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BACKGROUND OF THE I NVENTION 5 The present invention relates to digital

i mages. Mppe2spgei fically, the present invention- rel ategctraghings

shar peni ng. I mage sharpening is perfornmed to i nprove the appearance of
digital imges and particularly the legibility of docunents. One

wel | - known i mage sharpening technique is unsharp masking. 10 However,
traditi onal unsharp maski ng enhances perceptible noise in sharpened

i mages. For_instance. the unsharp . masking enhances | ow_ _anplitude noise in
scanned | MMAGESHARRENNGBY MARINBLE CONTRAST STRETGHING unshar p
maski ng does not avoid overshoot at edges. Overshoot can be especially
troubl esone if a digital inmage is interpolated. The overshoot 15 is
spatially spread by the BACKGROYND ORTHEPPENTIGN an artifact in the

i nterpol ated image. MddiTrcations to traditional unsharp nmaski ng have been
made Ho r educelhe peegrit deyentisneraiatiesdoagigitalvioiapasne More rapesiicallHothever , t he

nodi fi catj X _ [ ] r ' noi se, which reduces the

conpr essi%r%ﬁé?elﬂg?ﬁﬁ%@%egﬁé}%@ﬁ%éﬁ?ﬁ%&dﬁrﬁ Mor eover, nodified unsharp

nmaski ng technigugse shatpendupid pevieraBaco migrove Ukl Apisdarance ta¥ digitdlor m

Anot her i mage shar peni nlﬁ techni que, known from m)chhoI oql cal filtering
9

t heory, ii§a@de§gaed rly gy deaibiibp pf slgcHmeanisial Pge erelelspowr image

shar peni - y eSS} L 0iag, edges between bl ack text and white
25 backgp%uéﬁﬁéh'ﬂgaé%@??%ggﬁ]e négﬁigén%s not as effective for sharpening

I mage 0 regi onsHowaverieadiidnad wiredharp | raakkiagdentttirices parcepiibler egisenia, the

toggl e nmapping tends to oversharpen textures and natural (e.g.,

phot ogr apHEIpeNe@qimades. Ther (Bggnee dppi HASRABo MasKNY NARERCKWIO se,
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traditional unsharp masking does not avoid overshoot at edges. Overshoot

can be especially troublesome if a digital image is interpolated. The overshoot
15 is spatially spread by the interpolation and appears as an artifact in the
interpolated image.

Modifications to traditional unsharp masking have been made to reduce
the perceptible noise and avoid the overshoot. However, the modifications do
not address imperceptible noise, which reduces the compressibility of the

20 sharpened images. Moreover, modified unsharp masking techniques that
avoid overshoot are usually slower to perform.

Another image sharpening technique, known from morphological
filtering theory, is toggle mapping. Toggle mapping is usually effective for
sharpening text-based images containing edges between black text and white

25 background. However, toggle mapping is not as effective for sharpening image
regions that are not purely black and white. In such regions, the toggle
mapping tends to oversharpen textures and natural (e.g., photographed)
features. The toggle mapping also tends to enhance noise, although not as
much as traditional unsharp masking. Moreover, the toggle mapping tends to

30 produce jagged edges in text in low-resolution images (in low resolution
images, the text looks better when smoothed by anti-aliasing).
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30 produce jagged edges in text in |owresolution inmges (in |ow resolution
I mges, the text | ooks better when snoothed by anti-aliasing). CONFI RVATI ON
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aspect of the present invention, a digital image is sharpened by clipping
t hose pixel intensity values outside of a variable range; and nmapping
those pixel intensity values within the variable range. This 5 technique

i mproves i mage quality w thout enhancing | owanplitude noise in an imge,
and it avoi ds overshoot. Q her aspects and ges of the present
invention will becone apShMMARY O THE INMENIIQON " det ai | ed descripti on,
taken in conj ' .t | ' , al N | by wa

of " exarpl ot neserae ppedhe 2RpeEF SPTRETEESCIRARNNER, 2 Gighat IMadley b &
OF THEh DispwfpBRd by glipming theseapixiel Intsnsityt vadwesdbutsite abaeaciabter wsige;
stretching;, Figure 2 is an illustratiqgn of g .nejghbor.hgod of pixgls for the
vari abl e @nflsmapping dhosg r%’f%h’in%ls't#i \ﬁ%\"@s 3V na‘lll?%i V?ﬂ%?aﬁn&ﬁpof > met hod

of shar pﬁ%rﬂﬁg@e%ﬁw\/@% iégaﬁggg\%ﬁt ew:méuﬁk&rﬁﬁaﬁemgrlaﬁﬁarﬁbntQ%Md@ ireéyl Fi gure

4 is an stration o I npl ementati"on of variable contrast
st r et chi nigagaPamiEfRAvoEs MESSIRVATI ON OF THE | NVENTI ON As shown in the

draw ngs f N I on, . i . ' di
' a nethod afdEpsePREantrabitadiy rh R Rage ByeTE B e T ast o
stret chi ngyath& ﬂ'&h'tﬁe!fsl_l&/ﬂﬂbrcfeﬁi|elﬁ HesEHptRn, tadicRScE@dttn Whhleal e of

| arge gray-1level transitions, resulting in a considerable sharpening in
accompanying drawings, illustrating by way of example the principles of the

10  present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an illustration of variable contrast stretching;

Figure 2 is an illustration of a neighborhood of pixels for the variable
15  contrast stretching;
Figure 3 is an illustration of a method of sharpening a digital image by
variable contrast stretching; and
Figure 4 is an illustration of a hardware implementation of variable
contrast stretching.
20
DETAILED DESCRIPTION OF THE INVENTION
As shown in the drawings for purposes of illustration, the present

invention is embodied in a method and apparatus for sharpening an image by
variable contrast stretching. The variable contrast stretching reduces spatial
25 scale of large gray-level transitions, resulting in a considerable sharpening in
features that are computer-generated (e.g., text, CAD drawings). The variable
contrast stretching only mildly reduces the spatial scale of milder gray-level
transitions, resulting in a milder sharpening of features that are “natural” (e.g.,
photographed features). Thus, the variable contrast stretching applies strong
30 sharpening to computer-generated features and mild sharpening to edges in

natural features. The variable contrast stretching improves the appearance

2.



