AUTO-FOCUS IMAGE SYSTEM CROSS-REFERENCE TO RELATED APPLICATIONS This
application claims priority to U.S. Provisional Patent Application No. 61/267,436 filed on December
7,52009. BACKGROUND OF THE INVENTION 1.Field of the Invention The subject matter
disclosed generally relates to auto-focusing electronically captured Images. 10 2.Background
Information Photographic equipment such as digital cameras and digital camcorders may contain
electronic Image sensors that capture light for processing Into still or video Images, respectively.
Electronic Image sensors typically contain millions of light 15 capturing elements such as photodlodes.
Many Image capturing devices such as cameras Include an auto -focusing system. The process of
auto-focusing Includes the steps of capHUmE EYAR sEE the Image to determine whether It
Is In focus, and If not, generating a feedback signal 20 that Is used to vary a position of a focus lens
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This application claims priority to U.S. Provisional
Patent Application No. 61/267,436 filed on December 7,

5 2009.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The subject matter disclosed generally relates to auto-

focusing electronically captured images.

10 2. Background Information

Photographic equipment such as digital cameras and digital
camcorders may contain electronic image sensors that capture
light for processing into still or video images, respectively.
Electronic image sensors typically contain millions of light

15 capturing elements such as photodiodes.

Many image capturing devices such as cameras include an
auto-focusing system. The process of auto-focusing includes the
steps of capturing an image, processing the image to determine
whether it is in focus, and i1f not, generating a feedback signal

20 that is used to vary a position of a focus lens (“focus
position”). There are two primary auto-focusing techniques.
The first technique involves contrast measurement, the other
technique looks at a phase difference between a pair of images.
In the contrast method the intensity difference between adjacent
25 pixels is analyzed and the focus is adjusted until a maximum
contrast is detected. Although acceptable for still pictures

the contrast technique is not suitable for motion wvideo.
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posltlon™). There are two primary auto-focusing techniques. The first technique Involves contrast
measurement, the other technique looks at a phase difference between a pair of Images. In the
contrast method the intensity difference between adjacent 25 pixels Is analyzed and the focus Is
adjusted until a maximum contrast Is detected. Although acceptable for still pictures the contrast
technique Is not suitable for motion video. The phase difference method Includes splitting an
incoming Image Into two Images that are captured by separate Image sensors. The two Images are
compared to determine a phase difference. The focus pasition Is adjusted until the two Images 5
match. The phase“dif8fetice mathiod” fbcq%if%%th@d?ndﬁ%ﬁ ]p%?ﬁssféﬁ%ést 5 BB Spht&PaRd &n extra
Image sensorcAdditionalty, thephasetdiierence approactk analyzesw@arelatvelysowall band of fixed
detectionsggisngs],f.sHavi@%g 5{5}8" grou egf d%t(_:ecggpn é_){ntg I?gr%ré Ig error bec%lD %esgoise may be 10
superimposed onto one or more points. This technlé)ue?s also ineffective If the 'detéction points do not
coincide With‘arrémage edyes Firallys beeadse the phaseldifferedcenmethod Bplitswhe dight tife amount
of light that inpinges.on glight sgasarlscutdn hatfior even mere. This gap he problematic In dim 15
settings where the Image light intensity Is already low. BRIEF SUMMARY OF THE INVENTION

An auto 3¢t Ifage SREEmIRaL fcfuides 4 piel afaycotpied t 8186s signal generator. The pixel

array caplyres-animage thatbagak leash onesdge with govishihnThe generaiond generates a focus
signal that Is a function of the edge width and various statistics of edge width. The generator may

climinate & SHHE HRVITGaN RSy Aot of KTACIER Srafie of i ikt SIGRRE "0 = oral L

group of detection points is prone to error because noise may be

10 superimposed onto one or more points. This technique is also
ineffective if the detection points do not coincide with an
image edge. Finally, because the phase difference method splits
the light the amount of light that impinges on a light sensor is
cut in half or even more. This can be problematic in dim

15 settings where the image light intensity is already low.



BRIEF DESCRIPTION OF THE DRAWINGS FIG. 1 is a schematic of an embodiment of an
auto-focus image pickup apparatus; FIG. 2 is a schematic of an alternate embodiment of an 5
auto-focus image pickup apparatus; FIG. 3 is a block diagram of a focus signal generator; FIG. 4 is
an illustration of a horizontal Sobel operator's operation on a image signal matrix; FIG. 5
illustrates a calculation of edge width from a 10 horizontal gradient; FIG. 6A, 6B are illustrations of
a calculation of an edge width of a vertical edge having a slant angle 0; FIG. 6C, 6D are
illustrations of a calculation of an edge width of a horlzontal ede havm a slant angle 0; 15FIG. 7 is a
flowchart of a process to calcul idth for a vertical edge having
a slant; FIG. 8 is an illustration of a vertical concatenated edge 20FIG. 9A is an illustration of a group

of closely-packgd vefical bgrsis image system that includes a pixel array

coupled to a focus signal generator. The pixel array captures

% o atd .ﬁ.l a¥a Ofre '.....

an image that has at least one edge with a width. The generator
5 generates a focus signal that is a function of the edge width

and various statistics of edge width. The generator may

eliminate an edge having an asymmetry of a gradient profile of

an image signal.



FIG. 9B is a graph of an image signal across FIG. 9A; FIG. 9C is a graph of a horizontal Sobel
gradient across FIG. 9A; FIG. 10 is a flowchart of a process to eliminate closely-packed edges
having shallow depths of modulation; FIG. 11 is a histogram of edge widths illustrating a range of edge
widths for calculating a fine focus signal; 5FIG. 12 is an illustration of a scene; FIG. 13 is a graph
illustrating a variation of a ngrewredge SouRtduring afecusscapot fhegeene of FIG. 12; FIG. 14 is a
graph illustrating a variation of a gross focus signal during a focus scan of the scene of FIG. 12;
10FIG. 15 is a graph illustrating a variation of a fine focus signal across a range of focus positions;

FIG. 16 is an illdstfation of Anapparalla Wispl&ying mAEH Q@5 i & sEBnéahY 4 8&8Etion mark
over one 0fihe opjeetsad SEpata tsia plock diagram of an alternate embodiment of

FIG. 2 1s a schematic of an alternate embodiment of an

5 auto-focus image pickup apparatus;

FIG. 3 is a block diagram of a focus signal generator;

FIG. 4 i1is an i1llustration of a horizontal Sobel

operator's operation on a image signal matrix;

FIG. 5 illustrates a calculation of edge width from a

10 horizontal gradient;

FIG. 6A, 6B are illustrations of a calculation of an edge

width of a vertical edge having a slant angle ¢;

FIG. 6C, 6D are illustrations of a calculation of an edge

width of a horizontal edge having a slant angle ¢;

15 FIG. 7 is a flowchart of a process to calculate a slant
angle ¢ and correct an edge width for a vertical edge having a

slant;

FIG. 8 1s an illustration of a wvertical concatenated

edge;

20 FIG. 9A is an illustration of a group of closely-packed

vertical bars;

FIG. 9B is a graph of an image signal across FIG. 9A;

FIG. 9C is a graph of a horizontal Sobel gradient across

FIG. 9A;



a focus signal generator; FIG. 18 is a schematic of an alternate embodiment of an auto-focus
image pickup apparatus; FIG. 19 is a schematic of an embodiment of an auto-focus 20 Image
pickup apparatus having a main pixel array and an auxiliary pixel array; FIG. 20 is a schematic of
an alternate embodiment of an auto-focus image pickup apparatus having a main pixel array and an

auxiliary pixel array;. 10 HG. 21 13 8wehematis of analteraate erabediment of an aukesfocys image
pickup apparatus having a main pixel array and an auxiliary pixel array; FIG. 22 is an illustration of a

variation o 8A €dge Wit oM 8 mam pikel T 8 Vanatsn 8F af Rtige width from an auxiliary

pixel array at different focus positions; FIG. 23A illustrates a gradient of an image signal across two
adjacent edges pf gppositei polaritiess (i &5 sighsp whesestheredgessda not: teraet; APFRIG. 23B
illustrates a gradient of an image signal across twg adjacent edges of opposite polarjties (i.e. signs)
where th Bges THeriE® * FI6: 34AShowbI{h Hositve gradients from I 23 drid flusirates that

the distance between a pair of interpolated 15 gradients at a particular gradient level is divided into two
unedual distances by the interpolatetdlpeakiation of a scene;

FIG. 13 is a graph illustrating a variation of a narrow-

edge count during a focus scan of the scene of FIG. 12;

FIG. 14 is a graph illustrating a wvariation of a gross

focus signal during a focus scan of the scene of FIG. 12;

10 FIG. 15 is a graph illustrating a variation of a fine

focus signal across a range of focus positions;

FIG. 16 is an illustration of an apparatus displaying
multiple objects in a scene and a selection mark over one of

the objects;

15 FIG. 17 is a block diagram of an alternate embodiment of

a focus signal generator;

FIG. 18 is a schematic of an alternate embodiment of an

auto-focus image pickup apparatus;

FIG. 19 is a schematic of an embodiment of an auto-focus
20 image pickup apparatus having a main pixel array and an

auxiliary pixel array;

FIG. 20 is a schematic of an alternate embodiment of an
auto-focus image pickup apparatus having a main pixel array

and an auxiliary pixel array;



FIG. 24B shows the positive gradients from FIG. 23B and illustrates that the area between two
gradient levels and bordered on the left and right by the two sides of the 20 gradient profile is divided
into two regions of unequal areas by a vertical line directly under the interpolated peak; FIG. 24C
shows the positive gradients from FIG. 23B and illustrates a length of a segment of the gradient profile

between two gradient levelssan ages efna fe@iop vestically 25rundes teaisegmeshand the jower
gradient level, and a width of a base of the region; FIG. 24D shows the positive gradients from FIG.

23B and AAEHalesH metAGd forkstmERingRe firdt derivative IFfs 'S4 E! sRAwS thé pbsitive gradients
from FIGa23B and4dllustiates an@itesiativerraethod for estimating the first derivative; FIG. 24F
shows the positive gradients from FIG. 23B and 5 illustrates a method for estimating the second
derivative; FIG. FZ%&; st}ozws, the positjve %radien,ts from FIG. 23B and
. 1s an illustration of a variation of an edge
5 width from a main pixel array and a variation of an edge width

from an auxiliary pixel array at different focus positions;

FIG. 23A illustrates a gradient of an image signal across
two adjacent edges of opposite polarities (i.e. signs) where

the edges do not interact;

10 FIG. 23B illustrates a gradient of an image signal across
two adjacent edges of opposite polarities (i.e. signs) where

the edges interact;

FIG. 24A shows the positive gradients from FIG. 23B and
illustrates that the distance between a pair of interpolated
15 gradients at a particular gradient level is divided into two

unequal distances by the interpolated peak;

FIG. 24B shows the positive gradients from FIG. 23B and
illustrates that the area between two gradient levels and
bordered on the left and right by the two sides of the

20 gradient profile is divided into two regions of unequal areas

by a vertical line directly under the interpolated peak;

FIG. 24C shows the positive gradients from FIG. 23B and
illustrates a length of a segment of the gradient profile
between two gradient levels, an area of a region vertically

25 under the segment and the lower gradient level, and a width of

a base of the region;

FIG. 24D shows the positive gradients from FIG. 23B and

illustrates a method for estimating the first derivative;



illustrates a alternative method for estimating the second derivative; FIG. 24H shows the positive
gradients from FIG. 23B and 10 illustrates a distance between midpoints at different gradient levels
and between each midpoint and the interpolated peak; FIG. 241 shows the positive gradients from
FIG. 23B and illustrates two gradients at a common distance from the interpolated peak; 15FIG. 24J

shows a symmetrie gradientiefile andceineiding.aidpeints anddnterpalatetpealks EDERAILED
DESCRIPTION Disclosed.is an auto focus image system that Includes a pixel array coupled to a
focus sighal'geHerator STRE pikel Sirag tapfurds ARMage th&iad at1ea8t iedde §with a width.
The focussignad gererator may generate a focus signal that is a function of the edge width and/or
statistics of edge widths. An auto focus image system that Includes a pixel array coupled to a focus

signal generator, Jhe pixel arjay, cantires an.image tat has af 40 leass.oneredge with a width. The
generator generates a focus signal that'is a function of the edge width and various statistics of edge
width. Thelgeretator esa\celiminatelan edge Havirgtam asynmetscoralgraslientaof andmage signal.
The generator may also eliminate an edge 15 that fails a template for an associated peaking in the

gradient. A procgsgor reggivesdhe fagus signalangdlorfhe stalistics pf gdoe widths and.adjusts a focus
position of a focus lens. The edge width can be determined by various techniques including the use of
illustrates a alternative method for estimating the second

derivative;

FIG. 24H shows the positive gradients from FIG. 23B and
10 dillustrates a distance between midpoints at different gradient

levels and between each midpoint and the interpolated peak;

FIG. 241 shows the positive gradients from FIG. 23B and
illustrates two gradients at a common distance from the

interpolated peak;

15 FIG. 24J shows a symmetric gradient profile and

coinciding midpoints and interpolated peak.



20 gradients. A histogram of edge widths may be used to determine whether a particular image is
focused or unfocused. A histogram with a large population of thin edge widths is indicative of a
focused image. Architecture 25Referring to the drawings more particularly by reference numbers,
Figure 1 shows an embodiment of an auto-focus image capture system 102. The system 102 may be
part of a digital still camera, but it is to be understood that the system can be embodied in any device
that requires controlled focusing of amamageL #be sysiem 12 10ay include a focus lens 104, a pixel
array and circuits 108, an A/D converter 110, a processor 112, a display 114, a memory card 116 and
a drive 5 motor/Bircuit 118. Light from a scene %nters thr.oua%h the Ien% 104. g]%pixel a&rgéand circuits
108 generates anlasncajré)gssﬁénaﬁ thatlis Sonverted fod digl;ﬁ1 %legn%\ng fne A5 onverter £10° The
pixel array %98srady inearpgrataplasaicieslas patiernse.g: theBayge 1@ pattesn.. Therdigital signal
may be sent to the processor 112 that performs various processes, e.g. color interpolation, focus
position dOhBI- cBIBF Eofrecaibiy, Urhage @BmpreasiBn/deedmpressisrh, usef mterfice cBAYS, and

display cnteal, and fo she,focussignal generator 15120, Where, ihe.forus, signal generatog 120 and
the processor 112 reside within different packages, a color interpolation unit 248 may be Implemented
to perforri@olos irterpolafiort ba theidigital SignaltlB3orto estimate thel gssingdddiorasighaisron each
pixel for the focus 20 signal generator 120. Alternately, where the focus. signal generator 120 and the
processo?ﬁf G hecua Wl%oc %ﬁlthae%%gus%ﬁﬁlaﬁ géﬁ(%%%ﬁ%ﬁ %ee{r)l/ input

f‘LeSchfeCt%get erwithin 4 pacEa?g’e 1

Interpolaterdcolof immagesdrom theiprecesser-212 avhys ¢46 as showivisldgwe @rof B single 25
image signal derived from the original image signal generated from the A/D converter 110, for example

a grayscA8RRyhaIt O -ThefoBuPigRal géhérator 428 redehiesagrblig 8fcdritdlsifRals 232 from the
procgssof 112+n gdditiejge with a width. The generator generates a

focus signal that is a function of the edge width and
various statistics of edge width. The generator may
eliminate an edge having an asymmetry of a gradient of an
image signal. The generator may also eliminate an edge
15 that fails a template for an associated peaking in the
gradient. A processor receives the focus signal and/or
the statistics of edge widths and adjusts a focus
position of a focus lens. The edge width can be
determined by various techniques including the use of
20 gradients. A histogram of edge widths may be used to
determine whether a particular image is focused or
unfocused. A histogram with a large population of thin

edge widths is indicative of a focused image.
Architecture

25 Referring to the drawings more particularly by
reference numbers, Figure 1 shows an embodiment of an
auto-focus image capture system 102. The system 102 may
be part of a digital still camera, but it is to be

understood that the system can be embodied in any device



30 and may output signals 134 to the processor 112. The output signals 134 may comprise one or
more of the following: a focus signal 134, a narrow-edge count, and a set of numbers representing a
statistics of edge width in the image. The processor 112 may generate a focus control signal 136 that
is sent to the drive 5 motor/circuit 118 to control the focus lens 104. A focused image is ultimately

provided o the display: Hdsandierstered dnthe duerany cardk 116, Thealgorithm(gkused to adjust a

focus position may be performed by the processor 112. 10The pixel array and circuits 108, A/D
Converte? 1 3¢ StcusOsigrizt HeAdratbr 420 candtocess6BL 2Ry af réidesditind & pHEckage.

Alterately, fhe pysel quray age ircuits 108,/AD,Gonuerer. 119, and focys signal geneator 120 may

reside within a package 142 as image 15 sensor 150 shown in Figure eparate fr € processor
112. Altemately dha focus signal gemeratgr 120rahdlprécessdr El2may ¢ogether reside within a

144 troller 160 sh in Fi 2, te f the pixel 108 and A/D
Conmorteh 11020 FOgiE Siarst Condraitt - Gl ShotEart BnBodmonEer Eent Sgnal

generaton $2(srecelying image(s) frem aimage psowiding wiit 202 Thedmage Broyiding wiit 202 may
be the color Interpolator 148 in Figure 1 or the processor 212 in 25 Figure 2. The focus signal
generatoP 120 Ridy TdMpride &R edge deteOINE Wrfth Rfeadurdhieht (EEDWIMY Uit 20§, a focus

signal calcylato( %Oc%ﬁpg@tfgggr 213 .andﬂl\gidg&fgrgi 29%11559% B.gtq%&omprise a fine switch

incorporate a mosaic color pattern, e.g. the Bayer

10 pattern. The digital signal may be sent to the processor
112 that performs various processes, e.g. color
interpolation, focus position control, color correction,
image compression/decompression, user interface control,
and display control, and to the focus signal generator

15 120. Where the focus signal generator 120 and the
processor 112 reside within different packages, a color
interpolation unit 148 may be implemented to perform
color interpolation on the digital signal 130 to estimate
the missing color signals on each pixel for the focus

20 signal generator 120. Alternately, where the focus
signal generator 120 and the processor 112 reside
together within a package 144, the focus signal generator
120 may input interpolated color images from the
processor 112 on bus 146 as shown in Figure 2 or a single

25 1mage signal derived from the original image signal
generated from the A/D converter 110, for example a

grayscale signal.

The focus signal generator 120 receives a group of
control signals 132 from the processor 112, in addition,
30 and may output signals 134 to the processor 112. The

output signals 134 may comprise one or more of the

-9.



220 controlled by input 'fine' 222. The focus signal 30 generator 120 may provide a narrow-edge count
from the width filter 209 and a focus signal from the focus signal calculator 210, the focus signal being
configurable between a fine focus signal and a gross focus signal, selectable by input 'fine' 222.
Alternately, both fine 5 focus signal and gross focus signal may be calculated and output as part of

output signals 134 e edge detegtions& yvidth measurement b R06 rreeives inage(s)piovided by
the image providing unit 202. In the context of Figures 1 and 2, control signals, such as control signal
10'fine' 222 SR&y B provitied by tlﬂi@ﬁﬁ@@éﬁ& 11Y iresigrasd 1@2 Kso infthe esitext ot Fiyures 1 and

2, the our?;ﬁ %lggalﬁﬁ‘s éénay bﬁpéo %q:g)ﬁ ?)Pr §SQf \ggl(%}gl{gtl%nsf% %qus system

controller that contro focus posi on of the focus lens 1 ring images o ects into sharp
focus on thenpixel Array 308 by hbélyzing thel sutpetrsignats ]:Cmetocﬂ]eieo@a sharp object in the image.

Var S Co nts of the focus.si nal enerato are _described below,. The EDWM unit 206 ma
oo TP TAHE 20 Sdh (s (O E 28 LighBe of BreThanET2a (RS radh () and blue (5

are convertrd 19asingle dBagessignal i semesal Jeghpigyes san e utilizedde yansform an image to a
single image. RGB values can be used to calculate a luminance or chrominance value or a specific

ratio of REBZS ValgéLesPpe-takém to AN/ SiRGIE ImagdsigndiNEoriekaRpie: ik (Gminance
Vmueca%g%amEgaﬁﬁfﬂ@%h% focus position may be performed by the

processor 112.

