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for inproving image quality in inmges captured via

nmonochromati ¢ caneras. BACKGROUND [0002] There is a

cl ass of sem conductor products that are predom nantly

pl anar and specular (flat and shiny), and it is
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way that even mnor deviations from planar and

specul ar are inmaged with adequate contrast. One such

class of products includes sen conductor wafers that
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rectangul ar devices), it may be necessary to inspect
t HBORY aggr things; mqess 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.



chi ps and cracks that may propagate over tine and

cause premature device failure or to inspect the
woOaswErizprocessed features for cosnetic or funcPComakoo7/010323

reasons. These inspection processes are automated and

use electronic imging caneras in conbination with

digital electronic conputers that are programed to

performthe necessary inspections, measurenents and
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[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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devel oped and are readily in use to process the inages
woanotik7eo i dentification. Regardless of how PCT/US2007/010323

sophi sticated an algorithmis, however, a "good"

image with a high | evel of contrast between the target

and the surroundi ng background is still critical to
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to another aspect of the invention; [0018] Figure 7
is a flow chart show ng the synthesis of two inages;

-3 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;
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graph show ng typical spectral outputs of the
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is araw i mage of an actual alignnent target captured

by a nonochromatic canera under blue LED

iIIum' nati on, and the boundi ng boxes for "target" and

background areas of the inage; [0021] Figure 9B is a
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image that will be fed into the target identification routine can be further improved

through activa noise cancellation by employing the contrast optimization algorithm to
determine the 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
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can then be fed into any one of a nunber of known
woangar7420dent i fi cati on algorithns. [0027] AnyPE&mmsen07/010323

i mage acqui sition system conprising generally a

controller, canera(s) and a lighting system can be

used according to the description herein. The

al gorithnms descri bed herein can be programed into and

can be, perforned by the standard controller or can be
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[0030] Assume that there exists N different light sources corresponding to
wavelengths Az, where k=1, ...., N. The spectral response Fx()) of the k’th light
source is given by equation (1) below:
Fi(A) = axd(A- M); 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:
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Not e that equation (2) assunes that the canera output

is not saturated. In a simlar manner, the canera

out put for the background area (CoutB) is given by:

~N° COUXt B = L~ ak( 2' k) HB(Zk) (3) k=1 This also

assunes that the canmera outp t is not saturat ed.(Cl\/p

0032] Now, one c_a metric"

Eiccorzjl ng to equati‘o g?ﬁ(@,j(ﬁ lgn&)%tT - CoutB |

COut T + CoutB (4) [,QOSSI]H There are a number Ofd ;

I mpor t i f eat ur es iy tihe reSk ety gACM ne

aggve Fi r7];t t he er:;trl%fﬁ s'@mr:v@?l Cht (‘cb) gl o )

changes in overal | &ntensity. Cenerally, changl ng the

rel ative intensitFesaaG@L)H}(4gM sources by the sane

factor will not chdnge the i mage contrast. This is

cgmxsu ptent Wdth e eRRAicA] DS SssuRBE (P Hebaltra o8HpRERInot saturated.
true contrast in a grey-scale inmage to inprove by

shvptinilen mangey thgycamern ouppuk &r theybagkepgung asemdEaus) is given by:

factor. Note also that this definition inplies that

one sh@akty use a Moy, Al ?a gl gorithm for targpt
identification suchk-tas norna |zed correlation as is

KRR do b skidRe Sfhht Thgégm%%lggﬁl i§ Qo teP' stogram
e ual i zation to all capture I mages ore enpl oyi ng

32hr get iNfowtdngicendefine aftdntrsoheritsi(Ce) af@ddidf tdequation
sgsond i nportant feature is that the contrast netric
C%?]S symetric wth respect to the target and
background. That k‘oﬁmﬁ@dd’t‘ vvhat is deenmed "target"

and whéls i s deemed == will |eave the (4)
contrast metric CMGH€na > This
{0033] There are a number of important features of the contrast metric C)y

defined above. First, the metric is invariant to global changes in overall intensity.
Generally, changing the relative intensities of all light sources by the same factor will
not change the image contrast. This is consistent with common sense; one would not
expect the true contrast in a grey-scale image 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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Is also quite consistent with common sense as the

phrase "contrast between target and background” is
woanmnf4o under st ood by those skilled in the aPCT/UA2007/010323

"target" that has a high contrast with respect to a

"background” automatically inplies a background that

has a high contrast with respect to the target. [0035]

