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 captu;_gul.'ﬂpl JYSCeIRiRg iIndQ Sfilkgr video images, respectively.
Electronic image sensors typically ¢ Tt turing elements such as photodlodes.

Many image capturing devices such as cameras Include an auto-focusing system. The process of
auto-focusing Includes theStépssSof Kapiurihd @b inhQg&tIpkdcessing Heliktayé 1@ Hétermine whether it
is in focus, and if not, generating a

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

15 millions of light 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 if not, generating a

20 feedback signal 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

25 intensity difference between adjacent 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.



20 feedback signal that is used to vary a position of a focus lens ("focus posrtron"”). There are two
primary auto-focusing techniques.The first technique Involves contrast measurement, the other
technique looks at a phase difference between a parr of Images. In the contrast method the 25
intensity difference between adjacent pixels is analyzed and the focus is adjusted until a maximum

contrast is deteatrd. phheughiacaeptabledorstillpietures-thejeanteast tachnigyiesis not suitable for

motion video. . The phase difference method Includes splitting an incoming image Into two images
that are cCHpTYRHR SepHtbte ifaye Lnsbié e ttfimddes aerionsatel Yo Het&hfté a phase
difference mEhe: faceis posifion isiadjusted untikibe St isragesraatche Themphaserdifference method
requires agédition ,pfaa{ts such as a beam_splitter and an, extra imag{e, sensor. Additi?nz%ll , the phase

differenc® APproach anaiyZEs relatively Smafl BaRd S fiXed detEdtibn dsiftst Babing"a'Small group of

deteStiontpaintsis gpeenentoceitior batausehkroise fifaybe supearmposed oatal @aa or more points.
This techn(iﬂlfe is als ineffe%tive if the detecti%n oints go ncot coincide with an imagg edé;e. finally,
C S a 1tter rra a

because Tie f)hésoé%l fefehce m%ﬂ%%j gﬁits the |§hﬁﬁe amount of |gﬁﬁh%f<|mplnges an a fight

sensor isseut s half oréden imore 1 This ISheapbe problématicdm dim settingsakheredhe image fight

intensity is aIr%]ad%/.Iow BRIEF § MMARY_O .THICEi IgIVENTION An auto fqgus Image system that
a rela 1ve%%l?q?l and of "rixe etectron P01nts. av1n? a

Includes a pixel array coupled to a focus signal generator. The pixel array captures an fmage that has

atbastOﬂ@%UbegNmmEJMﬁﬂﬂatﬁptiOD points is prone to error because

10 noise may be 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

15 can be problematic in dim settings where the image light

intensity is already low.



5 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 profile of an Image
signal. The generator may also eliminate an edge that falls a template for an associated 10 peaking of
the gradient. BRIEF DESCRIPTION OF THE DRAWINGS FIG. 1 is a schematic of an
embodiment of an auto-focus image pickuprapparaitsTyr 1 NRIEN219@ 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; FI®. Billustratesus caloalation vf edge Width fromlaidie hoszontabgragierty  FIG. 6A,
68 are '”%%Erf?ﬂoé‘&ocfoa caleulation of gﬂaeﬂgse‘%'gg‘a%% Yert%éeg% ?V'Qgraai)_a@ag%l?é’é FIG.
6C, 6D are illustrations of a calculation of an'edge width of a horizontal edge having a slant angle 0O;
15FIG. 73s aflonhartofta proeess td caletilatera stgite with a width. The

5 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 profile of an image signal. The generator may also
eliminate an edge that fails a template for an associated

10 peaking of the gradient.



angle 0 and correct an edge width 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-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; FIG. 10 is a flowchart of a process to eliminate closely-packed edges having
shallow depths of modulatigsy; FiG. Hris @isiegiam ofredggwvidihg llusiraiing a range of edge widths
for calculating a fine focus Signal; 5FIG. 12is an illustration of a scene; FIG. 13 is a graph

illustrating a varlatlon of a narrow-edge count during a focus scan of the scene of FIG. 12;
is a schématic of ah 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 ¢;

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 is an illustration of a vertical 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;



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 illustration of an apparatus displaying multiple objects in a scene and a
selection mark over one of the objects; 15FIG. 17 is a block diagram of an alternate embodiment of a

focus signal generator; 0 FHGs 18lis agchemalic of anralterpaterembodiment ©f aniaite-fgcus image
pickup apparatus; FIG. 19 is a schematic of an embodiment of an auto-focus 20 image pickup

apparatuBhabRY £ pheY aidy S arPHusifay hixé Grisy2 U L 2ES ™0 is a schematic of an

alternate embodiment of an auto-focus image pickup apparatus having a main pixel array and an
auxiliary pixel amray;,. 11 HE. 21ifia sehematic of anaiernade embodiment-eftamaute-focus Image

ickup apparatus having a main pixel array and an auxiliary pixel array; FIG. 22 if an illustration of a
\F;ariatliooneép?gﬁ%dﬁ]é eo?ge wa:lLdtphs forycalculating yap fe:‘ine gocus s%gna ;

5 FIG. 12 is an 1llustration 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 wvariation 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;



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 an edge,;

FIG. 23B illustrates a gradient of an Image signal across 10 a spurious edge; FIG. 23C illustrates a
typical gradient profile whose peak is an interpolated peak; FIG. 23D illustrates five reference

gradient profilesshave different widths<at onecnasmalized gradieatlevehthatilmare propostional to their
widths at another normalized gradient level; FIG. 24A shows first set of two pairs of min-max width

constraintsfor HE fitst a8 tarr st 18 eTERee Gradfet Prafia: SoFIR: 248 fows §é6ohd set of two

pairs of nmindmax widthiconstraints ferthe seggnd and next wider reference gradient profile; FIG.
24C shows third set of two pairs of min-max width constraints for a third reference gradient profile;

25FIG. 24D shoys fougt st of wa pals ol mr- e it

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

an edge;

FIG. 23B illustrates a gradient of an image signal across

10 a spurious edge;

FIG. 23C illustrates a typical gradient profile whose

peak is an interpolated peak;

FIG. 23D illustrates five reference gradient profiles
have different widths at one normalized gradient level that
15 are proportional to their widths at another normalized

gradient level;

FIG. 24A shows first set of two pairs of min-max width
constraints for the first and narrowest reference gradient

profile;

20 FIG. 24B shows second set of two pairs of min-max width
constraints for the second and next wider reference gradient

profile;

FIG. 24C shows third set of two pairs of min-max width

constraints for a third reference gradient profile;

25 FIG. 24D shows fourth set of two pairs of min-max width

constraints for a fourth reference gradient profile;

FIG. 25A illustrates a pair of min-max width constraints

at a gradient level for selecting one of the reference

-6-



constraints for a fourth reference gradient profile; FIG. 25A illustrates a pair of min-max width
constraints at a gradient level for selecting one of the reference gradient profiles and another pair of
min-max width constraints at a different gradient level for detecting deviation from the selected
reference gradient profile; FIG. 25B illustrates the template of FIG. 26A is selected 5 for a gradient

profile dug-teditting therwieth sanstraintsratanergradient davehiandithe gradient profile also passes the
other width constraint at the other gradient level; FIG. 25C illustrates the template of FIG. 26A is
selected for ¥ fatddp spufidugrtiidrt profiie HLRM Siiting heSLo witth $ohsfraintat one gradient
level, butadelatesitbe niaximat wadtbconstratnt at therethee geadientdavelpir3.1250 illustrates the
template of FIG. 26A is selected for a fat-top spurious gradient profile due to fitting the width

constraints at one radi'es%t "?_‘iellul% tr\ggglggesctgee J,gemi ig]@l wédﬁhﬁ@str?igﬁa%ghes%tpgg gr&gient
level; FIG. 26 shows an interpolation of a expecteggoo gradient profile width at first gradient level
frombits wWidth at asecbrehgragdient 1evel dased oniwitdthisnof refetemdelth constraints at

one gradient level, and the gradient profile also passes the

other width constraint at the other gradient level;

FIG. 25C illustrates the template of FIG. 26A is selected
for a fat-top spurious gradient profile due to fitting the
10 width constraints at one gradient level, but violates the

maximal width constraint at the other gradient level;

FIG. 25D illustrates the template of FIG. 26A is selected
for a fat-top spurious gradient profile due to fitting the
width constraints at one gradient level, but violates the

15 minimal width constraint at the other gradient level;

FIG. 26 shows an interpolation of a expected good
gradient profile width at first gradient level from its width
at a second gradient level based on widths of reference

gradient profiles at these two different gradient levels.

20



gradient profiles at these two different gradient levels. 20 DETAILED DESCRIPTION Disclosed is
an auto focus image system that Includes a pixel array coupled to a focus signal generator. The pixel
array captures an image that has at least one edge 5 with a width. The focus signal generator 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 pietarray: eouptes-tio fpgusisignal generator. The pixel array
captures an image that has at 10 least one edge 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 Rh3SyMAfetry bf aYradidtitdf SR FHage S, ThesdéiRrdtbfrhay Biso Eiimhate an
e_dge 15 g‘%@!é? t%{P_B@E? f@f)@% 3%%90{%9%p%&9é“ éﬁ%&@@_'?@%ﬁe@ geessor reggives the fO_CUS
signal and/or the statistics of edge widths and adjusts a focus position of a focus lens. The edge width
can be d@teHeihed by 9arictRIECHTRGUesIncliigpthehse orae geddids Fhistegraddiofedge
widths mga used to determing whether a particular image is focused ar. unfocused..A histogram
With%a Iar"gv)é!:L %%pu aﬁvolnd%?qtﬁin e%%g W%ié)tﬁél is w?di%%%% of a gc%asg ?méngjaey A?(ﬁﬂ?t%ét%FeezgReferring to
the drawifige more pamiedlathhbyt 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. The pixel array captures an image that has at

10 least one edge 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 that requires controlled focusing of an image. The
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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 that requires controlled focusing of an image. The system 102 may include
a focus lens 104, a pixel array and circuits 108, an A/D converter 110, a processor 112, a display 114,

a memory ¢akdk1 618 andrveimetor/eiecuit 148ckightifeata asgane entgrsdhnough 5 lens 104.
The pixel array and circuits 108 generates an analog signal that is converted to a digital signal by the
A/D Converidr 210 CThitisixel @fray 208 fndy incorpGrafessmbsdlic coloPpatess sg. thé Bayer pattern.

The digitgl s&-fn%%?g% bffgr)t to tql%ﬁri% SSOL %8 1%% éhaéggrfgmgﬁ\@;i us processes, e.g. color
ocus colo

interpolation, position control, color correction, image compression/decompression, user
interfacemcontrat,/andrdisplay ¢driirol, lahdia thierfocussigra genenator 120.0Wheretthe fdowis signal

generator 120 a dPt%e 15 processor 112 reside within different packages, a color interpolation unit 148
may be IMEIITenet to pERGITR LBIBr infeh pAIAtGH on e il Sigri 13076 ESFAIAIE (e missing

color signals; o gach pixel fordhe focus sigpatgenesaior 120, Altemately, Whees e fegus 20 signal
generator 120 and the processor 112 reside together within a package 144, the focus signal generator
120 may gt fntétpelatsacdolot imades-from Bfe protessof X128n blS 146 ¥s shown in Figure 2 or a

single image. signal derived,from g arigingl ypage signal 25 gengrated, irom fhe A/D converter 110,
for example a grayscale signal. The focus signal generator 120 receives a group of control signals
132 fromphe processor Th2, inadditied, ahdgnaylompuyt Sighais=184 toche processord $2.0the
10 112 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
120. Where the focus signal generator 120 and the
15 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
signal generator 120. Alternately, where the focus
20 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
image signal derived from the original image signal
25 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,
and may output signals 134 to the processor 112. The

30 output signals 134 may comprise one or more of the

following: a focus signal 134, a narrow-edge count, and

-9.-



30 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 motor/circuit 118 to control the focus
lens 104. A 5 focused image is ultimately provided to the display 114 and/or stored in the memory card

116. Thealgatithra(s) HseeHleasljust g fecuis positign may hetpesforned by thepracessarhl2. The
pixel array and circuits 108, A/D Converter 110, 10 focus signal generator 120, and processor 112

may all réside-WrhidBgsaekage! Pfteinafehe HTopixel afrayand €feqsaros, A/D Cenrverter 110, and

focus siggglrggﬂgrft%ri ﬂaylrgéidg]ﬁ/g@irk pgg@get'%Zgﬁ 'magqg%nsor 150 shown in Figure 1,
separate from the processor 15 112. Alternately, the focus signal generator 120 and processor 112
may together seside within a gacRager14bas a cameteecantroller 168rshiowf 4n Fighire 2, separate

from_the pixel 108 and A/D Canverter 110. Focus Signa] Generator 20Figure 3
e R EOE Hotd Sl Gonbroior 190 Tbden e WAVELL) ot & Ancgle B by Lt 202. The

image prayiding ynit 202 axayhe the solgetarpolator 448 ingFigurerleorthe processor 2112 in Figure
2. The focus signal generator 120 may comprise an
used to adjust a focus position may be performed by the

processor 112.

