ADJUSTING IMAGE QUALITY USING MULTI-WAVELENGTH LIGHT
TECHNICAL FIELD This invention relates in general to a method for
improving image quality in images captured via monochromatic cameras.
BACKGROUND There is a class of semiconductor products that are
predominantly planar and specular (flat and shiny), and it is frequently
necessary to image ARHEESdINeeEMA GlcR TalSIGminor deviations
from planar and specul M@t ¥ ddd N addl ldfeHdontrast. One such
class of products includes semiconductor wafers that may be provided with
indicia indicating, among otheTHaAgECA&ferEIUMber and manufacturer.
These indicia are defects in the surface of the wafer and are typically a matrix
of laser etched pits. They are commonly known in the art as "soft marks" or
"fidudizib mexkers relatis negassariptoriviage ilaswmangsitmge qualiie coduset
vgg’kggl%ﬂgpﬁlg}g@gmmgﬁmm%guring process. Another class of products
that are routinely processed using laser-power material removal schemes
includes dielectric-coated conducting metal substrates used as chip carriers
for semiconductor devices or aBpIIKESROUIND boards for electronic devices.
These, too, are predominantly planar and specular (flat and shiny), and it is
frequently necessary to image these devices in such way that surface and/or
subsiirfacafentres cfarwbemmbged witkdwtie thrateregritdsni@ndysobnalasd
oAt nGlAS SCRIPANMYCIRIANIP RS IhahmanRRAIRYded D,

indicia indicating, among other things, process datums. These indicia are
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simply 1 0 "alignment targets." It is necessary to image these marks to align

aRtl&eLe tHds necessary to image these marks to read the codes at various steps along
the manufacturing process.

Another class of products that are routinely processed using laser-power material
removal schemes includes dielectric-coated conducting metal substrates used as chip
carriers for semiconductor devices or as printed wiring boards for electronic devices.
These, too, are predominantly planar and specular (flat and shiny), and it is frequently
necessary to image these devices in such way that surface and/or 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



workpiece to the machine at various steps along the manufacturing process.
After the devices have been processed (generally cut by saw into individual
rectangular devices), it may be necessary to inspect the edges for small
chips and cracks that may propagate over time and cause premature device
failure or to inspect the laser-processed features for cosmetic or functional
reaiemgemthiasgethspdétiomnaseotssses igreautsmatetkan® udak edropite the
IMRGPECAPN @M IR NRLNG W Jfigital eleaiionic.camputels that are
programmed to perform the necessary inspections, measurements and
identifittifits (T8 G0 PRy RifAgB HTESE bIFEREE N iy Righigitirdgcike!
vesytangobir féativas, a maynire nedfdigiiting sygiemshandiganferasnhBwehipeamd
used, Far example, commonly. assigned U.S. Patent No. 5,737,122 entitled
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whereetheraxisohtha camera and-the@ximafithe Jahiing imeduisinaie Alvith
complimentary acute angles symmetric about the normal to a specular object.
THE HATER AN TR TR IS D TUBRIbR LIEEHS BRE S 4IRS Ahd
areeprexeaiechiicbide hefiegtidirectly imaged by the camera by baffles placed in
the imaging. RA e mreveqiibis: Teposiianel e hatlss iesiicis e felg
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coaxial light.source directs light rays towards lecentric lens which .
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the object the light rays are blocked by a telecentric stop. Light rays reflected
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aperttieiindhediep ataacepmtdtaohipborfiatent No. 6,870,949 is also
inCOIPlogg.;[)%gerl‘l %gcgimnp. e,itgo%%iégf}’ lesiégggr%.ePatent No. 6,870,949 discloses a
coaxial narrow angle dark field imaging system that utilizes a telecentric lens to
illuminate objects with symmetric coaxial narrow angle dark field illumination. The
illumination technique is particularly suited to highlight minor features or defects on
planar specular objects. In particular, the coaxial light source directs light rays towards
a telecentric lens which redirects the light rays towards the substantially planar specular
object. The light rays are reflected back through the telecentric lens towards a camera.
To the extent that the light rays are reflected from a planar specular 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.



2 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
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thod to improve im quality in images of a surface captured via
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mulicasavelength lighting to obtain a plurality of images and optimizing
contrast between portions of the surface based on the plurality of images. An
apparatus to improve image quality in images of a surface captured via a
monochromatic camera taU§RIAGEiRIhERIEEN VigNEMaple, means for using
multi- wavelength lighting to obtain a plurality of images and means for
optimizing contrast between portions of the surface based on, the plurality of
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drawm%@'i@dqqgeﬁﬁﬁfé(vp image quality in images of a surface captured via
monochromatic cameras taught herein includes, for example, using multi-wavelength
lighting to obtain a plurality of images and optimizing contrast between portions of the
surface based on the plurality of images.

An apparatus to improve image quality in images of a surface captured via a
monochromatic camera taught herein includes, for example, means for using multi-
wavelength lighting to obtain a plurality of images and means for optimizing contrast
between portions of the surface based on the plurality of images.

These and other unique features of the invention are discussed in further detail

hereinbelow.
BRIEF DESCRIPTION OF THE DRAWING

The application file contains at least one drawing executed in color. Copies of this

patent application publication with color drawings will be provided by the Office upon



discern the individual pixels and to illustrate contrast between pixels in the
images. FIG. 1 is an example of the spectral response of a typical
monochromatic CCD camera; FIG. 2 is an example of reflectivities of a
target area HT(k); FIG. 3 is an example of reflectivities of a background area
HB(O); FIG. 4 is a flow chart of contrast optimization according to one aspect
oftieesiriishpdmIef Bhg reerrBhiee: ofl e i -of BicER B0 W affengernast o

opticaizatiemanewiPixElGnd 15 iRBds adfiawsohanef the-rciveRisses.

cancellation according tg another aspect of the invention; FIG. 7 is a flow
chart Yol R Pietdis SeakalifragRe ¢ sl el grepRcarmiie S hical

spaatiat outputs of the multi-color LEDs described herein; FIG. 9A is a raw

ima f an actual align target captur a ochromatic camera
B B e B o et and

"backifrodnslanesasnd thacisagati of oRssouy imade@ithe same
alignpien tatogt CRRMA 6 E LY R SAME MANRCRIgMatir FRMSR Wder green

