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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 WO 03/051035 PCT/1B01/ 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 exanpl e the prénhirdir@sic BlebiRg artifacts reduce image quality. 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

2



20 present invention. BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is an
illustration of a nethod of reconstructing an image and 25 reducing
chromat i cwblogmsiosyy artifacts in the reconstructed i mage; PCFUB&/®796 an
illustration of a |ocal neighborhood of pixels; Figures 3(a) to 3(d) are

Il lustrations of a sliding window for determning chromatic dynam c ranges
of pixels in a reconstructed inmage that has been interpolated by pixel
replication; and 30 Figure 4 is an illustration of a hardware

i mpl enentation of the method of -2 WD 03/051035 PCT/1B01/01796 Figure 1.
DETAI LED DESGR: PTI ON OF THE | NVENTI ON As shown in the draw ngs for purposes
of illustration, the present 5 invention is enbodied in a nethod and
apparatus for r educi ng chronatic bleeding arti facts in digital imges

cont ai ni ng subsanpl edD ‘ G C 'L apparatus are
particularly suited f®o =0 i i 0 acts in color
conpound docuneag smﬂﬁSmCmé @rawmgs lﬂsrt Buﬂﬂis@’sabf mrt%tr@z%ﬁuttﬁé &%@éﬁfﬂt ed
features. Natural features in photo 10 regions tend to have mld [ um nance
or chr éni nanestion dasembpodied Tompmathod gk rappadatiie afion rred usimgh clhomatict

{ranei £ ondeete R R 593%;%%‘%@4‘ Sabtainig. BReulad CRPEUHE
artifacts \Tlélaés.occltﬂe %%tthg@ §ha Qt%%?s dref ?éﬁf&faf‘arl sURgs fo? Ry 1

which illustrates a net econstruc Ing a npressed | mage “an
reduci ng cthrometticcbleldand) aglfan:tsnham:tler compound document images containing

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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in the reconstructed i nage. The conpressed i nage includes a first stream of
conpressed | um nance (Y) values and second and third streans of conpressed
chrom narwe o@kioand Cr) values. Prior to conpression, thePCthBamiingnce
channel s were either subsanpled or |lowpass filtered and then 20
subsanpl ed. The imge reconstructi on begins by accessing the first, second
and third streans of conpressed values (bl ock 102). The | um nance val ues
(Y) are reconstructed fromthe first stream (bl ock 104) and the

chrom nance values (Cb and Cr) are reconstructed fromthe second and third

streans 2onffriession] (6p. rédonstrusiedashmnaindncdrdrannec ery ainte@polatdd or
herei nafter be described wth respect to nornmalized values. For the

| uni nance Yesanrled do tl&elr(oegmfl rmuthrh@ wRidhiheaieselujion idhe lgnmaacecy <

?ng gg?or) h%ggte é ngcglﬂ C r%—&?prllgmtg poé%@%ﬁ&cooﬁof %g‘;)'%g’i%?%"?° &@?ﬂ%ﬁ?gdam >
during -3 e\oerg%\ﬂfrégé’lﬁnaﬁ:weﬁwr@&z&@d B9 L2 N8k of RRH-REBREhYS KSR

chrom nance annels are interpolated of upsanpled to their original
r esol ubi orhavingrdhehsame clkroshinance valuash¢Cbuandadge A charensbplisticated108) . A

ow r esol HHBMINGmeRiod Eioliestrrying My rees JReHnS e aser GrligHeg xel s 5
ha ) | GRS AL Gead ol oIy BE AR Sph
pi xel - r eplfrexpietdy, sicloas ealges. channel s for redum ng aI iasing artifacts in
' ocations of hiC?rr\]rosnﬁ)eZ\ittlc; E?olleec]icutlg(:;aqgr(%l;’]a;:g{s iﬁu‘?hhe ?20&? %ructed 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,

or each of the chrominance




Chromatic bleeding artifacts in the reconstructed digital inmge are 10
reduced by nodifying chroma val ues of at |east sonme of the pixels in the
di gital iwagse/osibke chroma val ue of a pixel is nodified w PoTABEEHECY t 0 t he
pi xel *s | um nance val ue and | ocal chromatic dynam c range (block 110); and
t he chrom nance values (Cb and Cr) are scal ed according to the change in
chroma val ue (bl ock 112). Mdifying the chroma value with respect to 15
chromatic dynamc range is performed so as not to reduce chromaticity too
much in regions with essentially uniformlight colors. The reconstructed

| uni nance \atges iy pOiHus.eTied@hrehaticrdynddic emyeest &hdigiiborheoRamppace at
t he original resol ution. The reconstructed image may then be displ ayed

