁil?lcdﬁtflbﬁuqrbo‘{)ﬁ%é (géFPH}PPgefoOftaﬁé’ﬁlt“‘g
const ruct ispp jRABENEAisiangsBRt of the conponents set forth in the
followi ng description or illustrated in the drawings. The invention is

capali0ad3bf ot hdlGembibdiratehs Sokomb-Rice enceding prbcesst andh vari ous ways. Al so, it
is u rst ood t e, phraseol o n er,n.nol ogy,. used herein is for
pur pg®§4ﬁf destﬁéd h@ﬁtrgtﬁ%a%%&r%'ysrﬁf 88L° %Bé‘fﬁ(félgg(ggg‘l imting. [0037] Inmage

conpression enployed in an aspect of an enbodi nent is based on discrete
cosine transform (DCT) techni ques, such as that disclosed in co-pending
U S. Patent Application "Contrast Sensitive Variance Based Adaptive Bl ock

Si ze DCT | mage r ﬁb Al . pﬂfﬁﬂ fﬂﬁb ﬂ,@@yﬁ;ﬁ)er 8,
1999, assi gnedl)t%ielgﬁéﬁﬁgjssl g%lelipg?ﬁt%ﬂé\qgr]gsen app P'C]%tl onﬁan I'ncor por at ed

herein by reference. I nmage Conpression and Deconpression systens utilizing

the DCI are descrihed in co-pendi.n U S. Patent . l'ication "Quali Based
| magdOBshpr essi%brpr,gersé‘? i taft 1F£e. cgg;aggt&z;rfggs,smnfi ctiet# sighdlargnd sa10Y2810,

assi gned g iHen@fs! BIRALsOfit liBEgRERHG Nhe@BRlY G8LdRRNORANSme form of signal
compression. To achieve high compression in a resulting image, it is also important that
high quality of the image be maintained. Furthermore, computational efficiency is
desired for compact hardware implementation, which is important in many applications.

[0036] Before one embodiment of the invention is explained in detail, it is to be
understood that the invention is not limited in its application to the details of the
construction and the arrangement of the components set forth in the following description
or illustrated in the drawings. The invention is capable of other embodiments and are
carried out in various ways. Also, it is understood that the phraseology and terminology
used herein is for purpose of description and should not be regarded as limiting.

[0037] Image compression employed in an aspect of an embodiment is based on discrete
cosine transform (DCT) techniques, such as that disclosed in co-pending U.S. Patent
Application “Contrast Sensitive Variance Based Adaptive Block Size DCT Image
Compression”, Serial No. 09/436,085 filed on November 8, 1999, assigned to the
assignee of the present application and incorporated herein by reference. Image
Compression and Decompression systems utilizing the DCT are described in co-pending
U.S. Patent Application “Quality Based Image Compression”, Serial No. 09/494,192,
filed on January, 28, 2000, assigned to the assignee of the present application and



WO 03/ 003738 PCT/ US02/ 19407 8 incorporated herein by reference. Generally,
an image to be processed in the digital domain is conposed of pixel data
di vi ded iwom3anms7as ray of non-overl appi ng bl ocks, NxN in ®CTAIS0K19407

t wo- di nensi onal DCT may be performed on each bl ock. The two- di nensi onal
DCT is defined by the followng relationship: ce(k) f3(1) N1 N1 (2m +
1),nk (2n + 1)7d X (k, 1) _ 1 x(m n) c®s 2N cos 2N O <_k, | < N-1 N*
Mnmeo ,1=0 1, if k = 0 where a(k), fi(k) - and ~,ifk# 0, x(mn) is the
pi xel at [lspdrand (hepgin by tefigrencen Goartablyoek imagel to oekproyessesl tthéhe digital

correspondj ng. DCT coeffj ci ent.. 03!%% Since pixel. val ues are non-n ive,
Rl B TR R L R s L R e
energy. |mnfagd, AOofwd-iidhehSlonhiMBYES mAPDe pdrfdhRd &1 aASH WBISBKENETIRY tWwe-
concentrated around the conponent X(0,0). This energy conpaction property

i s what nalkeensional BET is defrgdduiethe fRilpwing slatioashipye conpr essi on et hod.
[ 0039] The i nage conpression technique utilizes contrast adaptive coding to
achieve further bit rate reduction. It has been observed that nost natural

i mages are made up @tk INaitvitvel y sl waryanp fll@k +asgds, and busy areas
(B o 2Ty %{( )
y

such as obj ee’f(kaunW C W 5 &dts Hddpt i ve
codi ng schenes takeYadvant'dg® of thi s factor

assignirng nore bits to the
busy areas and less bits to the | ess busy areas. [0040] Contrast adaptive
met hods utilize intraframe coding (spatial processing) instead of
interframe coding (spatio-tenporal processing). Interfranme coding
i nherently requires rrul;r%1 e-frgme buffers in addition to nore conpl ex

n

i pl
processi ngyietd CUid(®), A D) 5%{ appl i,gadii ons, reduced conplexity is needed
for actual inplementatio nfk&Qame coding is also useful in a situation

that can nmake a spatio-tenporal caoding schepe break down and perform
poorly. For exa B’é,”)@ih?Pléﬁleatﬁ%‘}atlg’é wigin asNeMblpgl. and i o this category

since the integrakipnls {l.jerggm%d??%gﬁad;r{sc({g@ﬁ&@ ical shutter, is relatively

short. The short ‘Integratio ows a higher degree of tenporal
aliasing. The assunption of frame to frane correlation breaks down for

rapi CIO&;,%} hon a%iriwte B&%P r;r/eafueg ee{’ré< yrionl-rpetggtzli\ter, e 188‘]1" Q&nﬁosnent X(0,0) is always
positive and usually has the most energy. In fact, for typical images, most of the
transform energy is concentrated around the component X(0,0). This energy compaction
property is what makes the DCT technique such an attractive compression method.

[0039] The image compression technique utilizes contrast adaptive coding to achieve
further bit rate reduction. It has been observed that most natural images are made up of
relatively slow varying flat areas, and busy areas such as object boundaries and high-
contrast texture. Contrast adaptive coding schemes take advantage of this factor by
assigning more bits to the busy areas and less bits to the less busy areas.

[0040] Contrast adaptive methods utilize intraframe coding (spatial processing) instead
of interframe coding (spatio-temporal processing). Interframe coding inherently requires
multiple frame buffers in addition to more complex processing circuits. In many
applications, reduced complexity is needed for actual implementation. Intraframe coding
is also useful in a situation that can make a spatio-temporal coding scheme break down
and perform poorly. For example, 24 frame per second movies can fall into this category
since the integration time, due to the mechanical shutter, is relatively short. The short
integration time allows a higher degree of temporal aliasing. The assumption of frame to
frame correlation breaks down for rapid motion as it becomes jerky. Intraframe coding is

also easier to standardize when both 50 Hz and 60 Hz power line frequencies are



al so easier to standardi ze when both 50 Hz and 60 Hz power |ine frequencies
are WD 03/003738 PCT/ US02/ 19407 9 involved. Television currently transmts
signal s awoaBwhss 50 Hz or 60 Hz. The use of an intraframeTdshenay’ bei ng a
digital approach, can adapt to both 50 Hz and 60 Hz operation, or even to
24 frame per second novies by trading off frane rate versus spati al

resol ution. [0041] For inage processinggpurposes, the DCT operation is
performed on pixel data that is divided into an array of non-overl appi ng
bl ocks. Nm\é»l‘tddatTEéethimmgmmtkydmnsmﬁesign@ls et efther 08 $ldorifdy i.nThe uisedfmg NxN

in size, it _i.s_envi,sioned.that rlous bl ock si,zes sed

exanpl o, VRN SRy J5 g BTt STl e AUAGth o rand 1 478 OF eeger s
with M beloE&aﬂbr’i JReve RadEfrathbdbr @cohEHSvieh 81 thdinfrdt hehe te{t@%ﬁ;wﬁpaﬁmpect

is that e block is divisible into at | east one | evel of sub-bl ocks, such

as N ixN esofgtioRN/j, N ixMj, and etc. where i and j are integers.

Furt t 0 e i . pi xel
bl ol h o F25 EEERT Ry Rl bpSiet PR inCE, ARHERR: BRHELI 8n DRt 0, P ¢
further emhtss divadbdtipat anv amrayoofSn@t-oeerlappiing déocks.s 0die dmt Ahdughvidockogizezdd

i nt eger vaIu e use 9x9, [0Q42] FIGs. 1 and 2 ustrate an
g pr oGS y STeh S S TE RN IB i1 R EHASEBREB VT Bk S StV
serializete yibe WQEQﬁaﬂ@RP%ﬁﬁkNﬂbﬁMﬁ%ﬁﬁh%Q@bEQHH&bé%ﬁwﬁDb&QQQ@%H:&Pée t hat
conpresses a received video signal. The conpressed signal is transmtted

using a tntegeshivitbiMbeiigeithet gr@atelathplhyslesmhanwuAnmth@rampanwtraep@t isghatby a

campi o5, ak BROR is CFRRRRL o & BT ORI Cel SN SRR RS Rl o0

di vi ded i n/xM;, %ﬂ%t@fwmraelaadbare aess SFmgaenﬁo&Qt}@rexeﬁipm@blmmté@s
converted from RGB space YC1C2 space using converter
116, wher disyussed heggin lﬁr%nlﬁéih@ alxeblplof# wghpﬁ%@onél@&ﬁmgﬁpd sal?raloe&'s affdCE2 are

the chromi Bé’fﬁ?i%nﬁorlt £FuRfer &9{%&?&@8 M valfGGAHRE iffeed @%ué}f b‘tﬂl%bé%' orodd .,

sensitivity o e eye to co many Systens Sub
conponentmﬂﬁyxaﬂh&mﬁmybeh&ﬁbag 9xP.t he horizontal and vertlcal dlrectlons.

