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i mages captured via nonochromati c caneras. BACKGROUND
[0002] There is a class of sem conductor products that
are predom nantly planar and specular (flat and
shiny), and it is frequently necessary to i nage these
devices in such way that even m nor deviations from
pl anar and specul ar are imaged wth adequate contrast.
One such class of products includes sem conduct or
waf ers that ma bg(g)rovi ded with indicia indicating,
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been ocessed (generally cut by saw into
subsurface features can be imaged with adequate contrast. One such class of products

includes semiconductor chip carriers that may be provided with indicia indicating,
among other things, process datums. These indicia are generally conducting metal
(commonly copper or a copper alloy) on or beneath of the surface of the workpiece
and are typically round, square or another geometric shape created by chemical
etching the metal conducting layer during earlier processing step(s). But, these indicia
could include mechanically drilled or punched holes through the entirety of the
workpiece. They are commonly known in the art as “tooling holes,” “fiducial marks,”
or simply “alignment targets.” It is necessary to image these marks to align and scale

the workpiece to the machine at various steps along the manufacturing process.



i ndi vi dual rectangul ar devices), it may be necessary

to inspect the edges for small chips and cracks that
woayopreopagat e over time and cause prenature de¢ras2007/010323

failure or to inspect the | aser-processed features for

cosnetic or functional reasons. These inspection

processes are autonated and use el ectronic inmaging

cameras in conmbination with digital electronic

c ers ammed to performthe necessary
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portion of the object the light rays are blocked by a telecentric stop. Light rays
reflected from a defect or feature in the planar specular object will pass through an
aperture in the stop to a camera. U.S. Patent No. 6,870,949 is also incorporated herein
in its entirety by reference.

[0007] With these and other systems, images are obtained using monochromatic
cameras are typically shown in grey-scale. Lights used are white or monochromatic
lights, such as white or single wavelength LEDs. Using these images, automatic
identification of fiducial markers on a work piece for inspection and part alignment

purposes is a well-established practice in the machining industry. Various algorithms
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caneras are typically shown in grey-scale. Lights used

are white or nonochromatic lights, such as white or
weoeiznglie74azavel engt h LEDs. Usi ng these inages, aBCOMSRG0C/010323

identification of fiducial markers on a work piece for

i nspection and part alignnent purposes is a

wel | -established practice in the machining industry.

Various al gorithnmshave already been devel oped and are

readi |y i.n.use.to process the jnmages for this
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PO o GO Eing] SRR ES Flaied b Be Ve fin BEs Rspuspeskin further
odetal harekdebimd area H (1) ; [0015] .Figure 4 is a flow

chart of contrast optim zation according to one aspect

of the invention;

BRIEF DESCRIPTION OF THE DRAWING

[0012] Figure 1 is an example of the spectral response of a typical
monochromatic CCD camera;

[0013] Figure 2 is an example of reflectivities of a target area Hy());
[0014] - Figure 3 is an example of reflectivities of a background area Hg(A);
[0015] Figure 4 is a flow chart of contrast optimization according to one

aspect of the invention;

[0016] Figure 5 is a flow chart of details of Block 50 of the contrast
optimization shown in Figure 4;

[0017] Figure 6 is a flow chart of theAactive noise cancellation according to
another aspect of the invention;

[0018] Figure 7 is a flow chart showing the synthesis of two images;



[0016] Figure 5is a flowchart of details of Block 50

of the contrast optimzation shown in Figure 4; [0017]
woeionrre7o0i s a flow chart of the active noi se PCT/US2007/010323

cancel l ation according to another aspect of the

invention; [0018] Figure 7 is a flow chart show ng the

synthesis of two images;[0019] Figure 8 is graph

show ng typi cal spectral out puts of the multi-color
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contrast can be t al ne y util 2|'ng a single
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Generally, a contrast optimization algorithm using multi-wavelength lighting is

performed. The maximum contrast can be obtained by utilizing a single wavelength
using a procedure for determining which particular wavelength among the ones
available in the lighting system would be most suitable. Second, the quélity of the
image that will be fed into the target identification routine can be further improved
through active noise cancellation by employing the contrast optimization algorithm to
determine thé lighting schemes that provides maximum and minimum contrast
between a target and a background. The desired elimination of image texture data
(i-e., noise) can then be accomplished through pixel-by-pixel division of the maximum
contrast image by the minimum contrast image. Third, a synthetic image with high
contrast between the target and background can be created by subtracting images of

the area of interest illuminated by two or more individual wavelengths. The resulting



t hrough active noi se cancell ation by enpl oying the

contrast optim zation algorithmto determ ne the
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contrast between a target and a background. The

desired elimnation of inmage texture data (i.e.,

noi se) can then be acconplished through pixel -by-pi xe

di vi sion of the naxinun1contrast i mage by the m ni mum
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ROSESYsRvRlength 15 shogimy e 3 the normal incidence
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wavelengths Az, where k=1, ...., N. The spectral response Fx()) of the k’th light
source is given by equation (1) below:
Fi(h) = aud(A~ Ai); M

where oy denotes the intensity of the k’th light source and § denotes the Dirac-Delta

function. Assuming a spatially uniform target, the camera output for a pixel in the

target area (Coutr) is given by:



[0030] Assune that there exists N different |ight

sources corresponding to wavel engths | , where k = 1,
woaM7/1Eheospectral response F (1) of the ' th PCghiS2007/010323

source is given by equation (1) below. F (lI) = a d(I.

I k); (1) where a denotes the intensity of the /fc'th

i ght source and d denotes the Dirac-Delta function.