(e.g., priGameeytedas Brie Quocah WaBHas repremﬁ]tbe MaiRBUGY cmomewéalues)f

an oxanpl angr hohBRRE AR, o reBlen® 1R SRURIREHSRR Vol RLdBayy e

wi ndow i ndigighiesthobl. dashed |ines, includes a 3x3 array of pi xel s. The
pi xel of interest, marked by an "X " lies at the center of the
nei ghbér hood. 25 reighhsihoedand alyormatic dyaanic fangeea@d@temlnedffor eaehest nmay
be conputed asf .the difference maxi num chr Qma, val ues
p ﬁ df%

of the |>@1‘§| intErest %S%Faﬁ J}qe&gaomemg]dgmlgﬁra\pgpd% mE'Feddoﬁl xel

may be c _{gﬁx pasfd® +CY or the chroma value (C) may be approxi nmated
by C ICbl+lCrl V\% re the all owed val ue range for each of the chrom nance -4
WO 03/ 051035 PAI/reBDThedii@bvalad (€Y fios d pikeb 0b intkresthmay hreo oampatety agnmi ¢
range of a nei ghbor hood nputed as D= CM- C, where Cm

r epr esent sCt=h€ f @, ,Q)H(Qhﬁébrawhgm@ igfthe 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.

5.



t he nei ghborhood and CM represents the maxi num chronma val ue of the

nei ghborhood. 5 A nei ghborhood and chronmati c dynam ¢ range are determ ned
for each wpiog®b10e3 i nterest. Consequently, the chromatic agmaBIIrenge i s
determ ned on a pixel-by-pixel basis. A new chroma value (C) for a pixel
of interest my 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 nei ghborhood for the pixel, and f(Y,D) is a

parametric expriesssecondabsdeCsEninags( He, ByroSunth afmodalu&t@yéllam ehe
reduction. The paranetric _expression f may range between 0 and 1. The

Y,
15 par ametave cBiginasaleg (E)viodllceeipwi @%ﬂh"’["ﬂié’ltﬂbl(ﬁaw rdoweyer thent s:

(1 ol Bignd el ls sl Hepdhitatinon ine Shrdied Blodibit Brige ' e~ ©

modl fied. cﬁh@maﬁé nBdIus (@gprseﬁ@t @@duc(e\’:t BEIoWR)C, DS & €0RD), XhaM drifoiafi her
constraint: (Y, D -* -> Y-*1. "Thus, {he chromatic dynanic

20 range trnqzdztdugr(é?@ dm@enes fletche h‘:¢rr ch@m@tlmdynemﬂmdamg@i th@faere not

di s,.scal e rati o
S, - Thus e, e ThiRERG el Q?rté‘rspo?ﬂﬁsfg 55 prbdenrs hieh o3 ghd
unchanged s 4iopsted oldh rbglorl! nf fifie Sitlhatior, r8 [VAERRYY B8 felbiked| N 2
first case =Cm whéreby C = C - , % e new
chroma valtueze(ré‘.' if the €nonketiovedh sidee iorclagentd wmlreor@n \»théueth(afl)hmnld thbe

nei ghbor h%‘.’tﬂa%rﬁ' IC >D( could 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< T\(D), where threshold T.(D) =(1-D/a).
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For high |um nance Y-*1, the new chroma value (C ) approaches the | ocal
mnimm(Cn. Thus G->C,, as Y-A -5 WD 03/051035 PCT/1BOL/ 01796 In a
second cawe,03@81035 max (Cm D, 0). Such a nodul us Co al | ows PCREBOMEWGC hr ona
value (C) to fall below the local mninmm(Cr. However, the chroma val ue

Is still dependent upon the chromatic dynami c range (D). The chromatic
nmodul us (Co) is not reduced below CmD. If C,,<D, the chromatic 5 nodul 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

col or” regi ons.THe térn 3 Aidyulbé ieofunctibe affthenghrematie dymantie raﬁgl@c(@z. Ato zero
if the "non-colored" side is close to white. On the other hand, the

si t uat i on termDmayuvel measuespirdzach alue ofd. beaokternaa may degoeasurednd a 10