The pixel array and circuits 108, A/D Converter 110,
10 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
sensor 150 shown in Figure 1, separate from the processor
15 112. 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.
Focus Signal Generator

20 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
Figure 2. The focus signal generator 120 may comprise an

25 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
generator 120 may provide a narrow-edge count from the

30 width filter 209 and a focus signal from the focus signal

-10 -



25 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 generator 120 may provide a narrow-edge count from the 30 width filter 209 and a focus
signal from the focus signal calculator 210, the focus signal being configurable between a fine focus

signal and agrassfosus sigoal, selectable by inpughine’ 2221 Allerpately; Beothfipedocus signal and
gross focus signal may be calculated and 5 output as part of output signals 134. The edge detection &
width meBSirERRAt Enitt 208 reéSivesSintab@ls) bravidediythe ffadeopredidmgUmit 202. In the

context of Eiguies 4,900 7. onyipl janajsy suh as sontrok sigaalie; 322, mayche prpyiged by the

processor 112 in 10 signals 132."Also in the context of Figures 1 a output signals 134 may be
provided fothepredessarl 1 ¥ whichdasctibns as adacusasysteaycdntrotterlthatlcontdlsdnelfocus

ition of the focus lens 104 to bring | f objects intq sharp f the pixel 15 array 108 b
analyzing theFbbiput SIGRAS 1.3 10 HCHEEE  sfat OBjec i e mAGBeVARGUS COITIREAEot the

focus siggakgeneratarcl20 are desaribgd belopn 6 re cERE/EBWIM 4G 206 may dkangiesm the input
image such that the three signals of the image, redﬁg%, green 20(G) and blue (B) are converted to a

single imAge sifRall BegERatéciniqlied Tak betutiized-to traRsfohf aRdma§Eto &8ingle image. RGB
values can; he,ysed to cgleylate a juminanee ar chrominance yalpeqr 4 SRECiis 1atio; of RGB values
can be taken to form the single image signal. For
‘fine’ 222, may be provided by the processor 112 in
10 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
bring images of objects into sharp focus on the pixel
15 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
such that the three signals of the image, red (R), green
20 (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
values can be taken to form the single image signal. For
25 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
smooth out pixel signal values among neighboring pixels

30 to remove a noise.
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25 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 smooth out pixel signal values among neighboring pixels 30 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 4o detectiene oryBereegdges imthe imagesignal Qrit mayoperate on any
combination of the 5 image signals, for example Y, R-C, or B-C. It may operate on each and every one
of the R, GiBlirfge SRyndls=epartaly, oF @Ry bne of oRRdorAbiRaRS thereaf ib @atect edges. It

may form siatistics ofedge widthsdreachaf the R, G, 8 image,signals, of gy 1 gmbination
thereof. It ma%S%orm é?})cus signg froem sta%?ét%s%?e%&e Widthsgfrom one or more érgage signals. A
gradient efithe piocessed imageds/thepcaktlkatesh There arenaroustmethodsavailable to calculate

the gradient, including Laplacian, and Sobel. Gradients 15 acros%t_hécolumns and the rows may be
calctllated 5 d&tet Pan ﬁ&riz%ﬁ?aﬁlg&fes rését—:‘c%\’/elﬁjﬁ‘o e mplg Esiﬁlﬁ-\é Sobel-X operator

and a SobglY gperata, respectively. Seherl %-operatarratiixel tocation [k, alvdhese k is a row number
and q is a column number, is 20 given by the equation Sx[k, q] = U[k, g+1] - U[k, g-1]. Sobel Y-
operator &t-hB&amel6ERbBA i€giVen By thieregualich SYTkBPE ¥ [KCIG-Ik-134) Swhere U is an

imageQQW%QE@?P”%@Sggtgggeedges. It may form statistics of edge

widths for each of the R, G, B image signals, or any
10 combination thereof. It may form a focus signal from

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] - Ul[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 if neither is true. This lower limit eliminates

30 spurious edges due to gentle shading or noise. A pixel
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Orientation Tagging 25Each pixel is tagged either a horizontal edge (111') 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 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 magnpifideexcaedadistvertical giagient magnitudedlyia-predeatermingd hysteresis amount or
more, e.g. 2 for an 8- bit image, and vice versa. If both gradient magnitudes 5 differ less than the
hysteresi gLt dfe pikeISetsa dirsctivh ¥ig-Same 6% #tat ohits Aeedest heRMbenthat has an
d'fec“onﬁarge%{ree&g}éﬁﬂ%’@"lggs%%rreé(é‘ﬁf@'ea Jugimage '@8%%‘{‘68 .fr@gf“ left fo,fight In gach row
and from'row to row downwards, a sequence of inspection of 10 neighboring pixels may be the pixel
above firstithe el aboverldft secandyandsthe pixXet ob thenleff thirdl, and thesgixel abadeesright last.
Applying this hysteresis helps to ensure that adjacent pixels get similar tags.if each of them has nearly
denticat Rorzbnior SFa SoBAT B CH S e o, FTSURE 1Bt S 1 focil b aBging on
6-by-6 arepyraf herizentalandyerticabgradients. reach celhdhe harizantal grashient isinthe
upper-left, vertical gradient is on the right, and direction tag is at the bottom. Only pixels that have 20
either hofizohta or Jérfiedl lgtadierftdfaghitife xcedaing BIguify -at this Step arEeige pixkls are
printed indold apd get directiontags. ¢ The image, oradients, and tags Maybe, scanged; horizontally
for vertical edges, and vertically for 25 horizontal edges. Each group of consecutive pixels in a same
row, havihg asamewhdrizomtalgrddientpotatity and at tagged dorakrticabedgetmaybe fesignated a
ver{igal edge ifho adjacent pixel on left or rki)ght Q{Ithe roup. are_likewis ..Like;PWise;dheach group of
consecutiV lp?lxe $°30 h%a §ame cgluIrrrlw%Eﬁav%g a 'Sanhe ver icaﬁ%?&’ﬁen %% ity ©

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 1f 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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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 eoualdg one third-ofibe gdaes peakgradigpiypagnituds <LQigfining the edge
width down to 3 from the original 9. This edge refinement distinguishes the dominant gradient
componedt fiaPséts tHesdpparerite@ige Witkh that dBminatasvisual percepiibnvsi el €dge's

sharpnesgg(?égitﬁnr%?r%aege-@é/}p@lizrgglg@e} overlapping shadings 15 that may cause gradients to

gently decay ove ny pixels. ge 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
alternateEglRodNaeculating edge width is shown in Figure 5. In 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

pixek(pixel 2) by-an.jnterpalation,from the refinemant threshold 304 .25 Likewise ,a,second fractional

pixel position (5.5) is found between a second outer pixel (pixel 5) and'its adjacent outside pixel (pixel

6). The edge didth is foahas thdaifferarcellsstwedinthese twio fractiohalbpixel positidns; BS - 2.4 =

3.1 Sbﬁ&gﬁge§¥ghient magnitude within the edge. Figure 5
illustrates this step using a refinement threshold equal
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) is
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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Although each edge may be assigned to one prescribed direction (e.g. vertical direction or horizontal
direction) or another, perpendicular, prescribed 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 magnainkd lrearbestiady are not aligned perfectly with either prescribed directions. In Figure
6A, a boundary (shaded band) is shown to be inclined at a slant angle 0 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). HoweveEWidth £ inGeded tthe MFading) meairdPino  GirdXtie s pérpRRdicular to

the directipn Qf the B%U”(j@%(ms@ecﬂr@%%@mc?ﬂ%@@it@%t fgrms,a parg 9f 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 meastitetEserpemdicudaryatd s pedtive g e dirddtivhs téneee beibe farge and do not

represent.the genuin th(L kness of the r tive boundaries. For purposes of calculating a focus
signgl frocrinlé:(%ce Eé) v%vidt %s: %eﬁégd%%rzvﬁﬁt%?%efnedaels%?e%ﬁjr? ohe %}:th%eo%?elrcoﬁhose prescribed
directionslaredto bémojreated by agducingsthemsdowide be wddths irediractions perpandicular to
directions_of the respective edges. The Edge Detection and Width Measurement Unit 206 performs 30

such a cotrechitir bt RdgE WiftRS! AS Shdwn i Flglife 6 4. S the FhESuretBidth'd &the Rhyth of the

hypotenusg®f 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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right-angled triangle that has its base (marked with width b) straddling across the shaded boundary
perpendicularly (thus perpendicular to the edge 5 direction) and that has the angle 0. The corrected
width b may then be obtained from a projection of the measured width a to the direction perpendicular
to the edge direction. From elementary trigonometry, such a projection may be given by b = a cos(0),

but 10 appreximation may b ugedaglong asritobtains;accuracyta ithin20% niheangte @ , or
cos(0) itself, may be found by any method known in the art for finding a direction of an edge in an

image, oFByo& hioré gé&fate iethed Besehibéd athe flbwcetkartshoWdin FRflre 7 t15Each horizontal
or verticgl edgg's %QQe%\{yi]gga@qug cggggtgg: foi[}iltg slant fram sither the pgrizontal or vertical
: . iong) . &

orientation (the prescribed directions), respectively. Figure 6A, 6B illustrate a correction calculation for
an edge witipeedsured arthg hotizorgakROrgirectiorcior abotndary €aretlignce edges that form the
boundary) that has a slant from the vertical line. Figure 6C, 6D illustrate a correction calculation for an

edgé widthi Fe&dured in the Jeiticaltdifeeforifof a bodrdary (artdiferee BEgES Bt Hhd the

boundar(}%]t%at 25 l‘}{liS a %aent(grggg the h ri?ontal line. The.correction may madeabsy multiplying the

edge wi m%gsutfeg iha prescri Sed direc |5n?%u8h 8¢ SQ/%ﬁiEéPéfre% |onP§rea horizéntar irection, by

a factor aftas B, \@here Ot ananglexf stant fsemple prescriced directione eddy way of example,

Figure 7 shows a flowchart of a process to correct edge widths for slant for edges
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 FEach 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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inclined from a vertical line. (For horizontal edges, substitute 'row’ for ‘column’, and interchange
'vertical' 5 with 'horizontal' in the flowchart.) From step 502 to step 506, a slant angle O is found.
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.alongythe EOQWQIOH@DQM@IWMW away, &pdfine thepvertical gradient
y. At step 506, flnd the slant angle 0 = tanl(y/x). At step 506, the slant angle may be found by
looking uﬁm@ékmaﬁ@rmmugﬁ%@@smttb%oé @fes’éﬂaﬁ@ﬁfe dpeeifie pescedure and method to

find the siar% 0 SdOt er o%ed\y q@ame %know g}rth bcealiseéjd gtgad Finally, at
fo-cown the o e o appron

step 508, scale down t ge WI y 20 multiplying WI cos an approximation thereto as
one skilleslib sHel &t tisually owés mcpradtcueliéufnrs’t matifitatiortefrthé propess' skkowniindHidure 7 is to

substitute for step 506 .and part_ of ste by providing a logkup table that has entries for various 25
com maﬁvo]ngho r}bﬂf\}ﬁﬁ 8‘fjx aﬁu‘{z/@% g@‘n %&u]t%ﬁaﬁlo 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 anrapproxdmationstocosdanityby) oowthin2@aprefesalfy e ¢ is found.