10 The pixel array and circuits 108, A/D Converter 110,
focus signal generator 120, and processor 112 may all
reside within a package. Alternately, the pixel array
and circuits 108, A/D Converter 110, and focus signal
generator 120 may reside within a package 142 as image

15 sensor 150 shown in Figure 1, separate from the processor
112. Alternately, the focus signal generator 120 and
processor 112 may together reside within a package 144 as
a camera controller 160 shown in Figure 2, separate from

the pixel array 108 and A/D Converter 110.
20 Focus Signal Generator

Figure 3 shows an embodiment of a focus signal
generator 120 receiving image(s) from a image providing
unit 202. The image providing unit 202 may be the color
interpolator 148 in Figure 1 or the processor 212 in

25 Figure 2. The focus signal generator 120 may comprise an
edge detection & width measurement (EDWM) unit 206, a
focus signal calculator 210, a length filter 212, and a
width filter 209. It may further comprise a fine switch
220 controlled by input ‘fine’ 222. The focus signal

30 generator 120 may provide a narrow-edge count from the

-10 -



equation Y=0.2126*R + 0.7152*G + 0.0722*B, where Y is luminance value. The single image signal
may then be processed by a Gaussian filter or any lowpass filter to 30 smooth out pixel signal values
among neighboring pixels to remove a noise. The focus signal generator 120, 120", 120" is not
limited to grayscale signal. It may operate on any one image signal to detect one or more edges in the

image sighahQy itrmay aperateoonary combinafionof e, inragasignals, foyexampleyhaR-C, or
B-C. It may operate on each and every one of the R, G, B image signals separately, or any one or
more corfGiA&tibha teetesfl f detd@ eliges! St Ragiorm Seatistics GiatgeIHdRb {6t each of the R, G,

B image si gJ < any 10 ¢ mp ign ereaf; It form a s igpg fran istics of edge
widths fr?ﬁ%%ng%r rﬁ%re %a%e sgfg%%s. £,i:igéra ient of t g‘%cé%géejdfmagegigﬁgﬁ;éulmed. There
are variogs nethosls beailaplel tomatculafe the’gradiént, insludmgriap&acian, aoed SolielnGradients 15

across thg columns.and the rows may be calculated to detect vertical and hggjzgnt%@e ges

respectively 157 eXarApiR Lsigh SOtetX diferatdr SiPE SobBIAY op&rafor, Btshel

X-operatenatpixel lpsationdk, A whene kis-a Fovgadmlena g ispeolumgaumber is:2dgiven by
the equation Sx[k, q] = U[k, g+1] - U[k, g-1] Sobel Y- operator at the same location is given by the
equation Sy[K§|EURe & JPLONRCIIE], Whele U &oart mrje%ighal BREE pFdceBs&liniR@. Orientation

Tagmngby the image providing unit 202. In the context of

Figures 1 and 2, control signals, such as control signal

10 ‘fine’ 222, may be provided by the processor 112 in
signals 132. Also in the context of Figures 1 and 2, the
output signals 134 may be provided to the processor 112,
which functions as a focus system controller that
controls the focus position of the focus lens 104 to

15 Dbring images of objects into sharp focus on the pixel
array 108 by analyzing the output signals 134 to detect a
sharp object in the image. Various components of the

focus signal generator 120 are described below.

The EDWM unit 206 may transform the input image
20 such that the three signals of the image, red (R), green
(G) and blue (B) are converted to a single image signal.
Several techniques can be utilized to transform an image
to a single image. RGB values can be used to calculate a
luminance or chrominance value or a specific ratio of RGB
25 wvalues can be taken to form the single image signal. For
example, the luminance value can be calculated with the
equation Y=0.2126*R + 0.7152*G + 0.0722*B, where Y is
luminance value. The single image signal may then be
processed by a Gaussian filter or any lowpass filter to
30 smooth out pixel signal values among neighboring pixels

to remove a noise.
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25Each pixel is tagged either a horizontal edge (111') or a vertical edge (IV') if either vertical or
horizontal gradient magnitude exceeds a predetermined lower limit ("elimination threshold"), e.g. 5 for
an 8-bit image, or no edge if neither is true. This lower limit eliminates 30 spurious edges due to gentle
shading or noise. A pixel Is tagged a vertical edge if its horizontal gradient magnitude exceeds its

vertical gradientpagnityde §y aipyedeterpined-hysteresis @moupboer marege.g; 3 forsn 8- bit image,
and vice versa. If both gradient magnitudes 5 differ less than the hysteresis amount, the pixel gets a
direction tagrsanteslad thal SRitESTeakest éighBer-thatliastmvdifieairiag dhieady detefsined. For

example,.i im is_scanned.f t to right i 0 om _row,tq r nwards, a
sequencéL %ﬁﬁépegc%%ﬁ % 1([)E %e?gr%%rc;grléneg p?xr({e S r%quﬁg?hée \%iggga%o% fir%[l, 8théz1 \%ﬁlggl\é;bove left
second, andithe pixel onrthetdett thjrdoard-thegpixeh above rightlaish Apphyingothisttysteresis helps to
ensyre that adjacent ixeés get similar tags if each of them has nearly identical horizontal and vertical
159 adieht' %nﬁdﬂ%%fa iﬁme fﬁlu%ﬁ%@?&% r&ulﬁi‘%gdﬁg &n ES-byI-éC ap?ﬁyof horizontal and

vertical grashienis.dn gacheeell therhorizoatak gradientis inthe uppecleftpvertical gradient is on the
right, and direction tag is at the bottom. Only pixels that have 20 either horizontal or vertical gradient
magnitudelexeadding SRaalty atthis stép as BdGelFixels arepinte@THBdIE &r@®Fét direction tags.

The image, gradients and (ags may be sranned harizontally-for yedicaladges and verical for 25

horizontal edges. Each group of consecutive pixels in a Same row, having a same horizontal gradient
polarity amd @H hagged foraserticabédgenmaRi be @esignated aevesticahedge, if mo-adjagent pixel on left or

right of the group are.likewise. Likewise, each group_of consecutive pixels 30 in a same column having
as%%ev%ﬁk%ﬁﬁ%&%ﬁpm;§‘§eo . %% égy form a ocug SLgnaE §Eom

statistics of edge widths from one or more image signals.

A gradient of the processed image is then calculated.

There are various methods available to calculate the
gradient, including Laplacian, and Sobel. Gradients

15 across the columns and the rows may be calculated to
detect vertical and horizontal edges respectively, for
example using a Sobel-X operator and a Sobel-Y operator,
respectively. Sobel X-operator at pixel location [k, g]
where k is a row number and g is a column number, is

20 given by the equation Sx[k, qg] = Ulk, gtl] - Ulk, g-1].
Sobel Y- operator at the same location is given by the
equation Sylk,q] = Ulk+l,q9] - U[k-1,qg], where U is an

image signal of the processed image.
Orientation Tagging

25 FEach pixel is tagged either a horizontal edge (‘H’)
or a vertical edge ('V’) if either vertical or horizontal
gradient magnitude exceeds a predetermined lower limit
(“elimination threshold”), e.g. 5 for an 8-bit image, or
no edge i1f neither is true. This lower limit eliminates

30 spurious edges due to gentle shading or noise. A pixel

-12 -



and all tagged for horizontal edge may be designated a horizontal edge if no adjacent pixel above or
below the group satisfies the same. Thus horizontal and vertical edges may be identified. Edge Width
5Each edge may be refined by removing pixels whose gradient magnitudes are less than a given
fraction of the peak gradient magnitude within the edge. Figure 5 lllustrates this step using a

refinementdhresheld ayakie ppe third efdbe edge's peakyadigpiypagniyde (LQrefining the edge
width down to 3 from the original 9. This edge refinement distinguishes the dominant gradient

componéﬁ@mi_gé@@jeemﬁ@éiﬁ etl§e wcﬁﬁmafﬂ@ém%ﬁﬁral pPersBptiorst tﬂwe@gejs
sharpness despife.an image g‘@ég%'gﬁ"é O¥&rlanping; Sﬁg‘%% 15ghat may Eegﬁadéﬁ—”ts to

gently decay over many pixels. ge width may be calculated in any one of known methods. One
method df calcalatingeedgenwlidthiis sinvay saunting theonurbermd pixetstwitidiyan edgks An 20

alternate me I%:d of calculatilg% edgg{wk:l?tg]is shown.in FigBL‘g’e 5.In Figgure 5,a ﬁr[ﬁt fractional pixel
position équlst Stound BEtweeRa firSiouter Hitet foixet 37 BPA Ffined BEgd arfthe Halfatefit outside
pixel (pixglid)dyandatempolatioarfom theygtinenent threshold, 3@4; 251dkeyrise; A sesard fractional

pixel position (5.5) is found between a second outer@&iéxel (pixel 5) and its adjacent outside pixel (pixel
6). The eBgé width &if66rd a2 theldifferanceictwe st tHesB W6 ffactiohalpigel positiens, 55 - 2.4 =

S.1. S'a”_ék%’_”fﬁ%% 1 Slibugh eachedge may-he agsignediio ong prescrbed diregtign (e.g.
vertical direction or horizontal direction) or another, perpendicular, prescribed
from row to row downwards, a sequence of inspection of
10 neighboring pixels may be the pixel above first, the
pixel above left second, and the pixel on the left third,
and the pixel above right last. Applying this hysteresis
helps to ensure that adjacent pixels get similar tags if
each of them has nearly identical horizontal and vertical
15 gradient magnitudes. Figure 4 illustrates the result of
tagging on a 6-by-6 array of horizontal and vertical
gradients. In each cell, the horizontal gradient is in
the upper-left, vertical gradient is on the right, and
direction tag is at the bottom. Only pixels that have
20 either horizontal or vertical gradient magnitude
exceeding 5 qualify at this step as edge pixels are

printed in bold and get direction tags.

The image, gradients and tags may be scanned
horizontally for vertical edges, and vertically for
25 horizontal edges. Each group of consecutive pixels in a
same row, having a same horizontal gradient polarity and
all tagged for vertical edge may be designated a vertical
edge i1f no adjacent pixel on left or right of the group
are likewise. Likewise, each group of consecutive pixels
30 in a same column having a same vertical gradient polarity

and all tagged for horizontal edge may be designated a
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5 direction (e.g horizontal direction or vertical direction) and may have its edge width measured in a
direction perpendicular to that assigned edge direction, the boundaries between regions of different
image signal values in the image from which these edges arise may not 10 be and usually are not
aligned perfectly with either prescribed directions. In Figure 6A, a boundary (shaded band) is shown to

be inclinachat a,slantangle ywith respectda he-varticab dashed ingyandsa widsh ayjs shawn to be

measured in the perpendicular direction (i.e. 15 horizontal direction). However, a width b (as indicated
in the draWiRg)In&asuictilin @sdireltBorP pEpendiciilarsto e difettion of theboviRdary {ado direction of

an edge form t of is more appropriate as the width of the boundary (and also
e i 36 it o So e

of the edge th a. ths a that are not measured perpendicularly to the respective
edge directions tend to be too large and do not represent the genuine thickness of the respective
boundari&slg®r BagbeBes of calculating a focus signal from edge 25 widths, the edge widths
measured in one or the other of those prescribed directions are to be corrected by reducing them

dowg to be Widtﬁ%Ehdi@&ﬁ%n%%eip%@i%fﬂgﬁe@gg%an@@irﬁ%"eﬁﬂ‘!ge%@%h&% Edge

Detection and Width Measurement Unit 206 performs 30 such a correction on edge widths. As shown
in Figure ®Aa dhe measared Widtdads declength ©f tHeshypetenise of 4 rglttangtedafiangiethat has

its base marI%ed with v.vieolrt1 b)mstraddlin acros tfrlle sh%%eed boundary Rer endicularly (thus

perpendi Giar o(ﬁeag&ge dlrgg%ﬁ)tanoethgtlhaslt%e angle *¥he corrécted Width b may then be
obtained from.a prejeciien phthe naeasuragswidth atotbe titeationtperpandicutsr do theedge direction.

From elementary trigonometry, such a , ,
to one third of the edge’s peak gradient magnitude,

10 refining the edge width down to 3 from the original 9.
This edge refinement distinguishes the dominant gradient
component that sets the apparent edge width that
dominates visual perception of the edge’s sharpness
despite an image having multiple overlapping shadings

15 that may cause gradients to gently decay over many

pixels.

Edge width may be calculated in any one of known
methods. One method of calculating edge width is simply
counting the number of pixels within an edge. An

20 alternate method of calculating edge width is shown in
Figure 5. 1In Figure 5, a first fractional pixel position
(2.4) is found between a first outer pixel (pixel 3) of a
refined edge and the adjacent outside pixel (pixel 2) by
an interpolation from the refinement threshold 304.

25 Likewise, a second fractional pixel position (5.5) 1is
found between a second outer pixel (pixel 5) and its
adjacent outside pixel (pixel 6). The edge width is
found as the difference between these two fractional

pixel positions, 5.5 - 2.4 = 3.1.
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projection may be given by b = a cos(0), but 10 approximation may be used as long as it obtains
accuracy to within 20%. The angle 0, or cos(0) itself, may be found by any method known in the art for
finding a direction of an edge in an image, or by a more accurate method described in the flowchart
shown in Figure 7. 15Each horizontal or vertical edge's edge width may be corrected for its slant from
either theshgren@bereEsicabgarientation (the prescribed directions), respectively. Figure 6A, 6B
illustrate a correction calculation for an edge width measured in the horizontal 20 direction for a
boundary (and hence edges that form the boundary) that has a slant from the vertical line. Figure 6C,

6D illustrate a cOrtédtioH €RIcEREN ftAR SBg¥ width reasEredn B WikfcadP direibh #5% boundary

(and hengg edges;that form the boundary) that 25 bas aslant fromdbe hgrizontal line. The correction
may be made by multiplying the edge width measured in a prescribed direction, such as a vertical

direction @i a$efiZontal diréctione b2 & factoresfees 0l wHérRIl isranamgleldiethnt from the prescribed
Sroeion e BRRLCIATNE R ] stous sfovsiat sl e pcorect e wath o
interchangé rverticad i) withn' Hortzontat ar theiftosvchar¢ Fronl steprsd24a step 506, a slant angle O is
found. direction perpendicular to that assigned edge direction,
the boundaries between regions of different image signal
values in the image from which these edges arise may not
10 be and usually are not aligned perfectly with either

prescribed directions. In Figure 6A, a boundary (shaded

band) is shown to be inclined at a slant angle ¢ with
respect to the vertical dashed line, and a width a is
shown to be measured in the perpendicular direction (i.e.

15 horizontal direction). However, a width b (as indicated
in the drawing) measured in a direction perpendicular to
the direction of the boundary (also direction of an edge
that forms a part of the boundary) is more appropriate as
the width of the boundary (and also of the edge) than

20 width a. Such widths a that are not measured
perpendicularly to the respective edge directions tend to
be too large and do not represent the genuine thickness

of the respective boundaries.

For purposes of calculating a focus signal from edge
25 widths, the edge widths measured in one or the other of
those prescribed directions are to be corrected by
reducing them down to be widths in directions
perpendicular to directions of the respective edges. The
Edge Detection and Width Measurement Unit 206 performs

30 such a correction on edge widths. As shown in Figure 6A,
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For each vertical edge, at step 502, locate the column position where the horizontal gradient
magnitude peaks, and find the horizontal gradient x. At step 504, find 10 where the vertical gradient
magnitude peaks along the column position and within two pixels away, and find the vertical gradient
y. At step 506, find the slant angle 0 = tan 1(y/x). At step 506, the slant angle may be found by looking

up a 15 leokupriable . Awugh gteps 202 {0 80 preserf:anespeeifie proggdueanddneiiiod to find the

slant angle, other procedures and methods known in the art may be used Instead. Finally, at step

508, scalé dohthé gdgeiwidth-By 26 tuftipiing with é&e%O)b@ﬁwnH BA Apprdxifidtion thereto as one
skilled in ear u allgggg%@l rﬁ |C§C@<§|£s§ mcorg |c§ ragf&hgg[%ggé% own in Figure 7 is to
[ able that

substitute for step 506 and part of step 508 by providing a ookup t as entries for various 25

combinatsnsoé mpitvalaeslof X (@idys Foe eacncbihinationtas inpue valdessof x and y, the lookup

table returns an edge width correction factor. The edge width correction factor output by the lookup

tabl® maylb& af approkinddtdn i ess(EmsL(FRY t6 Mathin 20%, Preferdir Mthndboy TTHe edge width

s then myltiplied wif s corrsction factpr fo produce 3 siankeartgetesedde width. o1, g
width a to the direction perpendicular to the edge

direction. From elementary trigonometry, such a
projection may be given by b = a cos(¢), but
10 approximation may be used as long as it obtains accuracy

to within 20%. The angle ¢ , or cos (@) itself, may be
found by any method known in the art for finding a
direction of an edge in an image, or by a more accurate

method described in the flowchart shown in Figure 7.

15 Each horizontal or vertical edge’s edge width may be
corrected for its slant from either the horizontal or
vertical orientation (the prescribed directions),
respectively. Figure 6A, 6B illustrate a correction
calculation for an edge width measured in the horizontal

20 direction for a boundary (and hence edges that form the
boundary) that has a slant from the vertical line.

Figure 6C, 6D illustrate a correction calculation for an
edge width measured in the vertical direction for a
boundary (and hence edges that form the boundary) that

25 has a slant from the horizontal line. The correction may
be made by multiplying the edge width measured in a

prescribed direction, such as a vertical direction or a

horizontal direction, by a factor of cos ¢, where ¢ is an

angle of slant from the prescribed direction.
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A second modification is to calculate a quotient y/x 5 between a vertical gradient y and a horizontal
gradient x to produce a quotient g, then use q to input to a lookup table that has entries for various

values of g. For each value of q, the lookup table returns an edge width correction factor. The edge
width correction factor may 10 be an approximation to cos(tan 1(g)) to within 20%, preferably within

5%. For finding stan} apglel:(onan approximation theygto,sych that he-errrectienrfagtor is
accurate to  within 20%) and subsequently the correction factor cos(0) 15(or an approximation
thereto), BERR@tEfnd-hE COFEcRMIRCITL @iEtcut irding frnslart @hgRIDE@S in the first and

second ificatians), alue ) obtai ins to-50 t other methods
may be glr%g g%%%ﬁt§£§%o% t?lfi%gt ?n%%%%z:t}%%fo pg(r?o%%n ?Ré%%%v%ﬁ%%%r eggc o%’e of a plurality
of pixels muhe edgert{a) findochdrizéntal gradientxand wertical grastierit yropeh fovapixet; ) find q =

y/x for this pixel, and (c) find a correction factoy that corresponds to g, for instance 25 cos(tan 1(g)) or
an a%proyif{:\é}ﬁon )Pr%ééﬁ?@m in 20%. Fi Ilig, 14THE Edrréction factor for the edge width by
averaging across the correction factor from each of the plurality of pixels. The average may be a

weighted average; syichs asgne imwhieh a pixel thathasa largercharizgntal gradient isgiven a larger
weight than another pixel that has a lesser horizontal gradient.
For each vertical edge, at step 502, locate the column
position where the horizontal gradient magnitude peaks,
and find the horizontal gradient x. At step 504, find
10 where the vertical gradient magnitude peaks along the

column position and within two pixels away, and find the

vertical gradient y.

At step 506, find the slant angle ¢ = tan ' (y/x) . At
step 506, the slant angle may be found by looking up a
15 lookup table. Although steps 502 to 506 present one
specific procedure and method to find the slant angle,
other procedures and methods known in the art may be used

instead.

Finally, at step 508, scale down the edge width by
20 multiplying with cos(¢), or with an approximation thereto

as one skilled in the art usually does in practice.

A first modification of the process shown in Figure 7
is to substitute for step 506 and part of step 508 by
providing a lookup table that has entries for various

25 combinations of input values of x and y. For each
combination of input values of x and y, the lookup table
returns an edge width correction factor. The edge width
correction factor output by the lookup table may be an

approximation to cos(tan{(y/x)) to within 20%, preferably
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Other modifications are possible along these directions or other. 5 Screen Threshold Adjacent

edges may be prevented altogether from contributing to a focus signal, or have their contributions

attenuated, if their peak gradient magnitudes are below a predetermined fraction of an 10 adjacent
wider edge's peak gradient magnitude. Figure 9A, 9B, and 9C illustrate a problem that is being

addresseg; Figure 94 llustrates thyee yertieal white bars,separates by o parraw blagk spaces each
2 pixels wide. 15 The middle white bar is a narrow bar 2 pixels wide. Figure 9B shows an image signal
plotted he1PZonely aeidsS #fetiffage tn PigRFEISR fot etdld blta sSRarp afagslasfa®lurred image.
Figure 9%95} %Sobel-x gradients of Figure 9B for the sharp image and blurred image. In 20 Figure
9C, the first edge (pixels 2-5) for the blurred image is wider than that for the sharp image, and likewise
the last edge (pixels 13-15) as expected. However, the two narrowest edges (pixels 9 & 10, and pixels
11 & 12) have widths 6Pm@ indothiifages.dn 25 Figure 9B the lorrespordingtsiepes ar pixels 9 &
10, and pixels 11 & 12, each takes two pixgels to complete a transition. The blurred image, however,
has%a sig.ﬁﬁggrﬁe ecf?nevoef%h%%l agS:rLad?errﬁ) dn?laegrrﬁfuc}/ , %Eﬁqu%h%é%%o%/& r%%iith%rﬁggreg}j%e}fo the
narrowertedges.ddecsharp dqrage, @nttheypthehband; sbangesdessithan 16% betweerkthp wider and

the narrower edges. The significant decline, e.g. 20% or greater, in peak gradient magnitude for a
naNmNm&ﬁ@é%dEE&%tB%S entries for various Values of g. For each

value of g, the lookup table returns an edge width
correction factor. The edge width correction factor may
10 Dbe an approximation to cos(tan{(q)) to within 20%,

preferably within 5%.

For finding the slant angle ¢ (or an approximation
thereto such that the correction factor is accurate to
within 20%) and subsequently the correction factor cos (¢)

15 (or an approximation thereto), or to directly find the
correction factor without finding the slant angle ¢ (as in
the first and second modifications), the wvalues of x and
y may be obtained in steps 502 to 506, but other methods

may be employed instead.

20 A third modification is to perform the following for
each one of a plurality of pixels in the edge: (a) find
horizontal gradient x and vertical gradient y both for a
pixel, (b) find g = y/x for this pixel, and (c) find a
correction factor that corresponds to g, for instance

25 cos(tan{(q)) or an approximation thereto to within 20%.
Finally, find the correction factor for the edge width by
averaging across the correction factor from each of the
plurality of pixels. The average may be a weighted

average, such as one in which a pixel that has a larger
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5 wider edge having an opposite-signed gradient gives a hint that the blurred image is not well
focused, and thus the narrower edge should not be relied upon as an indication that the blurred image
is sharp. Likewise, mutually adjacent edges of alternating 10 gradient polarities should not be relied
upon for such indication even if their edge width are small as long as they are in close proximity to

each othefe 807 B More handl Rixel apartd migimum edge;gap”) JNgHRiniHAR edee aap is in terms
of a number of pixels, e.g. 1, or 2, 15 or in between. Furthermore, given that one edge may have been
eliminateB tge to havig BpeaR graRifet lesh tHahzha efrinaties theéshold, two successive edges
having an identical gradient polarity and spaced no more than two 20 times the minimum edge gap

plus a sharp edgg width (sharp edge wisth is.a-aumberassigned fo.designate;an edge width of a
sharp edge) apart may be used as a condition for eliminating or demoting a contribution from one or

both of théitwedhutaally adfacehhedyes. either. 25The Edge Detection and Width Measurement Unit
206 may execute the following algorithm for eliminating closely-packed narrower edges based on a

scregn theeshold-espallisbed fgm a wider edge , and a modulation screen flag that can be turned on
and off. For each edge, the screen threshold and screen flag to be used for the immediate next edge

of an opposite polarity are determined according to the process of the flowchart shown in Figure 10.
Adjacent edges may be prevented altogether from

contributing to a focus signal, or have their
contributions attenuated, if their peak gradient
magnitudes are below a predetermined fraction of an

10 adjacent wider edge’s peak gradient magnitude. Figure
9A, 9B, and 9C illustrate a problem that is being

addressed.