Assuming a spatially uniformtarget, the canera out put

for a pixel in the target argg(Coutr) s given

=]

by:CoutT =~ J G 1) - 1 [003 1] Note
that equation (2) i@ﬁ@gﬂtﬂﬂ - %?ﬂ@) ra output is
not saturated. In aysimlar manner, the canera out put

for theohackground Yiged™( hSoLverzpy: Co = a
kG | k HB ?’ﬁ ). (3) kE_i. I #ﬂiggwﬁ’;(g)gg’guwég t hat t&?
canera output is n saturated. [0032] Now, one can
define a "contrast G(@) @A )accordi ng to equation
(4): Coutt - CoutB*'M Coutt + CoutB (4) [0033] There

afop3a] nunbemNdé tﬂa‘ﬁ'@@&a&ﬁﬁt(%f EALMES ThaP thel e P BEIpABLs not saturated.
nmetric CM defined above. First, the metric is

i Masindler magngr, dhmsamgra qyteut for thy baokistoundtaseas(Gapues) is given by:
General ly, changingythe relative intensities of all

li ght Gourxces by 1heosam, JRGERY. Wi Il not changgs)he
i mge contrast. Thiks i's consistent with conmobn sense;

OPRis WY st %@@%aﬁmﬂ (%/Jtﬁﬁtlitg?p L@hten @ grey-scale

image to inprove by sinp yi ng each p!xe_l

vid0d2l by a taagtcah defing a “MNottestinswict’ [(G4,) ténosding to equation
dghinition inplies that one should use a "normalized"

a?' orithmfor target i dentification such as nornalized
correlation as is W—'(ﬁbz&ﬂe art. One could also

apply Bustogram ecq@—r—zagé—qerﬁ—{o all captured i mggges
before enpl oying t Wai B denti ficati on method oL
clipkge. [ 00 [ j t .the.
coepar, | D0t AR UBRLIGNL FERNML BB o Byt
t dafipstl abave.bBiektgtheunetric Thimvatiat ts whybal clgingbsin overall intensity.

B 88 ARl T TSR P e stor
qurttchangeibie Smept conttast. COhRI cBRR&ERt Adtht dotn b &&Be; one would not
"gx%ggtrtﬂg Ltru% %%ﬂﬁgsq irtl grggee);-scgpedimage to improve by simply multiplying each
pixel value by a constant factor. Note also that this definition implies that one should
use a “normalized” algorithm for target identification such as normalized correlation
as is known in the art. One could also apply histogram equalization to all captured
images before employing the target identification method of choice.

[0034] A second important feature is that the contrast metric Cyris symmetric
with respect to the target and backgroun&. That is, swapping what is deemed “target”
and what is deemed “background” will leave the contrast metric Cjs unchanged. This
is also quite consistent with common sense as the phrase “contrast between target and
background” is commonly understood by those skilled in the art. A “target” that has a
high contrast with respect to a “background” automatically implies a background that
has-a high contrast with respect to the target.

[0035] A third important feature of the contrast metric Cysis that its maximum
value is one (1). This is achieved when the camera response to either the target or the

background is identically zero. With proper scaling of overall intensity this scenario
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background” is commonly understood by those skilled in

the art. A "target" that has a high contrast with
woespaet4200 a "background" automatically inpli @6TAS2007/010323

background that has a high contrast with respect to

the target. [0035] A third inportant feature of the

contrast nmetric Cis that its maxi numvalue is one

(1). This is achieved when the canera response to

ei ther t e ta t t he background is identically
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a_white background, or vice versa. The
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Gﬂﬁ)gﬂ S agaidiveitieSotsBrvali &?seé@o(/% th® d rasﬁ{&&% C%%gé%ned in

n the observati ons a ov e Co
dedquatien (#nabayads awaprropriath ¢y forstha ranal;ypxs dipsdritted Hereii.

e anal rej Ptuti
3 tpr ess |S¥l§§ gr S%& %‘E’gesrswg’ S0 C‘H? Aeg {ﬁ%ﬂﬁ’% e‘@% fidns (2)
amdl (33n equatigud#), ome ({Hon otnaias tH&efbllob'img étmatior (5) for the contrast

f ol o%ng equation (5) for the contrast netric Cv
ak G 1% A Ik) k NakGlk )HB Ik -) | _cak&lk

?vlml(}i LJ{; Tk- ﬁ W&ﬁ%@@r%ﬁﬁgh%)rk )HtI |E<
Laturati on | bl HOURLIG & e BRI e e,

L?ZS?J%S??_? B U Bells gl ven Set of T Tk
:qﬁa;ri oglc(:S) %ﬁ%ﬂ%@ 'gﬁpgf@msmgtcgﬁéit :n;elizﬁtss: ak
0; N akr k tlzf?uktPﬂ%Xr,Be}‘nd

&)
Z o1 Gk [F +T, ]
where I'[ = G(4,)H,(4,)and T} = G(A,)H,(A,)

[0038] After defining the saturation level of the camera as Coutrayx, one is now

ready to pose the contrast optimization problem in precise mathematical terms. For a
givensetof IJ, T2 e R* (k=1,...,N), a is found that maximizes equation (5)
subject to the following constraints:

Q,20;

N
> e[ <Cout,,,;and
k=1

N
Y a,TF<Cout,,y,.
k=1

[0039] At first glance, solving this contrast optimization problem appears
difficult. However, a few observations lead to a simple algorithm to address the

problem. First, the constraints on o, create a convex set of feasible solutions bounded

by N + 2 hyper-planes: &, =0,k=1,...,N; T}, e, [ = Cout,,,, ;and

N
Z akF =Cout,,,, . These last two hyper-planes are referred to herein as the

“saturation hyper-planes.”