A third inportant feature of the contrast metric CMis

t hat |ts maxi mu ue i s one .. This is achieved
WHRIFESPRRY %@M%@%E@eh@gﬂ&gém@mwhﬂﬁ évaflsar@@td F vicgeersa. The
baektaOiHRtnétdic yaAS tHealibles? EiRrastihlthis arasd sNGaff quite in

overall intensity this Scenario -6 2007/127420
PNy wihEommamsase. corresponds to a perfect black
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fact that the netric yie con
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i anda(3) appqwmniﬂh one aherf abtaing ﬂ‘le&beWﬁ‘lgSeCﬂﬁﬁﬁﬁ (Wr the contrast

her%tfo [0037] Substituting the expressions for Coutr
u¥B from equations (2) and (3) in equation (4),

contr ast 1 Z’IZ“ %?fmzi%&@)&e?#«%?ﬁ&a e

S 9 B g B [T Aokl 5,
T BEGR il LAVOET Ly b
ever o1 the Son ?é@[c@&%%fﬁiwﬂ?gnécve Feady to

pose the cont i,Zation problen1in preci se
mat hemat i cal Igfrﬁ;[f) kB gi ven set of k r Be 91

+ (k =1, F Fo\llnnd t hat maxi m(é)es equatl on
(5) subj ect t ’t'hé‘ bI'l 6Wi ng constraints:

where I'[ = G(4,)H,(4,)and T} = G(A,)H,(A,)

[0038] After defining the saturation level of the camera as Coutrax, 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.”



ak?0, N akrk <<Cout mAx;and k=J N 2: akrk COUt MAX .

k-1 [0039] At first glance, solving this contrast
wopbi7mzavi on probl em appears difficult. Howerer,uS207/010323

few observations |lead to a sinple algorithmto address

the problem First, the constraints on ak create a

convex set of feasible solutions bounded by N+ 2

hyper - pl anes: ak =0, k=1,..., N, rk lakrk = CoutM.
a | akr k= . These | ast two hyper-pl anes are
Bﬂ’é"bl ed to Sﬁé? - A Aptimpd solutian Erigtsiopt Hyisee At spaesponds to one

- df M@J\Z@Qﬁiﬂp%? HRDE G 5D RLASER s of BRARL oBREGRS so@tﬁhons

0 sol ution exists on a surface that corresponds
gh’éﬁ%a digectgaulpptithe fagtfhat the %nw,@st meiricf(w A iniariant to changes in

bevurg Fﬂt§§s181fastd&§cr§l?éd eﬁ%mﬁﬁﬁ?h ?mﬁ@ gyt | é le, thiy tﬁeﬂesis an

a direct result of act e con st” netr

Ohptiral sohatidrany that i ls hangres boindady airfdck. [[mﬂﬂﬁl Silsfeyoﬁcould then
described previously. Assunme, for exanple, that there
| fsmmlxy seabe e, Wishth¢ eppropriath gainifactooy S@ﬂlaavbmdrﬁﬂamya. boundary

| ld th | e
SRR Sindk shith B SRR s Smienrit dess npt Chingsdhe gontrast metric
| CgsthRRoftRAUNE AUl EHEIRRE samk Bﬁ@m§%’u§§]t x‘ﬂg@fcazis the original

scailng of |nten3|ty does not change the contrast
nmlwll«m a@hherichdesiol aptinon sylutikn iself. d yield the same

OfH cont ri.c t he utJon and
R0TR, o on AR cRefukPn Fas o8 opBitaP SRt B feish O & Boundary
Cmfdcasadnintntﬂmdmbmvﬂm;snsah bs edadt] anthd! dbs@XhGbn %r’thé?t the solution
boundar sur servations can be
oSHLRS B 130 S pe T et FEmsihe Ssracction ePeren B pturation
nh)}peb@)lﬁie@n Tht Reasbit Retirat 4188g tHidlind B Bonth® metric would be zero,
sectign between the_ saturation hyEer - pl anes.

r‘é( S" apgot fean optimgl (PRrENP) golptien. cRntirthy it camdrershewn that the
V\épﬁlﬂalk&%hi’tﬁfn%annm&&ﬂl tﬁ@ﬁﬁ@&le Q? eﬁﬂer%%'o@‘ﬁjje b aces

solution. Fourth, it can be shown that the opti
skormed by thesriviatipn dyper-plaresniFod poy stchdicasible Sohmoa)f onehean show

bﬁﬁﬂféﬁ{aﬁcﬁw A RRre fso‘fﬁg?tgf] p{%’iuﬁ&‘? ﬂxto%ﬁt;hg Igc:)lutlon é)omt in the

yper anes. For any suc easl e SO
SPIeReT gfﬂi@ﬁ’@mﬁﬂ%ﬁtﬂl}yng hathat erfacei SThe elyitenee Qf chllusl better solution

3%11;?]%¥ g thd'6ri 19!3}%1611?@0&&?1'11& nJJt tv %eerp%é{g.ﬁ di rection

st ayl ng surtrace. € exi Ot this
bi®0d8} sol uiPuttmg together all these observations, the optimal solution has to be at

one of the “corners” 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.