L G ecEE 8 oLk AR RS, 2L, o

reduced to zerqn (ARULILHSEKE §h& Q8TYE hhayPh@'cohBiant $orl 4P B €rhe VaRuLEort Ne
ound E _-D on the no |H doc

edge. Putting a | ower e rorma val ue ensures

that |8 cahertethagdicant be detdraiiged byl tridl adaasiar. WheF éxémﬁlémsﬁf&éi hadynam c
range (D) is neither very 15 small or very large, the chroma value will not

be reducedeasingiounddanerk welen the |uninance Y-->1. In the third case,
om0 For I 9N I ARG o Bkl SRR o 2t bEpbe SRR o on
o R T
const r ai nttaking luminance and local chrominance values into account, 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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f(Y->1,D)->1 and f(Y,D>0)->0, regardless of the value of the terma
(where a is positive). For a given value of D, there is a | um nance val ue
(Y) bel owwahioshoshe 25 chromatic bleeding artifacts are mot/IBiiide. 1f a
chromatic bleeding artifact is not visible for a given D, the value of the
terma may be chosen such that f(Y,D)=0. For exanple, the chroma value is
not nodified if Y<(1-D/a). That is, C=Cif Y< TY(D), where threshold
Ty(D) =(1 -Dia). -6 WO 03/051035 PCT/1BOL/ 01796 The terma nmay be a
function of the chromatic dynamic range (D). A terma may be neasured for
each val uaedfcHronihearice eham@elsny Hoaveweas thee cthethodris swobjlietitadvin t ¥€bEr(e. g.
observing visibility of artifacts in patches). In the alternative, the term
a may be &Rt sPACE o oA ¢xampl¢héh%n@§°ddnay@et Aeptied iR ¥ WakWeoidbabr ni ned

by tri al %i%fﬁgéa??%@%["ﬁEﬁ%ggéﬁ%r“ég“ﬁﬁﬁ Si has been found to work well.

Thus discl© ducin e chrom nance magnitude in

pi xel s that wouhdtrgeRRIRGE destiiBE@! alirkes eRlLEP Bf Ghe Cérapaiationdll efeitng. By
taki ng I um nance and | ocal chrom nance val ues into account, the nmethod does

10 not Snodievpterhtewardst eemphting the ghraroatic dieamicarangs tafdceaebnpinelin gi bl e
OO e B, el el e i el B i o Dot
M oun gD ATIAHEKO B, L heXR bl Al s
The met hodandcsthpsriakioglsaMantageedidediindangduci ng chromati ¢ bl eedi ng
P adts TN CoDRanee % Row mada o Figures 52} to 3, Which Show 4 Sliding
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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Al t hough Figure 2 shows a 3x3 square-shaped nei ghborhood, the nethod is not
limted to such a nei ghborhood. The nei ghborhood is not limted to any
parti cul awo9Bm8103The nunber of pixels is not limted to niPaeIBi/daIMsugh a
20 fixed nunber 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 limted to any particul ar
geonetry, although square windows are preferred for performance reasons.

For exanpl sixteenethe2bumbepef conigzeisoas gidedetood caryildiibgdihenmitinehapad. The
m ni mun? maxi num cal cul ati ons ma&él ncl ude the center pixel (that is, a full

nei ghbor ho®@xifaympehrqnadyalgest ten ndnd neemi Phxiheumeighberherdssnsifraixebxcl ude

ixek of ] - 20l i, ghbor hood b d).
The et hod PISAREls (o BRY I M shdndto s BIF GBS ARG L%ha%s: o7 el
i mage i nt ofiltrikigedn Yhes cBfirhinaAtd cRBANEIS pFiof €o their SUBEAMANIFRY. Fof eRbHpland -7

WO 03/ 051035 PCT/IBOL/ 01796 red chroninance channels). However, the nethod
i s not 9 i nevany 2x@ blogicef theopriginalehremirmancesshampiels, cauid bevepladeddy the

AR (T N RN NN A A S
L R Mt
speed of tifi¢herelifference bebasen théyewscimgrsubakkiep(GH and theionghes chedbmas  and
:E gug( Ej;i E(I %I@%\@Et ) epé{cpraﬁkglé?ﬁt%gc\zﬂl b%eégiplggcb% rln%dir%y(/)i\rllvg r{ﬁg%htrgmglv%llﬁgs 3(a)
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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10 wi ndow for determ ning chromatic dynam c ranges of pixels in a
reconstructed inage that has been interpolated by pixel replication.
During t woioapsrpdl ati on, a first pixel in the reconstruecedBéutIsance
channel is replaced by a 2x2 bl ock of pixels Cl, a second pixel in the
reconstructed | 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 pixels C3, and a fourth pixel in the reconstructed |um nance
channel is replaced by a 2x2 bl ock of pixels C4. The pixels in every 2x2
bl ock in tieghipsshopdedolyr dwelven canyiwizoaks are ontaded exaciéterhire Sthee
chrom nance value. As Figures 3(a) to 3(d) show, 20 each 4x4 block in the
upsanpl ed BAXGHM Ak MIREHAB| Chipanvalyes of gnaeighberoogy segarglassteithear i es,

