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| Nl MAGE 5 BACKGROUND OF THE | NVENTI ON The present invention relates to

di gital iwegemsiokbre specifically, the present inventionpcaliBoie®7960 the
reconstruction of conpressed i mages. | nmage conpression according to JPEG
and certain other image 10 conpression algorithnms is performed by
converting images to | um nance and chrom nance channel s and subsanpling
t he chrom nance channels (Cb and Cr) by an integer factor (usually 2 or
4). The | um nance and subsanpl ed chrom nance channels are then conpressed
by a conpression | M QL C ' chrom nance
c%annelgpnay be su saﬁg %Zﬁigﬁ%ggg%gngﬁe u%gﬁFégggg I%%%ienl(HVS) has a
reduced spatial sensitivity of chromatic sensation relative to |um nance
sensation by roughly a factor of twd. Consequently, chromatic bl eedi ng
artifacts resulting fromthe sub-sanpling are virtually unnoticeable in
nost ca@ or photographs that contain subsanpled chrom nance val ues. 20
However, chronmatic bl eedi BQ\C'KG‘S AR GE §1 @N\?E@@Ni n col or conpound
docunent i nmages, which fr ' bet ween different

col ors. For exaihégreseningentiompelated tiodigitehimagest Mugesgeifically, Wicher
conput er - gener at ed shapes that are overlaid on regions having uniform
col or. ThRreseat inveatien relatas todhetraeonsteugtipn ioh gempressesd iwgsst er - gener at ed

ot ceabi e |1t MRS HBIERIY aRRrdb R IR ARG 2Bl 9rft JoeBeq back
to thelg ogo@presidreaRjorthms i®yeormed by converting images to luminance and

chrominance channels and subsampling the chrominance channels (Cb and

Cr) by an integer factor (usually 2 or 4). The luminance and subsampled
chrominance channels are then compressed by a compression module
suitable for grayscale image. The chrominance channels may be subsampled

15  because the human visual system (HVS) has a reduced spatial sensitivity of
chromatic sensation relative to luminance sensation by roughly a factor of two.
Consequently, chromatic bleeding artifacts resulting from the sub-sampling
are virtually unnoticeable in most color photographs that contain subsampled
chrominance values.

20 However, chromatic bleeding artifacts are noticeable in color compound
document images, which frequently contain sharp edges between different
colors. For example, a color compound document might have text or other
computer-generated shapes that are overlaid on regions having uniform color.
The sharp edges occur at the transitions of the computer-generated images

25 and the photographs.

The chromatic bleeding artifacis are noticeable if the reconstructed
chrominance-channels are interpolated back to their original resolution by a
simple technique such as linear interpolation. The chromatic bleeding artifacts
are seen at boundaries between regions with saturated colors and white

30 regions (or regions with bright colors). In document images, these boundaries

-
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si npl e techni que such as linear interpolation. The chromatic bl eedi ng
artifacts are seen at boundaries between regions with saturated col ors and
white 30 wogBos®3g or regions with bright colors). |In documemtiBémEg®ss, these
boundaries -1- CONFI RVATI ON COPY WD 03/051035 PCT/1BOL/ 01796 are often
between a white or bright background and col or characters, lines and
patches. The chromatic bleeding artifacts are al so noticeable in regions
containing inverted text (e.g., white characters on a col ored background).
Due 5 to the properties of the human visual system the chromatic bl eeding

artifacts amr eften didiiveenna twititcooi dhigat backigroohdtiel edle. chEtacteRs, aifly €
bl eeding artifacts reduce image quality. Therefore, it would be desirable
to reduce ¥MEPEIENSSatic bl eedi ng artifacts, especially in color conpound

docunent i nmages 0 Y I I Acgording to,one aspect of the
present i nve%t i yp\é gﬁroma | c%ﬁg{é‘gi n%wgg% %}gct SQ ﬁqﬂa&lq alh irﬁﬁwsare
reduced bycomdining MyeeRlaBkn@§ . whttUstaradte® on %%dl@l%%ltbéékfa@?o% ?P?Je' n the

digital_ image. The pixels are nodified according to |um nance al ues and
chromatd ¢ @yihenprepetiageof thehkumas pyisiiad systens dheahaomatio bleddiing aetifacts

I nvention wll. beco rent, fr the follow ng detail ed description,
taken in c%rr% \U‘?ﬁ'gﬁ %Q}nﬁ"vﬁ Eﬁg sl c?fgﬁéﬁq??ng drawi ngs, illustrating by way
of exanple the prénhirdirasic Bleblifg AAfRHSTEAICd MEGE! fklity. Therefore, it
would be desirable to reduce the chromatic bleeding artifacts, especially in
color compound document images.
10

SUMMARY OF THE INVENTION

According to one aspect of the present invention, chromatic bleeding

artifacts in a digital image are reduced by modifying chrominance values of at

15  least some pixels in the digital image. The pixels are modified according to
luminance values and chromatic dynamic range.