LED illumination; FIG. 9C is a raw image of the same alignment target
cHPEFE by the same monochromatic camera under red LED illumination;
FIG.HID.is & sawnincage dfdheisaiiBlaligsingniid argahaapiinechiyntbie sarie

hromatic camera under infrared (IR) LED illumination; FIG. 10 is a
table that compares the average background pixel values, target pixel values
and E¥au@astnilewichdofibefatirveaneimmages] pievideebidi R @S heg Bspapich
Fite itdelsithe synthesized contrast image obtained by algebraically

combining the raw images of Ftii%g. 9A and 9D obtained under blue and IR
LED ittt L ebardiby g die eWerisef SY¢iB28Sa DETAILED
DESEIR|RB T @NpD bhdwikgRypich Edd rdD outputs of the multi-color LEDs described

herein;

FIG. 9A is a raw image of an actual alignment target captured by a monochromatic
camera under blue LED illumination, and the bounding boxes for “target” and
“background” areas of the image;

FIG. 9B is a raw image of the same alignment target captured by the same
monochromatic camera under green LED illumination;

FIG. 9C is a raw image of the same alignment target captured by the same
monochromatic camera under red LED illumination;

FIG. 9D is a raw image of the same alignment target captured by the same
monochromatic camera under infrared (IR) LED illumination;

FIG. 10 is a table that compares the average background pixel values, target pixel
values and contrast metrics for the four raw images provided in FIGS. 8 A-8D; and

FIG. 11 is the synthesized contrast image obtained by algebraically combining the
raw images of Figs. 9A and 9D obtained under blue and IR LED illumination according

to the flow chart of FIG. 7.



EMBODIMENTS Improved image contrast and target identification quality in
images captured via monochromatic cameras can be achieved with the
present invention. 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 WalARARPESORY HEB A BRI RIbETRHEDighting system
would be most suitable. SecondEMROLIMENSPthe image that will be fed into
the target identification routine can be further improved through active noise
cancrlipiiosdoyrapaptoyingtthedcontecast @piirizatiafualgorithmate deiptirineia
thediahting, sehemes, hat pravides maxmu, and minimum, contrast befiveen
atarge and a bac ground. The desited elimindtion of Image texture data’
(ientriofse)toanaten deoraboormpiis hed thveughngkeligyipixe! divisioredf thbe
MAXTHT COMTARSLIMBOSKYiHEE bPRIMIKP £ORIERSHINAGSH Ntid: 2 Syhalie
image with high contrast between'the target and background can be created
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ingiigivalovrRVeianeinsui kbR ressdting gempasieMadgenganthenibedecdinie
any. ong.of ?J%HH?E%& of known target dentification i%?&i S A oW, .
image acquisition sys(fem comprising genera?fy a controller, camera(sy and a
lighnivedj dimtémeoandye g sedcattaydimgtoztitierddgeriftiotohieteiminetke lighting
algpeithimsngleprsibgd hessinganhe RiagramMenite sbd.can bepetformed

% the standard controller or can be gerformed by a general purpose
arbpidtdssdnedlipisd (MY SioHEE tHEUfgBHhthS ofdijpycan then be
miesoepntielemysitbroprhoaidpReniovisias i konaximihearidetailsas hrst

' gmatheﬁnatical model for. contrast between the
a synthe %’1

described by first develop tg
minimum cC ntéast 1mar%8. T tic 1ma§e W].[l}| 1 contrast pefween the
target, e.g., indiCia, and background on an image. The following definitions
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wavelength. "'Second, the reflection spectrum H (X) of a flat surface is defined
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ATEFUABHESYSHh LB RGE AP s B Spyrion Rerein.” Thedlgonthms
described herein can be programmed into and can be performed by the standard
controller or can be performed by a general purpose microprocessor coupled to
memory storing the algorithms or by a microcontroller with on-board memory as is
known in the art.

Details are best described by first developing a mathematical model for contrast
between the target, e.g., indicia, and background on an image. The following
definitions are used. The spectral response G (L) of the monochromatic camera is
defined as the camera’s quantum efficiency as a function of incident light wavelength.
Second, the reflection spectrum H (L) of a flat surface is defined as the normalized
spectrum of the reflections from that surface when the surface is illuminated by a flat

spectrum light source (i.e., one that provides a consistent level of illumination over the

rage of wavelengths to which the camera/lens system responds and focuses properly.



50 FIG. 1 is an example of the spectral response of a typical monochromatic
charge- coupled device (CCD) camera. FIGS. 2 and 3 are examples of
reflectivities of example target and background areas (HT(X) and HB(X)),
respectively. Note that FIG. 2 shows the normal incidence reflectivity of
copper versus wavelength as copper is a common target as described
aboGrHelesasiplamiackdre sher s RePaessivisd iypicrE monpehrpamatig Fharge-
incigengadatiectivity) oh R 1980, versus Wavelgnath & ShewnHetethad

there exists N different light sources corresponding to wavelengths XK,
wiEgd Rrd packerqyne greas Htith) pRSJSHAL FRIRGCEY the I TighY d0Grce 1RoWs
gitemdayn 2 quaderd k3 firelovity F( k) ppakapXu sk y ¢ Engrthesecuppeenoies tieon
intensity.ofnedsth liaht sopce. and, 8 denotes the Drag-Relta, funatien.
Ass%mlng a spatlaﬁly uniform target, the camera output for a pixel in the
targfarad teeideneetTilstyive AfRCE gsigyapmuBwayelengtipk $hgwgA, k1 N q
Coutq ki AGEHTINS B AR H2H2TLs Nl @A O M Tl

Note that equation (2) assumes that the camera output is not saturated. In a

SIMIFSF riatner; the CAMERECBRLSERPRIItHE BaokdPe UG Al TRUseREY RYGREN
bygidtcOUIBetomakG(A-k)HB(A-K). (3) k=1 This also assumes that the
cam utput.is,not saturated. Ngw, one can define a "contrast metric" (CM)
= AN
accoréﬁ}r\% tgk%eEqualf%n 4): &y
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 (Couty) is given by:

=[6mn, (/1)(2 F, (/1)) dA

a, j;G(/l)HT(;L)é(/l— A.)dA )

Coutr

M= 7=

o, G(A4)H (4).