210y |0 o B S o g B

appl i cat i @RSoFURIbAS stiser. I BheihAd Prbecifin ©drh 190 'c8 gh&é%' arCd 38R 104TWO

possi bl e YCIC2 "~ representations are, the representation and the YUV

r epr esent &hat eamptessds ofecpived ivideo 51gnal The compressed signal is transmitted using a
transmission channel or a physical medium 108, and received by a decoder 112. The
decoder 112 decodes the received encoded data into image samples, which may then be
exhibited.

[0043] In general, an image is divided into blocks of pixels for processing. A color
signal may be converted from RGB space to YC;C; space using a RGB to YC,C,
converter 116, where Y is the luminance, or brightness, component, and C; and C, are
the chrominance, or color, components. Because of the low spatial sensitivity of the eye
to color, many systems sub-sample the C; and C; components by a factor of four in the
horizontal and vertical directions. However, the sub-sampling is not necessary. A full
resolution image, known as 4:4:4 format, may be either very useful or necessary in some
applications such as those referred to as covering “digital cinema.” Two possible YC;C,
representations are, the YIQ representation and the YUV representation, both of which
are well known in the art. It is also possible to employ a variation of the YUV
representation known as YCbCr. This may be further broken into odd and even
components. Accordingly, in an embodiment the representation Y-even, Y-odd, Cb-

even, Cb-odd, Cr-even, Cr-odd is used.



are well known in the art. It is also possible to enploy a variation of the
YW representation known as YCbCr. This may be further broken into odd and
even conmporabx3s Accordingly, in an enbodi nent the repre®emusz/onoy-even,
Y-odd, Cb- even, Cb-odd, Cr-even, Cr-odd is used. WO 03/003738

PCT/ US02/ 19407 10 [0044] In a preferred enbodi nent, each of the even and
odd Y, Cb, and Cr conponents is procedfed w thout sub-sanpling. Thus, an

i nput of each of the six conponents of a 16x16 bl ock of pixels is provided
to te4déhcoder Inesprefpmed ﬁmbgmeat ieah gfuthp ssesand ¢dd YefRboawt C1 oempanentshe

Y-even component ks .hllustrated. Si-mlar en rs,are, used for the .Y-odd
Yoy o o TPRRENch Svitholt S Alifing b Mo BAGOSCL R HrSnt B8 coonbll§ of ¥

conpri ses 18x 14 eRickSoiZgixels 54 ?Pdﬂ@dﬁd B geBdiicods?O10aWhBehilngrhdnBuBbagkikgl ze
assignment in Ereparation or video conpression. The bl ock size assignnent

el enent 120cqdet dP4riferdbe Yrenengoguienerids mbistiptero iptlat ercodes Bee wieddRr Bgsed on

t he percept r erlsti f ' enJ c I [
assi gnman!t%ft g%i)(ﬁ% gﬁggg ’eélgﬁ élvgﬁ 1%dbbgcgkc¢ @g gﬁpbggn%foﬁ%ﬁegﬁc C§algﬁ8x8,
4x4, and Zumprikes ablockasizd dsei@nimantlamerntd@20whicl perforinikcblack sixd dsgignirehiin  a

16x16 bl ock. The bl ock size assignnent el enent 120 generates a quad-tree
data, cal PEPaaine fppidgacampiiptee iTBadlacksins Heizpeiicepmentalid deferpiipes.
Thus, if ! i - e

i vi ded: e pEEy o SnROFHaR HEHe GRS BloPk Bied chthe forplid chiy g s P

addi t i onalimbget ;0 te odat Bladr sies posighimegt subdivides each Ifixtb ddetk8m® kbinaelddes. | f

bl ock si ze, assi gnmen term.nes .that an f the, 8x8.bl ocks is .to be

Subdi v; deBIORRaAON FoRS: Sidhiept anin fhaal e Bshiap pepeiing b 08 aeSyhialfin
subdi vi ded 18% &6 BRERA Thé BRARLiIzEAEREdrhdIE cRAWNE P2(FEdaerates PqifakiAe HaROEARR
showi ng details of the operation of the block size assignnent elenment 120

i s provi déit. PQRelataapibasrclengsh can be beiwees 1 ge@dl biss Bhuspifblqck siz¢ astignendi si on
t bdi vi . _ L nni t . t i :
oad. - SpEnfisfl, B s 536 BN & 18 gD fhe R ALK fhed R oais B SRS T

vari ance ifalosvist fotir addifiondl dis of O ddtd cddrdspdndibgd td\thd f@ur digided 8x& blocks. YX2i , J
- NZ ~~xi g) 1=0 j=0 1=0 j =0 where N=16, ag&]%xi j,.is the pixel in the ith
row, jth blaek, size @psignmens drieNIRES, that any o F§§x8 blocks is to be subdivided, then

four additional bits of P data for each 8x8 block subdivided are added.

[00451 Referring now to FIG. 3, a flow diagram showing details of the operation of the
block size assignment element 120 is provided. The variance of a block is used: as a
metric in the decision to subdivide a block. Beginning at step 202, a 16x16 block of
pixels is read. At step 204, the variance, vI6, of the 16x16 block is computed. The

variance is computed as follows:

Z

1 N-1 N-1 ) 1 N-1 2
VaI':-'l—\ITZZX ij — _I\—I?Z Xi,j

i=0 j=0 i=0 ]

—
1l
<

where N=16, and x;; is the pixel in the i™ row, /™ column within the NxN block. At step
206, first the variance threshold T16 is modified to provide a new threshold 7”16 if the
mean value of the block is between two predetermined values, then the block variance is
compared against the new threshold, T’16.

[0046] If the variance vI6 is not greater than the threshold 7176, then at step 208, the
starting address of the 16x16 block is written into temporary storage, and the R bit of the
PQR data is set to O to indicate that the 16x16 block is not subdivided. The algorithm



206, first the variance threshold T16 is nodified to provide a new
threshold T'16 if the nean value of the block is between two predeterm ned
val ues, twer3wbs3dbl ock variance is conpared agai nst the mewushreshpl d,

T 16. [0046] If the variance v16 is not greater than the threshold T16,
then at step 208, the starting address of the 16x16 block is witten into
tenporary storage, and the R bit of thal PQR data is set to O to indicate
that the 16x16 bl ock is not subdivided. The al gorithm WO 03/003738

PCT/ US02/ 1f9=n01¢ads1 thet het Had @ sblpdle of dixels 63 ghey vadncef v jsegrgater thaphihe

vari ance 6 t ha hre t hen,at .ste 1 he R

oo e e et B E T izt e R MG Bl G IR oS el fhoy BR7 R

subdi vi dede6x 18 Wloéloidrto 8% Sutliviakdintd 04 k8 Blaeks. our 8x8 bl ocks, i=1:4, are

consi der ed sequentl allg for further subdivision, shown in step 212. For
i

each (@48 bl ock The fursxsiblerks, =l arelC@W@‘F’Fﬁ@ﬁ‘?éﬂ‘enté%HstPéﬁ‘@f&subﬁlﬂ“s@{l’e% 2186,
first thegyari g{‘&gp E?i eﬁbpgafégl%s'bio thief %Sf!l Lo R! ?svéé}lgglﬁedl%\f\’stregrﬁah%td T8

if the nean v étvveen P pf edet et m ried val ues, then
t he bl ocksteprilénfiet ths vadanpalieshdld 78 s siodigied tdn pﬁﬁrhml dnevy GR4Bbld T’ Stihithe

variance v8i is no ater .than the threshold then at step 218, the
starting g@awélge&? okl HSFoR (10 RiFcfrnacy "tag-‘etsetﬁf)‘bﬁ%?r ocdy Biriages isand

t he COfng&ﬁ?ﬂb@%thQMthr&lgldl s set to 0. The next 8x8 block is then
processed the variance v8i is greater than the threshold T8, then at

st ep[@28], the Hotheeepianch m§ iQ tyittgrea@r than she ¢hreshold Ti8p themdatcsier 218hthe t he

bl ochs | plaitingaadfes® PR S8 Block I Sl b KimposPS Shirptre pd g G0 TR BinE ne

shown in sisip @218 sef@r0. eBEINAS xR bk is tHRR pYeUebRAC & th¥ 4bfiande $SCiQTRdaterd, at
step 224. At step 226, first the variance threshold T4 is nodified to

provi de athfavhe Wf@bﬁ’dl 1§, then o step B0, the serresarrding R hih &: bisoekio ktogadigaien t wo

pr edet er hepk \/ conpared to this new
t hr eshol gmgfg.ﬁg%%%ﬁ‘:ktl%e vaérdl%glrlvgélee(ai\c/lﬁtof%ﬂ OJ(f:jkrk:é'eat er than the threshold
T4, {0va9] at st &he 2B 4xt I’mh)cka,qgﬂes ara)fontlﬂaeéxéqliahmﬂg fios fusthiet tuddjvigionl dshe
correspondl ng P bit i ] set to.0. The next 4x4 block is trﬁg A

h at

pr ocessedshqyn %%%%%f aFfee MX@%%@@H@% ViindS SOTPRILFR |34 StPR
step 230, slreQQZG %@QQ@&&Q titedld T34 moﬂﬁleﬁ%%Pltlekd;e E{I%I"]X} g%%s‘ﬁt | On%ﬁﬁ et he

4x4 bl ock Ivided into four
addr ess ofnenhealde 2% thebhlodkss betvecewtivotpeedetarmiredt vaines, thewy thethdodgerriance is
compared to this new threshold.