Other aspects and advantages of the present invention will become

apparent from the following detailed description, taken in conjunction with the

accompanying drawings, illustrating by way of example the principles of the

20 present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an illustration of a method of reconstructing an image and

25 reducing chromatic bleeding artifacts in the reconstructed image;
Figure 2 is an illustration of a local neighborhood of pixels:
Figures 3(a) to 3(d) are illustrations of a sliding window for determining
chromatic dynamic ranges of pixels in a reconstructed image that has been
interpolated by pixel replication; and

30 Figure 4 is an illustration of a hardware implementation of the method of
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BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 is an illustration of a nethod
of reconstructing an i mage and 25 reducing chromatic bleeding artifacts in
t he reconwDroaos®as i nage; Figure 2 is an illustration of aPCEaBd1/01796

nei ghbor hood of pixels; Figures 3(a) to 3(d) are illustrations of a sliding
wi ndow for determning chromatic dynam c ranges of pixels in a
reconstructed i nage that has been interpolated by pixel replication; and

30 Figure 4 is an illustration of a hardware inplenentation of the nethod
of -2 WD 03/051035 PCT/1BO1/ 01796 Figure 1. DETAILED DESCRI PTI ON OF THE
| NVENTI ON Pigusdndwn in the draw ngs for purposes of illustration, the

present 5 invention is enbodied in a nethod and apparatus for reducing
chromatic bl eedi ng artlfacts in digital imges contalnlng subsanpl ed
chrom nance val ues. HRS . 2 ,',Nlarly suited for
reducing chromatic breedimc Gt r—docunment i mages
cont ai ni ng bOtAs”éﬁéWﬁ' nat‘rﬂa HEW rfcﬂeﬁﬁfrﬂiség Bfib?ﬂdé'tr%ﬁon’\"%ﬁé”[ﬁjeséﬁ?t ures
in photo 10 regions tend to have mld |um nance or chrom nance transitions.
Conput & - l@éiﬁ@‘ﬂ@ﬂ del ¢rmhodieds ins @cimetbod eand ra@@lamtgstf@noreuucimgvehmhmtp: edges

d sh h t d d t
Foduce t hebeEGat et SButhily Fradss antaifng. UPSamAia LAy Digee
Ref erence {guggde 1 '?hSﬂH"og énd""ﬁbgﬁrgt ecl?%r ﬁéﬁﬁ:u?ar%%?@g%ofor Pe%lucm

reconstructing a conpressed i nage g chro | eedi ng arg[ i facts
i n the reccmsmatict eléedimggartifddts inccgloressmgounagivcunenidemgesfdortaingig eam of

both natural and computer-generated features. Natural features in photo

10  regions tend to have mild luminance or chrominance transitions. Computer-
generated features such as text regions tend to have sharp edges and sharp
luminance or chrominance transitions. The method and apparatus reduce the
chromatic bleeding artifacts that occur at the sharp edges.

Reference is made to Figure 1, which illustrates a method of

15  reconstructing a compressed image and reducing chromatic bleeding artifacts
in the reconstructed image. The compressed image includes a first stream of
compressed luminance (Y) values and second and third streams of
compressed chrominance (Cb and Cr) values. Prior to compression, the
chrominance channels were either subsampled or low-pass filtered and then

20 subsampled.

The image reconstruction begins by accessing the first, second and
third streams of compressed values (block 102). The luminance values (Y)
are reconstructed from the first stream (block 104) and the chrominance
values (Cb and Cr) are reconstructed from the second and third streams

25  (block 106).

The luminance and chrominance values will hereinafter be described
with respect to normalized values. For the luminance values, 0 <Y < 1. For
the chrominance values, -0.5 < Cb < 0.5 and -0.5 < Cr < -0.5. The point
Cb=Cr=0 corresponds to the gray-axis (no color).

30 Since the chrominance values (Cb and Cr) were subsampled during
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conpressed | um nance (Y) values and second and third streans of conpressed
chrom nance (Cb and Cr) values. Prior to conpression, the chrom nance
channel s werog/ogiosher subsanpled or | ow pass filtered and PoEABOI2D796
subsanpl ed. The i mge reconstruction begins by accessing the first, second
and third streans of conpressed values (block 102). The |um nance val ues
(Y) are reconstructed fromthe first stream (block 104) and the

chrom nance values (Cb and Cr) are reconstructed fromthe second and third
streans 25 (block 106). The | um nance and chrom nance val ues w | |

her ei naf t esoneregsiony i thedreosinstructesipehtontinance nelannets \vaé Uieterpblated hor
| um nance values, 0 <Y < 1. For the chrom nance values, -0.5 < Cb <_
0.5 and - psampled tetheip oggingheespitian tagmatsh-thectesphsionridhe luminangeay - axi s

R S A i e S
chrom nan@/ém%\nfrwolaﬁ@ni;ﬁ&@ﬁ@@é@b@fﬂ ;b?]/ea BRO RIS hiyh-RRblutidh! &kg@'

resolution to match the resolution o | um nance channel (bl'ock 108). A
si npl e5i nthaving dheosanret blrdniivapte elaluesp(Cbaanad rCr)wife meoree gephisticated

navi ng- ¢ hIRSATIE witiosh ERoBs ablita ifpdes eoRnaethe DR EpieRtel -
UPSSIP, LB NG, BRI USRS RIAAR i pootl, .
| ocat i ons fréquengly, spett agledgesequency, such as edges. Chromatic bl eedi ng
artifacts in thghrro%:gt?cﬁbrlggc}igg griti 'c;cttg Iini mmiegeregcgr?structed digital image are
10  reduced by modifying chroma values of at least some of the pixels in the
digital image. The chroma value of a pixel is modified with respect to the
pixel's luminance value and local chromatic dynamic range (block 110); and
the chrominance values (Cb and Cr) are scaled according to the change in
chroma value (block 112). Modifying the chroma value with respect to
15  chromatic dynamic range is performed so as not to reduce chromaticity too
much in regions with essentially uniform light colors.

The reconstructed luminance and chrominance channels may be
converted back to RGB space at the original resolution. The reconstructed
image may then be displayed (e.g., printed).