>~
1l

1
Note that equation (2) assumes that the camera output is not saturated. In a similar
manner, the camera output for the background area (Coutg) is given by:
N
Coutp =
k=

a,G(A)H ,(4,). (3)

This also assumes that the camera output is not saturated.
Now, one can define a “contrast metric” (Cy) according to equation (4):

Cout, - Cout

Cu = .
Cout, + CoutB

“)

There are a number of important features of the contrast metric Cy, 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



| CoutT - CoutB~ CM (4) COULT + CoutB There are a number of important
features of the contrast metric CM 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
tHactaie ddpiraltoithatgiay-dednitipnaigertissnipiovachsheifsbsentltiptyingisedh
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one should use a "normalized" algorithm for target identification such as .
nOMH&RZEL LS AR OH SRRSO AR Brt! SRE TS L s spy cmploying
histograeniéquidiiasatiomtohall cigivied images before employing the target
dentiicalian Meaed GLANRISe ) SRERNRIPRIANILAUG ISR (1R respert
contrast metric IS symmetric with respect to the Vargeyt and ]backgrouﬁd.
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with common sense as the phrase "contrast between target and background"
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canttashonithurelspechdd a thoae kkjiltidnd ' tieuiam aticahye impliesaa bHagkgrentndt
that.has a high cantrast with.respect to the target. A third important feature,of
B L SRR A MR hE
witaitrabievedrrrepgatesplonieced. either the target or the background is

identicallyszaiforiMitharerer calipaalaverdll ipfanailyi thisSe808 lue is one
corresponds to a perfect black target against a white background, or vice

véksaTHRd Aedicret S hBtsamRI RS RARS hIgIELETBRIEE iR IS Pgkrcara is
Cahmiiis Alyader 6| U e dn piopewithlognoiorrdelisensEyvan toenahisenraiipasds to a
above, the contrast metric CM as defined in equation (4).abgve is .
o B e S B BB e e
exXpldsshenkigbesC OUITsamt tDo Btieolar cgicatiorsi@aidiEhing wituatmmes),
opg,{ken obtains the following Jequation (5) for the contrast metric CM:

Given the observations above, the contrast metric Cy as defined in equation (4)

above is an appropriate tool for the analysis described herein.

Substituting the expressions for Coutr and Coutg from equations (2) and (3) in

equation (4), one then obtains the following equation (5) for the contrast metric Cy:

> e GAH (A )~ a,GUA)H ()
Y o GAVH (A )4y a,GA)H, (L)
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where I/ = G(4)H, (A4 )and T = G(A4)H,(4,)

CM:

After defining the saturation level of the camera as Coutyx, one is now ready to

pose the contrast optimization problem in precise mathematical terms. For a given set



k=lak G('"~k)HT("k k-lakG(,~ )HB('~k) k=lakG(,~)HT(2k)+k lakG( )Hs() L
k=lakG(2Kk)[HT(2k )-HB(2k)I CM =~+ x=lakG(AK))[HT("k)+HB(, -~~k lak[Fk-1
Bl~ (5) N n k=lak[Fk+1 B] where Pk = G(2K)HT(A) and F B = G(A)HB(A)
After defining the saturation level of the camera as CoutM,tx, one is now
ready to pose the contrast optimization problem in precise mathematical
ternB, Fof & diven set..7N) of Fk {dar8 ¢h8d magimizes. e ad@dnigFosuigethat the
n}%éhn%izescgr%?rafh n (5) subject to the following constraints: ak ? 0; N aj

< ouﬂi‘/?;an KEL'N 1 akF B Cout k=1 At first glance, solving this contrast
optimization problem appears diffidult. However, a few observations lead to a
simple algorithm to address therproblem. First, the constraints on ak create a
convex set of feasible solutiong b&undedaw ik +22dyper- planes:
ak=0,k=1,...,N; rkN- =CoutM ;afjd N k-lak1B=CoutMAX . These last two
hyper-planes are referred to hiemk@sgl@gﬁﬁguration hyper-planes.”

Second, an optimal solution exists on a surface that corresponds to one of

the M £, JYpPRLRIangs that iy ”&&H&a@%’?ﬂﬁﬁ%@i&f tBR)ﬁ%Lqua{ﬁ‘p%}?'%i_fficult.
solutions. This is a direct result of the fact that the contrast metric CM is
ifaNar té %ﬁé@g\mﬁggéﬂg@pimé‘ﬁimple algorithm to address the problem. First,

the constraints on oy create a convex set of feasible solutions bounded by N + 2 hyper-

planes: &, =0,k=1,...,N;T X T = Cout,,, ;and

z ijlakl“kB =Cout ,,, -
These last two hyper-planes are referred to herein as the “saturation hyper-planes.”
Second, an optimal solution exists on a surface that corresponds to one of the N + 2
hyper-planes that form the boundaries of the set of feasible solutions. This is a direct

result of the fact that the contrast metric Cy, is invariant to changes in overall intensity

as described previously. Assume, for example, that there is an optimal solution ¢, that
is not on a boundary surface. In this case, one could then simply scale all ¢, with the
appropriate gain factor y so that y &, lies on a boundary surface. Since such an overall

scaling of intensity does not change the contrast metric Cy, the solution y¢, would

yield the same optimal contrast metric as the original solution and hence be an optimal
solution itself.

