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enhancing quality and conpressibility of digital images including

conmbi nations of text, graphics, and natural images by selective

snoot hi ng/ denoi si ng and sel ective sharpeni ng. BACKGROUND OF THE | NVENTI ON
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shar peni nghaigening echni que i n whi ch the edges W|th| n the inmage are
sharpened to inprove the visual quality of an inmage. This technique is
often perfornmed to enhance the visual quality of text or graphics within
an i nage. One di sadvanmgm lectiv I ng techni ques is that
they also tend to anpli b.Bbc “c&(@éﬁﬂﬁ—l inear) filters such as
sel ective snoothing or selective shar ening filJters overco t he
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sharpening. Smoothing is a technique that is mainly performed for reducing certain

types of noise. Non-selective (or linear) smoothing algorithms smooth all features in
an image (i.e., areas in the image which can be characterized as flat regions and areas
within the image which can be characterized as edges). However, it is undesirable to
smooth edges since smoothed edges gives the image a “blurry” appearance.
Moreover, although smoothing is effective in removing most Gaussian noise, it is less
effective in removing high amplitude noise such as speckle noise. Speckle noise can
be characterized as a single unintentional black dot in a white region or a single

unintentional white dot in a black region.

Generally, sharpening is a technique in which the edges within the image are
sharpened to improve the visual quality of an image. This technique is often
performed to enhance the visual quality of text or graphics within an image. One
disadvantage of non-selective sharpening techniques is that they also tend to amplify

noise.

Selective (or non-linear) filters such as selective smoothing or selective
sharpening filters overcome the disadvantages of non-selective filters by applying the
filtering function only to the features that are to be smoothed/sharpened while

preserving the non-selected features. Selective filters include some means of
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preserving the non-selected features. Selective filters include sonme neans
of CONFI RVATI ON COPY WD 02/ 28087 PCT/ 1B01/01799 identifying or

di f f er ent\watjangodzet ween features, so that the filter is apRimdyenby to the
desired feature. One exanple of an edge preserving, selective snoothing
filter is an anisotropic diffusion filter. Due to its denoi sing nature,
the anisotropic diffusion filtering technique has 5 recently been
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15  types of high amplitude noise and is thus insufficient for pre-processing scanned

document images.

Another denoising/smoothing filtering technique that has been suggested for
compression enhancement applications is a Sigma-filter that is even more
computationally expensive per iteration than anisotropic diffusion filtering (although

20 it requires less iterations for achieving the same noise reduction). However, this
technique is still not fast enough for applications for processing full-page images or |
real-time image processing. Like the anisotropic diffusion filter, the Sigma-filter also

does not remove high amplitude noise.

Finally, in the case of both denoising techniques (i.e., anisotropic diffusion
25  filtering and Sigma pre-processing) each was considered for processing only natural
images. However, application of thgse techniques on document images containing
text, graphics, and natural images was not considered since it is well known that
denoising filters (particularly applied in many iterations) degrade the quality of textual

and graphical images. Specifically, edge sharpness of text features is degraded.



i mages. However, application of these techniques on docunent images
containing text, graphics, and natural inmges was not considered since it
is well kwewrkéwt denoising filters (particularly appli e&timBoienye
iterations) degrade the quality of textual and graphical inmages.
Specifically, edge sharpness of text features is degraded. 2 WO 02/28087
PCT/ 1B01/ 01799 What is needed is an inmage processing techni que which can
be appli ed 1o GAplALAANS b Bfiadd pcosshEXichnd RbidAan eApHEAI b docurent

i mges and which 1 ncreases conpressibifity il e enhancing 1 mage quality
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preser Vi ngeapefRSpphchiidad. ect i vel y sharpening image data using variable
contrast stretching. In one enbodi ment, variable contrast stretching is
performed by 10 clipping those pixel intensity val ues outside of a variable
range and mappi ng those BUNMMARY]YE THE YRVERTIGN hi n the vari abl e range.

I n anot her enbodi nent, selrective snoothing 15 perrornmed using a robust
anistotropic diffusion (RAD) filter. 15 BRI EF DESCRI PTI ON. OF THE DRAW NGS
Fig. 1 illustrates & sptesrandpihpdaimnbancipgisnigeslgia apddeesasingg net hod of t he

e e S LR SO T o

nei ghbor hood; g&sdriving edged dndstleati edy shasenarpdmagb datia neing vafialilheontraage
processi ng net hod aof the resent invention; Fig. 5 illustrates a technique
of applying th&Sehng Qﬂ%gﬁg?ﬁnﬁ‘b v a‘lﬁ%"‘?“ﬁ‘“&&e&mffgfﬂ&;ls performedﬁ)y

10 clipping those pixel intensity values outside of a variable range and mapping

those pixel intensity values within the variable range. In another embodiment,
selective smoothing is performed using a robust anistotropic diffusion (RAD)

filter.

15 BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 illustrates a first embodiment of the image processing method of the

present invention;
Fig. 2 illustrates an embodiment of the variable contrast stretching function;
Fig. 3 illustrates a 3x3 hollow neighborhood;

20 Fig. 4 illustrates a second embodiment of the image processing method of the

present invention;

Fig. 5 illustrates a technique of applying the method shown in Fig. 4 to image
data;

Fig. 6 illustrates another technique of applying the method shown in Fig. 4 to
25 image data;



