CAMERA BLEMISH DEFECTS DETECTION Related Matters 100011This application claims the benefit
of the earlier filing date of provisional application no. 61/606,844, filed March 5, 2012, entitled "Camera
Blemish Defects Detection”. Field 100021An embodiment of the invention is related to techniques for
detecting blemish defects in solid state cameras, by image processing of a digital image produced by the
solid state camera. Other embodiMERASAENM EECHEEE ESAKIROCUMNIN100031A blemish defect in a
camera may be manifested by one or more blurred spots as seen when a resulting digital image produced
by the camera isgdigRlayRfhtddss blurred spots are due to pixels of the digital image that are different from
surrounding ones, even though the camera has taken a picture of a calibration-type flat field target that is

completely unifol#A0Blemish dBfeerplimtigmclaimedhedgnsfisefdiinearlianiiing Gittdtkign objects (such
as dust particles) Aes/BAY1 BE PHESES AB. 37 AR SYITAER Wit the oplicalimaging path of the camera.
Blemishes may be contrasted with other defects such as vignettes. The latter are usually minor defects
that are presentmeamﬁb@%f@éwmﬁ?&?ﬁﬁ%tured specimen, and may be alleviated by post-capture image
processing that can correct for vignetting and lens shading defects. Blemishes, on the other hand, may be
severe enough Fqed to result in a particular specimen being flagged as a failed unit, during manufacture
or production line testing. Image processing-based blemish detection algorithms are available that can be
used to screen d0P¥Aits that M&WB&%@WW&%‘?&@&}W Bmdo’fos%?ﬁh%{@%ﬁ?t s is to flag only

those units that Qaue higmpishiefecitcaffarisia npevenhiaABGUMBSY Qb Ritebsalgaithaigi@se ongoing, so

as to reduce the likelihood of false positives. )
image produced by the solid state camera. Other embodiments are also

described.

BACKGROUND
[0003] A blemish defect in a camera may be manifested by one or more
blurred spots as seen when a resulting digital image produced by the camera is
displayed. The blurred spots are due to pixels of the digital image that are
different from surrounding ones, even though the camera has taken a picture of a
calibration-type flat field target that is completely uniform. Blemish defects are
typically caused by scratches, staining, or foreign objects (such as dust particles)
and may be present on an optical surface within the optical imaging path of the
camera. Blemishes may be contrasted with other defects such as vignettes. The
latter are usually minor defects that are present in almost every manufactured
specimen, and may be alleviated by post-capture image processing that can
correct for vignetting and lens shading defects. Blemishes, on the other hand,
may be severe enough so as to result in a particular specimen being flagged as a
failed unit, during manufacture or production line testing. Image processing-
based blemish detection algorithms are available that can be used to screen out
units that have or exhibit blemish defects. A goal of such algorithms is to flag
only those units that have blemish defects; efforts to improve the accuracy of

such algorithms are ongoing, so as to reduce the likelihood of false positives.



SUMMARY 10004]A digital image captured by a digital camera module is scaled to a smaller size, and
separately horizontal direction filtered and vertical direction filtered using one-dimensional spatial filters.
The horizontal direction filtered image and the vertical direction filtered image are combined, wherein
edge regions and corner regions of the combined filtered image are created differently than its middle
region. The combined filtered image is then threshiM@dARY selected pixels of the thresholded image are

marked as a blefpishyegion. 10 T 0 r 2s not Inclu exhaustiyve list of all
aspects of the p;gg?&]: inventf%r(lg).1 %%h%%%ﬁéﬁaﬁ%%ﬁ %@%@éﬁﬁ%% %é?f?é%%eﬁ g%ygsﬁee&rﬁg gnd methods
that can be practiced dromeakisdisapteatoinbimationslof iteetiaritlisred pecty stimmhdiizetabove, as well as

those disclosed e Petalled Reseriniion elow and pacicar ointed autin e claim fled with the
application. Such com Inations nave particular'advantages not specifically recited in the above summary.
BRIEF DESCRIBQNaOF thete BiRA\WiNGS11 00664 gadoedionamisedf thkeirriertign are illustrated by

way of example and not b)éwg%of limitatio }?1 the fi ureﬁg{t%% daicr;r(%grgp%&irrégtgé%ﬂp&gril which like

references indicgt’glglrrlrsﬂ?élr e‘femgﬁ §.gff)%8u d%(éorr{cl) g%f eferencés to "an" or "one"” embodiment of

the invention in thisndisclosldtle asgiont ibeessabiyeid filerednna e iodionahi;cahd deeyaman at least one.
100071Fig. 1 1s 2 flove §188am Phd HEmRA SESSHoR AR5 blemish region.