Figure 9A illustrates three vertical white bars
separated by two narrow black spaces each 2 pixels wide.
15 The middle white bar is a narrow bar 2 pixels wide.
Figure 9B shows an image signal plotted horizontally
across the image in Figure 9A for each of a sharp image
and a blurred image. Figure 9C plots Sobel-x gradients
of Figure 9B for the sharp image and blurred image. 1In
20 Figure 9C, the first edge (pixels 2-5) for the blurred
image is wider than that for the sharp image, and
likewise the last edge (pixels 13-15) as expected.
However, the two narrowest edges (pixels 9 & 10, and
pixels 11 & 12) have widths of two in both images. 1In
25 Figure 9B, the corresponding slopes at pixels 9 & 10, and
pixels 11 & 12, each takes two pixels to complete a
transition. The blurred image, however, has a
significant decline of peak gradient magnitude, as much

as 50%, from the wider edge to the narrower edges. The
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5Given the screen threshold and screen flag, an edge may be eliminated unless one of the following
conditions is true: (a) the screen flag is off for this edge, (b) a peak gradient magnitude of the edge is
not smaller than the screen threshold for this edge. To conditions (a) and 10(b) may be added
condition (c) the edge width is not less than sharp edge width + 1, where a number has been assigned

for sharp sdge width 4@, designate pa edge width af.a sharp edge sandwhere ihe, "+L) gay be varied to
set a range of edge widths above the sharp edge width within 15 which edges may be eliminated if

they fail (AF&ME ). Forehé’ égkaviple 8HowhR i Figlires WAIE Ehafp-edge width may be 2.Figure 10 is
a flowchart to determine a screen threshold and a screen flag for each edge. For vertical edges,

assume Sca“n?%féor%leh@ﬂ%b?JE%léé‘l\%n@, thgugh th'gsoi% r‘_QEreéI!:"l%%d_céEor q%izglétglkedges,
assume scanning from top to bottom along a column, though this is not requwed.ﬁ A number is
assigneddgeshiagn edge@iitit astemay be 2 forthe@xamprasFowndd &Eiggirds $A9€. Starting at the

first gdgewalt Slep 7eoc?gn§5k?§\ch gdge 'r% %J§rieds atstep ZZ% as to vgg%ﬂrﬂ%rn iICs edg\t;evgidtg] IS greater than
or equal to one plus sharp edge width, th value of one gelng the TRIRIMum e%ge gap value used for
this illusttatian, btit atdiftérentivaluersay henasgd, sucmasbetween 0dbcand=210. lhyes, 8Adke edge is

a wider ed%e, and step 706 follows to set the screen threshold for the immediate next edge that has an

opposite pBRriTAS eI ESS Ped gradRnPMbgMfude ot 1l dgROBe@hefy from 0.3 t0 0.7,

preferably Qbos thenstep- 738 follews orturnenthesgrren flag ferthe next edge, then proceed to the
next edge. If no, the 5 edge is not a wider edge, and step 730 follows to check whether the spacing

from the prior edge of the same gradient polarity is greater than two times the minimum edge gap (or a

different predetermiiddirifinberi5ité sHarp 2dgé Aidth afd gSinfitedidts pHBAEddRDf an

10 gradient polarities should not be relied upon for such
indication even if their edge width are small as long as
they are in close proximity to each other, e.g. no more
than 1 pixel apart (“minimum edge gap”). The minimum
edge gap is in terms of a number of pixels, e.g. 1, or 2,

15 or in between.

Furthermore, given that one edge may have been
eliminated due to having a peak gradient less than the
elimination threshold, two successive edges having an
identical gradient polarity and spaced no more than two

20 times the minimum edge gap plus a sharp edge width
(sharp _edge width is a number assigned to designate an
edge width of a sharp edge) apart may be used as a
condition for eliminating or demoting a contribution from

one or both of the two mutually adjacent edges. either.

25 The Edge Detection and Width Measurement Unit 206 may
execute the following algorithm for eliminating closely-
packed narrower edges based on a screen threshold
established from a wider edge , and a modulation screen

flag that can be turned on and off.
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10 opposite polarity, if any, is more than the minimum edge gap away. If yes, step 710 follows to turn
off the screen flag for the next edge. If no, keep the screen flag and the screen threshold for the next
edge and proceed to the next edge. Beta may be a predetermined 15 fraction, or it may be a fraction
calculated following a predetermined formula, such as a function of an edge width. In the latter case,

beta may vary fiogyr-ore,payt @H%@ imaggatoanethes parGagient Asyamety 28higenes23A and
Figure 23B illustrate a method where the focus signal generator detects a lack of symmetry about a

peak in afgradientsigial o ﬁélt@rgm@%émﬁ% gradieneptefilePo delempRasizetsr eliminate
altogether an é?f*dﬁgc;x'/gtg% gdge frap,influegcing 8%5@%’??8%“%%‘”&%’8&%@ (syeh ag via a focus

signal generate unction of an associated e h or an edge count, but not limited thereto).
The peakfmay be ampeaklgradient mntohguarseries of consecutive gradients. Alternatively, the peak
may be an interpolated peak 30 gradient that is interpolated from two or more gradients among the

serl%s of conset‘éjtlv% graﬁdkllegtss le f[%

igure 23A illustrates a gradient profile of an image signal across two
adjacent edges of gpp03| e polari s |.e%§§nes§tr\}v %rae t edgdagslp greenap%aita%’d o] no%q#%t%ract. Figure
5 23B, omthe dtkerdiand,iillustrate s gradiend profilefof @andémagd signdlragrassiwa adiaaent edges of
opposite polarities where the edges are close enough to mutually interact. It is clear from comparing

Figures 23A drid™3B thal wihéle atfcehtedgbe df &pdshs signt (i breofiger (P) a

peak gradient magnitude of the edge is not smaller than
the screen threshold for this edge. To conditions (a) and

10 (b) may be added condition (c) the edge width is not less
than sharp edge width + 1, where a number has been
assigned for sharp edge width to designate an edge width
of a sharp edge, and where the “+1” may be varied to set
a range of edge widths above the sharp edge width within

15 which edges may be eliminated if they fail (a) and (b).
For the example shown in Figures 9A-9C, sharp edge width
may be 2.Figure 10 is a flowchart to determine a screen
threshold and a screen flag for each edge. For vertical
edges, assume scanning from left to right along a row,

20 though this is not required. (For horizontal edges,
assume scanning from top to bottom along a column, though
this is not required.) A number is assigned for
sharp edge width and may be 2 for the example shown in
Figures 9A-9C. Starting at the first edge at step 702,

25 each edge is queried at step 720 as to whether its edge
width is greater than or equal to one plus
sharp edge width, the value of one being the minimum edge
gap value used for this illustration, but a different
value may be used, such as between 0.5 and 2.0. If yes,

30 the edge is a wider edge, and step 706 follows to set the

screen threshold for the immediate next edge that has an
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10 the edges has positive gradients, while the other one has negative gradients) become close, their
respective gradient profile loses symmetry. In Figure 23A, from left to right, the gradient profile rises to
a positive peak gradient 3210 on the 15 left at position 6 and dips to a negative peak gradient 3260 on
the right at position 18. The gradient values are normalized to give peak gradient magnitudes of 1.0.

Adjacent i@, gachi peak gradient32103200; respegiivelys thegradigntpietile hag adeft-tokght
symmetry about 20 the peak. Using a threshold of 0.3 times the respective peak gradient magnitude,

the positioé gH@%r@@ﬁﬂ@}e mtlaari@ﬁh@geéat% Padieritprofile 32@@5@@%@&&5@ an edge
width of %F?éﬁhes@é%eoﬁ%(? e@%el-1%4&%F'9§r§5%%%n0§1&h%%@%@%§ Pesilive paak gradient 3212

on the left at position 6 and a negative pea e right at position 9 are closer together than in
Figure 23%e Xt Fiydree2 3B, fasnin Pigure=23A, tthe giadient valuesigre .normalized ,to give peak gradient

30 magnitugdes of 1.0. The edges that correspond to the positive gradjent profile 3213 and negative
arachont BIOAE 0830 1eup et AHoih OHE D38 AR aihly Mt bEIEI Cafeareth otuer.

causing a;resitiplion inmagniudesef gradients that lie betwesndhe o £losgly agdiagent positive 3212
and negative 3262 peaks at positions 6 and 9, respectively. As a result, the gradient profiles 3213,

3263 laclolehtight fefleetiohisyiimets) Giep ferbspetive Bgest THE facktt sYhmeTs particularly

&ﬂbnﬂné@%e gap (or a different predetermined number) plus

sharp edge width and the immediate prior edge of an

10 opposite polarity, if any, is more than the minimum edge
gap away. If yes, step 710 follows to turn off the
screen flag for the next edge. If no, keep the screen
flag and the screen threshold for the next edge and
proceed to the next edge. Beta may be a predetermined

15 fraction, or it may be a fraction calculated following a
predetermined formula, such as a function of an edge
width. 1In the latter case, beta may vary from one part

of the image to another part.
Gradient Asymmetry

20 Figure 23A and Figure 23B illustrate a method where
the focus signal generator detects a lack of symmetry
about a peak in a gradient signal (also referred to below
as gradient profile) to de-emphasize or eliminate
altogether an associated edge from influencing an

25 autofocus control system (such as via a focus signal
generated as a function of an associated edge width or an
edge count, but not limited thereto). The peak may be a
peak gradient among a series of consecutive gradients.
Alternatively, the peak may be an interpolated peak

30 gradient that is interpolated from two or more gradients
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10 interpolated gradient profile (shown in solid curve) in the figures. The lack of symmetry can be
found within a certain distance from the peak gradient (in particular, the distance between 0.2 to 0.7
times the edge width of the edge) or a certain range of gradient levels between 15 its peak gradient
level and a non-zero fraction thereof (in particular, within 10% to 90% of the peak gradient level; more

particulardy, ¥itgin:20%6 1Q-80%)s F@Eew@@&wm@twﬁ@mE@a@nd@Yﬁ@g@aﬁ@%an the left side
and the right side of the Interpolated gradient 20 profile within a distance of half the edge width, or

alternativey Withif 8 Farfgecof Gradicrft Tevelsseiwééen 20%and BOBT6S iisEak hradicitfsvel.  As
another result, the. id n ch peak 3212 is reduced to 4, measuyred using the
same 25 Ff}hresﬁgg% %%%%im%ﬁ% pO!e)a%lii égr]g%lél%% rﬁégﬁ%fgéf %:leg(?ged( v%id%ﬁs (%aqbgj%%dges thus
measuredne tengeh eeprespnt a dlegreemd facusing. The foots sighal generatdr imayrdetect the
asymmetry and either cause a de-emphasis of a contribution of an assqciated edge width 3Q towards
a fo ss%%%far%?ort&heedﬁé?b%ﬁnﬁ&h%’ eﬂri%ﬁﬁgnrglﬁ%ﬁtr?er.%géjg%%grﬂ§%ﬁé 5cus control
system foyattainingsshaipat dmagesysexamining gharpaess efegdges irtheppagestmay

de-emphasize or eliminate altogether an Influence of an edge across which 5 the gradient profile lacks
symmetr{.O 12 sblat@Pedfed it af fagHataisesrom Sh&poaHEalestn THelstehd Have gradient

profiles that gagh [aveals,a '?@‘”8ﬁlte@ﬂecﬁ%rﬁy@%%{@fﬁ‘ﬁ?sﬁ%{FPQECtE’?ASOAﬁSQ $dge. In Figure

23A, there is a left- 10 right reflection symmetry along the vertical symmetry axis (vertical dashed line),
which happerts tolbernmdedthe peak geatiers 3210 atpositiond suchrtisat (nder.a weflectioh along the

vertical axis of symmetry the gradient. at position 4 is appeqbto the gradient.at 15 position 7 and vice
verkl, the: BFadRATSEpdMon S hidnFedds B GFadiEnt Al bbbtion 8and Ve verdic akg So on. This
happens heeatisethe heuntioenthal cosespprdslose, their respective

gradient profile loses symmetry.

In Figure 23A, from left to right, the gradient

profile rises to a positive peak gradient 3210 on the

15 left at position 6 and dips to a negative peak gradient
3260 on the right at position 18. The gradient values are
normalized to give peak gradient magnitudes of 1.0.
Adjacent to each peak gradient 3210, 3260, respectively,
the gradient profile has a left-to-right symmetry about

20 the peak. Using a threshold of 0.3 times the respective
peak gradient magnitude, the positive gradient profile
3211 and the negative gradient profile 3261 each
corresponds to an edge width of 5 for the respective

edge.

25 In Figure 23B, on the other hand, a positive peak
gradient 3212 on the left at position 6 and a negative
peak 3262 on the right at position 9 are closer together
than in Figure 23A. In Figure 23B, as in Figure 23A, the
gradient values are normalized to give peak gradient

30 magnitudes of 1.0. The edges that correspond to the
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to the edge that corresponds to gradient profile 3211 happens to be sampled at its middle. In many

cases, the 20 boundary is not sampled at its middle, and as a result the vertical axis of symmetry does
not coincide with a pixel position but is found between two pixels. Nevertheless, the left-right reflection
symmetry can be identified with help of interpolation, as discussed 25 below. Figure 24J lllustrates

another typjeal gradiens prefile pi-aniselatededye Beak gradiepb32ki-aiposiionfand four other
gradients to its right at positions 2 to 5 and another four other gradients to its 30 left at positions 7 to
10 togetheF edrstifute a YadigmSprofie¥uicthy Isoldted eaye Andaterpdtaed peak 3270' is shown at

position 5 par imatel aver i [ S etry 3221 is 'iH ash-dot line under the
Interpolate%%pgea%%E%A#ﬁgﬂgﬁaaeacyg?a%iﬁe%%)ﬁn gt%:% grétﬁer(l—ét p’ro?l?eéJ ‘é\%]els otgmap to another
gradient indhe same myradiemt gpoofile wades aaéflectian aamgthe axis of Syemmetrwd27# ', ihdoes map

to an Interpolated gradient. For example, the gradient at position 3 maps t interpolated gradient
marked TR0 138 TR ata P RER B o Ch b SEH o gt ATt deioen the
gradientsf $ositienss8 and Qgangd viee versatlikewiise, the gradient at position 7 maps to an

Interpolated gradient marked with "+" (at approximately position 4.6), which is clearly a good 15
interpolation between the gradients at positions 4 and 5, and, vice versa. Furthermore, one can see

that an Interpolatéd grabifent maps I anSthédneRiol &L jratfcht and vice velka, dithfas the pair of

interpolated gradienfs markee with-a H}@ngk‘ﬁnﬁ‘t@@lj”bﬁ@ﬂ 20,kianglg prespacively afgsadient level
0.5 (and positions 4 and 7.6, respectively). The left-right reflection symmetry is especially salient when

the gradiéitprdfie fs Interpalates toa |ritérp@%1§éfdigméli@ﬁtlmoﬁlél(§cﬂﬂafeum iklFRgure 24J). One
sl S s Deidpaits ) s pidienls R sty SR Ry e of e
the positiohef thegnterpolatadthpedla ak well as fhenpasitioncaithéaxis ohi3@isymmetiy, a
certain distance from the peak gradient (in particular,
the distance between 0.2 to 0.7 times the edge width of
the edge) or a certain range of gradient levels between
15 its peak gradient level and a non-zero fraction thereof
(in particular, within 10% to 90% of the peak gradient
level; more particularly, within 20% to 80%). For
example, asymmetry may be found by comparing an the left
side and the right side of the interpolated gradient
20 profile within a distance of half the edge width, or

alternatively within a range of gradient levels between

20% and 80% of its peak gradient level.

As another result, the edge width around each peak
3212, 3262 is reduced to 4, measured using the same
25 threshold of 0.3 times the peak gradient magnitude. The
edge widths of both edges thus measured no longer
represent a degree of focusing. The focus signal
generator may detect the asymmetry and either cause a de-
emphasis of a contribution of an associated edge width

30 towards a focus signal and/or an edge count or an
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It is commonly understood that for a left-right reflection symmetry to exist, each geometry reflected
along a vertical axis of symmetry is mapped to a corresponding geometry, i.e. coincides with the latter.
5 Such geometries include point (i.e. gradient or interpolated gradient), line, curve, bounded region,
corner, etc. Corresponding to such geometries are geometric parameters such as distance, length,

area, inclingtign .ex fiesth derivatye): srvingiis: segend-1Q.derjvative,and-highey desivatives), etc. For
example, a segment along the Interpolated gradient profile (or straight line segments connecting
adjacent §iEtlieTts) WAl map te anéther seypiave at theaame qradiemaevels)dhus having same

length. Ag%tﬁgkplrgg%rtyog Jé(jlgé-éiggtnre e iog&ggg&etwgith&ég iﬂ o(gsttﬂ% gxiﬁ%of symmetry are
mapped to themselves, I.e. are hot moved. Hence they have'equal distance to the left and to the right.
It is also kAowm that betvéeo dred geometries thal mapped tofeach otlieyeindentbe symimetrdly, the

vertical 20 line of symmetry lies exactly midway between them. With these properties and others
com onIVf(ﬁO\%ﬁ i %’iﬁg Pé:ffégf%%es%‘ﬁ y,%%?ilgl?strjﬁgthods can be devised to test whether a
gradient profile has a left-right reflection symmetry. 25Due to the nature of interpolation being an
approximation, a pretetesmineddeleraige segidmaye that arise from sharp

boundaries in the scene have gradient profiles that each
reveals a left-right reflection symmetry across the
respective isolated edge. In Figure 23A, there is a left-

10 right reflection symmetry along the vertical symmetry
axis (vertical dashed 1line), which happens to be under
the peak gradient 3210 at position 6 such that under a
reflection along the vertical axis of symmetry the
gradient at position 4 is mapped to the gradient at

15 position 7 and vice versa, the gradient at position 3 is
mapped to the gradient at position 8 and vice versa, and
so on. This happens because the boundary that corresponds
to the edge that corresponds to gradient profile 3211
happens to be sampled at its middle. In many cases, the

20 boundary is not sampled at its middle, and as a result
the vertical axis of symmetry does not coincide with a
pixel position but is found between two pixels.
Nevertheless, the left-right reflection symmetry can be
identified with help of interpolation, as discussed

25 below.