features that are conputer-generated (e.g., text, CAD drawi ngs). The
variable contrast stretching only mldly reduces the spatial scale of

m | der grexyd@ved; transitions, resulting in a mlder shargeanBogobs
features that are "natural” (e.g., photographed features). Thus, the

vari abl e contrast stretching applies strong 30 sharpening to
conputer-generated features and mld sharpening to edges in natural
features. The variable contrast stretching inproves the appearance -2 WO

02/ 27657 PCT/ | 01805 and . legibility of .compound documents contai nin
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r.jsabl e
contrast Stretching avol over shoot . over related artifacts
do not apipemseataltyhenctesgled. of i nterpol ation of digital inmages that have

been shar pene variable contrast stretchi ng. The vaciabl e contrast
tr et ohi ng. doelM OB EBT RS LRISTIELGLORS Qiershoel | LS, PVSRIIROR | ght 1y
reduce | oiABR! Aritdes B0 S afRERURCH Fos(AY bRRIE of‘e@i@hré\‘séligﬁélri%efd@sng does
not increase |ow anplitude noise and it avoids 10 overshoof,

conpr essi thial haye beenishagengstievaliaklg eontragbstiretehinged rel ative to the

original imag Conseguent Ly, .a digital inma may  be, _shar ed onl once,

ri or o compr BSTBRATERTES, PPl ot B et e R g ach

time aftenydaepnipr@asisightly tedues i18Rlampmitieanbiss! BYcHlisBItfeaVaYigble | N

raster-scan node with an 715 upger bound on the nunber of operations per
al

scan | i necontrast sisglebingt doegi nabliecrease r ar-amphisidspéwine @nsl iiReveidsnce i s
L e i LA R
pi xel beithg 6AGHEERNEEGE. bEoAseduBralsid Wighal iRagé rlh@}/rtﬁe whagpetedc enkyr ast
ST O g G rior 1 Gomprassion, Thus Bvoraing the nead 1 sharpen the imags each
time after decompression.
The variable contrast stretching can work in raster-scan mode with an
15  upper bound on the number of operations per scan line. This makes it
suitable for real-time operations.
Reference is made to Figure 1, which illustrates variable contrast
stretching for a digital image. The digital image is made up of a plurality of
pixels, each pixel being represented by an intensity value. A point-wise
20 contrast stretching operation g(I) is performed on each pixel of interest as

follows.

([— A<-W m

gD=1|1-Al<w A+%(I—A)

| I-A>W M

The pixel of interest is modified with respect to a neighborhood of

pixels. The gray-value or intensity of the pixel of interest is denoted by the

25 letter I. 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,
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follows. | - A<---Win g(l)=11-AI<WA+2D-(1-A) | - A>-WM The pi xel of
interest is nodified with respect to a nei ghborhood of pixels. The

gray-val ug o sédzensity of the pixel of interest is denot qﬂ;-rz,m{/mos 25
ed by the

letter I. Maxinum gray-val ue of the nei ghborhood is denot
uppercase letter M and m ni mum gray-val ue of the nei ghborhood is denoted
by the | owercase letter m The | ocal dynam c range of the nei ghborhood, -3

WO 02/ 27657 PCT/1BOL/ 01805 denoted by the letter D, is the difference
bet ween m ni nrum and maxi num val ues of the nei ghborhood (that is, D=Mm. A
" cont r astdengige byhihe detigrdPh inthe ifferrace hitwvaen minigem andemexinadm about

t he m ddl t ' NAG{ MM /2. Thus, the contrast 5

range has‘?afl&g 3&“%’&%@?%%@ (%Pdﬁ\gnm indi ng point at A+W If the

intensity val ug “ebnitdst lhye! haé d widthedt2Ws D sodeast ranye isaenteretd r ange,

the intensity value is cl ifpk%gd to either mor M If th% I nt ensi t | ue of
t 1

tEe p: xel akautithe snidgle (A)ef thethnamiagangdt rast(MHnYR, mﬁaeﬁﬂ%%ﬁ\;/lam ch
t ] i ' - di f the sl
of Ca B neenGB e e i B RF AR 454 ShiBAfG Doink AFPAIRT P01 O e’ he

segnent 10 is & thenctensity okludhef dyaauial ofaintgeest iEheutsidepef thieoonkastoy S( D),
is related to the contrast range and the d nam’&H &&ng as follows: S(D) =
- |

2W. In génerathe infenaiivoyriue dwpliprad ig ehehR of NFdnenAly YpbgEOf

appr oachahURbY of bRt HESANKAN "RBAGARAE R8AGESHR binofint bhSwRcHIthk as

D-+0); the slTope I1s greater than unity en the dynamc range Is (greater

t han zer do¢al eontreSt B ehanbed iDdejermamed biyeths| grpdiens of theslapecokadineg

funct1loon é)efgrﬁgr?t Palvvﬁmncth%ac%%%‘asﬁagg%? dynam ¢ range increases, the slope
The slope of the line segment 10 is a function of the dynamic range.

The slope, denoted by S(D), is related to the contrast range and the dynamic

- range as follows: S(D)=%. In general, the slope complies with the

following: the slope approaches unity as the dynamic range approaches 0 (i.e.,
15  8(D)—1 as D—0); the slope is greater than unity when the dynamic range is
greater than zero (i.e., S(D)>1 when D=0), and the slope is a non-decreasing
function of the dynamic range. As the dynamic range increases, the slope
becomes larger and the sharpening increases.
Thus the slope is a function of the dynamic range and the contrast
20 range of a given pixel neighborhood. Because a neighborhood is determined
for each pixel, the dynamic range, the 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. For example, the slope may be expressed as follows.