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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within 5%. The edge width is then multiplied with this correction factor to produce a slant-corrected

edge width. A second modification is to calculate a quotient y/x 5 between a vertical gradienty 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 g, the lookup table returns an edge width correction factor. The

edge wid{h ¢arraction; factar anaydfbbe,am approximatian taeosttap L{@htamwithin 2@%spreferably
within 5%. For finding the slant angle O (or an approximation thereto such that the correction factor is
accurate €9 I * @#fthihZ0vd)amSubssquehty thecofreEtichfacteP E65¢0) B{orcalfgpproximation
thereto), ﬁﬁgtq{rfactly find the correction factor without finding the slant angle 0 (as in the first and
second modifications), the values of x and y may be obtained in steps 502 to 506, but other methods
may be employed Instead. 20A third modification is to perform the following for each one of a plurality
of pixels in the ddgee@)fidd hedzohial giadieht x ant veRizalgradient etk ¢drisepixel MbXfind q =
y/x for this pixel, and (c) find, a. correction factor that caorrespongds to. g, for instance 25 tanl(g)) or
B PO S hereth 15 G o OIE LiaaTl il (R0 CoRer B 1ot Tosthd SAs it by
averaging across theczorrectiprofadton fronp, eachofi thesaiurality of pixplst Thebaveragetoay be a

weighted average, such as one in whijch a pixel that has a larger
table for various values of g. For each

that has entries

value of g, the lookup table returns an edge width
correction factor. The edge width correction factor may

10 be 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 values 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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horizontal gradient is given a larger weight than another pixel that has a lesser horizontal gradient.
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 edggs-pealr@radiegt-nagnitide ikigure24, 98, and-§¢ Hlustatgraprehiem thatisheing
addressed. Figure 9A lllustrates three vertical white bars separated by two narrow black spaces each
2 pixels Wid&els THemidafeswhitellsar 56 8 nafdwdar 2 pixelshride SFigure 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 Sehelx gradieptsof Figure 9B for the shanpimage and, bluped dmage. 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 edg& §oi%alo18-16y a9 EXseeted. However, the two narrowest edges (pixels 9 & 10, and pixels
11 & 12) have widths of two in both images. In 25 Figure 9B, the corresponding slopes at pixels 9 &
10, and piels bl &hr-8a¢Ltipkes 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
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. 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 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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sharp image, on the other hand, changes less than 10% between the wider and the narrower edges.
The significant decline, e.g. 20% or greater, in peak gradient magnitude for a narrower edge adjacent
to a 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. kikgwise; mytially gdjacent edges of alterpating 19 grdient polarities shouddnot be relied
upon for such indication even if their edge width are small as long as they are in close proximity to
each oth&<E¥LAS nidie thahdegixelpattmiRmiline €8de §8F 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 eliminatedidye tg hauing aheak grrdiant lgss than,the eliminatiop threshold, twg st;%sive
edges having an identical gradient polarity and spaced no more than two 20 times the minimum edge
gap plus ashaAredgenaidihl (shafp édge Wwidiheis Banmiber dgsigretitoeeBignate ah edge width of a

shar, edvaﬁ) art ma b%use.d as a 80ndition for eliminatin rqd;m tingl contribution from one or
bothgof the tﬁ%)muetlﬁgsl%/ ad?é/z:le%ge(?geségiﬁw%?lz% hgjé%l%%che ec%i%?ﬁ%ngvﬁ%l%e easurement Unit
206 may execute thetfoltdwing algotithah fomeliyeinatinghcasehypacked masroder edgestiased on a
screen threshold established from a wider, edge , and a modulation screen flag that can be turned on
and off. he narrower edge should hot 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 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 1n 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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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. 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 thansthe sereen thrggfold foi dhig edae T 0rgonditians () aRd 19() Saay bejadded
condition (c) the edge width is not less than sharp edge width + 1, where a number has been assigned

for sharp te@dlgl Svidth $6ldésighat& an BaHe didtf of & Skarpdge, ad \wiereBiRO'SHLE thay be varied to

set a range 9 idth the. width within 15 whi Jbegliminated if
they fail (%%a% 9?92’0% tkelc‘ea(e?%ér%ple lssht?v% %r(li%%ur%s S;%E;Cl:& sﬁﬁa\r%cé] gegvﬁ%t%] ar%ay Be g.]Figure 10is
a flowchafrf tovdeterminesd sereen thré&shpld-andL & 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
assilgzed for shrggr%\é%ae%viﬁ(ﬁh %%5 emearil t?glf (Ié;o%r toefgxa%ﬁp e Sﬁd:vx'/gne in %grgé 9 bee.(%aeLrting at the
first edgeratstép=702] 2 each edgeiis qrieded aksted 7201as foowhethemits etdgeduidthds greater than

or equal to one plus sharp edge width, the value of one being the minjmum edge gap value used for

this illustrafiolr BIE & diffetert VAR & e Geetd sich & ethBén bislahd2lgar yed) 2

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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30 the edge is a wider edge, and step 706 follows to set the screen threshold for the immediate next
edge that has an opposite polarity to beta times a peak gradient magnitude of the edge, beta being
from 0.3 to 0.7, preferably 0.55, then step 708 follows to turn on the screen flag for the 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 spacipg frenithe pgen edaeraf the,saae gradient §0|§fi§/é‘éQf%ﬁ&ﬁ%@%mﬂeﬁﬁémmum
edge gap (or a different predetermined number) plus sharp edge width and the immediate prior edge

of an 10 6pposhte pelagify; if ARy ds hoté thah TRE mhimuircedye Gapiiale i 384, Btdb- 710 follows to
turn off t %céEeeé‘ltfé f% eﬂ%tl%ggsg. Je‘(glotlﬁ%efp tgﬁ sgreen glgg ggdg flﬁ%c(%e%@rg&qgld for the

next edge and proceed to the next e Beta may be a predetermine action, or it may be a
fraction catculatextfoiowing arpredeternsicedciormula, suchtasedfyactionIof anedgewadth. In the latter

case, beta may vary from one part of the image to another part. Gradient Peaking Template 20Figure
2anhnd FiGHFe 598 Mddudle AhEhof AREre (16 Tocus Snal JerraroP Gmgutes A Sralient peaking

template ywitha@radientprofile abadt arpeak. Hiaemismatch is detected, tortbe fogts signal generator
reduces or eliminates altogether an associated edge and 25 its edge width from entering a calculation

for a focuBsighief Biredifelcbuntor fdSusIerbE Figuhe 23A RisfrafBs a gradiedt PrdlelBf an Image
signal aciogs 2 genying gdag intheAmage signal, whereas figure 735 ustiates  gradient profile of
an Image signal across a
sharp edge width and the immediate prior edge of an
10 opposite polarity, if any, 1is more than the minimum edge
gap away. I1f 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 from one part

of the image to another part.
Gradient Peaking Template

20 Figure 23A and Figure 23B illustrate a method where
the focus signal generator compares a gradient peaking
template with a gradient profile about a peak. If a
mismatch is detected, to the focus signal generator
reduces or eliminates altogether an associated edge and

25 1its edge width from entering a calculation for a focus
signal or edge count or focus control. Figure 23A
illustrates a gradient profile of an image signal across a
genuine edge in the image signal, whereas Figure 23B
illustrates a gradient profile of an image signal across a

30 spurious edge.
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30spurious edge. A gradient peaking template may be specified in terms of a function, e.g. a
difference or a ratio, of a width of the peaking gradient profile at an upper gradient magnitude and a
width at a lower gradient magnitude that constrains one by the 5 other. By way of example, in figure
23A, and likewise in Figure 23B, an upper gradient magnitude of 0.85 and a lower gradient magnitude

of 0.3 are indicated,with daitedanddashecklijesa fespestively. kdigure 234, the width of #3e gradient
profile at the upper gradient magnitude is about 1.5 pixels, 10 being the distance between the two
positionsHetB the Mtergolftedigradieht protife Iftérstctsthe Uppet gradieftievar At tife lower
gradient levek theygeadientgrefilewidin is aboui4.mpixels. Fhediference hetweer thentivaawidths at
the upper agd lower gij;agient levels i§,3.01$ixels. 15 The raatjp?getween the two widths at th% upper and
lower graliféhtfevets s 1 18'37ORtRE bthar AKHH i HTre 258, the Widthe t8 abdht 3% fi%sls and 5.5
pixels, respeeiivelys giviag adifferemce bf 2.3 pixelssandazatiqg okhdo lik«leasty much unlike the

genuine gradient prafile in figure 20 23A. To detect and . disqualify_spuriqus gradient profiles that do not
ropresent GUniTe igbs ot LE bd SR T St S bt ey s Spaciiad 2o a
constrainy thrat tke differgmde indthegradiedt profilels width thefween theluppedarsc bwer gradient

levels shall lie between 2.5 and 3.5 25 pixels, or/and that the ratio shall lie between 1 to 2.6 and 1 to
545, TG0 hen T ot LU e Wit B e Grac e LS raty B elEtar o7
dc-emphasizéd. L Ehus; byhssingthis teymplatecorn thieexarnpléespuriotisqgradiend profike dffigure 23B,
the,edge;asspciatadwith the, peaking gradient 30 profile jn figyre 238 [s fejected,or dc-emphasized
because neither the difference nor the ratio lie within the acceptance range of the constraints of the
gradient pealdngdmplde.gradient profile intersects the upper gradient

level. At the lower gradient level, the gradient profile
width is about 4.5 pixels. The difference between the two
widths at the upper and lower gradient levels is 3.0 pixels.