Figure 24J illustrates another typical gradient
profile of an isolated edge. Peak gradient 3212’ at
position 6 and four other gradients to its right at
positions 2 to 5 and another four other gradients to its

30 left at positions 7 to 10 together constitute a gradient
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parameter(s) for testing coincidence of geometries is used to verify symmetry. For example, if X and Y
are two parameters being measured, and a perfect symmetry would 30 result in X=Y exactly, a
tolerance region may be specified such that -A < X-Y < B, where A and B are positive numbers, such
that values of X-Y greater than -A and less than B do not result in a determination of asymmetry,

whereas yalyes pEX-¥ogithenmoie pasitivedhar Bor mate negativedhan Lywidesultin 5o/
determination of excessive lack of symmetry. The range of values of X-Y less negative than -A and
less posifive thaRBis PéfePE totHeP &l néft@r%s&@l@%éfﬁ@di@d andaRéllimity’6fthé fsldrance region

are the asymmelry thiesholds, n this-sxample. apeqrdingly, -Aand Bare 10 path gaymmetry

thresholds at d ce region ort e asymmetry that X and Y measures. When the value
of X-Y liesloatsidetthe palérmneel regiark it32 Aéreinafértietersd teaslexgamjﬂmgeme (retevant)

asymmetry threshold, For example, if (X-Y) is more 15 positive than B&%X is said to exceed the
asymmet thréshd I]F()Qﬂjp H&e%@ﬁ&tl\}éotﬁaﬁn (ﬁq{)‘?@%ﬁ 0 extes Jfﬁen&syjr'rﬂ'netry

threshold-#e "@éﬁﬁ@d'@ﬁe&@i samexiconyays thaa@@nmgrtama@ paemetardXqY)das exited the
tolerance region b %/ crossing the pertinent 20 boundary of the tolerance region. Below various

methods a¥e §estHbEY WGeidct latk Of feft-right ERetiBIFEy nvRefPind §iR8RAL Brofild across an
edge, butthis s ngtan exhapstivelising, This aspectof ihe inventian, Le.eiginating of,

to an interpolated gradient marked with “X” (at

10 approximately position 8.6), which is clearly a good
interpolation between the gradients of positions 8 and 9,
and vice versa. Likewise, the gradient at position 7 maps
to an interpolated gradient marked with “+” (at
approximately position 4.6), which is clearly a good

15 interpolation between the gradients at positions 4 and 5,
and vice versa. Furthermore, one can see that an
interpolated gradient maps to another interpolated
gradient and vice versa, such as the pair of interpolated
gradients marked with a triangle and an inverted

20 triangle, respectively, at gradient level 0.5 (and
positions 4 and 7.6, respectively). The left-right
reflection symmetry is especially salient when the
gradient profile is interpolated to a interpolated
gradient profile (solid curve in Figure 24J). One should

25 notice also that midpoints (such as midpoints 3281’ and
3280") between both sides of the gradient profile at any
two gradient levels coincide at the same midpoint
position 3287, which is also the position of the
interpolated peak, as well as the position of the axis of

30 symmetry.
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25 attenuation a contribution of an edge towards a focus signal or towards a focus control, is not
limited to the specific methods discussed below for detecting lack of reflection symmetry of the
gradient profile across the edge but include their equivalents, approximations, 30 obvious or known
variations, as well as include any computational method that makes use of one or more of the

properties of refiection; synmely discussed abeve, g t@Re nmethodtoidetact thetaek of symmetry is
to find a difference between a count of pixels on a side of the 5 peak gradient and that on the other

side, gradieAtiagnites d85oeiatad with Bréipiels beifd abeRE Etair RactRRAerd peak gradient
magnitudglérg unt asymmetr lthrae>§}i1(§ld g}ayéjégn%eéﬁ]%orieg( Q.3 %%thgt when any one side
%/1 ess of t %n

counts more pixels than the other 10 side In ex count a metry threshold, lack of
symmetry ismeteqgbech dhisys dkistnated Yy wiayeof an @xampléausingiFigurel23Alandte€igure 23B and a
fractijon of 0.3 and a count asymmetrﬁaﬁh eshold of 0.5..In Figure 23A, for the positive peak on the left

and At position 67 $5AR¢ hh&ve grad vl OF 153 S pix&iS i€ IS ThE 18 at positions 4 and 5,

respectively antbtwiospixels lig tosthe ight, at ppsiions 4 20d 8, respactivelyrEhg pixel count is equal
between the left and right sides, thus no asymmetry is detected. In Figure 23A, on the 20 other hand,
for the pssRtivBPeak Bh the feft a¥ BESHOHIG, Ehd e oFe! radERPTevEIOfSD. 3 KiRo pixels lie to the left

at positiogs 4,40 ,5; respectively, butonly,one pixelJies to, thedight atpasition 7, There is one more
pixel on the left than on'the right in the positive 25 gradient profile 3213”on the left in'Figure 52B,

exceedingmlg couatt asymnietrye thréshotd-ofde5, ithras-a feck of symmetry is (detecteckecondl
maod flcat%)n IS to |Qte\;polate rom the gradjents to %nd a fr?(,:tloel’]g!:[?lerpOSItlon 327 gllnt%rpolated 30

peak posttioh”) {fhetd an THtrpdest gradieht pidfie VS S or examp

segment along the interpolated gradient profile (or
straight line segments connecting adjacent gradients)
will map to another segment at the same gradient
level(s), thus having same length. Another property of

15 left-right reflection symmetry is that points on the axis
of symmetry are mapped to themselves, i.e. are not moved.
Hence they have equal distance to the left and to the
right. It is also known that between two geometries that
mapped to each other under the symmetry, the vertical

20 line of symmetry lies exactly midway between them. With
these properties and others commonly known regarding
reflection symmetry, various methods can be devised to
test whether a gradient profile has a left-right

reflection symmetry.

25 Due to the nature of interpolation being an
approximation, a predetermined tolerance region on
parameter (s) for testing coincidence of geometries is
used to verify symmetry. For example, if X and Y are two
parameters being measured, and a perfect symmetry would

30 result in X=Y exactly, a tolerance region may be

specified such that -A < X-Y < B, where A and B are
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attains a maximal magnitude ("Interpolated peak gradient"). This Interpolated peak position may be
used to calculate the distances to the left and to the right as described below. The Interpolated peak
gradient may 5 also be used to calculate the gradient level at which those distances are measured or
above/below which pixels are counted. For example, in Figure 24A, a vertical dash- dot line is drawn

under angnigrpolaed peak-3279, a horzontal detted line-32754s drawnaagssthe 4 interpolated

gradient profile (in solid curve) at gradient level 0.95 (upper gradient threshold), a horizontal dashed
line 327338 dral@sacrdssathe fntéiporatdd gradieatprofile at grRidRIAT feval0. 25 (IeWer gradient

threshold), t i are t itions4 and,5, r ive| ft of the peak gradient
3212 (at %gﬁﬁéﬁggﬁﬁd o‘%ﬁ)g/ %tﬁg §ix\]é ig%%§n%54 o% tﬁfe ﬁ&%@%%o&ég%q? ?V\Sll%eéLtEgr‘}t%e peak gradient
3212 (at positiors6 mrthiscexampés) at thedntelpotated peakl 32 70(atidppraximately position 5.8) is 20
refeged tQ has no.bearing)on the determination of asymmetry since in the former the peak %adient

go pe

3212 is nSEESURTEd A e ST ERASth Feft GrFight Sid8 WHBREas Y the &tter HhAfppeF threshold
3275 (0.9a4in ikis exampleyandin genersh shardd be hatwern Hgd 2%anrd B9L) excludes the peak

gradient 3212 from being counted in the right-side count. A modification to the above method is to
determiné BiediStahEest®d tRe leRAnEhE AR e3P ERTely Sfrém Hee peskeyragieA® where the

gradient profile,is 30 {nferpolateddo.cross.a qertain,gradiegplene] thatds a ffaction (preferably between
10% and 90%, more preterably
thresholds. In this example, accordingly, —-A and B are
10 Dboth asymmetry thresholds that delimit the tolerance
region for the asymmetry that X and Y measures. When the
value of X-Y lies outside the tolerance region, it is
hereinafter referred to as exceeding the (relevant)
asymmetry threshold. For example, if (X-Y) is more
15 positive than B, (X-Y) is said to exceed the asymmetry
threshold B. If (X-Y) 1is more negative than -A, (X-Y) is
said to exceed the asymmetry threshold -A. “Exceed” in
this context conveys the meaning that the parameter (X-Y)

has exited the tolerance region by crossing the pertinent

20 boundary of the tolerance region.

Below various methods are described to detect lack of
left-right reflection symmetry in a gradient profile
across an edge, but this is not an exhaustive listing.
This aspect of the invention, i.e. eliminating or

25 attenuation a contribution of an edge towards a focus
signal or towards a focus control, is not limited to the
specific methods discussed below for detecting lack of
reflection symmetry of the gradient profile across the
edge but include their equivalents, approximations,

30 obvious or known variations, as well as include any
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between 20% and 80%) (the "crossings") of the gradient value of the peak gradient 3212 (alternatively,
the interpolated peak 3270), and find a lack of symmetry if the larger distance exceeds the smaller
distance by a 5 certain width asymmetry threshold or more. In other words, one distance subtracts the
other distance being more negative than -(width asymmetry threshold) or more positive than the width

asymmetpsthreshaldiwill sausesa defgrminationefilack of symaetyn Ehetolerance regioprd thus
occupies an Interval of number symmetrical about zero. The width asymmetry threshold may be
determin®d RirsHetofseveral waysk fdhayobe Giveras & Yixed AGMBESEr afiivage, or a number that
depends on the edge width of the edge associated with the peak, such as 10% of the 15 edge width if

the edge width is 301 fessn and 7% ofdheedgerwidthi b edge wihas wies tiang but Jess than S

Other reasonable dependencies based on how the image signal (from which the gradients in the
gradient profilefare gensratdely and/onhew trelgradieAtsin Hrel2d gradiensprdfie @fe §oserated are

acceptable for determining.the W(ifth mmetry threshold, in particular to allow for inaccuracies in
inte?%)olat?negat e%légraéﬁclﬁgr ifin er%%%inS%héé ér%sglr%lsé.figsu%é JAA Also fuesﬂqétes this asymmetry
detectiommethod uthes?mdistandescmdy be nreastureddionethe peakgradiérdiB212 (at position 6), or
alternatively from the interpolated peak 3270 (at approximately position 5.8). In this example, the

distance<SHA Ehti"L/R 57E kdBured rnP i ntEridiatéd bedkesB b Hiding dppfoxitidtely 2.5 and
1.3, 30 respegtivelyr gnd givingradifiergnce gkl 2 Fheedgemidthds measured at nompalized gradient

level of +0.3,

that when any one side counts more pixels than the other

10 side in excess of the count asymmetry threshold, lack of
symmetry is detected. This is illustrated by way of an
example using Figure 23A and Figure 23B and a fraction of
0.3 and a count asymmetry threshold of 0.5. In Figure
23A, for the positive peak on the left and at position 6,

15 and above gradient level of +0.3, two pixels lie to the
left at positions 4 and 5, respectively, and two pixels
lie to the right at positions 7 and 8, respectively. The
pixel count is equal between the left and right sides,
thus no asymmetry is detected. In Figure 23A, on the

20 other hand, for the positive peak on the left at position
6, and above gradient level of +0.3, two pixels lie to
the left at positions 4 and 5, respectively, but only one
pixel lies to the right at position 7. There is one more
pixel on the left than on the right in the positive

25 gradient profile 3213 on the left in Figure 52B,
exceeding the count asymmetry threshold of 0.5, thus a

lack of symmetry is detected.

A modification is to interpolate from the gradients
to find a fractional pixel position 3272 (“interpolated

30 peak position”) where an interpolated gradient profile
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giving approximately 3.7. The width asymmetry threshold may be given as a fraction of the edge width,
for instance 15%, giving 0.56. Since the difference (1.2) exceeds the width asymmetry threshold
(0.56), a lack of 5 symmetry is found. It should be noted that whether the peak gradient 3212 (at
position 6 in this example) or the interpolated peak 3270 (at approximately position 5.8) is referred to

has negligiblesheasing onfecus:sionah ghan thedocusigontr Qkﬁ%ﬁﬁﬁt%éﬂ”ﬁ%m% difference between 10
their positions is generally less than 0.5 and usually less than 0.3, resulting in a difference in | WLWR

being |es§_mahi@e.t4_’r’u he Vst fnajority sPsitbatiors wikerkgragientprofilesave®iges Become
asymmetE'Sa'c@?é@i@%@h@r%w%?{‘s‘%’&r??gé"’ @é/a;tﬁfgggit%e?ﬁﬁ%th@é opg 15.01 the other is

chosen to measure WL and WR from therefore on of lack of symmetry for a
negligiblemindeitycof Bdges.be 1 An alt@imativienmethod is toceVahmtetwprardas ronerna the left and the

other to the right of the peak 20 gradient 3212 (alternatively the interpolated peak 3270), and compare
the acc%id? g 10 Présttibed c%i?gﬁHﬁaﬁgﬁs(F&?al%ﬁaa%ﬁﬂ%t@ Hieshdtd. BEEhTE the two areas

may be bexnded eni are side Hy anverticablinerteeatow thespeskradiersokthe dnerpolatedspeak), on

the 25 other side by the interpolated gradient (in solid curve) (or, alternatively, straight lines connecting
consecuttBYradims L and From A8 1dParRr botibont B Hi Bpperiyradientaéiel ad afe#ét gyradient

IeWﬂeaCB§£aline is drawn under an interpolated peak 3270, a

horizontal dotted line 3275 is drawn across the

10 interpolated gradient profile (in solid curve) at
gradient level 0.95 (upper gradient threshold), a
horizontal dashed line 3273 is drawn across the
interpolated gradient profile at gradient level 0.25
(lower gradient threshold), two pixels are counted at

15 positions 4 and 5, respectively, on the left of the peak
gradient 3212 (at position 6), and only one pixel is
counted on the right at position 7. Whether the peak
gradient 3212 (at position 6 in this example) or the
interpolated peak 3270 (at approximately position 5.8) is

20 referred to has no bearing on the determination of
asymmetry since in the former the peak gradient 3212 is
not counted in the count for either the left or right
side whereas in the latter an upper threshold 3275 (0.95
in this example, and in general should be between 0.85

25 and 0.97) excludes the peak gradient 3212 from being

counted in the right-side count.

A modification to the above method is to determine
the distances to the left and the right, respectively,
from the peak gradient to where the gradient profile is

30 interpolated to cross a certain gradient level that is a

fraction (preferably between 10% and 90%, more preferably
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different predetermined fraction of the peak gradient 30 level (or, alternatively, interpolated peak
gradient level, i.e. gradient level of the Interpolated peak) (alternatively, no upper gradient level limits
the area but just the gradients or Interpolated gradient profile). By way of example, in Figure 24B,
where the gradient profile is normalized such that the Interpolated peak has 5 gradient level 1.0, an

upper gracientdavel 326 ig deavegpat)0. 75 ard a dower gradient Jever 32 7kat 2.4\ eggion 3277 (with
area AL) (left of the positive interpolated peak 3270) is bounded from above by the upper gradient
level 32782ft6H belowtb\ethe daterdgradiéntiiéved 3274, 18 iont thetrigheby thebeftical dash-dot line

under thei%tﬁeé@g??g?g%ﬁﬁgﬁ{r% tme)lelzft b %{%% i@@ﬁ%o_l%te(i g@gigzé% p%@gl{df% ). A region

3278 (having ar the same peak ) is similarly boun from above-and below, and
is boundedhfromdhrey &5 rightdtyathe énterpokatetisgradientsprefilé @nd droatthe deft byythe vertical

dash-dot line. A lack of symmetry is detected when the_areas AL and AR differﬁz ond a
predetertimed firrit a‘%gﬁa ﬁ&é%?g&ﬁ%e& fiteROR. For RkaMpieSthe Ay A&y may be detected

when the,20-laeger grea exceedsibe salierarea by anarea agmmetsyr thresholskoraore. The area
asymmetry threshold may be expressed in one of various different ways. It may be expressed in terms

of a percBita§e (STUFLIe¥Ser ahed), WHitA Ftdy Sy MeRitilimbdr F6rIRe kRdgetst, P afternatively, a
function ofths edge.widih, of the asspcipted edge, Altematively. lumay Be gxaressed, o terms of an
area difference for the normalized gradient profile. Other'reasonable dependencies based on how the
determination of lack of symmetry. The tolerance region
10 thus occupies an interval of number symmetrical about
zero. The width asymmetry threshold may be determined in
one of several ways. It may be given as a fixed number
for an image, or a number that depends on the edge width
of the edge associated with the peak, such as 10% of the
15 edge width if the edge width is 3 or less, and 7% of the
edge width if the edge width is wider than 3 but less
than 5. Other reasonable dependencies based on how the
image signal (from which the gradients in the gradient
profile are generated) and/or how the gradients in the
20 gradient profile are generated are acceptable for
determining the width asymmetry threshold, in particular
to allow for inaccuracies in interpolating the peak
and/or in interpolating the crossings. Figure 24A also
illustrates this asymmetry detection method. The
25 distances may be measured from the peak gradient 3212 (at
position 6), or alternatively from the interpolated peak
3270 (at approximately position 5.8). In this example,
the distances W; and Wiz are measured from the interpolated
peak 3270, giving approximately 2.5 and 1.3,
30 respectively, and giving a difference of 1.2. The edge

width is measured at normalized gradient level of +0.3,
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image signal (from which the gradients in the gradient 30 profile are generated) and/or how the
gradients in the gradient profile are generated are acceptable for determining the area asymmetry
threshold. In another method, shown in Figure 241, a common distance WO is measured from the
interpolated peak 3270 5(or, alternatively, peak gradient 3212)to the left and right sides of the gradient

profile. |rg‘¥b%h‘@°@§§@*@%%‘é9&ad§ﬂﬁs. arercalcylaiac (05 gkaghient isjfound)sysh that their
distances from the vertical dash-dot line under the interpolated peak 3270 (or peak 10 gradient 3212)
are both WAy Fefa pefifedtlyasynincticat §iaelien® profiles bedaterpoldid gigeifents would be at a

common g i ve& or an asymme ip I ra ig t o'ﬁ howw e ]I.%i er (1Iq gradients lie on
different gr;dasctie%][%léee\e/els Gl '32%2, Ghré]ZgB%ﬁJac%o? fgé sjgmr%et(rx;i% déetgcteg Wﬁen tt%?eI gradient levels
Gl and Gh:diféex dheydritka predetermsadrianitaccotdirgsto@lptegdribgd critesion.dedt ex@dmple, the

asymmetry may be detected when the excess C4,1 of the larger radienetﬁbgvel Gh 3253 over the
smafler g%’d?gfétfe@él 63?3%32J&?£ee&§2§%1% Iré?gfb%ﬁe%%e%gﬁél Entgl%aieﬁ%gsymmetry
thresholderanorg hiag gradieppasymmetrythsesholskmay be expresseskinepe 8f vayiouslifferent
ways. It may be expressed in terms of a percentage (e.g. of the lesser gradient G1), which may be a

fixed nunmiBek FTRE Avfe ZE6rs alterativefii- atiithier o theetge MAdth bt e assBiiated edge.
Alternativelyy it may pe.expressed é'?ﬁ{'%%ié gradient leyel differenge for 1he normalized gradient

profile. Other reasonable dependencies based on
the focus control system since the difference between

10 their positions is generally less than 0.5 and usually
less than 0.3, resulting in a difference in |W, — Wg]
being less than 0.6. In the vast majority of situations
when gradient profiles over edges become asymmetrical,
the mismatch between W, and Wy far exceed 0.6. Whether one

15 or the other is chosen to measure W; and Wiz from therefore
only affects the finding of lack of symmetry for a

negligible minority of edges.

An alternative method is to evaluate two areas, one

to the left and the other to the right of the peak

20 gradient 3212 (alternatively the interpolated peak 3270),
and compare them according to a prescribed criterion
against an area asymmetry threshold. Each of the two
areas may be bounded on one side by a vertical line below
the peak gradient (or the interpolated peak), on the

25 other side by the interpolated gradient (in solid curve)
(or, alternatively, straight lines connecting consecutive
gradients), and from the top and bottom by an upper
gradient level and a lower gradient level each at a
different predetermined fraction of the peak gradient

30 level (or, alternatively, interpolated peak gradient

level, i.e. gradient level of the interpolated peak)
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how the image signal (from which the gradients in the 30 gradient profile are generated) and/or how
the gradients in the gradient profile are generated are acceptable for determining the gradient
asymmetry threshold. The common W, may be selected to be a predetermine fraction of the edge
width, such as a fraction between 0.1 and 0.5, preferably between 0.2 and 0.4. Alternatively, Wo may

be 5 selegteras,tha lessenaf the,wa disiances:fom ihaintespalated peak 3270, Allematively, the

peak gradient 3212) to a pair of interpolated gradients or gradients at a given gradient level that is a
predeterfined Fragtiortérehg pesk gradienolevalNieiohisase, G albhethn BE tHel parameter to

indicate a,de of asymmetry, grf"ilglierraﬁt_-L eztrz,}/Bthrq% Ig h a P etsl h that when Gh
exceedsaﬁ?e t%{ge%hol tr%c?(l)é ésymmetr%ﬁig%%rt]ected'. Oth§r vzéatriealgt}ilo%s}%)n%%wgtc?gdefine W, and
how to definefilid erittHom arenpoksibédassifcane skiltedtin¢helart may cbateaplateak Wamodification

of tr::g immedigte abovi methoci’s 0 compare between first or second erévlﬁgves.att ose two
p

|
interpolafeli YrddicHts abdfadient Gveld WEERE WH FEPEERely" BYF Ry 5§mtTetidal gradient
20 profile; poth interpolpied, gragients weuld behave fikst derativessthabarg oppasiteds their signs

but otherwise same, and second derivatives that are identical in sign and magnitude. For an

asymmetdiéal gradiérittprafiie hodmver kR tnterpolafed gradiertts Yisudly 2Btdifdrart fitdt and second
?he;;’v?gv.% %%?32? %ggﬁé%ﬁﬂ%@&teﬁmnéﬁ%%gﬂ@“d@n@ the fstdeyivative differs between
level 3276, from below by the lower gradient level 3274,

10 from the right by the vertical dash-dot line under the
interpolated peak, and from the left by the interpolated
gradient profile (solid curve). A region 3278 (having
area Ag) (right of the same peak 3270) is similarly
bounded from above and below, and is bounded from the

15 right by the interpolated gradient profile and from the
left by the vertical dash-dot line. A lack of symmetry is
detected when the areas A; and Az differ beyond a
predetermined limit according to a prescribed criterion.
For example, the asymmetry may be detected when the

20 larger area exceeds the smaller area by an area asymmetry
threshold or more. The area asymmetry threshold may be
expressed in one of various different ways. It may be
expressed in terms of a percentage (of the lesser area),
which may be a fixed number for the image or,

25 alternatively, a function of the edge width of the
associated edge. Alternatively, it may be expressed in
terms of an area difference for the normalized gradient
profile. Other reasonable dependencies based on how the
image signal (from which the gradients in the gradient

30 profile are generated) and/or how the gradients in the
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(or possibly gradients) beyond a predetermined limit according to a prescribed criterion. For example,
the 30 asymmetry may be detected when the larger first derivative exceeds the smaller first derivative
in magnitude by an asymmetry threshold or more. As another example, the asymmetry may be
detected when subtracting one of the second derivatives from the other gives a difference that

exceeds g agyrametry fyeshald. The Srsymmetetheeshold ipayhe expressed in one of various
different ways. It may be expressed in terms of a percentage (e.g. of the smaller first/second

derivative)elhRieR higliise & ftedbriifmbet SortRe intagetdrr alterAdtively, a function of the edge width of
the 10 associated edge. Other reasonable dependencies based on how the image signal (from which

the gradients in the gradientrrofileare genesatedhang{orhoyy the gradients inthergsadient profile are
generated are acceptable for determining the gradient asymmetry threshold. 15In the above methods

for detectigsasynaeti using piebtoumtofdistanté (Figuré 24nporared (Figare 24B) Onstead of

dividing up the counts or the.distances or the areas based ither an Interpplated peak or a peak
gradient, Onrii’dpfg)il%{' %%n(i&.cl:?lfbee%dyéarﬁeer%]én%ggz%lues% : or%e%}a%%let,?lned%%% uabnt e area
between thiegtippes grasliens feveh3? 76rand ithe tower gradient level 3 Hantovweodegions of areas AL

and AR, r,esgectivel (see Figure 24B) using the vertical dash-dot line directly under the interpolated

peak 327014 SERIRAFISIheTan Bedrhwn frofm & iidpdirt befvebnthd pairdFiltfersettions between
the upperrgradignt Ievelh that their distances from the vertical dash-

dot line under the interpolated peak 3270 (or peak

10 gradient 3212) are both W,. For a perfectly symmetrical
gradient profile, both interpolated gradients would be at
a common gradient level. For an asymmetrical gradient
profile, however, the interpolated gradients lie on
different gradient levels G; 3252, G, 3253. A lack of

15 symmetry is detected when the gradient levels G; and Gy
differ beyond a predetermined limit according to a
prescribed criterion. For example, the asymmetry may be
detected when the excess Gp; of the larger gradient level
Gn, 3253 over the smaller gradient level G; 3252 exceeds

20 the smaller gradient level G; by an gradient asymmetry
threshold or more. The gradient asymmetry threshold may
be expressed in one of various different ways. It may be
expressed in terms of a percentage (e.g. of the lesser
gradient G;), which may be a fixed number for the image

25 or, alternatively, a function of the edge width of the
associated edge. Alternatively, it may be expressed in
terms of a gradient level difference for the normalized
gradient profile. Other reasonable dependencies based on
how the image signal (from which the gradients in the

30 gradient profile are generated) and/or how the gradients

in the gradient profile are generated are acceptable for
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(horizontal dotted line at normalized gradient level 0.75) and the interpolated gradient profile (in solid
curve). Alternatively, it can be drawn from a midpoint 30 between the pair of intersections between the
lower gradient level (horizontal dashed line at normalized gradient level 0.2). Alternatively, it can be
drawn from a midpoint between a pair of intersections between the interpolated gradient profile and

any gradigatleve withina range pf predeterminedrperaentages of theneak Sigradigatggradient level,

e.g. between 10% and 90%.  Another modification to the area method above is to evaluate lengths

of the Intékpdleted Bradient ecrve faltemdtivery, ﬁ@mmﬁé@é@ﬁerﬁg%@ﬁﬁ@%@ Eoriderutive
gradients) 85@’%9&[&215,9 unper,and lower %hQ gradient evels 321443276, By way:0f example, in

Figure 24C, the interpolated gradient curve has a segment on the left (having a length LL) between
normalized-gradieableyels of @25and 0275 tahgeér. than Aldegnment awv thieyrjght/ whese [ergth LR is
clearly shorfr, indicating a ]@?%Iarik of s%/mme ry. A lack of symmetry is detected when the lengths LL
and LR ditfet BEVSHY & prebBfermimad fifitaccordfgt¥ A préstriBed Shtelia For @kample, the
asymmetiy,maype detestediwhen the janges lepgtnexseeds theshorterdgrgth &y @ length asymmetry
threshold or 20 more. Like the area asymmetry threshold above, the length asymmetry threshold may

be expreSSeddn RE ofvdrols EffePeit avays Of mhl) bR ERpredsedlindEmns- 6f s Or

gradients at a given gradient level that is a
predetermined fraction of the peak gradient level. In

10 this case, G, alone can be the parameter to indicate a
degree of asymmetry. A gradient asymmetry threshold then
may be set such that when G, exceeds the threshold the
lack of asymmetry is detected. Other variations on how to
define W, and how to define the criterion are possible as

15 one skilled in the art may contemplate.