Fig. 6 illustrates another technique of applying the nethod shown in Fig. 4
to 25 inmage data; 3 WD 02/28087 PCT/1B01/01799 Fig. 7 illustrates an
enbodi menivoafz2kb system of i nmage processing of the preseuiriBovends on. 4
WO 02/ 28087 PCT/1B01/ 01799 DETAI LED DESCRI PTI ON OF THE | NVENTION In
general, the present invention is an inage processing nethod and system for
perform ng both selective imge snoothi ng/ denoi sing and sel ective imge
sharpening 5 v, NaVRalBh BnftRRIcHE br Hblsghih o tnfGholdighe Wl perfor mi ng
sel ective image snoothing, areas wthin the inmage T aracte ized as flat
regi ons apeesarmotchéad.denoi sed while areas within the i mage characteri zed
as edges are essentially preserved and when perform ng sel ective inage
shar peni ng using variable contrast stretching, edges wthin the inmage are
shar pened wi t hout canceling out the snoothing/denoising effects 10 on the
flat regions obtained during selective snoothing and al so w t hout

i ntroducing overshoot noi se at edges. Variable contrast stretching is
performed by dynamically clipping pixel values which, besides sharpening,
is also effective in renoving speckle noise that is not renoved during

sel ective snoot hing. The conbi nati on of denoising (i.e., noise renoving)
obt ai ned from selective 15 snoothing and despeckling (i.e., speckle

removi ng) obtained fromselective sharpening results in significant noise
reduction. Reducing inmage noise allows for increased conpressibility.
Hence, the system and net hod of inage processing of the present invention
is particularly adaptable to pre-processing image data prior to
conpression so as to enhance i mage conpressibility while maintaining or

i mproving 20 image quality. For exanple, in one conpression nethod based on
a bit-plane representation which applies |ossless conpression to a
truncated set of bit planes as



described in the application entitled "Method Including Lossless
Conpression of Lum nance Channel and Lossy Conpression of Chrom nance
Channels"“kﬁkh g3y Docket No. 10006187-1) filed Septenbgi-rAfo @9 and
assigned to the assignee of the 25 present invention, the conpression ratio
is increased in a range of approximtely 30- 50% Since selective

shar peni ng according to the present invention retains snoothing/denoising
effects fromthe seDEIANEBDESCRIFIIONOF THICINVENTEON tial |y

over snoot hed during~selective snoothing to obtain increased denoising and
then 30 selectively sharpened to re-sharpen edges that m ght have been
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15  smoothing and despeckling (i.e., speckle removing) obtained from selective

sharpening results in significant noise reduction. Reducing image noise allows for
increased compressibility. Hence, the system and method of image processing of the
present invention is particularly adaptable to pre-processing image data prior to
compression so as to enhance image compressibility while maintaining or improving

20  image quality. For example, in one compression method based on a bit-plane
representation which applies lossless compression to a truncated set of bit planes as
described in the application entitled “Method Including Lossless Compression of
Luminance Channel and Lossy Compression of Chrominance Channels” (Attorney
Docket No. 10006187-1) filed September 29, 2000 and assigned to the assignee of the

25  present invention, the compression ratio is increased in a range of approximately 30-
50%.

Since selective sharpening according to the present invention retains
smoothing/denoising effects from the selective smoothing, the image can be initially
oversmoothed during selective smoothing to obtain increased denoising and then

30  selectively sharpened to re-sharpen edges that might have been affected by the

smoothing algorithm thereby providing significant denoising capability.



Edge- preservi ng i mage snoot hi ng/ denoi si ng techni ques can be perforned by
ani sotropic-type diffusion filtering, non-linear snoothing/denoising
filteringwguagbsgral - type filtering, Sigma filtering, order Bhpbi7edi cs
filtering such as nedian filtering, or any 20 other type of edge
preserving smoothing filter. In one type of edge-preserving snoot hing
filter, pixel data corresponding to edges within the imge data are

identified andThOeysam®ahdiRthobiok HRpréseRCihl&tiohTe@BRS nffiniA chhpitafi®pi ons and
is not applied to the identified edges. In general, linear snoothing is an
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changes iﬁchb‘?vféﬁcqeﬂﬁagﬁslﬂ%‘?q\lgﬂgﬁ%ﬁc’&n}% Sl %t%rstood that the degree of
edge preserving obtai ned when sel ectively snoothing is, in part, dependent
on the reliabi Fig ¥shobus finst gsnavilided embddiesenaoftthd inidilerdenitthapesent r om f | at
regi on b}/ t he e.d%V . reier.vi n% spoot.hing filter and Ehe stre.ngth of the
snoot h? ng M VFRYTE. sploeliyg sfhoolgieds g S e A0y FISONESTHBS Mg, 6 WO
02/ 28087 BEdhBRMAiEIY techRIRRI1 VN RABRBRIY WhatpenRRYik géﬂff&ﬂle!d%h'ﬂﬂe variabl e
contrast stretching. Sel ective sharpening using variable contrast

st r et chi neeléasivdlysorooted iinagaidatapging variabbncaatiasttstretehing| (hblge ASRzaweni ng by

Vari abl e Contrast Stretchingy (Attornpey,Docket No. 100063 10-..1) filed
Sept onber T8 ot g SOt bR eSS Hve Biot Hsatiet) nvent i on. s
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strong sh&PPERPHEIASS de%m%lﬁmeggﬂ%rpa?%&t HETE COREPSHATIMTEHER peni ng to
edges i N BRLHEE Froh P AImagtBal 8RRk Ped BORIRRpofid &bf Mo GerdomEEOVES L e
appearance and l[egi bifTity of conpound docCunents “containing both hatural
and codfpuberefigeritria¢ddhile siaotbmg arkowenifectedt Feoneagmbxigliment, the method of

image processing is performed in a single iteration.

Edge-preserving image smoothing/denoising techniques can be performed by
anisotropic-type diffusion filtering, non-linear smoothing/denoising filtering, bilateral-
type filtering, Sigma filtering, order statistics filtering such as median filtering, or any

20  other type of edge preserving smoothing filter. In one type of edge-preserving
smoothing filter, pixel data corresponding to edges within the image data are
identified and the smoothing filter function is applied to flat regions and is not applied
to the identified edges. In general, linear smoothing is an operation where the pixel
value is replaced by a weighted average of its neighbors. This attenuates high

25  frequency components, namely abrupt changes in pixel intensity. It should be
understood that the degree of edge preserving obtained when selectively smoothing is,
in part, dependent on the reliability/robustness of how edges are differentiated from
flat regions by the edge preserving smoothing filter and the strength of the smoothing

filter. As aresult, some edges may incur some smoothing.



contrast stretching does not change the spatial scale for weak gray-|evel
transitions, 15 and thus, does not anplify | ow anplitude noise. One of the
advant agewoafykbe first enbodi nent of the method of i nmage pqan®eEESHNY Shown
in Fig. 1 is that the step of selectively snobothing is effective in

removi ng nost noi se types including Gaussi an-type noise but is ineffective
in renoving speckle-type noise (e.g., white dots on black or black dots on
white) since 2 PG IS ITXN I e, aRetitd ng
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using variable contrast stretching. Variable Contrast” Stretching Sel ective

shar pthi ndeviée)s b, tkedvadiabietcahtrastayeiching appliss sgongshagigningdtosompster- 5

tretching i f d || _Th thed. digitaly i ' d
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15  and thus, does not amplify low amplitude noise.

