AUTO-FOCUS IMAGE SYSTEM This patent application claims priority to United States Provisional
Patent Application No. 61/348,699, filed May 26, 52010, and Japan Patent Application No.
2010-122100, filed May 27, 2010. BACKGROUND OF THE INVENTION 1. field of the Invention

The subject matter disclosed generally relates to auto-10 focusing electronically captured images. 2.
Background Information Photographigigeligigenksusinasdigitairegmeras and digital camcorders may
contain electronic image sensors thatcaprture fight for processimg mto still or video images,
respectively. 15 Electronic image sensors typically contain millions of light capturing elements such as
photodiodes.  Many.image capiuring deyices sugh.as cameyas dnclude gn;auta-facusing, system.
The process of auto-focusing Includes the steps of capturln? an image, processing the image to

determinB 20" Whethe? it i8 i fichisAard i ¢t ‘geheratind & feddbdtk Sigrial trat i¥¥ged %o vary a focus

position ofa focusenssaihare ase &we PRIy asto-facusing teghaiques. The firstiteshnigye Involves
contrast r2neasurer8ent, the other technique looks at a
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BACKGROUND OF THE INVENTION

1. Field of the Invention

The subject matter disclosed generally relates to auto-

10 focusing electronically captured images.

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 wvideo images, respectively.

15 Electronic image sensors typically contain 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

20 whether it is in focus, and if not, generating a feedback signal
that is used to vary a focus position of a focus lens. 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

25 method the 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 video.

The phase difference method includes splitting an incoming

30 image into two images that are captured by separate image
sensors. The two images are compared to determine a phase
difference. The focus position is adjusted until the two images

match. The phase difference method requires additional parts
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phase difference between a pair of images. In the contrast 25 method the 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 video. The phase
differenceumethad Iacludes splitling aarneomingn3@intage inte two snages-that are captured by
separateAi@g € .Sensors. Thehtgvo iﬁaagees are ﬁgmﬁ%acred éo detea(C in%1 a phase SEjile;erence. The focus
position is a jus]’[etlil1 un |P/thettwo i%ages match: The p%asg%ﬁ?erence methGa requires additional parts
such as abdeamisplzttersarzdlanlextrd Image isensor Adsditionallypthenpgtrase diferemgeappreddh
analyzes a relative%y amall band of fixed detection Ipoints Having a sg1al| group of detection pkc))ints is
rou% O efection BO s 1S one %o Eerror _because Q%lse ﬁa. e
prone to &r7or beCause noise may be superlmﬁjosed onto one or more points. Thistec n|¥|ue is also
ineffectiveuptheidatestish points doaobcoincide withian fmag€ledget Firally dvecausedhe phase
difference,sthod spits the light the.amant.of it fhat impingss aa jatsensopis gyl in haifor
even more. This can be problematic in dim 10 settings where the Image Ilglht Intensity Is already low.
BRIEF SUMNMARYAOF THEINVENTION: cauAn aute fadusdmadelsistean thatachides aopixélsarray
coupled 10 facis iongl Jeneipint: e Rixgharay.captyes aplags thathas At ieastgne edge with
a width. The generator 5 generates a focus signal that is a function of the edge width and various
statistics®fledge width! BRIEFDESCRPTION'OF THE DRAWINGSMatic in dim

10 settings where the image light intensity is already low.



FIG. 1 is a schematic of an embodiment of an auto-focus image pickup apparatus FIG.2is 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 matBrRIEF SUMIGBYillogtratas atcaiamationof edge width from a 10
horizontal gradient. FIG. 6A, 6B are illustrations of a calculation of an edge width of a vertical edge
in a boundary having a slant angle 0. FIG. 6C, 6D are illustrations of a calculation of an edge width
of a horizontal edyelinEPbdWTiETy HavH® & SRRetAngled:. 15FIGU7GS adlowcharlt of arprocess to
calculate a,glant.angle Q.and couectan gdgg widthfora vertigal %99%'1 a bounday;having a slant.
FIG. 8 is an illustration of a vertical concatenated edge. FIG. 9A is an illustration of a group of
closely-packéd 20%ekical bars FIG. 983§ & gtaph ¥ af imabe sigrialdtfoss FIE 9PENer#iGroC is a
graph of aharizoptal SobebgradientactasshlG: % 2 ruddGidP is A flanchaitef g, pragess to

eliminate closely-25 packed edges having shallow depths of modulation.
and various statistics of edge width.