[0005] The above summary does not include an exhaustive list of all

aspects of the present invention. It is contemplated that the invention includes all

systems and methods that can be practiced from all suitable combinations of the

various aspects summarized above, as well as those disclosed in the Detailed

Description below and particularly pointed out in the claims filed with the

application. Such combinations have particular advantages not specifically

recited in the above summary.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] The embodiments of the invention are illustrated by way of
example and not by way of limitation in the figures of the accompanying
drawings in which like references indicate similar elements. It should be noted
that references to "an" or “one” embodiment of the invention in this disclosure
are not necessarily to the same embodiment, and they mean at least one.
[0007] Fig. 1is a flow diagram of a blemish detection algorithm or test

methodology, in accordance with an embodiment of the invention.

[0008] Fig. 2 shows details of the blemish detection methodology.
[0009] Fig. 3 depicts a device under test being a camera module.
[0010] Fig. 4 shows an example consumer electronic device in which the

camera module may be integrated.

DETAILED DESCRIPTION
[0011] Several embodiments of the invention with reference to the

appended drawings are now explained. Whenever the shapes, relative positions



methodology, in accordance with an embodiment of the invention. 100081Fig. 2 shows details of the
blemish detection methodology. 100091Fig. 3 depicts a device under test being a camera module.
100101Fig. 4 shows an example consumer electronic device in which the camera module may be
integrated. DETAILED DESCRIPTION 100111Several embodiments of the invention with reference to the
appended drawifgd ateenovpestplafribel pirtredeseabiirbisibpes)ethtiventsosieons cladpther aspects of the

parts described I, ¢ 8,"&989&%%”&% ﬁl%ei{?{?&%r%ﬂ% A5INEG: RS SORGR! H&?t@f?&ﬁﬁ%{%ﬁ limited only

to the parts shown, W%Ich are meant merely e purpose of illustration. Also, while numerous details
are set forth, it isuaerstbogttlatfeohe pripodinoéits sfatierinvelatiowmlaynbenpracticethvlsthout these

detais. In other {1staiaggyeli{INNGICHTS, SIYIES, ANFELBINES ARYGARLESPRshovn in derail

So as not to obscure the understanding o escription.
practiced without these details. In other instances, well-known circuits,
structures, and techniques have not been shown in detail so as not to obscure the
understanding of this description.

[0012] An embodiment of the invention is a process for testing a digital
camera module, a consumer electronic device that has a digital camera module
integrated therein, or any other component or device having a digital camera, e.g.
professional digital video and still cameras. For the sake of convenience, such a
component or device is generally referred to here as a “camera module” or device
under test (DUT). The process detects anomalous pixel regions within a digital
image that has been captured by a solid state imaging sensor of the camera
module. It may be expected that one or more embodiments of the invention
described here are capable of distinguishing between blemishes and “normal”
lens shading or vignetting. The latter is ubiquitous in almost all high volume
manufactured specimens of a camera module, and can be easily corrected using
post-capture image processing software. The blemish detection process
described here may be performed upon a DUT, without the need for a prior lens
shading correction or vignetting correction to be completed on the DUT.
Moreover, it is believed that the process may be more sensitive to faint blemish
defects than other prior techniques. This yields a test technique that may be
better able to distinguish normal specimens from bad specimens, thereby
improving the yield of a production line by reducing the incidence of false
positives.

[0013] Referring to Fig. 1, a flow diagram of a blemish detection algorithm
or test methodology is shown, in accordance with an embodiment of the
invention. The process may begin with signaling the camera module or DUT to
capture an original digital image 3 of a flat-field or uniform color calibration

target (not shown) that is suitable for detecting blemishes. The target may be a



100121An embodiment of the invention is a process for testing a digital camera module, a consumer
electronic device that has a digital camera module integrated therein, or any other component or device
having a digital camera, e.g. professional digital video and still cameras. For the sake of convenience,
such a component or device is generally referred to here as a "camera module" or device under test
(DUT). The processidele stnsimoatedoastpiel fletiohstwathionavdidgitah icoasjiettindignay ibeage baptured by a