inmplies that the original solution could not have been

optimal one. [0042] Putting together all these
wohsweEreatoons, the optinmal solution has to be aCT/USE®7/010323

of the "corners” fornmed by the intersection of one of

the two saturation hyper- planes with N- 1 of the ak

=0, k=1, ...., Nhyper-planes. This neans that the

opti mal sol uti on wi |l have the form of equation (6)

bgl ow. 1 = n ak 0 if Kk 0043
EREeB 8t - orfy B e RSP R doMoh PR e 8 found as
diflleswsi ne the |ighting configuration that will yield
the optinmal contrast, it also provides an inportant
insight to the probkgdm~rigel y, the maxi mum contrast

is obtained with & ; the N light sources
active. The 4 npli ca‘f‘li(Eﬂé eof/ this observation are

di scussed in re |(getpell herei nbel ow. [0044] Next, an
algorithmfor dete . the lighting condition under
which a maxi mum c(ﬂh[fﬁﬁ as defined by the contrast

netric CM of equation (4) is achieved. -8 WD
28bs1. therweyel F'é&h MeIBe prwasponds torthe lasgest Cuuevalye calculated in the

Np)rewb%s %ﬁbﬁ? §ﬁ’6§3ﬂ'aﬂg I??éc{}%l 1ﬁu§1k%%t& ﬁmecsgupftdﬁgs t CNk s

f o und as | ows. +rk ) cMW
[QOAR] - r k ) N qte that khe)abphe nlgonﬂan ‘davselll@rsge‘tlf}f?tltahmolute value of the

CRASRAPAHPLS Bedd 1B hALBRH LMY Hhle. SR SUbALEdN] Bieh the

previous step 1s ¢ osen ARG ad8
t méﬂ!smatladsieqmlmﬁc}f tNetentrdsametriveCabelizhdl gnatibht deesll
ny eabo te.val ue.of intensity gk to
pitherSRESsts. (U el ebinpitBett S, hifayer 1eiRe i dfsanprimum
vpdrinigsitde vahkhﬂmitl cal definition of the contrast
metric CM which is invayiant to overall intensity
| evel s. For practi caFni mtﬁm/ﬁﬂ, Mﬂl\tﬂ\ﬁe}ver
setting ak to its maxi mum perm ssibl e val ue of.
arEhimproye thersignat 1o gGuizrion heis@rdfio inithd ralwmnagcel ¢.hthe image

Séﬁ)ﬂﬁ'hd 59 tﬁ’éjﬂl'ahbglﬁt)fngﬂc Q%‘hgﬁ ﬂ’rﬁ)tr o txm AfoLaW 1 mage,

| mage capture rOYTHtI C Canera
F{IOK) 6] t o opF pran sxdmple of the above algonthm in practice, assume a target and

background of a surface are illuminated via red, green and blue (RGB) lighting 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



[ 0046] For an exanple of the above algorithmin
practice, assunme a target and background of a surface
wane7ilktaam nated via red, green and bl ue ( RGB) pCTgisRiomg10323
and the following F values are observed: T BrR =S, rR
=2; rG=3,rB=5;and rB=8,rB =5. Enploying the
t eachi ngs herein, one obtains the foll ow ng contrast
netric values for individual (red-only, green- onIy,
nd blue chenmes: CMR = 15- 23/ (5+ 2)=
Serierasn Aol ey SoneS oy able it molf-wavsgoeighing
Sgonfidtidadion[ 01%3& coitlifithsScaB Melh & WHyHer YA tﬁetfgﬁomng algorithm
red-only lighting will yield the highest ~ contrast
vith Tessifedlig@esnd the target. |f Cout MAX is

RPh"be oor EARRIGNS) Bekilafle R Mok I REuaon, an image i
f Qﬂptllié‘ﬂ eempining)theiargopardithe bh¢kgnoumigptddn ditt 12o mgthimthese images,

Out pu Eﬁ} F%e% %ﬁ{y‘; :%2?5‘51%30&9%8%%” %{e‘jagfﬂéa%ggaeﬁe In practice, the

REFiesISREY I @d@@ﬁ@ulcbb&:togirawrtd/oﬂmnndlhg boavetor @gtharea. Next, at 14,

2’%1%:@! ggiraZC{ultglﬁtts Iilcrrhtg]J i)a%]a\’{\gﬁ\ﬁ? Sy Lg chg?avsg;ngth are calculated by
pze/refaglmg g Iidaﬂ vfahiels(iw the c@h@@fohﬂhh@ar@&iﬁéﬂthﬁd ati1Rnd factoring