20 The local chromatic dynamic range of a pixel is determined with respect
to its local pixel neighborhood. Figure 2 provides an example of a
neighborhood of pixels. The neighborhood, delineated by a window indicated
in dashed lines, includes a 3x3 array of pixels. The pixel of interest, marked
by an “X,” lies at the center of the neighborhood.

25 The chromatic dynamic range for each pixel of interest may be
computed as the difference between minimum and maximum chroma values

of the pixels in the local neighborhood. The chroma value (C) of a pixel may
be computed as C=./C2+C? or the chroma value (C) may be approximated

by C~|C,|+

C}‘

where the allowed value range for each of the chrominance
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10 reduced by nodifying chroma val ues of at |east some of the pixels in the
digital image. The chroma value of a pixel is nodified wwth respect to the
pi xel ' s |wpid@asss val ue and | ocal chromatic dynam c rangePChlBeko11%0) ; and
t he chrom nance values (Cb and Cr) are scal ed according to the change in
chroma val ue (block 112). Mdifying the chroma value with respect to 15
chromatic dynamc range is perfornmed so as not to reduce chromaticity too
much in regions with essentially uniformlight colors. The reconstructed

| um nance and chrom nance channels nmay be converted back to RGB space at

the origi nalueeio[-015,015]. The cheamatid dynamit rangegef ameighahded dhapbayed
(e.g., printed). 20 The |ocal chromatic dynam c range of a pixel is
det er ni neccAMRP¥eAaHPT Cut vChivehareal represents dhg inibimemachremguyalue qfr ovi des

an exanpl f a ' r o] ' . adh ' anh , glin ed by a
W ndow | ngpgap %ghﬂﬁh&%ﬁ@@oﬁ%g&eﬁéﬁu%s%}Q@@p@rqﬂg@%%f v ﬁ?elog%?he
pi xel of inYighiesrthootr ked by an "X, " lies at the center of the

nei ghbor hood. 25 The chromatic dynam c range for each pixel of interest may
be cofputed asAteighlidrheedand dhsomatio dyhamicirangedareasteterminea foreachl ues
mmy be camschaianizieet LdiseRbotly. hrerematEaRTE rbperasemied i ma: ca
by C I Cbl + B : ical | owed val ue range for each of the chrom nance
-4 WD 03/ 0%%%%%@%'?%%%1796 values is [-0.5,0.5]. The chromatic dynamc
range of a nei ghbmvihobdomayvdee (EYnioutegixes obirtef@dt-m&nbeheomplied epr esent s

the m ni mum chroma val ue of the nei ghborhood and CM represents the maxi mum
chroma val @& 6 f@eD)-(C—-C,), where C is the original chroma value for the pixel, D

10 is the chromatic dynamic range, C, is a chromatic modulus having a value
between zero and the minimum chroma of the local neighborhood for the
pixel, and f(¥,D) is a parametric expression that determines the amount of
relative chroma reduction.

The parametric expression f(¥,D) may range between 0 and 1. The

15  parametric expression f(¥,D) complies with the following constraints: (1)
f&,D)—> 1 for Y -> 1, whereby C'-C,; and (2) f(¥,D)— 0 forD - 0. If
D—0, then C'—C, whereby the chroma value for the pixel is not modified.

The parametric expression f(¥,D) may also comply with another
constraint: f(¥,D)— 0 for D - 0 and Y—>1. Thus, the chromatic dynamic

20 range takes precedence.

If the chroma value is modified, each corresponding chrominance value
(Cb and Cr) is scaled by the ratio C/C. Thus, Cb'=%Cb and Cr'=%Cr. This

keeps the hue of the color unchanged.
Consider different cases for the chromatic modulus (C,). In a first case
25 Cy=C,, whereby C'=C- f(¥,D)-(C-C,)and the new chroma value (C’) lies

between the original chroma value (C) and the neighborhood minimum (C,,).
For high luminance Y->1, the new chroma value (C’) approaches the local

minimum (C.,)). Thus C'—C,, as Y—1.
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nei ghbor hood. 5 A nei ghborhood and chromatic dynam c range are determ ned
for each pixel of interest. Consequently, the chromatic dynamc range is
det er m newo®n/05@3pi xel - by- pi xel basis. A new chroma val ue PCTIBof@rea pi xel
of interest may be conputed as C =C- f (Y, D (C- Co) , where Cis
the original chroma value for the pixel, D 10 is the chromatic dynam c
range, Co is a chromatic nodul us having a val ue between zero and the

m ni rum chroma of the | ocal neighborhood for the pixel, and f(Y,D) is a
parametric expression that determ nes the amount of relative chrona

reduction. The Ipar seedrid casapCessman (O YDPD).Sych anpedbieisvesalléwanbde 1. The
15 paranetric expression f()Yﬁgﬁé“corrpl les with the follow ng constraints:

(1) f(Y, Dew-chrgra value (€ deglow thsdgcakpunipwm 1(Cy).D)Heweverpthg -+ 0.

modi 11 od. TR yAE s IR ER ol AP0 PR Alefer B alBiet e B (- aRBe ner
const rai nichrémétlc ddultis A0, Plis Rot Teuadb&toW C_IDUS: CL BB, ¢hé WHrbinatigy namni c

20 range takes precedence. |f the chroma value 1s nodified, each
corr eséondﬂ@@-ﬂuﬁr(&ﬁ reatomesakew. d-orcchronificadynamjc irangesalteat bye tod rati o

O o Bl SRR ool oy SR e S o o
e oo PR YEREARY i, Sl Yop ok vy B8%chlec e
nei ghbor hdodzeronif rtinen ‘hGmcolorEd! dideylis Iciosentnehité: *Qn theeothew hamdotaeval ue
(c) appr%%ﬁgﬁgn t(?,,,e >IDO%g|uld correspond to an edge between a “mild-color” and a
10 “saturated-color” where the visibility of color-bleeding artifacts is not high to
start with. In this situation, allowing the chroma value to be reduced to zero
would reduce too much color in the lighter side of the edge. Putting a lower
bound C,-D on the modified chroma value ensures that in color gradient
regions (“mild edges”) where the chromatic dynamic range (D) is neither very
15 small or very large, the chroma value will not be reduced significantly when the
luminance Y—1.
In the third case, C,=0. For high luminance Y—1, the new chroma
value (C’) approaches 0. Thus C'—0 as Y—1.