solid state imagi nsor qf m le, It expec one.pr odiments of
the invention degc%%zcé?ﬁgraeaﬁg tglg%é%!%@%(?gt%éueg%g%tét\}v)ﬁé%%\ggl’g}rﬁgr%glgérll%gﬁramal? lens shading
or vignetting. Theuiditetasgebigeitpastad dnhese aideigyialiyl umiéomapifalt(ietsspecintensityf a camera
module, and can b, gy cameeledising Rostoppluiemads RIccsSEina sty ArR, The blemish
detection process descrl ed here may be Forme upon a Uefr,’ wit out][he neebitor a prior lens
shading correctiolistevighsittalg tbet rectimmtemide tdarpletedlwy ¢HesbidTerM orebae thit is believed that the
process may be.are sesilive 1o faint Blsmish, defepts.han;othet prqr {ephniquse. Jhis yislds a test
technique that may be better able’ {0 dis Inguish normal specimens from Bad specimens, ﬁgreby
improving the yiétddfatheodjection hhehbyrgdiudiigethientridicleisteoifalspipeoBitidésichiGb31Referring to
Fig. 1, a flow diagr f a blemjsh detection algorithm or test methgdology,is shown, in.accordance with
v embodiment o T ROERE TS Do Bae S b SURATHG e ST e o DUT to
capture an original=gjgiial inrages I ofaphalséidikeat dadifoisral colarcealitrstjohetargghéhdigidwn) that is
suitable for detectin béemishes. The tar ett}rlnagp be a recisgl constrlifc{tedfher,gti{ely fl?t SlJCPstrate on
which a consisténtt %y }?naargaew hA%Beer Tormied any that1s" i@%ﬂ)?eg%e el{/lenfiy it 5rhe Fgguﬁing digital
image 3 of suchfartargdiys &xprsiegrip hiavedisseoiibia Wifbiaopixels [The samienintemsity values) across
the entire image. In practice however, a blemish ma p&ear as a cluster Q{b%ixels that are somewhat
darker or have Iéggﬁ%féﬁ%ﬂf}%%ﬁl A LT cfﬁ‘?bg%%/é@s A ard LB ERte e BEAOYs defects whose
detection may leasdiersh dejectioniafdherDierblnte goah iesttisas afe typishih difi eudtteedetect,
because their edges are relatively smogth and change slowly across the image, in c%itr st to impulse-like
dead pixels. In évéagé?ﬁéeéﬁﬁiﬁém%i é}?wtagé’@ts 1ED058 FARTA Q8 PSR DR RSSIATS Il processed
in that it is not redy tae deethy arbiMAPigHGPLIES LEHOF et YMekn Reaiysell nhhe dawedmage may
contain certain artifactigsuch as noise and vi(t]netting. Vignetting is typically understood as the situation

where image intSHSIEy RS 19 Lran i gt e e n L ORGP i (B HY S §IP SFRE 8hBt (whose edges

or corners tend a1 dgislarkeidharcthiencapti@tiasead Tiisdwaesof slowly changing image signal may cause
difficulties for a blemish detection algorithm, particularly when the edges of a blemish region are similar to

those of vignettiff o141 RERIRIHGFSHRG 1L i IS particiiar sxarmple, HfeosisdiRAimisse Fis a color
filter array or mosaitdiGiifel RSB AWIMAUEF(Q) Pa eaRTHESH YA BeS@RISUaPaYIRY ByBayeieplor filter array

or mosaic). One or more constituent color planes may then be separated from the CFA pattern raw image
as shown. The fBAGHABG FAXEE BIBEELSHH TRRPTARASBIS ) PR IO SPYSHHEBE SRk E BTt ent color

planes, in this C%Qﬁ%&@@e@%@&%éﬁvE@@&%@@%ﬁri&%@%@@%ﬂ@ﬂ&@ﬁ@%ﬂ%ﬁ% and blue).
First, the selected color plane Is scaled down to a smaller size (lower resolution) scaled image 5, to obtain

some noise redUBIRHT REACSISH Y RIMRSURSHSEHATEO BDL STRI 8L LGRS RittéHSE (sidPEtions are

perform‘ed Sepé}?%ﬁhésﬂﬁ e §§§B?0Q9|9619p15ﬁn@r§}’ @M&@P%ﬂ&n@g{iQ&ﬁE@&mﬁreatformed to result
in a horizontal filtered Image 7, where a horizontally oriented one-dimensional spatial filter, referred to

here as kernel hgieeippheerts enerbpire| birhetleafderted color plane is scaled down to a

smaller size (lower resolution) scaled image 5, to obtain some noise reduction
and also reduce computation time.

[0015] Next, two filtering operations are performed separately, on the
same color plane. First, a horizontal direction filtering is performed to result in a
horizontal filtered image 7, where a horizontally oriented one-dimensional

spatial filter, referred to here as kernel h, is applied to each pixel of the scaled



image 5, row-by-row. This may be given by the following equation (for N coefficients): filtered pixel = pixel
* W1 + pixel * W2 ... pixel * WNEQg. [1] 100161This is shown in more detalil in Fig. 2 where the 1-D spatial
filter kernel h may have a width of nine (N=9) coefficients, for instance, (given by the coefficients of 1+1/2,
0,0,0,-1,0,0,0, + 1/2] This is an example of a bandpass filter that can highlight a blemish. The width or
size of the kernehip@hé, mamiber wivcodtfisioris pstgivin by Seddoltahimgavamnationitforder to match the
expected size ofcgn%ﬁp%gﬂp;ihes. This size determination may be made during initial testing of a few DUTs
of a particular production run; the size may then be tuned or adapted during the production run depending
on the sizes of afilyentehpisivds iacbidVotpdxeh*paiticulapiked émel h shéigildde just large enough to

encompass the ted blemishes and no larger so, that the sensitivity, of the overall.detection process is
ot degraded. 1000 In adcitii & TE PO dethin e e pevation
is also performelevneiHe soslbavieragedihtof piod (De-9) veribaldilteréd indgecd, (giamebgniiodiment, the

same kernel h that was used. for harizontal filtering may be. rotated by 900 ield a 1-D.spatial vertical
fiter. This 1o s R GHE e 3 a1 EGr b5 Shbr ot e VBT HI e ihed B each piel
column-by-coluntimtlpabditghbglzomtdeanshvertieal fitdrimgsithef dlselking dilte(dd: imagks 69 are essentially