A modification of the immediate above method is to
compare between first or second derivatives at those two
interpolated gradients at gradient levels W; and W,
respectively. For a perfectly symmetrical gradient

20 profile, both interpolated gradients would be have first
derivatives that are opposite in their signs but
otherwise same, and second derivatives that are identical
in sign and magnitude. For an asymmetrical gradient
profile, however, the interpolated gradients usually

25 differ in first and second derivatives. A lack of
symmetry is detected when the magnitude of the first
derivative differs between the two interpolated gradients
(or possibly gradients) beyond a predetermined limit
according to a prescribed criterion. For example, the

30 asymmetry may be detected when the larger first

derivative exceeds the smaller first derivative 1in
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percentage (such as of the lesser length), preferably from 10% to 30%, which may be a fixed number
for the 25 image or, alternatively, a function of the edge width of the associated edge. Alternatively, it
may be expressed in terms of a length difference for the normalized gradient profile. Other reasonable
dependencies based on how the image signal (from which the gradients are 30 generated) and/or how

the gradignts qre-generaiod are accgpkablefor deteeminingdhe lengiyasymmeteyn trgsheld. It should
be noted that, as above, whether the peak gradient 3212 or the interpolated peak 3270 is referenced

in drawingXprRe fowet BE BT RadiaTit I6vels ib immaterialftHetesuscontoPsystendor, in 5
particulat, e fagus signal. The chojge results inxerv gy diflerenes, inthe diffetence of lengths, with

the result that in the vast majority of situations when two edges of opposite signs are too close as to
affect theiriefifje medths, the atismatck bdtwween LA sanandR isyfarti-grehter. AWhe&ther one or the other
IS ch$osen to measure LL and Lﬁégﬁ[om therefore only affects the ,findin% of lack of symmetry for a

negliyibl ARG dr2dhBe © SN PhéE nBtho i festribedininetiat8ly ¥bove and AGPAtEd using Figure
24C mayderrnedified: Insigad of 1k eempasiag dengitsddeandi kR the geeas'lsand AR of the

shaded regions on the left and right sides, respectively, can be compared in a similar manner. An area

asymmetAFihrEshbRIIfay Be defirell simarfthblsed t Esthpareanthca fagitirieldt Aifference
between Ayl and A Zg'gheale@gggéaetggqlgg%riggqi@@gdi@}gyﬁb%g and illustrated using Figure

24C may be modified in yet another way. The distance on the left (WBL) between where the
Interpolatet tgradiertt icuaeyintezsettsnthe Lppercenddbwe egradientsdiBspediivelyewith that on the right
ZSQ%BRQE§8@E%%ng@%%£¥*6¥ﬁ§?”?g gygggigvgggendencies based on

how the image signal (from which the gradients in the

gradient profile are generated) and/or how the gradients

in the gradient profile are generated are acceptable for

determining the gradient asymmetry threshold.

15 In the above methods for detecting asymmetry using
pixel count or distance (Figure 24A) or area (Figure
24B), instead of dividing up the counts or the distances
or the areas based on either an interpolated peak or a
peak gradient, a midpoint like described earlier can be

20 used. For example, in dividing up the area between the
upper gradient level 3276 and the lower gradient level
3274 into two regions of areas A; and Ay, respectively
(see Figure 24B) using the vertical dash-dot line
directly under the interpolated peak 3270, a vertical

25 line can be drawn from a midpoint between the pair of
intersections between the upper gradient level
(horizontal dotted line at normalized gradient level
0.75) and the interpolated gradient profile (in solid
curve) . Alternatively, it can be drawn from a midpoint

30 between the pair of intersections between the lower

gradient level (horizontal dashed line at normalized
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and WBR differ too much according to a prescribed criterion. For example, a lack of symmetry is found
when the larger of WBL and WBR exceeds the smaller one by more than a width asymmetry
threshold. Again, the width asymmetry threshold may be prescribed in a manner like any one of the
various asymmetry thresholds above. Figure 24H illustrates an alternative method that is equivalent to

the widthgnethed described immediately,3 above, Thisdnethod ealeylates & fistanidpeint3281 (upper
midpoint) between the two interpolated gradients 3284, 3285 at the upper gradient level 3276 and a
second nAidpoirtBE2B0 {loRRE ITidHoim) etwser® theltvbsmefolated gradrRhtse32B2E 8284 at the lower

gradient 74 t i e.Xab between the first.3 a ond 3280
midpointS?E.(P}A\l@;%(egr%ééc%%l5l E%@m%%%éﬁﬁggfﬁi}g%% ag%?égl%ﬁﬁierﬁé%ﬁ%é&ﬁéw\%geﬁgtﬁe first 3281 and
second 328@ midpaints &irger-mitppiné distance!) ned theemickointssoeoincide, tikesingkbafkgure 24J. A

lack of symmetry is detected when the inter-midpoint distance exceeds a certain,
intermidBBRIAISTAce By RIS robioid. Theintér-iGoiL cistaribe (S Kilod 9F1W BLWER In a

variation on this method, only one gradient level 3274 is used and only the 20 corresponding midpoint
3280 is calculates@rnideardistaddes Xbplt Soneasvrechion thkespeakigradient32i2 (ars aliernatively,
the interpolated peak 3270) to the lone midpoint 3280, as is also shown in Figure 24H. Yet another

nmﬂmmi?ﬁﬁ%ﬂﬁﬁﬁcﬁﬁggﬁggd?f the interpolated gradient Curve

(alternatively, straight line segments connecting
consecutive gradients) between those upper and lower

10 gradient levels 3274, 3276. By way of example, in Figure
24C, the interpolated gradient curve has a segment on the
left (having a length IL;) between normalized gradient
levels of 0.25 and 0.75, longer than a segment on the
right, whose length Ly is clearly shorter, indicating a

15 lack of symmetry. A lack of symmetry is detected when the
lengths L; and Lz differ beyond a predetermined limit
according to a prescribed criterion. For example, the
asymmetry may be detected when the longer length exceeds
the shorter length by a length asymmetry threshold or

20 more. Like the area asymmetry threshold above, the length
asymmetry threshold may be expressed in one of various
different ways. It may be expressed in terms of a
percentage (such as of the lesser length), preferably
from 10% to 30%, which may be a fixed number for the

25 image or, alternatively, a function of the edge width of
the associated edge. Alternatively, it may be expressed
in terms of a length difference for the normalized
gradient profile. Other reasonable dependencies based on
how the image signal (from which the gradients are

30 generated) and/or how the gradients are generated are

acceptable for determining the length asymmetry
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25 slopes of the gradient profile on two sides of the peak gradient 3212 (alternatively, the interpolated
peak 3270) and compare the first derivatives under a prescribed criterion to determine whether there is
a lack of symmetry. For example, if the magnitude of the first 30 derivative of the steeper slope
exceeds that of the less steep slope by a first-derivative asymmetry threshold or more, a lack of

symmetry isfaund QN the other band, pesfegtraummettieal gradiem prefile willhaye identieal first
derivatives on both sides that only 5 differ in sign but are identical in magnitude. The first derivatives
may be caRalatetrashreimatellEy afintdrpolatidre The first ddrirgivks may belcalculated

approxirr@eé ata gr iem;lle tbﬁtsi a. cert iﬂ rai;' (lpr fer efw %.and 90%,more
preferably %LO e%Néqe%gZO% a%gj %O% %f tﬁé p%eaI% gra%%t v%lue??fgp%xargﬁé .S&I%BFigure 23B,
where thé graslient levelimrat @ &S1tinzels the gradient fevebief the peéalogradipat@2d 2o there is a pair of

consecutive rising and falling slopes, one on each side of the positive peak gradient 15 3212. The
righteideS30e S ChRSFicuUC Ry Seaber b the et Gife 656 Fiach’ 245 Showd ha e frs

derivativesiarg evaluated aathe nermalized gragient srofile i@ aradigatisvelpf 0125wand
approximated with hypotenuses of right-angled triangles (shaded) that have 20 base width of 1
touching #fSIEft Bind right sidestéiehe’ MedrpBlaiedgradietiprofile, hespethively e firéterivatives

are apprxiated by the hejghts of Wiangle Skand 5B, respectively. Figure24F. lustgates,another

way to approximate thefirst derivatives using two triangles 25 that have identical base width (1 in this
illustratiorYlJhe hagde bgachitrangle isecenterés: atvee position whereltheigradiemt profile is
"“Tﬁomgﬁég gg{“ﬁ%ether one or the other is chosen to measure I

and Liz from therefore only affects the finding of lack of

symmetry for a negligible minority of edges.

The method described immediately above and
illustrated using Figure 24C may be modified. Instead of
15 comparing lengths IL; and Lg, the areas A’; and A’y of the
shaded regions on the left and right sides, respectively,
can be compared in a similar manner. An area asymmetry
threshold may be defined similarly and used to compare

with a magnitude of difference between A’; and A’j.

20 The length method described immediately above and
illustrated using Figure 24C may be modified in yet
another way. The distance on the left (Wg,) between where
the interpolated gradient curve intersects the upper and
lower gradients, respectively, with that on the right

25 (Wgr) 1s compared. The a lack of symmetry is found 1if Wg;
and Wz differ too much according to a prescribed
criterion. For example, a lack of symmetry is found when
the larger of W, and Wz exceeds the smaller one by more

than a width asymmetry threshold. Again, the width
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gradient level of 0.25. Each end of the corresponding hypotenuse is a half pixel away and take as
gradient 30 value a gradient value Interpolated from the gradient profile. The first derivatives are
approximated as the heights S'L and SfR divided by the base width, which is 1 in this illustration. As is
commonly known, there are various methods to approximate a first derivative from a sequence of data

points, a%%ﬁ?é@trﬁ;}hiﬁ@§B%Q{@iﬁlen5ai?V%ioﬁﬁe Betlimited tq theparticiar examples given above
but Includes all equivalent methods and all approximations to provide the first derivative. Still another
method i§ tovfireRsecefid BBvaiines efihe gratisne piofilediram sidessofahepeak gradient 10 3212
(alternatively, the interpolated peak 3270) and compare the second derivatives under a prescribed

criterion to detegmige whether; there [sanasymmetry. Eorexample.jtoneexesads:the othes by an
second-derivative asymmetry threshold or more, then a lack of symmetry is 15 found. On the other

hand, pedestl sy iemdirida gitdeifent pebfile Wit haeslidéatcar sesshdideriestés ba buth sides that
agree in sign and nitude. .The secand derivatives may. be calculated approximately by an
o golnt 1 SLENE LS ALk e T E L DO & QAN el T

interpolati second derivatives may be calcu gra evel t s a certain fraction
(preferablyupateweem108band 190% mone:preferally between20%panich86%) ofrthel peak gradient

value, for_ example 0.25. mE'inge 24F illustrates a method of how the second derivate may be

approximafed: First” & triptét of 25 cBR&EThtE EGLR Spacedyradiérts of iHterpolafed-gadients
3295, 3286,8297 ©n the left apdanother riples 3293, 3792,:3293 emtheight are found, with the

respective middle points 3296, 3292 being at the normalized gradient level of 0.25. For a given
spacing interpolated gradients 3282, 3284 at the lower gradient

10 level 3274, and calculates a distance X,, between the
first 3281 and second 3280 midpoints. A perfectly
symmetrical gradient profile has negligible distance
between the first 3281 and second 3280 midpoints (“inter-
midpoint distance”), i.e. the midpoints coincide, like in

15 Figure 24J. A lack of symmetry is detected when the
inter-midpoint distance exceeds a certain inter-midpoint-
distance asymmetry threshold. The inter-midpoint distance
is twice of |Wg, — Wzz|l. In a variation on this method,
only one gradient level 3274 is used and only the

20 corresponding midpoint 3280 is calculated, and a distance
Xppr 1s measured from the peak gradient 3212 (or,
alternatively, the interpolated peak 3270) to the lone

midpoint 3280, as is also shown in Figure 24H.

Yet another method is to find first derivatives of
25 slopes of the gradient profile on two sides of the peak
gradient 3212 (alternatively, the interpolated peak 3270)
and compare the first derivatives under a prescribed
criterion to determine whether there is a lack of
symmetry. For example, if the magnitude of the first

30 derivative of the steeper slope exceeds that of the less
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30 within the triplets, the respective height (DL and DR) of an arithmetic mean of the normalized
gradient values of the respective outer pair of points (3295, 3297 on the left and 3291, 3293 on the
right) above the normalized gradient level of 0.25 is found as an approximation to the respective
second derivative. As Figure 24F shows, DL 5 is positive whereas DR is negative. Figure 24G

llustrates; apetherappreximation for thetsegend derivalive, 28¢.ahaermalized gradiengleyel of 0.18.
On each side, one triangle is fitted to the gradient profile above and another triangle below the 10 point

of crossifigPBetween ﬂr@q}jte%létéfalf@&dméht iaﬁ)fif@aﬂdjthe%dié?ﬁ Iéii"eh@@.@l@{i@z a gradient or an
interpola Q ]gf%dée&rltft %&@gj@?yggzl%%agtj é%aﬁ}g&e{%a%_sﬁ%s%hégﬁﬁefulsﬁ%l|ned at an inclination

to fit the hypotenuse 1o nterpolated gradient pro ts SELL and SLL of the triangles
on the left &uR and: SLRiof tHe tdamgles on thesright) dre shbtsaciedstotfineltsecanid,derivative DL

(DR). The opposite signs of the second derjvates are indicated with the arrows; pointing up for D'L,
pointing fof DR Thidgratidght Grbfile Yodidatlyh sJsfbnﬁ%gﬁlﬁ%i‘éﬁ[]%tch%g%e%&%osgerivatives

on two sides; thusds asynmetficak AT iscorHRONkaw, there ate yagioys methods to
approximate a second derivative from a sequence of datapoints, and therefore this aspect of the

inventioni§ 25 RBElitedad the parficdlareaniesigiven afove by inefRides AlF Bddvaiént methods
and all passjnle, approximations for, the, second, derjvagive. + , ,Although the ahaye examples describe

detecting the lack of reflection symmetry using different measurement 30 parameters, two or more of
the abové methodscantbeased simultanednsheto calctlaie thetGéspective measwemehtyparameters

and these measure 1 parameters are combined to form a comparison parameter to compare with
anqa ym%gt v thrésh ﬁj"orarﬁ reggsdeﬁgraﬂ%oatp%gdé?&ﬁﬁneo{f@%tegr%%cé\f fégion’such that when a value
of the comparigonpagarpeter is quisjde-thedgerangasegion the laekef refigction swmmety is
detected. For example, the distances between midpoints Xab (Figure 24H) and the difference between
first derivafivds-SR gﬂqﬁigg}éezﬁ;)adlent level of the peak gradient

3212, there is a pair of consecutive rising and falling
slopes, one on each side of the positive peak gradient

15 3212. The right-side slope is conspicuously steeper than
the left-side slope. Figure 24D shows how the first
derivatives are evaluated on the normalized gradient
profile at a gradient level of 0.25 and approximated with
hypotenuses of right-angled triangles (shaded) that have

20 base width of 1 touching the left and right sides of the
interpolated gradient profile, respectively. The first
derivatives are approximated by the heights of triangle S;
and Sk, respectively. Figure 24E illustrates another way
to approximate the first derivatives using two triangles

25 that have identical base width (1 in this illustration).
The base of each triangle is centered at a position where
the gradient profile is interpolated to be at the
gradient level of 0.25. Each end of the corresponding
hypotenuse is a half pixel away and take as gradient

30 wvalue a gradient value interpolated from the gradient

profile. The first derivatives are approximated as the
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10 may be combined in a weighted average Z and then compared with an asymmetry threshold a that
defines a tolerance region as an interval -a < Z < a. The above detection and solution for
asymmetric edges may be performed in the Edge Detection & Width 15 Measurement Unit 206.
Length Filter Below describes a function of length filter 212. 20 Broadly defined, length filter 212

creates apreterance dor edges that each,GonBgets Jo ene opmeEe gdaesiof awinilan origntation. A
group of edges that are similarly oriented and mutually connected within the group ("concatenated
edge") islésstikely ta be daé ¥ /IS, 25 omparePRiie Br Ysofdted Bdge-that Goexstitot touch any

other ed similar_orientation. The fa simj rientati .conc ted together,
the Iessegr? taf?ef:lc{%%iég éf% t §rzrﬁ1 e?r-% %ﬁ%i%lgs%%gﬁe %rr:)]%g%%tjg/ Oﬁ%ﬁé%%%%gﬂg&gﬁ@ tog noise falls
off exporentiatyasthehuidien opedgeswyithimthe tgneupelhoreases) and dadaster than tinearly. This

property can be harnessed to reject.nojse, especially under dim- lit.or short-exg sure situations where

the signat-tb. 8 Holse TatiS isWeak:- &1 68 tHah 10, Withi'the fHage orsei eFedidon ofinterest.

The preferpageemByiPe includes all equivalent methods and all

approximations to provide the first derivative.

Still another method is to find second derivatives of

the gradient profile on two sides of the peak gradient

10 3212 (alternatively, the interpolated peak 3270) and
compare the second derivatives under a prescribed
criterion to determine whether there is an asymmetry. For
example, if one exceeds the other by an second-derivative
asymmetry threshold or more, then a lack of symmetry is

15 found. On the other hand, perfectly symmetrical gradient
profile will have identical second derivates on both
sides that agree in sign and magnitude. The second
derivatives may be calculated approximately by an
interpolation. The second derivatives may be calculated

20 at a gradient level that is a certain fraction
(preferably between 10% and 90%,more preferably between
20% and 80%) of the peak gradient value, for example
0.25. Figure 24F illustrates a method of how the second
derivate may be approximated. First, a triplet of

25 consecutive equally spaced gradients or interpolated
gradients 3295, 3296, 3297 on the left and another
triplet 3291, 3292, 3293 on the right are found, with the
respective middle points 3296, 3292 being at the
normalized gradient level of 0.25. For a given spacing

30 within the triplets, the respective height (D; and Dy) of

an arithmetic mean of the normalized gradient values of
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Implemented in any reasonable method to express such preference. The several ways described
below are merely examples. 10A first method is to eliminate edges that belong to vertical/horizontal
concatenated edges having lengths lesser than a concatenated length threshold. The concatenated
length threshold may be larger when the region of Interest is dimmer. For example, the 15

concatengigd lergih dreshald may startasismalFap, it cregses fo 8 asa signat-tasnoise ratio

within the region of Interest drops to 5. The concatenated length threshold may be provided by the

processot 1%, 1a2d 132'9 for exdaMplethrdugh arledigih)corraifl’ §i§aa|pm@@dv¢r?m¢igure 3, as
part of si %%%%@Itfg]\%elly, @e H“F%%‘Oidsm%?ﬁ &algglageﬁt %ﬁﬁ?{é@%ﬁ%@%@ 1g%))n the focus

signal generator. A second method Is to provide a length-weig iiter 212 for each edge
and apply the |lergth<25 Wweightte @ocalfculaionwod focus sighal iR theifioeus dignaltoalcslatdr;,210. An
edge that is part of a longer concatenated edge receives a larger weight than one that is part of a

shorter cdricatétiatéd ddge” BoF &&Emple, the ISKGHEWeiGht may be a square of the length of the 30

concatenated edge. Thus, a contribution of each edge towards the focus signal may be multiplied by a
factor A/B before sgmnang@ dlbcantributions tosform e fosus sigpalowheretBi isra Sunt of-the
length-weights of all edges that enter the focus signal calculation, and Ais a 5 Iengﬁh-weight of the

edge.LWEWE%DQEQ§ﬁéxﬁ&$Ve’ and at ndérmalized gradient level of
0.18. On each side, one triangle is fitted to the

gradient profile above and another triangle below the

10 point of crossing between the interpolated gradient
profile and the gradient level of 0.18 (i.e. a gradient
or an interpolated gradient at this gradient level). Each
triangle has its hypotenuse inclined at an inclination to
fit the hypotenuse to the interpolated gradient profile.