[0050] If the variance v4; is not greater thaﬁ the threshold 74, then at step 228, the
address of the 4x4 block is written, and the corresponding P bit, Py, is set to 0. The next
4x4 block is then processed. If the variance v4; is greater than the threshold 7+, then at
step 230, the corresponding P bit, Py, is set to 1 to indicate that the 4x4 block is to be
subdivided into four 2x2 blocks. In addition, the address of the 4 2x2 blocks are written
into temporary storage.

[0051] The thresholds T16, T8, and T4 may be predetermined constants. This is known
as the hard decision. Alternatively, an adaptive or soft decision may be implemented.
For example, the soft decision varies the thresholds for the variances depending on the
mean pixel value of the 2Nx2N blocks, where N can be 8, 4, or 2. Thus, functions of the
mean pixel values, may be used as the thresholds.

[0052] For purposes of illustration, consider the following example. Let the
predetermined variance thresholds for the Y component be 50, 1100, and 880 for the
16x16, 8x8, and 4x4 blocks, respectively. In other words, 716 = 50, T8 = 1100, and 74 =

880. Let the range of mean values be 80 and 100. Suppose the computed variance for



[ 0051] The thresholds T16, T8, and T4 may be predeterm ned constants. This
is knowmn as the hard decision. Alternatively, an adaptive or soft decision
may be i npDeswod7esl. For exanpl e, the soft decision vari epcrhsor/4eshol ds
for the variances depending on the nean pixel value of the 2Nx2N bl ocks,
where N can be 8, 4, or 2. Thus, functions of the nean pixel values, may
be used as the thresholds. [0052] For pwrposes of illustration, consider
the followi ng exanple. Let the predeterm ned variance thresholds for the Y
conponent threl@&a 6 blddas 68n§i8EGOfipgrenterthan ¢ § 5andgh@meamslalag 20 i etween 80

respectivel e rds 6. =.50, .18

range of %é&og%ﬁig {)6 ﬁ(gﬁab%ﬁﬁiedﬁﬁ&%re&&% B(%?fgiﬁt gapp/ogp%n@éngu%er&

03/ 003738 veddddSBar th9 408 blokRs trel 1836X955, B0 Cind B160.Sisden6® Fahd SxPbRakEr
than T16, and the nean value 90 is bet ween 80 and 100, the 16x16 bl ock is

subdi vi deé?aYenY@aFlé‘Eﬁrthth%ﬁcg%T%ltb@I%éWO%éﬁ@ furhercwihgivided topsadugne éefak or
he 8x8 bl k
e BB PLRBlA A8 B0 RPRodY Rl Pl BEcRA: ARSKS

produce a 6801610, 600 é@(gtﬁ254§130 wbﬂQDpwhh cofresphliing meqmpoakies 86, V20, ila0ces of

h i gh 4 b k 620 52 930, d 690, th
f:o?r Ségokﬁﬁg %ﬁ%‘sshﬁg{r@é% valye qu% B q18b ¢ buxd lbggck %?Hd@ f?tﬁeraﬂ%eaéﬁa@awek iy W't he
first 4x4 l%ﬁﬁ)‘fd faih s wertemo 13960 m@eh I%QQS)S thad $20.t$6, Gtﬁl@%(d b\mclkl w1l?leoe

| owered to T 4=200 which i's less than 880. So, this 4x4 block wl
subdi vi dedubdivided bs well ah thesevanth ﬁx44h14>0bl ock [0053] Note that a 5| mi I ar

proc isu 0 aSSI bl ock sizes Qr t he m. nance onent Y- odd
and Eﬁ%gﬁol or i‘gﬁ%@ﬁ%nﬁ & Pé?ﬁe?ﬁ“feds %88 OGFSI&@E Ce\(n‘cl:}zeér f°6§ YREARH or
conponent gofipyndie Ylead ard e@ dodr cbifonkhty, cg/eeernt@bcoq& ICY. everCdndOOL . THOEAD:

Addi tionally, note that althou%g bl'lock size assignnent has been described

as a top CEBRANGHSHNAN be desipatgdinerzenially, yerisaly.ox Bet. (16x16 in the present
exa is ey dh@él]ecl f C i d. The
bot t dgrq%up appr (fgdc ﬁ?’ Me@?l‘%%‘tl@%%}pmoe S?Pgs?tgl %g 5c sas(%%q?gcrﬁﬁg%gfaesent
exanpl e) top $1bwn[ AfinéchRah ewlicin ghd dedgestobletlG.(14x 16 e t]E@r@amtaexmlﬂﬂ)gisvw th

t he address s the gel ected bl qcks, .are row(ﬂﬁjjff a DCT el emant 124.
The DCT ef¥ 29& 3,btom R appsRaciimngy {nstead FF‘é‘“r %‘&9‘@%“1&6@1”1% will
transfor mévé]ﬁatﬁ:'ﬂ% SRAOMBIbA]222 ZOfe plestitRxa@pREHiRE bl ocks. Only the

sel ected bl ocks need to undergo DCT processing. [0056] The inage processing

syst é0A53D0 al sdkefaripg bedstodF6. dl, reehPR 128, hlongvathutieragdresses of the selected
blocks, are provided to a DCT element 124. The DCT element 124 uses the PQR data to

perform discrete cosine transforms of the appropriate sizes on the selected blocks. Only
the selected blocks need to undergo DCT processing.

[0056] - The image processing system 100 also comprises DQT element 128 for reducing
the redundancy among the DC coefficients of the DCTs. A DC coefficient is
encountered at the top left corner of each DCT block. The DC coefficients are, in
general, large compared to the AC coefficients. The discrepancy in sizes makes it
difficult to design an efficient variable length coder. Accordingly, it is advantageous to
reduce the redundancy among the DC coefficients.

[0057] The DQT element 128 performs 2-D DCTs on the DC coefficients, taken 2x2 at a
time. Starting with 2x2 blocks within 4x4 blocks, a 2-D DCT is performed on the four
DC coefficients. This 2x2 DCT is called the differential quad-tree transform, or DQT, of
the four DC coefficients. Next, the DC coefficient of the DQT along with the three
neighboring DC coefficients within an 8x8 block are used to compute the next level
DQT. Finally, the DC coefficients of the four 8x8 blocks within a 16x16 block are used



t he redundancy anong the DC coefficients of the DCTs. A DC coefficient is
encountered at the top left corner of each DCT bl ock. The DC coefficients
are, in weraed738 | arge conpared to the AC coefficients. Pog/usoyey4epancy in
sizes makes it difficult to design an efficient variable | ength coder.
Accordingly, it is advantageous to reduce the redundancy anong the DC
coefficients. [0057] The DQT el enent 128 perforns 2-D DCTs on the DC
coefficients, taken 2x2 at a tine. Starting with 2x2 bl ocks within 4x4

bl ocks, at@<c@npa? the DEEL.f dhuedn enloxhe blagky the@GscweftfuedP€rostficiEni snd@it2 DCT

is called the differential quad-tre r ar DQT, of the four DC
coef fici eRts ?reléétc?et?lﬁlgn%éogtgﬁoﬂi@iggﬂ%heg[?éjtrﬁlB, ‘along with the three
nei gigpsgj ng DCTheafahbfotmrbsifiticnty (hoBND8TCardl DOK) afecprdsridd t® a GRARIME fdrhe

next level DQT. Finally, the DC coefficients of the four 8x8 blocks within
a 16x16 blBaNizatien.yddde Welfesedewpedinmat) theoRCToumsificiams wge dvmiiged ushig DOT.
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guanti zation. In a preferred enhodi nent, the coeffigients are anti zed
usi ng f r dBdFREyeR ﬁﬁgﬁﬁgap%ysg_@f% PO i Hl%%fﬁ@& o FOEGPRST dior . A
FWMis a Gl alfddiRd eemphRiANhs iffut fsghﬁﬁl%@%viﬂ{g 3%%8%&9%0%11@ fhgt fleock of

i nput DCT coefficients. The frequency weights app férent weights to
t he di f f ehenan PERalcerefpticali sysiew. is Tinge sansitiyhtts, aaddo desinphasize ampigsthasinge t he

i nput sanpl es havi freqguenc ontent. that the human visuyal or, optical
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content tBARb beliesivhaltlsedon BRtdrelchsy sieihg distaass, sensi tive to. The weights
al so be designed based on factors such as view ng distances, etc.