One of the advantages of the first embodiment of the method of image
processing shown in Fig. 1 is that the step of selectively smoothing is effective in
removing most noise types including Gaussian-type noise but is ineffective in
removing speckle-type noise (e.g., white dots on black or black dots on white) since

20  speckles often appear as edges to selective smoothing filters, while the selective
sharpening step using variable contrast stretching is effective in removing the speckle-
type noise. As a result, the system and method of image processing removes a

significant amount of noise from the image.

Removal of noise from image data allows for increased compressibility of the
25 image data. Accordingly, one application of the image processing method of the
present invention is the pre-processing of image data according to the methods shown

in Figures 1 and 4 prior to compressing the image data.

It should be noted that the effectiveness of the noise removal is dependent on
what type of selective smoothing is performed as well as how the variable contrast

30  stretching is adjusted for filtering certain types of image data. Hence, the increased



Poi -A<--Wm 10 (Eq. 1) g(i9 ) =1P0" -Al <WA+ 2W(PO'" -A) Po -A>-WM 1
Figure 2 illustrates the graphical representation of the variable contrast
st ret chi ngggf pngégzon g(Po' ). The pixel of interest Po' is fpdisopei7e t h
respect to a neighborhood of pixels. The nei ghborhood of pixels
corresponds to the hollow (i.e., mssing center pixel) neighborhood of the
pre-snoot hed pixels with respect to the pre 15 snoot hed pi xel of interest
Po. Fig. gblh]%] wfﬁiﬁati@ae%eﬁd@mmc@ é}‘fe_cﬁvél? hbRWiNeHBReeHhePstlediveRr e- smoot hed
pi xel s. The 'hol | ow’nei ghbor hood, delineated by a wi ndow indicatéd in
dashed | i smeeothingaind dedsctivehxsharpening usingpiaxiebls comtrastsieetahémg.er pi xel . The
center pixel block designated by an "X', corresponds to the snoothed pi xel
of interegt ibBle COuttsst STREE d on by the sharpening algorithm 20 Since

t he pre- snm‘gﬁ'edé—m-gq'rb'o'& is used, edges are sharpened dependent on
pre-snoot hed i mage dynam c contrast information resulting in nore reliable
edge shar peni fglectiveshamgiing of smegtheddigialomage datp gkighyerisdeeontmsdenot ed by
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nei ghbor hpl@ﬁblitﬁ@ﬂ@@ﬁvblﬁ shldethas ﬁixelstrer ERth defectingly dirob@ee poel Pet ween ni ni num
and maxi mum val ues of the nei ghborhood gi .e., D=Mm. If, for exanple, the
pi xel i nt &iEIspyndsde ge eriginal prg-sinoothed pEes Y hpring fwpsemyleesion iiadient ed by
8-bit worgs.. i: o] . ' i x8al:s 1 Lghbor hood
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is M=250, sdidveivelyrsarothedaivgd of Mitdoes2 Py ak dolldwsaih Hyeilghbor hood. A "contrast
range" has a width of 2W The contrast range is centered about 5 the

m ddle (A) of the dynam c range, ,A=(Mtm /2. Thus, the contrast range has a
starting point at A-Wand an epg@j rgd geimt at AW

10 (Eq. 1) g(P)=||p, —A‘<W A+%(PO —Aj

P —A2W M

Figure 2 illustrates the graphical representation of the variable contrast
stretching function g(Po). The pixel of interest Py’ is filtered with respect to a
neighborhood of pixels. The neighborhood of pixels corresponds to the hollow (i.e.,
missing center pixel) neighborhood of the pre-smoothed pixels with respect to the pre-
15  smoothed pixel of interest Py, Fig. 3 illustrates an example of a hollow neighborhood
of pre-smoothed pixels. The hollow neighborhood, delineated by a window indicated
in dashed lines, includes a 3x3 array of pixels minus a center pixel. The center pixel
block designated by an “X”, corresponds to the smoothed pixel of interest Py' to be

operated on by the sharpening algorithm.

20 Since the pre-smoothed neighborhood is used, edges are sharpened dependent
on pre-smoothed image dynamic contrast information resulting in more reliable edge
sharpening. The maximum gray-value of the neighborhood is denoted by the
uppercase letter M, and minimum gray-value of the neighborhood is denoted by the
lowercase letter m. The local dynamic range of the neighborhood, denoted by the

25  letter D, is the difference between minimum and maximum values of the

neighborhood (i.e., D=M-m). If, for example, the pixel intensity values are



If the intensity value of the pixel of interest Po is outside of the
contrast range, the intensity value is clipped to either mor M If the

i nt ensi t ywoalawgogaf the pixel of interest lies wthin the pgangyast7os ange,
t he amount by which the local contrast is 10 changed is determ ned by the

gradient of the slope of a line segnent 10 (Fig. 2) within the contrast
range. The slope of the line segnent 10 is a function of the dynam c range.