the same size or resolutign as the scaled i e 5. But note that the tw &1 spatial fiCl}tersm y be of
diforont sivoe, A1 EY by N B T R o B g R0 HeIS 44 Btonal
operation, namednitisidotisting dftan diteduedinirativage O, (Whickdethins ghaisaitessiag aSathe scaled

mage 5 irough &V LHA TN B PGB TRt T S [GEL BEQHIRLA A B mccordance
with any suitablellownpaks filiedingitechniqlerdadingtance: Hiiesiog hasbidoishengasare of central
upon which o JSHIER B e BT P e AL\ L5y BB the ccmtod
image 5 througheap@tizbblahditestiondnaisersedyetibatiittierst@gtiatineding dikapll detection

process is not degraded.

[0017] In addition to the horizontal direction filtering, a vertical direction

filtering operation is also performed on the scaled image 5, to produce a vertical

filtered image 9. In one embodiment, the same kernel h that was used for

horizontal filtering may be rotated by 90°, to yield a 1-D spatial vertical filter.

This is also depicted in Fig. 2, where it can be seen that the vertical filter is

applied to each pixel, column-by-column. In both horizontal and vertical

filtering, the resulting filtered images 7, 9 are essentially the same size or

resolution as the scaled image 5. But note that the two 1-D spatial filters may be

of different sizes, and they may also have different coefficients.

[0018] Fig. 1 also depicts an optional operation, namely the forming of an

intermediate image 6 (which retains the same size as the scaled image 5), prior to

applying horizontal direction filtering. This may be performed by passing the

scaled image 5 through a vertical direction noise reduction filter. The noise

reduction filter may be in accordance with any suitable low pass filtering

technique, for instance, filtering based on a measure of central tendency, such as

a mean filter or a median filter. Similarly, an intermediate image 8 may be

generated, upon which the vertical direction filtering is performed. This may be



1001910nce the horizontal filtered image 7 and the vertical filtered image 9 have been generated (either
based directly on the scaled image 5, or alternatively based on the intermediate images 6, 8), the two
filtered images 7, 9 are then combined, to create a combined filtered image 11 (which may retain the
same size or resolution of each of the images 7, 9). Referring still to Fig. 2, details of the combining
operation are shashievieddarmskingtteeedgledayiops TEBRY ETOEB)Hnkdinectomeeiregions (TL, TR, BL,
BR) of the combjngd i 8?{? rp@% 11 are crea 8"8 differently than its middle or center region M. In
particular, the center or mi lon Mc may e generated by averaging (or otherwise combining
through a suitabledi¥¢ar comOnetidre d)putztmttsltélﬂl’s{redl1megsﬂrmdf)hhefe1tb1¢atérbar¢dnmtd@ region Mh of

the horizontal fllfﬁed |rB e 7 %pa ) Z asegl(a recﬁ ogrtlht vertl filtere |on 9. In other words, a
pixel of Mc may be comp y aver glng fig"doun erpa t pixels ) andg 0201As to the corner
regions (IL, TL, Bltelamhﬂlybhsepmalﬁnmmmmeﬁmi@sm@mwmﬂwtbweéﬂteqemimmageelf’,&unterpart
pixels in the cother art corner rgg@rgrtga gga}:s I essergner d(las betﬁ ﬁfllgere es 7, 9). Thus,
for instance, the pixels o%?ﬂ% comerin the combine mag 1ame yITLyshou & set equal to

their counterparspinelsf @ittesollitivooileddepktheing grewhigh Reteeriagetitivo Fizs YessesiBnergy or
lesser total pixel |pﬁ§13| 1;I'hls |solnglljg?ted %]Le foII ngr%m S: ) aé/%a %éwl%ﬁ) IL = min (TLh,
IL) IL = min (TRA, BB CRARR VB, YO8 res
ET, EB) and the corner regions (TL, TR, BL, BR) of the combined filtered image 11
are created differently than its middle or center region M. In particular, the
center or middle region M. may be generated by averaging (or otherwise
combining through a suitable linear combination or other statistical measure of)
the counterpart middle region M of the horizontal filtered image 7, and the
middle region My of the vertical filtered region 9. In other words, a pixel of Mc
may be computed by averaging its counterpart pixels of Mn and M.
[0020] As to the corner regions (TLc, TR., BLc and BRc), the pixels in each of
these regions may be set equal to their counterpart pixels in the counterpart
corner region that has lesser energy (as between the filtered images 7, 9). Thus,
for instance, the pixels of the top left corner in the combined image 11, namely
TL, should be set equal to their counterpart pixels of either TLn or TLy
depending on which of the latter two has lesser energy or lesser total pixel
intensity. This is indicated by the following equations:
M. = average (Mn, My)
TLc = min (TLy, TLy)
TRe = min (TRn, TRv) Eq. [2]
BLc = min (BLx, BLy)
BR: = min (BRy, BRv)