F%_&a@i@ﬁ‘he wei giesveghis 88 witckd basee an smPEAGHl dp@al Agmetod Aondesianing Be
des on N9 Wi lhuint ShARL 88 SRR THCT [beridi K Taibaslel i BBKEd 1€l 1P 9088k, N

SO I EC J gital conpression and encodi ng
cont i nuou$biging stmprlessioragas] -enpadihg 10f Retjuiowsnend sstdhdingagededl | peets, 1"

by et or o RBRH R Ao o RS £l bt e dog LS ke SR e
conponent jaRehaRaed Rfeih N LReEeNant gefRAP S EWMsIBR HMdteabbis té:0the bl ock

Si zes 2x2, 4X4 are obtained by decinmation and 16x16 by interpolation of
t hat for lwhieagsescashpswknt Jiseoneckr dhe gliyppyinanes comwpeneantre o FWNM tables firt rat e

of the qu%ﬂ}ckzs?z%s 2x2, 4x4 are obtained by decimation and 16x16 by interpolation of that for
the 8x8 block. The scale factor controls the quality and bit rate of the quantized
coefficients.

[0060] Thus, each DCT coefficient is quantized according to the relationship:

DCT, G, )= {———i;:igf)@*g + % |
where DCT(i,j) is the input DCT coefficient, fwm(i,j) is the frequency weighting mask, q
is the scale factor, and DCTq(i,j) is the quantized coefficient. Note that depending on the
sign of the DCT coefficient, the first term inside the braces is rounded up or down. The
DQT coefficients are also quantized using a suitable weighting mask. However, multiple
tables or masks can be used, and applied to each of the Y, Cb, and Cr components.

[0061] The block of pixel data and frequency weighting masks are then scaled by
a quantizer 130, or a scale factor element. Quantization of the DCT coefficients reduces

a large number of them to zero which results in compression. In a preferred embodiment,



coefficients. [0060] Thus, each DCT coefficient is quantized according to
the relationship: DCT (i, j) =18 * DCT(i, j) 211 - Lfwr(i,j)*qg 2J where
DCT(i,j) womheshiput DCT coefficient, fwr(i,j) is the frequdarsoy19ei ghti ng
mask, q is the scale factor, and DCTq(i,j) is the quantized coefficient.
Not e that depending on the sign of the DCT coefficient, the first term

i nside the braces is rounded up or dowi4 The DQT coefficients are also
quanti zed using a suitable weighting nask. However, nultiple tables or
masks can thyse agell sefdfagiopt Fatesponding ko aferagedityratesh Unlie athercsmpnersions.
[0061] Th i et o

scal ot by MR 2EMIRGETHE oFied PRFHEF LI NRE FRTT0I0R BEES, 1
DCT coef f ipedoesded imegh) basead af taaggditruwetaad boffetdems.t o zero which results in
conpression. In a preferred enbadi rre&gn, WO 03/ 003738 PCT/ US02/ 19407 14

t her 0082k 32 sdQIIBCIEAROPPIESEOP dUBhidiNR guansized epetfjeicnisarg pioiled ihe $988 ot her

COMPY €551 Qikia1[JB! POAISTIMACH 2 5er NBE GPans bHLIBUEY Afialliod Ablickchn L@ YrbRlck 8

based on the quality of processed I nage, 1 nstead of target rate
and buf f eserstlatd streqr 0E2quanitizédn coadfisients.onpigersgi soans, wotumar scanhimggwamdowz ed

coefficients are &r{gvi defl t(g %CscaP sfgvi[fal izer 134. The seriali zeE]1 134

scans t he SHIOERSTY °f GERPERd LBYFPYCT gre{ltoz%%a(goqge@nag PEET Tl 2€d Bt r eam

of quanti zegkaO6hbi GheRictag Maf akobeThARE, ACHleEHITRdISARNYUBSmpNysBR¥/blcekanni ng

may be enpl oyed. A nunber of different zi gzag scanni ng patterns, as well as
t

pat t erns &izRefortthapiszagscagningy farigergrwartng ehtheAugnidzegrqogticienthimnyoes
enpl oys 8xf, 8@8&% oﬁ%r?c%ﬁntfexﬁ?%%m&rg?r% %?; zéx%aw?ﬁéflg This Ze'r&?&gnﬁl%xae%ﬂy igs gf the
e S | npr es heé ¢ . encountering a

guanti zed Cco I'cl en ances o arge run
of zero vdkeressinglroBabiktyparndinay bdheffieiehtly eiasled usidg Efuéfasinngdes. obabi | i ty, and

may be efficiently encoded using Huffnman codes. [0063] The stream of
ser i 4462k, qugﬁ?ﬁ%ﬁn SFfiR &eanﬂ%amt%%?eﬁfﬁa@astl P%Pve/glﬁd@ 8t BrjaffgeRethc oder
138. A rupshengigh aofARIeRaRAALLCS fesCHta L@ dCQRiildiGle BERRS ke eL ot he

zero fromthe non-zero coeffici erﬁ%‘Hl andrqtus descri beé Iin detail wth
respect t-drofl (e n-4eno aveffieiehisdanvbistdes@diednh -deiaglewitlo déspgcti to HIG bi A dn

G ot SeGERH e G PR IS RSt SR
conpr essi @hdinB ndh Ak vedneBestviith b BEpdheh@sl afsthibhti X PUBRBIGAbMY codes is
more optimal for compression in providing shorter length codes for exponentially
: distributed variables.
[0064] . In Golomb encoding run-lengths, Golomb codes are parameterized by a non-
negative integer m. For example, given a parameter m, the Golomb coding of a positive

integer n is represented by the quotient of n/m in unary code followed by the remainder

represented by a modified binary code, which is |_log,2 m_]bits long if the remainder is less
than 2”1 _ s | otherwise, l_log2 m_lbits long. Golomb-Rice coding is a special case of

Golomb coding where the parameter m is expressed as m =2*. In such a case the
quotient of n/m is obtained by shifting the binary representation of the integer n to the
right by k bits, and the remainder of n/m is expressed by the least k bits of n. Thus, the
Golomb-Rice code is the concatenation of the two. Golomb-Rice coding can be used to
encode both positive and negative integers with a two-sided geometric (exponential)

distribution as given by

Po(%)=cal )



di stributed variables. [0064] In Gol onb encodi ng run-Iengths, Gol onb codes
are paraneterized by a non- negative integer m For exanple, given a
par amet erwpDr3/003188 Gol onb codi ng of a positive integer n PETrESpresent ed by
the quotient of nlmin unary code followed by the renmainder represented by
a nodified binary code, which is L1og2 mbits long if the remainder is |ess
than 2rlog2 mL - m otherwi se, Llog2 ifpbits long. Golonb-Rice coding is a
speci al case of GColonb coding where the parameter mis expressed as m= 2K
| n [6366h a cade (Dhe& isuprrameter trat pltavadterizebihe dredy oy thetprpbabilityter bindar y
representat.ion of .the integer to the. right by k bits, and the rensi nder
of i 1's s b padualipafon PorEtRL ekt is Bptloniayis Sar b en B et o e
is the congat ena .eg%o%idgeﬁﬁf wo. Gol onb- Ri ce coding can be used to encode
i and negative I'ntegers with a two-sided geonetric

both positiv
(exponential) distribution as given by pa (x) = cakkl (1) WO 03/003738
PCT/ US02/ 19407 15 [0065& In (1), @ is,a pataneter that characterizes the
decay of the probahilki TP)8fPat¥: and)> é’iz(a’f;a‘rﬂé?rﬁ](?‘zﬁf?%“coné@ant. Si nce pa
(x) is nonotonic, it can be seen that a sequence of integer values should
satisfy pa (x; = 0) ? pa (xi _ -1) > pa (xi _ +1) > pa (xi _ -2) > ...
(2) [6Ue8P] As A URkEAEEGN! AICH. G, 45 4¢Bind %a, 3] 5@, botR: the ZerdRiE dae
zero-runs and anplitudes in a quanti'’zed DCT coefficient matrix have
exponent i amplitusies ibatquentizedTRET adeficidn matandavd Exprmentiadlistributimmse Fhiegur es
are based on.data fromyreal images. FIG. 4a, illustrates.the Y onent