15 The heights Sy; and S;; of the triangles on the left (Syz
and S;z of the triangles on the right) are subtracted to
find second derivative D; (Dg). The opposite signs of the
second derivates are indicated with the arrows: pointing
up for D’;, pointing down for D’;z. This gradient profile

20 clearly has significant mismatch of second derivatives on

two sides, thus is asymmetrical.

As is commonly known, there are various methods to
approximate a second derivative from a sequence of
datapoints, and therefore this aspect of the invention is

25 not limited to the particular examples given above but
includes all equivalent methods and all possible

approximations for the second derivative.

Although the above examples describe detecting the
lack of reflection symmetry using different measurement

30 parameters, two or more of the above methods can be used
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histogram, which may be output as part of signals 134, may have edges that are members of longer
concatenated edges contribute more to the bins corresponding to their respective edge width, thus
preferred, instead of all 10 edges contribute the same amount, e.g. U. Thus, for example, each edge
may contribute A/C, where C is an average value of A across the edges. Similarly, the narrow-edge

count may iaye edges-that Ireypernbars ia lopgercancatepated cdges, conEbiye marenkhus, for 15
example, the contribution from each edge may be multiplied by A/D, where D is an average of A

among eBgesRat & E Toamed INMehanonetyRTolAt. P2 TR HRILDIT NeveRticaPHoHE6tal) edges
here, with t t f it ight , each edge touch
b othe e e g O o Stk w10 the rignt o

two other vertica ges, 0 ove (to the le , the o elow (to the right of)
itself, is aaveyticat thoyizamtak sboucateratednedge ofderagtia N1 Yhe topr(¢efieiostnedge sieeds only

touch one edge below (to the 25 right of) itself, The bottom (rightmost) edge needs only.touch one
erig® abo 8 (SR GIFRE: S F50unb BASHARR Fvalfoaf Sontbid o SRR LA ength. I

Figure 8,6glis\RRES and R2G4ferma firstyvertisakadgeceellsR3Hh R34, and R365 together 30

form a second vertical edge, and cells R4C4 and R4C5 together form a third vertical edge. The first

and the tHird Vé&rfidal @lgeyERNATEICheS dhf/tGietGtAer VePicaP8dge Wherdadthe second vertical
edgetou@%@ﬁﬁﬁé@%”between midpoints X,, (Figure 24H) and the

difference between first derivatives Sz — S; (Figure 24D)

10 may be combined in a weighted average Z and then compared
with an asymmetry threshold a that defines a tolerance

region as an interval —-a < Z < q.

The above detection and solution for asymmetric edges
may be performed in the Edge Detection & Width
15 Measurement Unit 206.

Length Filter

Below describes a function of length filter 212.

20 Broadly defined, length filter 212 creates a preference
for edges that each connects to one or more edges of a
similar orientation. A group of edges that are similarly
oriented and mutually connected within the group
(“concatenated edge”) is less likely to be due to noise,

25 compared with an isolated edge that does not touch any
other edge of similar orientation. The more edges of a
similar orientation thus concatenated together, the
lesser the chance of them being due to noise. The

probability of the group being due to noise falls off
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vertical edges. The first, second and third vertical 5 edges together form a vertical concatenated edge
having a length of 3.  In a situation (not shown) where a vertical (horizontal) concatenated edge has
two or more branches, i.e. having two edges in a row (column), the length may 10 be defined as the
total number of edges within the concatenated edge. Alternately, the length may be defined as the

vertical (Rarizentah) distance feom arkepmeskifettmest) edgr therein toia bettmmess (fightmost) edge

therein plus one. 15There are other possible ways to define a concatenated length other than the
above prépesafsa F6Eexamiple, edefihrioh OF a léhijth fol Akdheatenatéd e8g@ SIRANIHEVE a property

that the | h js_pr H t umgf me Jl_) edges withi tff opgajenat (Lﬁ(jge 20 at
leastup tot regﬁ'r%%% t%r%gégc%r?gélent %r(?t&he [?r]e\%%dsl%gt%\ltée%]i%aso‘ﬁir% ?F{ét mgre edges being
mutually ¢annecteddiyctotchengpeachratheriexpanerially rédeices a peobabiitysthatthe concatenated

edge is caused by a noise, .and as such the Iene%th should express 25 a pro orgg]ality to the number

of membBFedies Withinthe EoN&iteratéd Sdge’ P to a fsaBortable HdmBerthat Suffidiéha§ enhances
a confidepge ipithe caneatenatedsedge keyond that dora, single anember cthalength filfers212 may

de-emphasize or eliminate and thus, broadly 30 speaking, discriminate against an edge having a

concatenatEa IEAGHA bF Bne. Thenehgtis fitsr 212 Hraydisctintindte agaiPseaPedgeaving a
concatenaigddenqth of. twor, e length filter 212 may discriminate ggaingt an edgenaving a

concatenated length of three, to further 5 reduce an influence of noise. The length filter 212 may do
any one efxthegelactions under a command from the processor.

10 A first method is to eliminate edges that belong to
vertical/horizontal concatenated edges having lengths
lesser than a concatenated length threshold. The
concatenated length threshold may be larger when the
region of interest is dimmer. For example, the

15 concatenated length threshold may start as small as 2,
but increases to 8 as a signal-to-noise ratio within the
region of interest drops to 5. The concatenated length
threshold may be provided by the processor 112, 1127,
112", for example through a ‘length command’ signal,

20 shown in Figure 3, as part of signals 132. Alternately,
the threshold may be calculated according to a formula on

the focus signal generator.

A second method is to provide a length-weight in the
length filter 212 for each edge and apply the length-

25 weight to a calculation of focus signal in the focus
signal calculator 210. An edge that is part of a longer
concatenated edge receives a larger weight than one that
is part of a shorter concatenated edge. For example, the
length-weight may be a square of the length of the

30 concatenated edge. Thus, a contribution of each edge
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Although shown in Figure 3 to immediately follow the Edge Detection & Width Measurement Unit 206,
other 10 arrangements are possible. For example, the Length Filter 212 may be Inserted before the
focus signal calculator 210, wherein the edges processed by the Length Filter 212 are those that pass
through the width filter 209 depending on the ‘fine’ signal. 15In an alternate embodiment of a focus

signal gepefaiardthe fine switeh 32Q may e rﬁ@gV%S%@@E%ﬂ%& signak calgation unit 210
receives a first set of data not filtered by the width filter 209 and a second set filtered, and for each
calculated ARlifRS EMTECUBPUSIGTAl Sgrdss Bl digdl Forthe FomER Hifle tdcs SigHabfor the latter,

and outp ts tot tocessor 112, 112, idt lﬁl er,Refet next Filg s frstand an
operationgof(%% thé Wi%l% I-éllter 2009. élgure 1\{¥p ortE aghis%gg?n of eégb% V\%g‘iéﬂ?éﬁg graph of edge
counts against edgé aidtks) B¢ edgawidfl of12, i 21 theaforeaentidrredishayp edge Widihs there is a

peak, indicating a presence of sharp edges in the image. At edge widths of 4 and 5, however, there
are Eeakl“ﬁﬁcﬂ% i_n‘ﬁeejd(éggth%ﬁg1 aﬁﬁu%@iﬂ%msi&@g@ﬁ& the c#r%s ﬁ%‘?ﬁdﬂﬁé@%d objects being
out of focys helag-ata differeshdistapce away frpmithe focys lensdhansthese pbjects4hat give rise to

5 the sharp edges. For calculating a focus signal, edges whose widths lie outside a predetermined
range ("MAABwiEGR rafgEePmal Be deldnFHashed Bsing tHEOWIGR FIRR 208 SreWidth Filter 209

may creale;g lesserweight for gdge widths pufside %‘?H@”&’Y;"ﬁd@?ﬁféﬁ%%% use indfg 10 focus

signal calculation. For example, edge widths may be assigned weight of 1.0, Whereas edges widths
more thanadpe theinght ofithe uppdritimit 840 asgigrefcarweidght aft0s ard édge widihs in between

assigned weights between 0 and 1.0, falling monotonically with edge width, 15 Alternately, the Width
P 208 ey e eaed 1o Sohe ARoue,” €6 AR e

example, each edge may contribute A/C, where C is an
average value of A across the edges. Similarly, the
narrow-edge count may have edges that are members to
longer concatenated edges contribute more. Thus, for

15 example, the contribution from each edge may be
multiplied by A/D, where D is an average of A among edges

that are counted in the narrow-edge count.

A group of N vertical (horizontal) edges where, with

the exception of the top (leftmost) and the bottom

20 (rightmost) ones, each edge touches two other vertical
(horizontal) edges, one above (to the left of) itself,
the other below (to the right of) itself, is a vertical
(horizontal) concatenated edge of length N. The top
(leftmost) edge needs only touch one edge below (to the

25 right of) itself. The bottom (rightmost) edge needs only
touch one edge above (to the left of) itself.

Figure 8 illustrates a vertical concatenated edge and
its length. In Figure 8, cells R2C3 and R2C4 form a
first vertical edge, cells R3C3, R3C4, and R3C5 together

30 form a second vertical edge, and cells R4C4 and R4C5
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from entering the focus signal calculation altogether. Appropriate upper and lower limits 830, 840
depend on several factors, including crosstalk in the pixel array 108, the interpolation method used to
generate missing 20 colors for the image received by the focus signal generator 120, and the filter
coefficients used in the lowpass filter employed in the Edge Detection and Width Measurement Unit

206. App&%@tﬁl@qpefé@%loaveﬁﬂmﬂa 83@.840and the parametershaip-edgewidthrmay be 25
determined for the image pickup apparatus 102, 102' by capturing images of various degrees of

sharpngs‘é%ﬁ@néﬁét—iﬁﬁg@mé edge width m&bgi?msmﬁ exampledita @ﬁmima@@mﬁé @Feak at
edge wid %Iel amggreoggatgr 8""%%%%[3’9\%!!@#5’@’ beeéijgé agggcygggefgwgly%%%@ the sharp
2.0. Imits and sharp e

edge width' may be set to e lower and upper edge width may etermined as
above andgarovided todtte éocus sifinal dgenesdater E20; 320, 5201 byhhergrocessor 442, 112". When

fine command' is ON, the fine focus signal thus,calculated de- emphasizes edge widths outside the
iy Sue-o G50 P O8I B0 thE VG Filter S0 sy CUAe Bibar ot Bthe Bdgas whose

edge widths fglt witkim the, narrow-edge range and output as part of output signals 134. Narrow-Edge
Count may be input to and used by the focus system controller (processor 112) to detect 10 a
presence of sharp image and/or for initiating tracking. Focus Signal Referring next to the focus

signal calculatorr?1 PofFigute 3L e OO SsighEP BRI uMiyF 550 Pedbfves £dge widths and outputs a
focus signalo The focHs signaldA@db tenated edge has two or more branches,

i.e. having two edges in a row (column), the length may

10 be defined as the total number of edges within the
concatenated edge. Alternately, the length may be
defined as the wvertical (horizontal) distance from a
topmost (leftmost) edge therein to a bottommost

(rightmost) edge therein plus one.

15 There are other possible ways to define a
concatenated length other than the above proposals. For
example, a definition of a length for a concatenated edge
shall have a property that the length is proportional to
the number of member edges within the concatenated edge

20 at least up to three. This is to be consistent with the
previously stated reasoning that more edges being
mutually connected by touching each other exponentially
reduces a probability that the concatenated edge is
caused by a noise, and as such the length should express

25 a proportionality to the number of member edges within
the concatenated edge up to a reasonable number that
sufficiently enhances a confidence in the concatenated
edge beyond that for a single member. The length filter
212 may de-emphasize or eliminate and thus, broadly

30 speaking, discriminate against an edge having a
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15 be calculated as a weighted average of all the edge widths where the weights are the edge counts
for each edge width, viz, focus signal = Ewiel /Ewa, where el are the edge widths, wa are the weights,
where here wl=cl, ca being the edge count at edge width el, i being a bin 20 number of a histogram
of edge widths. Alternately, the weight at each edge width may be the edge count for the edge width

multiplied-by the+edge vadih itself; 8. wheclehdn additien, Pé@fd%fﬁﬂc%%fl@@ theWidth fijter 209 that
are expressed in terms of weights may be further 25 multiplied to each edge width. For example, for
weights Cla peduiieed dY thed@fdtR Fiitef 20S FFE 1 NRELS SigRal FRACIHE dlédiae d BS TEC7al vies

[Eftwa. If on QA) ign }q e'i' quf'g,pi dr_e i OFE c §i I d value very close
to the sh§rp et%g(gi/vidatt o%Z.(%gy‘%he exar(;]%e s?own Pr,%3 iglgﬁr)egl%l, %@?crgé%gth%%grﬁor%gobject
details within ¢uofectsadistagce range that svorrtceprod ecesedgeosidthis etweenc?.@and 13<); most are

actually in sharp focus. If cantrol signal 'fine’ is, OFF 5 and 'exclude’ is OFF, the fo signal may be a
valug QoSS TS, Alhcatp B EreCire AbaBnial AU GRS el aFart. oot S Gcus.
Turning QN thenfinesswitch 220radlews the-foeusssignal da-respershmereitorahigets slightly blurred while
less to those that 10 are completely blurred. When the fine switch 220 is ON, we shall refer to the

focus sigRaldsSPfitefocus signal, whereas when the fine switch 220 is OFF, a gross focus signal. As
aforementioned, the emphasis expressed by the Length Filter 212 may be Incorporated into the 15

focus signal in oneof sevatalamayensuGh asiefimiatingan edgadbatds de-gmphasized frem entering
the focus signal calculation, or reducing a weight of the edge's contribution towards a count el of a

correspoR@if§ eBge ®idlel bin. & Width Measurement Unit 206, other

10 arrangements are possible. For example, the Length
Filter 212 may be inserted before the focus signal
calculator 210, wherein the edges processed by the Length
Filter 212 are those that pass through the width filter

209 depending on the ‘fine’ signal.

15 In an alternate embodiment of a focus signal
generator, the fine switch 220 may be removed so that the
focus signal calculation unit 210 receives a first set of
data not filtered by the width filter 209 and a second
set filtered, and for each calculates a different focus

20 signal, gross focus signal for the former, fine focus
signal for the latter, and outputs both to the processor

112, 1127.
Width Filter

Refer next to Figure 3 to understand an operation of
25 the Width Filter 209. Figure 11 plots a histogram of
edge widths, i.e. a graph of edge counts against edge
widths. At edge width of 2, i.e. the aforementioned
sharp edge width, there is a peak, indicating a presence

of sharp edges in the image. At edge widths of 4 and 5,
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20Figure 15 sketches a response of the fine focus signal to an adjustment of the focus position in the
vicinity of where an object is in sharp focus. The fine focus signal reaches a minimum value,

approximately at sharp edge width, where the focus position brings an 25 image into sharp focus, and
increases if otherwise. The fine focus signal may be used for tracking objects already in-focus or very

nearly sop 5QERAavINg ehisets, thedingdogus signakalloysithe f@:@@@gnt@{@ystg@eto keep the objects
in sharp focus even if the focus 30 distance continues to change. Fine focus signal may also be used

to acquir® é%ﬁa_@dfoc_m@(sgéd@iswdﬂq%ﬂaﬁ objeet ﬂafaf@aﬁ@y@ﬂﬁ@ﬁaﬁﬂ@&@o@bmﬁé{éﬁough
such that {he opjegt givesd '%&8&99%%’#@3‘5‘9”& fa'i%@'m:;n%ﬁ%%gggbrams Since the

edge width histogram exhibits a peak at ge width corresponding 5 to the object ae\//ay from the
sharp eddge widtit,resuitinguia thefirse fobas sighal Heingdgdrger thantile sharp edge wadth,dhe focus

control system may respond by adjusting the focus pasition to pring the fine focus signal value towards
the Shans BEe WD CER LR iy 16 U g ot SUBE itith Q08 To i GbiEet aE 8 Ege width

value eqyal éosshafp @dae width. Basicsise: o (Fiatnes E2-46 dgtrate hew the Rarrewwedge count,

gross focus signal, and 1,‘,ine focus signal may be used to 15 perform focus control to achieve sharp
images. Figgie 12aNGstratesTaolRBoStSTER® Raindg S Yrotips ¥ objects'ht ditferdnt foeds distances:

'PErson” 509, The Width Filter 209 may create a lesser weight for
edge widths outside the narrow-edge range for use in the

10 focus signal calculation. For example, edge widths may
be assigned weight of 1.0, whereas edges widths more than
+1 to the right of the upper limit 840 assigned a weight
of 0, and edge widths in between assigned weights between
0 and 1.0, falling monotonically with edge width.

15 Alternately, the Width Filter 209 may prevent such edges
from entering the focus signal calculation altogether.
Appropriate upper and lower limits 830, 840 depend on
several factors, including crosstalk in the pixel array
108, the interpolation method used to generate missing

20 colors for the image received by the focus signal
generator 120, and the filter coefficients used in the
lowpass filter employed in the Edge Detection and Width
Measurement Unit 206. Appropriate upper and lower limits
830, 840 and the parameter sharp edge width may be

25 determined for the image pickup apparatus 102, 102’ by
capturing images of various degrees of sharpness and
inspecting the edge width histograms. For example, 1if a
sharp image has a peak at edge width of 2, an appropriate
lower and upper limit may be 1.5 and 3, respectively, and

30 the sharp edge width may be set to 2.0. The lower and

upper limits and sharp edge width may be determined as
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in the foreground, "mountain, sun, and horizon" in the background, and "car" in the between. 20Figure
13 is an illustration of the narrow-edge count plotted against time when the focus position of the focus
lens 104 sweeps from far to near for the scene lllustrated in Figure 12. The narrow-edge count peaks
when the focus position brings an object into a sharp 25 image on the pixel array 108. Thus the

narrow-egdge, ¢eurny pIot exhibits2 peaks, ene eaciios "mautain, sy and herizon),¢car”, and
"person”, in this order, during the sweep. Figure 14 shows the gross focus signal plotted against
time. Thel@®ss fokd§ sighal exhmite ARIRHTEMT whénr thelfbélis postisaris néaméach of the 3 focus

positions WE%{ narowsedge gount-peaks ver,.af p.eac [ ina;m, e gross f IS signal is
not at the s argae ge W%}I\rﬁ)ﬁed(/efwﬁlicqﬁel’s%fofﬂ? %1\{}{3% exga%%[rﬂea, dutg}{g%igger g%]gegv%gt s%lntributed
by the otkerdbjecizthat aégrit-efifdchs Figure 184dllustrates dhe-fine-fodys sigaal gtotted 10 against

the focus position in the vicinity of the sharp focus position for "car" in the scene of Figure 12. The fine

focus signal achieves essentially the sharp edge widt hichds 2 in this example, despite the
presgence of qurr?éloaéaéqf%%%ls’ont%re]d 'n%cc)%cn aiﬁs{.l s%l%,ranég) %5 ﬁgﬁ]zo%%r§gie?r1fn% 6 Figure 11
again, whese 810 peakstat width$ ef £dne:5 axé candrikuied by thosa swad gioups bt blirred objects,

this can be understood as the Width Filter 324 having reduced the weight or eliminated altogether the

contributibh§ frBMthe BagE At dfe 20 FgRtiphedin®add: ©ia fRI_LEBSntrol system may
use the geasgfaaus signal to searehyfpr thepearest shapfocuspositionin 8o and used

by the focus system controller (processor 112) to detect

10 a presence of sharp image and/or for initiating tracking.
Focus Signal

Referring next to the focus signal calculator 210 of

Figure 3, the focus signal calculator 210 receives edge
widths and outputs a focus signal. The focus signal may

15 Dbe calculated as a weighted average of all the edge
widths where the weights are the edge counts for each
edge width, viz. focus signal = 2w;e; /Zw;, where e; are
the edge widths, w; are the weights, where here w;=c;, c;
being the edge count at edge width e;, i being a bin

20 number of a histogram of edge widths. Alternately, the
weight at each edge width may be the edge count for the
edge width multiplied by the edge width itself, i.e.
w;=c;e;. In addition, preferences from the Width Filter
209 that are expressed in terms of weights may be further

25 multiplied to each edge width. For example, for weights
QQ; produced by the Width Filter 209, XQ;=1, focus signal

may be calculated as XQw;e; /ZQw;. If control signal
‘fine’ is ON and ‘exclude’ is OFF, the focus signal would

be a value very close to the sharp edge width of 2.0 for
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search mode. It can move the focus position away from the current focus position to determine
whether the gross 25 focus signal increases or decreases. For example, if the gross focus signal
increases (decreases) when the focus position moves inwards (outwards), there is a sharp focus
position farther from the current focus position. The processor 112, 112", 112" can then provide a focus

drive sigpaldo maugdhe fasusians 19410 thedirection tow@ids-the adjacentisham-fagus position.