In genergl resﬁlﬂgd E*QQ%W%QQng)VQXt intfebhit Wﬁ@&fitﬁépi%efshnttﬁl@ follow ng: - the

sl ope approaches unhity as the dynami c range D approaches 0 (i.e., S--> 15
as D-0); neigliterisdodiie m-<5 apdebe kighesh arnensity vyluavofthetpiveelsliprtherneighboryeod s

greater than i.e., S>1. whe err)0):.and - the slope is a
non-decreﬁiﬁﬁéﬁg}?c‘&na’??l%’fangwé\eg‘%é%’bﬁl?é’ﬁ)ﬁ’b@ﬁ?o@fi; as the dynanic range
i ncreases, the slope becones |arger and the sharpening increases). 20 Thus

the slope is aAf‘upgidsoran@t” hdsen whditasi W dhgeompdt tdnge sarhteastaboange of a
gi ven pi xel nei]ghborhood. Because nei ghborhood is determ ned for each

pi xel 3 t hihe ngigldl r%éOff%d@?a%ﬁﬁ?%t%‘=ﬁ¥ﬁ§3/zaﬂalu§+@e§9ﬁf?ét Bnge B3%a abl e on a
pi xel - by'E’ch@%k_pQﬂﬁ%A-WTﬁﬁﬁra‘ﬁ e?gﬁé%g%(agALﬁgr ent ways of expressing the
Ig. :

sl ope of t irne segnent 10 For exanpl e, the slope may be
expressed as follows in E 25 gEq. 2) S(D =2W=1 + R 9 WO 02/ 28087

. 2
PCT/ 1B01/ 017991 ththiagamsidy ﬁgﬂg af thrpixel af ifesest Bo' gg epside phihgeeniasst 1ange.
. , . | i . .ard abl
cont rant B8 a4t E18 BlfnediB ety of E PO iinoid Wile drific MAEIEY

ion W vari a
expr essedin&gedt tie$ @ivRin the Eontrast ragfe) the3Im@ POy whichiR¢ Rizal ntfaptRd - Al<W 5 | f

D>>R,  t he mappi ng becones equival ent_ 1o toggl e. mappi ng, r .edges are
over - Khar panged ispeispamed ydbs gigiept Oftt]P\%Sl%en‘gtJtaalh‘ie %gﬁFng@nm&gg'ggéﬁt%’él pr obl em
For nei gﬁlggg};@%gﬁm@g_vi ng small dynam c ranges, D<<R and 1+D/ R(err)1.
Therefore, no

The slope of the line segment 10 is a function of the dynamic range. In

general, the slope, denoted by S(D), complies with the following:

- the slope approaches unity as the dynamic range D approaches O (i.e., S—1

15 asD—0);

- the slope is greater than unity when the dynamic range is greater than zero

(i.e., S>1 when D#0); and

- the slope is a non-decreasing function of the dynamic range (i.e., as the

dynamic range increases, the slope becomes larger and the sharpening increases).

20 Thus the slope is a function of the dynamic range and the contrast range of a
given pixel neighborhood. Because a neighborhood is determined for each pixel, the

dynamic range, contrast range and the slope are variable on a pixel-by-pixel basis.

There are many different ways of expressing the slope of the line segment 10
(Fig. 2). For example, the slope may be expressed as follows in Eq. 2:
D

D
25 ) S(D)=—=1+—
Eq. 2) (D) W z



effective change in contrast will occur for D<<R The constant R may be
limted to powers of two for conputational efficiency. 10 Since the
guantity wo¥2Rsbégrvol ves a division by the constant R | i mpgdmgoei/heoLonst ant
Rto a power of two allows the division to be performed sinply by
bit-shifting. Thus, R=2L, where integer L>0. As the constant R decreases,
the sharpening effect increases since the contrast region 2Wis snaller
and the slope 4B BhsthliR KANiAAS lo%ﬁlrlgaEﬁﬂét&Qhat%%EE‘o%dh%ﬂlgﬂ sBicFor pi xel
intensity values that are represented by 8-bit words, the preferred value
of R is betalefon sigapeang. SHims( the evarialgs ta@yast fstcbingeonsrasionyyithin thehe dynanmi ¢
range of the.entire image i,S nornmaljz to caver, the conplete dynam c
range of f’%ﬁ’l%%oﬁ‘lﬁ&?tirﬁlbgecjéw‘%eee’ipé?sﬁ?c% asggg%%%lrn)ol?\fq. he preferred value of Ris
bet ween one-quarter of the dynam c range and tw ce the dynam c range. 20
It should be noted. that varrabl e c ast \strdtehifg so avoi ds overshoot.
Thus, over-shogéq-gél at edgg}q}ﬁf@t%" onﬁﬁgappggr_ ﬁ"ﬂi resul t of
interpolation of digital inages that havé been sharpened by variabl e

contrast stretching. Variable contrast stretching does not enhance
| ow anl i t ude HdP=ER, thethapping beemmesaguiyalsahtodpggieiappingdwberebyedegspl i t ude

noi se. Because the varigble contras 25 strefching does N ase
ow ampl | e oo aee &haPrpb R 3 et R urtis SREH fffels Tofe

shar penednéigBgfhodds habing Sl @fnarbietaR@y D4 and 1 ADJA1al THefEgr, norey be
shar pened only once, prior to_conpression, thus avoiding the need to
sharpen eHectiveghangeae portfasewil eir el essi on. 10 WO 02/ 28087
PCT/1B01/ 01799 The variable contrast stretching is not limted to linear
nmappi ng wi t hi nThbgofpmt Raghy baR@fed O fRRAIEF thioTBACoMRRR 61l bfficRhef.er red,
non-linear mapping within the contrast range may be performed. Fig. 4
shows1® s8usadheegrispiiyie®y/Rontvalies adivision byfthe eanganpRolbmésigile ponstapt whi ch

I mge dat B tiosa pior\}vie} I(natlvs}(y allso%\lsefﬁé Hl%?glé/n f%%%eﬁ%%é&&%p%%t—%ft?n%g%hl?sr, eserving

R=2", where integer >0. As the constant R decreases, the sharpening effect increases

since the contrast region 2W is smaller and the slope S(D) of the contrast stretching

becomes larger.

15 For pixel intensity values that are represented by 8-bit words, the preferred
value of R is between 64 and 512 (i.e., 6<L.<9). More generally, if the dynamic range
of the entire image is normalized to cover the complete dynamic range of the
capturing device (e.g., scanner), the preferred value of R is between one-quarter of the

dynamic range and twice the dynamic range.