EL.=ELy ET. =ETh
ERc = ERy EBc = EBn
[0021] To determine which of the two corner regions is the lesser, energy

of each corner region may be computed by, for example, summing the all of the



EL = ELEL = EL EL = ELEB, = EBh 100211To determine which of the two corner regions is the lesser,
energy of each corner region may be computed by, for example, summing the all of the pixel values in the
corner region. Whichever corner region has the lower sum becomes the corresponding corner region of
the combined image 11. 100221For the vertical edge regions EL" ER" the pixels in each of these should
be set equal to theielcmlnesripathedemee gigimnin Wil detiend dilteree goade 9 thed eov thestorizontal edge

regions ET, and £8,., g pixsis. 0 saelof hese shawld haisel aaualda Hslteptnterpart edge regions in
the horizontal filterecﬁmage 7.1 69231T1%% Ifferenttreatment of the corner and edge regions, relative to
the middle regio)02Rly be duEotothiee’ ez Ifed gatrogisrin g theifvotlexpapidatechvi icdiepadding regions to
the scaled image,5 (or to the inter e(?féate image 6), when applying the horizontal, 1-D spatial filters. The
diforent reatme S B R R 15
spatial filtering (#hith tm&dyedanrsaotitel rdgd togiutne diicetidelivo dntripealate e dvdriziohtzepadding regions).
The four padding,regigns are shown in Eig. 2 by a rectangle in. dashed lines. For | nce, a left-edge
padding rogion L SLIEG A St Ao g e RS A SR e TR TR, oot
columns of the scadgd fmage 5. Similarly, a right-edge padding region is needed when applying the

horizontal 1-D s %filter toﬁﬁ ixels in the right mpst columns of the scaled image 5. When applying
the werical 1-D ARl iter 1 I g TIOLF B Bl S A B d e Rt g fegion
needed, and whére apjlyingdfievatiicabd -dhspatiat fiked thetheitaingibsttiowsxofipelsedled image, a

bottom-edge padding regian is needed. The width of the left-edge and right-edge padding regions is
about one hait d1EHN B GEHERISHEAP 1S SR AGGE Ac S OB BT OF SR, ige andl
bottom-edge padiclieg spginsdsiadatiradaiDhg avidtiiéheTtertctHbien) spatiabfiter.théie pixels in

each of the padding re%i&é% hould, be designed to extend the sh -din,g curve that's in_their a]djacent

portions of the sCAIBEi e S ERMEPERAGH, BDEBA IR AR L SFNEFHSHidie SR combined

image 11, thesefit@ying (which may cause the need to introduce the two extrapolated horizontal
padding regions). The four padding regions are shown in Fig. 2 by a rectangle in
dashed lines. For instance, a left-edge padding region is needed when applying
the horizontal 1-D spatial filter to the pixels in the left most columns of the scaled
image 5. Similarly, a right-edge padding region is needed when applying the
horizontal 1-D spatial filter to the pixels in the right most columns of the scaled
image 5. When applying the vertical 1-D spatial filter to the top most rows of the
scaled image, a top-edge padding region is needed, and when applying the
vertical 1-D spatial filter to the bottom most rows of the scaled image, a bottom-
edge padding region is needed. The width of the left-edge and right-edge
padding regions is about one half the width of the horizontal 1-D spatial filter,
and the width of the of the top-edge and bottom-edge padding regions is about
one half the width of the vertical 1-D spatial filter. The pixels in each of the
padding regions should be designed to extend the shading curve that’s in their
adjacent portions of the scaled image 5, by extrapolation.
[0024] Regarding the corner regions of the combined image 11, these may
be slightly enlarged, relative to the corner regions of the horizontal and filtered
images 7, 9. In particular, the expected corner region within the horizontal or

vertical filtered image 7, 9 is a square having a side that is about one-half the



be slightly enlarged, relative to the corner regions of the horizontal and filtered images 7, 9. In particular,
the expected corner region within the horizontal or vertical filtered image 7, 9 is a square having a side
that is about one-half the width of the one-dimensional spatial filter. Thus, for instance if the filter kernel h
is nine elements wide, and is used for both vertical direction and horizontal direction filtering, then the

expected corne_rs_fiﬂih andhaTonerdiyreasiviel apgqﬁaéfétef-S%}m)@smﬂtmeQ/éfrﬂbeﬁ@Hém hay be
obtained by defifing,{ne,GOuRIEALL SL Ted % AOUIRING AL A I0ihe sighily larger, ©.9. @

square of 8x8 pixels. This is depicted in Fig. ere it can be seen that the corner region TL, is slightly
wider than its edgjeeagiod8tETmartdalthéihepiral vatnessdfltherehldrgeth yeatbroegisnidte, shay be the

same as a corresgondingly,enlarged nterpayt carner region of either.the horizantal filtered image 7 or
the vertoal iterR TR g e O e B SRR pack o Fio
1, upon generaticg ke Baninitlee diltebaceimesge 11), theqrbgbs megecantinueswiti afréher de-noising
operation, foIIowir}gePsy %ﬁpsr?sgoldingdolg%rati n trﬁat IS desi%ned to {ﬁgtutlﬂin only the blenﬂsh defects

