BAYESI AN DEMOSAI CI NG USI NG A TWO- COLOR | MAGE 5
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caneras continues to decline. Most digital stil
caneras use a single inmage sensor to capture col or
information for each pixel in a color 10 i mage. The
i mge sensor, which is typically a charge-coupl ed
device (CCD) or a conplenentary netal oxide

sem conductor (CMOS), is part of a sensor array that
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in front of i mage sensors

TN @thgﬁt@r reRIESENLhembels offpcelonigage: pattern has
only one col or value for each of the 25p|xels in the
irmge In order to obtalg the full-color
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have red and blue filters. Since the color green (Q
The “Qemdsaicing" term is derived from the fact that a color filter array
(CFA) is used in front of the image sensors, with the CFA being arranged in a
maosaic pattern. This mosaic pattern has only one color value for each of the
pixels in the image. In order to obtain the full-color image, the mosaic pattern
must be “demosaiced”. Thus, demosaicing is the technique of interpolating
back the image captured with a mosaic-pattern CFA, so that a full RGB value
can be associated with every pixel.

More specifically, a single-sensor digital camera captures the image
using an image sensor array that is preceded in the optical path by a CFA. A
highly popular and common mosaic CFA is called the Bayer mosaic pattern.
For each 2x2 set of pixels, two diagonally opposed pixels have green filters,
and the other two pixels have red and blue filters. Since the color green (G)
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(B). There are many types of denpsaicing techniques
currently avail able, 5such as bilinear interpolation,
medi an filtering, vector CFA, gradient-based, and
statistical nodeling. However, each of these current
denosai ci ng techni ques produces visual and
quantitatively nmeasurable artifacts. These artifacts
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qr%gtg)garll gu&ga (Afa?/rgg B4€3uce i image artifacts. The Bayesian two-color
image demosaicing method and system employs an image model that models
colors across an edge as a linear combination of the colors on each side.
This decreases the possibility of inducing color fringing. Moreover, the .
statistical model used by the Bayesian two-color image demosaicing method
and system is not grid-based, thus easily allowing for extensions to both multi-
image demosaicing for video processing and non-iterative super-resolution
output sampling. By constraining the output image to a linear model, visible
noise in smooth areas also is reduced while preserving sharp edges.

The Bayesian two-color image demosaicing method and system is an

improvement on and an enhancement of existing demosaicing techniques.
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The nmet hod and system perforns a prelimnary
denosai ci ng pass on an inmage to assign each pixel in
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The results of this prelimnary Pass then are inproved
by the Bayesian two-col or i mage denosai ci ng net hod and
system The general idea is that 5 within a small
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The Bayesian two-color image demosaicing method and system also
can process multiple images to improve the demosaicing results. The
multiple images first are registered with each other so that they are
aligned. A reference image is selected, and the other images are
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5 squared differences is large. This scaling factor
varies based on the quality of the alignnment

W@ k@onsdsinm When using mul tipl e i mages, P¢118S2007/001982

Bayesi an two-col or i mage denosai ci ng net hod and system
al so can sanple at a finer resolution, which 10is
known as super resolution. Wen super-resolving, the
statistical clustering and | ocal nei ghborhood sizes
can be slightly shrunk to capture fine details. O her
than that, the systemoperates simlarly as it did in
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ragram il e general operation of the
Bayeshiamae@secol or i mage denosai cer shown in FIGS. 1

and 2y should be n&le@thét dieratielemhbaimbh@vardi @i, and that
illustrating the further details of the, ope

ratio
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'd@pgrlxcﬁhg 3n the particular embodiment. These alternative embodiments

include alternative steps and alternative elements that may be used, and
structural changes that may be made, without departing from the scope of the

" invention.

DRAWINGS DESCRIPTION
Referring now to the drawings in which like reference numbers

represent corresponding parts throughout:

FIG. 1 is a block diagram illustrating a first exemplary implementation
of the Bayesian two-color image demosaicing method and system disclosed
herein.

FIG. 2 is a block diagram illustrating a second exemplary
implementation of the Bayesian two-color image demosaicing method and
system disclosed herein.

FIG. 3 is a general flow diagram illustrating the general operation of the
Bayesian two-color image demasaicer shown in FIGS. 1 and 2.
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comput ati on process. FIG 7 is a block diagram
illustrating the details of the Bayesian two-col or
i mge denosai cer shown in FIGS. 1 and 2. 10FIG 8
illustrates an exanple of a suitable conmputing system
envi ronnment in which the Bayesian two-col or inmage
denosai ci ng net hod and system rmay be i npl enent ed.
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0 e B n_two-.col or i.ma enpsai.ci ng ,net hod an
SRe R R F e D S R R SRR a0 Showr

dT‘IeNBngs which forma part thereof, and in which is
shown |l LOQ. [ i exa
Shown 96, K3 aoul bRHPH Bk FRSHOE 45 Beripgmputation
nepess. and system nmay be practiced. It is to be
under ;@0
and st r‘%ctg d%glquﬁa gtﬁwg@wﬁ%éo?ﬁ%& (Ijéélghl %’
f?%ﬂl?lttﬁ@rs@més%f the clai med subject matter.

. Gengrigl 7@5%&%5@@% nllqjs@%gzthéro%tgls‘)&flihg'Baa\g%@i?ﬁ fwo-

|Ilustrat|n two exenp % [ enent ati ons
E%}y%réfné‘ﬁetqﬁ@‘%s@'ﬁrshﬁﬁ@é” é‘ﬁﬁsélaeﬂr?g met hod and system

dl scl Q’-S@chlﬂfs‘ﬂ*a[és érﬁ e%‘rﬁHierftéesLﬁ@bﬁadcdrhﬁutl %@16!41 and

several ways in which € Bayesi an

%”%’BW&P" 'inn%eh &'é?rﬁé&?%?’h B’V?ré?'ﬁ’é HmagR) d§9’§’§é\‘ﬁfﬂ9a’§ﬂeﬁl@d and

| systepmandyask afslet@ftbd. 3S0Referring to FIG 1, in the
first exenplary inplenentation, the Bayesian two-col or.
I mge denosai cer 200 resides on a digital canera

system 210. |n geneDETAILED ESERIRTIONW- col or i mage
denos Th #d fo%g\grir%rgé/s'cgi&cion of the Bayesian two-color image

demosaicing method and system, reference is made to the accompanying
drawings, which form a part thereof, and in which is shown by way of
illustration a specific example whereby the Bayesian two-color image
demosaicing method and system may be practiced. It is to be understood
that other embodiments may be utilized and structural changes may be made
without departing from the scope of the claimed subject matter.

{. General Overview

FIGS. 1 and 2 are block diagrams illustrating two ~exemplary
implementations of the Bayesian two-color image demosaicing method and
system disclosed herein. It should be noted that FIGS. 1 and 2 are merely
two of several ways in which the Bayesian two-color image demosaicing
method and system may be implemented and used. ’

Referring to FIG. 1, in the first exemplary implementation, the Bayesian
two-color image demogaicer 200 resides on a digital camera system 210, In

general, the Bayesian two-color image demosaicer 200 provides
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enhancenent to a color image (not shown) subsequent
to a prelimnary denopsai ci ng pass nade using a

we@embogasnary pass denosai cer 220. Mre speci fipei/Ug2002601982

shown in FIG 1, the Bayesian two-col or inage
denosai cer 200 is part of the digital canmera system
210 that includes an image sensor 5 array 225. The
array 225 is made up of a plurality of inmge sensors,
where each inmage sensor is capable of determning a
singl e col or val ue. The i mage sensor array 225
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device 295 that is separate fromthe digital canera
system 210. The raw nosai c-patterned pi xel data 260 is

weent/o$ssom t he digital canera system 210 to 15p¢1€S2007/001982

second conputing device 295. This pixel data 260
typically is sent to the second conputing device 295
via an interface connection 297, which can be a USB
interface, an | EEE 1394 interface, a Bl uetoothe
interface, or any other interface suitable for
carrying the raw pixel data 260 fromthe digita
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EesiahQwo-color image demosaicer 200 uses the Bayesian two-color
image demosaicing method to enhance the pixel data 260 and provides the
enhanced color digital image having reduced image artifacts 290.