The parametric expression may be expressed in different ways. An
20 exemplary parametric expression is f (Y,D)=max[1—a(%),0} The

exemplary parametric expression always complies with the two constraints:

f@ >1,D)—>1 and f(¥,D— 0)—>0, regardless of the value of the term o
(where o is positive).

For a given value of D, there is a luminance value (Y) below which the

25 chromatic bleeding artifacts are not visible. If a chromatic bleeding artifact is

not visible for a given D, the value of the term o may be chosen such that

f(¥,D)=0. For example, the chroma value is not modified if Y<(1-D/a). That
is, C'=C if Y< Ty(D), where threshold T.(D) =(1-D/c).
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m nimum (Cm). Thus C->C,, as Y-A -5 WO 03/051035 PCT/1BO1/ 01796 In a
second case, Co = max (Cm D, 0). Such a nodulus Co allows the new chroma
val ue (Cwotos/os®mBs bel ow the | ocal mnimm (C,,,). HowevePCTiIRel/01¢%% Oma
value is still dependent upon the chromatic dynam c range (D). The
chromatic nodulus (Co) is not reduced below CmD. If C,,<D, the chromatic 5
nmodul us (Co) becones zero. For chromatic dynam c ranges that are not

small, the situation C,,<D corresponds to edges between "non-col ored" and
"saturated color” regions. In this situation, the chroma val ue may be

reduced to zerThe teihe hegnbeel furetionsofddei chrehrgie dyhanhictrang®ID)ha ot her
hand, the situation Cm>D could correspond to an edge between a
"m | d- col dermantay ke measuieciadanhl walue wif . eEadke tarns dhay g roéasured

bl eed ’ i high to. W th In this situation,
21 ow gt ePlRIVEFas € o bepsiritaoiinBh i astiainatetede t oo much
col or in the |ijghheryifdASH, thBGeff S mdytibd 'cBﬂs%ng‘rf:(iﬂeéll DPoYRd v%{ur% TA(? on the

nmodi fi ed chrona value ensurés that in cdlor gra r egi ons

edges" b wthedethen Gahop@ deterthingdiby tiianafd(ditorl SFOEEkARPIY €. 5<d21 faa! | or
very large, the chroma value will not be reduced significantly when the

| um nance beensfoundriotwerkiwglt.d case, Co=0O. For high luminance Y-*1, the new
chr o val ve (e ARRLRRAE S, Marbt e e Gy d ey cR S e
Cuproess e b Bonmgbieti, &kl pordifon XN ARG oy,
f (Y, D- >0) -takingriegpnatcesandfodahehromhinance valuestietoractount, the method does
10  not modify patches that have high luminance values and non-negligible
chrominance values. A flat region might have relatively high luminance but
also non-negligible chrominance. The method would not map such a region to
white. A document image might have text boxes with light colored
backgrounds. The method would not map the light backgrounds to white.
15 The method is particularly useful for reducing chromatic bleeding
artifacts in compound color documents. However, the method is not so limited.
Although Figure 2 shows a 3x3 square-shaped neighborhood, the
method is not limited to such a neighborhood. The neighborhood is not limited
to any particular size. The number of pixels is not limited to nine. Although a
20 fixed number of pixels in the neighborhood is preferred for all pixels of interest,
the size of the neighborhood may be changed dynamically to accommodate a
particular class of image region (e.g., text, graphics, natural features).
The neighborhood is not limited to any particular geometry, although
square windows are preferred for performance reasons. For example, the
25 shape of the neighborhood may be diamond-shaped. The minimum/maximum
calculations may include the center pixel (that is, a full neighborhood may be
used) or the minimum/maximum calculations may exclude the center pixel of
interest (that is, a hollow neighborhood may be used).
The method has been described in connection with décomposing a

30 digital image into visually significant channels (e.g., luminance and blue and
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(where a is positive). For a given value of D, there is a | um nance val ue
(Y) below which the 25 chromatic bleeding artifacts are not visible. If a
chromat i cwblogesiionyy artifact is not visible for a given DpcrhBonmalewe of the
terma may be chosen such that f(Y,D)=0. For exanple, the chronma value is
not nodified if Y<(1-D/a). That is, C=Cif Y< TY(D), where threshold
Ty(D) =(1 -Da). -6 WO 03/051035 PCT/1BOL/ 01796 The terma may be a
function of the chromatic dynamic range (D). Aterma nay be neasured for
each value of D. Each terma may be neasured from subjective tests (e.g.,
obser vi ng redscHrohitgnce channdlact $Howevert tHeesjethdoad is met dimitednt | YELCrhe term
a may be constant for_all D. The value for 5 the terma can be determ ned
by trial £iXPlePpRte. F& @S?dﬂ@lﬁe?h@.nﬁEQQ_@aM@ apekgd iy devielr kabel | .