.0 F| For .each wave] ength
At Cptar iy dﬁ‘ie? %r#sre ICBRturiRg thatdage-s1f the camera
C@ﬂpw i dataRitd BioR iafg of AR dadd %Tat %l%tkﬁﬁt}b@f?thg 1i@HAAg Bllowered for
At 12 th|n t hese, i mages,

"3t ipaee &hﬂg -anglythe fmagcis serapiupd g 20ari%ﬁsalawéthm then returns to

| identifyfth€Breat Bt DY AfFithE Rew i 8ae ﬁﬁlsdo%ﬁhu%&%hqﬁe e&lculations at 14
woul d be to draw two boundi ng boxes for each area.

mﬁptloaellsm acturps e the pelpulabionsnitld digetly. hAt Bacthg contmest
aiflink BEEGH al%Brlﬁﬁ‘P iy &@Mgk&p&td’él Ené il qflélh g%&gglength that would

aver agi ng the pi xel es for the cor
i deldtthe magtiraumicongrast as axstlloasi the propet 1r1t¢131tp aa:\tell d:hdt amll dnve the

V, t t hat
| PREbldbul £ bttt on inp R Hab Rt Thr o g Note
stbat, ag dds@ribedhbefosd ttlyas ofillthelp inipgbve thy sl@al ﬂMﬁd&l@d rdtiorof the raw
that |nage at 18, and the inage is recaptured at 20.
THE® a1gor|thn1then returns to identify the areas at

posay the WBchmeopﬂﬁdlzﬁﬁBﬁ lal'g@ﬁﬁ'mﬁ peBgRed itezz was described
cal culétlo tional] returns to

Jipeindy iR Sabbe pangsfized By shoxm s ey AT %@elﬁcallw at 24 the

single-source contrast Cyy for a single source is calculated. At 26 an inquiry is made

2

as to whether the single-source contrast Cy has been calculated for each source. The
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
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optim zation algorithmis enployed to determ ne the

i ghting wavel ength that would vyield the maxi num
woami7rriasoas well as the proper intensity | evePCraro07/010323

will drive the canera output to the saturation |imt

for either the background or target area. Note that,

as described before, this will help inprove the

Si gnal-to noi se ratio of the raw imge. [0050] The

contrast .optim zation algorithmperfornmed at 22 was

JEURPISHE dmag? EvCERed Petetil te ienBEy tharwrart 2 € tadicighdhmethod to

| ftilbieQHER Rultidh! #napRE 5 AdxE a!es!cylbe@t 24 the
Si ngl e-source contrast CMk for a single source is

cl082l at ed. Fist. #onerhadfaugetsyanddagkgreundssthabweteenenfectly uniform in
t

[ 8 BARLANAOLRSRf RPN hertlt BTG GG & tighing
u‘mndlltl%ﬂ IAébﬂedmléwakmih%trf@llmwaeemtheZanteraeoﬁtaut}efet the target and
S At 30
v\g{/ég uél?ﬁyc?&ﬁ b;é (hag{e{'rgirierdgggglﬁe X 1{1ary ﬁr H?lglng \g?uld be applied to
stheghe-imege tecreatatartdatck-G)dvivhits imhgeseith tperfett contmst There are two
tﬁ]lgl surface .t o.obtai

d
ar S S O el AR et il Qusuenan s thac
oeitlteh thedtptck pround tor die @fget bBELOthGRS sedgom peitesmy thidrm i 1n space.

T ATEN K A RN T

baneé td ety “5Rit0 tetarRf frosh the bhélgirbendihitd diFFcilTBARSther reason
create osi ’ e based on data coll ected

LR gt ot Fularas PR blvTEG B thsesdest, ithnsiugvia opReal imitations or
PRE fsPAtIA RER L orfo fAHO BRIBANIIE-8A §8LrebdSRE {4 G hﬁ’x@t the
al gorlthm that is, an algorithmknown from the prior
apackgroandyses an i mage, such as the optinized or -10

02907/ 127 g
g@scgllobe q hg%lglrn%%%{ |OE?r ﬁ]s 1§&{Tﬂg$rb£/§ tﬂer@&%l to-noise ratio
i (SANTR) f suph AR inperfech imagé.| Oze wahiée do wufis ioghek Cl mggemg scheme that

tacrgets

58 O TR 8l S5 S gosng
Cl(ﬂmrdnatm@lav@mngthmgwhwmhe pegdtend baﬂfgroumi respmim’dlfferently This

P ecbhos ol Ron SRR el PATERR et

A9054b ac kgr Amnduewapﬂ»rd»adetod&tmbﬁhg SR ixthctive Roldke Raidsllation.