. Operational Overview

The operation of the Bayesian two-color image demosaicer 200 and
method used therein shown in FIGS. 1 and 2 now will be discussed. FIG. 3 is
a general flow diagram illustrating the general operation of the Bayesian two-
color image demosaicer 200. In general, the Bayesian two-color image
demosaicing method inputs pixel color values for pixels in an image,
processes each of the pixels, and outputs a processed image that has
reduced image artifacts.
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Next, the Bayesian two-col or image denvsai ci ng net hod
determnes a final color value for each pixel in the

wale@rosdsicol or i mage (box 310). The final col opCcwEb2087/001982

is a conbination or blend of two colors, where the two
colors are obtained by using at |east sone of the
fully-specified RG triple color values. 15In other
wor ds, even though there may be several colors
contained in the fully-specified ROB triple color
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S wever, it should be 5noted
1B1dr $RE0E , ) .

tﬂrﬁ(ﬁ% (?h'?é Chnl qge Lt)J(ﬁxat Il give the best input also
yields t he best output by the Bayesi an two-col or image

ms@%raﬂgﬁﬂﬁ%ﬂs and Wd}\ﬁ%&, Efafiple! is selected

p SSI N efined as_a processed rPI xel. In

addi t iTHA deéa"séglta?l Bayesian twersolor §pase ggmesaiing wethod now
el boeskcasséd. 1P, QPI%%Séiétgllé&%\Dﬁld\d@Qm lﬂdéibatmﬁhﬁe further
processi ng regi on g wi ndow' P &
details of the operation of the Bayesnan two-co!o lmage emosaicing method
shown in FIG. 3. In particular, a preliminary demosa|cmg pass is performed to
compute the fully-specified RGB triples for each pixel in the digital color image
(box 400). Initially, there is a Bayer pattern for the image, in which there is
only an R, a G, or a B color value for each pixel in the image. The preliminary
demosaicing pass uses a demosaicing technique to obtain an actual full color
(RGB) value at each one of the pixels in a processing region centered at a
pixel being proée'ssed. In one embodiment, the preliminary demosaicing pass

is performed using a bilinear interpolation technique. In aiternative
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typically is a 5x5 pixel patch, although other sizes

are possible. In one enbodi nent, the patch size is

odd, such that the processed pixel is centered in the
W/ RFARIS9Y region. By way of exanple, in a P/Us2007/001982

processi ng regions, the processed pixel woul

center pixel of the 5x5 patch. 15 Favored two
embodiments; @mh@rrtype@ nbp:eéimim@ny pase demesaicing techriqughmay

be, i, sLChRsiuBedeni fiéfit wectfaddy vatlor irh Bepidtiot
grﬁd@hﬁbé@@ﬂ té%hﬁﬁ{dé‘s' aRé |s%stlbélern6@élid%uléﬁﬁiqhb§d ViRGEh
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bytthe [Ba@sladrmwtSdidr infége demoeaireiyf metiakt i ng a pi xel ,

defining a processing region, conputing the favored
two colors, and conputing a final color value all are

| eP97dich bR 4 b SBB L ocRte SR Bfinkd ok eprogessed
piy és additibnpa cegion aromyktiieprosessadpixekishiedined aama

enhanced digital colqr inmage havin redu‘ed | ;
Pfﬁ?‘iﬁsﬂ%[@'@%&@mﬁﬁ QrFfl epging redighy (af g\’gﬂgﬁw o

e
enﬁbdemem tthe pamma;lze a5 ed@Osuobithdt meqnmamegi pmel is @Ieotered

ues of. t he oces n
3% eeeShioiragion, e Ay of exgTRIP. 1A PIOFASTIED fegjops. the

prb&@ss%ﬁ'ﬂd(el%ﬂdfdeetﬁe%@ﬁtér odlﬁl%‘ftﬁévswﬁatuﬂ xel in the

processing region (box Assumi ng that the WO

29071089519PCT/U82007/001982 proceSS|ng region is 5x5

s Shnet B8l i CrevBoblo 18,86 ol Beilh g
42080TTaI |sm|é§k@%m@ﬂﬁeefuﬂ§-s§@blﬂéd \RGH Qﬁplb@fo‘f’ edch i@ gl

colors. This can be done(genera y us

the preaessingyegiarhnig e¥plainedoinalataibbalioms me ftalyﬁene@mesi RGB

. a
i8S AP, S5RTaiheRaSCHTE Bhe SPBrE Rl Ak oo
favdredtoatorsy WeBnal\mmre/,alumfdr tihes pmssed pkel 'El@ompnmanﬁsmg

clustering technique is a bal.anc en accur and
th SBeSa WA celcimand Toy IbEIRGRI SRR TR GOrAd0 K
I I
i GBS Lol 5 el Lo o
faeorbddwomaolars, amd e&w@utlag iadimal 6otox Naiweall are repbhted for the
remalndqer%lf?he plngs in tﬁg dflgtlta'i color |rﬂage (boxuif& The output of the

Bayesian two-color image demosaicing method is an enhanced digital color

patch”)

image having reduced image artifacts (box 450).

FIG. 5 is a flow diagram illustrating the favored two color computation
process. In other words, FIG. 5 illustrates how the favored two colors are
found from among the color values of pixels in the processing regions. The
process begins by performing an initial clustering of the fully-specified RGB

triples for each pixel in the processing region (box 500). Assuming that the
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The one problem however, with the k-means technique,
is that an outlier can adversely affect the results.

WAmoonsdsier is a data point that is |ocated fapCt/uswn7001982

the rest of the data. A statistical distribution
expects data 15points to fall within a specific range,
and those that do not are called outliers. In order to
correct for outliers, the favored two col or

comput ation process includes an outlier rejection

techni que. The outlier rejection technique is used to
'Ekdtidébtﬁg refieniif ks phes, the godllis & Sndinet favofeatemoasbl dradrom

b T iy S B G, LR 2
fculolryalﬂpsmtblkfdva@ ¢alonsl i can leadhnglg)eeeralln ushng any
BLATTRE BElaaofh Sl BHIBYIIE, Akihedts Al used
tbheammmﬁ itsgafficiency. hTéhthi“lsi'elh ¢he krmewsde@wmqme CQfB@rtOl thege
ﬁ%af)eﬁgp EIPSE?Yy?ﬁ%d%@P? GQ 'U‘% Eagéj rk—QaeI"PieDk Fﬁz‘elantsQ‘f‘lﬂsté\I rﬁ%

|t@crmlcmeowaonaigmmem~a¢@tacﬁwa¢g %@t%ﬂeleg Jﬂﬂeth@eﬁﬂﬁéqlustermg

g@%rm fUEAK WRIOQTENH B e HaQfRSskill ifhBe a&oaﬁ@$w|bﬁga Bs by
I ni ncﬂ@tfufractl onal bl ended val ue for the processed

Siscapse gpecdetais In ﬂkéereawe@rﬁepﬂlm%ﬁ‘ aé‘a@wqﬁatt%

frRxaReaib Wltéﬁ'rﬁlcf& dhaehh aaik teehMGue & wead box 600) .
Thus, the acti onal 30bl ended val ue determ nes how

much contribution the final color value of the pixel

gets ﬁh@mr@%‘rbbl@f‘n tHaﬁve‘\/éV@m&ﬂthte\AQmeehﬁlt@chnlque is thafan
ded,.val. ue then i

B N L
fiocatéd candtonb renat of/ thlewdata.s Adstdtistied! distriputibre pepests data
SRUBSBT 1S 2iohBorPLBGE ek flef obitth aREEAIRF St
df order t6 ebirgeisfpeoiflieel the favored two color computation process
includes an outlier rejection technique. The outlier rejection technique is used

to minimize the influence of outliers on the favored two colors (box 510).

The favored two colors then are computed by updating the clustering of
the fully-specified RGB triples for each pixel in the processing region by using
the outlier rejection results (box 520). The processing then is repeated for the
remainder of the pixels in the digital color image (box 530). Favored two

colors for each pixel then are obtained for each pixel in the image.

FIG. 6 is a flow diagram illustrating details of the final color value
computation process. The process begins by defining a fractional blended
value for the proceésed pixel that specifies the contribution of each of the
favored two colors to the final color value (box 600). Thus, the fractional
blended value determines how much contribution the final color value of the
pixel gets from each of the favored two colors.
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5ROB triples in the processing region. This involves
possi bly | ooking for nore than one set of colors, and

wo benogasys ng all those colors out to see whi chPOIES2007/001982

gi ves the maxi mum val ue. For exanple, imagine trying
three colors, J, K, and L, and trying all conbinatione
of J, K, and L, and seeing which one gives the highest
probability. Thus, out of all the colors, the favored
two colors are the 10 best two colors that explain the
processed pixel. The "best" two colors neans the two
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ahove_ processing i s regeat ed the remai nder of the
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cbestt\msedlol‘whhst explhinehe {pecb(&tssédil pixetl efﬁ% 3 lSels.Q’f t\lﬁﬂc?lgrs means

ing.exampl e _are presented.. |t ou be,

A% SR Bhibre Pt LR e € i fret BT ihm T8 ) of

wmuehom (1) @aa;ebelaw tm argl roax isnthge/alfe cfemgs/en m:r@wnent for

centra
RO e g 4P S e P e fR Rl oS 1 o
i mge denpsai cing nethod and 'systemis that at nost

tWo T @Dfikg %SFO?R/EM% tﬁ@fl\ ‘i’g éorﬁéuéﬁ f llhla &?o@eés‘éﬁa{!lxel using the
nelghborho or va

ViRY®TEA two celess and ﬂ@ﬂlwm fl‘@“@h@’l’ﬁé‘?ndﬂ@bvaiﬂe (tmx 620). This
IRl éasmaaé WS AAbR T Qhudidnds £OBRBRILITRE SBBYE- 1N
this worki exanpl e he co ation

REPFRSSKIS: @tﬂ#%ﬁt@% F@rtbemaﬁvdrer AbHe rBIME daital color

AbBe Wy brdel kS oBGRYABhEOEbIoMRTu t? Rk R Gf | 'tﬁle BXBRSHYRBAEE).
nmore than two different colors neet, such occurrences

were relatively rare. Thus, the Baye§| an two-col or
i mRge Ilerms & fidie TRt i raBdd WS BafRdign Web-YolP HHade

demosaicing method and system discliosed herein, the operational details of
an exemplary working example are presented. It should be noted that this
working example is only one way in which the Bayesian two-color image
demosaicing method and system may be implemented.