20 It should be noted that variable contrast stretching also avoids overshoot.
Thus, over-shoot related artifacts do not appear as the result of interpolation of digital

images that have been sharpened by variable contrast stretching.

Variable contrast stretching does not enhance low-amplitude noise, and in
some cases can slightly reduce low-amplitude noise. Because the variable contrast
25  stretching does not increase low-amplitude noise and it avoids overshoot,
compressibility of the sharpened image is not reduced. Consequently, a digital image
may be sharpened only once, prior to compression, thus avoiding the need to sharpen

the image each time after decompression.
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filtering techni que known as Robust-Ani sotropic-Diffusion (RAD) filtering
and then snoothed data is selectively sharpened using vari able contrast

st ret chi ng(obBges7The RAD filter is a type of filter that perfBoB178€! ective
snoothing by sinulating a diffusion process on the i mage where the
diffusivity depends locally on 10 the strength of a feature type, i.e., an
edge. The selectivity nmechanismis based on robust statistics and in

particular to i i:0n: s - n this
enbodi ment, RA ﬁk‘f{(ﬁaké)}ré?dr%’%&?% gg%% llﬁgélsl 3o einiid tQIHHC%'r prppitie WRiflthe

In asingle iteration to a 3x3

nei ghbor hamtrast(range. , Alkmugle lijeapimapailg ip prefdrredf nomiingas stappogiwithinéhei nput
image data | to 1gl;ener te a sgot hed pi xel Po'. 15 For each pixel of

i nt er est , COBYFHAFIPRON PRITORRENf i I tering equation (Eq. 4) is applied: (Eq.
4) Poi = PO + (At)y, g Vvf (PP - PO, T) ;_1 where PP is one of the

nei ghbors in the hehdvavw Ssdndenbdthmenosfdhe tefhotl o trhagei prbdesging & f unct i on of
a robust error-norm T is a characteristi cr@&al e o%ﬁ&ierrg the g are 20
spati @ wehightimagedaia isinitially selegtivelysmapthed E2)disEs ¢ RESefivi¥eusi on filter.
In this ' ol r,oi YAl . ; gdn di ffusion
nodel pargﬁe%&%rtg%ﬁ%quei @%‘svgtagltl{tg%%t Azﬁllb(ggopgésgy gﬁg?%ﬁﬁﬁglé%rglﬁngqfi l ter

denoi si ngsmaowthad depk isfseledti chyphatpnednsing Quinble saltiaststigfchimg (ddy be sel ect ed.
The paraneter C provides a spatial weighting. In one enbodinent, the Cl

factors corre n . i i i iich: i : 25 foll 11
W 021 28087 Pt BO L] BtrdSe uten? BlBymal bt BB S Binydoy 22 | P 2
subscri ptsimuldingasdifindsn pocéssenpheidtagesdrtd tha diffishiity dependdcatigioghbor hood

shown in Figure 3) including the cent iixel . of interest. Po, (not shown in
I(:i g. }‘9 _ the strength o% a feature type,gl.e., an edge. %ﬁe Eelecuwty mecﬁ'anei\sm ?s based (gn

robust statistics and in particular to an influence function ¥ of a robust error-norm. In

this embodiment, RAD filtering is applied in a single iteration to a 3x3 neighborhood
(i.e., kernel) of each pixel of interest Py in the input image data I to generate a

smoothed pixel Py'.

15 For each pixel of interest, Py the following RAD filtering equation (Eq. 4) is
applied:
’ 8
(Eg. 9 P, =P +M0)Y C (P, -R.T)
=

where P; is one of the neighbors in the hollow 3x3 neighborhood, v is the
influence-function of a robust error-norm, T is a characteristic scale of , the C; are
20  spatial weights, and At is an arbitrary time step for the diffusion filter. In this
embodiment, the arbitrary time step Az relates to a heat diffusion model parameter and
is set to Az =1 so as to provide adequate filter denoising and simplified computation.
Other values of At may be selected. The parameter C; provides a spatial weighting.
In one embodiment, the C; factors correspond to a 3x3 binomial filter which is set as

25  follows:

11



The influence function t/f corresponds to a photonetric weighting function
5 and, in this enbodinent, is given by: AP > T T |(LP,T)= APl <T AP AP <-
-T -T whewe) 2286371 s Pj - PO. The above influence function i 9@E@aBegiEod SO as
to provide a good trade-off between denoising efficiency and inage
quality. In one enbodinment, the preferred characteristic scale is selected
as T-32 in the case in which the input 10 inage is a docunent inmage

i ncludi ng text, graphicsg, and.n%tural i mges. It should be noted that other

i nfl uence functions nmay|be ustd t o perform RAD inmage filtering. Specific
i nfl uence functionsCdetgy m nej £Rel.Hégree of snoothing dependent on the
pi xel of interest and i[s nei ghhargpod type. Hence, different functions
may be chosen dependent‘'®n the typé of input image data. 15 The snoot hed
i mge data is selectively sharpened (13, Fig. 4) using variable contrast

stret chi ngh&s sBRSEpi PesrapeN® to BREsikéliI6akioN withietheBXatneldbbiteogel ecti vel y
sharpening filter 1s the output of the RAD filter, (i.e., the selectively

snoot hed (shawgein Bigtre, 3)lingludimg thegenter pixokofyinterasbPHagt shongendizg 8).i s t hen
sel ectively sharpened on a pixel -by-pixel basis. 20 Two paraneters, T and

electivel y shar pened on i 0 Two par aret er
< gni 11 cant  cohty Brcaye o SREEaH2Ra BFRPRE L heen Tt 0T e

from the Rt hodisasbdienes, isaiwa bynf | uence both inmage quality and
conpressibility. These values can be enpirically selected so as to obtain
the best conpressibility while maintaining acceptable inmage quality which
is, inturn, 12 WO 02/ 8087 PCT/ 1B01/ 01799 dependent on the type of image

(i.e., natural w(,gpalp)m gp},<Text uahp or a conbination of these inmage types)
bei ng processed. For i ange, as }R i s increased, image sharpening

decreases and conpress =7 -

wherein AP is Pj-Py. The above influence function is selected so as to provide

a good trade-off between denoising efficiency and image quality. In one embodiment,

the preferred characteristic scale is selected as T~32 in the case in which the input

10  image is a document image including text, graphics, and natural images.