PRt oo Bt et PRt Gncimagen Al e eispond to

Tdiﬂmaaﬁn@ﬂiewexummmfom&ﬁ Mitonyihe raWl ighagk AP EAG L Svith “smooth”
One.reason Is that

¢
4af° b %en %u ‘duaslgr ad Wilﬁbf@es giehb satpilyindesangle m

p@ﬁ\fe%ﬁgtb/llhﬁlhih@ﬁm ithe &413&8 outpMmodel i8S dHB0Y 153ééherahzed to
| ed,, which rrakes the determ nati on of

red/m_p

‘Hélé‘émﬁxa Y Oﬁ‘é‘aﬁ‘b“ét’r "split" the target from

t he backgro%q” % g{fé))gut Iy)é‘rig‘th reason (J7)s
i

that there is dl n@ "o’f %he edges,
either due iupfitd PRIT(kHLL BT OF ®)

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

-11-



the spatial resolution of the process utilized to

create the target against the background. [0053] One
woespanseot o these problens is to i nprove the PCT/US2007/010323

signal -to-noise ratio (SNR) of such an inperfect

image. One way to do so is to pick a lighting schene

that nmaxim zes the difference between the target and

background i mages by choosing an illum nation

wave] ength to which the target and background respond

dPPRAR: |4t 42Fiipessecprd Hpage if japtuendiysing a lighting scheme having a

ol EltESthitRAmRiA0ds ﬂie%ﬂﬂﬁﬁﬁ%sﬁ%%ﬁ@ s&Re ?;roo%gﬁ)l%fused to solve the

Anot her approach to inmproving SNR is active noise

c SOTHEASY ek zation prablem pkoveont ext  of t ar get '

[ {ficati | TRAge el L

em'%]n ating %%éf?gg?tnhr el ?1 rgﬁﬂahrtill \é@é%t%g?n?%gﬁgﬁé’g%rﬁggm

t ifermptign injanhinageroapthted vime fighingsuhehedhatrminigszes T contrast

R e e N T

abenteist snagemeaialy aerdaihotexture datd ehatakis wicthod fsaf@aiptiap to

a2 %lakeg\’.’ﬁju: Coﬁl’{%)ﬂgéir%%g’:e%lglj(ﬁag : l?l(rtl)é%)gé%% F%J‘Qiﬁ@gd’( IZ))r the one with
f theahinbmalldontidt toiffeesesly SarideBotitaké ag@y)i t)eifns)g gfa%i &Qfthations (7) and
X, y) an

t hroyghout the entir | mage, .and UT and UB(X,y) .

a&é’ #ﬁ%&ﬁsn@ LP%‘N&F?SOWE“% #?éi@g"g} Rixslgfdhe {raaga s éin_ed%iby a )brlghtness
ovaltie fdtahé a6@€poAdEhged Gh BHéNthagk Ydth thE SRRERAIIWEIYst. This results
[0055131 o use this éaggiroacht oné obtains two images

T | C
i st BHah SMogHEr 1&s relahyoly noferreguitaags eftbaghgrognd and target. This
| E@Gﬁleﬁs‘@ﬁ?ybbﬁ@qm@b REn ThefEGLEIOL it Blle c{%sﬁ]egﬁstarget
S e met ho or

the contrast as detailed above Int
dicestificationgpleerithayior pracessingay dageribed mevipsiy/ 127420
2007/ Ql3a3, itk Oons. . ; ' e
%Zﬁt ur edg%a ng pﬁ@ﬁgﬁ%’ ;“ﬁg’%é’ g@gr}%é%#&%/g;ﬁ%&gﬁg& qs ('Rt 2
wernshesiggrtage ptherired of intsrest iwnc @ plurakity inmgesjcdpinered svhien a target

h { t im [ .
T —
t engigtageds kuhtowted fibih fanothet ioadreaie a siynthetierhha @ with edlianced

[ tured via | ghti scheme that mnimzes
t%’e %Sotﬁt?r agffnglget?‘iﬁgg?f’(i'%’ga’f‘%‘é‘fr_‘ ‘or fiducial) and the
bEOESY ound. Mdrenpedifiedlly, ¥ondide the suef@dio dbeMse@ above Rl respect

nRi contain e re.data th this nethod is
a'iotlg(lﬁ%tlf “gé”‘abftlﬁexﬁlf’ﬂ%?’g’.g.o E‘iiﬁa‘tallr!?&i the image with

maxi mum contias rBs,.' di.vi ded" by the one with the

m ni mal cont r’;ast’ 'go effectively cancel out the T(x,Yy)
terms from égiatl A& (7) and (8). That is, a

bri ght ness vydliagrfos each pixel of the image is

di vided by a brigﬁtness

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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value for the corresponding pixel in the imge wth
the mnimal contrast. This results in a nuch

wennotiker) i.e., relatively noise-free, inmge 8ET/US2007/010323
background and target. This so-called "conposite”
I mage can then be fed at 46 into the downstreamtarget
identification algorithmfor processing as descri bed
previously. [0057] A third approach to inproving the