15 The ratio between the two widths at the upper and lower
gradient levels is 1 to 3. On the other hand, in Figure 23B,
the widths are about 3.2 pixels and 5.5 pixels, respectively,
giving a difference of 2.3 pixels and a ratio of 1 to 1.7,
clearly much unlike the genuine gradient profile in Figure

20 23A. To detect and disqualify spurious gradient profiles that
do not represent genuine edges, such as one shown in Figure
23B, a template may be specified as a constraint that the
difference in the gradient profile’s width between the upper
and lower gradient levels shall lie between 2.5 and 3.5

25 pixels, or/and that the ratio shall lie between 1 to 2.6 and 1
to 3.45, failing which the edge associated with the peaking
gradient profile may be rejected or de-emphasized. Thus, by
using this template on the example spurious gradient profile
of Figure 23B, the edge associated with the peaking gradient

30 profile in Figure 23B is rejected or de-emphasized because
neither the difference nor the ratio lie within the acceptance

range of the constraints of the gradient peaking template.
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Viewing it another way, the gradient peaking template's constraint stipulates that the width of a good
gradient profile at a first gradient level is dependent on the width of the gradient profile at another
gradient level, lie. there is 5 a definite relationship that constrains one by the other. Since the
determination of width is done using interpolation, a certain tolerance is allowed for errors in

determination of/thewwidihs, T husdhedemplale mayebeyexpressed gs HMsyVie@pN2) where W1 is the
width at a first 1%Jrad,ient level 10 and W2 the width at a second gradient level, and F(W2) and G(W2)

are functfonB Hf V92 MratExpredstsS mitithunt Width ¢l raint Aand WP Mha%imGnSKitith constraint on

W1 in terpisoafiW@- at Fhe Driginad ob this sensteaiatlis exptainp withaegards toHiguke @8R. bxfigure
23D, five good gradient profiles of 15 different widths are shown, all normalized tg peak gradient level
of 1. L1 aniFL A& iffeFGr ohaciBht V8IS that S thrdUigh MEgradibnt profiiss. Thecgradient
profites haveadidthstidoado W4afromphe satallesttotthe largest atithe lawergradient level L2

Similarly, at the upper racdelgr%ilevecl ZOnthg |%th(§tfgllgvg ti&e same arder frg Woblfé)Hré%narrowest to

W4b for t%lenv(\ﬁ%les t graaelent proﬁlaé. ﬁSure fg Shows théir recfgtleon%%llﬁl,%lelargetﬁgoupper widths are
proportiopakterthe lowenwidths) dhelirelatiohshigds fpredietatbde: and caddte=desionibeddy & simple

function, such as a low degree thpol nomial,.e.g. a second degree polynomial. Hence, given the
lower Widtf ,ethglud;)tpl%? widt ucsanshee fgéuen%pb?;/artnilt%?%ng% the o%\?e‘?sﬁiﬁt Wwith the function, winch is
dependent (@h xké&/ loWewidthh plus dVtolesaridectovaictbuntfor rrors due do avterpotatiorv ¢ practice,

the, functi mplement 3 lqo lo) t stores al ber of lower widths
wfynction may e, Implementated 3Q. a5 a 1gokun. table that stores agpall-nympbey, of
(or upper WidthS2) an(%the corresponding upper vléidths (or lower widths). To fiEdZan quer width that
Conespoﬁu@@daQQWefunctions of W, that expresses a minimum width

constraint and a maximum width constraint on W; in terms of W,.

The original of this constraint is explain with regards
to Figure 23D. In Figure 23D, five good gradient profiles of
15 different widths are shown, all normalized to peak gradient
level of 1. L; and L, are two different gradient levels that
slice through the gradient profiles. The gradient profiles
have widths Wy to Wis, from the smallest to the largest, at the
lower gradient level L, Similarly, at the upper gradient level
20 the widths follow the same order from Wy, for the narrowest to
Wsp for the widest gradient profile. Figure 26 shows their
relationship, clearly the upper widths are proportional to the
lower widths. The relationship is predictable and can be
described by a simple function, such as a low degree
25 polynomial, e.g. a second degree polynomial. Hence, given the
lower width, the upper width can be found by multiplying the
lower width with the function, which is dependent on the lower
width, plus a tolerance to account for errors due to
interpolation. In practice, the function may be implementated
30 as a lookup table that stores a small number of lower widths
(or upper widths) and the corresponding upper widths (or lower
widths). To find an upper width that corresponds to a lower

width w’,, as shown in Figure 26, an interpolation between
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width w'a, as shown in figure 26, an interpolation between three data points of Wlar W2a and wwm
and their corresponding upper widths wm, wm and wwm will produce the desired value w'b of the
corresponding upper width. An alternate method to specify a gradient peaking 5 template is to find a
difference or ratio between the numbers of pixels above an upper gradient magnitude and those above

a lower gradieat magnityde.easchgradient magnitudeneing atiacedain wpperdmationiang lower
fraction, respectively, from a peak (or interpolated peak) 10 gradient magnitude. By way of example, in

Figure Zéﬁpaedbv‘é]tﬁ&%ﬁp@%bgraﬁ?én?ﬁ%gﬂﬁﬁdé?] of0.857 18165 bHE piket, Wificreh: BbovE the lower

gradient magnitude 6f Desiherel areySpixels; givingia.difference of 4 pixels and a ratio of 1 to 5. For
Figure 23B, on the other hand, 3 pixels are above the 15 upper gradient magnitude and 5 pixels above

the lower gradient magnitude, givin ifference of only. 2 and a ratio.of only 1 to 1.7. A template may
be specified aseg%oﬁa\s Eaelrﬁ?ﬁagtea églﬁaécgéﬁgre ghoallﬁfgebgv%é/en%.g Jélanléi ﬁ%qp%( g,a(}rllarrllg a ratio shall lie
betwieen ddad landdl toH, putsitleraf wiichiahf2G-edge-associated withibe peak mayde rejected or
de-emphasized. Thus, in this example, the edge associated with the gradient geaking in Figure 23B is

rejected GMIEREHPh&STz & Frd Hifftrét Serfplatdeifdy 58 §ottfiel 8Pyt tude and

those above a lower gradient magnitude, each gradient
magnitude being at a certain upper fraction and lower
fraction, respectively, from a peak (or interpolated peak)

10 gradient magnitude. By way of example, in Figure 23A, above
the upper gradient magnitude of 0.85, there is one pixel,
whereas above the lower gradient magnitude of 0.3 there are 5
pixels, giving a difference of 4 pixels and a ratio of 1 to 5.
For Figure 23B, on the other hand, 3 pixels are above the

15 upper gradient magnitude and 5 pixels above the lower gradient
magnitude, giving a difference of only 2 and a ratio of only 1
to 1.7. A template may be specified as a constraint that a
difference shall lie between 3.5 and 4.5 pixels, or/and a
ratio shall lie between 1 to 4 and 1 to 6, outside of which an

20 edge associated with the peak may be rejected or de-
emphasized. Thus, in this example, the edge associated with
the gradient peaking in Figure 23B is rejected or de-

emphasized.

Two different templates may be specified for two
25 different edge widths at a predetermined fraction of a peak
gradient. For example, a gradient profile having a width of 6
at a gradient level at 50% of the peak gradient value may use
a different template than another having a width of 3. The
predetermined fraction can be a function of a width of the

30 gradient profile.

Figures 24A to 24D illustrates an alternative method to

implement such a constraint. In each of the figures is shown

_25-



25 different edge widths at a predetermined fraction of a peak gradient. For example, a gradient profile
having a width of 6 at a gradient level at 50% of the peak gradient value may use a different template
than another having a width of 3. The predetermined fraction can be a function of a width of the 30
gradient profile. Figures 24A to 24D illustrates an alternative method to implement such a

constraint.Jp eaeh:of the figusesis:shawa e pallsolmaximusrand-minimam widthgenstraints, one
pail for the upper gradient level L/, the other pail for the lower gradient level L2. The sideway-pointing
shaded ti&igIES ShERRAE 12135 For ehth bt b twhpails bR eondifHintst 8Alydife 53HTng the five
referenceygeagient profies shown gare satisfy the constraintsyvithia teeiset i figures 25#ote 25D, it is
shown th tea(ih radient gprofile b%njln%testedfis assigned a se%so that the gradient prgfile under test
meets th& Maxtll ‘Constrafits 866Re oF the“tvo-§radisht Tével say tha 16war 16 gradiedt 1RU&! L/ Since
theré arezomndy g |imitedfiwmaberatsetmavailable] this tmplied that the widih of dhe geadiertyprofile under
test at th%géadient level L/ causes a.par i%ular %%H otth -mil constEeijt, that vgchh istin.the set whose
| |

max-mil constraint at the Potv?er gragient evel Cfis satisfied 15 1E)?/Sthe gra&ignt2 profilelun&esi test, to be

brought tetoman ohtthé geadientprafilestottestrits width la¢ theyuppertgradient ievel b2eld issseen here
that in figure 254, the gragient profile passes atthe upper gradientlevel L2, Ip figure 258, the new
gradient prc?%lle passes also. Inglgure (ggé ]ﬁowever, Z‘TE)) tﬁé%at-top spurious gradient prolﬁ?e fails the
max constraisttatahe upper gradientievéleIntfigqure52Di ¢hé skiang-top spurichs gladient profile fails
they il copstraint, it spoyid be noted that, yhiere edges PAYE SNt 3% ted number of
sets available, this implies that the width of the gradient
profile under test at the gradient level L; causes a particular
palir of max-min constraint, that which is in the set whose
max-min constraint at the lower gradient level L; is satisfied
15 Dby the gradient profile under test, to be brought to bear on
the gradient profile to test its width at the upper gradient
level L,. It is seen here that in Figure 25A, the gradient
profile passes at the upper gradient level L,. In Figure 25B,
the new gradient profile passes also. In Figure 25C, however,
20 the fat-top spurious gradient profile fails the max constraint
at the upper gradient level. In Figure 52D, the skinny-top

spurious gradient profile fails the min constraint.

It should be noted that, where edges have slant, as

discussed earlier in this disclosure, edge width should be

25 corrected for the slant, and a procedure was given to perform
this correction to shrink the widths. Before applying the
gradient profile under test to select the right set of
constraint, the width measured from the gradient profile
should be corrected for a slant before further action, such as

30 performing the lookup-table lookup and interpolation.
Equivalently and alternatively, the widths from the lookup
table shall be scaled up.
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discussed earlier in this disclosure, edge width should be 25 corrected for the slant, and a procedure
was given to perform this correction to shrink the widths. Before applying the gradient profile under test
to select the right set of constraint, the width measured from the gradient profile should be corrected
for a slant before further action, such as 30 performing the lookup-table lookup and interpolation.

Equivalently andalierpaively, thenuidinsdiomy thedppkupdatle shalkbe sealedsep.ut i ohhe above

detection of spurious edges and solution for spurious edges may be performed in the Edge Detection

& Width MeasurermstaUit 20881 dhgth RiterPe r BeloWatbseiibdsefuRetitin STadrRyt filtst 212.
Broadly %fiﬂg@ié n%lé Q%@d%ﬁ é:ﬁetatﬁ%ﬁ?r%%rgnce for edges that each connects to one or more
. o .

edges of a 10 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, compared with an Isolated
edge that does not touch any other edge of similar orientation. The more edges of a 15 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 exponentially as the number of edges within the
group Increases, and far faster than linearly. This property 20 can be harnessed to reject noise,

especially under. dim-
P iength Filter

Below describes a function of length filter 212.
Broadly defined, length filter 212 creates a preference
for edges that each connects to one or more edges of a
10 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,
compared with an isolated edge that does not touch any
other edge of similar orientation. The more edges of a
15 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
exponentially as the number of edges within the group
increases, and far faster than linearly. This property
20 can be harnessed to reject noise, especially under dim-
lit or short-exposure situations where the signal-to-
noise ratio is weak, e.g. less than 10, within the image
or within the region of interest. The preference may be
implemented in any reasonable method to express such
25 preference. The several ways described below are merely

examples.