FIG. 11 is a histogram of edge widths illustrating a range of edge widths for calculating a fine focus
signal. FIG. 12 is an illustration of a scene. FIG. 13 is a graph illustrating a variation of a
narrow-5 edge count during a focus scan of the scene of FIG. 12 FIG. 14 is a graph illustrating a
variation of a gross focus sigpalmiringrJocuspscanof e scene pREKEINES  FIG. 15 is a graph
illustrating a variation of a fine focus signal across a range of focus positions. 10FIG. 16 is an
illustration of a aratus displaying multiple gbjects in.a scene and g selection mark over one of the
objects. FIG. 'is% ﬁgcl?d%%&rlagrlﬁao%%gﬂr% er%%o%ﬁboc%l id Oajfusallgn %gﬁboré or I5FIG. 18 is a

Mment of an exc
block diagrerof@isscondaarpbadiment of an exclusion calibrator. FIG. 19 is a flowchart of a
process to determine exclusion ranges for one edge characteristic. FIG. 20 is a flowchart of a
process to deteg?@g ach%lnaof SZOheexcll}J%Sf{%n ranges foﬁ @euétrlpall% gd%% ct&gractenstlc§. FIG. 21 is an

! ) chem Q bodime ) . )
illustration of a Scene having edges at 8 erent focus glstances each under a cﬂﬁerent ﬁllﬁmlnatlon.

FIG 522 isaffirstthistogramagfenaximakfumipaace ofiedges
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 in a boundary having a slant angle ¢.

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

width of a horizontal edge in a boundary 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 in a

boundary having a slant.
FIG. 8 is an illustration of a vertical concatenated edge.

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

20 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-

25 packed edges having shallow depths of modulation.



and a second histogram for only sharp-enough edges within a 25region (wall clock) of FIG. 21. FIG.
23 is a first histogram of a hue of edges and a second histogram for only sharp-enough edges within a
region (wall clock) of FIG. 21. FIG. 24 is a first histogram of luminance change magnitude 5
across edges afad @.seconddistogtiaam derrenly sharpiegroughiedges withinta eegiony (walkelogk) of FIG.
21. FIG. 25 is ? rowchg;& of a process of focus scan. _. FIGts. 26-28 are illustrations of images of the

scene of FIG, geca“ﬁf‘ure At %I%rent focus Bégfﬁoﬁs.ffﬁiﬁ& 48§ asglr%ﬁ lustrating a sharp-edge

count versus a hue at focus positions FA, FB, and FC of FIG. 13. FIG. 30A is a graph showing hue
exclusion rangesIfar. focus positioniFA (thauntains, sun & karizon”). FIG. 30B is a graph
showing hue exclusion ranges for focus 15position FB ("car"). FIG. 30C is a graph showing hue

exclusion rang r facus position FC.("person’). FIG. 31 is an illustration showing edges in sharp
focus correspo?dIlfr% tcc))lct%elf%cas %ggﬁén Jl‘i:@blfS %I@tl?geiﬁg\é%rﬁahﬁg%eg %naa Q%ﬁqﬁacflwg FIG. 32

is alillustrigioncshowingledgey irrsiHarpfecuspositidn EB=ofdel&n d4ddeind Gighlighted on a display.

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

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

FIG. 15 is a graph illustrating a wvariation of a fine focus

signal across a range of focus positions.

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

objects.

FIG. 17 is a block diagram of a first embodiment of an

exclusion calibrator.