N akr k <Cout MAX =I [0039] At first glance, solving

this contrast optimzation problem appears difficult.
weélawever420a f ew observations | ead to a sinple aCgmszdonnio323

to address the problem First, the constraints on a

create a convex set of feasible solutions bounded byN

+2 hyper-planes: otk =0, = Cout MAX ;and Kk akr

=Cout MAX . These | ast two hyper-pl anes are referred to

h in as the "saturatjon hyper-planes."[0040] Second,
ﬁ{"gﬁf i nal g&r*mf 3R fimal golyHon exigisondesuifage that corresponds to one
COf 1he DS Mgy pef pRities at Fieh Me'boan@a\f&@ ot Ptleaé?:@ of Fhsih1d §Ull§ﬁ'ons

t he. boundaries of the set of feasible solutions. This
i Lhis igjp duest regdt pf thsffagtithatitheeontraat metis @oit ingatiant to changes in

NBYrhlt inftehsity! 3\GRELAG ﬂr@w&@ﬁg 9R3s e %Ieé:g!n{lplb WPWEJ&XS an

as descri betgl previ ousl exa

t btireal ®hatiorop] ithatlis aoi o & baur&laky §urfd&a.t In thi®OdsePBneAcould then
boundary surface. In this case, one could then S|nply
s#aiRly adale all ler, withithe #mvramrmt@ prinfedoypimthasypprliay ong boundary
on a surfac Si nce such an
A

o%ﬁa&’% %éll:cﬁl Ry aRLVP B@gSI% OcSHeh ghanggdhe contrast metric
copt ARSbIR & Muld h@ldstﬁé Wirho B}t)tgmgl SRtk x?‘nk:@icdas:tfﬁ%%ngmal

sanme optimal contrast” metric as the origina _
asrdutiemasd bacabe aptaptimal salutibh itself.t sel f. [0041 ] Wth

a | usio tiyal sol.ution will .exist on

L s or7hRg oy aﬁ%aneebaa@aﬁmvvéﬁﬁw o fgundary
Asurfrice gadatits@ral abse(Waticmﬁtchﬂ?e thdes ﬁl thirdVbsiivhtion Bith&&he solution
al t.he .h r-line.t orns, the intersection

et PR HEME fe IVRET-UHC Ay SHHEnSI s BerseRiion heRueAR the saturation
t lﬂﬁierqilzﬁﬁg e Sedsbi@s thataleARtHidRhe MRIcohfahidiflc Rduld be zero,
zerpo, which cannot be an optimal (maxi mum sol ution.

Folchirannet hean qpimasl {meximum) M@h@ptﬁwh stmamheéhown that the

CEgtnAAl dohRidntahhét l'i@ ﬁllothé nffidigiok Qﬁﬁer%@ o‘Pft ates
surfaces forned by the saturation yper- anes or

aloymed & the satigtien dypenplares- divs any suddisesible solution, one can show
) t {
m%?%gﬁglﬁglﬁls g))é’b %}{gg%] is {ﬁtt% gcﬁuﬁ?]xpﬁ%ln%rvu%othlgisé&?iogry?omt in the
V\WPPEF diregjiongvivle Sttih}atlg ou thag serfackh dheexst@mwe ef difis bhiter solution
I I ution

RS i bR R Lol ol B PPty
t @Qé?her al Puttmgsegetbemall/thesooisertationy) phd optimaladoliitionrhas to be at
h&fé éﬂhg ecc%'lers” formed by the intersection of one of the two saturation hyper-

planes with N —1 of the a4 =0, k=1, ... ., N hyper-planes. This means that the

optimal solution will have the form of equation (6) below.

. |, if k=n "
%o Lifk#n 6
[0043] This equation not only provides a simple algorithm to determine the

lighting configuration that will yield the optimal contrast, it also provides an important
insight to the problem.” Namely, the maximum contrast is obtained with only one of
the NV light sources active. The implications of this observation are discussed in more
detail hereinbelow.

[0044] Next, an algorithm for determining the lighting condition under which

a maximum contrast as defined by the contrast metric Cy of equation (4) is achieved.



one of the "corners" formed by the intersection of one
of the two saturation hyperplanes with JV- 1 of the ¢

wo 20@/12/4201, . . . ., N hyper-planes. This neaR6THISai07/010323
the optimal solution will have the form of equation
(6) below [0043] This equation not only provides a
sinple algorithmto determne the lighting
configuration that will yield the optinmal contrast, it

Vi des a nportan i nsi,ght to the problem
mgﬁfeff“%% hg oA CopRRoRging Walsaiise donresh le@f%wé as
ofollolm N i ght sources active. The inplications of

this observation are di scussed in nore detail
her ei nbel ow. [OO44]|aNe’>[t-r,{’a)h al gorithmfor determ ning

the lighting condW whi ch a maxi mum contr ast
as defi ned t he &St Jmetric CM of -equation (4)
i s achi eved. 26f ea prkp=)l, , N, the corresponding

si ngl e-source cont is found as follows. Then,
t he wavel ength | (Ea[+55 responds to the largest CM