With a conclusion that an optimal solution will exist on a boundary surface,
additional observations can be made. A third observation is that the solution will not
be along the hyper-line that forms the intersection between the saturation hyper-planes.
The reason is that along this line the contrast metric would be zero, which cannot be an
optimal (maximum) solution. Fourth, it can be shown that the optimal solution cannot
lie in the middle of either one of the boundary surfaces formed by the saturation hyper-
planes. For any such feasible solution, one can show mathematically that there is a

better solution by moving the solution point in the proper direction while staying on



as described previously. Assume, for example, that there is an optimal
solution ak that is not on a boundary surface. In this case, one could then
simply scale all ak with the appropriate gain factor r so that r ax lies on a
boundary surface. Since such an overall scaling of intensity does not change
the contrast metric CM, the solution yak* would yield the same optimal
cHrtrastiasetrid b N6 OHGIRAI BB BEEar el heh et e hdpin arigsntiohition
itesifidiydima ceraiusiamihatean optimal solution will exist on a boundary
surface, additional observations can be made. A third observation is that the
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ric,would zero, whigh,cannot be an., optimal imum) selution, .
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elthe Baooniblecheniiondf) Beleices formed by the saturation hyper- planes.
For any sych .jtq(azgjble solution, one can show mathematically that there is a
;ilét’ién y moving the solui@on point in the proper direction while
staying & § tHHt surface. The existence of this better solution implies that
the origingysalutionconld pethrve.baapePiinmRRe P uttingieoether@ling
these observations, the optimal solution has to be at one of the "corners"
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equation not only provides a simple allgorlthm to determine tshe lighting
chpfgiedeivn that will yield the optimal contrast, it also provides an important
insight <0 4ha1psaklgMmeNRBEN e RRa N caBtBatRePIRNGta Wit Rbh

one of the N light sources active. The implications of this observation are
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lighting éahditiorespodenpkiigticasongodruditiast Cyy is found as follows.
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Then, the wavelength Ay that corresponds to the largest Cyx value calculated in the
previous step is chosen and used to illuminate the surface.

Note that the above algorithm does not specify the absolute value of the intensity oy
to be used for maximum contrast. This again is consistent with the mathematical
definition of the contrast metric Cy, which is invariant to overall intensity levels. For

practical implementations, however, setting oy to its maximum permissible value of:
. T B
ak—mln{CoutMAX Ity Cour Iy }

will improve the signal to quantization noise ratio in the raw image, i.e., the image

captured by the monochromatic camera prior to optimization.



contrast as defined by the contrast metric CM of equation (4) is achieved. For
eachk= 1....... N, the corresponding single-source contrast CMkis found as
follows. ak (rk rk 1 )I B ak(rk +rB) CM,k k k (rk+rB) Then, the wavelength kk
that corresponds to the largest CM,k value calculated in the previous step is
chosen and used to illuminate the surface. Note that the above algorithm

doesrRbes eyl Hisstiote Yaridhst therrdesitysarets Begeisay fickground
MEI MR ASniRIsAdRIRAS gi@élﬁiﬁ%tu\é/i@ﬁdﬁ@@ mathemaiiaa! reeliition
of the contrast metric CM, which is invariant to overall intensity levels. For
prAMRE A TBISRiEhtations, however, setting ak to its maximum permissible
valug ot akzmin{CoutM 117 ,Cout IrB} will improve the signal to quantization
noisxerr1<';1=t'1§)r1'rg=tg.earr1 w image, i.e., the image captured by the monochromatic
camera prior t0’optimization. 9 For an example of the above algorithm in
practice=&Es@he a target and background of a surface are illuminated via

r ree (R lighti d th wing F. v ) obse X
R R A A S TR R R
ofsliyisteah g ede bl @rgey wintradimewid Wdigkisstbenagividual (red-only,
green~on| S_aﬂ)céslg e-paly) light schemes: CM,R = j5- 2j/(5+ 2)=3/7;
CM,GZ3-5/(3+5)=2/8; and CMS = j8- 5j/(8+5)=3/13.

C, ¢=13-3/(3+5)=2/8; and

C,y 5=I8-5//(8+5)=3/13,

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

The algorithm for determining the optimal lighting conditions for maximum
contrast requires knowledge of the camera output for the target and background for all
wavelengths available in the multi-wavelength lighting configuration.  These
conditions can be met by performing the following algorithm described with respect to
FIG. 4.

For each wavelength available in the light configuration, an image is captured
containing the target and the background at 10. At 12, within these images, two small
“target-only” or “background-only” areas are identified. In practice, the easiest way to
do so would be to draw two bounding boxes for each area. Next, at 14, the camera
outputs for the background and target at each wavelength are calculated by averaging
the pixel values for the corresponding areas identified at 12 and factoring out the
particular intensity level (o) used while capturing that image. If the camera output is
saturated for any of the data set at 16, intensity of the lighting is lowered for that image
at 18, and the image is recaptured at 20. The algorithm then returns to identify the
areas at 12 for the new image and continues through the calculations at 14, or
optionally, returns to the calculations at 14 directly. At 22, the contrast optimization
algorithm is employed to determine the lighting wavelength that would yield the

maximum contrast as well as the proper intensity level that will drive the camera output



In this particular example the red-only lighting will yield the highest contrast
between the background and the target. If CoutMAX is 255, then the
corresponding intensity factor aR should be set to aR = 255/5 =51. The
algorithm for determining the optimal lighting conditions for maximum
contrast requires knowledge of the camera output for the target and

b kgreuinaion dmiiveidhtths hydimpladrotiargaudticoradelenbah figHersegbed
copfigurationiThas enpRAdiNS.EANRAMEL M6 RRTRrMNEHR following
algorithm described with respect to FIG. 4. For each wavelength available in
the ligHt COHFLARESH AP MLEgE T APTaraE d i the BarpRER Iy pend
baokdrosndnadrilod At SRowithinRi@se. invhge sspewidisitigll at'tadgae-cilylesource
"backaropnd-only" .areas are identified. In practice,.the.easiest way to 0
e TR R D R

othpseciorthecpaergreiund drd bargenkubiiechiorsachesytisard kafeldalep byt
ayerRgingathepixelvaluesdanthacasesrondigeangaz identfied atd 2 aadst

factoring out the particular intensity level (a) used while capturing that image.
Ifte BatrIErESutput IS AAYSIEE o M el SRR daihg @%ﬁﬂté‘ﬁ%ﬁf@ﬁ‘fﬁe
lightingsisdgwey echdetrinat imageatat thd, sarfactheoiragia i sniggaptute chadiAOnal
Thr%cael (i)rithm then returns to identify the areas at 12 for the new image and
cOntinties through the calculations at 14, or optionally, returns to the
calcUlbgidisslasurd thivetatyhantzpseh erchatdasroptitratiche Hhorithiehgime that

empiayedda deterpivethediohiinomaveiseath thawosldwiglodhe areet and
maximum contrast as well as the proper intensity level that will drive tﬁe
cATERL Bt A9 et faibhaRirS itfERe BatiRl dREe FR4FGUE
areaciigiesiloatjasgdescrbeach leforegltbiswvillddetpditipraneifieing schemes to
signal-to-naise ratio of the.raw Lma e. The cogdtrats}.oigtimizlatio%alg%righm