25 S(D):%=1+%

where constant R is a single global parameter that controls corresponds to the
dynamic scale for sharpening. This also defines the contrast width (2W) as a

function of the dynamic range (D): W=—§(R‘1+D‘1)_l. Thus the variable

contrast stretching operation within the variable contrast range may be
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beconmes | arger and the sharpening increases. Thus the slope is a function
of the dynam c range and the contrast 20 range of a given pixel

nei ghbor haexh2Bezause a nei ghborhood is determ ned for ea¢iBokelsost he
dynam c range, the contrast range and the slope are variable on a

pi xel - by-pi xel basis. There are many different ways of expressing the sl ope
of the line segnent 10. For exanple, the slope may be expressed as
follows. 25 S(D) = 2W =1+ R where constant Ris a single global paraneter
that controls correﬁgmﬁds to the dynamc scale for sharpening. This also
defines t FEP'ESREY 28HOURWRn (2w as a function of the dynamic range (D): W
= 1(R1 + D1)-' . Thys the variable contrast stretching operation within
the variabl e c@tfx=lst —Engd) maf|l bel| <4} WO 02/ 27657 PCT/ | BOL/ 01805
expressed as follows. “g(l)=I+R(I-A) {II-AI<W If D>>R, the mappi ng becones

equi val enff 0. ROoggl RaPPRRY Becobs LB aRHIES todI8 MY SHIRGANRERSH: edg&Per
Pg a %j %‘?éa r,J‘\ra—lor nei g

sel ection of the constant” R prevent's such pro or hoods
havi ng snard aygrsirarpenachg&sop@<silemtidn 1eDrlRe 1conBhamte Ropeevenis edddacta ve

h [ i for D<<R T t ant be |im.ted t
bower & of PLARPTIOF oL BRSPS Va7 PEPU Rl pais TRgeon DqRARs (Y DIE R
| nvol ves 3. BhajefbaNnBricRve eAgAGn Fonirds il bBGLBPDRARSL ant. R Lo a power

of two allows the division to be perforne sinpl’y by bit-shifting. Thus
R=2L, where i nfThgesorisiant Bs madye beolimttadttoRpodersr ehtws, farheompaiationaing

o et "BHBRTE SRR B b AR P e LR by oS s 0L e
repr esent pditiyy Belidnst@idn. told Powel Jf avbesliond e &liskr b betysinkd and
512. That is, 6 -< L -< 9. Mre L _

10 simply by bit-shifting. Thus R=2", where integer L>0. As the constant R
decreases, the sharpening effect increases since the contrast region is smaller
and the slope of the contrast stretching becomes larger.

For pixel intensity values that are represented by 8-bit words, the
preferred value of R is between 64 and 512. Thatis, 6 < L < 9. More

15 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.

Reference is now made to Figure 2, which illustrates an example of a

20  neighborhood of pixels. The neighborhood, delineated by a window indicated
in dashed lines, includes a 3x3 array of pixels. The pixel of interest, marked
by an “X,” lies at the center of the neighborhood. Thus, the function g() is
applied to the center pixel (marked by the “X”) and the dynamic range is
determined by the minimum and maximum intensity values of the pixels lying

25  within the window. If, for example, the pixel intensity values are represented
by 8-bit words, the lowest intensity value of the pixels in the neighborhood is
m=5 and the highest intensity value of the pixels in the neighborhood is
M=250, the dynamic range is D=245 for that neighborhood.

Reference is now made to Figure 3, which shows a general method of

30 applying the sharpening filter to a digital image. A digital image is accessed
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15 generally, if the dynamc range of the entire image is normalized to
cover the conplete dynam c range of the capturing device (e.g., scanner),

t he prefewdyal ue of Ris between one-quarter of the dyeaniggo@mge and
twice the dynamc range. Reference is now nade to Figure 2, which

Il lustrates an exanple of a 20 neighborhood of pixels. The nei ghborhood,
del i neated by a wi ndow i ndicated in dashed lines, includes a 3x3 array of
pi xel s. The pixel of interest, nmarked by an "X," lies at the center of the

nei ghbor hood, Th t he, fupcti on I ) ed to th center pixel
(mmtked B5ockaOBe ;ThGiatbresarmHY beAgeeTed on 5508 e Afi mum and

maxi mim 'd?%l?eﬂﬁfnra Vr"?'u'a 850 Pcdifiy Bhd &rsmbd ﬁﬂe@ét‘éﬂ Jhbnaﬁcgiﬁtr)c?%é%@@ dn' f, for

exanpl e, e p|x enSIty val ues are represente t he
| owest |rreah;1rneye’mal ue of the pixels in the nei ghbor hood is me5 and the

hi ghest i nt ty val f . th t h rh th
A e e LR
FI ur 3, |

T s s oenes ooy ey

PCT/ | BOl/(IZDDBGB’[ rangacdxf ﬂw)neughrtmrmgdt@ne detegainad) (blockcte8seand rthen a

digital I I

2 timo. abiAsL LSl opsiadph &S ABpLcE fo M. RET B! i 35F (Fhefr el i n tne.
digi tal igmRge fiftdleRe kel 04 stéﬂéﬂ it Bhewa fild (PRCRMPPE)h qugdelaf Iymgxalt ahes
determ ned (bl ock 1 ynam c range an contrast range

nei ghbor Hswadaries det é%m dlgdal( hnege wiighavenpariak th@J’IhQFBQQd%t r é'theﬁe ng

{111 Poq e SEREna e Brocefod P BhpbctiS 18} rhBld BN e

boundar | a5t tRé fntaﬁnglrgay Bb igneee and thdbyenday toidls Aedyobb etdreddsithothese 10
boundary pixels nmay be processed with respect to their partial

nei ghbor Hoedi§cation.
Not all neighborhoods will have the same dynamic range (unless all

pixels in the image have the same pixel intensity value). Thus the dynamic
15 range is variable. The contrast region, slope and mapping are all variable too.

After the sharpening filter has been applied to the digital image, the
sharpened image may be compressed and stored (block 118). Because the
variable contrast stretching does not enhance noise and can even reduce low-
amplitude noise, the variable contrast stretching does not reduce

20 compressibility of the sharpened image.

The compressed image may be accessed and decompressed at a later
time. Since the compressed image is already sharpened, sharpening does
not have to be performed on the decompressed image. Thus, sharpening on
the image is performed only once; it is not performed each time the image is

25 decompressed.