I Cval ue cal cul at ed in the previous step i s chosen and
uLBep e veyelpngthie thas somespoadeto the busgst Kotievalracaleiated in the
apRVRUS sRPIis Eﬂc@eﬁ%ﬁ& uB&H to §Hﬁﬁﬁﬂia¥e iGupRgo! ute val ue of

the intensit be use or maxl mum contrast. This

af#dl i s co t%tf@ﬁthfwbtohe algorittun oewumotsaktcifetierbsilate value of the
0 | nyard ant .to

ounsirafty oP R} 6 ahed B} ks cBinil rfs AR i ¥Bhoibt with the

i liiifsﬂtémhpdtdetﬁimmomdwmf eor,ttrese trteinigCpy, ‘tvhlcihtls 1rmxiaﬂﬂimoverall

peL I Cout MAC ./r

RO 1 ef e tnica) GRplimR e bovsyarossiies delorizmeximun

i pertoisiblawaluerndge, i.e., the i mge captured by the
nmonochromatic camera prior to optimzation. [0046] For

an exanpl e of the ahewven @ag,k,\t/ﬁyftCmut%l\am“I}ce assune

a target and background of a surface are illum nated

vivi! ingierovey theevignal o pransizath@Bioisé tatioiin gherav iniweze, i.e., the image

f rj=8,r

%Iug% 8?815? frﬁlg’hyﬂg teac%?ﬁgé\ﬁ?g)}' é‘g ﬂp t?rghzeml%t ai ns the

f[O0f 61M ng c8ar pmsxampleof dlwdioueslg‘omhmmlpracdualassume a target and

(ﬁa%ﬁgt%%é{ of 4'sGflcd Etjexnur%mate%l viS 1éd] Ye)en and b‘iue &{Eﬁe lslghttng and

the following I" values are observed:

rf=5T}=2;

I&=3,r =5 and

I[=8,2=s.
Employing the teachings herein, one obtains the following contrast metric values for
individual (red-only, green-only, and blue-only) light schemes:

Cy 2=15-21/(5+2)=3/7,

Cyy=I3-9/(3+5)=2/8; -and

C), 5=I8-5/(8+5)=313.

[0047] In this particular example the red-only lighting will yield the highest
contrast between the background and the target. If Coutyy is 255, then the
corresponding intensity factor ag should be set to ag = 255/5 =51.

[0048] The algorithm for determining the optimal lighting conditions for

maximum contrast requires knowledge of the camera output for the target and



Cr=|5-2|/(5+2)= 3/7, ,G =3-5|/(3+45)=2/8; and C/
b=| 8-5|/(8+5)=3/13. [0047] In this particular exanple
woheo7riedronl y |ighting will yield the highest eomusa®y/010323

bet ween t he background and the target. If COU MAX is
255, then the corresponding intensity factor a should
be set to a = 255/5 =51. [0048] The al gorithmfor
deternining the optimal |ighting conditions for

reqU|res know edge of the canera
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%E'EOUP ﬂg“iag? ggth aﬁw!ﬁ@l@g‘ndbmwwamangth lighting
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confl uratl on. These conditions can
8 Wih respeetdoIBignEd al gori t hm descrl bed with

r t to

a@Z’F?le 0 PO ol e by ibiefa i HEM o ABArion, an image s
C%ﬁﬁ’@ll}'?@ doiaining Wierigrgehand the heckgaouhd: did Ob a”ctklga' ovithdn tese images,

t ar g lilztall'%% tot]!)p’ qé'g‘gé&rgoﬁﬁ-gie yareg? %rgsld%ﬁtgied. In practice, the

i chetesi Warth d<b so poabd lbe:te drhW&weamuﬁ&hg\M)(esI fordaclsarea. Next, at 14,

1B s A 6T RO RE ol S SRS lgiaed by
t avegpgingithequixd] vahice Ifemmb Rofespondingiredsaderified\ w12 @ha Factoring
val ues for correspondi ng, areas

th | t
qfil ' § pitigul miezlsgﬁde‘f%zcr)o%eﬂgv tcanémgah%t IgigRg If the camera
i dﬁtﬁlﬁtﬁb bytutaRElor @ﬁ} o aRAltidt @t CGRAthEiIRGot th@thghﬂﬁ@ ?s lowered for

t he ca a ou i s, saturated for_any o
t igage gt £ 1 Fﬂlya%ﬁ isppraptyrgh el Ay The qﬂammtheerretmns to

tlh@ﬁtlf?(rfﬁg @reé.t; ailB) fge h&ig nhHQéJﬁxd &nﬁﬁﬁ@so&%lfgﬂ tAL cﬁgula’uons at 14

The orithmthen returns to identify the areas at

f@rontlﬁ@alﬁémww@ the galewationsatd 4tdmeetlnghA1t Re, the contrast
tii A PR oAthnl f o i 0&3\4 t

g? [ cul ati ongoat 14 éﬂs g ; rlng%e trh%l %t ra vEF;ﬁgththat would

apeldithe graxbnuml qotrastian wedl a@rtpe pyoper merd;ay devel that Wil drive the

I d t

(SoBEL BfkoP i Retb 0SS e a5 b Mg ren. Note

vihit, agldésegbed befoeayihia vallthelit imMprovdithe Signal-ai-hoise kdtit df the raw

f r either the background or target area. Note that,
ds'®d&scri bed before, this will hel p i nprove the

s[nogmgl - t 0- NThs eoritédst Optrhidation bROritHIR Gerfolbdtba] 22TWEs described

t t I th f d at 22 wa
R 4% B0 Pb AL e e hobE BN OB TERRALLY 24 the

Figle-@odrce WbAiast I0R4) for & 8ingle soatcedd cAlBRlafddD %QGEQPﬁlgﬁlry is made
contrast CM faqr a single source is_calcul ated 6
A5t F}}e§ thesipglgesource contrast Cyy has been calculated for each source. The

2

calculation at 24 is repeated until all calculations are made. At 28 the largest single-.
source contrast Cjzy is selected. At 30 the wavelength A4 that corresponds to the
largest single-source contrast Cyy is chosen to illuminate the surface to obtain
image(s) for additional processing.