T TOove € pSrrormance Orf .4 SybSE ent target identif 10N algorithm, at 1S, an
performe &% Was described pr wousilygan can be summarized as shiown
irrfRIEIEn Nopw s deifichdlypranr 2 tiikasingfie o umgae comthagt OMIORbINEZSIhGie

seusRiRCalcaied . Aldtarinadintdsinage ?a?%&,v%@,thﬁ&iéﬁ? A method to
single-source contrast CMk has been calculated for each source. The
cHILiHGRSICAP IS Papesisdetiticafr®sttulations are made. At 28 the largest
singlensqurcacandraspets Mhl iscelected. Ait30cthpaviavelengtorikithghce one
cfa %(l)er;l eS E‘I:I? ﬁ%@aglea (gi?hs'[pgir?&lteégr?tlflgscteunder virtually any lighting condition. A
threshold value that falls between the camera outputs for the target and background
would be determined and then binary thresholding would be applied to the raw image
to create a black-and-white image with perfect contrast. There are two main reasons
why this simplistic approach often fails in practice. One reason is that either the
background or the target or both are seldom perfectly uniform in space. Many times
they are textured/speckled, which makes the determination of a threshold value to
cleanly “split” the target from the background quite difficult. Another reason is that
there is always some blurring of the edges, either due to optical limitations or the
spatial resolution of the process utilized to create the target against the background.
One response to these problems is to improve the signal-to-noise ratio (SNR) of

such an imperfect image. One way to do so is to pick a lighting scheme that maximizes

the difference between the target and background images by choosing an illumination
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contrast CMK is chosen to illuminate the surface to obtain image(s) for
additional processing. 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

ot tialanes éetabichhdertansrsrat Natkemepséernexltdiffgipidye Thes 1s what the
pester refasitheadenidaeghidratification algorithm, that is, an

algorithm known from the prior art that uses an image, such as thegptimized
or cOMPBTiANRAYE dRJEMBEY HerdlR 65 hEn o Syt g inditiyn Abe
metiied td tatiizedheseaoiltified mages, iqBexbddsenitesporfdnst cifromathadhe
targetz andRaskaronnds hatwers perfegtiy.upitorm,in snage ope gould ,,
create an image with perfect contrast%mder wrtuaﬁly any Ilgrﬁtlng conéltlon.

tHreskigeneindsiue Teatfadrs edverinthisamegal otitpiltsWestetheinglgetarelength
bagkanouiad, wewshhedsigrmined-2rehtheB M otheeahrldingivawld Rure

applied to the raw image to create a black-and-white image with perfect
cOHEEeH R ECURY fivo main reasons why this simplistic approach often fails

in pragige.One-reasonishat gittferdhe backgroundzr the target or both are
seldom perfectly uniform in space. Many times they are textured/speckled,
whiclfmakes ihd detebminationlof:a threshold value 8) cleanly “split" the
taget.ram fhe.packaroynd quite difficult, Anoth 5&3&%%”_ a5l oﬁ?%h%h'%mire
always some blurring ot the' e ges, either due (o optical limitations or the
spatied resblition antHésprocassiphireoitocianmthiharegrje cagyainatreaut over

bagkgresndd GR& FesRansadodhesarigblems is to improve the
signal-to-naise ratio (SNR) of such an imperfect image. One way to do so is

to pick 4Rt A e R DA 2 BESTH AR & bR EBH TR ELPg 8t
ano, baokgirougdisrgges oysatoosing langlhuminatiomit Oiwavatength dotailed

ich the.t back {ff tly. This | t
Weﬁ)lgve 1nethg.§ggtt11§(ﬁl ?or a& %g%:ﬂ {hees%gz[jlnrrq%%l{)ggﬁgnggego%ﬂﬁ%% ;/%‘lggggg rﬁetcoond

contrast optimization metho CUSS a
inipREYiFfg BNRES BetigenigbEncaprheietibny Vg thiryateergihtehat ontairgiges the
identificationSrem iMagdps s waidd rosmapand helithinaling Mo dorbsien
in;‘gg\rggtion from the raw image to end up with "smooth" targets and
By definition, there is minimal target-background differentiation information in an
image captured via a lighting scheme that minimizes the contrast between the target (or
fiducial) and the background.. Consequently, the minimal contrast image mainly
contains texture data that this method is attempting to eliminate. Thus, at 44, the image
with maximum contrast is “divided” by the one with the minimal contrast to effectively
cancel out the T(x,y) terms from equations (7) and (8). That is, a brightness value for
each pixel of the image is divided by a brightness value for the corresponding pixel in
the image with the minimal contrast. This results in a much smoother, i.e., relatively
noise-free, image of background and target. This so-called “composite” image can then
be fed at 46 into the downstream target identification algorithm for processing as
described previously.