Reference is now made to Figure 4. The variable contrast stretching
may be implemented in hardware, software or a combination of the two. In
general, an image capture device 212 provides lines of a digital image to a
processor 214.  The processor 214 may store all of the lines of the digital

30 image in memory 216 for sharpening at a later time, or it may sharpen the

digital image in real time. The sharpened image may also be stored in the
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or the filtering may be ignored and the boundary pixels nmay be stored

wi thout nodification. Not all neighborhoods wll have the same dynam c
range (u 47 pixels in the image have the same pi xelpdpei)Fishy
value). Thus the dynamic 15 range is variable. The contrast region, slope
and mapping are all variable too. After the sharpening filter has been
applied to the digital imge, the sharpened i mage may be conpressed and
stored (block 118). Because the variable contrast stretching does not
enhance noi se and can even reduce |ow anplitude noise, the varjable
contrast BemeryRilfg Whes sharpenigadee digitab igge 486 HIrecessosL ¢ merioRmspened

| mage. 5@% essed and deconpressed at a |l ater
time. Si ﬁ@g?ﬁ%ﬂﬁ@%ﬁ&egse fBle@ée §u :ﬁcready shar pened, sharpeni ng does not
have to be perThg mpdowit dhimdge wiprriegsiadiHemegeturd fdes/ices RaLpdestenpines t he

I mage is perforrred only once; it is notggnrforrred each tinme the ijage is

25 deC(ﬁnﬂ?%é@éP Rﬁﬁmeé‘r'ﬂﬂa'% gepded made stagtiRemay Be set BYi SHDIRCWENt r ast
stret ghi |.{§}%s'ige pﬂ%r@ﬂ?%uﬁes Ik ﬂh@r&%%'ia%tﬁ% A p%e&é aaﬁ@rm UéthOQ of

t he two. general, an 1 nmage captur evi ce rovi ines o
digital |pragecmg the npmsm:mgablezmageTmayﬂneamEisor 214 may store all of the

| f th t al ' 16 f h ' .a lat tinme,
or 1ty sharfeh SHEAATG: GRRSMENVAIGE oh 178 averiaple coprash Altefbil Phage oy
al so be s, r{rﬁﬁy 6t Eﬁ)res & %&3#M7wﬁ§v é)%@?ﬁéhl&ﬂétru@@”iﬂéypl%é@ssd’t\he”

shar peni ng glta I ma the processor 214 perforns he filtering
st eps deszt4 begeiformi ther @tedingTsieparmasatibef in rﬁgerebBur'Flne]g)rwestsbe 2d4pt ur e

set B9 subbeeray SR maiigPatal & P nrdiamp ar HELorSISie ORSEInt 'R mmy
be testedye anhetiBBdVRlaREMage capture device, etc.

A non-recursive algorithm may be used to determine the minimum and
maximum values of pixel neighborhoods. The non-recursive algorithm may be
used for all types of neighborhoods. The size of the memory needed to

15 determine the minimum and maximum values is equal to the size of the
neighborhood.

A fast recursive algorithm may be used to determine the minimum and
maximum values of full square neighborhoods (e.g., 3x3 neighborhoods, 5x5
neighborhoods). Only twelve comparisons are needed to determine the

20 maximum and minimum values, regardless of window size. If this recursive
algorithm is used, the size of memory needed to buffer the lines is twice the
size of the lateral kernel window.

The variable contrast stretching can be performed in real time in raster-
scan mode because there is a relatively small upper bound on the number of

25 operations per scan line. Recursive and non-recursive algorithms may be
used for real time operation.

Although Figure 2 shows a 3x3 square-shaped neighborhood, the
variable contrast stretching is not limited to such a neighborhood. The
neighborhood is not limited to any particular size. The number of pixels is not

30 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
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produci ng the nost desirable image may be used. In a software
I npl ementati on of the variable contrast stretching, the nenory 216 stores

a progranwigh@izzeathen executed, instructs the processor 2PpeiBopeishor mthe

filtering steps described in Figure 3. The processor 214 10 and nenory 216

may be part of a personal conmputer or workstation, they may be enbedded in

an i mage capture device, etc. A non-recursive algorithmmmy be used to

determne the mnimumand naximum val ues of pixel neighborhoods. The

non- recurswe al gorithm may be wused for all t%ﬁes of . nei hborh ods. The
A

si ze of t y@%ﬁ‘@@ﬂ'&ﬂ"%%"%@@ﬂ@ﬁﬁﬁ@rq a%HA val ues is

equal to r‘ﬁ fnétt]?al 8L orhood. A fast recursive aI gorl thm may be
used to eté m ne '’he” mni mum and maxi num val ues of full square
nei ghbor hoods The geigtbathoed dgé ot Hintitis), 1 aBy pm’hghlamge@mm aliiopghwel ve

ded to det i t he 20
gl ol Z&%%@?‘éiwﬁﬁéw‘%swéprq biTofl 6T malirErpes lehsarés EGT Exditlle AhES i 2o
of ne rys e@lﬁg poé&@ne{y B BlidrBordusREpdde Thei dmirAliml/Mexdndiar al

ker ne e contrast stretchi ng can be perfornmed in real
time in rmmahorm:mammd@em@mtehpmel (tbatis; @l fadlinaighberhapd napbe bound

on the nunber of,, 25.o0perations ne. ursi,ye a -recursive
al gori t hrSesRyPrgae 'U%'?J‘ P@P“WQ&‘ %&8&’?%{“5%6)(&%%5'&%ﬁegged[}ﬁgelf shows a
3x3 squarigrebsP@shins) afhlé%\wcmgghﬂdmooaaﬁa;abé @seanNt Aasdllost AEiyRPOIM@OYS not
limted to such a neil ghborho The neighborhood is not Iimted to any

parti cul anight be. pre,ffﬁarremfﬁﬁerma@eé QDR@I@ng§pﬁ©KIG€EP¢ NRiS€ed to nine. Although a
[ edgnunier Ctnd b BobEsnEeRbAT MR b oBHRYERE il Horilree! s o
PCT/ | BOL/#{}8i9g method that determines minimum and maximum pixel intensity values

for neighborhoods of pixels. This would allow the variable contrast streiching

to be performed at virtually no additional overhead, since the main

computational effort goes to computing the minimum and maximum values.

15  For example, the variable conirast stretching may be bootstrapped onto a
“despeckling” method that determines minimum and maximum pixel intensity
values for neighborhoods in which the center pixel (the pixel of interest) has
been excluded. The despeckling method is performed to clean speckle noise
composed of isolated light pixels on a dark background and vice-versa. Thus

20 both despeckling and variable contrast stretching may be performed, with
virtually no additional overhead for performing the variable contrast stretching.