A first method is to eliminate edges that belong to
vertical/horizontal concatenated edges having lengths

lesser than a concatenated length threshold. The
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lit or short-exposure situations where the signal-to-noise ratio is weak, e.g. less than 10, within the
image or within the region of Interest. The preference may be Implemented in any reasonable method
to express such 25 preference. The several ways described below are merely examples. A first
method is to eliminate edges that belong to vertical/horizontal concatenated edges having lengths

lesser than,a sancatenated lengththreshald sthel gongatenated length thrgshoeld may be larger when

the region of Interest is dimmer. For example, the concatenated length threshold may start as small as
2, but Inck€85E8 %0 8 s BsigHad-8d-ndiSe patiBNfithin thE GregioATed Iftere§drops to 5. The

concatenaisendih dveshold may e Arevdse e pyocessgr 12, Lz 112" for example trough

a 'length command’ signal, shown in Figure 3, as part of signals 132. Alternate feshold may be
calculatethaccardingda adarniuta 6n 48 the focusisifrdl generator. Asedcandvméthod istiogrovide a

length-weight in the length filter 212 fqr each edge and apply the length-weight to a calculation of focus
S8l in FRTHER S BABHEE 206 AP eddt that s DAR of SToHUEr 18 Cofbnid Mt et -

receives anargenweightthgn pae thas isipastofiasherer eansatesated edge, Fariexample, the
Iength-wei%ht may be a square of the length of the
1127, for example through a ‘length command’ signal,
shown in Figure 3, as part of signals 132. Alternately,
the threshold may be calculated according to a formula on

10 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-
weight to a calculation of focus signal in the focus
signal calculator 210. An edge that is part of a longer

15 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
concatenated edge. Thus, a contribution of each edge
towards the focus signal may be multiplied by a factor

20 A/B before summing all contributions to form the focus
signal, where B is a sum of the length-weights of all
edges that enter the focus signal calculation, and A is a
length-weight of the edge. Likewise, the edge-width
histogram, which may be output as part of signals 134,

25 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
edges contribute the same amount, e.g. +1. Thus, for
example, each edge may contribute A/C, where C is an

30 average value of A across the edges. Similarly, the

narrow—-edge count may have edges that are members to

-28 -



concatenated edge. Thus, a contribution of each edge towards the focus signal may be multiplied by a
factor 20 A/B before summing all contributions to form the focus signal, where B is a sum of the
length-weights of all edges that enter the focus signal calculation, and A is a length-weight of the edge.
Likewise, the edge-width histogram, which may be output as part of signals 134, 25 may have edges
that are members of langgreancatenatedpdges sontribya mrorgda-the bis,eorresgending to their
respective edge width, thus preferred, instead of all edges contribute the same amount, e.g. U. Thus,
for exampié 28athcedgelifayCCohEIbURLALD WHEFST IS af 30 aUeRgBVHIURDf A across the edges.

Similarl - d t cat edges
contibLIE e T Tof Braile (1 SbRbuton i Sac Soe miay b uTioed by ATD, where

D is an avérage at-A anmongteeldes that Are counteohin dubgrarow:adge count. 5A group of N vertical
(horizontal) edges where, with the exception of the top (leftmost) and the bottom (rightmost) ones,

each,edge touches o gther v elqic\%le(rrllgriizc%nfal)( gdges, o aRqvelip,ibg Igfhaf) tself, the other

below (to the right gfs |ts§f, IS a vertica
the exception of the top (leftmost) and the bottom
(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

10 (horizontal) concatenated edge of length N. The top

(leftmost) edge needs only touch one edge below (to the
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
15 its length. 1In Figure 8, cells R2C3 and R2C4 form a
first vertical edge, cells R3C3, R3C4, and R3C5 together
form a second vertical edge, and cells R4C4 and R4C5
together form a third vertical edge. The first and the
third vertical edges each touches only one other vertical
20 edge, whereas the second vertical edge touches two other
vertical edges. The first, second and third vertical
edges together form a vertical concatenated edge having a

length of 3.

In a situation (not shown) where a vertical
25 (horizontal) concatenated edge has two or more branches,
i.e. having two edges in a row (column), the length may
be defined as the total number of edges within the
concatenated edge. Alternately, the length may be

defined as the vertical (horizontal) distance from a

-29.



10(horizontal) concatenated edge of length N. The top (leftmost) edge needs only touch one edge
below (to the right of) itself. The bottom (rightmost) edge needs only touch one edge above (to the left
of) itself. Figure 8 lllustrates a vertical concatenated edge and 15 its length. In Figure 8, cells R2C3
and R2C4 form a first vertical edge, cells R3C3, R3C4, and R3C5 together form a second vertical

edge, and sglsR4C4 and Ri&3t9getbrydonm a thirdverticak edga: dhediksi @nd the third vertical

edges each touches only one other vertical 20 edge, whereas the second vertical edge touches two
other vertiéal 88§EL The fitsiasecbh¢ ARd- third VéRican&dges together form a vertical concatenated
edge having a length of 3. In a situation (not shown) where a vertical 25 (horizontal) concatenated

edge has two orparebranches it haying twe edaesin & row (glemp) the length may be defined as
the total number of edges within the concatenated edge. Alternately, the length may be defined as the

vertical (Istizeatah tistatte fRony & Ntopmbst|efinfost) idiige A En to adiptsmhst (rightmost) edge

thergin plus one. There are other possible ways to define a concatenated length gther, than the
abm%e prcé)lgoas% s} Eor s e%r%rﬁg,l g“ %Ié?ﬁ?mt?o?n St ggﬁgc{ﬁ%oréogon%aéﬁgt%%%%%gg%ﬁa% ﬁéj a property
that the lesigifi is prapertiana teothe munben at menbe edgestwithin thewqooeatenated edge at least

up to three. This is to be consistent with the previouslél,stated reasoning that more edges being 10

mutually EGhe2tEEYtoachify BRS othE9SG oertiaty rédtice £ 8 Probab ity thist the €6ncatenated
edge is causedhysa noise.andias.siich therlength-should exaress arepartionalityita the,aumber of

member edges within

previously stated reasoning that more edges being

10 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
a proportionality to the number of member edges within
the concatenated edge up to a reasonable number that

15 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
speaking, discriminate against an edge having a
concatenated length of one. The length filter 212 may

20 discriminate against an edge having a concatenated length
of two. The length filter 212 may discriminate against
an edge having a concatenated length of three, to further
reduce an influence of noise. The length filter 212 may

do any one of these actions under a command from the

25 processor.

Although shown in Figure 3 to immediately follow the
Edge Detection & Width Measurement Unit 206, other
arrangements are possible. For example, the Length
Filter 212 may be inserted before the focus signal

30 calculator 210, wherein the edges processed by the Length
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the concatenated edge up to a reasonable number that 15 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 speaking, discriminate against an edge having a concatenated length of
one. The length filter 212 may 20 discriminate against an edge having a concatenated length of two.

The lengthifilter 212 may gliscriminaie against apedge PRy greopsatenated length efdhree, to
further reduce an influence of noise. The length filter 212 may do any one of these actions under a

command f8mine 28 Pracesser. thealthbiigie ShaviPirdigure 3 to immediately follow the Edge
Detection & Width Measurement Unit 206, other arrangements are possible. For example, the Length

Filter 212 may berIngeftechheforg the facs signal3rcalaulaior:210, wherein, the edges processed by
the Length Filter 212 are those that pass through the width filter 209 depending on the 'fine’ signal.

In an altegigate eabodimentof & fotas sighalideneratomeie e swieh 220 Ny Bevemovae so that
the %foc%sosignal Scal&glg ior& grllit 121110 q:ec%\l/e%J g ﬁ£st fﬁ?ofrdéaéae nof efigteraed J?bjy rtg% wisdetr% fil(ge% 209 and
a second se |I§ereé', and for each calculates a différent focus signal, gross focus signal for the former,
fine focusisignaldarthe idlttes mnd dugputsboth idlttie pradesser A4 2ahtP'a second

set filtered, and for each calculates a different focus

signal, gross focus signal for the former, fine focus

signal for the latter, and outputs both to the processor
10 112, 112’'.

Width Filter

Refer next to Figure 3 to understand an operation of
the Width Filter 209. Figure 11 plots a histogram of
edge widths, i.e. a graph of edge counts against edge

15 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,
however, there are peaks, indicating edges that are
blurred, possibly due to the corresponding imaged objects

20 being out of focus, being at a different distance away
from the focus lens than those objects that give rise to
the sharp edges. For calculating a focus signal, edges
whose widths lie outside a predetermined range (“narrow-
edge range”) may be de-emphasized using the Width Filter

25 209. The Width Filter 209 may create a lesser weight for
edge widths outside the narrow-edge range for use in the
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

30 of 0, and edge widths in between assigned weights between
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Width Filter Refer next to Figure 3 to understand an operation of the Width Filter 209. Figure 11 plots a
histogram of edge widths, i.e. a graph of edge counts against edge 15 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, however, there are peaks, indicating edges that are blurred, possibly

due to the cgriesponding imagadebjgels 30 beingput gf fpeus, beingat adifferent distance away from
the focus lens than those objects that give rise to the sharp edges. For calculating a focus signal,

edges wr?dsjé%@t_ﬁgﬁé Butsidesa Wré@éﬁérrﬁihé@?afng%q%dﬁ%w-@d{j%’\’@ﬁ@e'?H%]SV beHEEEMphasized
using theﬁé’!%ﬁ‘ E%‘%%?_ %%9-%‘8 V¥ Hh@"t%ri?ﬁ?a’?aﬁgfﬂﬁ%l%%‘?{ V%ei
g or us alcu

ight %rtq%g widths outside
the narrow-edge range e In the focus signal ¢ ation. For example, edge widths may be

assignedApgighiof 1 0f @hergas edgesiwidtheemorkeithan $1 83 the riyh0 ofithe epperdmit 840
assigned a weight 30 of 0, and edge wﬁt ,in between ass% ned weights between 0 and 1.0, falling

mondtonicall eégae%faﬁﬁ Altefha HEwidth Hite? ?'n%y svent ST éadﬁlé§¥rom entering
the focusisignal ealeulationealiogether. ApprepriateiupRes and dowes imits 830,849<depend on 5

several factors, including crosstalk in the pixel array 108, the interpolation method used to generate
missing cOforS ot tHeimageTed@dsithy the SR SIghAl §&rReratdF 120, Bhd e filter coefficients used

in the lowpass filter employed in fe Edge [eteetign and Width. 10 Measurement Lnit g6. Appropriate

upper and Tower limits 830, 840 and the parameter sharp edge width may be determined for the image
pickup appawatas $0Z,1102ehy eaptlringsinhages ohearidds dedrees oftshampraesd arid dispecting the

ed%%wi th histograms. gobexacm@ ,6ifa1 shar imag%hasa eak at %dgf width cifz an
p P

appropria & fower and upper limit M y be 1. and’3, r&Spectivély, andthe shé)r‘ﬁeeﬁge %vIpcftﬁ%ay be set

to 2.0. Thexlowesand upper timds pag sharpedge Madth maydgee deterstinedhgs aleove and provided to
theﬁmu%ﬂg@ﬂ%@gggK@é%&the image pickup apparatus 102, 102’ by
capturing images of various degrees of sharpness and
inspecting the edge width histograms. For example, if a
15 sharp image has a peak at edge width of 2, an appropriate
lower and upper limit may be 1.5 and 3, respectively, and
the sharp edge width may be set to 2.0. The lower and
upper limits and sharp edge width may be determined as
above and provided to the focus signal generator 120,
20 120", 120” by the processor 112, 112”. When ‘fine

command’ is ON, the fine focus signal thus calculated de-

emphasizes edge widths outside the narrow-edge range.