. g ict 1 ere 1f,canpe seen e corner reglo. .
remaining. For el?(ample, pixe S that are gre§tef¥¥1an a%hres old are Mmarked as blemishes:“The locations

(coordinates) of dighthypvoidinedabieneispe segierthE recditled dbafiletiahiagibthdegetiygdwith the
maximum pixel intensit%/ in tha[%:(g ionbant a sum of all pixels in tha re%ipn. The Iattter twq metrics are a
measure of the s?(E:')\r/Ié(Flrtyeé1 e premigh Feglo?fflllfﬁ(?ﬁélc g%%?gmlél@ gbeov%fgfn smbodiment of the
invention may beanaaohine: iefaddhiethreliviroisaChiles ¢didioeie ClrorticemertioyJiarddg stored thereon

instructions, Which%)ro r@m one.or more d%}a roc ssiq comRonents (generically referred to here as a
st 2] ¢

"processor") to pHeI} %Hﬁ&ﬁr%éﬁ Ay @?tas 128 fﬁg)c'essing operations described above

including configuoozpthe expRedse-seliagiofcaregrmeiacnagerdaayiereumnaabiiest, fddeand signaling the
DUT to capture an image of a calibration target, and, %git | image processing such as noise reduction,
scaling, filtering,lm?ﬁé&o%}%ﬁﬁﬁ‘&%% igin g bR ECEIUAsIGE ARS8 embodiments, some
of these operatigoBdnigtY be Petfermediby specifisharsvatragrpbreriuniia sy shstem, for testing
camera moduleib. The tes'tﬁsystem may have hardwirid logic (e.g., dedicated digital filter blocks, control

and timing logicPt6PEEHERGHHaHEY oA 5% Phe e dhafich i diternatively be
performed by anyr€ambieatiabRimXRes ATHIes 88t P (E6ESEINGSYoMOpRAEE anthéixed hardwired circuit

O . A ke azé thon rocoriled 46 & Dlemish rogior, 1oBEther with he makimum
pixel intensity in that region and a sum of all pixels in that region. The latter two
metrics are a measure of the severity of the blemish region.

[0026] As explained above, an embodiment of the invention may be a
machine-readable medium (such as microelectronic memory) having stored
thereon instructions, which program one or more data processing components
(generically referred to here as a “processor”) to perform the DUT configuration
and digital image processing operations described above including configuring
the exposure setting of a camera module (device under test, DUT) and signaling
the DUT to capture an image of a calibration target, and digital image processing
such as noise reduction, scaling, filtering, image combining and thresholding of
the captured image. In other embodiments, some of these operations might be
performed by specific hardware components of a test system, for testing camera
modules. The test system may have hardwired logic (e.g., dedicated digital filter

blocks, control and timing logic) for certain operations or components. The test

system’s operations might alternatively be performed by any combination of



have the following components. Referring now to Fig. 3, this is an example of a test system that may be
deployed in a manufacturing test environment, where the DUT is a camera module such as one that can
be integrated into a portable consumer electronic device, e.g. a smart phone as depicted in Fig. 4, a tablet
computer or a laptop computer. The test system includes module test equipment 20 in which an exposure
control unit 22 ispy peaangledate proseseing motplnenideviddivnd dardst ATy ctotsignal the DUT to
capture a digitalén}lqgg ébl,l§caler 23 unit is to be coupled to the camera module, to receive the digital
image and spatiaﬁ czfille tﬁ'e digital image to a lower resolution. A horizontal direction filter 24 is provided,
through which of@273¢tance dhtheesoalecdigital, immygteis forgessngs filterimg medubersawilar to the
operations desc iggg t%g%ﬁoin fi . (1) J{)roh%ﬂ 0 elfgrirenctigg fiIEgrfrln% fgf ’H.ﬁ% lsscarkeéj im:ilgqg gf'aA vertical
direction filter 25 Is also provi‘ge ; fhro gh which ano het inslance Bt the scafed 3@?{[ [ Tmage is to pass;
its filtering may bessuyslantolthienopebatibeyd desciibe chabofse thorivg tiésaeoiviectiorefitenmgref the scaled
image 5. A combincy,6senves Lo combiiye an.putpulmage of fhe norzqnia) direction flier 24 with an
output image of the ver icafditecton Hiter 25, mtd a combine |mageeﬁavmg aboutinesame resolution as
each of the outputnmageseledgrosimilevite the. eamirtgthinmage ddpintédginlFégnd in Eable?). A discriminator
unit 28 then classifies ielecte ones of the Pixe intthg cognbinec{émage, as f ?Ietmish re io?. The
discriminator maﬁ?rﬁ1 r‘f‘o?%%ﬁe?gti%s?%rinnlﬁ\laﬁb 5s&°dd5eribed apova for dJe-enc?FSiﬁauéH ?ﬁ‘resholding of
the combined filEred whadeahlx@odurackingodeirittezlipixels obiiptditesheldedd magersoa blemish
region. A list of blemish defects j lﬁ?ﬂ enerated, \/éla tl}ma then be evaluated by either an automatic
machine procesS SO HRIEIEb) LU B SRR ARG Bf HBCERe o AC bassed the
blemish defects test (andbbencewhethek eanriihediule shautdive reambiyadlfrorpthentist of acceptable