15 FIG. 18 is a block diagram of a second embodiment of an

exclusion calibrator.

FIG. 19 is a flowchart of a process to determine exclusion

ranges for one edge characteristic.

FIG. 20 is a flowchart of a process to determine a chain of

20 exclusion ranges for multiple edge characteristics.

FIG. 21 is an illustration of a scene having edges at

different focus distances each under a different illumination.

FIG. 22 is a first histogram of maximal luminance of edges
and a second histogram for only sharp-enough edges within a

25 region (wall clock) of FIG. 21.



FIG. 33 is an illustration showing buttons on the image capture device for the user to request jumping
to the next 25 farther or nearer sharp focus positions. FIG. 34 is a flowchart for a focus control system
in seek mode. FIG. 35 is a graph of a narrow-edge count versus focus position during a seek to
the focus positiat EB arsl a subsequent switchdg adirackinginode. of edolés 3618 aagrapbehowing
the gros f.ocmth sgnal gurin% 315593}1( to the Igocushposétion FB .cto}rlregpondin to FIG. 3 FIG. 37 is
agraph o Harr -elagecf:]f)unfl vé’rsﬁs?géjusepc?s}fﬁon for an"alternate embodiment whérein the focus
system swiitch&$ tofragkiag mdde. FIG. 38 is a flowchart for focus control system in seek
10mode for FIG. 37. FIG. 39 is a graph illustrating a variation of the fine focus signal during
tracking of a moEv{rég C?L%jia for an felrrrﬂgc%diﬂn.ent of a focusfcqntrol system that maintains thteufcipee focus

. . . : t . Ch ,
signal at a minimum. IG 40 is a graph ﬁﬁsﬁ%ﬁﬁ&%w a ﬁr%?ocu%e&gcna Varies With time during a

shap focusracguisitigrs aiGadtdésagraph dlustrating dvariatidny of therfinesfocugisignadearing a

t_rackmg %fi%}rlnlovmdg g@ﬁ%fﬁ)r an aalltf_rgeitg cq(r?b%(%l of Ecicps _control .system that mamtqlns the 20
fine focus signal at an offset from a minimum. FIG. 42Ais an illustration showing a first image
captured when a selection region selects a bird in a scene and the exclusion calibrator calibrates for

the bird when inFsltarp46cus: 25FIGo42Bds andlfustration shewingfa Secoisd #mage captured

FIGs. 26-28 are illustrations of images of the scene of

FIG. 12 captured at different focus positions.

10 FIG. 29 is a graph illustrating a sharp-edge count versus a

hue at focus positions FA, FB, and FC of FIG. 13.

FIG. 30A is a graph showing hue exclusion ranges for focus

position FA (“mountains, sun & horizon”).

FIG. 30B is a graph showing hue exclusion ranges for focus

15 position FB (“car”).

FIG. 30C is a graph showing hue exclusion ranges for focus

position FC (“person”).

FIG. 31 is an illustration showing edges in sharp focus
corresponding to the focus position FA of FIG. 13 being

20  highlighted on a display.

FIG. 32 is an illustration showing edges in sharp focus

position FB of FIG. 14 being highlighted on a display.

FIG. 33 is an illustration showing buttons on the image
capture device for the user to request jumping to the next

25 farther or nearer sharp focus positions.

FIG. 34 is a flowchart for a focus control system in seek

mode.



after the bird has moved to a second location of the image capture frame. FIG. 42C if an illustration
showing a third Image captured after the bird has moved to a third location from the second location.
FIG. 43 is a first histogram of a length of concatenated 5 edges and a second histogram of only
concatenated shap-eaughsedges-@ind) of FIG nd2A.ow-ddGe 44 s atirstdhistograinof slant angle

from the vertlc%l axis of reglges and a gectogdtm%togram of onlg/jfsﬁhlegg-eE[EJurgg O{adagess u(kt))lsrg(ﬁan 516 2

10FIG. 4598 a biGck diagram of an alternate embodiment B & Tocus 'signal generator.