A central assumption to processing by the Bayesian two-color image
demosaicing method and system is that at most two representative colors
exist within a local neighborhood. The final color value of every pixel within
that neighborhood is either one of the representative colors oris a
combination of bath. In this working example, the combination of the
representative colors was a linear combination. Although this assumption
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5To di scover the underlying two color nodel at each
pi xel , the nei ghborhood surrounding each pixel was
clustered into those two colors. The Bayer inage
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wasdisad invhich dae weight de ther inxetse Emﬂldegngmtan@gﬁprm@a@*e
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soresingle pirelPdetai irhan otvermisy Mobmmmmmpmm eAlgb,
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clupteringaean heesiormrddn oihesicolen spaess, syaisaskafos
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| 'eaner’ ¢ ter nmeans
clustgnsoduct i on where col or val ues changed rapi dly away
fromthe kernel center. WD

20071089519PCT/ US2007/ 001982 The maj or factor
i n tiig r?éi?l'g/bér}ﬁoeﬁ 3‘?2&&‘5%%[5183 kS cfudferGeal fﬁﬁcﬁgn éf how large

prelimna pass denobsal ci ng techni que used
coldsstetaitsr appsandr thiesowae dinaget dn thik woa:lkmgtee(amme a two pixel

RS0 ing BB P b B R BT o850
suffltfdrt ninsbér dlsahiplésfrolm@acH oPthe\Bayke colirishagfelsThe
first is preservation or accentuation

Because it is possible that more than two colors may exist in a local
image area or that significant noise may be present, the Bayesian two-color
image demosaicing method and system also used an outlier rejection
technique. Using the mean and variance of the clusters, samples that were
outside of a single standard deviation of their closest cluster mean were
rejected. The k-means technique then was repeated to obtain cleaner cluster
means. This provided better reproduction where color values changed rapidly
away from the kernel center.

12
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avoi ded. Alternately, algorithms that preserve high
frequencies are prone to generate edge fringing and
aliasing. In this working exanple, a high-quality 10
| inear interpolation (l-1QL1) technique was used in
the prelimnary pass denpsaicing because it preserved
hi gh frequencies and did not generate many fringing
art i f athe madjadaCol or thBejuatityi afid@terir’fgﬂb&hé whoeeldta

ch

B finubirg Hag€ aeSa B Rbh ghde ARGy Ry R e adStinterdo be
ad¢mn%%l¢lngénmak@t¢Im’tetnh1gatrectame cAltrmugh rgarv;etytpby ‘of bilehénmary

n i,on, an
cash dertdsding Aty bF 2810 IRPA RAVE] yie i
wttéwt'ﬁs B éngraysrarstimence.hdhe fisaslis rresehatiBayeracsentsation
bMESH ﬂeé@én@f feﬁﬁﬁ@é e?’e&mc‘fhe@ s Uﬂ%é &ﬁﬁé‘ajgatgﬁoq?ﬁ? %S\/d
col ar channel” specified e
Jmediag interrolation have e rtqnwcmce IE%WL% whfcgmufd lpes
o e oS, SN (et o P g o
IR %Fa%fang*ag FGAliashHe. dothisveaiking example. f ro»ghmenty
Bigar irserpplationXHEILI) l@@ﬂlﬁlt}@@ whs (s i3ehe BRAliFfharyipaRt)
adsemosaalcmg becKaUSe ltt breserved high frequencies and did not generate
many fringing artifacts.

Two-Color Demosaicing

The two color model provides two RGB priors, J and I(, for each
pixel x in the image. The color C of pixel x was assumed to be a linear
combination these two colors, given by:

Equation (1) is a blending equation, and computes the final color value, C, for
the pixel x.

Within a neighborhood of the pixet x , the Bayer sensor gives a set of
samples s;e S. The index of the RGB color channel specified by sample s; is
denoted by £, and a is the fractional blended value.

if S specifies the by #th color channel for color J . and simitarly

for K and C, then the unknown value of the fractional blended value, a,
could be computed directly from the Bayer sample s, at location x (the
central pixel) as:

13
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(2) r? However, if the difference between tz and tat
is small, the estimate of a wll be i naccurate due to

wale@cogisizat i on and i mage noi se. Note that s iBCEOSH07/001982

element of S for s,, where, for a 5x5 processing
regions, i ranges from 1-25, such that there are 25
sts. The sis are only for a single channel (or color),
and the Color is specified by the Its (either RR G or
B). A nore robust estimate of a using the entire set
of sanples S is 10desired. In other words, it is
desired to find the nost Likel vaI ue (or maxi mum

fractional bl ended val ¢e jven a sanple set S
and col or priors | and rdts. onJP (M, . .FO.(3) 15
For equation (3), the and -kare the favored two

colors. In color space, it can be imgined that a |ine
is drawmn from"to k, and tkat thg fractional blended

Vdwied iftheidifferbhoerbBiweenl’ @nghdoeye idsmahi the reamats bad will

Bepntectim BE Aepoiaiarpranelimaoagoms WodBH Tl &7

eferbexitidf IS fior s,f, waxereglfmean 585 pMncesem@ regiobhei rmegeofroal 1-25,

t he l e r t N . '

06 BRE 3.0 250 21 T1d Sierd ey r hORllGRERRSRI T colen. and
dfmo obldr isespeoified bytthe S (eﬁherrﬂincamB)ai ns sanpl es that

are actually sanpl ed, and not obtained by denpsai cing.
25Usi ng Bayes' Theorem and assuming J and are

i ndepérders robbisiestinepte of egising be e sahofiramrias Sdage
[Rs¥e&! By other words, it is desired to find the most likely value (or maximum

fractional blended value) @& of g given a sample set S and color priors J and

K.

&= arg max P{al|S, J, K).
o (3)

For equation (3), the J and K are the favored two colors. In color space, it

can be imagined that a line is drawn from J fo I{, and that the fractional
blended value a varies from 0 to 1 and beyond. This means thata =0 at

Kand a=1at . Inother words, equation (3) finds the arg max of a that
maximizes the probability of a, given S, where S is the set of all the samples
of colors that are in the processing regions (a 5x5 patch in this working
example). It should be noted that S is only contains samples that are actually
sampled, and not obtained by demosaicing.

Using Bayes' theorem, and assuming J and Kare independent of S
and a, equation (3) can be rearrange to yield:

14
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predicted color, Cm-4= (1 - a) .1 ak for pixel x.
Assum ng an i ndependent identical distribution
(i.i.d.)for neighboring col or noi se, the
rel ati onshi p between 4s and si can be nodel ed using a
normal 10di stribution: P(.9-da, OC exp (6) -Equation
(6) conmputes the probability using a Gaussian. C* is
the col or o ,J, KYP(c

P(a]S, ], B) = L8les J, K)P(a)

: P(S) (4)

Assuming all s;'s are independent, it is found:

P(CHIS, jz }T{)OC P(Q) H P(‘S“it@: jx R)
(5)

J, K, and a specify a predicted color, C* = (1 — a)J + aK for pixel x.
Assuming an independent identical distribution (i.i.d.)for neighboring color

&
noise, the relationship between C'?f and s; can be modeled using a normal
distribution:

- 8 — C})?
P(s;la, J, K) o< exp (———(-i—»—-—t—l—) :

2
207

Equation (6) computes the probability using a Gaussian. C* is the color
computed given an a. The distribution between neighboring pixels is highiy
kurtotic, but for computational efficiency, a Gaussian distribution is assumed.
The variance o/ is dependent on two factors: (1) the global per-channel
image noise oy; and, (2) the pixel distance between x and s;. It is assumed
that pixel colors are locally similar, and less similar farther away. Thus, the

, Chy, . _— o
variance between s; and % increases as their distance in image space

increases. In one embodiment, the variance o;is computed as:

o = O”N(‘l + AAy), K6

where 44 is the pixel distance between x and s;, and A is a constant that, in
this working example, is empirically set to 6. Thus, equation (7) states that
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15 conputed given an a. The distribution between
nei ghboring pixels is highly kurtotic, but for

w@eopuseid onal efficiency, a Gaussi an di stri bupdDUS1087/001982

assunmed. The variance a? is dependent on two factors:
(1) the gl obal per-channel inmage noise o-N, and, (2)

t he pixel distance between x and sh It is assuned that
pi xel colors are locally simlar, and less simlar
farther away. Thus, the 20 variance between s; and
Cl', increases as their distance in i mge space
tHWae@aes indreasesdineatip diithedistantd dorathearenéergies! (the
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siterkatge exbhopiegnts oteephpnet@hically itcreasing funistions of distance