i
Thus di scl %%\Agstﬁa}e eﬁ_gige&pésern@wgg%i e chrom nance nagnitude in

pi xel s t hat Visua tion of chromatic bl eeding. By

taking [um nanqga gRAnABEd ddscabedailsivey dhués of the eshputationalheffoRtigod does
10 not nodify patches that have high | um nance val ues and non-negligible

chr o hancieveied éewanmisf cemputing dre ehepmaticidgnamicatangs forieagh piyei imadce but
8 O ARSI, T B O M e A" R ¢
o Cmdhsther LI Atk agoarsy L triaecapuninis Wies. 15
artifacts amd thusyiaking axhiaotagiocinegnndandjowever, the nmethod is not so
rmted A I now made B Figures 3 o @) Whith Sow a Shding' "
10  window for determining chromatic dynamic ranges of pixels in a reconstructed
image that has been interpolated by pixel replication. During the interpolation,
a first pixel in the reconstructed luminance channel is replaced by a 2x2 block
of pixels C1, a second pixel in the reconstructed luminance channel is
replaced by a 2x2 block of pixels C2, a third pixel in the reconstructed
15 luminance channel is replaced by a 2x2 block of pixels C3, and a fourth pixel
in the reconstructed luminance channel is replaced by a 2x2 block of pixels
C4.
The pixels in every 2x2 block in the upsampled chrominance channels
contain exactly the same chrominance value. As Figures 3(a) to 3(d) show,
20 each 4x4 block in the upsampled chrominance channel which is aligned with
2x2 block boundaries, has four possibilties of accommodating 3x3
neighborhoods. For each of these four possibilities, the neighborhood
“minimum (or maximum), and the chromatic dynamic range of the
neighborhoods are the same, since they are calculated from the same four
25 chromatic modulus values. The four chromatic modulus values correspond to
the four double-sized pixels, where each such pixel corresponds to a pixel in
the sub-sampled chrominance channels. Thus, the computational complexity
is reduced to finding the maximum and minimum in 2x2 neighborhoods in the
subsampled chrominance channels. This reduces by a factor of four the

30 number of chrominance modulus calculations, and reduces by a factor of
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method is not limted to such a nei ghborhood. The nei ghborhood is not
limted to any particular size. The nunber of pixels is not limted to

ni ne. Al twowglsm3s 20 fi xed nunber of pixels in the nei ghb®@cChaBel/i1396
preferred for all pixels of interest, the size of the nei ghborhood may be
changed dynamically to accommpdate a particular class of inmage region
(e.g., text, graphics, natural features). The nei ghborhood is not Iimted
to any particular geonetry, although square wi ndows are preferred for
performance reasons. For exanple, the 25 shape of the nei ghborhood may be

di anond- shsigiegn fleenoinbemaficompansons aleeded! fop ralcmatingntleugthiinien aaet er
pi xel (that is, a full neighborhood may be used) or the m ni nunf maxi num

cal cul at i om@xifaymesghreraa vabegeffeeransd xen of thﬁnﬁ‘@igigls”g@m- i B, p'afl‘rol I oyvt )
i ghbor h . . . : een A I n.connection w

decanpost nPIERP T I5T8 uehle iy S i of SRS 0 it e g

| umi nance fitetiny ore e Bhromlind¥té 3hARA&I8 priBETd H@lélﬁycsb%%ﬁplirfgeqto?'é&gmdl@nce

channel s). However, the nethod is not limted to col or space. For
exanpl &, t&entsdRddoaagf the eriginalahrominange channels ¢eilld begeplaceddyethewher e L

D et LR 1 b O B RS SER FhatB el ™ gy
B i o A AL
chr om nancié tlve_aldlif@enee\dbeit\lmen tiediney elhoard agleieo(C’y addtiatlgindResheseace i s
ot er i ni EPILRBHE FEPRFRBAPE: RN by SBNRAIy MRinGdbASHUBRAGILS.
10  Therefore, the parametric expression is not computed and the chroma value is
not modified if the difference is imperceptible. For example, C'=C if (C-C,)< T,
where T is a predetermined threshold. If the chromatic dynamic range (D) is
computed with a fast recursive algorithm, it is calculated for all pixels.
Therefore, little overhead is incurred by performing the comparison D<T. An
15 exemplary threshold is T=0.1 (for normalized chrominance values).
The method may be implemented in hardware, software or a
combination of the two.
Reference is now made to Figure 4, which illustrates a software
implementation of the method. Computer memory 212 stores a program 214
20 that, when executed, instructs a processor 216 to perform the method
described above. The memory 212 and the processor 216 may be part of a
personal computer or workstation.
A non-recursive algorithm may be used to determine the minimum and
maximum chroma values of pixel neighborhoods. The non-recursive algorithm
25 may be used for all types of neighborhoods. The size of the memory needed
to determine the minimum and maximum values is equal to the size of the
neighborhood.
A fast recursive algorithm may be used to determine the minimum and
maximum chroma values of full square neighborhoods (e.g., 2x2