) of FIG. 42A.

schematievoftarhalternateterabadiment@fian auto-focus image pickup apparatus. FIG. 47 if a
schematic of an embodiment of an auto-focus 15 Image pickup apparatus having a main pixel array

and an auxiliary_pixel Y. FIG. 48 if g schematjc of an alternate embodime tcgan.auto-focus
et maing a LA ) Ly i ATy PO areay TOFIC 40 P

. W1
Image pickup apparatus having a’main pixe arraygan

schematiessf lantalterhatefembedipvent of an diko-fogusslsrageipickurr apparfatushaving a main pixel
array and an auxiliary pixel array. FIG. 50 is a illustration of a variation of an edge width from a

main pixel array.a a% risl,ac%ior%l o%%gl ﬁqgggyigghrfggrmp_aé%ég a ()j({lligrcy Qié]gls%rga%gggligerent focus
ESCRIPT

positions. DETAILED

position for an alternate embodiment wherein the focus system

switches to tracking mode.

FIG. 38 is a flowchart for focus control system in seek

10 mode for FIG. 37.

FIG. 39 is a graph illustrating a variation of the fine

focus signal during tracking of a moving object for an

embodiment of a focus control system that maintains the fine

focus signal at a minimum.

15 FIG. 40 is a graph illustrating how a fine focus signal

varies with time during a sharp focus acquisition.

FIG. 41 is a graph illustrating a variation of the fine

focus signal during a tracking of a moving object for an

alternate embodiment of focus control system that maintains the

20 fine focus signal at an offset from a minimum.

FIG. 42A is an illustration showing a first image captured

when a selection region selects a bird in a scene and the
exclusion calibrator calibrates for the bird when in sharp

focus.

25 FIG. 42B is an illustration showing a second image captured

after the bird has moved to a second location of the image

capture frame.



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 with a 5 width. The focus
signal generator may generate a focus signal that is a function of the edge width and/or statistics of
edge widths. A pmoeesgarcreceives the focusrsignarandfenthestatistics of edge yddihsandradjust a
focus position of a focus lens, The edge width can be 10 determined by various techniques including
the use o BRI ATHETbor i O SR Wit iy 6 dot s GAeAnE wither S Bhdicular image
is focusetlaaratmnfocused. A histogram with a large population of thin edge widths is indicative of a
focused image. 15 Architecture Referring to the drawings more particularly by reference numbers,
Figure 1 showsEatﬁ mggdlment oﬁlgsatut%-fo us image captur. sfys%%molpzé The system 182 may be

- . . t
part of a digital s cameral,%u?lt is t0 be understood that 20 the system can be embodied in any

device thad gequirescontroted focusing: ofarimade ofhe/ systemeithmaydncludea-fecaosiiens 104, a
pixel array an cir uitlg 08 9%@ converter 110, a processor 112, a display 114, a memory card 116
and a drive otor(/%l"}cw 1f . Light from a' 25 scene enters through the lens 104. The pixel array and
circuits 108 generates an analog signal that is converted to a digital signal by the A/D Converter 110.
The pixel array 108 ma#incerporaters mdsaic-coloppattérns éan the Bayer paterntThe digital signal

may be sentlq fhe, 30 pracessor L2 that pesforms Yarays PIaGessesye-g-calpy ntegpolgtion, focus

position control, color correction, image compression/decompression, user interface control, and
display centolanddo¢ise fdelisdigreal geheratdr220. Where the focus signal generator 120 and the
processor 112 5 reside within different packages, a color interpolation unit 148 may be implemented to

peﬂgwncmorM§¥@gby9nis a block diagram of an alternate embodiment of a

focus signal generator.

FIG. 46 is a schematic of an alternate embodiment of an

auto-focus image pickup apparatus.

FIG. 47 is a schematic of an embodiment of an auto-focus
15 image pickup apparatus having a main pixel array and an

auxiliary pixel array.