SNR of .apn lmage is to forma  synthetic ipmage of .the
rsé(a&SP% nj("e‘/r‘@%P FO5FAtE sYAh Aimags Physicplly el lightigen
ambdif@@ﬁons%ﬂdulﬁ&é&flﬂféﬁi{é@aﬁ&@’ 1hieh§’im3§] af1ch % rﬁﬁ%ﬁyﬁ«fzally possible.
nore wavel engths, In this exanple, one’ | hmge

i %“9961 it 2t abvavis his Roseibledthrqugh sealingeand suptraetian of rawdgmges to
WBtHin@aReed uﬁgg& mt LGf t 1& AfiP&le qo taB8s to scale

background. [005 peci conS| er the
siadiyadyad llﬁPgQ’,Sui@sib%F th@novx@hm“mtqh@sp mget area (GHckirpiond agea, and

bR siififat Bhi @e%ras)s&g;gr%gvcgﬂ the ybyes: T B rRes, rR=z, T

B rG=3, FG=5 According to the previous
d[lOQQQ]s3| on, Aveattual ghaply ditimeadiogateive és shvavihivitheserence to

h
P 1 TR -
u..mmg blyecgmen,irgd tind inffarah L EDaf andtha cogekpondinlg folitr@aw” images
AR bk Shrt 37 Llrs gty i
tdfabe multidcoks LIBD edgsaiibah T}@h resW¥ing ird\dl nhbg’és dali®e seen in Figures
t het I ma
O rBRem PBkhete K gprh A, ¥t st G Bocksrpind vikdss blue LED

AfluiniBdtionaihd FRRgiees SEROBI shodl thk biiné %g&%ﬁlﬂgbg%BhM under green

b Two jnportant aspects of the éxa >
&e@aﬁ wninating, 15AdH? firaipatiorppd infrapgi(IR Henipationy
ﬁ@gﬁkﬁuggractlon of one raw imge fromthe other is
trul 2 WO 2007/ 127420 PCT/ US2007/010323
"[99ﬁ¥]h et i c. Next, boueding bgmaf‘@r&ﬁémchrbaicha@enf” areas of the
fi .
92%%% ?‘gé éléég%@??%gﬂ %alr:]l?g%{é Iﬂ?ela.%erg% %'0 Egc%ﬁg?es of’fﬁesednoundmg boxes
g shavan ity Figues?P Al dverageqoxal, valltes wiithin thes@bsurhling boxes are

P:%?cﬂlagla& fgrm’llofdgp{rﬁg N ng th% cgonselél?%n Ct %gnrgiaggwgéqs are getermmed at

taln I mage w
rfet rThos resthlts Qﬁthed@&&ldhdht@s ase dummAsdded in Figlire i10L A ccording to these

bgagg?té%%%t h?ltél g b)g%x %Idturxll er bluc tIjilb 1liur1]mtngtr1(9ne Lasatlhg %ig%rest contrast
between the target and the background. This is consistent with the visual comparison
of the four images.

[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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then subtract one (scaled) inage fromthe other.

[ 0060] An actual exanple of the teachi ngs above is
wehamizm2oh reference to Figures 7-11. In thiBCT/US2007/010323

exanpl e, an alignnment target on a PCB board is

illumnated wusing blue, green, red and infrared LEDs,

and the corresponding four "raw' inages are captured

by the nonochromatic canmera at 48. Figure 8 shows the

eﬁectraj outputs of the nulti-color LEDs descri bed.

THeminationtby, etaaapﬁ FYEERES Pt vhlae 96 e tiaw imaggobtainagiyunder IR

e the target and
géclggr ouﬁgtlm ﬁ Eﬁ(}@é%ésﬁzﬁg’fn nati on, and Figures
qBO&3) show ifheS@éer:elrma@egesulamdteﬁanx@fhyumdekﬁn@erthgp@ehselected

td .nfr drs
Lil%%gla aée%%taln%rlaeﬁsﬂgggpiu\@/ 2113;/19 ﬂﬂl.ﬁlg%ﬂl%a?t@ § This results
hiawndinage timxhas {mtual',ly aelge(ﬂ) aanage' piaelkgilwuiod ‘theamaws agh. For the
t he mage ape deternln ch ra
RSP LIRS e B IR Y3 0 B AR B s geloulated
% 60A\Fem fge emmplle iapelabe i driigebdck@®ant qmtuli ivBlie hoeetculated.
cuI ted f r al | faqur es and
SRR A B g 7 C5 BEper Ficthsdo bine s average
r_ﬂiﬁelﬁ&w héreGhe bR&a8e piRkHHIad foR s @dc«kgﬁsuﬁa&&éaz af té B maximum
igure_ 10. Accordlng to these results, the raw i mage
gtikeli valne WeBe@s 26Pue LED il I umination has the hi ghest
ceBb4pSt b?h&‘@ﬁﬁh&t'f@uﬁ%@%ﬂer E&%ﬁrﬂﬁ BRsk Q{e?y mnus it&d in Figure