A third approach to improving the SNR of an image is to form a synthetic image of

the area of interest from a plurality images captured when a target and background are
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backgrounds. To understand what this might entail under single wavelength
illumination, the camera output model from above is generalized to include
texture information as follows: Coutz(x, y)=T(x, y)UT(X, y)akFk ;and (7)
CoutB (x,y)=T(x,y)UB (x,y)aklP a ; (8) where the function T(x,y) represents
the texture information throughout the entire image, and UB(x,y) and UB(X,y)
arBumaEsiedgbiu sesiored thet aremero Bialpndibre Buttbirepxaneplargae dngee is
bagkerQun e Areas iesRagtMe!Y s aHsse thisampieaahnefe SRIAINBIWRen the
images instead of one. As shown in FIG. 6 at 40, a first image is captured
USRS DR Rl E 4L maximizes the contrast as detailed above in the
methddréokgtetéicaiin ngikie o piim at tightin disanstitionisvat wizh thesecon RGB
Image. |5 SARTHISTNNG AdaNing Sehigme having a wavelength that

mifiimi es the contrastusing the same procedure used to solve the contrast
maxifmizatiofroblem above. By definition, there is minimal
targelt—tl_aé:’lf%zrgfnd differentiation information in an image captured via a
Iightin§ scheme that minimizes the contrast between the target (or fiducial)
and tﬂezéa%kg:;?ound.. Consequently, the minimal contrast image mainly

C%@Hﬁn@glﬂﬁ@ ﬁ@@oﬁﬁ%ﬁ%@smﬁt?&ﬂ?ﬁlﬂg MW&&]@Q%%&% gﬁwis@&mﬁ,
the image with maximum contrast is "divided" by the one with the minimal

Ot ABF 85 effOBH\ETy "ERITET SUBHECT & e8RSt R tHBRYNE e {8s.
Thiathise dundghtneadiyhiing farmaastvpixiekofithiern Magegdistidiyidedsby eguivalent
brightness value for the corresponding pixel in the i ith the minimal .

i AR R i R G
begkgroutd).and fard¢haThs sovcaliedetoonipositesyimtiage oangthenl belfiel &t

AR IRIP ARG HMRSHEAT, ALgRLIdERITC AN MOBPHAM IR IRGESIPRIASH with

described previously. A third approach to improving the SNR of an image is
tdFoRAla EStR&tic image of the area of interest from a plurality images
captures wipena-atasgeiandihackgipunabare dedepdlumaateslibyeaciiad e

ormore vavelengihs, Jn lis example, one image i, suiacted frory apother
to créatree a syﬁtﬂe IC Image Wlt?l enﬁance c%er%grast Beet(\)/veen the Yoy
Trying to generate such an image physically through lighting modifications would
require “negative” intensities, which are not physically possible. Second, it will always
be possible through scaling and subtraction of raw images to obtain a synthetic image
with unity contrast metric: all one has to do is to scale individual images so that they
either “match” in target area or background area, and then subtract one (scaled) image
from the other.
An actual example of the teachings above is shown with reference to FIGS. 7-11.
In this example, an alignment target on a PCB board is illuminated using blue, green,
red and infrared LEDs, and the corresponding four “raw” images are captured by the
monochromatic camera at 48. FIG. 8 shows the spectral outputs of the multi-color
LEDs described. The resulting raw images can be seen in FIGS. 9A through 9D where
FIG. 9A shows the target and background under blue LED illumination, and FIGS. 9B-
9D show the same target and background under green LED illumination, red LED

illumination and infrared (IR) LED illumination, respectively.



target and the background. More specifically, consider the scenario
discussed above with respect to RGB lighting with the following observed F
values: FR=5,FR-2, Fc=3,Fc=5; FB=8,FB=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. ubriBd e dwiishiivlg Trogsthandbthnsker amder BRie [Rhthsgimes jye
eguivaiant torsatinavheinensiie RIS 0t sd BRdER; Hokls SURBHting

these values in equatijon (5), we find that the contrast metric for the synthetlc

ihade s 1 AR gxmaw.g*ﬂ@mﬁ%WMa%% ABhaR i el four

ophmga:l raM iheagerehiaided wiihraedrotlyslightihgerhire dnapStartiaspscts of

SXANRIE AOVE IS RING 0. PG E"gﬁ}ed 1 Elrsty fhe  Image Leslting. from
%tractlon o‘?one raw image fr “from the other is tru? thetlc grrym

génmfév@u@ﬁ andihblye IR SibampatiLb l@mg@eﬁﬁ@mﬂ@wmﬁ\gmmé target
reqdine: NeEabYad INfeRSTIES sWRighaie ROt RIMIIGRINMRISIPIRe RRSAAGLL.
will always be possible through scaling and subtraction of raw images to

obtaif 2 SYRERE IS RRBUME CShiraiSe MEMEn8IMEHEhad t5 dB g s 8o
scale indiliduidleinyagesi sal ﬁhﬁg&l&yngmgebrmmhlpmthﬁﬂacmd at 54 In

bagkaroundaree. Ane ihen.subliad pne,(ealedlImags, om Ing. oL £
a(_:tua exa?nple Of e tea Ings a ovels s OWI’I re erence tO F
7ilumipatipgs exhimpliecardaditpemeniedsehist tba WP OB gsoehthiseilunderaR d-ED
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|ma%es are c %ured by the monochromatic camera at 48. FIG. 8 shows the

BCIRAP Ut ARTS B the RG-SR At & R EsRBE O & Pé‘é‘iﬂnﬁﬁ’?a\RPFrﬁS&Es
canalgesseemlml%ﬁzﬁat%e thvaugh@ iwhkkefdr lﬁh%lﬂ’lmﬁlﬁgtb&ntﬂ@eheat’mget
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target and bac ground under green iifimination mination
anblairfrerael RIRLEBD iiminalis, respdtnliedyby she ratio of the target average

pixel value of the raw image obtained under blue LED illumination by the target
average pixel value of the raw image obtained under IR LED illumination, i.e.,
144.1300 / 125.7639.

The scaled image is subtracted pixel-by-pixel from the other selected image, here
the raw image obtained under blue LED illumination, at 58. This results in an image
that has virtually zero (0) average pixel value for the target area. For the resulting
image, the average pixel value for the area not zeroed out is next calculated at 60. For
this example image, the average background pixel value is calculated. Then, at 62 each
pixel of the image is scaled by a proper factor to bring the average pixel value, here the
average pixel value for the background area, up to a maximum pixel value such as 255.