G ot et bu ComifRs TRl hEORRR b wiike by da BER R Gksed, AR 1,
FI Gs. 4b amektidfesi theUst rcdhpondriedichibanen CA00C TP2R8Nturdiefbths DitrdRNrelatffe zer o
run-lengths versus relative frequency 410 and 420, respectively. FIG b5a

i | ust rat équensyy SesipdndAes dits end duilluswatspthed?b anhCr earponsnt disrdugos,
relative fg T !}g%-geingﬁ{sg}/érgﬁns{) ﬁlyﬁd&?ﬁe RRF M 026nd '45*“12%{@%&@;%9 e, 3d O

conmponent di'Stri I ze’versus re uency,” 510

and 520, rkspers itheY Yonlohent tdivtibiutionF30060f aheplitdde, sisdversisCrelatiee pegiccy.
represent the distribution of the size of the DCT coefficients. Each size
r epr esent Siilahh dE0HSbeandr ¥ ipeErmtesihe (and £gcompapptdistabuiopof ampligidst £ our
has the rapggeids ilei’atfv%ﬁfre eﬁcg/i,3 510 and ﬁé(ﬂ *rés?:etiv%l}t. OBl tRdt ik %I(%@S\Af@b, and
Simlarly, a size value ten has the’  range ‘
{-1023, - 1822he plots ddReehl the. disttibdfAod @2 30e s@etaftthb TDCT Wo2fickmtsu@ach Isizei S
seen from * . .

represents a range of coefficient values. For example, a size value of four has the range

{~15,~14,----88,...14,15}, a total of 16 values. Similarly, a size value of ten has the
range {~1023,-1022,---,~512,512,---,1022,1023}, a total of 1024 values. It is seen from

FIGs. 4a, 4b, 4c, Sa, 5b and 5¢ that both run-lengths and amplitude size have exponential
distributions. The actual distribution of the amplitudes can be shown to fit the following

equation (3):
V24
p(Xk,z)=—2—eXP{—~/2/1|Xk,z|}, KI20 (3
In (3), X, represents the DCT coefficient corresponding to frequency k and [ in the

vertical and horizontal dimensions, respectively, and the mean 4, = , variance

1
V24
o°x = —217 Accordingly, the use of Golomb-Rice coding in the manner described is more
optimal in processing data in DCTs.

[0067] Although the following is described with respect to compression of image data,

the embodiments are equally applicable to embodiments compressing audio data. In



FI Gs. 4a, 4b, 4c, 5a, 5b and 5c that both run-lengths and anplitude size
have exponential distributions. The actual distribution of the anplitudes
can be shwaro3as788t the following equation (3): p(Xkl) =PeTaspi 19/ | Xk, 1},
kK, # 0 (3) In (3), Xkt represents the DCT coefficient corresponding to

frequency k and | in the wvertical and horizontal dinensions, respectively,
and the nean ,ax = 1~ , variance Accorldi ngly, the use of Gol onb-Rice
coding in the manner described is nore 62 x = -. A optimal in processing

data i n DCPmprdsgiog tinagd datauhe image drovidemwsigupl insaydess ¢t ¢xamhpld, ehihgrds REB, t o

conpressi gn i da he enbodi hent.s_ are, equal applicable to
erbbd menth Ya0nbr SR8 Yok CemP AR i B B s Bedet FRIH8507 ' %6
conprewsi Ng i Nage. 6allwiratdd hd prRe&s GO0 \OF SRddsisdned afBiomgero cosffieranpl g

either in REB, or YIQ or YUV, or Y Cb C conponents with linear or |og

encoded pithePGlamaix is[sgamep. theaersand pepseergrcosificipatsars peesswdGepdratehc odi ng
zero and - f4 clent I Xl S cadhRe t ro and
non- zer o %ggfs @%ﬁ%ﬁ?@'a&e} ngrbo%aé%?zedl eéégé’f%é’@ fdadrsla "’;‘%‘%’ar at .egotgéﬂﬁr or zero
dat a, the lémyigt freqfositBrointagarsi Forl ekanpienidthe G8n-ldvptie it Faindriorbe hethghhs are
positive integers. For exa i run-1ength isH%P&nd to be n, then a

e,.if the
Gol onb parGRigDR PaAmeterfE;is 5%69@31'66 165.2 IR aprerabisiiente e Celombapargmster 1s

par anmet er gefrmAelesdm f i t
B mont TR e o o, OF 18 Gy Aendh. | 1E ahtifer ERBbHmeh AP i

equat i on (Pajanmeter<m isodglernlingd)y the faBjwicpequatiahk4), t he | ength of run-Iengths
and associ ated CGol onb paraneters are*ﬁount eg 616 by a counter or register.
To encode the run length of zeros n"=a 'Gudti M is “encoded 620. In an

enbodi t, th uothent i t i.nhed a . function of, the run_ |ength of
rer oBBEL' t ne stisptgbs Bl & R-aRBeRE AaiGHE, okt alifrst ia ©s
det er m nedotted 66 H9lal WohiRg of &ipadtérONMTd Encodédtlentur (8ngth bhz&bs AP qadtisants, t he
guotient Qis encoded in unary code, which requires Qtl bits. Next, a

r emai nder €Peoded Pfe dlrean empadimeng nibe duAdsRt is WREmgdi as fefunctor: RE Sifetinas a

length of zeros and the Golomb parameter. In another embodiment, the quotient (Q) is
determined by the following equation (5):
Q=|n/2"| )

In an embodiment, the quotient Q is encoded in unary code, which requires Q+1 bits.
Next, a remainder is encoded 624. In an embodiment, the remainder is encoded as a
function of the run length and the quotient. In another embodiment, the remainder (R) is
determined ug.ing the following equation (6):

R=n-2"0Q (6)
In an embodiment, the remainder R is encoded in an m-bit binary code. After, the
quotient Q and the remainder R are determined, the codes for Q and R are concatenated
628 to represent an overall code for the run length of zeros .

[0070] Nonzero coefficients are also encoded using Golomb-Rice. Since the coefficient
amplitude can be positive or negative, it is necessary to use a sign bit and to encode the
absolute value of a given amplitude. Given the amplitude of the non-zero coefficient
being x, the amplitude may be expressed as .a function of the absolute value of the

amplitude and the sign. Accordingly, the amplitude may be expressed as y using the
following equation (7):

2x, 1 >0
y={x g %

2|x| —1, otherwise



function of the run length and the quotient. In another enbodi nent, the
remai nder (R) is determned using the follow ng equation (6): R=n - 2'n
Q (6) I nwpoafiryds nent, the remainder Ris encoded in an mChiusobiqary code.
After, the quotient Q and the remainder R are determ ned, the codes for Q
and R are concatenated 628 to represent an overall code for the run |l ength
of zeros n. [0070] Nonzero coefficientg7are al so encoded using Gol onb-Ri ce.
Since the coefficient anplitude can be positive or negative, it is
necesdHll to udeceardsigy et vavel of @ ansede torficiants sl gpteonaliyu@uofedabsgiaven

anplitude. G.yven the a t f t non r oeffi ng x, the
St ude Rl Hner s Blhag HE T Blp (REARERATO IS hoBFlhAEl, aRfEr b ore

anpl i t ude egid té B&ros M is, Aroniel 98hdbdet 680 asibibe teeivayvae. arpsegeedias Yy
using the follow ng equation (7): 12x, if x>0 7 Y 2Ixl -1, ot herwi se” WD

03/ 003738 iPearodsh 644 gsone lesy tapoTige hecbralnisgiajue. t fds centeraplatedghaicriherer o
coeffici e%

Then det o iiPhig BhuRt Py s6Q USRI TEAREley B SEPLRLE g Uk, °, ¢

it is, theignalfte vabuecivmotestdédlO as twi ce the given val ue. If not t he val ue
IS encoded 644 as qne Iefs than tw c (l_lréhe absol te val ue.
cont &Rkt ed t FRFOBRH APPLHEES AhEXRIEIEFBY ChBRFoR) ( bf%é twpﬁhaye%ltl%ehv@éy is

that an e t
100721 EnobarenE el i, Mtheul T falu) 0Bl il inkg ol el Mis RBORE.

positive padseyss thef protability assignmentt efyer &s amc(Zhe@at adyentagd wéﬁnbediogeasodd

e i (2) R sty BRae R B80T A SRR et BHR A | oue

one to avekghtivgindghbersSi Aftediht rhiPpirRPik BAALY i@%ﬁbédeﬂeinaﬂéisaﬂi@ﬁﬁhhét%s Mygber s.
After the ITB.pPI ng is done, y is encoded in the same nmanner as was done for

the zero- @ w%eua’hé Pragedyr s erndiguedantil allicpeffigientsihave heed ssavedpeen
scanned I bl ock. 10073] It is inportant to recognize that

al t hough %‘?T%%glﬁﬁgﬁt%go the invention are determ ne values of coefficients
and 1@073] engt hdt &simpdrtanc tto apcaphizeqthat iabhsughl¢mbodimpntst dfethe invention are

determine values of coefficients and run lengths as a function of equations (1) — (7), the
exact equations (1)-(7) need not be used. It is the exploitation of the exponential
distribution of Golomb-Rice encoding and of DCT coefficients that allows for more
efficient compression of image and audio data.