%83)%“%‘9(7) states that WD
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linearly with distance fromthe center pixel (the

procepsée %cﬁh’iﬁ khe Gﬁbséngﬁf & k€ hatindd %zcﬁﬁtc%fe&%\b Ii"rﬁJch

rocessi ng 9I on.. In alternative enbodi nent s, oth
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Contéablyiif these tshfertamty abbliya eambls its @aissian WilltHeeee i s

t | ts Gaussi i1l h
ratrge il EBP T aPgB R B T ance. o). 10 Conversely i1

there is certainty about a sanple, its Gaussian wl|
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e diatacee ifrocm é}:&swc%sdd (ioh eedties)t pixe eafoupmhwhieh the
?Eo%%ggtﬁg qeélgﬁ i& Sgltltch—:)d Pl Rher \ﬁ&%lénﬁ:x%' th Bt ér]%ecloser to the

fon 1S centered
p&txt@r anehalte mpee @esa@@ie #d have advghar Wtﬁl&'éﬂ Aa?ﬁbth%ﬁ@re

Jesan@ e %@.9 |m\éﬁc@tﬁ5t$f‘eﬁ oW@étgl fe nd¥6h Eﬂéefr&mrriésult Thus,

vari ance, | ess 1 nfluence €|xel or sa ha
gre vareawcerﬁﬁqouldegeqqasemhhsthetq'féam ramdBe SRBIET dixel, by Some

, IfMlgﬁS WthD Ehi@\egi ﬁﬁﬂ@ﬂ&?lrf th@%rtnh of éﬁul’ﬁtﬁin () ¥&ls,used in

y-sone functio a li L unction in the
qua mo(glfmg@ggamp{ﬁ, O(thﬁr tv\%gs ‘EHHBthOﬁ‘S that state the variance in a

similar way could alsao be used.

Since the value of s; is known and it is desired to compute the value of
o that maximizes equation (6), it is useful to rearrange it as follows:

~ ' -S.i—jz.[ 2
si = ((L = @)Jy, + oK) CY‘“K,,.—-J&.)
SYRCEEL LS J (e-2=n

20'1'2 ] :) . ag . 2
“\FE,, -7,

. . . . . of .
Equation (8) is a Gaussian over a with mean a; and variance ~ @i
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desired to conmpute the value of a that r,naxim zes
equation (6), it is useful to rearrange it as follows:
25 (8) 0.2 Equation (8) is a Gaussian over a with
mean cri and variance <el : WD
20071089519PCT/ US2007/ 001982 It is actually desired
to solve for a, so we rearrange the equations to get
equation (10). In partl cul}ar equatl ons ,(5)and (8)zcan
be conbined to yduzeEdJ__.__ anda <___

K._ - J:t,, Kt‘, o ]f“ (9)

It is actually desired to solve for a, so we rearrange the equations to get
equation (10). In particular, equations (5)and (8) can be combined to yield:

2
20%,

P(sda, 7, &) o T] ewp (u (_“:_ef_)_) ‘
1

(10)

P(silo, J,R)

The optimal value of a for

o Zr (O‘;;?O'J'g)
i ar
(11)

In practice, the contribution of color components is ignored where the

absolute difference between /. t: and Kg{ is less than 2.0.

When solving equations (10) and (11), the aj's, and'the oi's need to be
found, where the o®’s are the variances associated with each of the samples.
The optimal fractional blended value, o*, then is found, which is the optimal a
value. a*then is used to compute the final color value. A slight penalty is
imposed for an a value that is not 0 or 1. Consequently, in one embodiment,
a has a value of 0, while in an alternative embodiment, a has a value of 1.

Next, a determination is made as to which a (0, 1, or a*) yields the
highest value for equation (5). In other words, equation (5) is evaluated with
each of these three a's to determine which a gives the highest answer. For
equation (10), the a/'s and the o/s then are computed. The ay's are computed
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J,K) or Hexp( (cki ai)-2) 20-2 (10) The optimal val ue
of a for P(Sila _, Inis: 10 E (0-evVat) E 67)1
I'n practice, the contribution of color conponents is

wob3hPle8ssyher e the 15 absol ute difference betp ;051982
essytﬂsan 2. O V\hen sol vi ng equat onsb?

(11), the at's, and the ai's need to be found, V\,here
usingeequzition (8).cGiven tharsample s, @swietion(camnpiice dbe value of a.

in bitter 5785 o e i B isarEble ok 3808 fiRi ShSETR: 2H guan

(10)hafprb§u¢t&ﬂ¢hé a'S$RMdE If AGAudsRn _AhGRipléd bg.a @aussian,
ight penalty 1s inposed for an a value that is not 0

an@thex Gaussiarygisaitaiped; Thenaluepbitierpaak ofdha 4zaussian alkthe

ceflgplipsf e ek PP BEpaR e RO R deodudEs Thi o
reﬁreé@nteil;l byOtheai‘*) give 1545 ey tigtioth( 1) g ftassin b’@bhl@wﬁ ®hat the mean

tion (5). In _other words, equation (

of g\PaP’@ﬁP@HOW“Wee@%W%@n?{ I9eaning o Be eg]ugtnp@, (H@t whighyg a

t he hi ghest answer. For equation (10),
Weﬁﬁégglage%%ﬁihe ads then are conputed. The ai's are

conputed WD 2007/ 089519PCT/ US2007/ 001982 usi ng
equation (9). Gven theAsaan e si, equation (9)
conpinadly, tofind/thienaloé 08 in equation (3), a prior must be defined

over a. P(a). Given that most pixels within an image only get contribution
from a single color, a is biased to have a value of 0 or 1:

1 : ae{0,1}
n : otherwise

Pla) = {

(12)

where n is always less than 1 (n<1). The value of n depends upon the
amount of smoothing desired. Given a large amount of image noise, n=1.

Since the a prior function is flat with two impulses, only the value of
equation (3)at three points:0,1,and a * needs to be examined. Whichever is

the maximum is assigned as the final value & for the pixel being processed,

~a)J +ak

with a corresponding pixel color of (1

The quantitative error of this approach can be further decreased by
forcing the red, green, or blue at an output pixel to be the value originally
captured by the sensor, while setting the other two channels to be consistent with

&. Because A weights the central sample heavily, it is unlikely that these two
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shoul d be. In equation (10), a product of the a,'s is
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anot her Gaussi an is obtai ned. The val ue of the peak of
the Gaussian all the 5 Gaussians of the each of the 25
sanples are nmultiplied together is represented by the
arl/4, given by equation (11). It can be shown that
the mean of the product of all the Gaussians is going
to be equation (11), which is a weighted averagi ng.

YooVl ve vénq differdnt. haiseaif tiee odtpat samplingisidome(d) a ghd
pr i Qr

d ove t
Biredna Tt fiecn 9roh e ool Baut e T G yaRpfistcach
pixegl e color, a is biased to have a value of 0 or 1:
P(a) = {n 15(12) where ri is always less than 1 (n<i).
The value of ri depends upon the anount of snoothing
Vesdt-irealge Dewmsaicinaar ge anount of i mage noise, trl.

20Si n [
o S8 B SAER BA, e moocs

oan lbesnmoqucﬁﬁdn@ the maede W‘T@OHES‘E&'QH‘?W tefRechRver is
0 Xe{)‘@tﬁb&‘"’fh&@&%&‘?‘% ¥ é%%rfa'a‘%@hm\éd't@@e&ﬁmﬂéﬁ bliheot

rocessed W|th a corres?ondl n

cupdly tbp AT SUDH PR U BHPIIREN, UED MBS Frismore, these

%rragfg%ﬁsmagé? shediel tdehe deEA aaBOdt REaipling Iﬂgarhh Fores,

ue at an out i xel to be the
@Hp@ﬂprﬁaevrg)aa%t%?%fdwetrﬁele&ﬁ\ﬁ%mappm ?’8*‘& ?’Hés&eﬁ
Ptdister bubh Ahage e Setfstimagensi stent with a. Because A
wel ghts the central sanple heavily, it is unlikely
that these two WO 20071089519PCT/ US2007/ 001982 val ues
Wil | U&e&#stﬁnftbﬂ@brim@ojemésameg owtthed asdispstenycan

| @gﬁ;‘é@%gg&@m n‘pfflg uﬁw Eéna% |Eﬁ$'5€ttltﬂ§y étréptlé(a;nsgér'eg Registering

not ava
the images allows multipie lmages of a scene to be aligned together so they

" can be used. However, when the image are aligned they may not be oriented

the same. The Bayesian two-color image demosaicing method and system
selects a reference image and reconstructs the other images relative to the
reference image. The processing region then becomes circular, and samples

are taken within a certain radius of the processed (or center) pixel.

In general, better results are obtained by using more images.
However, there is a trade-off between processing time and quality. In one
embadiment, the number of images used is 3, such that the processing time is
fairly short and the quality is very good. In alternative embodiments, the

number of images used may be more or less than three.