The synthetic image after performing these steps is illustrated in FIG. 11. The
contrast metric for this image has been calculated as 0.9624, which is very close to the
theoretical maximum of 1. This contrast metric marks a significant improvement in
contrast compared to the four raw images as shown in FIG. 10. This improvement is

also easily verified by visual inspection of the image as shown in FIG. 11.



Next, bounding boxes for "target" and "background" areas of the image are
determined for each raw image at 50. Examples of these bounding boxes are
shown in FIG. 9A. Average pixel values within these bounding boxes are
calculated for all four images and the corresponding contrast metrics are
determined at 52. The results of these calculations are summarized in FIG.
10. Aldeorttinig s thidess resbipdinggaty dwvinbsge dercied tngeleplifedliep easy
”'&&EHB?@H&HH@%? e ﬂ%ﬁﬂrﬁ»@ﬂ&@ﬁtaﬁﬁfwﬁﬁﬂ et %Ice?e'ﬂ@ ifhedRakaraung.

This is consistent with the visual comparison of the four.images. A

"SRR 228 NS RAN BB the OISy THAHRHEPS FIRg;, Gevalent
inagesnonneinded-tow ithén syatipasizad inoagefubingpptgebdaiaimamvpidatiospe
are selected a I e firstimage select f age
R R S R R i S SRR el
r&\ﬂﬂiﬁﬁﬁg@lémaﬁﬂ'éﬁli?ﬁ@érslp@@@dllmﬁ%@ﬁdw 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 illumination
by the target average pixel value of the raw image obtained under IR LED
illumination, i.e., 144.1300/ 125.7639. The scaled image is subtracted
pixel-by-pixel from the other selected image, here the raw image obtained
under blue LED illumination, at 58. This results in an image that has virtually
zero (0) average pixel value for the target area. For the resulting image, the
average pixel value for the area not zeroed out is next calculated at 60. For
this example image, the average background pixel value is calculated. Then,
at 62 each pixel of the image is scaled by a proper factor to bring the
average pixel value, here the average pixel value for the background area,
up to a maximum pixel value such as 255. The synthetic image after
performing these steps is illustrated in FIG. 11. The contrast metric for this
image has been calculated as 0.9624, which is very close to the theoretical
maximum of 1. This contrast metric marks a significant improvement in
contrast compared to the four raw images as shown in FIG. 10. This
improvement is
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also easily verified by visual inspection of the image as shown in FIG. 11. 14
The above-described embodiments have been described in order to allow
easy understanding of the present invention, and do not limit the present
invention. On the contrary, the invention is intended to cover various
modifications and equivalent arrangements included within the spirit and
sdoh Bidpagdended claims, which scope is to be accorded the broadest
interpretation so as to encompass all such modifications and equivalent
structures as js permitted under the law. 15 What is claimed is: 1. A method
to imbro‘%e‘ﬁ‘ﬁ’i%?fi QU irasE s B RS UPr BB $5ptlrd Wik Gy captured via a
moonogehromatic camerahthersaréaiaeliddlgdingrgetangeh anckarbackgieundthike
mc%tlplglqug(g,mprising: using multi-wavelength lighting to obtain a plurality of
images In¢luding: varying the multi-wavelength lighting among a plurality of
wavelsnghattiayavdenaihigharein agiataderlgy thiaphgealinclbiinavelengths;
and optiypiziRg weMAsRRMEEH PRHIRS AbIe PrHacs basackrndhs; Riality
of images including determining which wavelength among the plurality of
wavelerftAL PRI ISSH FfdY RSRHGAHR ShETS e, 2. The method
accosgingiimglaintrdsvvaeretn patiloiz inlconitast basaposes: phatdithatingnages
S'”9'e's%%L&%nCOHEE%‘S&n‘ﬁ?'“ewfﬁ{cﬁav%‘v'erf‘%%%? %‘anqqeere'ﬂu%ﬁ%e%‘?'W“\%é’l‘{h%ﬁsh
wavelength anfong the pIIEFrallty of wavele gtﬁs results fn'an | age ‘haviig an
optimuricgdiftiasndonrgsrieseroesingunyaveishgth corresponding to a
largest single-source contrast value. 3. The method according to claim 1,
further comprising: algebraically combining at least two images to synthesize
a high cEPﬁr’ﬁg{h%%ﬁﬁﬁ?f%i%ﬁ 4 WHEH QBB 4BE SRR 6 °CIRICE, further
comprisingrigapuiniglg iirst doraget walng fitre:sontiiage ohidinderyindeermining
Optlmlz'nw%iggnggfsétlggmean%%gl-mg Vﬁ{l%glgtt)b gg%‘a{]v%iengths results in an image
having an optimum contrast comprises choosing a wavelength corresponding to

a largest single-source contrast value.

3. The method according to claim 1, further comprising:
algebraically combining at least two images to synthesize a high contrast

composite image.

4. The method according to claim 1, further comprising:

capturing a first image using the contrast obtained when optimizing contrast of the
multi-wavelength lighting;

minimizing contrast of the multi-wavelength lighting using the plurality of images;

capturing a second image using the contrast obtained when minimizing contrast of
the multi-wavelength lighting; and

comparing the first image to the second image to reduce a signal-to-noise ratio.



minimizing contrast of the multi-wavelength lighting using the plurality of
images; capturing a second image using the contrast obtained when
minimizing contrast of the multi-wavelength lighting; and comparing the first
image to the second image to reduce a signal-to-noise ratio. 16 0 5. The
method according to claim 4 wherein comparing the first image to the
second Tiagectipehascestisrise slpardriilisec pixappygixes divisiones to the
brighiress.datarpét B%Hﬁ&éw&}h@ igptassy fatal A e 2EeRIHMAIRH:

A method to improve image quality in images of a surface captured via a
i AR AR LY RERI RS Gttt erdithi 4%4rget and a background, the

method comprising: using multi-wavelength lighting to obtain a plurality of

ma .S?,&’EQQH%H‘%CP”{%‘% betweenpauians of %Q%%“J%?&?@%e NG
plurality of images; de ermining-a rc!espeyctlve camera output for the target
anrhehipaeryr candrfortieattfasavedbiding aftargenangtiapokisoigit ibhtrgghod
agg{lﬂﬁigggéhe respective camera output for the target and the background

when optimizing contrast. 7. The method according to claim 6 wherein
detelHismy e raglsasti Bebnsinobath s PIBrIE PhigBE%Nd the background
comprisesziagpiuiing @beiege portiamwase agitrat ¢hbagedtoavave lgingthicy of
Iighting;ir;%egtjfying at least two target areas within a target-only area;
identifying S least two background areas within a background-only area;

averdefitignipivagl v aicrestior thaetal easutvior thger eetcts: hodrsligigupiképr each

values fQh the Qideashin RBGKILUARM Hig RS, fagioring out an intensity level
used while capturing the image. 8. The method accordinfﬁ to claim 7, further

comPigg M foSPy Yhe RSB 1RVe findfe2agstuARy the AssewbAvife
cameraquiipidinicoeates at least one of the target and the background is
saturated. 9. The method according to claim 7 wherein optimizing contrast

between portions
7. The method according to claim 6 wherein determining the respective camera

output for the target and the background comprises:
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.

8. The method according to claim 7, further comprising:
lowering the intensity level and re-capturing the image when the camera output

indicates at least one of the target and the background is saturated.

9. The method according to claim 7 wherein optimizing contrast between portions
of the surface comprises:
calculating a single-source contrast for the surface for each wavelength of the

plurality of wavelengths available in the multi-wavelength lighting; and



of the surface comprises: calculating a single-source contrast for the surface
for each wavelength of the plurality of wavelengths available in the
multi-wavelength lighting; and 17 0 choosing the wavelength that
corresponds to the largest single-source contrast value. 10. The method
according to claim 6, further comprising: performing a pixel-by-pixel division
of a FhaRiingntheonaedenahgbapycaripipminio coatlacihaeltoseraeecantrast
compositgjgage with a reduced signal-to-noise ratio. 11. An apparatus to
improve image quality in images of a surface captured via a monochromatic
camera, the surface including a target and a background, the apparatus
compfising: medaidsifoordgip gorlaliirwavelenginlighiing to obtain a plurality of
images, the. means for using multi-wavelength lighting.including: means for
vy T R T A
means fRSMEBLAIAILS dncivnig e emnerasHeompge plihatitgdutodaianahgtingismesins
for algebraically combining at least two images to synthesize a high contrast
composite image; and means for optimizing contrast between portions of the
surface DASREGHhE pRIPARY BrasiaBREM B P Sopat a5t COPGHY' 12 2
ClabnotArwhete ailkeambanafakcaptimizing copdraat comppiseadmBanspivitus

C%%Jla.tin a single-source contrast value for each image; and means for

choogfhsé 'Wavelength corresponding to a largest single-source contrast
valu@nce8s Thie enppraraulis werdediil lezbtmignte 1oWhareimialineahdmeges, the

algebraigallys ﬁgm{y%ﬁtmg%inﬁﬁ%g HRma@rses: means for selecting
e

a first one of the images; means for selecting a second one of the images;
means for varying the multi-wavelength lighting among a plurality of

wavelengths; and
means for obtaining an image at each of the plurality of wavelengths;
means for algebraically combining at least two images to synthesize a high contrast
composite image; and
means for optimizing contrast between portions of the surface based on the plurality

of images.

12. The apparatus according to claim 11 wherein the means for optimizing contrast
comprises:

means for calculating a single-source contrast value for each image; and

means for choosing a wavelength corresponding to a largest single-source contrast

value.

13. The apparatus according to claim 11 wherein the means for algebraically
combining at least two images comprises:

means for selecting a first one of the images;

means for selecting a second one of the images;

means for scaling one the first one of the images to obtain a scaled image and for

subtracting the scaled image from the second one of the images to obtain a third



means for scaling one the first one of the images to obtain a scaled image
and for subtracting the scaled image from the second one of the images to
obtain a third 18 0 image wherein a contrast of one of the background and
the target of the third image is about zero; and means for scaling each pixel
of the third image to obtain a maximum average pixel value wherein a
resultinggsgehiereeshighteshilagtcohipe Sitekigrad. ay. tpsaggsp afdtigsthird
according d@:Glaipbk3forthar comprising: means for calculating an average
pixel value of the other of the background and the target of the third image;
and WdritHE B SAL Bt alifty SuEh Biaes Br tREMAiIMAHAYE fedashee!
averagevpixelwatam. disstingppapatisshoHipiprovedsnagepqsiadiiyniigdmages of
a surface captured via a monochromatic camera, the surface including a
target and a background, the apparatus comprising: means for using
multildvahhsiepepritigraeridmoistalaia phafalieotompguse means for optimizing
contrastRetvescupartions Rkie sikface Rasethobibe Rikab abinagss e

means for using the contrast obtained when optimizing contrast of the multi-
wavelerfgfi#FFlightig tordapise airsiirandamRens for stitnichl Bowtrastist
the multihwauetengiledightingruygsipixthegblarality of images; means for using
the contrast obtained when minimizing contrast of the multi- wavelength
lighting to capture a second image; and means for comparing the first image
to thésddbprPiritigeleo madeice i madgriaktitynoisaagasiof resuTliecaaptiratligia a
AGEHARG IR Gaimhda Wheigindb e Means J%@@MB@Q%&QJH&, iRagpdadhe

second image further comprises means for performing a pixel-by-pixel
dA8IBR BRbrightness data of the first image by brightness data of the second

imag@edf tbr using multi-wavelength lighting to obtain a plurality of images;

means for optimizing contrast between portions of the surface based on the plurality
of images;

means for using the contrast obtained when optimizing contrast of the multi-
wavelength lighting to capture a first image;

means for minimizing contrast of the multi-wavelength lighting using the plurality
of images;

means for using the contrast obtained when minimizing contrast of the multi-
wavelength lighting to capture a second image; and

means for comparing the first image to the second image to reduce a signal-to-noise

ratio.

16. The apparatus according to claim 15 wherein the means for comparing the first
image to the second image further comprises means for performing a pixel-by-pixel

division of brightness data of the first image by brightness data of the second image.