[0074] Since a zero-run after encoding is not distinguishable from 2 non-zero amplitude,

| it may be heceséary to use a special prefix code of fixed length to mark the occurrence of
the first zero-run. It is common to encounter all zeros in a block after a non-zero
amplitude has been encountered. In such cases, it may be more efficient to use a code
referring to end-of-block (EOB) code rather than Golomb-Rice code. The EOB code is
again, optionally, a special fixed length code.

[0075] According to equation (1) or (3), the probability distribution of the amplitude or
run-length in the DCT coefficient matrix is parameterized by ¢ or A. The implication is
that the coding efficiency may be improved if the context under which a particular DCT
coefficient block arises. An appropriate Golomb-Rice parameter to encode the quantity
of interest may then be used. In an embodiment, counters or registers are used for each
run-length and amplitude size value to compute the respective cumulative values and the
corresponding number of times that such a value occurs. For example, if the register to

store the cumulative value and number of elements accumulated are R,and N,,,



exact equations (1)-(7) need not be used. It is the exploitation of the
exponential distribution of Gol onb-R ce encoding and of DCT coefficients

t hat al | owe oBoo37a®re efficient conpression of inmage and @adrusoziztdar [ 0074]
Since a zero-run after encoding is not distinguishable froma non-zero
anplitude, it may be necessary to use a special prefix code of fixed

|l ength to mark the occurrence of the figst zero-run. It is.,commopn to
encounter all zeros in a block after a non-zero anplitude has been
encount er edspebtivé}acﬂhe daldezingiequation (B mayr e vfedi asi thatRiceoGokanaparenieter to
referri ng to ﬁnt% gelo%‘k (EOB) code rather than Gol onb-R ce code. The EOB
code is ag4aPie MEHEEREIY y, a special fixed length code. [0075] According
to equatlon (1) or (3), the probabifitydistribution of the anplitude or
run-length in the DCT coefficient WF% *2is p@raneterized by a or A The
inplication is that the COdI ng effj]ci eNGzy may be inproved if the context
under whi ch a articular coefficient block arises. An appropriate

Gol onb- Ri c& %M@ﬂune@@/rh%&édméh%aamuﬂ? of interest may then be used.

N a @g@god' T kot GRNLEK Yo BT £Uhe LRSI iHREC AN £AGRd HInk eAGIdy and

anpl si ze valueto conpute 't he respective~cu ve va ues and t he
cor r espondl(dgmay bbb ecmpdratiiynesret haingsubiffar M2l aed deaursismitted texthepleender f t he

regi ster t stor t he cunul t|ve and nunber rrents accurul at ed
are Ri antZysing ‘sbtf@%?%%?%s ﬁ%@gﬁ‘i@ﬁws%ﬁn F‘é"é‘ﬁ@c{ PX/be %H@’Slcal

f ol I owi ng ﬁg&léﬁf QicK Gk Maéh%tlé‘s&doﬁk?cai @?or@ecﬁé\% OBYD 2 PRHBIRE &8r trelc@fCOdeE
the run-length: [iog2-L (6)" N,j simlar procedure may be used for the

anpl i t ude.con@eyeBie Rebeass i org apaci{us. oTF¢ @QR, dathe whivhpreenigas iheablocki gjnal

and-then (PRRRRRRCRE B on S dbiiented SRR ey aE2 S 27 08P gRocliLARE, 1

108. The tdonipitess bafeiCloNgml a JhblEKnfl decdity 168,avhichragtddes tRUah-l1amkta
magnetl c Or Optl cal stor age devi ce, Or a wire-line or wirel ess conveyance

process orvakssapdfhesnonyaeso pairesd akhe, vasible henedndesoder 168cpBragsn gisinailar but
assi gnmntgﬂp@&%ﬁ?ﬁﬂe‘?'ﬁsthagd?%gﬁﬁ’e@éjﬁft}dgd to the decoder 112 (FIG 2). The

decoder rises a and a variable | ength decoder 168,
whi chjodegodes tm dutput! fid hariabdd e gthaiedodelnd 68 dnproeided vé b ésvers Rerializet abl e

| engt h decoder 168 operates in a simlar but
172 that orders the coefficients according to the scan scheme employed. For example, if
a mixture of zig-zag scanning, vertical scanning, and horizontal scanning were used, the
inverse serializer 172 would appropriately re-order the coefficients with the knowledge
of the type of scanning employed. The inverse serializer 172 receives the PQR data to
assist in proper ordering of the coefficients into a composite coefficient block.

[0078] The composite block is provided to an inverse quantizer 174, for undoing the
processing due to the use of the quantizer scale factor and the frequency weighting
masks.

[0079] The coefficient block is then provided to an IDQT element 186, followed by an
IDCT element 190, if the Differential Quad-tree transform had been applied. Otherwise,
the coefficient block is provided directly to the IDCT element 190. The IDQT element
186 and the IDCT element 190 inverse transform the coefficients to produce a block of
pixel data. The pixel data may then have to be interpolated, converted to RGB form, and
then stored for future display.

[0080] FIG. 7 illustrates an apparatus for Golomb-Rice encoding 700. The apparatus in

FIG. 7 preferably implements a process as described with respect to FIG. 6. A determiner

704 determines a run length (n) and a Golomb parameter (m). Optionally, a counter or



opposite manner as that described in FIG 6. [0077] The output of the

vari able |l ength decoder 168 is provided to an inverse serializer 172 that
orders t hwoaewbiBEi ents according to the scan schene enpl egadisoFoxoexanpl e,
if a mxture of zig-zag scanning, vertical scanning, and horizontal
scanning were used, the inverse serializer 172 would appropriately
re-order the coefficients with the know®dge of the type of scanning

enpl oyed. The. i rse seri.alizer 172 receives the POR data to assist in
proper or J&Eﬂ“r‘é%% {5859 L97r Pachefinglength gand amplinigle t 62¢ yalugi i eompuse dbk.

[0078] Theregamosbinbulatios katiss BE®HeASHrcborithd ANAEE o WAL IPluch Thyall Q"

undoi ng the processing due to the use o quanti zer "sca

the frequedfeyrswainginepdry 712esicades[ DQI@ienTtR) sve firictioant the agklehghtdanhe
provi ded t I | enent 18 | | owed an |IDCT elenent 190, if the
Di fferent i%?l%%ﬂ)ap%%?egg‘ t ne§]f:8$%7ﬁ§3138€8ﬁ0(§% 15 sEaingen i gsddunctigaeof the

coef fi ci entnhérpelk G@oﬁwﬁﬁ&eﬁiahgﬁhbﬁfqrﬁp 1h BR ol Bkt 05 Hnedtd dn Oﬁ?le 71PQT

el ement 186 and the | el ement 190 inverse transformthe coefTrci€nts to
produce a BIVRICOEPs ngrizgrsl dataea 2 frnesiopi ofche danaermgatt lvelue mdahé sighf the

i nt | at.ed, t f adt t or ed future display.
L 00g0} e RHENGRE, R BT B ot e ariE e R SR e Rrnd

apparatus vatue. FI G 7 preferably inplenments a process as described with
respﬁﬁé Lo FIG 6. deternminer 704 determnes a run length (n) and a
Gol ot 8ar amet er (mAs gaheyvarigus glnstrativegloging 0iticn Sp38hRET AndSERps1 9407
19 regi St Qlesch¥Rdiis USRALEOWiRAR henat i tude size value to
conpute the res _egti velcumlj at i@\?{éfﬂgg ue%’ ?%%%ﬁ@gg%llrlgneaggbgﬁmpi%n%ﬁ% of

ti mes. t hatPesiogpedinirdreare oc seftware Avithemcpghcatibhapecifio desgrated et SICY) as a

function qf I length and the Gol onb paranmeter, The encoder 712 al so
eﬁcodias t%e P %%%%IP%(%%IP c éigwge’f Eﬁﬁfeiteo@a@f Ogﬁéansmﬁ {agifyt discrets| bargware
par anet er componeiQisuents, d.4), Agiskr %ﬁ@m,earg%&%me ec%ﬁﬁg%%t Oftfr %&0 .

n é 4YRE si gn

encodes ngnzero data as a tunction of the n-zero data Val ue an
of the n&MHEHNSHaITY wAPYRLiONAl dregiammabler sTftGaies anded pmcesnsabenatye t he

I ] u exanmpl es. -the various illustrative
IQo\é?c ;F mc%fgx‘lggr{ﬁﬁ?xﬁgh\% ar ?‘g v [pg%gggg{ gf%g aﬁ&%g%geloBgH %Fﬁ TRISFAPERISAIOR: QHt i thene
enbodi menelemiatd, deeptotmsei mayey atyecanmEitRNENS6ksO6r, cRRFAIRE, FRbdkinifffwar e

or softvvarogsgtérﬁlac \ ap ﬂC&thﬂ-SpECIfIC integrated circuit (ASIC),

e software could reside in RAM memory, flash memory, ROM
memory, registers, hard disk, a removable disk, a CD-ROM, a DVD-ROM or any other

form of storage medium known in the art.

[0082] The previous description of the preferred embodiments is provided to enable any
person skilled in the art to make or use the present invention. The various modifications
to these embodiments will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without the use of the
inventive faculty. Thus, the present invention is not intended to be limited to the
embodiments shown herein but is to be accorded the widest scope consistent with the
principles and novel features disclosed herein.