As more images are added, the neighborhood of samples used can be

shrunk while still maintaining sufficient samples to cluster into J and K. By
doing so, the likelihood of it containing more than two representative colors is
reduced. Thus, if an R, G, and B sample'each appear close to the samplé
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w0 pagesysean be introduced into the nodel

pi xel . 5 Multi-Inmge Denosai G nq Usi ng the
gridl ess Bayesian solution, information fromnultiple
Wi t hoRET/US2007/001982
significantly altering the nethodol ogy. These
supporting i mages are assuned to be simlar, but not
exactly the sane, such as from subsequent video
frames. Furthernore, these 10 additi onal Bayer sanples
can be used w thout resanpling them To use supporting
i mages, a per-inmage projective mappi ng nust be
peimpUteshstucta]irtbaesst eaifhborBgerpbiatibh eofribirsdtionnafg®ayer

$9pn i Be W8 ” ok BRRF LR FRTAL S b I AL
Irmsascﬁmngename tlneegameasediih &egigit mpuhgnadee Oneges

%O%Qtt\gﬁ dnéklghri)ij ffie' sgﬁ%e ol<91f cl@an%‘éﬁ%ﬁ%éa(?s Q? vt%l ﬁ gmel Iocatlon

er so they can be used
dhereag sf@h@aenh@tynﬁ@ylynaplsaeredwt@mt ed the sane. The
Bayesi an two-col or i mage denosai ci ng net hod and system
selects a reference image and reconstructs the other
i rage 8Yyrietlading SUpBORnG MEarStEpENE @ SkeRfdNtragicing bad or

mmgnfésaﬁg%té eqthe IyIdde Brd}’@&@@&ﬁaﬁdnﬁ@ dbaé nofaEtRMIRIres
are taken within a certain radius of the processed (or

SERRRFYaNAssIMOVing gRREIaIMmoviRg PRIECEeANISSAP HIBMAGI ned

*@ysnu.ﬁbnsgaﬂ@b@;émgﬁéarahbéye\@forstmeégestr@oa douddlecadrf To
e ween roceSS| ng t1ne

SHapot Persure A ollctats b e T8ferdten ant
tsbﬁp@mﬁga&agégtﬁamiee icgaftpbinilar ahoedmpingdt IBtmiartyiisy i s

ver 0od. alternative enb the nu of
R B B R Pess e ST REAL TR e BEBARER o
itexgdpicas\eraddedl, wihbdewrod i7ghih alelnotea af €. san‘pl es used can
be

Multiple images are handled by adjusting the definition of ¢; to include

the correlation error between the reference and supporting images:

Oy == ' N(l "}*/\Ad)(l ~+—T€).
(13)

The term (1 +1€) is the mismatch penalty, with 1 =0 .1 in this working example.
£ is the sum of squared differences.

When the multiple images are aligned, the alignment may not be
perfect. To compensate for this, a sum of squares differences is used.
Instead of using equation (7), equation (13) is used. The only difference is the
last term, (1+1€). The Tis a scaling factor. So the last term-in.equation (13),
(1+7€), states that the variance of the Gaussian is increased if the sum of the
squared differences is large.
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reduced. Thus, if an R, G and B sanpl e' each appear
close to the sanple being reconstructed, nearest

nei ghbor interpol ati oh conbi nati on of Bayer sanples
coul d be used. The notion of using weighted clustering
and reconstruction remai'n the sane as with a single

I nput image. Once registered, even if the sane col or

. channeTheafgpmaris hatv miueh dearsumpiof ¢he squi=aed differbhdy @alis is

S\Fvleargkgé‘ ng %E{etrnmfm%égcgﬁ S 6n%d%568 H’ient,B1y %quals

there’is a ri
i mnfgdlmr;gtﬂ; léohdlmaltemst:@dnhgdldm Otther \@lmf T may be
éade%vysvémnﬁa RO SRR 1AL BE 6ay ~%§e9f tod! Aea%ﬁgnﬁ Tis too
anges nmovi N canera, .nMovi ng ob chan
|lagaﬁ ithep inberereadionifeans OMlmbg%%maap@ar aﬁ@ea;d Hrvietso
| §mARIhSH frﬁéﬂn%tdﬁoﬁ%rq R Hnagd® nfa‘?‘;/jd@ eQdJE\tfler?H% fnadds are

is ensured that only data fromth ?erence an
sSUBBPRENRlIanEge s s a b&faé‘cpé'%lﬁ?tlt})? f§Pﬂﬁ‘ | dhe ggren T varies
csaﬂaaidrtaﬂthei?uynty%ﬂth& dlignieAsMgSenkl RGB space using a
Sum of Absolute Differences (SAD) technique over a

| ocal wi ndow of 7 x7, denoted as c. 15 Mul tiple

i magesTaineplbimedt eitbiynsgd &@hbé@chb%idﬁ{aﬁm rtehgfﬂe@fs é’céchﬁ’g
e

'rl?& rHﬂ%g&?ﬁeﬁ%{a eI g ieogﬁpro%qqmqes%m%f%{lg?gy usmg the
2@1(01@)vaﬂaece eqaal(dn +Eshoild behetad s ticd spapristiv,S et the

B3l shnaf vl st Betals RAThougo g e s traneed o

anyyesdmptihg al i gnnent may not be perfect. To _
conpensate for this, a sumof squares differences is

used.- )
Super-Resolution

Another advantage of the statistical, grid-less approach of the Bayesian
two-color image demosaicing method and system is that any sampling grid
can be used for the reconstruction, such as a sampling grid having a greater
resolution than the original images. Because floating-point Euclidean
distances are used for the statistical measures, a continuous value of a can
be generated anywhere in the image. Due to the alignment of safnples from
multiple images, the value of a may encode edgés and sharpness between
the pixels in the original grid. This can be exploited to handle super-resolution
within the framework of the Bayesian two-color image demosaicing method
and system.

When super-resolving, the statistical clustering and locat neighborhood
sizes can be slightly shrunk to capture fine details. Other than that, the
Bayesian two-color image demosaicing method and system operates similarly
as it did in the multi-image demosaicing case.
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Instead of using equation (7), equation (13) is used.
The only difference is the last term (1-FrE). The r

w0 2000838 i ng factor. So the last termin equaedDOS2007/001982

(13), (1-Erc), states that the variance of the
Gaussian is increased if the sumof the 30squared
differences is |arge. The termr is how nuch
the sum of the squared differences val ue i s wei ghed.
It is determned enpirically. In one enbodi ment, r
equal s approximately 0.1. In alternati ve enbodi ment s,
W her Staichasi Giverviesy be used However , i's

| opO5 gy libRte br P nlfectd gorngﬁﬂqoégﬁaaér{nxsa,&ériod Row will

- he\digcubsedis tmlordlef tg moge fully Lmarstanﬁ ﬂ@ﬁtruﬁwermftthg ﬁayesran

Q@of& nﬁa ggv.zgﬁ tHé%‘ét et anfexciaBgREo@hfent are

al ance nmust be found.

' vwetn Howav¢re§ s@ay@ﬂb%notpﬁéh%malsl Xpnypanyimbodiment is

&H@é\{se@h% rwé)grfh WHIGHPthie B YRR twiE dlbr- i lhfﬁ&edemosaicer

aicin all “that is requirted is adding nearby
@89@336‘&%@%@”19&“@41@”@&‘%%“ ng i mages to the set S
and usi ng the above varlance equatlon It should be
noted that the sa

ol B pbis Bl SAgamHU G thF ey ot S oy iR o-
rct@&ial Hﬁ@ge gamotea&arrp?o ?gowS?peyeﬁes ahd®l dn gejneral, the
ot her —advantage O e stat.l | cCa | C- SS .
enah AT Bas semirsaica 2DB s ssag e daldEhiarimges
n‘at/lg@dumfi%m&m&cmba%lawksmh iphp!, g’m'ds actimal lwelor value
Qr. e r iai
S 8. ESRIBHELI B U PR b g
icvhyg érpag Boewing eefllicet arrm@aqbsal Spectiicd!iy diognt tsh t@emia@r@lo-
%91 1419% EB%&E%‘& %3 pﬁgay{a%mﬂnﬁg%n eeé@fé/@h@%

a Ca e genera e

td@éa folr iegainpine! it th§ah@maé§0fqr dneafiPEPpre & @%d abﬁ\ée this
[%cﬁ{ta.ﬂe rﬁQl%H&% &émﬁma Qe%@é.em%s&aslae;m@nmtags In

p1 xel's orlglna his can e exploited to
mﬁ?cﬁf@b%qj'ﬁi‘@f‘f rpé@,ltsmmﬁnbﬁerzeswwamswsh@e'#wmmg gfhigh-

theniGavest %‘%rb%@ﬁ'dé’indééﬁﬁﬁg RARR@EC 'M@rrﬁﬂﬂv@@d o&ﬂﬁ‘ types
system en super-resolvin atlsﬁ al

a @@F&S?W@gaﬁahﬂ‘ﬁé'ﬁ? s mbehssah 3@@?6@5%@0 ation.
sli ghtly shrunk to capture fine details. O her than

R e L I L N B e
pivke! |se|emg;erooemam mlags @gsee! from the image to be processed.
Eventually all the pixels in the image are processed, but the processed pixel
selector 700 picks one pixel at a time for processing. A processing region
definition module 710 defines a processing region (or patch) around the
processed pixel. Typically, the processed pixel is at the center of the
processing region. In one embodiment, the processing region is a 5x5 pixel
area. In alternative embodiments, processing régions having other sizes
(such as a 3x3 pixel area or a 7x7 pixel area) may be used.