In addition, the Width Filter 209 may calculate a
total count of the edges whose edge widths fall within
25 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

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

Focus Signal
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20 120', 120" by the processor 112, 112". When 'fine command' is ON, the fine focus signal thus
calculated de- emphasizes edge widths outside the narrow-edge range. In addition, the Width
Filter 209 may calculate a total count of the edges whose edge widths fall within 25 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 candrelierdpragessox i 12)Jo detect 8 prasense;ahshamp inage-ang/or fargnigating
tracking. Focus Signal Referring next to the focus signal calculator 210 of Figure 3, the focus
signal calcuRigr210 redenresicuge svigths And oGphisia REQs sighdl. TREEUS SigRaldRay be

calculate eighted r f all e 5.wj wh eweights at ounts for
each edg%%ai tk\%vi%?lfgc@ll ggﬁfl g= ngltgﬁé\?vgé, vgv Vé]r%@e érei%g;dgéedv%?thg E%{EF §r§?ﬁe§ g/eights,
where herewdadl; chdiedd) the edgeredwit aeddgerwiddpel, iddeirgld bintreindsbyef a histogram of

edge widths. Alternately, the 10 weight at each edge width may be the edge_count for the edge width
e oy HecbRE S B, e SHELLIo! Tt BAGISN, Frarreh B 6im I Wi Eiter 200 that

are expreesagg inderms, of waights fay be further multivked to eash,edag idth, Ror example, for
weights 15 QI produced by the Width Filter 209, EQ2=1, focus signai may be calculated as Enawlel

/E12awatlfieortrbysignaldfires is @N andsexdhader s10fFR, she fdtas sighalngouid-be;a value very
close to the sharm ggige wudth of 2,0 fer the exgmple shown 1 Flaure, 11, indicating, that among
number of a histogram of edge widths. Alternately, the
10 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

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

may be calculated as XQiw;e; /2Qiw;. 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
the example shown in Figure 11, indicating that among

20 object details within the focus distance range that would
produce edge widths between 2.0 and 3.0, most are
actually in sharp focus. If control signal ‘fine’ is OFF
and ‘exclude’ 1is OFF, the focus signal may be a value
close to 5.0, indicating that there are substantial

25 details of the image that are out of focus. Turning ON
the fine switch 220 allows the focus signal to respond
more to objects slightly blurred while less to those that
are completely blurred. When the fine switch 220 is ON,
we shall refer to the focus signal as a fine focus

30 signal, whereas when the fine switch 220 is OFF, a gross

focus signal. As aforementioned, the emphasis expressed
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20 object details within the focus distance range that would produce edge widths between 2.0 and 3.0,
most are actually in sharp focus. If control signal ‘'fine' is OFF and 'exclude’ is OFF, the focus signal
may be a value close to 5.0, indicating that there are substantial 25 details of the image that are out of
focus. Turning ON the fine switch 220 allows the focus signal to respond more to objects slightly

blurred while {ass t@@&@?ﬁhaﬂ“ﬂe&oﬁn@@@'yﬂﬁw% Whendbe fre switch 22Q:isQN, we shall refer
|

to the focus signal as a fine focus 30 signal, whereas when the fine switch 220 is OFF, a gross focus
signal. AS aforementidned, the eRphasis eRFrEssetbythE $ ength FHilter 212 hidyedihédtPorated into

the focus sionalip.one.of seyeral ways, sudas elinipgiing anedaei(hal is fle-emphasized from
entering t‘?]e focus signal calculation, or reducing a weight of the edge’s™ contribution towards a count
el of a cosregpendingeedyelwidthdoin. o r Figareits sketchesairgsponse of ke firdofecus signal to an

adjustment of the focus position in tae vicinity of where a%object is in sharp g_:]gus. The fine 10 focus
sign Ireé:c%glélrﬁi]ﬁl vglﬁ‘é? oximé& W%t s?\jarﬁ d&e Wit wiere! I}gc&d?%%ition brings

an image,intgrsharp; 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, 15 the fine focus signal allows the focus
control system to keep the objects in sharp focus even if the focus distance continues to change. Fine

focus signal may a3 e Used I&GLGUieh sharf faR0B Pacqdisifid?) of&Fobje& Hiat is not yet in

sharp focys bk alose,enough 20 syich dhat therohjeet gives fise o, edgesomhose widibs fall within the
narrow-edge range. Since the edge width histogram exhibits a peak at the edge width corresponding
to the objé&Cawayfrorf fhe'SIRiFE edde RiRIIE FEsultinglif A foE @S signal belkg largethan the 25

a9 o =GO S e sl s g o o
sharp edge width, where the focus position brings an
image into sharp focus, and increases i1if otherwise. The
fine focus signal may be used for tracking objects
already in-focus or very nearly so. For moving objects,

15 the fine focus signal allows the focus control system to
keep the objects in sharp focus even if the focus
distance continues to change. Fine focus signal may also
be used to acquire a sharp focus (“acquisition”) of an
object that is not yet in sharp focus but close enough

20 such that the object gives rise to edges whose widths
fall within the narrow-edge range. Since the edge width
histogram exhibits a peak at the edge width corresponding
to the object away from the sharp edge width, resulting
in the fine focus signal being larger than the

25 sharp edge width, the focus control system may respond by
adjusting the focus position to bring the fine focus
signal value towards the sharp edge width, thus centering
the peak of edge width due to the object at the edge
width value equal to sharp edge width.
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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 perform focus control to achieve sharp images. 5Figure 12 lllustrates an outdoor scene having
3 groups of objects at different focus distances: "person" in the foreground, "mountain, sun, and
horizon" wdBe Bag«gwound, and "car” in the between. Figure 13 is an illustration of the
narrow-edge count 10 plotted against time when the focus position of the focus lens 104 sweeps from
far to near for the scene IIIustrated in, Ft%lure 12. The narrow-edge count peaks when the focus position

brings an objectiffda-Sharg imdde on'the Pixet hffay: 208. Fhts Betrtbvredge CRUREES plot

exhibits ?QE% %%%Chﬂ@'iﬁ%qu,ntad%cﬁufﬁ%d W@QB“&%@;‘n@deB ser’, {ndbis ogg)er, during
the sweep. Figure 14 shows the gross focus signal plotted against time. The gross focus signal

exhibits @minfraum 200iveh the fécusposition el each oftthe BfocifsSpositions where the
narrow-edge count peaks. However, at each minimum, the gross focus signal is not at the sharp

5 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

A\Y 144

background, and “car” in the between.

Figure 13 is an illustration of the narrow-edge count
10 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
image on the pixel array 108. Thus the narrow-edge count
15 plot exhibits 3 peaks, one each for “mountain, sun, and

A\Y

horizon”, “car”, and “person”, in this order, during the

sweep.

Figure 14 shows the gross focus signal plotted
against time. The gross focus signal exhibits a minimum
20 when the focus position is near each of the 3 focus
positions where the narrow-edge count peaks. However, at
each minimum, the gross focus signal is not at the sharp
edge width level, which is 2.0 in this example, due to
bigger edge widths contributed by the other objects that

25 are out-of-focus.

Figure 15 illustrates the fine focus signal plotted
against the focus position in the vicinity of the sharp

A\Y

focus position for “car” in the scene of Figure 12. The

fine focus signal achieves essentially the sharp edge
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edge width level, which is 2.0 in this example, due to bigger edge widths contributed by the other
objects that 25 are out-of-focus. Figure 15 lllustrates the fine focus signal plotted 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 width, which is 2 in this example, despite the presence of

blurred ojegtsr(;pergonciand smountaing sy, and hegrizon“)aReferring terdguyse 41 agaid, where two
peaks at widths of 4 and 5 are contributed by those two groups 5 of blurred objects, this can be
understod a® tHerWeith Fitee3EIFhaviRFEresaeed e dveidht of Efminated o gethBrthe

contributigg;f{g@#h(? edg%g' hs to the gghtEo{#BQ%r-lmt %%Oa ﬁqfoc%%qpérolcﬁyétefg% may use the
gross focus signal 10 to search for the nhearest sharp focus position in a search mode. It can move the
focus positiorwawiayhfsormn fthelcurrent focas positort toidateratinéwhetheisthe grassdacuscsignal

increases qr decreases. For example, if the gross focus signal increases (decreas £w en the focus
15 psit G A A6 S, Hord 5 8Tt OEEp GO aier o B toirent focus

position. Fhe peaeessor 1125112y 124 carthenrpeovide a foeus driva signalde apve the focus lens
104 in the direction towards the adjacent sharp focus position. 20A focus control system may use the

fine focus$igRAIG 8K &M BbjecHeaBY nishafp foEQE totAMGInBHY the'tbfreBSorfdigtiffage sharp

(thus a "tgalcg'}qg rgqpleﬁ)p espite changes i the scene, movement of the object, or movement of the
image pickup apparatus. When an object

A focus control system may use the gross focus signal

10 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
focus signal increases or decreases. For example, if the
gross focus signal increases (decreases) when the focus

15 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
signal to move the focus lens 104 in the direction

towards the adjacent sharp focus position.

20 A focus control system may use the fine focus signal
to track an object already in sharp focus to maintain the
corresponding image sharp (thus a “tracking mode”)
despite changes in the scene, movement of the object, or
movement of the image pickup apparatus. When an object

25 1is in sharp focus, the fine focus signal level is stable
despite such changes. Hence a change in the fine focus
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

30 the minimum, for example between 2.0 to 2.5 in this
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25 is in sharp focus, the fine focus signal level is stable despite such changes. Hence a change in the
fine focus 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 30 the minimum, for
example between 2.0 to 2.5 in this example, in particular 2.1, any shift in the fine focus signal level
immediatelyJnformas the-pregessertiz 112, 112':0 @ change inithe focus distance s the object. The
processor 112, 112', 112" can then determine a 5 direction and cause the focus lens 104 to move to
bring the ih&%ccks sajralleFerback t-theé Yioeked Fével. thhas fHedfifage pickdp Appdratis/102, 103,
103, 103 is,ablg o Uadka mauing gbierl. Adpeus.coniiolsysiem. 0. gsdmpjemented in 10
algorithm in processor 112, 112", 112", may use narrow-edge count to trigger a change from a search
mode to atrackimgpmedecin thd gackingrhpdé, the¢ facas cohteol systemmses ¢heefine focus signal to
"Iocl%" the gbject. Before the focus position is _sufficientl neartf? sharp 15 focus position for the
objest, T IBAR CHRROrEyRtenT R 56 The' GI5HE 0L Sighalo ety the HRector 1 move and

regulate thespeec ef mevement of thellensWhena ekjeetds epminglintelsbarp foews narrow-edge
count peaks sharply. The processor 112, 112', 112" may 20 switch into the tracking mode and use the

fine focud Sigfal ForFodGEssitoh CBHFoIUNDA Hetdtfion 8Fa sHatp risé thithe nhkéw-edge count or a
peaking afboth. A threshold, g/h}gg\;qqygb%gigfgrggt. for each different sharp focus position, may be

assigned to each group of 25 objects found from an end-to-end focus position "scan”, and
subsequently when the narrow-edge count surpasses this threshold the corresponding group of

objects is detectedf P61 stafiériarp $cenes & gfor Stlimarye taking, eheehdee-ehd focus position
SC%%03”4§8®}§thm in processor 112, 112’, 112”7, may use narrow-

edge count to trigger a change from a search mode to a
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
15 focus position for the object, the focus control system
may use the gross focus signal to identify the direction
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, 1127, 112" may
20 switch into the tracking mode and use the fine focus
signal for focus position control upon detection of a
sharp rise in the narrow-edge count or a peaking or both.
A threshold, which may be different for each different
sharp focus position, may be assigned to each group of
25 objects found from an end-to-end focus position “scan”,
and subsequently when the narrow-edge count surpasses
this threshold the corresponding group of objects is
detected. For a stationary scene, e.g. for still image
taking, an end-to-end focus position scan can return a
30 list of maximum counts, one maximum count for each

peaking of the narrow-edge count. A list of thresholds
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30 list of maximum counts, one maximum count for each peaking of the narrow-edge count. A list of
thresholds may be generated from the list of maximum counts, for example by taking 50% of the
maximum counts. Figure 16 lllustrates an image pickup apparatus 102 having a display 114, an input
device 107 comprising 5 buttons, and selection marker 1920 highlighted in the display 114. A user can

create, shape and maneuvet the selestion marker 4020 vsing inprhdevies, Hi’s Althgugh shown in this
example to comprise buttons, input device 107 may comprise a touch-screen overlaying the display 10

114 to det&ctppsifiorsyoftaliched op Strokes onthe BB 4 CIPPittdevice 107 and processor 112,
112", 112" or a separate dedicated controller (not shown) for the input device 107 may determine the

selectiqn regionFI@% parameters fordesgribing the 55?1'1@&8%” E?E&Q&Iﬁ%é@%&?ér@{]%mﬁt@g_to the
focus signal generator 120, 120", 120" over bus 132 (or internally within the processor 112 in the case

where fo\&vsigreal gererator 220 islgart githd piveessbe 112k Inlfedporsepthefoaiss signal generator

120 pay lipjth foous, signal caleulation of theynarrops 20 edge counor bathiig eges within the
selection region 84cribe by said parameters or de-emphasizee gegI outside the selection region.
Doing sodanplesemiiiasize uhintendedoijectsam ¢he fohupsignal dnddhernieven thé gross focus

signal will exhibit a single minimungé\d 25 a minimum level within 1.0 or_less of the sharp edge width.