30 neighborhoods, 3x3 neighborhoods, 5x5 neighborhoods). Except for the 2x2
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i mge that has been interpol ated by pixel replication. During the
interpolation, a first pixel in the reconstructed | um nance channel is
repl aced W 0a/020035 bl ock of pixels Cl, a second pixel in rog/aBecansst ruct ed
| um nance channel is replaced by a 2x2 bl ock of pixels C2, a third pixel
in the reconstructed 15 | um nance channel is replaced by a 2x2 bl ock of

pi xel s C3, and a fourth pixel in the reconstructed |um nance channel is
repl aced by a 2x2 bl ock of pixels C4. The pixels in every 2x2 block in the
upsanpl ed chrom nance channels contain exactly the sanme chrom nance val ue.
As Fi gur esné¢laorhood( dpniyhdwelve? Copaedrisénd hreckekbded heo ugsiamired the
chrom nance channel which is aligned with 2x2 bl ock boundari es, has four
possi bi | i tNa¥INym 2N AHBIIHM rdrea Valueseher heighkornoed, segardissst ofctbe f our

Bl ties it : N s e .
Romanrc 1 g8 of the, ALRIGARRAC i ML She 22 RbiBhpofftiod, “anE MRER | 5, o
fromthe s@mpaonsars Nigutiid. CIf g IrdsurdleU afgorilii isOuse§higsradiz€ &pdul us

val ues correspond to the four doubl e-sized pixels, where each such pi xel

cor r espondsemery nsiedsld ta) buffee theidinearpl egliat Ho dwiicea the sideaohéhe latEnals, t he
conput at i %I Igomgll exity 1is reduced to finding the maxi mumand mninmumin
2x2 nei gh HBYLEOH -t he subsanpl ed chrom nance channels. This reduces by

a factor of fo f Wi e I al c i and
reduces by a f:ﬂg%?&gggn?g%’[@/ d%l (%gmﬁ%% |EW51$§%E'ﬂ§i g@gﬁﬁpﬁgsnurrber

of conpar i dascsibed etelillisiratedl abowe. iinsfebtietha invemtioraizdcormsinietiaccondipgea

val ues (Cm and of t nei ghborhoods. If pixel- replication is to be
used in tﬁpgnﬁﬁ%ﬁ,tt‘ﬁ%?lgwpref erable to apply | ow pass
10
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filtering on the chrom nance channels prior to their subsanpling. For
exanple, 5 every 2x2 bl ock of the original chrom nance channels coul d be
repl aced w9 oshg103aaver age or the medi an of the four chrom memaBev@Elrwes in
that bl ock. The conputational effort may be reduced in other ways. For
exanple, if the difference between the new chroma value (C ) and the
original chroma value (C) is inperceptible, little will be gained by

nodi fying the chroma value. 10 Therefore, the paranetric expression is not
conputed and the chroma value is not nodified if the difference is

i nperceptible. For exanmple, C=Cif (CGCO)< T, where T is a predeterm ned
threshold. If the chromatic dynamc range (D) is conputed with a fast
recursive W“'ﬁnT IS AIMED 8Sical cul ated for all pi xels. Therefore, little
overhead is incurred by perform ng the conparison D<T. An 15 exenplary
threshold is T=0.1 (for normalized chrom nance val ues). The nmethod nmay be
i npl enented i n hapdwetitod 60fRING cHrofmatie WRdIRG bAFaetk ih Redibitd-inf3gker ence
is now nade to Figure 4, which illustrates a software inpleéenentation of

t he nmet hodhe Methotaomgniging Mxdifyigoelrominanesyyalies ofiat least $emne pikals

executed, .instructs.a processor, 216 to performthe nethod descri bed above.
The rrermr))nﬁ%dfﬂﬁ{??{rﬂﬁgﬁ%gé:%%? il ﬁ'ﬁg %F&Pfé]'ﬂﬁl t%'tsglé’PmH&P conput er or
wor kst at i Qpyuds 8R4 ch éﬁé&g RO 'nb[gm may be used to determ ne the m ni num
and nmaxi mum chroma val ues ? pi xel “nei ghbor hoods. The non-recursive

algorithm 25 may be used for all types of nei ghborhoods. The size of the
menory needed to determne the m ninum and maxi num val ues is equal to the

si ze of the ne%-g_%‘@rrﬁﬁﬁ't?.d of qlaigt 1, wharein the airgaraticihinaayic kNI & t o
determ ne éa{b‘ﬁ ;%(QI' ig%nfuﬂﬁﬁon of minimum and maximum chroma values of a local

pixel neighborhood, whereby the chromatic dynamic range is determined on a

pixel-by-pixel basis.

3. The method of claim 1, wherein the chrominance values of a pixel
are scaled by the ratio C’/C if the original chroma value (C) of the pixel is

modified, where C’ is the new chroma value.

4. The methodv of claim 1, wherein a chroma value of a pixel is
modified to no more than the minimum of the local neighborhood if the pixel
has a high luminance, and wherein the chroma value of a pixel is not modified

if the pixel has a small dynamic range.

5. The method of claim 1, wherein the chrominance valueé of at least
some pixels are modified by C'=C - f(¥,D)-(C-C,), where C’ is the new
chroma value of the pixel, C is the original chroma value of the pixel, Y is the
luminance of the pixel, D is the chromatic dynamic range, C, is a chromatic