The Bayesian two-color image demosaicer 200 also includes a
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WO 20071089519PCT/ US2007/ 001982 1V. Structural Overvi ew
The structure of the Bayesian two-col or inmage

walewosgiseer 200 now wi l | be di scussed. | n or dBCT/U82007/001982

nore fully understand the structure of the Bayesian

two- col or i mage denosai cer 200, the details of an

exenpl ary enbodi nent are presented. However, it shoul d
be noted that this exenplary enbodinent is only one of
several ways in which the Bayesi an two-col or inmage
denosai cer 200 may be inplenented and used. FIG 7 is
xlustenirig chiodgleatli thhtideteanineg thétavdetchiwascalbrs iiged to define a
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color _j ma Asexla ned above, this data is
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region is a 5x5 pixel area. In terna
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(o%HfJéa%‘ér QO@@re@eé%d R 88cQ b ,mze Fi}lnééé %@%tﬂws Qﬁ
d Thg aﬁyesn an two-color inma denbsai cer
gpﬂ%eég 1gita color image having reduce lmage artifacts 290

V. Exemplary Operating Environment

The Bayesian two-color image demosaicer 200 and method used
therein are designed to operate in a computing environment. The following
discussion is intended to provide a brief, general description of a suitable
computing environment in which the Bayesian two-color image demosaicer
and method may be implemented.

FIG. 8 illustrates an example of a suitable computing system
environment in which the Bayesian two-color image demosaicer and method
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clustering technique to cluster the RG col or val ues
fromthe pixels in the processing region into two
clusters. The nean of each of the two clusters 5
becones the favored two colors. In one enbodi ment, a
k- means clustering technique with an outlier rejection
stage is used for clustering. In alternative
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denosai cer and nmethod may be inplenented. 30

FI G 8The Bayasian - @ml%waﬁﬁﬁ dengesaicer Anchmetasmauteng

- SYSICABLE MY incQIURRAMI donteb bﬁBo%@teB@X@éutéBletM&T@&ioﬁé such as
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UBRe Bayé41a6 tweusalor intagd deimesaiceeand orethddeimayeaises he prabticed
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processing devices that are linked through a communications network. In a
distributed computing environment, program modules may be located in both
local and remote computer storage media including memory storage devices.
With reference to FIG. 8, an exemplary system for Bayesian two-color image
demosaicer and method includes a general-purpose computing device in the
form of a computer 810 (the first computing device 270 in FIG. 1 and the
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5 dependency or requirenent relating to any one or
conbi nation of conponents illustrated in the exenplary

Wo@p®rassisngy envi ronnent . The Bayesi an t woPCDUS$2007/001982

i mage denosai cer and nethod is operational with

numer ous ot her general purpose or special purpose

conputi ng system 10 environnents or configurations.

Exanpl es of well known conputing systenmns,

envi ronnments, and/or configurations that may be

suitable for use with the indirection texture

regondl icoatputing siesice298na FIG! hack exarhpide, of i camputEpis10).

limted to, personal conputers, server conputers,

hand- hel d, | aptop or nobile conputer or conmunications

devi cdrspetrents ot tel cophuuiess HhohayDAtlsde, I5ut are not limited to, a
1 r V.

B o0 e B R AR R S0 B

r{é@m@fwmndﬁ RY&OMuised ], thn&chlamamws@m components

Ghalding uhe dySraRPelivhy RIMAENPBEER S, LAPbob NFhULEsRRY bl 821

he above systenB or devic
Ba%g?éﬂyméewabwp?ﬁﬂ@EU%éma%tarQ@emclaﬁ@gr%mmpwsm

dae®bHPeshtidlel, Rep&RIMRFAlbUEOBREAl0&l bus using any of a variety of
ﬁﬁ%?ﬁurtg@ 0ercut abl e i nst ructions, such as "program

Wiy Bk pkeranple ahiel pitatiosn svel pichitectures
pmgdiamdmdylaandmlmdmtdcwbl (T89) b, QAERBhardl Aféritecture

d h f
RPPRRGRL FroidBke BA M5 Gon Tk dran AR bp s o o
tAgsesiatidb (TEEABIywatbas) dnatParipherali Cargporiaitos@arineanNE®CH)
r&%rhqgo wwﬁlag%ggaﬁ{necgdsced in distributed computing

envi ronnents where tasks are performed by renote
processi ng devices that are |inked through a

oo 1 el dfilcany holdtel Lty 30 pERPRHEShabie
[roRda. anméﬁbvte@deblﬂpne@a cghdreagrsy maihaale metiiadthatican be

'B%G%ééo%;ﬂfh%g&)n‘i’&)‘térc @ .n\@mclésf&ﬂ‘tﬁ UBiGR £r9d ﬁér%aﬁne
an exenplar Sy stem ayesl| an -col or
desRia diegqva gma%ﬂh@demﬁ‘@mése%a gBravay ofmnapmse and not

GieiRkbh NEbrAigteF Fédd%bfehﬁe&%rrﬁé?f:oﬁ\ pﬁ%&Uhﬁ%ﬁhé%%Q%bg%edla

first conputing device 270

FHFRTYIEAIGRET SHiRo 7 onRYEY stsagnmasimindludeg \wiatiie end

val@tﬂ@ Bm oY aBlefarRikdsi@fonbld hﬁed@Wéﬁi’en%@ﬁw an method
ngq_‘nﬁlpts 8f ttche cofngéter 810 may i ncl ude, but

PO R JOF BOr3pS TR REBRHY B a%éempgmea@ame

dresttuctibnfrdate ssuctgrasn btagramUhod@es b6 beisr 2laf@enory 830,

and a system bus 821 that coupl es various system

conmponents including the systemnenory to the

pr oc e€sinmputanstor@@eimediadndydéss oub issndtdinitsrytopRAM R OK4,

tures, i cludl [ us
SRATAOM, S oD ot o R Riee ey iR AR pldleT

tva§a§1ﬁ ng%@VBf oaothar optioal diskistisrage cimageeticicassettBy,

\f%%lgnr%{t ude 1'n ustéﬁ%gpétg dlg(?%&l’%hl tecgﬁ%@ %}P%A %ﬂé&‘e S7or
PNY o aadiem \Ahk@hucaecbteur@d(tw@greuhs deBnedinfenhatisn and

&@écg?@ar?g% gcé%%?% 5 tﬁ@%&ﬁﬂu@é’ Bﬁ@r@%%rﬁéﬁ%ﬁ' AL&S Bypically

%E?U%P@%dabl?slnav%lovaﬁodmaesérun@ﬁamrﬁgrmmodules

or other data in a modulated data signal such as a carrier wave or other
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conput er 810 and i ncludes both volatile and

nonvol ati |l e nmedi a, renovabl e and non-renovabl e nedi a.
By way of exanple, and not |imtation, conputer
readabl e nedia may conprise conputer storage nmedia 20
and comuni cati on nedi a. Conputer storage nedi a

i ncludes volatile and nonvol atil e renovabl e and
neansperiovetiianisredind insipdiemamt infbrmatian\detietétyadedia.
technol ogy for storage of information such as conputer
readabl e i nstructions, data structures, program

nmodul &¥otethdithe teraairaodylaieddata signst’ oneans arsidinal that has one
'difrhé#@eo? |tstﬁﬂfaré§tef7é%tcsl§e%? &gaﬁg‘éd i8lYen w encode

flash menor ot her nenory technol og

dPGﬁrff‘apor\vé}%&tﬁlmr@ld|Bywsa>(<pj\m)anmle qngenotdimitaian, di sk

dehﬂﬁﬂﬁwa!’@ﬂﬁ@di&m@%é@%:%@ mEBLRekh %sté‘Wﬁed %w&lk'o? direct-
dlsk storaﬁe or other magnetic storage devices, any

et CORNFCHipn I Wireless pedieérh @5 eonsdict RE, dé@redsand
|o1|ﬁ@f\méleg§m®ai¢h 3@ombirﬂéﬁloﬁ§6f Ql‘ci;y @ﬁ%sa%?/e@ﬁoh algo be

F catlon nmedj a typi call I es
%@?‘g\”‘t (2 Hgtﬂc@p? ﬁ Perpyieprradaglg Regta: uct ur es,
program modul es or other data in a modul ated data

[ I |.£r. O .
2007 1051 B0 A S8R9 PamBplsr storagane iainaing form
iaf yhladiesaradiyr noriwaiatie hematgsuvie by rﬁ@@l bAly memory (FNDM? 831
that t .

herahdémi ol RRAN (RANIF:2, 24 Bafe ndTAlE @ ays it 63
dﬁ@@b@onw@u@ ﬁ”leabawamémea$hatmmmMmﬁemmmrMDQrbelt\neen
ten&hig NAthin ﬁ%é x9(fer 8*@5&2}& asatﬂﬁm:gagsg IJ§U Csﬁtt 8'§a’éy stored

conmmuni cat i on incl u W red
W REWM 84 \Ncﬁ"koﬁe'de'p'ééW caiitpiod dateard/or pragramdmodules that

\Wré thRegidt@(liadcsdtihe 3S aﬁﬁﬁi" ﬁFéS%ntl\éRgeﬁg%rﬁéég% Cﬂ'%gbove

ot her wireless nedia. mbi nati on

OFRASENG Wikt 320 By M@a@d SXRMRIen anH é108 amqﬂetlm, FIGmBullustrates
loPaFABY & yERM 834 1bplication programs 835, other program modules 836,
and program data 837.