Alternate EmbSdih@Rts™a L Kighire 45 Shtis dHaltetiate efbBdinfent B a foctis 5iyRECGEnerator
120". Focys sighakgeneratar 130530 putpets stafisties akedges and edge widihs. Amangdhe

edge-width statistics that controller 120" outputs may be

107 may comprise a touch-screen overlaying the display

10 114 to detect positions of touches or strokes on the
display 114. 1Input device 107 and processor 112, 112',
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

15 transmitted to the focus signal generator 120, 120’7, 120"
over bus 132 (or internally within the processor 112 in
the case where focus signal generator 120 is part of the
processor 112). 1In response, the focus signal generator
120 may limit the focus signal calculation or the narrow-

20 edge count or both to edges within the selection region
described by said parameters or de-emphasize edges
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

25 a minimum level within 1.0 or less of the sharp edge

width.
Alternate Embodiments

Figure 45 shows an alternate embodiment of a focus
signal generator 120’. Focus signal generator 120’

30 outputs statistics of edges and edge widths. Among the
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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 5 coefficients representing
a spline function that approximates edge counts at different edge widths; and any data that can
represent a function of edge width. Census Unit 240 may receive data computed in one or more of the

other unitsyyth-the dagus signal generafor K2( 10 4 ealeulatestatisties of adgg wddths.Jnigeneral, the
focus signal generator 120" may output a signal that has an indication of a distribution of edge widths.
ReferringXdFiquife B8 the @fgé&adth atatisticstfus provided T digrdls 184 e-avalistnate

embodimeph b olIReeesanLlZ i an alierpalg avto:lagys imags dicku apparaliys 10g,may be used
by the processor 112" to compute a gross and/or fine Focus signaland a narrow-edge count in
accordance avith mgthads disciesssed dibhbvecarnequivateatthereofidr addition,canyatataodomputed in 20

the focus signal generator 120" may be output to the processor 112" as part of the output signals 134.
For Sxan e H S o raREE AR cHai, SIoRE w6 o Shgbl oo as statisios of ade

charactersiics tsechfor salculating theexelysign rangesaband chans ageerding o thesflowcharts of
Figure 19 or Figure 20, may be sent to the processor 112'. The processor 112' may internally generate

a focus sijhEl &vfier £Rarfovfaage EaUrE itadditon ity e fuAgtions ifdstRdA rocessor 112 of
r':;gi‘jjr: V%/-itch? 2 gE@e pixelaray o0 4/D Goaverter 41Q. £oloripterpalatar 148, and,gengratar 120" may
of the other units with the focus signal generator 120’
10 to calculate statistics of edge widths. In general, the
focus signal generator 120’ may output a signal that has

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

15 of processor 112’ in an alternate auto-focus image pickup
apparatus 102’ may be used by the processor 112’ to
compute 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

20 the focus signal generator 120’ may be output to the
processor 112’ as part of the output signals 134. For
example, the exclusion ranges and chains, along with
statistics of edges, such as statistics of edge
characteristics used for calculating the exclusion ranges

25 and chains according to the flowcharts of Figure 19 or

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

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.
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package 142, together comprising an image sensor 150", separate from the processor 112'. 5Yet
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 generator to the processor 112.
Auxiliary Pixel Array 10Figure 47 shows an alternate embodiment of an auto- focus image pickup

system 103. In additionitq elements iacluded inng systeyn102-be system 1031may include a partial
mirror 2850, a full mirror 2852, an optical lowpass filter 2840, a main pixel array 2808, and a main 15

AID Convetfe? 2313@. Thepattis} mir@@@%@@ﬁd@ﬂmﬂhé%@c’onﬁiﬁg{ng}ﬂ m'aém itetafirst split beam
and a se[%%gk%g%b%% On}‘f&?&?@g d t&g ofl eorir%ggecg%g. %I’Hgn?ést gglﬁ ggrqmlr'g%y further pass
a edc e niain

through the optical lowpass filtet 2840 before finally reaching t 0 pixel array 2808, which
detects the=firstsplie beammand lcenvertsde analog signals. The second split beam may be reflected by

the full mirror 2852 before finally reaching the auxiliary pixel array 108", which corresponds to the pixel
array 108 in system 1%2 hown in_Figure.1. The 25 ratio %f light inten iILy (if the first beam to the
secognd beam ma? e I}t%-% grrgr%glt%e(r)t %Iﬁelr}t%-lg. o?exa?ngglg, tﬁé?at% mgf & ﬁgt%?[r The main
pixel array=2308 dahy=beceavered hyna coladfiltet array ef ajeolermosaic pattern,fe.githe Bayer

1 and output one or more statistics calculated in such a

generator to the processor 112.
Auxiliary Pixel Array

10 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
partial mirror 2850, a full mirror 2852, an optical
lowpass filter 2840, a main pixel array 2808, and a main

15 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.
The first split beam may further pass through the optical
lowpass filter 2840 before finally reaching the main

20 pixel array 2808, which detects the first split beam and
converts to analog signals. The second split beam may be
reflected by the full mirror 2852 before finally reaching
the auxiliary pixel array 108”, which corresponds to the
pixel array 108 in system 102 shown in Figure 1. The

25 ratio of light intensity of the first beam to the second
beam may be 1-to-1 or greater than 1-to-1. For example,

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
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pattern. The optical lowpass filter 2808 prevents the smallest light spot focused on the pixel array 2808
from being too small as to cause aliasing. Where a color filter of a mosaic pattern covers the pixel
array 2808, 5 aliasing can give rise to color moire artifacts after a color interpolation,. For example, the
smallest diameter of a circle encircling 84% of the visible light power of a light spot on the main pixel

array 28Q%;(fsmaallest maindiaspetery may hedeptlarger than onepanda-balbpixel 10width but less
than two pixel widths by use of the optical lowpass filter. For example, if the main pixel array 2808 has
a pixel wightraflE5um wieréasthe snfalestsfiameter isheeoum withogtopiival s5¥ifBYing, the

e D o e e L e s
The auxiliary pixel array 108" may comprise one or more arrays of photodetectors. Each of the arrays
may or may hotle cdverechby a tolop filteararray ob acomr 2B engsaicgpatterm: Ihe 28@p(s) in auxiliary

pixelLarray_ 108" outputs image(s) in analog signals that are converted tq digital signals 130 by A/D
Conderteh 116 5T Be B Ront totfe e SHtal Gk oP Lho: Becoicy IRGhTiateh 106 may

generate thg Bussing:colars 25 fardmages generated fromepixels sovered by selodfiltars tauxiliary
pixel array 108" comprises multiple arrays of photodetectors, each arraé may capture a sub-image that

correspofds @ £pdtidIFoftRE imsde Eshtired by theé-mainvpixel akay 2808 THeGH tpIe B0 arrays

may be physicallyapag by moredhan g hundred pixel wigths, and may pr may oL sharg 2,
semiconductor “substrate. Where the pixel arrays within aUX|Fi/ary pixel array 108" do not share a
semicondlictorsubstfate nthey imay beoused-togethehimra package: (hot shewrd). pixel
10 width but less than two pixel widths by use of the
optical lowpass filter. For example, i1f the main pixel
array 2808 has a pixel width of 4.5um, whereas the
smallest diameter is 2.0um without optical lowpass
filtering, the optical lowpass filter 2840 may be
15 selected to make the light spot 6.7um or larger in

diameter.

The auxiliary pixel array 108” may comprise one or
more arrays of photodetectors. Each of the arrays may or
may not be covered by a color filter array of a color

20 mosaic pattern. The array(s) in auxiliary pixel array
108” outputs image(s) in analog signals that are
converted to digital signals 130 by A/D Converter 110.
The images are sent to the focus signal generator 120. A
color interpolator 148 may generate the missing colors

25 for images generated from pixels covered by color
filters. If auxiliary pixel array 108” comprises
multiple arrays of photodetectors, each array may capture
a sub-image that corresponds to a portion of the image
captured by the main pixel array 2808. The multiple

30 arrays may be physically apart by more than a hundred

pixel widths, and may or may not share a semiconductor
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Main A/D Converter 2810 converts analog signals from 5 the Main Pixel Array 2808 into digital main
image data signal 2830, which is sent to the processor 112, where the image captured on the Main
Pixel Array 2808 may receive image processing such as color interpolation, color correction, and
image compression/decompression and 10 finally be stored in memory card 116. An array of

photodeteetgrsn thesauxiligrerixel @@y d 08cmay hawe,a pixetwidth Gaudliary piselyyidihl) that is
smaller than a pixel width of the main pixel array 2808 ("main pixel width"). The auxiliary 15 pixel width
may be a3shrall asthalf oflthepain el Kidth. ILEH SQUIEAF piRE| IS ebvErE@ b a cblef Tilter and the

auxiliary Biggl ‘%@W&'ﬁ% (ﬁha&lgggﬁgis tq%srga est, s é)f \(ll%nlce I'%%Wg@out optical lowpass
filtering, a sécond optical lowpass filter may be 20 Tnserted in front of the auxiliary array 108" to
Increase the smallest diameter on the auxiliary pixel array 108" ("smallest auxiliary diameter") to

between 1.3 to MéifesAg farge buestill smallerlthan tHevsmallesemaihdiarAdern prefefabil 5. The
slight moire n the 25 aukiiay image o notan isstie 2 e pudlary image i natpresented to the user
as the fina Captureg image. Figure § ilfuStrates how e g widths may vary sbout a sharp focus
position fet malimaged fromtthe mairspixelrarray 2808 £sqlid cuevey amd awxljaryimages from

the image captured on the Main Pixel Array 2808 may

receive image processing such as color interpolation,

color correction, and image compression/decompression and

10 finally be stored in memory card 116.

An array of photodetectors in the auxiliary pixel
array 108” may have a pixel width (TMauxiliary pixel
width”) that is smaller than a pixel width of the main
pixel array 2808 (“main pixel width”). The auxiliary

15 pixel width may be as small as half of the main pixel
width. If an auxiliary pixel is covered by a color
filter and the auxiliary pixel width is less than 1.3
times the smallest spot of visible light without optical
lowpass filtering, a second optical lowpass filter may be

20 inserted in front of the auxiliary array 108” to increase
the smallest diameter on the auxiliary pixel array 108”
(“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

25 auxiliary image is not an issue as the auxiliary image 1is

not presented to the user as the final captured image.

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

30 the auxiliary pixel array 108” (dashed curve). The
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30 the auxiliary pixel array 108" (dashed curve). The auxiliary images give sharper slopes even as the
main 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 5 critical in the auxiliary image, as
it is not presented to the user as a final image. This helps to sharpen the slope below and above the

sharp edge width.Jhhe sharres slopeiealse helped by theauxiliapspixel widthbeingismaller than the
main pixel width. 10The shaded region in Figure 50 indicates a good region within which to control the

focus posiiﬂ&ﬂ%&eéﬁ %@mﬁhﬁm‘é@éﬁﬁﬁ%@p fotas A eRarRyena fdus CBBSiﬁo.n odthards will cause
the edge yyidth {q gﬁ?ﬁ?@éﬁ%@@%@ ABHS 881"‘”3%6@% Sﬁa'?}%ellgwawgm% é%é@t%edthe Itto

decrease. To mainta ain image’s edge widths near the sharp edge wi ear feedback
control systemmaydaseempldyéd totargettheaiddlecuiliary edye addthyalue within the shade

region and to use as feedback signal the edge widths generated from the 20 auxiliary images. The
It A A gt 1 Sl A A (A et or L s

package 442 and corsitute an auxiliary senserdd0. The auxiliaey senses 180 maydurther somprise a
color 25 interpolator 148. Figure 48 shows an alternate embodiment of auto-focus image pickup

apparatus &eg%irhﬂaérwaa@&a@ﬂ@qms ekBépt FEAERIFHAPGerieratbR120' Flfacel 3dR_ Bignal
generatog}%%e'l'hgsa%d@r(y F}‘Béeiﬁgéy%@stﬁ@ auxiliary pixel width being

smaller than the main pixel width.