FIG. 48 is a schematic of an alternate embodiment of an
auto-focus image pickup apparatus having a main pixel array and

an auxiliary pixel array.

20 FIG. 49 is a schematic of an alternate embodiment of an
auto-focus image pickup apparatus having a main pixel array and

an auxiliary pixel array.

FIG. 50 is a illustration of a variation of an edge width
from a main pixel array and a variation of an edge width from an

25 auxiliary pixel array at different focus positions.



on the digital signal 130 to estimate the missing color signals on each pixel for the focus signal
generator 120. Alternately, where the focus signal generator 120 and the 10 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 generated from th&AAX taliveRBS TR Bl BXEmple a 15 grayscale signal. The
focus signal generator 120 receives a group of control signals 132 from the processor 112, in addition,
and may outputsianajs L34 fo e prpcessor L3 The auiaul sidngls L may, comprise, oneor ore
of the 20 following: a focus signal 134, a narrow-edge count; and a set of numbers representing a
statisticsyof rdde widtha in the impdged The processorsl 12 imayadengeate afocus.controksignat 4 36 that
is sent to the drive motor/circuit 118, to control the focus lens 104. A focused image is ultimately 25

provided 35 HRYdiSHIRF LEASnd16r StBYed5n fHethe M8 cald 156 STheHiSoratH(E) tidedto%djust a
focus positiert may berperfermedbysthgpracessorcdze o r Theypixel aeray ead girguits 198, AID
Converter 110, focus signal generator 120, and processor 112 may all 30 reside within a package.
Alternatefyi #ieagixdldray bhd 2iréWR 08O A/ Eoiittte? U6, dntGEEusSighaP §enerator J20 may
reside within,a package 142 asimade sanspr 19020y i Eigue 1, seRsrgledfram dnerypgessor 112
Alternately, the focus signal generator 120 and processor 112 may together reside within a package
144 as a<agresd 5 zontraler 16@ skavertinFigure 2o Sepadate fromithie pixehdrrayl 108 andA/D

Converter 110. Focus Signal Generator Figure 3 shows an.embodiment of a focus signal
%ocus posié{on o? a Eoéﬂs fens. The egge wfdth cangke

10 determined by various techniques including the use of
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.
15 Architecture

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

20 the system can be embodied in any device 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 card 116 and a drive motor/circuit 118. Light from a

25 scene enters through the lens 104. The pixel array and
circuits 108 generates an analog signal that is converted
to a digital signal by the A/D Converter 110. The pixel
array 108 may incorporate a mosaic color pattern, e.g. the
Bayer pattern. The digital signal may be sent to the

30 processor 112 that performs various processes, e.g. color

-9.-



generator 120 receiving image(s) from a image providing 10 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 edge detection & width measurement (EDWM) unit 206, a focus
signal caictitatan210a a lengfh filter 232 powidth tilter 461209 0an exahision fiter 28 ¢ tandran exclusion
calibrator 205. It may further comprise a fine switch 220 and an exclusion switch 230, controlled by
inputs 'finé"29% af@TERERES 23D/ RRFERRER SPRS ocud Sighal R heratta20FRaY Bidvide a

narrow-edge; coynt fromythe yigth dilter 20,209 and-g focyis signalfrem the fogus.signal calcyigtor 210,
the focus signal being configurable between a fine focus signal and a gross focus signal, selectable by
input 'finé 222 cAltdraatélycbicth $ine focls Simakaicogross focas sighllanayrivs ealeulated bad output

as part of output 25 signals 134. The edge detection & width measurement unit 206 receives image(s)
S et b i) Gl T S o R i
signals (calibrate ¢gmnnandadexyandRAW) inputte the fotussignallgenetatarct2o Inntheeontext of