[0083] Other features and advantages of the invention are set forth in the following
claims.

What we claim as our invention is:



a programmaebl e | ogic device, discrete gate or transistor logic, discrete
har dware conponents, such as, e.g., registers and FIFO a processor
executi ngwe s®b3768 firmvare instructions, any conventi on&cTarsoyianmabl e
software and a processor, or any conbination; thereof. The processor may
advant ageously be a m croprocessor, but in the alternative, the processor
may be any conventional processor, contyooller, mcrocontroller, or state
machi ne. The software could reside in RAM nenory, flash nmenory, ROM
menory, registers, hard disk, a renoCAMIMSli sk, a CO-ROM a DVD-ROM or any
other formof storage nediumknown in the art. [0082] The previous
description of the preferred enbodinents is provided to enable any person

skillled in thejart to maked of easedihd QuRKieReNfredueN&N tdpddtentth elav:arthe Whta
nodi fications to these enbodinments wll be readily apparent to those

skil | ed i FOPRESIALEZETOARd NOReEisprasenteddatmdhpmethod cPmpEsinEer ei n may be

applied t had ts without the use of the inventive faculty.
Thus, the?%l(rjéeegcg%tp?l nvgariltﬁlgtgh is not intended to be limted to the

enbodi nent s shaerrhmisg nzdrotrun Bnpth (B accorded the w dest scope consi stent

with the princjples.and novel featur di scl osed herein. [008 O her
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claims. What wen&d@hdmaguolht (GVANE fBRtdod: of WRe RRIPRRY REMHHIUBRGABAR7 20
CLAIMS [c I] 1. A nethod of éncoding quantized frequen%y represented data,

t he data pewmmstérsi ng zero and non-zero represented data, the nethod

conprising: for_zero represent data, determning a zero run_l th.(n);
determning a &8?%&%% Ba egf’%qdéfe(%ﬁ)asaasﬁé{lc lﬁlﬁc(ﬁ @'ﬁ O fhg l??é%ﬂb tthﬁﬁ&?@ t h;
encodi ng pafuetdrent tHeQuotisnt@aidincti on of the zero run length and the Gol onb
paraneter; encoding a renainder (R as a function of the zero run | ength,
the Gol onb parcaneiatinghepdedgentieahand coded reamindesidi ng t he coded

guot i ent m&%?greﬁj‘?é@ﬁt@@%té and for non-zero represented data,

encoding the nonzero data as a function of the non-zero data value and the sign of

the non-zero data value.

[c2] 2. The method set forth in Claim 1, wherein the Golomb parameter (i) is

determined using the equation m = rlog ) n_]

[c3] 3. ‘'The method set forth in Claim 1, wherein the quotient (Q) is determined

using the equation Q = l_n/ 2" J

[c4] 4. The method set forth in Claim 1, wherein the remainder (R) is determined

using the equation R=n-2"Q.

[c5] 5. The method set forth in Claim 1, wherein the encoding of non-zero data is

determined to be a value of y, using the equation

2x, if x=0
y= 2[x| —1, otherwise

where x is the amplitude of the non-zero data to be encoded.



encodi ng the nonzero data as a function of the non-zero data val ue and the
sign of the non-zero data value. [c2] 2. The nmethod set forth in Caim1l,
wherei n tWe o@ob3yad paraneter (711) is determ ned using tRETABOAI940T M
=F1092 nl. [c3] 3. The nethod set forth in Claim1l1, wherein the quotient
(Q is determned using the equation Q= Ln / 2' ]. [c4] 4. The nethod set
forth in Claim1l, wherein the remainderl(R) is determined using the
equation R=n - 2° Q [c5] 5. The nmethod set forth in Caim1l, wherein the
encodédlg of nor- zer dn @atigitdl sinegut wysteivn @dnetbod ef eompiesrtngd digitalignags. thee
equation 12x if x.>>- 0 VY 21 -1 herw se where x is th | i t,ude of
Che-non- 2 g tra R Reh oSk e piip B4 osae L Satisrighs MR meb®s ' |
a digital compebBg#esdcydf: a met hod of conpressing a digital inmage, the

i mage conprising pixel data, the pixel data separated into col or
conponent s, t h&adEgrogrour ehpFoler erInpamentRitrixeddata; eadi ng a group of a col or
conponent of pi \f a; ks ogk: iSi i VA t he
group of a col (%;é ﬁ%%%%’o%g %c%ﬁz}? ea%lklggﬁng?ﬂoocﬁglgg-tﬁfé%ﬁ@ (gPi n%?(?(re(lt&n&%? ég;ltd&

t r ansf or mpigl irhe sshiblobkoalksixelfdar xel data into correspondi ng frequency

donmain representati ons; . an aling the frequency donmmi n.representations
oo B st r oo GRhdian e ne tar Rtk 0P gl gtth S0 P OB BRTBRCL IR, Ly

netric congfbRhitaiendahd the quality of the image; conpiling at |east one
group of data fromthe streamdata that nay be represented as al6x16
bl ock; divi di ngcaling the fieguency domsin tpresetationsgintsup stredratof whatp, wherespihesent ed

as four 8 I S: rLializi each 1e faur, 8x8..hl . of data; and
run- | engt ﬁgtc%%%gnﬁtlﬁgg%g Al q71.12a {elgl %%Fg Cﬁlfé?l%‘g‘?%wﬁg%eoﬁ%ﬁ& %ﬁh‘?ﬁn& i but i on.
[c7] 7. The metbagilisgtat eakt dhei groky afl dtHiromithe stirdhnt Hata than maggtrépréRdiedy is a
as al6x16 block;
dividing the 16x16 group of data into groups that may be represented as four 8x8
blocks;.

serializing each of the four 8x8 blocks of data; and

run-length coding the serialized data using an exponential distribution.

[c7] 7. The method set forth in Claim 6, wherein the run-length coding is a
function of the cumulative value and the corresponding number of times that a particular
value occurs.

[c8] 8. The method set forth in Claim 6, wherein the run-length code is

R
10 rl
{ g N,,]

where Ry is the cumulative value of the elements and N, is the corresponding

determined using the equation

number of times that the particular value occurs.

[c9] 9, The method set forth in Claim 6, wherein the act of scaling further
comprises the act of providing a frequency weighted mask to said sub-blocks of pixel
data, such that the frequency weighting mask provides emphasis to the portions of the
image that the human visual system is more sensitive, and provides less emphasis to the

portions of the image that the human visual system is less sensitive.



function of the cunul ative value and the correspondi ng nunber of tinmes that
a particular value occurs. [c8] 8. The nethod set forth in Caim§6,

wherei n twWe msoms7Bengt h code is determ ned using the equaPCarUPLoROR ~ Nr~
where Rrl is the cunul ative value of the elenents and Nrl is the
correspondi ng nunber of tinmes that the particular value occurs. [c9] 9. The
met hod set forth in daim6, wherein ti2e act of scaling further conprises
the act of providing a frequency wei ghted mask to sai d sub-bl ocks of pixel
dat alcl®lich t hatlOt he Tihe eepileatcset fosibgintGlaign rmsherpindhe a of raptiersiisg perferms
portions qf..the Anma hat the human visual systemis nore sensitive, and
provi des Iaé)slécr tﬁ'p Ozﬁlsnggﬁ%%&%% portions of the imge that the human vi sual
systemis |less sensitive. WO 03/003738 PCT/US02/ 19407 22 [c1l0] 10. The

met hod set forth in Claim®6, wherein the act of transform ng perforns a
Di scldilk Cosi ndlTr afe arathod et fqrthyin clafpeb. rdienzin theetct phansiprming peergs
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encodi ng quanti zed frequency represented data, the data conprising zero

and non-zero represented data, the apparatus, conprising: for zer

opr 65eht od datd.  medn@PAGIUSE SRTRCH G HaaTAS) EqHRCY EREERRIE atarBa datar o
det er m ni RemPriGRE 2418 aRAMBARERY refrRfbntddSdata, iteph@fusonipiginger © run length;
means for encoding a quotient ( " as a function of the Zero run length
and the - Gol onforparcaieptesentechéaids for encoding a remainder (R) as a function
of the zero run_len he. o I ter and the quotient; and neans
for concatenat'pﬁanﬁﬁ)%%%%da'%l%%%q g%&%%ggg@ded renmai nder; and for non-zero
represent ed dah@andTéandetér@iin@g o Golgnth Peranerer e dad furksion df URE keronruaf t he

non-zero data val ue and
length;

-

‘means for encoding a quotient (Q) as a function of the zero run length and the
Golomb parameter;
means for encoding a remainder (R) as a function of the zero run length, the
- Golomb parameter and the quotient; and
means for concatenating the coded quotient and coded remainder; and
for non-zero represented data,
means for encoding the nonzero data as a function of the non-zero data value and

the sign of the non-zero data value.