10 The shaded region in Figure 50 indicates a good
region within which to control the focus position to keep
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

15 cause the it to decrease. To maintain the main image’s
edge widths near the sharp edge width, a linear feedback
control system may be employed to target the middle
auxiliary edge width value within the shade region and to
use as feedback signal the edge widths generated from the

20 auxiliary images.

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 sensor 150. The
auxiliary sensor 150 may further comprise a color

25 interpolator 148.

Figure 48 shows an alternate embodiment of auto-focus
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

30 Converter 110, focus signal generator 120’ together may
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30 Converter 110, 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 49 shows an alternate embodiment of auto-focus 5 image pickup apparatus 103". The
focus signal generator 120 and the processor 112" may be housed in a package 144 as a camera

controller, sepasatedrom theauxdian-pixel array 108" Ihe processd 142" isisimilar 4g-processor 112
except that processor 112" receives images from the 10 main pixel array 2808 as well as the auxiliary

pixel arraylo8® IThe I dcessOmEL 2 Wigylperfoim adof? Tntérpdlatien, aLeolétkrection, a
compresﬁgm[g?goggprgssé%@ c?Pd ﬁqsé%:ﬂgotgﬁ%’gory 43§f.d 116 for the images received on signal
I that t

2830 similar to the 15 processing e processor 112 may perform on signal 130 in Figure 2. Unlike
in Figure 2, here the images received on signal 130 need not receive compression/decompression and
storing to memadry: garasl 16 9 Thé! piveessor a1 2emayg perfermsoidmiste fpodiion wh@ofinages

received on signal 130 for pixels that.are cqvered by colar filters in the auxiliary pixel array 108" and
ondthe LHEP I SOISteR AL e IS signat dneraio T20 S St S T AR o foous
image pidkup systemti?, p02c63; 26 1082 108iamap mchude scedmiputer pregrasicsioradd medium
(not shown) that comprises instructions that causes the processor 112, 112', 112" respectively, and/or

the focussigrial GeféTatdr 126, 120 tbPerfoltfi BRE OF Mofd Bfthé Afnclibrs' destfilednéi&in. By way
of exampl; the,30 instructions May.cause teprogesson L12;anthe §eneraios rocessor

112 except that processor 112” receives images from the

10 main pixel array 2808 as well as the auxiliary pixel
array 108”. The processor 112” may perform a color
interpolation, a color correction, a
compression/decompression, and a storing to memory card
116 for the images received on signal 2830 similar to the

15 processing that the processor 112 may perform on signal
130 in Figure 2. Unlike in Figure 2, here the images
received on signal 130 need not receive
compression/decompression and storing to memory card 116.
The processor 112” may perform color interpolation on

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

generator 120 on signal 146.

The auto-focus image pickup system 102, 102’, 103,
25 103", 103” may include a computer program storage medium
(not shown) that comprises instructions that causes the
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

30 instructions may cause the processor 112 or the generator
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120" to perform a slant correction for an edge width in 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 5 accordance with the above description for Width Filter 209. Alternately, the
processor 112, 112' or the generator 120, 120" may be configured to have a combination of firmware

and hardwarg, ot 8 pgeefrdware implamentafionder-aneroripaere i thefyactipng eantained 10
therein. For example, in generator 120, a slant correction may be performed in pure hardware and a
length filte EZPX performeld BEEorlling té IRFGEHDAS iPA fifmwares While afriermbrytdafd 116 is shown

as part of system 15 102 anynopylatile sjorage, mediymumay pe used nstead, e.g hard disk drive,
wherein iﬁqagt%%to'redg th%r?l; are access(?k‘he by a%ser an(r"%l may%glgcopied to a%if erent location
outside and eawayironathesydtem Q2. Qe oy mnore paraiueters fortusefin thessystem, far 20 instance

th d idth, be stored i til in a_device, within th tem. Th
v ey 68 SRR ki) dbdice THE RrocHEEt diihd Phage Soraf b H b wighal

generatopasa separaterdgvicerfipm thesePoe exmere formylae forusg 254mehe system, for
example for calculating the concatepated length threshold, or for calculating beta may likewise be
stored asgsdtaheters orldleompitér-S@tutaBleGRStiEESHESA abfond@or&tilememory in one or more

of those deyigesn 4 + Whilegertain exemplary embodiments havegeen describerd.and shown in the

accompanying drawings, it is to be understood that such embodiments are merely illustrative of and
not restrictivelornthe bedadBinventionpandthanthissineentioh @otfben liritedhto thespecificed

coqﬁruct'%ns and arrangerlr:]ents srplown ang gescrir?eg, gince \iaﬁié)us othe& mrg)gifications may occur to
those ordinarily skilled in the art. =™~ generato 7o & Se

correction may be performed in pure hardware and a length
filter 212 performed according to instructions in a

firmware.

While a memory card 116 is shown as part of system

15 102, any nonvolatile storage medium may be used instead,

e.g. hard disk drive, wherein images stored therein are
accessible by a user and may be copied to a different

location outside and away from the system 102.

One or more parameters for use in the system, for

20 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

25 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 1in one

or more of those devices.
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CLAIMS 1.A method to generate a focus signal from a plurality of edge widths to indicate a degree of
image sharpness in an image, each edge width belonging to one among a plurality of edges in the
image, comprising:  determining that a gradient profile across an edge in the image has a first value
for a first parameter measured at a first gradient level and a second value for a second parameter
measured at a sgeond gradient levelstherdisstand sepprhgradientlexals beipg Lifferent gradient
values defined as a first fraction and a second fraction, respectively, of a peak gradient value of the
edge, bofftfi€ firdpaAd sacbnalparamétersthein stermped basedBrathié jeadient profife to both
sides of ﬁ%ofd%%g@g@ggarogg St ggtgﬁmmov&q%%%}ge Q@év%g% ts a predetermined
crlterlon epends on the second value; and,  rejecting or attenuating a contribution of an edge
width of th]é kdge regeinecating therfbcus signalavhere thevedgerdoes eobmeetthe predetermined
criterion. 2. The method of cLalm 1, wherein the first constraint req ires the férs(}-val to be, to

withi adrggee(&jﬁﬁﬁé]d to?é}gnc 6ﬁd vall g%tuhﬁ)ﬂe&l%ﬁhk&ep d’é@éﬁﬁﬁ fFer. 3.

The methaslof clair chhgﬂeﬂht@@me@tqmn@rmam@@ﬁ@@I:un@ﬁ@mf the@dge width. 4. The
method of claim 2, wherein the predetermined multiplier is interpolated from a sequence of multipliers,

ead1mumﬁﬁﬁ%%Q?Qﬁa%hﬂ&ﬁﬁﬁﬁﬁﬂpus other modifications may occur to

those ordinarily skilled in the art.

- 46 -



5. The method of any one of the above claims, wherein the first parameter is either:  a width of the
gradient profile measured at the first gradient level; or,  a count of pixels in the gradient profile that
have gradient levels anywhere from the first gradient level to a peak gradient level of the gradient
profile. 6. The method of any one of the above claims, wherein the second parameter is either:

a width of the gradient profile measured at the second gradient level; or, -2- a count of pixels in
the gradient profile that have gradient levels anywhere from the second gradient level to a peak
gradient level of the gradient profile. 7. The meéhog of any one of claims 5 and 6, wherein the width
is measured from a gradient or interpolated gra one side of the peak to another gradient or
interpolated gradient on the other side of the peak. 8. The method of any one of the above claims,
wherein the first and second gradient levels are within a range from 10% to 90% of a peak gradient
level of the gradient prafileethad The mEh6ed et anyorfecithe abevé élaifWherein the first and

second gradient levels are within a range from 15% to 85% of the peak gradient level of the gradient
profile. plurality of edge widths to indicate a degree of image

sharpness in an image, each edge width belonging to one
among a plurality of edges in the image, comprising:

determining that a gradient profile across an edge in
the image has a first value for a first parameter measured
at a first gradient level and a second value for a second
parameter measured at a second gradient level, the first
and second gradient levels being different gradient values
defined as a first fraction and a second fraction,
respectively, of a peak gradient value of the edge, both
the first and second parameters being determined based on
the gradient profile to both sides of a peak of the
gradient profile;

determining whether the first value meets a
predetermined criterion that depends on the second value;
and,

rejecting or attenuating a contribution of an edge
width of the edge in generating the focus signal where the

edge does not meet the predetermined criterion.



10. The method of any one of the above claims, wherein the first and second gradient levels are within
a range from 20% to 80% of the peak gradient level of the gradient profile. 11. The method of any
one of the above claims, wherein the gradient profile is a sequence of consecutive all-positive or
all-negative gradients across a plurality of pixels arrayed side-by-side in a first direction plotted against
a sequence of consecutive integers, a peak gradient within the sequence has a peak gradient value
whose magnitude is maximal among magnitudes of gradient values of all gradients within the
sequence, and each side of the peak gradient includes at least a gradient. 12. The method of any

one of the above claimiSwhereiPtheBdge Widfh, any Witht o the'gtadient bl Bid fHefitst and

second parameters are corrected for a slant of the edge for determining the first constraint. -4-
requires the first value to be, to within a predetermined

tolerance, the second value multiplied with a predetermined

multiplier.

3. The method of claim 2, wherein the predetermined

multiplier is a function of the edge width.

4. The method of claim 2, wherein the predetermined
multiplier is interpolated from a sequence of multipliers,

each multiplier for a different edge width.

5. The method of any one of the above claims, wherein
the first parameter is either:

a width of the gradient profile measured at the first
gradient level; or,

a count of pixels in the gradient profile that have
gradient levels anywhere from the first gradient level to a

peak gradient level of the gradient profile.

6. The method of any one of the above claims, wherein
the second parameter is either:
a width of the gradient profile measured at the second

gradient level; or,



a count of pixels in the gradient profile that have
gradient levels anywhere from the second gradient level to

a peak gradient level of the gradient profile.

7. The method of any one of claims 5 and 6, wherein
the width is measured from a gradient or interpolated
gradient on one side of the peak to another gradient or

interpolated gradient on the other side of the peak.

8. The method of any one of the above claims, wherein
the first and second gradient levels are within a range
from 10% to 90% of a peak gradient level of the gradient

profile.

9. The method of any one of the above claims, wherein
the first and second gradient levels are within a range
from 15% to 85% of the peak gradient level of the gradient

profile.

10. The method of any one of the above claims,
wherein the first and second gradient levels are within a
range from 20% to 80% of the peak gradient level of the

gradient profile.



11. The method of any one of the above claims,
wherein the gradient profile is a sequence of consecutive
all-positive or all-negative gradients across a plurality
of pixels arrayed side-by-side in a first direction plotted
against a sequence of consecutive integers, a peak gradient
within the sequence has a peak gradient value whose
magnitude is maximal among magnitudes of gradient values of
all gradients within the sequence, and each side of the

peak gradient includes at least a gradient.

12. The method of any one of the above claims,
wherein the edge width, any width of the gradient profile,
and the first and second parameters are corrected for a

slant of the edge for determining the first constraint.