It should be noted that other influence functions may be used to perform RAD
image filtering. Specific influence functions determine the degree of smoothing
dependent on the pixel of interest and its neighborhood type. Hence, different

functions may be chosen dependent on the type of input image data.

15 The smoothed image data is selectively sharpened (13, Fig. 4) using variable
contrast stretching as described above. Specifically, the input to the selectively
sharpening filter is the output of the RAD filter, (i.e., the selectively smoothed image
data, I'). The selectively smoothed image data is then selectively sharpened on a

pixel-by-pixel basis.

20 Two parameters, 7 and R, used in the method of image processing as shown in
Fig. 4 provide significant control over the amount of smoothing and sharpening
obtained from the method and hence, also influence both image quality and
compressibility. These values can be empirically selected so as to obtain the best

compressibility while maintaining acceptable image quality which is, in turn,

12



ratio slightly increases until it reaches a maxi mum value. So R may be set
so as to 5 obtain the nost desirable visual sharpness and the nost
accept abl wocemRsggssion ratio. Simlarly, as T increases S@TABeHoi7HE
conpression ratio, however, so does image blurring. Hence, T nmay be set so
as to obtain the nost desirable visual snmoothness wth the nost acceptable
conpression ratio. It was found that setting T=32 and R=128 yi el ded

accept abl @epengstlonGHeypk bf fRsheSi.8Nhdthi@RBEpYichl ¢:@a 86k LmigaRhlEl ity 10
for docunent images including text conpressed according to the conpression
met hod atheseiseagelipres) beingprogpped.cati on entitled "Method I ncluding Lossl ess
Conpression of Lum nance Channel and Lossy Conpression of Chrom nance
Channel s" (At t Beniaytangoek Btis Nereas@h deagsharpeting ddcrezges embermpessiac®000 and
assigned to. the assignee of..the resent inventig@ny 15 1 n one enbodi nent,
the Ser ectiostERBEPRIAGS M Ldfucn CBTBPD YN SO R sEoRetor H g, 4
can bescopbiaate hidsOdedirableFisRal dhatpnBRtng itheSho®t Ycdpidie EdBSeSTon fEHo.
conbi ni ng the pixel processing steps of selective snoothing and sel ective
shar peni n§imilalynptT dRGreases oo shagomniession o, hewgrerngP €ofs Magher of tines
data ele (+ L sed and
processegsﬁ%ﬁg?]gagﬁgagkﬁﬁéﬁ%gﬁﬁgéﬁ%?%%ﬂﬁ%P%§%%$§ﬁﬁg%%ﬁg%%§% 0 gltihown in

Fi g. 4 i nwathshewlost dcoeftable cpmpessen whier & wasrfagel that settirg Befodnded and t hen

shar pened_on.a pjxel -by-pixel basis. A digital. imge lin is accessed or
Fecel vod RETBGKISS pocobiTiapal Ghaltagyh ol HECeSe SATERORPL S of t ol

i mage1di | eor dob@néttGinhgds ihBER 1B cBBpfeSeli¥&FdRAB 0 Ble dPResslonMeghéd a tine
and processed in real tine, egc 25 Eor each piXel of interest Po (bl ock

104, 120, asdepyribadamtlesi giplightiomengided sMathiod Ancluding dosiise eouessionwif xel s i s
determ ne I 06 I nf nce .funetd val u [ L) } det erm ned
For Ceach pRGH CRARELARIL AL CUBRIE R BF ChAbM M THRE oS b1 ock

108), a whoglyt Neg 10@06187J)) fils] Stpheaitir 08,2000 N & asdigridxe thel Rsighe ofehghbor hood
(block 110), and the RAD filter function (Eq. 4) is applied to the pixel
of intereBlSESISABRk 30 112) to generate a snoothed pixel of interest Po'.
Next, the hollow nei ghborhood of 13

15 In one embodiment, the selective smoothing and selective sharpening of the

method of Fig. 4 can be combined into a single in-lined pixel-by-pixel process. By

combining the pixel processing steps of selective smoothing and selective sharpening,

computation time is minimized by reducing the number of times data elements

(intensity values, contrast values, etc) are accessed and processed. Fig. 5 shows one
20  technique of applying the method shown in Fig. 4 in a single in-line process where

image data is smoothed and then sharpened on a pixel-by-pixel basis.

A digital image I, is accessed or received (block 102). The digital image may
be accessed from a digital image file, the digital image may be received one or more

lines at a time and processed in real time, etc.

25 For each pixel of interest Py (block 104, 120, 122) from digital image data I,
a neighborhood of pixels is determined (block 106), an influence function value v is
determined for each pixel with respect to each pixel j in the neighborhood (block
108), a weighting value C; is determined for each pixel in the neighborhood (block
110), and the RAD filter function (Eq. 4) is applied to the pixel of interest Py (block

30 112) to generate a smoothed pixel of interest Py'. Next, the hollow neighborhood of

13



WO 02/ 28087 PCT/ 1B01/01799 pixels is determ ned (block 114), a dynamc
range and contrast range of the holl ow neighborhood are determ ned (bl ock