The computer 810 may also include other removable/non-removable,

- volatile/nonvolatile computer storage media. By way of example only, FIG. 8

illustrates a hard disk drive 841 that reads from or writes to non-removable,
nonvolatile magnetic media, a magnetic disk drive 851 that reads from or
writes to a removable, nonvolatile magnetic disk 852, and an optical disk drive
855 that reads from or writes to a removable, nonvolatile optical disk 856 such
as a CD ROM or other optical media.

Other removable/non-removable, volatile/nonvolatile computer storage
media that can be used in the exemplary operating environment include, but
are not limited to, magnetic tape cassettes, flash memory cards, digital
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(RAM 832. A basic input/output system 833 (BIQOS),
containing the basic routines that help to transfer

i nformati on between 15 elenents within the conputer

810, such as during start-up, is typically stored in
ROM 831. RAM 832 typically contains data and/or

program nodul es that are inmedi ately accessible to
avatsatile disks eahgltgd e ongpepedsiiait statecRARY splidstass RTgM| uamd the

e S ARG e, B0 DekoprieBlesf LB sunieh bt 2
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8 C her
Faaanets; s 315 EBTRNG Rpud 4 ) 858 AR be Ry o
sﬁ’@rsagfém‘rb@ﬁ 821 By angynafablexaspiosy tweryacerisGeh 8s interface 850.
illustrates a hard disk drive 841 that reads from or
wites to non-renpvable, 25 nonvolatile magnetic

medi a, The FriMpsancctheir aesarinipd @puterstoraasdvetiagisessed

kuaveSaﬁdqu@stfaQa@wabi@ 8, HRoER %kégz% G‘P&ﬂﬁéut%r fHfanio2,
and an. optical disk drive 855 reads from or

v edions, data SiHeREeS Pragisibmediies 36}9[%8! datadrr thee
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a¢ﬁia Be g et giyedi difterént nemBes hmel t@ plustale tas lat dmhinen@H5

'a)’ep lgf% Fdn¥ cﬁgi'ége‘ﬂﬁt S% Rayehid cé%%ﬁ{ge%ﬁ% iﬁ?oég%)(ioﬁ into

nenor I ntertace, SUC as 1 n
Wh@ cemp\w&%r &fthtanatrinpeldsvicesedich aspa keybosrd BEE @ndagiinting

ddesAdesged c@ﬁﬂﬁ&wl??@\‘eh’eb Y& %E %trﬁguéé" tfckbaPor giugg'p%%.

storage of computer readab i nstructions,
structures, program nodul es and ot her data for the

1000”@&1@!‘ inBLPdeviBedtrot sRowhPiaf riidea nidfdhrehak; oysﬁt]lck

1.is jllustrated as _storing operating syste
8%‘4“9 ga& satalfitestishraPans radie re‘éﬁ'YF‘e’r O &) WRORSY (Areadcast
8Adeo aindiver,agithanikat Thedy andNotrer ik debiees af® BREM Bk Sected
an elﬁf herSlge tt{esgz)atﬁe or di.ff retnt frggb Eer at i n&
350G 1 B2 SR b g iRP 4B TR BP0 ek ARtiPled to
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B2 AR ALARTALT 4o A o PR AT EPANCES
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C%%%ectgg through an output peripheral interface 895.
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vi deo receiver, or the like. These and ot her i nput
devices are often connected to the processing unit 820
through a user input interface 860 that is coupled to
25 the system bus 821, but nay be connected by other
interface and bus structures, such as, for exanple, a
paral | el port,gane port or a universal serial bus
(USB) Tha cmmmatevr 8119 inayropetdterin aypéworkediespiragmeat usiag

i,s .al t
S 2B oo s e Pl s e e,
toontputemRiil. t Bne remnqsmoemwtm%(hma benz pergenet ¢rmputer, a

‘%%H%f?gs';@gg? , Ptk ngg;eé Ige? dSUED oR Bt ougﬁﬁén ﬁ%&v@n%de

onnect ed an out
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rlyptrats oG & BB0lo0RECONRASHeNS BPRIG &hin §45. W'%’e a local
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AR, bRt rahafidestahpiter hetwidiks, Gatramie and 16k radineaugh
only a nenory storage device 881 has been illustrated

in FIG 8. The | ogical connections depicted in FIG 8
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. OfrhifdticAP PTCO1E iR @atdB GBRBtSApplication p K%S as residing on

envi ronnent, pro nodul es depj ct r e to.the

CORPNLReYED B%arqumheo%or%ﬂ@%esé tﬁﬁweg\@ %&WFB% n

t sdwireamt exdimiTBfyarsd othag medas iof estaB}lsMag' a@onerxaniebtions link
nd not |imtat dllustrates renot e

Z'b%}“’fa@%tth%ﬁo'ﬁ‘lpiitﬁ’ﬁ%ayé%u% residing on menory device

881. It will be appreciated that the network

conne S sh

cot bl IS Res S e e REby AR S eh pRtediiRT orthe

cmrpu!sm of itestrafionuetideszBption. Man¥ieoditiratigos mgd variations

Js%ﬁ)l ngﬁt Rk kr%‘am/% tgsgﬂag RSl HB? qtérﬁredttg %e exhaustive
pur 0ses o ration an scription.
nguuoflmtathem@mﬁ anaterideseioes hereindedae l@F%Cl$€hqurfg¢i§C|@§ed

ﬁhcﬁ%ﬁ Be LB H%ttel‘ thab %e@ﬁhe!séﬁl%mﬁqaﬁgh SpeClﬁC to

ve or'to limt the su Lect matter describ

h%trl@twai tratyres prndiqryrethgrairaicatrdsdtis tsden ftdf%ﬁf@ﬁd tﬂh%t the
S tm Bt frinBash BReSpseHIeH RAmhsiiE nbeneisaarigNRGtdd © the
to structural features and/ or nethodol ogi cal acts, it

is to be understood that the subject matter deflned in

t he appended clains is not nggessari ly limted to the



specific features or acts descri bed above. Rather, the
specific features and acts descri bed above are
waol@chesed as exanple forns of inplenmenting theCTUSENE001982
appended hereto. WHAT IS CLAIMED IS: 1. A nethod for
processing a digital color image, conprising: 5using a
gener al - pur pose conputi ng device having a processor to

performthe foll ow ng: obt ai ni ng
fully-specified RGB triple color vatues for each pixe
in the digital color inmage; grouping

| spezifiofeattires beaststdesciibedehbavel (Ratnat, s s pexifip feslires and
LR oRs RGP RS L S AR R D RoR T S Rhatith e
e@iéwsbﬁpnqmiedvhﬁrelwst ers to generate a first favor ed
color value corresponding to a first nean for a first
cluster and a second favored col or val ue correspondi ng
S to a second nean for 15a second cl uster;
defining a fractional blended value that specifies how
much contribution the first favored col or val ue and
the second favored col or value gives to a final color
val ue; determ ning a maxi mum fractional bl ended val ue
for the 20sel ected pixel defined as a blend of the
first favored col or value and the second favored col or
val ue that maxim zes a probability of the fractiona
bl ended val ue gi ven each of the pixel color values in
t he processing region; and
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usi ng the maxi num fracti onal bl ended val ue and the
first 25favored col or value and the second favored
color value to obtain the final color value for the

w?%@ﬁds?ﬂﬁi xel in the digital color image tGdede67901982

enosal cing of the digital color inmage to obtain an
enhanced digital color imge having reduced i nmage
artifacts. 302. The nmethod of claim1, further

Ir' ' Bi a prelimnary pass dennosai cing

ain the fully-specified R&B triple

col or values for each pixel. WD
2007/ 089519PCT/ US2007/ 001982 3. The nmet hod of
cl ailm 2, A oethed far pripeessingya wligitag caloningage,edrmprsing:

the rur 1 JEER oBhBGHEARRR PR FoeP eyl idksor

to pexerm the following: The nmethod of claim1, further

conprising defining the processin reqion in the
di gital col or obigigigdylly-specified Hinle solps|valuasdor each

pi xel: The. claim1, further conprising
gro?gl{erhép@'cﬁ %ﬁsltéﬁg&&@@n‘g&e, pi xel s in the processing
region into tfg@od‘lmngMtb&%rduaéimeg)iﬁéllwlc&r\ﬁams for pixels
t echni que. i ] 6. The nethod of claimb5,
wherAPreeRssing Lgien appunsed selggted rixgl inthe gigiiad color

clu sp'éng t echni que. 7. The nethod of claimb5,
furtheF conprising using an outlier rejection

t echni que wi t linding & mesneofi eaght afdhaitwoelusternsrprganerate a

reciTESh AU LRToTEUE SRR AGFg e for Tt Guster
CONMYHGE 5 RBI& 1:{5]6? Véiﬁéic%ﬂ%sfgeﬁdiﬁg%%ssféc%ﬁd ean for
digital color imge having an associ atéd Bayer col or

fil eesgcondmiustei;ng:

defining a fractional blended value that specifies how
much contribution the first favored color value and the second favored
color value gives to a final color value;

determining a maximum fractional blended value for the
selected pixel defined as a blend of the first favored color value and the
second favored color value that maximizes a probability of the
fractional blended value given each of the pixel color values in the
processing region; and

using the maximum fractional blended value and the first
favored color value and the second favored color value to obtain the
final color value for the selected pixel in the digital color image to
perform demosaicing of the digital color image to obtain an enhanced
digital color image having reduced image artifacts.