[c13] 13.  The apparatus set forth in Claim 12, wherein the Golomb parameter (1) is

determined using the equation m = l—log2 n—‘

[c14] 14.  The apparatus set forth in Claim 12, wherein the quotient (Q) is

determined using the equation Q = ‘_n/ 2" _|

[c15] 15.  The apparatus set forth in Claim 12, wherein the remainder (R) is

determined using the equation R=n-2"Q.

[c16] 16.  The apparatus set forth in Claim 12, wherein the encoding of non-zero

data is determined to be a value of y, using the equation



the sign of the non-zero data value. [c13] 13. The apparatus set forth in
Claim 12, wherein the Gol onb paraneter (n) is determ ned using the

equati on wWo93Bb03788 n]. [cld4] 14. The apparatus set forth PCT@Saz/M402,
wherein the quotient (Q is determned using the equation Q= Liz / 2"" ].
[cl1l5] 15. The apparatus set forth in Caim12, wherein the remainder (R) is
determ ned using the equation R=n - 200Q [cl1l6] 16. The apparatus set
forth in Claim12, wherein the encoding of non-zero data is determned to
be a value of y, using the equat gam, ViP 030003738 PCT/ US02/ 19407 23 12x, if
x > 0Y 2lxl -1, otherw se wher is the anplitude of the non-zero data
to be encoded. [c17] 17. The app ?Q—ug LE"YEFth in Caim12, further

conprising means for. counting t zero run-length a non-zero anplitude
val ue and the 8‘%1?’?6@%‘65%%““&%?%&n%'z?ﬁoﬁgﬁa@ﬂ’gﬁn%‘{g’ges occur. [c18] 18.
In a digital cinema system an apparatus for conpressing a digital imge,

the i mage conprising pixel data, the pixel data separated into col or
conpdtiéhts, thd7. ap%@ﬁa@mr%‘éﬁmﬁi &ty in Helaim t B2, ofurthee gampfising r maatisnfera

group of r .co nent pixel data; ns,. f neratin l.ock size
assi gnm&*nt%1 Olgng{n i%/h%dga hlg&glFrg‘%}% %n?l gogg%rgr alg?@tr?p%n\ga?&egg? ptl éeﬁo F%o%dmg
sub- bl ock gumbefifihesdatiayvalogestsuf.or transform ng the sub-bl ocks of pixel
data into correspondi ng frequency domain representations; and neans for

scaling the frequency domain representations into a stream of data,

wher ‘?6'1'91 the acygof $¢aldige kﬁleﬁﬁ%?&eﬂ[‘aﬁa bt Yor @hniprGsfr@'d &%ﬁéﬂi 1g¥‘,’i th
the quality of the 1mge; neans for conptling at |east ofie group of data
fromthe $ter mgagedamaprisineg pixaly die, theepiresdait adpaated e 1®ldl cmiponamtanthef or

](czllo\ljlrdig)r(lg %{’1126?5 6§(C]:'(?mglrisci)rlil£th%facg%tf:a into groups that may be represented as

means for reading a group of a color component of pixel data;

means for generating a block size assignment to divide the group of a color
component of pixel into sub-blocks of pixel data;

means for transforming the sub-blocks of pixel data into corresponding frequency
domain representations; and

means for scaling the frequency domain representations into a stream of data,
wherein the act of scaling is based on a quality metric correlating with the quality of the
image;

means for compiling at least one group of data from the stream data that may be
represented as al6x16 block;

means for dividing the 16x16 group of data into groups that may be represented
as four 8x8 blocks;

means for serializing each of the four 8x8 blocks of data; and

means for run-length coding the serialized data using an exponential distribution.

[c19] 19.  The apparatus set forth in Claim 18, wherein the run-length coding is a
function of the cumulative value and the corresponding number of times that a particular

value occurs.

[c20] 20. The apparatus set forth in Claim 18, wherein the run-length code is

determined using the equation



means for serializing each of the four 8x8 bl ocks of data; and means for
run-length coding the serialized data using an exponential distribution.
[c19] 19.woOha/oeypar at us set forth in Caim 18, wherein th@CTirsot/engt h
coding is a function of the cumul ative val ue and the correspondi ng nunber
of times that a particular value occurs. [c20] 20. The apparatus set forth
in Claim1l18, wherein the run-length coda is determ ned using the equation
WO 03/ 003738 PCT/ US02/19407 24 logz Rrj N~ where R 1 is the cunulative
value of the elenments and Nrl is the corresppnding nunber of tines that
the particular value occurs. [c21l] 21. H@gﬁ?$7 ratus set forth in Caim18,
wherein the neans for scaling further onpriges neans for providing a

f i Mo - f_Rpixel h
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that the humber of tibel thatythé pirticelanvdlee seoss. ti ve, and provi des | ess enphasis
to the portions of the inmage that the human visual systemis |ess
sensitive. [c22] 22. The apparatus set forth in Caim 18, wherein the nmeans

for ]'[ngI;Sf ormpg | %‘h%%ﬂé&ertgédg &4 thitn BE a%rTSag'Héx\%ﬁ{ é?lkf?negﬂﬁ%d?%céﬁ NahRLM

[c23 The appar at us orth in aim1l erein the act of
t r ansf or mcogprigsriheanssfon piividing hdrdguenayewdighted froasin thalaldoswbeblbgksaof pixel

Differential d-tree Transform, .[c24]. 24. .The apparatus set. for in
Q ai m 16, g SHO R SRR SR e ot G EREPer Je rapationnal e
Cor r espongiyAek MREMAE huBfantvidis systéeh isiabkaRnf 68! lank Prdides 16RTenfhags b ghat a.
[c25] 25. An apparatus for encodi ng quantized frequency represented data,

t he data Pedieps pEihagmage habihg hnoan yisval sysiemas dass eensiiea, t he apparat us
conprising: for zero represented data, a first determ ner configured to
determine a zero run length (n); a second determ ner configured to

det ef¢zzne a GoRonb ([Theappiratus (sef foxd ia Clhiunts, whereih théencany forntansfoanigich; an

encoder confi%ure to encode_ a u8ti‘en1r (Q% as a function of the zero run
1s configured to perform a Discrefe Cosine Transform.

[c23] . 23. . The apparatus set forth in Claim 18, wherein the act of transforming

performs a Discrete Cosine Transform followed by a Differential Quad-tree Transform.

[c24] 24.  The apparatus set forth in Claim 18, further comprising means for
counting the size value and the corresponding number of times such values occur in the

serialized data.

[c25] 25.  An apparatus for encoding quantized frequency represented data, the data

comprising zero and non-zero represented data, the apparatus comprising:

for zero represented data,

a first determiner configured to determine a zero run length (n);

a second determiner configured to determine a Golomb parameter (m) as a
function of the zero run length;

an encoder configured to encode a quotient (Q) as a function of the zero run
length and the Golomb parameter, and configured to encode a remainder (R) as a
function of the zero run length, the Golomb parameter and the quotient, and for non-zero
represented data, coding the nonzero data as a function of the non-zero data value and the

sign of the non-zero data value; and



| ength and the Gol onb paranmeter, and configured to encode a renmai nder (R
as a function of the zero run length, the Gol onb paraneter and the
guot i ent ,werd/063788 non- zero represented data, coding the memasovidgarta as a
function of the non-zero data value and the sign of the non-zero data
val ue; and WO 03/003738 PCT/ US02/ 19407 25 a concatenator configured to
concatenating the coded quotient and cQded renmainder. [c26] 26. The
apparatus set forth in Caim25, wherein the Golonb paraneter (in) is
det er mi ned usi agcerveteagfontdonfigeed 1o egrcapdnatifig 2 @red Tauotigppandt exsledet
forth in Clai.m?25, wherein the quotient (Q is determned using the
equati on 6@1@?@‘/ 2"" J . [c28] 28. The apparatus set forth in C aim25,
wherein the remainder (R) is determned using the equation R=n - 2" Q
[c29] 29. The apparatus set forth in C aim?25 wherein the encoding of
non- ¥86b dat a2Ps ddheanpases 8e fereh | Glaim@Sowherein the Fglample Puamaier 6% 2x, if
X > 0y é%t)(l -1, ot h%vg SSion whe 1§ xn-]' s the anplitude of the non-zero data
to be enc Sﬁmnf%ﬁﬂ?g CAHHE aﬁp‘argg?us ‘'set forth in Caim25, further
conprising a counter configured to count the zero run-length and non-zero
anplitude value and the correspondi ng nunber of tinmes such val ues occur.
[c27] 27.  The apparatus set forth in Claim 25, wherein the quotient (Q) is

determined using the equation Q = l_n/2'" _l

[c28] 28.  The apparatus set forth in Claim 25, wherein the remainder (R) is

determined using the equation R=n—-2"Q.

[c29] 29, The apparatus set forth in Claim 25, wherein the encoding of non-zero
data is determined to be a value of y, using the equation

2x, if x=0
y= 2|x| —1, otherwise

‘where x is the amplitude of the non-zero data to be encoded.

[c30] 30. The apparatus set forth in Claim 25, further comprising a counter
configured to count the zero run-length and non-zero amplitude value and the

corresponding number of times such values occur.