116), andwig®/ 86t rast stretching operation g(Po') is applicagshgoitrbe pi xel
of interest Po' (block 118) to generate a snoothed and sharpened pi xel
val ue Po". Pixels lying at the boundaries of the digital inmge wll have
partial -5 nei ghborhoods. These boundary pixels may be processed with

respect tgithed aeta%ﬁé@dbloditemm glﬂ%ﬂsra %E"anﬁ%ntfrhéttrﬁfg'e%@tﬁ%ﬂg@/ i gnor ed
and the boundary pixels may be stored wthout nodification. After

snoot hi ngneigbosiendpee detgrneiach (Pockel 16),tand theemmtrmtrsgetcmnglqpatatlpwg@b)dat a |lout

ot geoneprpar e wlELorgiEkes by nk FE T adei § Smhaeq AR RS0 *' %

pr OceSSI n ix8l R’ P’ heﬂgelshgmgtaemeqfoudmgamlbrmggltamnﬁg%@mumw@a@af or the nth
pi xel ock 106) and the step of determ ning the holl ow nei ghborhood for

t he nt-‘n pncsééhlborquqdécth@daoue%ywebén%bl?ermecqswdawgh spectde tsirpartifl ock 106.
Fi 6 h h
Fi o 4 1o otihdidh ol hHEAEARY hERRbeck Ahg AR Ot Btk PRI el e
snoot hed d@heut riddificatimnd Aftees nmbbmrgamdtshﬂdenmgga:hq:ika the resmltiigar pened to

t d.d 1", A di d k 202), d
P ot Deorna ol Irebey bbb BT IR GRS e Sovs
|, a nei gﬁ&g{m&flzeodnﬂ?%m'cﬁr y 4he SahORA ehd &qﬁe SR6dthind md sRArb4BRE €

function value (err) is deternined for each pixel with respect to each
pi xel 19 i procmamgrseﬁpghb@t theatbp(dfldetskm i) the aengbbcghwd\@)rwlm uth pgel i s

det er mi ne r he. 20 ne bor ho K 21 d the RAD
filter fuﬁ’é?ci?( W%?E‘ad 2)S%Ps°fra&8% g %‘ﬁl O‘?Si“%éﬁ‘gor ?Of?ﬁ dhe %"PB%%'P(M ock 212)
t o gener af@ockay batbelpegidraled inBgidgkatep by blodkoroeeach smoot hed pi xel of
interest (block 218, 226, 228) in the smoothed digital inage data I', the

hol | hb d of I det 220
and contr ast 1 gl b BLARshats i cREPGRESY FBARP e e PERGTBshVRA Bk 20
222), andegh@t&QHf%Etﬁﬁltma%Eﬁl?%bﬂhrlﬂlag@ga[t@i Qi SHIRAY tb Tg'eﬁerétlél%hio%ﬂxeh‘aaﬁahe pi xel

of interest” Po ock . After the sharpening | ter has been applied
to thes di §|amélthe|nrthgsn0¢thed 1r3mrq@@rléds shampgeedtmyeeherateqmpeesseslatitq BY. ok 230) .

digital image is received (block 202), and for each pixel of interest (block 204, 214,

216) from digital image data I, a neighborhood of pixels is determined (block 206), an
influence function value y is determined for each pixel with respect to each pixel j in
the neighborhood (block 208), a weighting value C; is determined for each pixel in the

20  neighborhood (block 210), and the RAD filter function (Eq. 4) is applied to the pixel
of interest Py (block 212) to generate smoothed digital image data I'.

For each smoothed pixel of interest (block 218, 226, 228) in the smoothed
digital image data I', the hollow neighborhood of pixels is determined (block 220), a
dynamic range and contrast range of the hollow neighborhood are determined (block
25  222), and the contrast stretching operation g(Po') is applied to the pixel of interest Py'
(block 224). After the sharpening filter has been applied to the digital image, the
sharpened image may be compressed (block 230).

The system for performing the method of image processing shown in Figs. 1
and 4 may be implemented in hardware, software or a combination of the two. In one

30 embodiment, the system may be implemented in two stages: a first stage for

14



The system for performng the nethod of inmage processing shown in Figs. 1
and 4 may be inplenented in hardware, software or a conbination of the two.
In one 3@@yrgedynent, the system may be inplenented in twerBigagesy a first
stage for 14 WO 02/28087 PCT/ 1B01/ 01799 perform ng sel ective snoot hi ng and
a second stage for perform ng sel ective sharpening using variable contrast
stretching. Figure 7, shows one inplenentation of a systemfor performng
the net hoge{ﬁinml@%cm@%é%{}% a%gca%éﬁrfagstége £6il {@8forthi@lebtivd ncl udi ng

sel ective snoothi ng stage 14 coupled to sel ectlve shar peni ng stage 15. An 5
i nput dev sleepehdrgsusuig malalewamﬁélstr@tﬁhldg gFigare %ahwaommmlcré@tatmg& data Ito
t he selectlé?%gnnot ich processes. t

e s S il PR B8 of Bl SRS ERE REokdiig 1 REE 4Bk 2" cner at e

t he procesgRdingeRERt daérmodthinglsthge 1icsuEdtelR e siBiRGaT slﬂgeélﬁdA]rﬁ may be
i npl enented as hardware, software, or a conbination of the two. In an

al t er nat i PubdayEgi oetveh a%@é@@QCrlQI ‘digitel gmnesp grovides impendae L B9 a processing
system | gl ualBmBoiRESAR0M Aidh BrdIBUB! o ihflad dlrPand SBVREERRGIHAD. t he
e iqrage . da

processor processes recelrve om an | Ut devi ce

per f or m ngath Betosheqedecase slimpcnimglstEgegBi toigem‘rdteétheam@oesﬂedlgnaga datadgr amrm ng
instructigns. It should be nOtngP%}’ iaI Ehou squar.e- sha
r

X e
nei ghbor h&bgemRodimey. stages iethd ot eds@l@ﬁ%ﬁ‘f@ JofEgE er%ot hi ng and
shar peni n%mﬁlﬂﬁlﬁyﬁttﬁm\@@% eI BRI O ethPRERER %%@s 14vhdacscgE di ng to the
present invention is not limted to such a néi gAbor hood. The nei ghbor hood
is notOli Implememtod hyly ppmessmgm}aterrsmzbldlnﬂ?@rmmﬁm‘andfa mqm(xrer] dnihés not limted
to nine. Al thou ' i,n the hbo i. S
br ef ex r eq TPUPRETRtch g 1806 Eheedies e Fiste 1Dl R PRAERR ABSF6h® rmy be
changed 2@y gyfattigatbletdpd assowi@dase 1 anPahtiédidingto Ef@sﬁnm g mage region
(e.g., text, graphics, natural features). The nei ghborhood is not limted
to any parrtstr@moaﬁ geonetry, although square w ndows are preferred for
performance regi ons. For exanple, the shape of the

It should be noted that although a 3x3 square-shaped neighborhood is used

15  when performing both selective image smoothing and sharpening, the system and
method of image processing according to the present invention 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 fixed number of pixels in the neighborhood
is preferred for all pixels of interest, the size of the neighborhood may be changed

20  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 regions. For example, the shape of the
neighborhood may be diamond shaped. In addition, the neighborhood for each of the

25  selective smoothing filtering operation and the selective sharpening operation need

not be the same size.