is consistent wth the visual nmparison four
i WagEle cqny@stmetaic feyﬁtlﬁeeaeeéws bpm@eéc@awd@é 0&&2& whigh is very
' Jlogé']ts tfn?{ﬂegﬁ@tﬁgl PERRIm oF i I Shis co ?‘1 'IH&Q@%'«&RS Qﬁgﬂ

for the synthesized Image using a braic mani tion
alrra)romnemtle donfrast 4ompared o ﬂleefmml\?\emztme a$ shcs’vn mnlﬁgere 10.
S’F]{ug Qﬁlﬁgi‘).eg*‘ﬁ}‘pﬁn éﬁ)t\/\%] ggrcl)i?]%f %ggal Slg%}g% 1011? H"ﬁlel'l %Qgﬁr: g%v shown in
i Figgee Dbt ai ned under | R LED illuni nation. These raw

TBESE e BRR RbPYEHR R taPoB AR IR 88 daserbeg iprder o

Valldw egspscdbrstandaardl e prisent ietitionpael @d ndtHémit mmgmsent
i S scaled sq that the average pixel |l ue for eith
HREtRRE \OF e PREn e Wspifn 1 ipionletlo gogerperiqys midifications
Snd dqm\tdmﬁ agrafiferhOits CAMRUSViEMR Ehe spitiiveld s2bpé BPthe appended
i mage obtained under IR LED illumnation is nultipli

1 ed
bSlaie Whigh tsopg s torke acgerded thefupadsst Bitezpretatinn o asto eRgPmpass
[ AVl HEAEiBRL R EAHRAl At BPucHERs 29 PMRnRRRRNERY haGaw.

PCT/ US2007/ 010323 illum nation by the target average
pi xel value of the raw i nage obtai ned under IR LED
illum nation, i.e., 144.1300 / 125.7639. [0063] The
scal ed image is subtracted pixel -by-pixel fromthe

ot her sel ected
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i mage, here the raw i mage obt ai ned under bl ue LED
illumnation, at 58. This results in an inage that
woaasovereoal |y zero (0) average pi xel val ue foPCThs2007/010323

target area. For the resulting inmge, the average
pi xel value for the area not zeroed out is next
calculated at 60. For this exanple inage, the average
background pi xel value is cal culated. Then, at 62

h pixel qf the image is scaled by a proper factor
t SEAel 15y erage  pi xel val ue, here the average
pi xel value for the background area, up to a nmaxi num
pi xel value such as 255. [0064] The synthetic inage
after perfolni ng4 methodde dmprave impge quality éulihaeesiof asarface

¢ e
otk BV A ARt Soch B, ' Suth SPEIARR, PEFR and o
tbrskground.athe methodieomprising:Thi s contrast metric marks a

significant [ Qnirast,conpared.to the
four raw i ﬁ&xggﬂg@ﬁ%@gﬁx% ) |g§° Bfalnﬁﬁipiurghty of ifiages; and
i Npr ovenent opSmidisg caesst hetween porddnbyf thesusefhce based on the
iriﬁﬁu&% 1 of the imge as shown in Figure 11. [0065]

Fhe above W&Er i bed enbodi nents have been described in
order to allow easy understandi ng of the present

invention, gnd dq.,not Jimt the present .inventjon. (n
t he contrarg; thgl‘leﬁ%%h?c;nﬁ‘i?of n$Fﬂ§ﬁ’di%él Whereig\psing multi-
Wasiveleiptihghting AirdheR SompRsksequi val ent arrangenent s

included within the spirit and scope of the appended
clai ms, whi ¥Hydiedhe mutipwavsiengthrlighiing anengs plarlily of

| Wi B hh@ WHE R R SpliRi SRS SSMBS Srurhkl irtHEfs:
modi fications and equivalent structures as Is
perm tted udefermipirg Whigh wavslengthormomigl the pharality of wavelengths