manufactured specimens). 10828 While certain embodiments have been described and shown in the
accompanying diBRIAGE S O pdigh t?r?a{oéﬁ%rg?ﬂl}ga?meﬁtg%ﬂé%afe%fﬁﬁ]ﬁ?ative of and not

restrictive on thefikgad iR yeotiateBnbrthatHRehirreniiomisanet bnitrdstaltaedsgiesifi;egpsinuctions and
arrangements shown and described, since various other modifications may occur to those of ordinary skill

in the art. For eXapIts HRERRERE Risiratasdadheerrmboasdestdsinbsiaidd sy béMg applied to one

or more of the corstilvenl aplefRiangeaha Bayerpakariaw nageetheiblarighegiretion techniques
described here may also work on an origginal image that is a full color raw image (e.g., having RGB pixels

directly produced!sy R eyidestothrrugihy Rishasatler daanssididle scdlsb st dmageds fosaic), a

Y-channel image 48sgitsIREMBSLITARY BYdVILRIRS BRAGSINAGR) des@iBEIRRSRICRH Fédiheolor interpolated
version of a color filter mosaic raw image. The latter may also have had some post-processing performed

upon it, such as Wit pRGYEeRf (Resaricdoradson, Prioibites Appficsidn eTTRiIMémish detection
algorithm. The dgggsiRtianis bhinBeisegadadag iustiative inatearorlititing g JeAMS What is

claimed is: 1. A method for testing a digital camera module, comprisinqt; scaling a digital image captured
by the digital camﬁéﬁﬁ%é&ﬂ@i@é&tﬁr&gﬁ%ﬁ?@; combined image having about the same

resolution as each of the output images (e.g., similar to the combined image 11 in
Fig. 1 and in Fig. 2). A discriminator unit 28 then classifies selected ones of the
pixels in the combined image, as a blemish region. The discriminator may
perform operations similar to those described above for de-noising and
thresholding of the combined filtered image 11, and marking selected pixels of
the thresholded image as a blemish region. A list of blemish defects is then
generated, which may then be evaluated by either an automatic machine process
or “manually” by a human being, to determine whether or not the DUT has
passed the blemish defects test (and hence whether or not the DUT should be

removed from the list of acceptable manufactured specimens).



horizontal direction filtering the scaled image by applying, row by row, a horizontally oriented
one-dimensional spatial filter to each pixel of the scaled image; vertical direction filtering the scaled
image by applying, column by column, a vertically oriented one-dimensional spatial filter to each pixel of
the scaled image; combining the horizontal direction filtered image and the vertical direction filtered
image, wherein é§8lregionsVihdecarrieiveyibadiofeiis banedined ditssmdeithragbshroveraatbd differently

than its middle region: thresholding the comhined filtered image: an marking, a selected plurality of
pixels o the threeh T T e e e P 8 e priing
recording the mamémaliyrilpisélantensitynih tloé deksritha egitime dmdaal soverdiall pixkkhat the blemish region,

in association it capidinates pfthe plemisttegion. 3. Tha methad of daim . furter omrising
dule to capturé) a |g|%a ib

signaling the digital camera module Image of a calibratiGn target. 2" The method of
claim 1 wherein ihd digritaibiedagiaés sacalos pkare obdiCoksidilsenayosaior awthiomgd. obdifhgymethod of
claim 1 further C&ﬂgﬁkﬂ%gﬁff%?'r%%&%@e&ﬁ‘ifé%ﬁk%%f'eﬁ%{'s R NGFRIRT Imaggior to the vertical
direction filtering and the horizontal directidn filtering.

illustrated by being applied to one or more of the constituent color planes of a

Bayer pattern raw image, the blemish detection techniques described here may

also work on an original image that is a full color raw image (e.g., having RGB

pixels directly produced by a full color imaging sensor that does not have a color

filter array or mosaic), a Y-channel image (e.g., derived from a YUV color space

image), or a de-mosaiced or full color interpolated version of a color filter mosaic

raw image. The latter may also have had some post-processing performed upon

it, such as white balance and gamma correction, prior to the application of the

blemish detection algorithm. The description is thus to be regarded as

illustrative instead of limiting.
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6. A system for testing a digital camera device under test (camera DUT), comprising: means for scaling
the digital image to a smaller size; means for spatially filtering the scaled image by applying a
one-dimensional horizontal filter to each pixel of the scaled image row by row; means for spatially filtering
the scaled image by applying a one- dimensional vertical filter to each pixel of the scaled image column
by column; means for combining the horizontal mtiall filtered image and the vertical spatially filtered