Although the method of image processing can provide acceptable
enhancement and increased compressibility in a single iteration/application of the
method to the image data, it should be understood that the method of image

30 processing can be performed in multiple iterations on the image data.
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nei ghbor hood nmay be di anond shaped. I n addition, the neighborhood for each
of the 25 selective snoothing filtering operation and the selective

shar peni nggapesedsi on need not be the same size. Al though gdigsopitiod of
i mage processing can provide acceptable enhancenent and increased

conpressibility in a single iteration/application of the nethod to the
i mge data, it should be understood that the nmethod of inmage 30 processing

can be perfor npgh fBoH Bflﬁ’illa%e AL wAn FHIR. | BROS afascﬁhnnae‘étwo 02/ 28087
PCT/ 1B01/ 01799 The net hods OP i mge processing shown in Figs. 1 and 4 are

not |im té@tumndionduéngbothickmdn@tlbdtlmag®xtHWehattlarpalttlcuhdges However ,

) MG SRR Gl RO R P R

natural i pB@gsal inabéd, Retghapties aRtdaadalandesy st em of i mage processing has
been described in ‘connection with grayscale values, it is not so limted.

The i npge proc ech lied to oI or i for

exanpl 2, imagegfﬁ 3%(%"3@ aé‘ﬂééf%gml g“? CPIOEEERE ?%@CB&F%?%%F%e is
transt or Mgghnesidh Witk gfsg&avé Vs, B YR Ed ARfitd. TREARagRSBecBSing Mehihus ol or
space. Selective sno ng and sel ective sharpening is then aE plifed 10 only

to the | umaylhﬂ@pplrcldan aelor {v)gearfdr cmpl@smagasngR&B eolor spage Indhisbe

conpr essed ar in the Y ol ar ace.or ol o pace. |f
e P e onpradbb foibrirthek MG a RS S L b G R i 8 o Voo o
back to REBbCs cavpiphesl. SéchtN’é%nwoﬂﬁ@gjarﬁgsedaeﬁ% §Hpipening is tsRrPpBed peci fi ¢
details are set forth, such paraneter val ues or influence

f unct 1&nsoply t‘bﬂ’@é‘ﬁmﬁtlﬁnfﬁ QN‘PH@ (X) ?ﬁﬁl @Gé?ﬁultglglﬁﬁ’lﬁ FRREHEATRS GMBFRECDHr esent
I nvention, 46}1 lelYé’ﬁ Rkt s Ette’or@ﬂﬁ\iﬂFB cBlg r G0Re St | s% ssddig e T that

these speci not be enployed to practlce e present
i nvent i onY(bAr ovlbespacashatreesiornvatioh {lonoXEbEr backrto RGB pervaidedns have not
been described in detail in order to avoid unnecessarily obscuring the
present i nvent Imthe ptesedidg descniption nuhmergyis spdodfiedstailsodre sétdfoph,asaelngs i nvent i on
have been deﬁcrlbed in

specitic parameter values or influence functions in order to provide a through

15  understanding of the present invention. It will be apparent, however, to one skilled in
the art that these specific details need not be employed to practice the present
invention. In other instances, well-known filtering operations have not been described

in detail in order to avoid unnecessarily obscuring the present invention.

In addition, although elements of the present invention have been described in
20  conjunction with certain embodiments, it is appreciated that the invention can be
implement in a variety of other ways. Consequently, it is to be understood that the
particular embodiments shown and described by way of illustration is in no way
intended to be considered limiting. Reference to the details of these embodiments is
not intended to limit the scope of the claims which themselves recited only those

25  features regarded as essential to the invention.
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20 conjunction with certain enbodinments, it is appreciated that the
invention can be inplenent in a variety of other ways. Consequently, it is
t o be undaigedegekst hat the particul ar enbodi mrents shown angtagsgsizbed by
way of illustrationis in no way intended to be considered limting.
Reference to the details of these enbodinents is not intended to limt the
scope of the clains which thenselves recited only those 25 features
regarded as essential to the inventi¢pamsl6 WO 02/28087 PCT/ 1B01/ 01799
CLAIM5S We claim 1. A nethod of processing i mage data including pixel
intensity val u%dﬁﬁﬂpri sing the steps of: selectively snoothing the inmage
data to generate selectively snpothed inage data wherein areas
characterized as edges within the selectively snoothed i mage data are
essential |y prések wethod of pravesdinginyags Matapendidigg phxel swdnsity valetsy snoot hed

i mge data using variable contrast stretching. 2. The nethod as descri bed
in Oaim1 whereiAMPHNGNCSES M ast stretching is performed by: clipping
those pixel intensity values outside of a variable range; and napping

t hose pi xel intensity s¥RtiRsy Yhbbthihgttheiny:qe idatalie gédor@e seledivelhe nmet hod as
described in Caim1l wherein the step of selectively snmoothing is
performed using robustsmerihedtimags eaty wheighy Bpasqhamyterized ay¢dggs Within

_the selectively smoothed image data are essentially preserved;

selectively sharpening the selectively smoothed image data using

variable contrast stretching.

2. The method as described in Claim 1 wherein variable contrast stretching is

performed by:

clipping those pixel intensity values outside of a variable range;

and
mapping those pixel intensity values within the variable range.

3. The method as described in Claim 1 wherein the step of selectively

smoothing is performed using robust anisotropic diffusion (RAD) filtering.
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