5 modulus having a value between zero and C,,, C,, is the minimum chroma of
the local neighborhood for the pixel, and (¥, D) is a parametric expression

that determines the amount of relative chroma reduction.
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maxi mum chroma val ues of full square nei ghborhoods (e.g., 2x2 30

nei ghbor hoods, 3x3 nei ghbor hoods, 5x5 nei ghbor hoods). Except for the 2x2

-9 WO 03/Wwb1G88510BXT/ | BOL/ 01796 nei ghbor hood, only twel ve Pconpariigens are
needed to determ ne the rmaxi mum and m ni mum chroma val ues of a

nei ghbor hood, regardless of the size of the neighborhood. In the case of
the 2x2 nei ghborhood, only three conparisons are needed. If this recursive
algorithmis used, the size of 5 nmenory needed to buffer the lines is equal
to twice the size of the |lateral kernel w ndow. The present invention is

hot limted to & h&hemaeiHodcofmiats whésin JgFCeD) leethpliad wild A3t rated above.
I nstead, the invention is construed according to the clains that foll ow
10 -10 WO fBBNOS10HNPGTY] BPY 053190 ->WHAT |S CLAIMED |S: 1. A nethod of
reduci ng chromatic bleeding artifacts in a digital imge, the nethod
conpri sing nodi fying chrom nance val ues of at |east sone pixels in the

digital imge, 1h i xel,s i n dified according to its |ym nance val ues
and chromatic d nj.ﬁ‘rgd.n? ﬁ%%&"ﬁew md(c(gsz:laﬁ)rﬁcimp@ﬁ%wgﬁ]n t he
chromatic ' n f h, pi xel is a function of m ni mum and

maxi num ch?méliiogqgf_’y?%‘igcﬁmpi xel nei ghbor hood, whereby the chromatic
dynam c range is determned on a pixel-by-pixel basis.

8. The method of claim 5, wherein C, = max[C,,-D,0]).
9. The method of claim 5, wherein the modulus C,= C,...

10. The method of claim 5, wherein C,=0.

11.The method of claim 5, wherein f(Y,D) = max[l - a(%),o} , Where

o is a positive term.
12. The method of claim 11, wherein C'=C if Y<(1-D/w).

13. The method of claim 1, wherein each pixel of interest is mapped by:
determining a chromatic dynamic range;
leaving the pixel unmodified if the chromatic dynamic range is less than
a predetermined threshold; and
5 computing a parametric function if the chromatic dynamic range is
greater than the threshold and using the parametric function to modify the
chrominance value of the pixel, the parametric function being a function of the

luminance and local chromatic dynamic range of the pixel.
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3. The method of claim1l1, wherein the chrom nance values of a pixel are
scaled by the ratio C/C if the original chroma value (C of the pixel is
nodi fi ed,watwee1085 is the new chroma val ue. 4. The net hodPoff/IBOIAI1MG],
wherein a chroma value of a pixel is nodified to no nore than the m ninum
of the | ocal neighborhood if the pixel has a high |um nance, and wherein
the chroma value of a pixel is not nodified if the pixel has a snall
dynam c range. 5. The nmethod of claim 1, wherein the chrom nance val ues of
at |east sone pixels are nodified by C=C- f (Y, D (C- Co) , where C

is the new chrofiheahethoof oftdiginpil xehereh the digtaliriagienslrecbriiteml ue of
the pixel, Y is the |umnance of the pixel, Dis the chromatic dynamc
range, Co ramsubsasipied ehwmipance yaligsi wgdwh@é@méh@@hmamzéymram Cm Cm

is the m e_l.oc rhood f t he pixel, and f(Y,D)
is a par a?ewglgg g%@%%ﬁbn}ﬂé sa%qlgﬁrgﬁﬁogﬁmgﬁgeg t of relative chroma
reduction. -11 WO 03/051035 PCT/1BO1/ 01796 6. The nethod of claim5,
wherein f (Y, D) conmplies with f (Y, D) ->1 for Y ->1; and f (Y, D) ->O
for D-> 0. 7. Thé& methetiobrecohsiructtg awigital imdgd from) lmhmancerrpl ies with
f(Y,D)- >0f D: >0and Y- > he net hod of wher e Co = max[ Cm
Dol), o chAnnehanH qbgameles FhremaiRe. pirniss. th AIBoBSSTEHENG 0 The

met hod of clai W%rg%ﬁﬁ@'tﬁe CArdthindhce Ihﬁnﬁ‘a%h&‘?d of claim5, wherein f (Y,

D = max[1- a Where a is a positive term
reducmg chromatic bleeding artifacts from the interpolated chrominance

5 channels by modifying chrominance values of at least some pixels in the
digital image, the pixels being modified according to its luminance values and

chromatic dynamic ranges.

16. Apparatus for reducing chromatic bleeding artifacts in a digital
image, the apparatus comprising a processor for modifying chrominance
values of at least some pixels in the digital image, the pixels being modified

according to luminance values and chromatic dynamic ranges.

17.The apparatus of claim 16, wherein the chromatic dynamic range for
each pixel is a function of minimum and maximum chroma values of a local
pixel neighborhood; and wherein the processor determines local chromatic

dynamic ranges on a pixel-by-pixel basis.

18. The apparatus of claim 17, wherein the processor scales the
chrominance values of a pixel by the ratio C’/C if the original chroma value (C)

of the pixel is modified, where C’ is the new chroma value.
19. The apparatus of claim 17, wherein the processor modifies a

chroma value of a pixel to no more than the minimum of the local

neighborhood if the pixel has a high luminance, and wherein the processor

-13-



12. The method of claim 11, wherein C=Cif Y<(1 -D/a). 13. The nethod of
claim1, wherein each pixel of interest is mapped by: determning a

chr omat i cwoyn@amoss r ange; | eavi ng the pixel unnodified if tPha/1Bowwnet i c
dynamic range is less than a predeterm ned threshold; and 5 conputing a
paranetric function if the chromatic dynamc range is greater than the
threshol d and using the paranmetric function to nodify the chrom nance
val ue of the pixel, the paranetric function being a function of the