The variable contrast stretching is not limited to linear mapping within
the contrast range. Although linear mapping is preferred, non-linear mapping
within the contrast range may be performed.

25 Variable contrast stretching is not limited to documents including both
text and natural images. It may be applied to images of any type, including
images containing only text and images containing only natural features. If the
variable conirast stretching is applied to images that are entirely computer-
generated (which images contain no low-amplitude noise), artifacts at sharp

30 edges will not be produced.

Although the variable contrast stretching has been described in
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changed dynamically to accommpdate a particul ar class of inage region
(e.g., text, graphics, natural features). The nei ghborhood is not limted
to any payldpwheyy geonetry, although square wi ndows are aEhgole@od or
performance reasons. For exanple, the 5 shape of the nei ghborhood may be
di anond- shaped. The m ni nmunm maxi num cal cul ati ons may include the center

pi xel (that is, a full neighborhood may be wused) or the m ni nunf maxi num
cal cul ati ons may exclude the center pixel of i nterest (that is, a hollow
nei ghbor hood may be used). A hol |l ow nei ghborhood ght be preferred for

i mges ccnementm@ Vﬁﬁé@k&)@CﬁL@péalh@S,sé is I@’['ﬁﬁellmﬁedabﬂ@e cy@ﬂﬁbgsﬁoﬁf&&‘ét chi ng

i ni mum G ETERY o HARBCE, A ST PR 37 ST e

This mul\ﬁbr@bl@%ﬁth@stwétamhg %ﬂbéa}féﬁo&hfe@tmﬁrﬁggeém PeBeoforrspade at
virtually no additional overhead, since the main onput ati onal effort goes

to conputasigllews. nihe eQlat mwﬂrw@wm&mb@m@br@m@ Sharpenipgr i abl e
t t - d that
ot or 5 ndS IR ByTRY 188 BOMAICIPRAMENA, nd B15°0RAEhEE regBIRE G

whi ch th&:dmblhed with elingHarpepbd edhrominarcer eﬁbbmé.mq bﬁ@rthexslhalq:bededThe
despeckling nethod is performed to clean speckle noise nposed of

i sol at ed iMaget ispitrREPIOrERd: rag} K GRiek PN NG b@PEetQVB% Coﬂfu§p%§9 bot h
despeckl '@Qn?é}gi(?@g/oégllo? i eﬁsr %F’ir}es%ﬂg ?ré'gh BicBa! fh b(%‘féj artith il

virtual ly no nal ead or m e varia contrast
st ret chi ngight dbeuwniaall dlivee cotortplasés aters'narpengd |sepanIteIIy| mted to linear

mappi ng within_the contrast range. Al thouygh ng i s .preferred,
P R oy mpﬂﬂ@]gan@ﬁ@rﬁqmmaﬁtesg%ﬁqhmswo el HEB S Aek SR aB8 s - mbl
contrast g "tr%‘h%*qrﬁﬁnrg%%gﬁxélé o RAEB td Yelpest é‘tﬂoubg;fﬂbde bRyt and
nat ural i nages t y applied to i mag of any type, Inc i mages

cont ai ni d@akntloyRGB@olandpamnger emm;almnln@ faliwing dfanstdrnagiana meay bef t he
vari abl e con rast stretching is applied to inages that are entirely
conput er -

(R+2G+B) G=Y—%(C1+C2)

Y
lc, =R-G = {R=G+(
CZ:B——G B:G+C2

15 These transformations are fast to compute, since all multiplications and
divisions are performed by bit-shifting. Because the luminance channel is
changed during sharpening, the transformation back to RGB color space
might result in a color component that is outside of its allowable range. Such
a component may be clipped to its maximum or minimum allowable value

20 (e.g., 0 or 255 for an 8-bit word).

The present invention is not limited to the specific embodiments
described and illustrated above. Instead, the invention is construed according

to the claims that follow.



generated (which inmages contain no | ow anplitude noise), artifacts at sharp
30 edges will not be produced. Although the variable contrast stretching
has been desRihbed in -8 WO 02/ 27657 PCT/ 1 BOL/ 01805 conngatigdioighs h
grayscal e values, it is not so limted. The variable contrast stretching
may be performed on nultiple color planes. For exanple, the variable
contrast stretching may be perforned on images in RGB col or space as
follows. The color image is transformed to YCbCr col or space. Sharpening 5
is applied only to the |um nance channel (Y) and the sharpened result is
conbi ned with unsharpened chrom nance information, and the sharpened inage

is transf EpfHg.col or space back to R@ col or space.

Consequev9 ) Ié BAl S's at the edges are not enhanced. These artifacts
m ght occur if all three color planes are sharpened separately. 10 The
vari abl e contrast stretchi ng works WEP with a. si géeda@ﬁ)oxi mat,jon for

transforning theAgNREI0S I RIRCERSING BIXE! INGNRIY &l IMagdB8€and  back
to R@&B ¢ ; . exanple, the followi ng transfornmations may be

used. Y=%%S&Q%%&%K +C2) Cl =R- G R=G+Cl (2=B-G B=G+C2 15 These

t r ansf or mat i ordipping thasé pixel cdensityevalsésoutsidd ohaivaiighblecangerandind

di visions are perfornmed by. bjt-shifting. cayse the | um nance channel is
changed duri ndﬁgmpﬁgﬁ?%5"‘?‘1@?%@{%&?&\5&%%L{ﬁg(\/ﬁn?gf%ggoI or space

m ght result in a color conponent that is outside of its allowable range.
Such a conponent nmay be clipped to its maxi mumor m nimum al | owabl e val ue
20 (e.g., O or2.2Fbefroethad d-daim horkgreinrihg yariebirange onea6h PIXElive | nit ed
-to the %Bﬁgtllgn' St gynrpaonc\lfcnrg%g of a local pixel neighborhood, whereby the variable

range is determined on a pixel-by-pixel basis.

3. The method of claim 2, wherein the mapping is performed according
to a slope that complies with the following: the slope approaches unity as the
dynamic range approaches zero, the slope is greater than unity when the
dynamic range is greater than zero, and the slope is a non-decreasing function

5 of the dynamic range.