_F’r@ﬂl{éﬁﬁ%?{n%@ﬁgﬁfl%%Q,%,ﬁhﬁn{:éoqﬁﬁgtd is: 1. Anethod to

i mprove 1 mageé qua n 1 nmages of a surface captured
via a nonochromatic canera, the surface including a

target and bagkgr t he..met hqd. ¢ ri.sing.,. using

mul ti-wavel g'ngt h T Eﬁ#ﬁ%dga 08%6 f’flcﬁalén E%F!ﬁ“?‘% ﬁb#her
ioeagesingand optim zi ng contrast between portions of

t he surface %ase.d.on the plurali tcﬁx of tj n&%&s. 2. Tge

met hod accolAPIGRnE 2 FesPsRiYe fARPL ifRG i ffiget and the
mlxmgrenga ﬁcl)ﬂ dagnwajlvgleagmtdfene mnpwaslelsngflﬁargwtia ; e

mul ti-wavel engt i ghti.ng anong a pl.urality o

wavel engt h s‘,mg% g’e\ﬁﬁg?eé?f‘ﬁg B?IP?%%?FPHS f‘(’f&ﬁ? faxget angythe ackeround
iwlsdnusiR izl @hifagi Ng whi ch wavel ength anong the

plurality of wavel engths

=]

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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results in an inmage having an optinmum contrast. 3. The
nmet hod according to claim1 or claim?2, further
woanpriesi2ng: determ ning a respective canmera oBCPWS2600/010323

the target and the background for each, wavel ength of

the mul ti-wavel ength |ighting; and using the

respective canera output for the target and the

background when optim zing contrast. 4. The net hod

according to any of clainms 1-3, further conprising: oo

capturing af- i nadéemasthad opppsdieg ée anxoef ¢lpias 1-4 wherein optimizing
' ' e A fr L £\ t least two

tr%]’rn ggftv%ﬁgfpﬁ%ﬁ?%gg%gr&g%ﬁ %ﬁt?{sf ‘gérﬂég?se?dent i fying at

| east two b&aelkylatinga sinebasowte epmragt foa theytuoiand fordagh wavelength
: 4 0 . . s

B pRAPE VBBt B e Bt S REIn g, apd

two backgr oohebsargeths wavkkogtr thaigcopespamnisito tlenlairgegt single-source

Igﬁﬁﬁmégﬁﬁngnle capturing the image; and wusing the

respective canmera output for the target and the

background when optim zing contrast. -15 WO

2007/ 127420 _PCT/ 2007/ 010323..5. . The net.hod cordin ..
to any of cPainms P&nﬁﬁ%‘i%‘fcﬁr‘gﬁgitw ggda ﬁ%a&“q‘er Comprising;
bet ween por pedoEniak atfirelBit pikekdilisidnira MERHRINS 86ntrast image by a
cal cul ating a single-source contrast for the surface .
fIBIEYEHC lé??gegﬁo CEale heOTpRfits|image Bithasgdpesdyiignal-to-noise
awabl able in the multi-wavel ength |ighting; and

choosi ng the wavel ength that corresponds to the

| argest single-source contrast value. 6. The nethod

according tg any 1g ﬁétﬁbﬁ?ckrcﬁn% b e I, RRHRE Lahﬁggingz
perform ng a pixel -lpf—gl xel divPsion of"a maximu
contrast i megunyg a firstiimiage usivg the contrasimiyained wher aptimizing

8 . . ) . . . L-t o N )
S EBRGHESE U BA AN OB LS i conrs
cdomgei sing: capturing a first inmage using the
contrast obtaj . when onpti.m zi ng. .contr . of. the
o't - vewel SRS AR RS of BehRfl-ub 9 lAaE vebfing Hing te
neluratityrof imgeasind | mage;

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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m nimzing contrast of the nulti-wavel ength |ighting

using the plurality of imges; and capturing a second
wonega2uring the contrast obtai ned when m ni m PCIAS2007/010323

contrast of the nulti-wavelength |ighting, the second

I mage being the mninmum contrast inmage. 8. The net hod

according to any of clains 1-7, further conprising:

al gebraically conbining at | east two inages to

synthesize a high contra conposite imge. 9. The

met hod acco F‘Eﬁqﬁ‘g eagh EP‘&I ﬁf‘%‘e \Hll*g?p Bnagedp BB A gRigum average

QuiREll valwgwhérelCafdsultidg imaBE BShE Wi E@MtHaA B S fe image.

selecting a first one of the imges; selecting a

second one of the images; scaling the first one of the

i mages to obpai n g 544k ' A ' .

scal ed inaggbfroé?}he ggg%%%ggﬁgngéggﬁéﬁﬁﬁggggkggn@toanyof

igsl-8 third i nage wherein a contrast of one of the

background and the target of the third imge is about

zero; and -16 WD 2007/ 127420 PCT/ US2007/010323

scaling each pixel of the third inmge to obtain a

maxi mum average pixel value wherein a resulting inmage

is the high contrast conposite i mage. 10. An apparat us

for perform ng the nethod according to any of clains

1-9. -17

-17-