2. The method of claim 1, further comprising using a preliminary

pass demosaicing technique to obtain the fully-specified RGB triple color
values for each pixel.
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performng a prelimnary denpsaicing pass on the
digital color image to obtain fully-specified ROB
col or values for each pixel in the digital 25 color

' jng sanpl es obtained fromthe Bayer peghRb007/001982
W??ﬁ?@ﬁ%ﬁb selecting a pixel fromt %e ?gi /t a1

color inmage for processing to obtain a selected pixel;
grouping into two clusters the fully-specified ROB

{nedsel cdBinePReldr S 4. duAaSLemBRid itk A Biof Ay
iné2Kanfebsiafbs deddaididieehfidue’ Blobtanane dulfldciie RSB

corresponding to a nean Irst ‘cluster an
tripde selos valuesfor eactepixel. val ue corresponding to a second

mean for a second WO 2007/089519PCT/ US2007/001982

cluster; defining a fractional bl ended

val ge t hThesnéMoti o Tl ,TuRRecEBhplising idefiningethgi r st
favored col or value and the second favored col or val ue
professingtregipreindae digitabeolpaimage sgsestarediahg the salactesn
pi)J Lacti onal bl ended value for the sel ected pi xel
§&fined as a blend of the first favored col or val ue
and the second favored col or value that nmaxim zes a

probability of the fractiaonal blended val ue _gi ven each
of Phe pilkeimetsprdofelaimel fuhemneorppuing groiping gplsy values

. . ; Ny .
forgFl i % ARty paioh iPihe Mg RiRfoit st AMstoo
teatwigue.val ue to obtain the final color value for the

sel ected pixel to perform denpsaicing of the digital
col or inmage; and repeati ng the sel ecting,

gr ogpi NGThEIrREthBE of ¢Ritn™s, Weherff Pief dhistb iy téthhidlRd B k-
process actions seot f‘%rﬁw ab%r\g/e l?‘or lE'aacﬂﬁ%i xe I‘?{ﬁéthe
metingi dludtedng techniguie such that artifacts in the digital
col or inmage are reduced. 15
7. The method of claim 5, further comprising using an outlier

rejection technique with the clustering technique to improve clustering results.

8. A computer-readable storage medium having stored and
encoded thereon computer-executable instructions for processing a digital
color image having an associated Bayer color filter, comprising:

performing a preliminary demosaicing pass on the digital color
image to obtain fully-specified RGB color values for each pixel in the digital
color image using samples obtained from the Bayer color filter;

selecting a pixel from the digital color image for processing to
obtain a selected pixel;

grouping into two clusters the fully-specified RGB color values
for pixels in a processing region around the selected pixel;

finding a mean of each of the two clusters to generate a first
favored color value corresponding to a first mean for a first cluster and a
second favored color value corresponding to a second mean for a second
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9. The conput er-readabl e storage nedi um of claim 8,
further conprising using a high-quality |inear
i nterpol ation technique during the prelimnary

nggﬂgﬁ)gés(i#ng pass. 2010. The conputer-readablP ﬁjsg?“ﬁ@%'sz

umot claim@8, further conprising: centering
processing regi on around the sel ected pixel;
clusterstering the fully-specified ROB col or val ues from

pi xel s i he pr SSi ion into two ¢lusters
ey a Relifga Frcionsl Pleg et sae tnat SralFs Bog re:
coﬁﬂbﬁﬁéh ¥ £k BAVRIrEd EB@r Lhlutad e o‘ﬁ@'fﬁ&o?é@' ddﬁoré\fkﬁhe
e second favored col or val ue each have RGB col or

givealtaesfinal totmeakeyput er - r eadabl e st orage nmedi um of
claim 10 {urther co 30c

ract] ontelalinifiah s 0ARpui Sctines RS Fale fos thegelepted

plX%ﬁH@fu@ed:Qé @rbléﬁdi Bethef firsfMavBrodPenIeF vaIak nd thbisdtoh@favored
|‘%()xe s in the processing region. W)
co

valuedbsat wegimioss aqm)bamngofme Kactiopalibiendadhvalue givan
oalh BF Bpik8f cSISPAGLS e Drabddifh rSFbR"
using the maximum fractional blended value and the first favored
color value and the second favored color value to obtain the final color value
for the selected pixel to perform demosaicing of the digital color image; and
repeating the selecting, grouping, finding, defining, determining,
and using process actions set forth above for each pixel in the digital color
image such that artifacts in the digital color image are reduced.

9. The computer-readable storage medium of claim 8, further
comprising using a high-quality linear interpolation technique during the

preliminary demosaicing pass.

10.  The computer-readable storage medium of claim 8, further
comprising:
centering the processing region around the selected pixel;
clustering the fully-specified RGB color values from pixels in the
processing region into two clusters using a k-means clustering technique
having outlier rejection, wherein the first favored color value and the second
favored color value each have RGB color values.

11.  The computer-readable storage medium of claim 10, further
comprising:
computing the fractional blended value for the selected pixel
using sample color values from the Bayer color filter for pixels in the
processing region.
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image to reduce artifacts in the digital color inmage,
conprising: using the conputer having a processor to
performthe foll ow ng: 5perform ng high-quality |inear

wbRbfoeed 8t i on dennosai cing on the digital C@c’iﬁﬁzﬁ@%wsz
to 6 xel 1n

obtarn RGB triple color values for each pi
the digital color inmage; sel ecting a pixel
in the digital color inage to process and designati ng

or 0085s, Ao dBpfoh BERFaR e talSedss 1ot GeCsaRI 3 giatal color

imAg¥ td GeduceXartifictein MERAAgital color image, céhpRsiAg! N9 RGCB

color values of pixels Tn the proCessing region into
two cl ususing theiaegnputer bavieg amrocessaiitoperformribe fejflawing:

firet favor ed PePBfiraAnafr Bl SR ufERlh Frpégaicing
nmeanfthe digifal elor Athbgé & oBRih RGE aié cbRY vaR@ésdel 8ach
val ue correspondin o a second nean for a second

cl uPb@l in the digital color image; def i ning a fracti onal

bl ended val ue : UL . '

first favor edsélc%%gpa\%gﬁ%éel 'ﬁi@?%%é@%@%#voré@gesg Qﬁd
ggfgffn?ggrﬁgg?iﬁ;;(i njfnﬁ‘?rgs.te?ﬁlda mEPén\é:gusgl ue for the
processed pi x&efinivgiRWCessiRILLERA centergd atithe processed

faV?’b{%qihSQih?ra gﬁé E?‘Sﬁﬁ%ﬁt’ he second favored col or val ue

that maxim Zes a ity of the fractional bl ended

val ue gi ven ealustering R&Bocalel valaksiof padelsein the proeessing

25processi.ng regi gn; and . usi ng the maxi num
fraé?g'BﬂﬂtO%WQr@@e(ﬁa‘I‘%%g Zflugirdng it?“éln'qlé%or ed col or

val ue and theg '

final color Vgﬁg@%}f%pfﬁéﬁfﬁ%g@ggg%@)'%g.lstt(?’rﬁqtgpghﬁrdta%
di gifirsiifavaredcolar vadue comestrnslkirg to afiratimedrefatiagfinshluster

o S R o BRSO B8 B B2 Bl o

a second cluster;

defining a fractional blended value that specifies how
much contribution the first favored color value and the second favored
color value gives to a final color value;

determining a maximum fractional blended value for the
processed pixel defined as a blend of the first favored color value and
the second favored color value that maximizes a probability of the
fractional blended value given each of the pixel color values in the
processing region; and

using the maximum fractional blended value and the first
favored color value and the second favored color value to obtain the
final color value for the processed pixel in the digital color to perform
demosaicing of the digital color image and obtain a demosaiced
version of the digital color image having reduced image artifacts.

13.  The computer-implemented process as set forth in claim 12,
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13. The conputer-inplenmented process as set forth in
claim 12, further conprising conputing the maxi num
fractional bl ended value, as , by maxim zing the

w@rz%ﬁ*ﬁﬂl'bty of the fractional blended val “eg’cﬁkuﬁbdﬁ%ﬁmsz

y an equation: a = arg max P(cxIS, J, If) erein |
is the first favored color value and k is the second

fuﬁm&g?mﬁ%?@hgfﬁg s Hﬁgﬁ(g@%ﬁﬁa di BiekBbd vaRmb, & iy

a set sd eac I'n the processing
mapexmizimg thiedprobabiibnpiutherfractiphehdended paliee gsgirendytan

forth in claim 13, 10further conprising conputing the
CAUARAM col or value, C, for the processed pixel using an

equation: C :(1&):‘23ijgi1%13,xp(&15, j,]?),

wherein J is the first favored color value and K is the second favored color
value for the processed pixel, and S is a set of samples of each pixel in the

processing region.

14.  The computer-implemented process as set forth in claim 13,
further comprising computing the final color value, C, for the processed pixel

using an equation:
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