4. The method of claim 3, wherein a contrast stretching operation is

performed on each pixel of interest as follows:

(- A<-W m

g=4|I-A<w A+%(I—A)

| [-A2W M
where m represents the minimum value of the neighborhood, M represenis the
5 maximum value of the neighborhood, D represent the dynamic range, D/(2W)
represents the slope, I represents pixel intensity value, g(I) represents the
contrast stretching operation, A represents the middle of the dynamic range,

and 2W represents width of the contrast range, the contrast range being

-10-



descri bed and illustrated above. Instead, the invention is construed
according to the clains that follow -9 WO 02/27657 PCT/1BOL/ 01805 WHAT

| S CLAI MERg ©@27ds7 A nmet hod of processing pixel intensity ywatugsefgea
digital image, the method conprising: clipping those pixel intensity
val ues outside of a variable range; and nmapping those pixel intensity
val ues within the variable range. 2. The nethod of claim1, wherein the
vari abl e range for each pixel is a function of dynam c range of a | ocal

pi xel nei ghbor hood, wherehy the variable range is determ ned on a

D1 el - by qamieectansis The Mddle clabh GUnamICIads He GPuFa! FoRoe BRIRgA ng | s

per f gpne El‘f'é?{ i that conplies with the follow ng: the slope
apprggchggﬂunl g’@g q%nﬁgiég ‘c range approaches zero, the slope is
greater than unity when the dynamc range is greater than zero, and the

| i -d i f ti 5 of _t d 1 ~4. Th t hod
of "ol ai m 3, vifer &NA TASLGMGT AR £ WhieThE OS2 L o G R o7 med on each
pi Xl Of ddeBAte 39 of AAIRAEGalb for draip¥ind wiblay 11-A WA+ D-(1-A) 1 -

A>-W M wher e represents the m ni mum val of the nei ghborhood, M
represents the B paxjnmum va|lue of _the neighborhood, D represent the

dynam c r&@é?*@{((gaWA) rgﬁrglsle_n‘f‘lsdfvhe slope, | represents pixel intensity
value, g(l) represents the contrast stretching operation, A represents the
m ddl e of the dynamic range, and 2Wrepresents wi dth of the contrast
range, the coné_r ﬁte n%gﬁl%% (%ecllanl% 5,1v(\)/herein R has a value that is constant for all

pixels in the image.

7. The method of claim 5, wherein a capturing device is used to
provide the digital image; and wherein R is between one-quarter and twice a
range that is normalized to cover the complete dynamic range of the capturing

device.

8. The method of claim 1, wherein the digital image is a color image,
and wherein a luminance channel of the image is sharpened by clipping those
pixel intensity values outside of the variable range; and mapping those pixel
intensity values within the variable range; and wherein the sharpened

5 luminance channel is combined with chrominance information of the image.

9. The method of claim 8, wherein the digital image is provided in RGB
color space, and wherein the method further comprises using an
approximation to convert the digital image from RGB color space to YCbCr

color space prior to sharpening.

-11-



WO 02/ 27657 PCT/1BOL/ 01805 centered about the mddle of the dynam c range,
the contrast range being a 10 function of the dynam c range. 5. The net hod
of claim&ooheein D) (2W = 1 + DR, where R correspondediapdyadnd ¢ scal e
for sharpening, whereby g(l)=I+R(1-A) for {II-AI<W. 6. The nethod of
claim5, wherein R has a value that is constant for all pixels in the
image. 7. The nethod of claim5, wherein a capturing device is used to
provide the digital imge; and wherein R is between one-quarter and tw ce a
range that is normalized to cover the conplete dynam c range of the
capturing device. 8. The nethod of claim1l, wherein the digital inmage is a
col or image, i } : ; 'm@' .m ened by
cl i ppi ng those?d]'%‘l Pﬁ@ﬁ@n?@%ﬁ@%@?%é@%ﬁﬁ%@é oef Ht gﬂ vari a't?;éle' rI ange; and
nmappi ng tplosditpoieikelsioftietesedty for slach pixel o inte tasé thanrmedidd corpgeingand
wherein the shglr Een_ed 5 |dJm nance chﬁnnel. ils ccEﬁoi Hed W th chrom nance

i nformation of IRIREMINRG dysamin Fanas 05 @ Rixel el ANogHe?d n 't he digit al

i mage is provi,s*&fﬂomng%mragﬂ SfeteRRgBocaRfinghe i Cortdpdiinipdyiaricher

conprises using an approxinmation tdo convert the digital inage from RGB
col or 5spammgep YCbCr col or space prior to sharpening. -11 WO 02/ 27657

PCT/ 1 BOL/ 01805 , 10, A h peni digi ' - j gital
mage i ncl udi ey Pa ey ask s RaRG o peartr Ao plEP A Bathor
interest the method conprising: determining a dynam c range for a pixel

nei ghbor hood; and perform nfg contrast stretching according to the
cor r espondi ng t.i4e meti®d efgjaim 10, wherein the contrast stretching is

performed on each pixel of interest by clipping a pixel intensity value lying
outside a corresponding contrast range and mapping a pixel intensity value
lying within the corresponding contrast range, the contrast range being a

5 function of the dynamic range.

12.The method of claim 11, wherein the mapping is performed
according to a slope that complies with the following: the slope approaches
unity as the dynamic range approaches zero, the slope is greater than unity
when the dynamic range is greater than zero, and the slope is a non-

5 decreasing function of the dynamic range.

13.The method of claim 12, wherein a contrast stretching operation is

performed on each pixel of interest as follows:

(- A<S-W m

D
D={|I-A<W  A+—(I-A
g(=1|1-4 U

| [-AZW M
where m represents the minimum value of the neighborhood, M represents the
5 maximum value of the neighborhood, D represent the dynamic range, D/(2W)
represents the slope, I represents pixel intensity value, g(I) represents the

contrast stretching operation, A represents the middle of the dynamic range,

-12-



whereby the contrast stretching is perfornmed on a pixel -by-pi xel basis.