| um nance and | ocal chromatic dynamc range of the pixel. -12 WO 03/051035
PCT/ 1 BO1/ We%ﬁwotlrﬂodﬂgﬁmé”@%ﬁ% %Iué'o?'a;ﬂl)lel W\Gh%rpﬁkél H it geis
reconstructed from subsanpl ed chrom nance val ues; wher ei t e chromatic

dynam © rrange. i s determnm ned from subsanpl ed chronlnance val ues. 15.A

met hod of reconstructing a digital inage froma |um nance channel and
subsanpl ed chrom nance channels, the nethod conprising: interpolating the
chrom nance channel s; and reduci ng chromatic bl eeding artifacts fromthe

i nterpol ated chrom nance 5 channels by nodi fyi ng chrom nance val ues of at
| east some pixels in the digital inage, the pixels being nodified
according to its |lum nance values and chromatic dynam c ranges. 16.
Apparatus for reducing chromatic bleeding artifacts in a digital imge,

t he apparatus conprising a processor for nodifying chrom nance val ues of
at |least sone pixels in the digital inmage, the pixels being nodified
according to | um nance val ues and chromati c dynam c ranges.
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17. The apparatus of claim 16, wherein the chromatic dynam c range for
each pixel is a function of m ninum and nmaxi mum chrona val ues of a | ocal
pi xel neiyblawkwesl;, and wherein the processor determ nes lPegaBohiremati c
dynam c ranges on a pixel -by-pi xel basis. 18. The apparatus of claim 17,
wherein the processor scales the chrom nance values of a pixel by the
ratio C/Cif the original chroma value (C) of the pixel is nodified,
where C is the new chrona value. 19. The apparatus of claim 17, wherein
t he processor nodifies a chroma value of a pixel to no nore than the

m ni rum of the | ocal neighborhood if the pixel has a high | um nance, and
wherein the processor -13 WO 03/051035 PCT/1B01/01796 does not nodify the
chroma val ue of 2@ The@pparatushel gairel 7 haberin the chroyninanee $aluesgéat - 14 WO

03/ 051035 PCT/ 1 BO1/ 01796 20.,.Th t f claim17, wherein th
chr oni nanc@%é?%? Rhfelgare Q&&'f'%ﬁﬁhg%ﬁg;ﬁgrﬁféf@ -ﬁGS%@)ewweg’?é?@ - ef (Y,

D C - , i s,.th h | f th ixel, Cis th
anrodi 11 ed bl o e bFtitixel B 5 SRt iad oo ialio oF tieghxel - D
is the |ocwlis (Y I@ﬁﬂhéﬁcé’bf‘ﬁig &xél@[‘ﬁi&th&%da‘? cﬁro’?rplé’t'ﬂf Syfdrhic rgﬁgg,l:g?sis@"i ng a

val ue between zero and Cm is the mninmum chronma of the
nei ghbér hodtrofmatictrhed pius diavingnal valug, Btwiesnzepaaaded |, iC;, isetkpmeiadhom t hat

determ nes ;the a nt _of relative ro reduction_and that ranges between
0 and 1. SO SR afeltes aibnd ey Thaerals w1d (N p) éb Aparamenit b
expression that determines the amount of relative chroma reduction and that

ranges between 0 and 1.

21.The apparatus of claim 20, wherein (¥, D) complies with
ST,D)—>1forY > 1;and f(¥,D)— 0forD— 0.

22.The apparatus of claim 21, wherein f(¥, D) also complies with

f&,D)—0forD-»0and Y-1.
23.The apparatus of claim 20, wherein C, = max|[C,-D,0]).
24.The apparatus of claim 20, wherein the modulus C,=C_,.

25.The apparatus of claim 20, wherein C,=0.

26.The apparatus of claim 20, wherein 7(¥,D) = mw[l —a(%),o},
where o is a positive term.

27.The apparatus of claim 26, wherein C'=C if Y<(1-D/a).
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f or 22. The apparatus of claim 21, wherein f (Y, D) also conplies with
f(Y,D-*0for D> OandY-*1. 23. The apparatus of claim 20, wherein Co =
max[ Cm D,WD)03/051845 The apparatus of claim 20, wherein thePeddBéuE7%0=Cm
25. The apparatus of claim 20, wherein CO=0O 26. The apparatus of claim 20,
wherein f (Y, D = marl -a(l1 DYO], where a is a positive term 27. The
apparatus of claim26, wherein C=Cif Y<(1-D/a). -15 WD 03/051035
PCT/1B01/ 01796 28. The apparatus of claim 16, wherein the processor
reconstructs the digital inage from subsanpled chrom nance val ues; and
wherein the processor determ nes the chromatic dynam c ranges fromthe
subsanpl ed chrom nance values. 29. An article of manufacture for a

processor, the 248tlihsl appasaisi &fialim 16 ompenclt thesprocgssartgcangiruns the st or ed
in the nenpry.,.the ogram when, execut ed, causin t he processor to reduce
chromat i c@gﬁ@dm?@eg{r?rﬁf%?@n]pﬁe_ c iOB'i"P_ﬁ'I"C_&‘? }@Hgs’b dswﬁﬁﬁé)'f'&?%g chr oni nance
val ues of iockSastddeRings RS ShidiilteatathicAlnbEBasm iissulaxfligy bei ng

nodi fied according to its |um nance val ues and chromati c ynam c range -16
chrominance values.

29. An article of manufacture for a processor, the article comprising:
computer memory; and
a program stored in the memory, the program, when executed, causing
the processor to reduce chromatic bleeding artifacts in a digital image by
5 modifying chrominance values of at least some pixels in the digital image, the
pixels being modified according to its luminance values and chromatic

dynamic range
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