has four iRid Ltd o] ti Mo ds., For each of

t hese foufé?%%s?ls?ithﬁ'?‘?qg'é@‘?rh?ﬁé' %%8?%%333%%%5%@!@89% iy TeR°t e
chromati c ghmgamisorisanes Kdedde lfnmiéafﬂééw@%dééq@ir%rhh% Y388, % NGEetbey are
calculated fromthe same four 25 chromati c nodul us val ues. The four

chr oma®i ¢ mea@ryNegsiedeto buffeedppdinesds edual fouwick tid iz pédheilakeral, wher e
each such I%)aiﬁxell Cﬁrresponds to a pixel in the sub-sanpled chrom nance
channel s. &, win 8Wcorrput ational conplexity is reduced to finding the
maxi mum and m nj i ' dg i 4t u mke L ance
Channel s Thi s T oo R AR, 5 58, 3pRERC CPmERRLARTCE
modul us calesgribed ary illastiateddalvme. bystaad athteoinveritiorBisVEdrixd/ueh 14 mrding

PCT/ | BOl/Ol?ﬁgngsg;_xt ﬁ-ﬁn {qrge nunber of conparisons needed for calculating the
mi ni mum ar@ ¢ ImgHehiodRY- val ues (Cmand CM of the nei ghborhoods. |f

pi xel 10
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replication is to be used in this manner, it is preferable to apply

| ow-pass filtering on the chrom nance channels prior to their subsanpling.
For exanpwe,0385®9ery 2x2 bl ock of the original chrom nancecechaewals coul d
be replaced by the average or the median of the four chrom nance-val ues 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 parametric expression is not
conputed and the chroma value is not nodified if the difference is

i nperceptible. For exagle C=Cif (GCQ)< T, where T is a predeterm ned
t hr eshol d. WHAT ks Giwd 1% dynam c range (D) is conputed with a fast
recursive algorithm it is calculated for all pixels. Therefore, little
overhead is incurred by perform ng the conparison D<T. An 15 exenplary
threshold is T=. AmbﬂiodWQfﬂ@l'ubﬁr@dclﬁbﬁ@ﬁbfb?éé‘cﬁn%{.éhﬁééﬂs-inUtﬁgﬁatiﬁ%eﬁﬁy be
i npl enented in hardware, software or a conbina wo. Reference

ion of the
i s now madbetoethiodunamprising imadifyinguchromieance valbeswef at leashsemenptixals on of

t he met hod, ,Conputer ne 21 tores a..program.214 .20 that, when

execut ed, 'M’%‘?%ﬁ'@a%%éﬂﬁsgquwoaggpﬁq@ﬁiggﬁ%ftﬁgﬂnlﬂ%&?i bed above.
The nemrwa%}gsgﬁgchrﬁngﬁ@azﬁgmfc,%l}lgemay be part of a personal conputer or
wor kst ati on. A non-recursive al gori thm nmay be used to deternine the ninimum

and maxi mum chroma val ues of pi xel nei ghborhoods. The non-recursive
algorithm 25 may_be used for all te&ges_of nei ghbor hoods., The size of the

menory needed t% déedngaihed efirdaim hi wosieimthereinomaticingsyciranggfdl to t he

size of the NGLENEY %8Hon 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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A fast recursive algorithmmay be used to determ ne the m ni mum and
maxi mum chronma val ues of full square nei ghborhoods (e.g., 2x2 30

nei ghbor wods/05®33 nei ghbor hoods, 5x5 nei ghbor hoods). Except/iBawoivdse 2x2 -9
WO 03/ 051035 PCT/1BOL1/ 01796 nei ghbor hood, only twel ve conpari sons are
needed to determ ne the rmaxi mum and m ni nrum chroma val ues of a

nei ghbor hood, regardl ess of the size of the neighborhood. In the case of

t he 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 sigeTak rmbthddadfadlin 5kehelin Wi(rdDyVcomptieR MESENL, Dyvsntion is
not limted to the specific enbodi nents described and illustrated above.

| nst ead, tfbeYi-avErndrf(V'sDyenbtfoubd>al:cording to the clains that follow
10 WD 03/ 051035 PCT/1B01/ 01796 WHAT IS CLAIMED IS: 1. A nmethod of reducing
chromatic bleeding artifacts in a digital inmage, the nethod conprising

nodi fyi ng chrom nagnce val ues. of. af | east s ixels in the digital imge,
the pixels beig% ﬁﬁ&ﬂpﬁ %ﬂ&é%@]ﬁgwﬁ%“¥@g%?ﬁﬁfﬁﬁﬁb@“vaﬂﬁ%wﬁand chromatic
dynamic ra vl t chaim1l, wherein the chromatic dynamc
range for ?ggép'ﬁﬁ§gﬁw$§+gﬂgﬁﬁgf?tn of m ni mum and maxi num chroma val ues of
a local pixel neighborhood, whereby the chromatic dynam c range is

determ ned 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.