A focus control system may use the fine focus signal to track an object already in sharp focus to
maintain He% Edrrekpbading imadge shars thug & CtigckihgThede s déspite Thamges i thelstene,
movement bj r mQuv t image pick pparatus n bject is in sharp
focus, th ﬁ%ﬁe@ g%%s %%ﬁal Irg\(/ieﬁs%gakﬁé tg‘eﬁsépr)éllfﬁle ?uc'k(? clé%r;aggj:' ?Iéng:ne\éla? ghagn?gée) in the fine focus 10
signal suggestisa thange inlecus distance.of tHefolgject fronl theimagée pitkumepparatuSEBy "locking”
the fgcus contrql s ﬁs:et_Lem to,a g{;ﬁ/en fine fo&f signal level near the minimum, for example between 2.0

to 2.% in fhi¥%exa i hartiddiars i, an %if?fﬁqﬁesfiﬁel%%ﬁ 18'3ign8fedel Tim&diately Informs

the processerskl2; 412, 112" o a thardeny the foeus Histance o thewgbiacs nkheprocessor 112, 112,
112" can then determine a direction and cause the focus lens 104 to move to bring the fine focus

signal levéPback!ts tie"I5dked" oaIS26 Thlis thedmage pirkug appetatus 18212037 168, 103" is able
to track amavigg phject, ; + A foeys cantiol system,.e.g,as inplemented inalgarithm, jp processor

112, 112", 112", may use narrow-edge count to trigger a change from a search mode to a 25 tracking
mode. Inrtlvertrackingoino e, ttise fotugbantsol systemadewthelfielfocus dignat teo'$eckt tetobject.

Beé;)ée the r]‘%cus ({)os'tio% is+suf i ienrtlg n(g?rt : sharp _ocusfp%seitiog V}‘gr&tgﬁ: oi)'be(gt, llge f&gus control
systém niay use Wé%?o § focus siynalto identify the dirsction ’
we shall refer to the focus signal as a fine focus
signal, whereas when the fine switch 220 is OFF, a gross
focus signal. As aforementioned, the emphasis expressed
by the Length Filter 212 may be incorporated into the
15 focus signal in one of several ways, such as eliminating
an edge that is de-emphasized from entering the focus
signal calculation, or reducing a weight of the edge’s

contribution towards a count e; of a corresponding edge

width bin.

20 Figure 15 sketches a response of the fine focus
signal to an adjustment of the focus position in the
vicinity of where an object is in sharp focus. The fine
focus signal reaches a minimum value, approximately at
sharp edge width, where the focus position brings an

25 1image into sharp focus, and increases if otherwise. The
fine focus signal may be used for tracking objects
already in-focus or very nearly so. For moving objects,
the fine focus signal allows the focus control system to
keep the objects in sharp focus even if the focus

30 distance continues to change. Fine focus signal may also

be used to acquire a sharp focus (“acquisition”) of an
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30 to move and regulate the speed of movement of the lens. When a object is coming into sharp
focus, narrow-edge count peaks sharply. The processor 112, 112", 112" may switch into the tracking
mode and use the fine focus signal for focus position control upon detection of a 5 sharp rise in the
narrow-edge count or a peaking or both. A threshold, which may be different for each different sharp

focus positione maytheassigned &2 ege-group shehiects fund fiom an: eadsto-endhiogus position
"scan", and subsequently when the narrow-edge count surpasses 10 this threshold the corresponding
group of 6bjeéts i \@dtected. RO estationaRestehe s€gHor slldmagd fukiRy, Wa @RB30-end focus

position scap cap retyna ligt of maximym ceunts, ong faaximum count for, eac peaking;of the
% A t Fﬂ?ﬁ% ma éfé C%

narrow-edge count. A list of thresholds 15 e generated from the list of maximum counts, for

example by sakingra09 ek thelmadmameeoaktsa Eigtles16& Hlgsiratesian inmagergickuprapparatus 102
havipg a displ 114ban ingut device 107 com risin%?buttons and se}gc?gn marker 1920 highlighted
in the 20 Udplay L 19°AUSEr EafPfedtt *Chapeand RGeS Re Lefbfion marke 192¥using input

device 107 Attheughishownda this example to,eampriseauitons,iapyt deMise 107 may comprise a
touch-screen overlaging the display 114 to detect positions of touches or strokes on the 25 display
114. Input deViBe 20T &nd proeBssor 132 T2 3 190614 Sdpatate dedicaed coRfbIfdt thdtshown) for

the_i”p“té’&éiﬁ%%Q%S?aéﬁ%tefg%esthﬁ5S@Eﬂ%reﬂi9”b¥ﬁ% argmeters for deseriping the selection
region may be transmitted to the focus signal generator 120, 120", 120" 30 over bus 132 (or Internally
within thespronessor 121 the caselwhéredocusasignat dgreratod L B0 isgfartsoftkertering

10 the peak of edge width due to the object at the edge

width value equal to sharp edge width.
Basic Use

Figures 12-16 illustrate how the narrow-edge count,
gross focus signal, and fine focus signal may be used to

15 perform focus control to achieve sharp images.

Figure 12 illustrates an outdoor scene having 3
groups of objects at different focus distances: “person”
in the foreground, “mountain, sun, and horizon” in the

background, and “car” in the between.

20 Figure 13 is an illustration of the narrow-edge count
plotted against time when the focus position of the focus
lens 104 sweeps from far to near for the scene
illustrated in Figure 12. The narrow-edge count peaks
when the focus position brings an object into a sharp

25 1mage on the pixel array 108. Thus the narrow-edge count
plot exhibits 3 peaks, one each for “mountain, sun, and
horizon”, “car”, and “person”, in this order, during the

sweep.
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processor 112). In response, the focus signal generator 120 may limit the focus signal calculation or
the narrow-edge count or both to edges within the selection region described by said parameters or
de-emphasize edges 5 outside the selection region. Doing so can de-emphasize unintended objects
from the focus signal and then even the gross focus signal will exhibit a single minimum and a

minimum level within, 1.0 of dessobthe shagp Q%Wid%é@ﬁ@i@é%ﬁﬁtbpgm Figure 45
shows an alternate embodiment of a focus signal generator 120". Focus signal generator 120" outputs
statistics ®f edgestandidtige widths. AfORE thedge-widthirstatistes that dontrdl ELIP0MsiHputs may

be 15 on%ﬁ%mog% ft? écdlgw(ggg's v%% ;ggle-x\/'édtla g'gpgé%raﬁoggri%iﬂg e g%%%lﬂ’gs at different edge

widths; an edge width where e count reaches maximum; a set of coefficients representing a
spline funstien thiab approkimate s édgencotntswataliffprent @dgée widths sand Z20canydatag thatcan
represent a functign of edge width. Census Unit 240 may receive data com uteg}in one or more of the
othes unifi 6ith 16 TodIE Kignial GorBha5F 1307 5 Calcuntd Statibfice 6t el widkfis, h GbReral. the

focus sigaalgengrataril 20=may putpht 2 signal thatthas25an idisationafa, distribution of edge
widths. Referring to Figure 46, the edge-width statistics thus provided in signals 134 to an alternate

embodinehgsRifo&de6r 1ixdinhdh Sifiidte Aufecdchyinidye pRdkip apparafstn2tay be used by
the processar 112: to 30 gompute a gross and/or fine focus signal and a narrow- edge count in
accordance with methods discussed above or equivalent thereof. In addition, any data computed in the
focus signal generator 120" may be output to the processor 112' as part of the output signals 134. For
5 example, the Excllisich raRgdslantbéhairiss alohl wvithistatisfiescafedge g suth as etatistcs of edge

haracterisi d lulati lusi : _ ool arts of
casgctesis eed i oo s excian oy and cha a9oN B M ghar o
focus position for “car” in the scene of Figure 12. The

fine focus signal achieves essentially the sharp edge
width, which is 2 in this example, despite the presence
of blurred objects (“person” and “mountains, sun, and

15 horizon”). Referring to Figure 11 again, where two peaks
at widths of 4 and 5 are contributed by those two groups
of blurred objects, this can be understood as the Width
Filter 324 having reduced the weight or eliminated
altogether the contributions from the edge widths to the

20 right of upper-limit 840.

A focus control system may use the gross focus signal
to search for the nearest sharp focus position in a
search mode. It can move the focus position away from
the current focus position to determine whether the gross
25 focus signal increases or decreases. For example, if the
gross focus signal increases (decreases) when the focus
position moves inwards (outwards), there is a sharp focus
position farther from the current focus position. The

processor 112, 112’, 112” can then provide a focus drive
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10The processor 112' may internally generate a focus signal and/or a narrow-edge count in addition to
the functions included in the processor 112 of Figure 1. The pixel array 108, A/D Converter 110,
color interpolator 148, and generator 120" may reside within a 15 package 142, together comprising an
image sensor 150', separate from the processor 112" Yet another embodiment of a focus signal

generatos Mgy Add acengieunih40dgdhe gersrator 402 ohFigure liand-euipyipne or more
statistics calculated in such a 20 generator to the processor 112. Auxiliary Pixel Array Figure 47

shows ari-alteriate ebibddmsert 6Fart astodscusimage pikap Systdm 103. In addition to elements
included in a system 102, the system 103 may include a 25 partial mirror 2850, a full mirror 2852, an

optical lowpass filter 2849, & Biain-pixel ayray 2808,-and asmainA/DrGopvertsr-2810; The partial mirror
2850 may split the incoming light beam into a first split beam and a second split beam, one

transmittéd, the sthksr raflected STHe firstrspiitlvean malydunthek pass thirsughathe bptical towpass filter

284Q befare finally reaching the main pixel array, g§08 which detects the first split beam and converts
to a(r%alog%s?é:ﬁaéss. r(—%-g{slerc1 hd énpaﬁsgea?r)fél1 %ra@ b Pe?legted %{/atﬁg{ flu]ﬂ%[nlrrr}éroF %E)B 2 before finally
reaching dhesauxil@rypixelasay 108t wehichceatresparndstadhe: pixel artay 1608jr systern 102 shown
in Figure 1. The ratio of light intensity of the first beam to the second beam may be 1-to-1 or greater
thanl%o%?¥%@8ﬂ£nﬂg the 1mage pickup apparatus. When ah object

is in sharp focus, the fine focus signal level is stable
despite such changes. Hence a change in the fine focus
10 signal suggests a change in focus distance of the object
from the image pickup apparatus. By “locking” the focus
control system to a given fine focus signal level near
the minimum, for example between 2.0 to 2.5 in this
example, in particular 2.1, any shift in the fine focus
15 signal level immediately informs the processor 112, 112',
112” of a change in the focus distance of the object.
The processor 112, 112’7, 112" can then determine a
direction and cause the focus lens 104 to move to bring
the fine focus signal level back to the “locked” level.
20 Thus the image pickup apparatus 102, 103, 103’7, 103" is

able to track a moving object.

A focus control system, e.g. as implemented in
algorithm in processor 112, 112’, 112”, may use narrow-
edge count to trigger a change from a search mode to a

25 tracking mode. In the tracking mode, the focus control
system uses the fine focus signal to “lock” the object.
Before the focus position is sufficiently near the sharp
focus position for the object, the focus control system
may use the gross focus signal to identify the direction

30 to move and regulate the speed of movement of the lens.
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10 the ratio may be 4-to-1. The main pixel array 2808 may be covered by a color filter array of a
color mosaic pattern, e.g. the Bayer pattern. The optical lowpass filter 2808 prevents the smallest light
spot focused on the pixel array 2808 from 15 being too small as to cause aliasing. Where a color filter
of a mosaic pattern covers the pixel array 2808, aliasing can give rise to color moire artifacts after a

color intefppiation,. 5194 example, thepmalestdiametarefa gircle,encirghing84% ofthe visible light
power of 20 a light spot on the main pixel array 2808 ("smallest main diameter") may be kept larger

than one @A Athaksites width BatlEss thahews pREPFiamS byluse of #e optitalowpass filter. For
le, in pixel i idth of 4 , llest diameter i
example W‘Eé‘?ﬁ?"&ﬁ*&% %fﬁaé/.@%\é:ﬁé?%p%%%{% b.0% ﬁgg‘;gﬁgre@f e%ﬁaé'&‘é est diameteris

2.0um without optical lowpass filtering, ptical lowpass filter may be selected to make the
light spot6i dum br lacger fro diameter sThel auxil@oy pixellargyd 88 may comprise 6ne or 30 more

arrays of photodetectors. Each of the arrays may or may not be covered by. a color filter array of a
Colop oS bRt SFheidiray(S) i A ry PRE artdy 108" SOt RBLE] i ey dignals that

are convertedhtpigital signals 130 by AD Eonvarter 4:18n% The imagasrare semtde dhefocus signal

generator 120. A color Interpolator 148 may generate the missing colors for images generated from
pixels covéred By E6IoF filtd?e Af-dbdiary pirel drRyAD8L 86RErises Mdfile @iaysofphotodetectors,

each array may. captug, 10 A sybsimage tal cofresponds £0 a, portion of e image capiured by the

main pixel array 2808. The multiple arrays may be physically apart by more than a hundred pixel
widths, and thaywr seayusot sharevehsemitdred uctor sobstaty dVioerethe pixel@mays within auxiliary

PIXEYLS autey 108 o not share 4 seiconductar sybsigate, ey may bgioused tagether in a
detected. For a stationary scene, e.g. for still image
taking, an end-to-end focus position scan can return a
list of maximum counts, one maximum count for each
peaking of the narrow-edge count. A list of thresholds

15 may be generated from the list of maximum counts, for

example by taking 50% of the maximum counts.

Figure 16 illustrates an image pickup apparatus 102
having a display 114, an input device 107 comprising
buttons, and selection marker 1920 highlighted in the

20 display 114. A user can create, shape and maneuver the
selection marker 1920 using input device 107. Although
shown in this example to comprise buttons, input device
107 may comprise a touch-screen overlaying the display
114 to detect positions of touches or strokes on the

25 display 114. Input device 107 and processor 112, 1127,
112” or a separate dedicated controller (not shown) for
the input device 107 may determine the selection region.
The parameters for describing the selection region may be
transmitted to the focus signal generator 120, 120’7, 120"

30 over bus 132 (or internally within the processor 112 in

the case where focus signal generator 120 is part of the
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Main A/D Converter 2810 converts analog signals from the Main Pixel Array 2808 into digital main
image data signal 2830, which is sent to the processor 112, where 20 the image captured on the Main
Pixel Array 2808 may receive image processing such as color interpolation, color correction, and
image compression/decompression and finally be stored in memory card 116. An array of

photodetggtersdn therauxiliary, pixel 25.akgy k98 May have g pixel widih 6 auxjlialy piebwidth”) that
is smaller than a pixel width of the main pixel array 2808 ("main pixel width"). The auxiliary pixel width
may be ab&dllag helffiof thetmain el width.dhan a@aliaey: pixélis tovered B¢ ateloF 39 filter and

the auxiligry pixel width is Igs 3. ti e smallest spat of [ @ el Witg 0 Hcal lowpass
filtering, a8 sggécmé%%%{lgal ?ow%ags]g%li‘etromgﬁ eé Ilgnserte% e|'Ln‘I}fr(§&nt§f tlg"é a%&i%r{)/ arra%%:bg" to Increase
the smalléstdiameted ob thesauxdiapapizxelatray 4085 Usmalteshauiliaey didmeter”) to between 1.3

to 2 times as large buﬁi}s)till smaller than the smallest main ,diameter,grefer bly 1.5. The slight moire in

the &uxiligR/ifhgeE i ?aﬁ?i%%@sQHe Lagia?y) made s hat FiRs&itBd 1 the TRBASSfhe final

captured image: d0kigyre 5o dlustsates baw edge witkhs may yaryiahoytia sharp feeusposition for
main images from the main pixel array 2808 (solid curve) and auxiliary images from the auxiliary pixel
array 108"8ashedcangycrhe signal will exhibit a single minimum and

a minimum level within 1.0 or less of the sharp edge

width.
10 Alternate Embodiments

Figure 45 shows an alternate embodiment of a focus
signal generator 120’. Focus signal generator 120’
outputs statistics of edges and edge widths. Among the
edge-width statistics that controller 120’ outputs may be
15 one or more of the following: an edge-width histogram
comprising edge counts at different edge widths; an edge
width where edge width count reaches maximum; a set of
coefficients representing a spline function that
approximates edge counts at different edge widths; and
20 any data that can represent a function of edge width.
Census Unit 240 may receive data computed in one or more
of the other units with the focus signal generator 120’
to calculate statistics of edge widths. In general, the
focus signal generator 120’ may output a signal that has

25 an indication of a distribution of edge widths.

Referring to Figure 46, the edge-width statistics
thus provided in signals 134 to an alternate embodiment
of processor 112’ in an alternate auto-focus image pickup
apparatus 102’ may be used by the processor 112’ to

30 compute a gross and/or fine focus signal and a narrow-
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auxiliary images give sharper slopes even as the main 15 images reach the targeted sharp edge width
of 2. The auxiliary image is permitted to reach below the targeted sharp edge width, since moire due to
aliasing is not as critical in the auxiliary image, as it is not presented to the user as a final image. This
helps to sharpen the 20 slope below and above the sharp edge width. The sharper slope is also

helped by thecauxiiarypixel Wi bengramalign than He- maiddixel widi.sEhe shaded region in
Figure 50 indicates a good region within which to control the focus position to keep 25 the main image
in sharp fEUS. VectRihge IMREERS positidmorRards VAl caipsethéledge wRitPtotiAEredde in the

auxiliary i ef rea fr?qp ng I[]xp]éa[ '5!_]099 eti}ﬁ' o,decr 0 mai q{ the main image's
edge widt serq1ea}r§/t 8e%h%r e§ge %idt ,a%isﬁ\gar feegbacka:{z% ckgﬁtrg(?&;y%%le%n ?fgy e%employed to
target theomidokes swaxilidry 2tge widih value fvithinethe shade:regiomrentdso 134 as féedback signal the

edge widths engrated rom the r(i[luxiliar images. The auxiligry pixel array 108", A/D. Converter 110, 5
focu sigﬁéﬁaggﬁ% fator 129 (5FSheThay bé AOGEET iR APat w2 shldbhstithte an auxiliary

sensor 15Q: Jtheuxiiarysenseigkdd, may:turthgiscomprisescaaley interpalater 148. Figure 48 shows
an alternate embodiment of auto-focus 10 image pickup apparatus 103" similar to apparatus 103
except foetis §igRalYeheratsrSL205Rplates foeas Sighallgen@raidrel 20X Thel adaiary pixéParray 108",

An)Con%ﬁgré%&fﬂ@ﬁﬁﬁggﬁgggga%%1%%&°%%@%6W@&ts of Figure 19 or

Figure 20, may be sent to the processor 112'.

10 The processor 112’ may internally generate a focus
signal and/or a narrow-edge count in addition to the

functions included in the processor 112 of Figure 1.

The pixel array 108, A/D Converter 110, color
interpolator 148, and generator 120’ may reside within a
15 package 142, together comprising an image sensor 1507/,

separate from the processor 1127.

Yet another embodiment of a focus signal generator
may add a census unit 240 to the generator 102 of Figure
1 and output one or more statistics calculated in such a

20 generator to the processor 112.
Auxiliary Pixel Array

Figure 47 shows an alternate embodiment of an auto-
focus image pickup system 103. In addition to elements
included in a system 102, the system 103 may include a

25 partial mirror 2850, a full mirror 2852, an optical
lowpass filter 2840, a main pixel array 2808, and a main
A/D Converter 2810. The partial mirror 2850 may split
the incoming light beam into a first split beam and a

second split beam, one transmitted, the other reflected.
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be housed in a package 142 and constitute an auxiliary 15 sensor 150'. The auxiliary sensor 150 may
further comprise a color Interpolator 148. Figure 49 shows an alternate embodiment of auto-focus
image pickup apparatus 103". The focus signal generator 120 and the processor 112" may be housed
in a package 144 20 as a camera controller, separate from the auxiliary pixel array 108". The

processorid2"ds sigmilas fo) processoml ki except-thabprogasser Lk Jgeeivesimaggs freanthe main
pixel array 2808 as well as the auxiliary pixel array 108". The processor 112" may perform a color 25
interpolatictWaxsfor Edrré&ion 28 e6mpreEsivR/deéaRpre¥sidr i stofifgtotrémory card 116 for

the imag iV i 30 similar t essing t p r rform on
signal 13%%&%? é%urge(} ZJQQLfn?ige§ ?ﬁig@mzﬁe%egﬁ%%{rgggﬁ{?o ?e%rjéﬁ%%d %Oé%%%loaﬁl%goﬂza}e/ﬁot receive
compressiomdeconspressiemancstosngytearhemoryltasd $&6.0he mopdessobEE naysypestorm color

interpolation_qn images recejved on signal 130 for pj that are covered by color filters in the
iy BB B b Ak B ohl b Sbioh i i ARt 5o SO e GBS ror 120 on
signal 146ne Jheauiortogus image pickupsystesr 102,102 103 1035203 dnay include a

computer program storage medium (not shown) that comprises instructions that causes the 10
processoP 1¥21119r 133" k8Fectel§ Yaric?8r the foctb QijhalgenetdsrE20! 1206 Berform one or

more of the fungtians descyied hareln, §¥%’/"a¥ pf exampie, the instiugtions may.cause theyprocessor

112 or the generator 120" to perform a slant correction for an edge width in 15 accordance with the
flowchartast &Higure ¥. Asaiother-exampley tieinstrudtions may ttatde. thejwacesgsantileor the

ge rato]r: 20 to perform an e%dge Aol\ﬂdith filtering in accordance with the above description for Width
Filter 209: Afterna eh?, tﬁle@gro ssor 112,112 or the

The main pixel array 2808 may be covered by a color
filter array of a color mosaic pattern, e.g. the Bayer
pattern. The optical lowpass filter 2808 prevents the
smallest light spot focused on the pixel array 2808 from

15 Dbeing too small as to cause aliasing. Where a color
filter of a mosaic pattern covers the pixel array 2808,
aliasing can give rise to color moiré artifacts after a
color interpolation,. For example, the smallest diameter
of a circle encircling 84% of the visible light power of

20 a light spot on the main pixel array 2808 (“smallest main
diameter”) may be kept larger than one and a half pixel
width but less than two pixel widths by use of the
optical lowpass filter. For example, if the main pixel
array 2808 has a pixel width of 4.5um, whereas the

25 smallest diameter is 2.0um without optical lowpass
filtering, the optical lowpass filter 2840 may be
selected to make the light spot 6.7um or larger in

diameter.