[0051] The disclosure thus far has focused on the determination of the lighting
scheme that would yield a single image with the highest contrast between the target
and background. Additional benefits can be obtained by utilizing multiple images to
create a “composite” image based on data collected under different lighting schemes
to improve the performance of a subsequent target identification algorithm, that is, an

algorithm known from the prior art that uses an image, such as the optimized or

-10-



as to whether the single-source contrast M has been
cal cul ated for each source. The calculation at 24 is
woepwatedounti| all cal culations are made. At P8TMIS2007/010323

| ar gest singlesource contrast CL , is selected. At 30
t he wavel ength | kt hat corresponds to the | argest
singl e-source contrast C .k is chosen to illumnate

the surface to obtain inmage(s) for additiona

processi ng. [0051] The disclosure thus far has focused
ofPTRPRSI dag s seriveh hetein, ke identfit the dargeth ege indigia. wbmethod to
Yat@liAd these ﬂﬁiti?lé R8s W Adke hbgriBLghest contrast between

the target and background. Additional benefits can be
ol082hed by First. lif onerhpdrtatgetsyind Hagkgroundsthat weneepeafectly uniform in
" Ltem i .
TRPEDEL byl AR aP RAGE Oftn JRly SO % itor VHERAILY oy lighting
oforglitéarh sé dlreshold arlyetthitdalhy bétweeat thervamegooutphis fot thattarget and

[ I ' far he .pr.i ar t; .t hat S an..
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B or MBI iR aachi 5 8IS fn iy dhepppon is that
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create an.i W t erfect contrast under

Wy alrfr%?%ﬁ%arﬁfaﬂ?ﬂ%ﬁéspsﬂﬁa‘gmﬁ? H&&ﬁ%s&’@ Firainaopef a threshold

t vedtie foadleanlp EspiRe thel thfet BOBT the Duék#bEnd Qlitd dEHd . Whother reason

and b ckgnoghd woul d be,detgrn1ne and then binary

t AR HRITR i WasE Femp BIUEpE PEthercdeeth sitherduerta getied limitations or

Cthe @patiaAd ré¥oRetondtdh\BidcBss tTBREd W LiRaR]hE BiFhet %%anrstatﬁé -
There are two main reasons why this sinplisti

ppskesmdoften fails in practice. One reason is that

. h ,
ejoobgy the @ﬁﬁ%%ﬁﬂ@t@ﬁeggﬁﬁgﬁfﬁﬁ% tﬁ@f?@ﬁ%%thgszgrﬁiﬁkcggmse ratio

perfectly uniformin space.
t SR dhugh ar kinperfeaibingze. n@ke way te dd e é wipik a dightig scheme that

t " it he target fram the .
RIS 8h0 0 o i b9 S
t iNgmanationavaeejengtio rewbichriheé taggesfand beclkegioar] reepdritadiffdtently. This

. ' i1 i. h tial | uti f
11 a8 bfonksal® ot er ol e s iR Sogi et t he
H®OR4F ound. And@&E3 hpdoachk reipmrseing SNRBsetipe abise RandeHation.

LI BN A T

| éliphinbting thehtexmrd Mfdrmimioh fiohe thet e iialt €6 EAC &p REtHRRIdOth”

t.h t d background S chqosing an .
o BB P AR A3 B e ersngl
bagetnpitn dluncinpeey] thk E4reée Butpat mbAeBirbs a9t i

5| _ _ d dé‘kﬁ‘neralized to
contrast optim zation t hod di scussed above does.
.mmclude texture information as follows:

Cout,(x, y)=T(x, y)Ur(x, ), I ; and 7

Cout 5 (x,y)=T(x,)U z (x,), T B (8)
where the function 7'(x,) represents the texture information throughout the entire
image, and Ur(x,y) and Up(x,y) are masking functions that are zero everywhere but
over the target and background areas, respectively.
[0055] To use this approach, one obtains two images instead of one. As
shown in Figure 6 at 40, a first image is captured using a wavelength that maximizes

the contrast as detailed above in the method for determining the optimal lighting
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[ 0054] Anot her approach to inproving SNR is active
noi se cancellation. Wthin the context of target
wodeaimtizf42ecat i on from i mages, this woul d corresponaStm7/010323

elimnating the texture information fromthe raw i mage

to end up with "snooth" targets and backgrounds. To

under stand what this m ght entail under single

mavelength illum nation, the canera output nodel from
ove.is generalized to include texture information as

f 6‘?‘?"6%“5 A% thssecond inrpge is ganinrsd usjnena Kehtingeheropaving a
Coiat&exgth it thihitizes BlecontstulthgBhe sl PYHE%HﬁretdE@d to solve the

function T(Xx, @2 represents the texture inforna
t OISR hBaKInRR l@hpnqblﬁmﬁb@@ and Ut (x,y) and Us(x,yJ

Ki
IS 3 s S S RASEARCS ffiion
[ odematipg inse image cappredatha ll@h@lg)klﬂmmsthat\mmlmmye the contrast

f 40, a

: ﬁ%ﬁ%@@r? gféctg ? rﬁf’dlﬁhaqgﬁxd t\?\llg Ie%%%‘luhd g{lsw?{lﬁ,}é&mlnlmal
t cmltrashimmtmasl}dmxmlhetbxahevletaltnattthls ni@hdd s dtempting to
S VT e BB bt o 0 e it
hﬂtelnmgnﬁalvwna{aaﬂgtdﬁfebhﬁly Ghritelbutfie Uﬁeyﬁ@ﬂﬁi ﬁ'SFn déflafidhs (7) and

u ed.to solve the contra
n&f] Fagtis) bR ﬂfg‘rSffes oy gac pitelet the irargs i |d1!‘f16‘1‘vf1 by a brightness

t Plue forahetSirédponlidic kel M e g B it the %ﬁﬁﬁél%hﬁﬁkt This results
informagion in an |ma%e captured via a |ighting schene

t it mpeh sppother.iige relghive aml%éf% énageref hagkground end target. This
f clogliedl %oﬁx?)@sift@einpa%ﬁ kedh Mqae fe&ANSE HHE Hld dowils am target

m nimal contrast inege mainly contains texture

t gntientionpleeriin Br fraceing aydaseribed priewiouely. Thus at
ﬁ)OSV]"e ' rmg\et}ﬁf‘dt p@&h%%ﬁ%‘l{gﬁ% S'l\ﬁ} PF'A%’ nqgg% is ?cy form a

ohe with t ni mal
caﬁ%}@hcomagc € the(arey Pt intarest ftonmmphqamn iomagey Ga)ptla'edi when a target