images, wherein edge regions and corner regions &

than its middle region; and

IMBmbined filtered Image are created differently
means for thresholding the combined filtered image to reveal a plurality of

pixels of the thrésholtsdlnaged &s a blemish region. 7. The system of claim 6 further comprising means
for signaling the digital camera DUT to capture a digital image of a calibration target. 8. A system for

testing a camera module, cOMpYi :P%stin aa%ﬁ@l%ﬁ‘dQ}h&? ar%i?g&\(ﬁe? C%ilgﬂ%gmgge captured by a camera

module and spatially scale the digital image toa lower resolution;
scaling a digital image captured by the digital camera module to a smaller

size;

horizontal direction filtering the scaled image by applying, row by row, a

horizontally oriented one-dimensional spatial filter to each pixel of the scaled

image;

vertical direction filtering the scaled image by applying, column by

column, a vertically oriented one-dimensional spatial filter to each pixel of the

scaled image;

combining the horizontal direction filtered image and the vertical

direction filtered image, wherein edge regions and corner regions of the

combined filtered image are created differently than its middle region;

thresholding the combined filtered image; and

marking a selected plurality of pixels of the thresholded image as a

blemish region.

2. The method of claim 1 further comprising recording the maximum pixel

intensity in the blemish region and a sum of all pixels in the blemish region, in

association with coordinates of the blemish region.

3. The method of claim 1 further comprising signaling the digital camera

module to capture a digital image of a calibration target.

4. The method of claim 1 wherein the digital image is a color plane of a color

filter mosaic raw image.

5. The method of claim 1 further comprising performing noise reduction

filtering upon the scaled image prior to the vertical direction filtering and the

horizontal direction filtering.

-11-



a horizontal direction filter through which one instance of the scaled digital image is to pass; a vertical
direction filter through which another instance of the scaled digital image is to pass; a combiner to
combine an output image of the horizontal direction filter with an output image of the vertical direction
filter, into a combined image having about the same resolution as each of the output images; and a
discriminator unit-to classifyteeidetadstmgsactitfitnbiratsin desico miee teihagmera Hbléish region. 9.
The system of cl(]adﬁq 8rifslf ther comprising an exposure control unit that is to be coupled to the camera
module, to signal the module to capture the digital image. 10. The system of claim 8 wherein the scaler,
horizontal filter, verticahfitteys Soratilieg dnddigtrimimrgotarspatiafsszeamera module test equipment

deployed in a manufacrt}ljéldr}% °§tsmgteq\}\%é tgf%ntt%@dsgolgvcpll&gtg%came a madule is coupled as a device

a 1 a one- . . .
under test. 11. The system of claim g rein the scaler, expasur cgﬁt%flﬁnlt,]ﬁorlzontal filter, vertical
filter, combiner atichdistoimidatorzantap fittafta earhgraehotiie tedeé guipgrentvdeployed in a

manufacturing testing enviror}mesnt%%réﬁ tiqir%/hich %ee camera modgle IS cl%Llcj)lf)led as a device under test.

12. The system of claim 8Wherein a’gl szrllr?t%ge isa colé?ﬁgnggpg Srfilter mosaic raw image.

13. The system dirokairiod dlirtheicebfilprisingeanpisel rgdbetsoal diftémtgooglumhiblh ezdamimstance of the

scaled digital image is f pass before Ihe horizontal and verties| difpetion flters. . e
vertical spatially filtered images, wherein edge regions and corner regions of the
combined filtered image are created differently than its middle region; and

means for thresholding the combined filtered image to reveal a plurality of

pixels of the thresholded image as a blemish region.

7. The system of claim 6 further comprising means for signaling the digital

camera DUT to capture a digital image of a calibration target.

8. A system for testing a camera module, comprising;:

a scaler unit to receive a digital image captured by a camera module and
spatially scale the digital image to a lower resolution;

a horizontal direction filter through which one instance of the scaled
digital image is to pass;

a vertical direction filter through which another instance of the scaled
digital image is to pass;

a combiner to combine an output image of the horizontal direction filter
with an output image of the vertical direction filter, into a combined image
having about the same resolution as each of the output images; and

a discriminator unit to classify selected ones of the pixels in the combined

image as a blemish region.

9. The system of claim 8 further comprising an exposure control unit that is
to be coupled to the camera module, to signal the module to capture the digital

image.
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10. The system of claim 8 wherein the scaler, horizontal filter, vertical filter,
combiner and discriminator are part of a camera module test equipment
deployed in a manufacturing testing environment and to which the camera

module is coupled as a device under test.

11.  The system of claim 9 wherein the scaler, exposure control unit, horizontal
filter, vertical filter, combiner and discriminator are part of a camera module test
equipment deployed in a manufacturing testing environment and to which the

camera module is coupled as a device under test.

12.  The system of claim 8 wherein the digital image is a color plane of a color

filter mosaic raw image.

13.  The system of claim 8 further comprising a noise reduction filter through
which each instance of the scaled digital image is to pass before the horizontal

and vertical direction filters.
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