-12-



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 least sone pixels are nodified by C=C- f (Y, D .(C- Co) , where C
is the new chrofilheahethoof oftdiginpil xehereh the digtaliriagienslrecbriiteml ue of
the pixel, Y is the |umnance of the pixel, Dis the chromatic dynamc
range, Co fremsubsaaRied @h@wﬂancejyaW%wgdwh%@luéh@@hmatuzéymram 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 method of claimb5,
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 -Ehﬁnﬁ‘aéh&‘?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 dynam c range of the pixel. W 03/051035
PCT/ | BO1/ t eis
Feconst T T o P ol o B phce Mo s £ Sl ol
chronmabi c rapgam ¢ range is determ ned from subsanpl ed chrom nance val ues.
15. A nethod of reconstructing a digital image froma |um nance channel and
subsanpl ed chrom nance channel s, the method 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 chromatic dynam c ranges. 17. The
apparatus of claim 16, wherein the chromatic dynam c range for

-14-



each pixel is a function of m ninum and maxi mum chroma val ues of a | ocal
pi xel nei ghbor hood; and wherein the processor determ nes |ocal chromatic
dynam ¢ rwog@esswas a pi xel - by-pi xel basis. 18. The appar at @€TaBoi1asem 17,
wherein the processor scales the chrom nance val ues of a pixel by the
ratio C/Cif the original chroma value (C) of the pixel is nodified,
where C is the new chroma value. 19. The apparatus of claim 17, wherein
the processor nodifies a chrona 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 anI xel if the pixel has a small dynamc 5 range. WO

03/ 051035 PCT/ | Bbie1amwaratys qfr:éalap@arwhe@lmthe:umomma'mce/mues of &he

chrom nance _val ues of at me pi xel s_are nodifie = C- f (Y,
D (C- C5pst s SQIAE PIXRIS arg ”i%ﬁfteﬂﬁ Mvcéﬁﬁbnﬁ‘(i&d?hécmca)hévf}ﬂrﬁé? isthg s the
unnodi fi e t he Y is the |.um nance of thepxel D
is the |o§%‘?‘néﬁ@ﬂé U%Qﬂ%%xgaﬁdafhwnm%ﬂ@ WPH}?&YﬁE ebihg BXehavi ng a
val ue bet W@Qtﬂeerumaéﬁc&&ﬂlﬁ plkél D8 tAé M3 Bhrdhhd ﬁmfch‘én%@cél is a

nei ghborhood for the pixel, and f(Y,D) iIs a pararretr expres’sion t hat
det er moneschrbmadiconodulos hwirmavammeiweenmmandrcngrmn islthe minmnges bet ween

0 and 1. 2 tys of 20, wh f(Y.D | th f (Y,
) 1" 1 s oroma SRS GeAlnclenas oot g he sl s 5oD) e RapwRebiGs of

claim 21, &b%gélgntthét detBimMe8 & AMRUNTRF Weibfive 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(Y,D)-*0for D-> OandY-*1. 23. The apparatus of claim 20, wherein Co =
max[ Cm D, 0]). 24. The apparatus of claim 20, wherein the nodul us Co=Cm
25. The awpasaswss of claim 20, wherein CO=0 26. The appararaBoiofi7el ai m 20,
wherein f (Y, D = marl -a(l1 DYO], where a is a positive term 27. The
apparatus of claim 26, wherein C=Cif Y<(1-D/a). WO 03/051035
PCT/ 1 B01/ 01796 28. The apparatus of claim 16, wherein the processor
reconstructs the digital imge from subsanpled chrom nance val ues; and
wherein the processor determ nes the chromati c dynam c ranges fromthe
subsanpl ed chrom nance values. 29. An article of manufacture for a
processor, the article conprising: conputer menory; and a program stored
in the menory, 2&dher g{)S\/Wf@*ﬁ'ék&dﬂlé@elrt‘ii@s@r@gessdféep@mmtheto reduce

h f di.f h
Cal nos of SpfE Paﬁ%ea%“ SiEsampedioflBibates TR Esadnd wiREN Y S hei g
modi fi ed %@égéd}gdétermhés'th'é”cﬁﬂﬂﬁé‘tnd’é;bﬁ’a?ﬁlcar@ﬁgéé‘FrBH:PfHeCsuld.i)éHﬂﬂé& range

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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