B oA LS B e

cone igsygensl isutgrapte)ddlrom ranbther toncnme wisyhthetie ifih gy With enhanced
Th| resu ts, k,n,a .muc noot her, i.e.

(TnE ?t\s;ge twe%rbl ¢ ddrgppand 'ihﬁﬁa‘ék%‘f’m!fgckgr ound and tar get.
TmO§ 8ko-cC aI Mbske' sp@d’iﬁ@ﬂl)f, eondldﬁigl@e §c%ﬁa11id§1 @ikchfel @0 wilrespect

|nt ownst.rea i den t|on al gorithm
rﬁﬁég%’g‘gg%‘ﬂh 298@ Sff?’s‘%/ [0057] A third
approach torgqgipgggg t.he SNR of an |nage is to forma
rZ=3,r2=5
ri=8,]=5

According to the previous discussion, red lighting alone would give the highest
contrast raw image. Consider, however, a synthetic image obtained by subtracting the
image obtained under green lighting from that obtained under blue lighting. This is
equivalent to setting the intensities or =0, ag =-1 and o = +1. Substituting these
values in equation (5), we find that the contrast metric for the synthetic image is 1,
which is much higher than what we could achieve with the optimal raw image
obtained with red-only lighting.

[0059] Two important aspects of the example above deserve to be highlighted.

First, the image resulting from subtraction of 6ne raw image from the other is truly
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synthetic image of the area of interest froma
plurality imges captured when a target and background
wanreo7iikfaam nat ed by each of two or nore wavel eRQTUS2007/M010323

this exanple, one image is subtracted from another to
create a synthetic imge w th enhanced contrast
between the target and the background. [0058] More
specifically, consi der the scenaLiohdi?chsed above

spe 0, RGB |ighti wth the o oW n
otféfa?\?g ¥ f%%t&genrmttg Sl.lcham imagg physicallyheyiely glrajﬁms

tedificaMbiykvotldSegssd ‘Glbgati @ ihicabitibs gNIﬁJJIQ Bie 0 &559519&11$)epos51ble
the hlghest contrast raw i mage. Consi de however,

di it will gy sdistnossible tbspugh sealing andgfubtrectmmg‘eraw images to
O@tﬁh@nﬂfé@i% r1mg £63thl dnSy i dong gt LR AT oA tg %g S RA&Ge

bl ue |ighting |s IS U|va ent to setting
i nBidy F@ng@@R that:th@)’ el@hﬂ “match” am thrge¢tsirea or Uackground area, and

%Qﬁ%ﬁ thifck B gsugﬁ%mr#%? %ﬁg}' on (5), we find

hat "t he contrast € synthetic imge is 1,
V\HQDQQ] i's nmudim et sxamphmfmhmteaMngmHode acsHoavewith tréference to

(OBR8F 7T M AR, AR SelRet bl BEARTR bapryfEhl itnacea

Cesgig b]ee; grebm rbd gid irftatretLEBisf &id, the herremgamrg&sui ‘Erb.ﬁ'g images

t%reg Fllyp syn {hl g‘xq ooffpg(;)rx]‘xhe {ca(:gn}é:g%%tr%{{_ eFox E‘Ze o hﬁfﬁa épectral outputs
p.’sﬁthe rnailh-y:otd? Wd&sbﬂb&d Mohdmeehlting 24w aisgUah®e seen in Figures
pﬁﬁlg 3gli1 gﬁqg]t% é " taJs%ﬁq ta\ége:t %ﬂgsg\ésgggw under blue LED

AdsfiiRdtRnf Hlﬁd)B@lilré‘s@B ODEHBNGkhS H&}hé 25U d Yack SWuhdBEES green
t.0 obﬁaln a synthetlc i mage Wi th uni cont r ast

e itlumipatiog yed ﬁd%Dflblrﬂ@atlgn wesl infearasd (TR LD iilymination,
8val9. that they either "match” in target area or
back round area, and then subtract one (scal ed) inage
he ot hekt, bPB@@O$ bayesdor Utargetkanthftackgrouhd” areas of the

08
tiﬁ?a Q'aflag&et &4 k5 e%&?% Wh 4t S0C ESAG lés otF hgsur ding boxes
i 2 o0

is ex aer e, nment
k‘f'tlj%l F}(IPW@ 111 Figurd 94t édfewemgxeﬂ Ivabl,es g\nﬂmntheseliomﬂing boxes are

[ h res ond| 'ra
A Sl 508 O RSP g s S i
&2 Howesres s (ﬁhhcﬁercalcuwiopﬂh& smﬁmhhézeﬂuh fﬂlglﬁeﬂor Adcbaling to these
ed. The re Itin r [ can ee n
Y R L R —
dmdwémx:ﬂhg rtzugawhmlr’tﬂe badlgueurld=THi$ 1sWdhsigfehOWithahélvisual comparison
ﬁg@ﬁfs 9B- 9D show t he sane target and background

oF &8pees:

[0062] A “synthesized” image can be obtained in the following manner. First,
the images to be used for the synthesized image using algebraic manipulation are
selected at 54. In this example, the first image selected is the raw image obtained
under blue LED illumination, and the second image selected is the raw image obtained
under IR LED illumination. These raw images have an inverted ratio between their
respective background and target average pixel values with respect to each other.
Next, one of the images is scaled so that the average pixel value for either the
background or the target can be “zeroed” out at 56. In this case for example every
pixel of the raw image obtained under IR LED illumination is multiplied by the ratio

of the target average pixel value of the raw image obtained under blue LED
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LED illum nation, red LED illum nation and infrared

(IR LED illum nation, respectively. [0061] Next,
woawTdiengo boxes for "target" and "background" aCeAS27/010323

the imge are determ ned for each raw i mage at 50.