11. The nmethod of claim 10, wherein the contrast stretching is perforned
on each pwxal29és7i nterest by clipping a pixel intensity vadasbyoides

out side a correspondi ng contrast range and mapping a pixel intensity val ue
lying within the corresponding contrast range, the contrast range being a 5
function of the dynam c range. 12. The nethod of claim1l, wherein the
mapping is performed according to a slope that conplies with the

oo, t naand SfbrarebsaiRRR ldne AN BReR. RSt GERER0: < gr cat er
than zer gy didhout H‘i’egﬁ]i%(?le%f e d?o\ﬂ@fd RfReNthd 61tds? 'f'aﬁ’%e bﬁlﬁgdé/ nam c

range. 13. The netho aim12, rein“a contrast stretc g operation
is pérf dunetibroof thecdynainxielrande.i nterest as follows: | -A<--Wm g(l)=
[1-Al<WA+2D (I - A | - A SWMwhere mrepresents the m ni numval ue of the

nei ghborhood, M represents the 5 maxi mnum val ue of the nei ghborhood, D

represent the gy magirkethAdstcldi PVwhérei BEEW)S- 1 h/R| apre R Fepresents
pi xel intensity value, g(l) represents the contrast stretching operation,

A repr esanresphodsitel dyeamic s¢ade figrraharpeninggehereby WO 02/ 27657

PCT/ | BOL1/ 01805 nd 2Wrepresents wdth of the contrast range, the contrast
range bei pa)=¢ g1 edyyabput {F]heAlm'quJ e of the dynam c range, the contrast
range being a 10Rfunction of the dynam c range. 14. The nethod of claim 13,
wherein D) (2W =1 + DR, where R corresponds to dynam c scale for

shar peni ng, whereby g(l)=l + R(l - A for {Il - Al <W}.

15.The method of claim 14, wherein a capturing device is used to
provide the digital image; and wherein the value of R is between one-quarter
and twice a range that is normalized to cover the complete dynamic range of
the capturing device.

16.A method of sharpening a digital image, the digital image including a
plurality of pixels of interest, for each pixel of interest the method comprising
performing the following contrast stretching operation on each pixel of interest

as follows:
(I-A<-W m
5 sD={1-A<W  A+=(-4)
2W
I—A>W M

where m represents the minimum value of the neighborhood, M represents the
maximum value of the neighborhood, D represent the dynamic range, D/(2W)
represents the slope, I represents pixel intensity value, gI) represents the
contrast stretching operation, A represents the middle of the dynamic range,

10 and 2W represents width of the contrast range, the contrast range being
centered about the middle of the dynamic range, the contrast range being a
function of the dynamic range.

13-



15. The method of claim 14, wherein a capturing device is used to provide
the digital image; and wherein the value of Ris between one-quarter and

twice a reqoenbéat is normalized to cover the conpl ete dynaygol/egge of

t he capturing device. 16. A nethod of sharpening a digital imge, the
digital image including a plurality of pixels of interest, for each pixel
of interest the nethod conprising performng the follow ng contrast
stretching operation on each pixel of interest as follows: |I - A <-Win 5
g(l)=11 -A<WA+ 2D (I -A) | - A>-WMwhere mrepresents the m ni num
val ue of the neighborhood, Mrepresents the maxinmm value of the

nei ghbor hood, s @,% 16 PA T '@an?égrff!‘ttﬁet he sl ope,
| represents pﬁ(eﬁ%ﬁéﬁaﬁgﬁg?% 8g¥ﬂ§@p&eﬂ§8?@f)errg§feﬁ:% !c%e cont’r ast

st r et chi rgppapeiustdapmprising epresesdcs fohdeterrdilirg dynarie rygasiof pixehge, 10 and
2Wrepresents w dt f the caontrast range, the contrast nge, bei n

cent er ed %amorhﬁegﬁi?%%@ WéiF ﬁ’é"ﬁ?rﬁé&%‘q %?lg%[mlf'ﬂé?oef{ﬁ?{%é‘%%?'&ﬁlg%p bei ng a
functi on Gst &MBRding 13t Ri5aRgBGTHHBBHEISHRing 7.

Appar at us@‘{cﬁr&g‘?%g@@%ﬁ pI xe nggo '?%grfdest i_nga} digital 1 rragezét he

appar &t uspixeimmiglshorhoad pwberstydhefoontrdet stretchinggs ggrarmedimg exedf pi xel
nei ghbor hoods Ior the pixels of interest, and perform ng contrast

stret chi iy BXe BJIH pi xel of interest according to the dynanic range of the
correspondi ng 5 pi xel nei ghborhood, whereby the contrast stretching is
performed on a pixel- by-pixel basis. 18. The apparatus of claim 17,

wherei n the prtiEdheappasatusrofclaime7 cuherieis thespioseeserieriamsalor pi xel of

I nterest é)c}/n’trcalslt gpr'e&:%inag 8h Xe%lch'pri])geef%? Ht(Xre\é"f‘W%lipping a pixel intensity value

lying outside a corresponding contrast range and mapping a pixel intensity

value lying within the corresponding contrast range, the contrast range being a

5  function of the dynamic range.

19. The apparatus of claim 18, wherein the mapping is performed
according to a slope that complies with the following: the slope approaches
unity as the dynamic range approaches zero, the slope is greater than unity
when the dynamic range is greater than zero, and the slope is a non-

5 decreasing function of the dynamic range.

20.The apparatus of claim 19, wherein a contrast stretching operation

is performed on each pixel of interest as follows:

(1—-A<S-W m

g(D=1{|1- A <W A+%(I—A)

| [—-AzZW M
where m represents the minimum value of the neighborhood, M represents the
5 maximum value of the neighborhood, D represent the dynamic range, D/(2W)
represents the slope, I represents pixel intensity value, g(I) represents the

contrast stretching operation, A represents the middle of the dynamic range,

-14-



| yi ng outside a corresponding contrast range and mapping a pixel intensity
value lying within the correspondi ng contrast range, the contrast range

being a Wdunetszon of the dynami c range. 19. The appar at yg1aBoLHIBHIN 18,
wherein the mapping is performed according to a slope that conplies with
the follow ng: the slope approaches wunity as the dynam c range approaches
zero, the slope is greater than unity when the dynam c range is greater
than zero, and the slope is a non 5 decreasing function of the dynam c

range. 20. apparatus of claim19, wherein a contrast stretching

oper at i onan@%é%?rs,sg@tf th%ﬁ%:ﬁ‘ep‘?%ﬁs&far?gﬁ’élﬂ"‘e§9”t&%3tfr§P98\P§.m9 - A<---Win
g(l) =11 c&Wt v ido of the™ 7 ¢ : m ni mum
val ue of t#‘eeﬁéee{g?;%o?nggﬁl, fl\%l)cr)e%reeds)@?&%%iwgﬁ%a%ﬁﬁlgjﬁﬁ?gpézb%w?he

nei ghtfbr hivwdtiobof #pe dgramia tagdynami ¢ range, D/ (2W represents the sl ope,

| represents pixel intensity value, g(l) represents the contrast
stretching operation, A represents the mddle of the dynam c range, -14 WO