The auxiliary pixel array 108” may comprise one or

30 more arrays of photodetectors. Each of the arrays may or
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20 generator 120, 120' may be configured to have a combination of firmware and hardware, or a pure
hardware implementation for one or more of the functions contained therein. For example, in generator
120, a slant correction may be performed in pure hardware and a length 25 filter 212 performed
according to instructions in a firmware. While a memory card 116 is shown as part of system 102,

any nonvqladilergierage meghium axayhe used dnsteads £19: bardudisk driver whetein igrages stored
therein are accessible by a user and may be copied to a different location outside and away from the
system 102521 ©rieady hoTE parahictesTErseIN thesyatem, forinstaRédesthe shaipPédge width,

may be s qygd inoqlg Q{é&%ﬂ{ﬂ%%ﬁ&or{ H‘ aag%\ﬁ'%e Wiﬁ@%&ﬁ%’s al hgrdeevice may be a flash
memory device, the processor, or the image sensor, or the focus signal generator as a separate
device framithaset Bde oo mbiesformlilas forusskdn tHElsystend, for éampie-foe caltdléting the 10

con tenaﬁé Ieng%h threshold, or for calculating heta may likewise be stored as parameters or as

computer-&xectiipRSinstictioiShta réh-voltil ﬂ%ﬁ?or?ﬁg ordfidre’st Hilse tevices Ahile

certain exemplaryiamkodinents bave beemts descrbed ard shewmnindhe aecampanyig drawings, it
is to be understood that such embodiments are merelil illustrative of and not restrictive on the broad
inventionf 8id tHaRFsSind&itioh hbEBe FraRkdd BKE spedR/EOrRRuEidONS @R8 Arrangements shown

and 20 d@ﬁl@g%&inceygig&&tfggwd@ggg@ps g}q:ya%}:cw@,th%%rgpgglg skilled in the art.

multiple arrays of photodetectors, each array may capture

10 a sub-image that corresponds to a portion of the image
captured by the main pixel array 2808. The multiple
arrays may be physically apart by more than a hundred
pixel widths, and may or may not share a semiconductor
substrate. Where the pixel arrays within auxiliary pixel

15 array 108” do not share a semiconductor substrate, they

may be housed together in a package (not shown).

Main A/D Converter 2810 converts analog signals from
the Main Pixel Array 2808 into digital main image data
signal 2830, which is sent to the processor 112, where

20 the image captured on the Main Pixel Array 2808 may
receive image processing such as color interpolation,
color correction, and image compression/decompression and

finally be stored in memory card 116.

An array of photodetectors in the auxiliary pixel
25 array 108” may have a pixel width (TYauxiliary pixel
width”) that is smaller than a pixel width of the main
pixel array 2808 (“main pixel width”). The auxiliary
pixel width may be as small as half of the main pixel
width. If an auxiliary pixel is covered by a color

30 filter and the auxiliary pixel width is less than 1.3
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CLAIMS 11.A method to generate a focus signal from a 2 plurality of edge widths to indicate a degree
of image 3 sharpness in an image, each edge width belonging to one 4 among a plurality of edges in

the image, comprising: 5rejecting or attenuating a contribution of an edge 6 width of an edge towards
the focus signal if a gradient 7 profile associated with the edge has a lack of reflection 8 symmetry

across the g(lge thalds exeessive d2sthermethod okelaine 1. whgreinthe fask of & gaflestian symmetry
is excessive when a parameter 3 indicative of a degree of asymmetry of the gradient profile 4 across
the edge havRamfuelthatteEesds arrasifery SHiréshvld sOMRES Dufsidete prefetérmed

tolerance; 5o rteq in front of the auxiliary array 108” to increase

the smallest diameter on the auxiliary pixel array 108"

5 (“smallest auxiliary diameter”) to between 1.3 to 2 times
as large but still smaller than the smallest main
diameter, preferably 1.5. The slight moiré in the
auxiliary image 1is not an issue as the auxiliary image 1is

not presented to the user as the final captured image.

10 Figure 50 illustrates how edge widths may vary about
a sharp focus position for main images from the main
pixel array 2808 (solid curve) and auxiliary images from
the auxiliary pixel array 108” (dashed curve). The
auxiliary images give sharper slopes even as the main

15 images reach the targeted sharp edge width of 2. The
auxiliary image 1is permitted to reach below the targeted
sharp edge width, since moiré due to aliasing is not as
critical in the auxiliary image, as it is not presented
to the user as a final image. This helps to sharpen the

20 slope below and above the sharp edge width. The sharper
slope is also helped by the auxiliary pixel width being

smaller than the main pixel width.

The shaded region in Figure 50 indicates a good

region within which to control the focus position to keep
25 the main image in sharp focus. A change in focus

position outwards will cause the edge width to increase

in the auxiliary image, whereas a change inwards will

cause the it to decrease. To maintain the main image’s

edge widths near the sharp edge width, a linear feedback
30 control system may be employed to target the middle
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6 region. 13. The method of claim 1 or 2, wherein the gradient 2 profile is a sequence of consecutive
all-positive or all- 3 negative gradients across a plurality of pixels arrayed 4 side-by-side in a first
direction plotted against a 5 sequence of consecutive integers, a peak gradient within 6 the sequence
has a peak gradient value whose magnitude is 7 maximal among magnitudes of gradient values of all

8 gradientg, within éﬁeys%lﬂ@@c%aj?@ék?a(}%ﬂg@ af thenpeakigradigpiacludes afleast @ gradient.
14.The method of claim 3, wherein the lack of 2 reflection symmetry is determined by comparing the
gradient 3 profifeShet®eeR aifférent Sides of-the pedk gradiehtbpofdenerated from the

auxiliary images.

The auxiliary pixel array 108”, A/D Converter 110,
5 focus signal generator 120 together may be housed in a
package 142 and constitute an auxiliary sensor 150. The
auxiliary sensor 150 may further comprise a color

interpolator 148.

Figure 48 shows an alternate embodiment of auto-focus
10 image pickup apparatus 103’ similar to apparatus 103
except focus signal generator 120’ replaces focus signal
generator 120. The auxiliary pixel array 108”, A/D
Converter 110, focus signal generator 120’ together may
be housed in a package 142 and constitute an auxiliary
15 sensor 150’. The auxiliary sensor 150 may further

comprise a color interpolator 148.

Figure 49 shows an alternate embodiment of auto-focus

image pickup apparatus 103”. The focus signal generator
120 and the processor 112” may be housed in a package 144

20 as a camera controller, separate from the auxiliary pixel
array 108”. The processor 112” is similar to processor
112 except that processor 112" receives images from the
main pixel array 2808 as well as the auxiliary pixel
array 108”. The processor 112” may perform a color

25 interpolation, a color correction, a
compression/decompression, and a storing to memory card
116 for the images received on signal 2830 similar to the
processing that the processor 112 may perform on signal
130 in Figure 2. ©Unlike in Figure 2, here the images

30 received on signal 130 need not receive
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4 an interpolated peak of the gradient profile or of a first 5 midpoint between a pair of gradient(s)
and/or interpolated 6 gradient(s) that are on opposite sides of the peak gradient 7 or of the interpolated
peak and that share a first gradient 8 level. 15.The method of claim 3, wherein the lack of 2 reflection
symmetry is determined with respect to a first 3 midpoint between a pair of gradient(s) and/or

interpda@gnﬁlp&ré@i@ﬂ%?)/tﬂ@@é%f@@QBQ%EQ sides of therneak Q{@diﬁ@n%@%pf@@ﬂ@eﬁp?@led peak

of the gradient profile and that 6 share a first gradient level. 16.The method of claim 5, wherein the first
gradient 2 fevePis @Cradient value thBeis deficiPagia firet 3 frastidresfOgradieAtvahie of the peak

madmntg%gé@% received on signal 130 for pixels that are covered
by color filters in the auxiliary pixel array 108” and
5 send the color interpolated images to the focus signal

generator 120 on signal 146.

The auto-focus image pickup system 102, 102’, 103,
103", 103” may include a computer program storage medium
(not shown) that comprises instructions that causes the
10 processor 112, 112’, 112" respectively, and/or the focus
signal generator 120, 120’ to perform one or more of the
functions described herein. By way of example, the
instructions may cause the processor 112 or the generator
120" to perform a slant correction for an edge width in
15 accordance with the flowchart of Figure 7. As another
example, the instructions may cause the processor 112’ or
the generator 120 to perform an edge width filtering in
accordance with the above description for Width Filter
209. Alternately, the processor 112, 112’ or the
20 generator 120, 120’ may be configured to have a
combination of firmware and hardware, or a pure hardware
implementation for one or more of the functions contained
therein. For example, in generator 120, a slant
correction may be performed in pure hardware and a length
25 filter 212 performed according to instructions in a

firmware.

While a memory card 116 is shown as part of system
102, any nonvolatile storage medium may be used instead,

e.g. hard disk drive, wherein images stored therein are
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4 interpolated peak. 17.The method of claim 3, further comprising: 3 gradient profile from one or more
of the following: 4a distance from the peak gradient or an 5 interpolated peak of the gradient profile to
a first 6 midpoint between a first pair of interpolated gradient(s) 7 and/or gradient(s) at a first gradient
level on opposite 8 sides of the peak gradient or of the interpolated peak; 9a distance from the first

midpoint £0-a second110 Midpainbetwegh @ $859NdRAILRfIRISEPOlRIed gradient(s): L and/or

gradient(s) at a second gradient level on the 12 opposite sides; 13a pair of distances, each being from

the peak 12 @padient op teSihteepaiardd peak ofthersetil miapdRiitol 02 -

10

15

20

One or more parameters for use in the system, for
instance the sharp edge width, may be stored in a non-
volatile memory in a device within the system. The
device may be a flash memory device, the processor, or
the image sensor, or the focus signal generator as a
separate device from those. One or more formulae for use
in the system, for example for calculating the
concatenated length threshold, or for calculating beta
may likewise be stored as parameters or as computer-
executable instructions in a non-volatile memory in one

or more of those devices.

While certain exemplary embodiments have been
described and shown in the accompanying drawings, it is
to be understood that such embodiments are merely
illustrative of and not restrictive on the broad
invention, and that this invention not be limited to the
specific constructions and arrangements shown and
described, since various other modifications may occur to

those ordinarily skilled in the art.
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15 a different one of the first pair of interpolated 16 gradient(s) and/or gradient(s); 17a pair of
gradient(s) and/or interpolated 18 gradient(s) from the opposite sides and at a first distance 19 from
the interpolated peak or from the second midpoint; 20a pair of counts of pixels, each count being for
21 pixels on a different side among two sides of the 22 interpolated peak or of the peak gradient or of
the second 23 midpoint, each pixel being associated with a gradient level 24 between the first
gradient level and the peak gradient 25 value, ialugives 26a pair of areas, each area being an area of
a 27 region on a different side among the two sides, under the

1 1. A method to generate a focus signal from a

2 plurality of edge widths to indicate a degree of image

3 sharpness in an image, each edge width belonging to one

4 among a plurality of edges in the image, comprising:

5 rejecting or attenuating a contribution of an edge

6 width of an edge towards the focus signal if a gradient

7 profile associated with the edge has a lack of reflection

8 symmetry across the edge that is excessive.

1 2. The method of claim 1, wherein the lack of

2 reflection symmetry is excessive when a parameter

3 indicative of a degree of asymmetry of the gradient profile
4 across the edge has a value that exceeds an asymmetry

5 threshold or that is outside a predetermined tolerance

6 region.

1 3. The method of claim 1 or 2, wherein the gradient
2 profile is a sequence of consecutive all-positive or all-
3 negative gradients across a plurality of pixels arrayed

4 side-by-side in a first direction plotted against a

5 sequence of consecutive integers, a peak gradient within
6 the sequence has a peak gradient value whose magnitude is

7 maximal among magnitudes of gradient values of all
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28 gradient profile and between the first and second gradient 29 levels or between the first gradient
level and a third 30 gradient level different from the first and second gradient 31 levels; 32a pair of
lengths, each length being measured 33 along the gradient profile on a different side among the 34
two sides and between the first and second gradient levels; 35a pair of first or second derivatives on
the 36 opposite sides at either same gradient levels or same 37 distances from the interpolated peak

or thee pegk gradient38.arthe seeons miskpomtand, 39an eguivialent{s) as antabyigus0e known 40
variation(s) or an approximation(s) of any one of the above. 18.The method of claim 7, wherein the

firstgsecgihdient includes at least a gradient.

1 4. The method of claim 3, wherein the lack of

2 reflection symmetry is determined by comparing the gradient
3 profile between different sides of the peak gradient or of
4 an interpolated peak of the gradient profile or of a first
5 midpoint between a pair of gradient(s) and/or interpolated
6 gradient(s) that are on opposite sides of the peak gradient
7 or of the interpolated peak and that share a first gradient

8 level.

1 5. The method of claim 3, wherein the lack of

2 reflection symmetry is determined with respect to a first

3 midpoint between a pair of gradient (s) and/or interpolated
4 gradient (s) that are on opposite sides of the peak gradient
5 or of an interpolated peak of the gradient profile and that

6 share a first gradient level.

1 6. The method of claim 5, wherein the first gradient
2 level is a gradient value that is defined as a first
3 fraction of a gradient value of the peak gradient or of the

4 interpolated peak.

1 7. The method of claim 3, further comprising:
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2 and third gradient levels are different gradient values 3 that are defined as a first fraction, a second
fraction and 4 a third fraction respectively of the peak gradient value or 5 a gradient value of the
interpolated peak. 2 and third fractions are within a range from 10% to 90%. 110.The method of claim
8, wherein the first, second 2 and third fractions are within a range from 20% to 80%. 111.The method
of claim 8, wherein the first distance 2 is less than the edge width. 112.A method for detecting a lack of

symmetry of 2 gradiepisiaciass an edgs: comprisinde3determipingnoneof mere o e following
measurement 4 parameters:
3 gradient profile from one or more of the following:
4 a distance from the peak gradient or an
5 interpolated peak of the gradient profile to a first
6 midpoint between a first pair of interpolated gradient(s)
7 and/or gradient(s) at a first gradient level on opposite
8 sides of the peak gradient or of the interpolated peak;
9 a distance from the first midpoint to a second
10 midpoint between a second pair of interpolated gradient(s)
11 and/or gradient(s) at a second gradient level on the
12 opposite sides;
13 a pair of distances, each being from the peak
14 gradient or the interpolated peak or the second midpoint to
15 a different one of the first pair of interpolated
16 gradient(s) and/or gradient (s);
17 a pair of gradient(s) and/or interpolated
18 gradient (s) from the opposite sides and at a first distance
19 from the interpolated peak or from the second midpoint;
20 a pair of counts of pixels, each count being for
21 pixels on a different side among two sides of the

22 interpolated peak or of the peak gradient or of the second

23 midpoint, each pixel being associated with a gradient level



5a distance from a peak gradient or an interpolated 6 peak of the gradient profile to a first midpoint
between a 7 first pair of interpolated gradient(s) and/or gradient(s) 8 at a first gradient level from
opposite sides of the peak 9 gradient or interpolated peak; 10a distance from the first midpoint to a
second 11 midpoint between a second pair of interpolated gradient(s) 12 and/or gradient(s) at a
second gradient level on opposite 13 sides of the peak gradient or interpolated peak, the first 14 and
second gradiratdavels being whifferenta dbarpainefistances, each distance bewgdrom the 16 peak
gradient or the interpolated peak or the second 17 midpoint to a different one of the first pair of

25 wvalue, inclusive;

26 a pair of areas, each area being an area of a

27 region on a different side among the two sides, under the

28 gradient profile and between the first and second gradient

29 levels or between the first gradient level and a third

30 gradient level different from the first and second gradient

31 levels;

32 a pair of lengths, each length being measured

33 along the gradient profile on a different side among the

34 two sides and between the first and second gradient levels;

35 a pair of first or second derivatives on the

36 opposite sides at either same gradient levels or same

37 distances from the interpolated peak or the peak gradient

38 or the second midpoint; and,

39 an equivalent(s) or an obvious or known

40 wvariation(s) or an approximation(s) of any one of the above.

1 8. The method of claim 7, wherein the first, second
2 and third gradient levels are different gradient values

3 that are defined as a first fraction, a second fraction and
4 a third fraction respectively of the peak gradient value or

5 a gradient value of the interpolated peak.



18 interpolated gradient(s) and/or gradient(s); 19a pair of gradient(s) and/or interpolated 20 gradient(s)
on opposite sides of the peak gradient or 21 interpolated peak and at a first distance from the 22
interpolated peak or from the second midpoint; 23a pair of counts of pixels, each count being for 24
pixels on a different side among two sides of the 25 interpolated peak or of the peak gradient or of the
second 26 midpoint, each pixel being associated with a gradient level 27 between the first gradient
level and a peak gradient value 28 of the peak gradient, inclusive; 29a pair of areas, each area being

an ajea of a 30gegion ppa differentside amaong thg two,gides;yndey, the31 gradient prgfile and

between the first and second gradient

2

10

11

12

13

14

and third fractions are within a range from 10% to 90%.

10. The method of claim 8, wherein the first, second

and third fractions are within a range from 20% to 80%.

11. The method of claim 8, wherein the first distance

is less than the edge width.

12. A method for detecting a lack of symmetry of
gradients across an edge, comprising:

determining one or more of the following measurement
parameters:

a distance from a peak gradient or an interpolated
peak of the gradient profile to a first midpoint between a
first pair of interpolated gradient(s) and/or gradient (s)
at a first gradient level from opposite sides of the peak
gradient or interpolated peak;

a distance from the first midpoint to a second
midpoint between a second pair of interpolated gradient(s)
and/or gradient(s) at a second gradient level on opposite
sides of the peak gradient or interpolated peak, the first

and second gradient levels being different;



32 levels or between the first gradient level and a third 33 gradient level different from the first and
second gradient 34 levels; 35a pair of lengths, each length being measured 36 along the gradient
profile on a different side among the 37 two sides and between the first and second gradient levels;
38a pair of first or second derivatives on opposite 39 sides of the peak gradient or interpolated peak at
either 40 same gradient levels or same distances from the 41 interpolated peak or the peak gradient or
theisecond 42 midpoiat; pad.43an efjuyatant o5 an ehvnus oskrovaevasition of Adrantapproximation
of any one of the above; and, 45determining a lack of symmetry where a parameter that

16 peak gradient or the interpolated peak or the second

17 midpoint to a different one of the first pair of

18 interpolated gradient(s) and/or gradient(s);

19 a pair of gradient(s) and/or interpolated

20 gradient (s) on opposite sides of the peak gradient or

21 interpolated peak and at a first distance from the

22 interpolated peak or from the second midpoint;

23 a pair of counts of pixels, each count being for

24 pixels on a different side among two sides of the

25 interpolated peak or of the peak gradient or of the second

26 midpoint, each pixel being associated with a gradient level

27 Dbetween the first gradient level and a peak gradient value

28 of the peak gradient, inclusive;

29 a palir of areas, each area being an area of a

30 region on a different side among the two sides, under the

31 gradient profile and between the first and second gradient

32 levels or between the first gradient level and a third

33 gradient level different from the first and second gradient

34 levels;

35 a pair of lengths, each length being measured

36 along the gradient profile on a different side among the

37 two sides and between the first and second gradient levels;
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46 indicates a degree of asymmetry is a function of one or 47 more of the measurement parameters
and has a value outside 48 a predetermined tolerance region. 113. The method of claim 12, wherein
the gradient 2 profile is a sequence of consecutive all-positive or all- 3 negative gradients across a
plurality of pixels arrayed 4 side-by-side in a first direction plotted against a 5 sequence of consecutive
integers, the peak gradient is a 6 gradient within the sequence that has the peak gradient 7 value
whege magnitude is maxtaalamangrmaghitustes ©f 8 gfadiertvaluasiofad gsadiemts yathinethe
sequence, and 9 each side of the peak gradient includes at least a gradient. 114.The method of claim
1339hergindhe first, sageng 2and4hisd geadient levelscaredlifferentgradignt valuesi ther

40 same gradient levels or same distances from the

41 interpolated peak or the peak gradient or the second

42 midpoint; and,

43 an equivalent or an obvious or known variation or

44 an approximation of any one of the above; and,

45 determining a lack of symmetry where a parameter that

46 indicates a degree of asymmetry is a function of one or

47 more of the measurement parameters and has a value outside

48 a predetermined tolerance region.

1 13. The method of claim 12, wherein the gradient

2 profile is a sequence of consecutive all-positive or all-
3 negative gradients across a plurality of pixels arrayed

4 side-by-side in a first direction plotted against a

5 sequence of consecutive integers, the peak gradient is a
6 gradient within the sequence that has the peak gradient

7 value whose magnitude is maximal among magnitudes of

8 gradient values of all gradients within the sequence, and

9 each side of the peak gradient includes at least a gradient.

1 14. The method of claim 13, wherein the first, second

2 and third gradient levels are different gradient values
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3 that are defined as a first fraction, a second fraction and 4 a third fraction respectively of the peak
gradient value or 5 a gradient value of the interpolated peak. 6

3 that are defined as a first fraction, a second fraction and
4 a third fraction respectively of the peak gradient value or

5 a gradient value of the interpolated peak.