Exanpl es of these boundi ng boxes are shown in Figure

9A. Average pixel values within these boundi ng boxes

are calculated for all four inages and the

correspondi ng contrast netrics are determ ned at 52.

THeminationtby the tarpeiswerage pincl vl of theragiimage iobtadngdmder IR

ﬁ"ﬁ di £9 esults, the raw i mage
gbtaine anﬁgﬁ 3 U E%%/ ?jﬁ?%atlon has t he hi ghest
dofeilast bethe ecraletdnenatmng eubta!ntedtmreelﬂafcklgcb@m therpiher selected
11?ha 9 rhc'érf B%Q%r%a&e 0 es UHC 81; Bﬁgﬁﬂflﬁ %’lﬂﬂn%tatl&gedt EQ u g‘hls results

|1n ahhmage) tﬂaohasngxrmaﬂn eero (BF) a\sdraget ;Ismeh \mkgaeﬁurtthr tiaegeﬂaed For the
for éhe S eS|zed |nqg égg ‘ﬂ WB u at i 9N culated
Jravidng %ed it AR R RS | ea THEFIF S Srfb?@‘é aiculate
St :GOC tFoe this ekhﬁplgaﬂdﬁgﬂﬂbéa@&gﬂ@ lﬁlﬁdgw‘u.ﬂd Ipnhié weluk Edhl:alculated
i.]lum ngtion, .and the secqn e selected is the ra

4&‘@&@@ & %ﬁcg‘éax‘irj feidhe inege E?Js‘ia;"?qﬂ?ﬁ ‘hHE"IPB’ﬁ acifyde bripg fhe average

| pIRESRIRAYEreale bMAEd Bitel VHlLOTR W BLR iR ardz5 8P €6 h meimum
background and target aver age pixel values with

rRi¥plo@fue YCBRE RS0t her . Next, one of the i mages is

sdbed so that s&ﬂﬁet@é’ REAZS iRt E&Jfoﬁ’lﬂhg' ﬁlécsé’ Ete?§ ishﬁﬁst{”eﬂ@d in Figure
background or t target  can zer oed

t hi- sTleaeqntyagt meixicrfor énémw hes pe¢n exlculpied aa - %%égwerhwh is very
0{]5?&:‘ 88 ?ﬁ:’iﬁhﬁn&g@xdxh b A Qtrh dgc]ia{}ut:' %(?Q Iﬁxgﬁlﬁcam

eratio o e target average pl xe ue O raw
| impyevarhentiin cdntrast combingd to the) fohureivhiandges apghawrein Figure 10.

B P o o 0O B oo

[Kig6R]11The scal ed image is subtracted pixel-by-pixel

f h t I t d .here .t he
SBRPhea undBF 2BPUSSHERPTd PR G pea - BBaTRBE in order to
r & B éé?syi tﬂxdafstamlameoﬁ thapredast ikvanition) nd dcen@t l(rﬁi)t the present

aver a val ue for, the. tar ea

ST i OF eionERe (R oy S s Yaen i 6o B vatiags egifications
&Pﬁ%t@%ngﬁnWKIncﬁﬁieﬁW1ﬁhﬁ hedpi@andRbpé Bf the appended

exanp e _image, the avera round pi xel value is

celpionp ahich scpRefs tode 962"‘%5@ pheg? f%‘iesbmt?fﬁﬁet?tﬁ*é‘g%’ gsdo encompass
SARLRY RYdiBicRiARed AGHalent &nmreg ad 3G eRRiAAMdRE HBllaw.
val ue, here the average pi xel value for the background
area, up to a nmaxi num pi xel val ue such as 255.
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[0064] The synthetic inage after perform ng these

steps is illustrated in Figure 11. The contrast netric
wobanotik7eoi mage has been cal cul ated as 0. 9624, P@miUSE007910323

very close to the theoretical maxi mumof 1. This

contrast netric marks a significant inprovenent in

contrast conpared to the four raw i mages as shown in

Figure 10. This inprovenent is also easily verified by

vjisual inspection of the imge as shown in Figure 11.