02/ 27657 PCT/ | BOHiRISG8araaRoRIAHPBOSWRBIE 1/GYN-Of )R, Gk pot range, the

contrast range being ‘centered about the middle of the dynam c range, the
contrast cemegpansisrig dynami¢ snaleifonsldrpehingidydeneley r ange. 21. The appar at us
of claim 20, Wnegei n O(2W= 1 + DR, where R corresponds to dynam c scal e

for sharpeqpiyag, + r_e@ymﬁ,j,l)ﬁ-jl_;ql]@u(}l. -A) for {Il -Al <W. 22. The

appar atus of cl aiRm 21, erein ah imge capture device is used to provide
the digital imge; and wherein the value of Ris between one- quarter and
twce a range that is nornmalized to cover the conplete dynamc

22.The apparatus of claim 21, wherein an image capture device is used
to provide the digital image; and wherein the value of R is between one-
quarter and twice a range that is normalized to cover the complete dynamic

range of the capturing device.

23. Apparatus for sharpening a digital image, the apparatus comprising

a processor for determining a contrast range for each pixel of interest in the
digital image, clipping intensity value of a pixel of interest if the intensity value

lies outside of a contrast range; and mapping the pixel intensity value if the
5 pixel intensity value lies within the contrast range; whereby the contrast range

is determined on a pixel-by-pixel basis.

24.The apparatus of claim 23, wherein the contrast range for each pixel
is a function of dynamic range of a local pixel neighborhood, whereby the
processor determines the contrast range on a pixel-by-pixel basis.

25.The apparatus of claim 24, wherein the mapping is performed
according to a slope that complies with the following: the slope approaches
unity as the dynamic range approaches zero, the slope is greater than unity
when the dynamic range is greater than zero, and the slope is a non-
5 decreasing function of the dynamic range.
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range of the capturing device. 23. Apparatus for sharpening a digital

i mage, the apparatus conprising a processor for determ ning a contrast
range foweawtrepi xel of interest in the digital inage, cPCpmm®iIsoatensity
value of a pixel of interest if the intensity value I|ies outside of a
contrast range; and mapping the pixel intensity value if the 5 pixel
intensity value lies within the contrast range; whereby the contrast range
is determ ned on a pixel-by-pixel basis. 24. The apparatus of claim 23,
wherein the contrast range for each pixel 1is a function of dynam c range
of a local pixaf.Ths gppryatusoe claineRebyherein anoniiest siretghing-opaiation he
contrast ' - ' | . The apparatus of claim 24,
wherein tﬁ%ﬁ%@rﬁorﬁ)éégﬂép o? %@%rggg%’ﬁq”ﬁégfo a slope that conplies with
the follow ng: the glope_approaches, unity as the dynam c range approaches
zero, the slope is [greater than unity when the dynam c range is greater
than zero, and the |[slope is a non 5 decreasing function of the dynam c
range. -15 V\Dg :Zj 57 Q%}'/IBOA@O&Q;S_A%G. The apparatus of claim 25,
wherei n a cont fast |strét chi ng opergyion I’'s perfornmed on each pixel of
interest as followsf | - A<---Win g(l)=11-A<WA+22WI-A) | -A?WM where
mrepresents the m niIr_r_ué{g | ue of t nei ghborhood, M represents the 5
maxi nrum val ue of the” neighborhood, represent the dynam c range, D/ (2W

r epr esent K : i hAteR , esent s
t he cont?’géﬁé3 gﬂeﬁﬁ?dﬁét@%gﬁ@mﬁ,@w&gseﬁ sﬁ#ng@&rﬁ@c{ﬁgkéﬁ n;E g]redynam C
range,5 amdxithumeales ehtre neidhbodioodh® reprasend the dpgamia taamgeobf (R¥éx r ange

Eg: 23 acepetpercgseedntg1 r?é‘ tslc}p%?lpééjrglsgntgfpi)EeW?ntgxgi?yn{/e(ﬁué?g&)e’reér%%eﬁt%%éaSt range

contrast stretching operation, A represents the middle of the dynamic range,
and 2W represents width of the contrast range, the contrast range being
centered about the middle of the dynamic range, the contrast range being a

10  function of the dynamic range.

27.The apparatus of claim 26, wherein D/(2W) =1 + D/R, where R

corresponds to dynamic scale for sharpening, whereby

o(l)=1 +%(1 ~4) for {I-4<W).

28.The apparatus of claim 27, wherein an image capture device is used
to provide the digital image; and wherein R is between one-quarter and twice a
range that is normalized to cover the complete dynamic range of the capturing

device.
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10 function of the dynam c range. 27. The apparatus of claim 26, wherein
D(2W =1 + DDR where R corresponds to dynam c scal e for sharpening,
wher eby g®go2phest R (I -A) for {II -Al <W. 28. The appar atp¢g/1gh1/¢isas m 27,
wherein an image capture device is used to provide the digital image; and
wherein R is between one-quarter and twice a range that is normalized to
cover the conplete dynam c range of the capturing device. -16 WO 02/ 27657
PCT/1B01/ 01805 29. An article of manufacture for a processor, the article
conprising: conputer nenory; and an inage sharpening programstored in the
nmenory, the program when executed, causing the processor to process
pixels of Intejgah  afBENLMhafltack@hol @ RIkEsRthe Griil o esfpfdingy. ! I PPI ng
its intensity value if its Intensity value lies outside of "a variable
contrast rangegorapatenaygmary; ang |ntenS|ty value if its intensity val ue
lies within the variabl e contrast ran

an image sharpéning program s Sred’ifn %he memory, the program,
when executed, causing the processor to process pixels of interest, each pixel
5 of interest being processed by clipping its intensity value if its intensity value
lies outside of a variable contrast range, and mapping its intensity value if its

intensity value lies within the variable contrast range.
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