[ S €8dSve- descri bed enbodi ments have been

described in order to all ow easy understandi ng of the

present invention, and do not limt the present

i nvention. &n theé BHadde jmprave imageaualy in imagesefdesdrface

¢ A e Lo :

PRRLT VPR RAL. ihan 1R s e eract and g

tbrskaopad.obd mdthodreompitisivgr scope is to be accorded the

broadest in r t] as Lo enc ass,all. suych .

modi fi cat | ohghgrﬁlgh%&\}éﬁ%%ﬁ fiafirprg p GPIES 8?“%@“ of images; and

perm tted unpimidihe comrasi/Patveers patiahsrefithesurface Based on the
t-h to. i nprove inmage quality in imges of a surface

ggﬁFﬁgéaﬁnggﬁ nonochromatic camera, the surface

including a target and a background, the nethod

conprising: ,using. nmultj-wavel ength |jghting to obtain

a pluralityZof i é’%‘?th‘é‘ﬁgc% l?grf%?lﬁ’én&qur%‘é‘tusﬁ’ét‘wé]@ﬂ

postdl@ish BEhlilefusthct ss@phased on the plurality of

i mages. 2. The, nethod according to claiml1 wherein

using mul ti YaREIE i vvel thy lightingraneongn plyeality of

ehvel i) ndWhetei MY BMEARS BordtidiuliRgr BIORRGs A

plurality of wavel engths; ‘and wherein optim zing

contrast f uﬂ@menlmn&wb@éyvavgbnsﬂmmmthﬂmlmhty of wavelengths

We¥atsSASh BmABD AGihB &n RpHfdl {onedli Wavel engths resul ts

in an I nmage Raving-an optinmum confirast. 3. The net hod

according to claim1 or claim2, further conprising:

determ ningsa re L¥es canmer. ut,put .for. th ar,get

and the bacagrouﬁggﬁ%?mgg%ﬁggég ﬁg%%phléycFW@%L%mﬂ%r

meiipriswev el engt h | i ghting; and using the respective

camer a outth for.the target and the ba;kg{ound
etermining a respective camera output for the target and the

—

background for each. wavelength of the multi-wavelength lighting; and

using the respective camera output for the target and the background

when optimizing contrast.

4. The method according to any of claims 1-3, further comprising:

capturing an image for a wavelength of the multi-wavelength lighting;

identifying at least two target areas within a target-only area;

identifying at least two background areas within a background-only
area;

averaging pixel values for the at least two target areas;

averaging pixel values for the at least two background areas;

factoring out an intensity level used while capturing the image; and

using the respective camera output for the target and the background

when optimizing contrast.
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when optim zing contrast. 4. The nethod according to

any of clains 1-3, further conprising: capturing an
wonega2fan a wavel ength of the multi-wavel engt RCT/US2007/010323

lighting; identifying at least two target areas within

a target-only area; identifying at |east two

background areas wthin a background-only area;

averagi ng pi xel values for the at |east two target

areas; averagi ng _pixel values for the at | east two

backgr ound ar eas;lbear¢tbed peposding imapnekeiaimsyl -Haykerein optimizing

U&ﬁx@ramétﬁeé}iiﬁéﬂ%hi‘gf i&%&%g@g%ﬁ dg: the

respective canera output f and t he
backgr ound @hlewnlatipg amnglmgommwmt@st ®r thRhwurfase foreach wavelength

SR Bl Rk Rnglls At MOT B ARIBIE L Ping; and
corrpr i ses chd)qsingat&lcrvgavaleagﬁgihet soespendsdo thealatgebogingle-source

tr% :i\%e for each wavel ength of the plurality of
vvave engat S available in the nmulti-wavel ength

l'i ghting; and choosing the wavel ength that corresponds

to the |argest si e- ource contrast | ue. The ..
net hod accoPdi ng %i’ccﬂ‘g{f’%ﬁo i“%oy‘ﬁﬁlm%]eg further comprising:
conpri sing: pBﬁ'blﬁﬂhQ’lafjﬁxél iRkt diYisRinGH a Mb¥infir® Bo@fasRimage by a
maxi.mum contrast inmage by a m ninum contrast .inmage to

Clpgg{némhcmngﬁgg tp ﬁgf‘g’aée w:qrﬁp%n'eé@ag%anth a reduced signal-to-noise
Saflpal -to-noise ratio. 7. The nethod according to

claim®6, further conprising: capturing a first inmage

usi ng the contrast obtai ned when optim zing contrast

of the multi: wavehgngihod a&!&alﬂgm Lien ! figthel BBGGrising:

bei ng the maxi mum contrast 1| na m nim zi ng contras
of the mult rapiuxieg eﬁg@thmagghsma@lqmnm@sttmalpedmdnbn pptimizing

bR, Ay SR I T i s com
nl_ma_gcf wavel ength lighting, the second image being the
m nimim co n}r{iﬁﬁﬁizinrgmc%%trast of the multi-wavelength lighting using the
plurality of images; and

capturing a second image using the contrast obtained when minimizing
contrast of the multi-wavelength lighting, the second image being the minimum

contrast image.

8. The method according to any of claims 1-7, further comprising:
algebraically combining at least two images to synthesize a high

contrast composite image.

9. The method according to claim 8 wherein algebraically
combining at least two images further comprises:

selecting a first one of the images;

selecting a second one of the images;

scaling the first one of the images to obtain a scaled image;

subtracting the scaled image from the second one of the images to
obtain a third image wherein a contrast of one of the background and the target of the

third image is about zero; and
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8. The nethod according to any of clains 1-7, further

conprising: algebraically conbining at |east two
wonegas74£20 synt hesi ze a high contrast conposit eCTnsg®7/010323

9. The nmethod according to claim8 wherein

al gebraically conbining at | east two i nages further

conprises: selecting a first one of the imges;

sel ecting a second one of the images; scaling the

first one of the i to obtain a scal ed i mage;

subtracting S‘E;ﬁ‘é‘gfé‘gg e third) ipagedo obtaim a naramym aVerage

tpigel vib@ewhéRirOb R URing itAkE & th A ) o‘§ﬁ@§1

of one of the background and the target of e thir

i mage i s about zero; andscaling each pixel of t he

third i magejpo o et I

wherein a régultP%S&?ﬁgbe |sgyﬁ%ﬁﬁﬁgﬁg%gg1§ﬁi¥¥&hﬂgt°anYOf

sh-Pe i mge. 10. An apparatus for performng the
nmet hod according to any of clains 1-9.
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