30 Figures 1 and 2, these command and cantrol signals, along with control signal ‘fine’' 222 and

‘exclude' @328y Bé Iorbdided by ielprocdssbP1 £5ih dhfhars 135 AbIS #H9cdnitex? bf Figures 1
and 2, thg pytput signals 34 1mayihe-nrovided {g,ibe processarild, which functieps-as a focus

system controller that controls the focus position of the 5 focus lens 104 to bring images of objects into
sharp fodustonné pixélarrajnEosshycairalyizingthe Dupuedigaals 234 toodetéetta shadp bbiect in the

im de. Various compo T? of the f cuscsi n%l eneratocrﬁlzo are desqgibed b@&)w. T %EDWM unit
208 Iy ARSI T bt i ags 10 sooh T e B thiee Sonals SFRE Tasgel bt (R). Sreen (G) and
blue (B) @reconverierhtela sjrgle imagersigredl. 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 generated from the A/D converter 110, for example a

15 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
output signals 134 may comprise one or more of the

20 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 focused image 1is ultimately

25 provided to the display 114 and/or stored in the memory
card 116. The algorithm(s) used to adjust a focus position

may be performed by the processor 112.

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

circuits 108, A/D Converter 110, and focus signal generator

-10 -



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 15 values can be taken to
form the single image signal. For example, the luminance value can be calculated with the equation
Y=0.2126"R)+Qa/1 5285 + 0%22tB,iwhere Yais kimjpancevaiue. Tha gngledmage sighal may then
be processed by a Gaussian filter or any lowpass filter to 20 smooth out pixel signal values among
neighboriyPixels iy rerfdveé & nbiseS FRE foeh§ sighalfyendPatorer ?Lﬁ@,rlﬂ(&' 4s not limited to

grayscalg signal, i may.operaie op @y one {rgagde, sighal 4o detsct anepormere edges ndhe image 25

signal. Or it may operate on any combination of the image signals, for example Y, R-C, or B-C. It may
operate drleadheandteveptdmeroftre RI6G, Binage signalsSkparately or afy ene smnmbdre

combinations, thereof, to ct edges. It may. form statistics of edge, widths for each of the R, G, 30 B
mage SRS B S borhBat bt 1Eha o (o B oar o SIaihs ot BAGe widths
from onezor magre ird8geasignals.D CA grasthient of the processed image is then calculated. There are
various methods available to calculate the 5 gradient, including Laplacian, and Sobel. Gradients

across thbe colum%siand t{leé%vrxés may be calculated to detect vertical and horizontal edges

respectiveﬁ/(,:?osf exar%BFe using 5 Sobal-X operator and a Sobel-Y operator,

Figure 3 shows an embodiment of a focus signal

generator 120 receiving image(s) from a image providing

10 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 edge
detection & width measurement (EDWM) unit 206, a focus
signal calculator 210, a length filter 212, a width filter

15 209, an exclusion filter 207, and an exclusion calibrator
205. It may further comprise a fine switch 220 and an
exclusion switch 230, controlled by inputs ‘fine’ 222 and
‘exclude’ 232, respectively. The focus signal generator
120 may provide a narrow-edge count from the width filter

20 209 and a focus signal from the focus signal calculator
210, the focus signal being configurable between a fine
focus signal and a gross focus signal, selectable by input
‘fine’” 222. Alternately, both fine focus signal and gross
focus signal may be calculated and output as part of output

25 signals 134. The edge detection & width measurement unit
206 receives image (s) provided by the image providing unit
202. The exclusion calibrator 205 receives command and
control signals (calibrate command, index, and R/W) input
to the focus signal generator 120. In the context of

30 Figures 1 and 2, these command and control signals, along

with control signal ‘fine’ 222 and ‘exclude’ 232, may be

-11 -



respectively. Sobel X-operator at pixel location [k, q] 10 where k is a row number and ¢ is a column

number, is given by the equation Sx[k, q] = U[k, q+1] - U[Kk, g-1]. Sobel Y- operator at the same

location is given by the equation Sy[k,q] = U[k+1,q] - U[k-1,q], where U is an image signal of the

processesrimagecktd Oxentationsraggingskcachipizel imtaggegheither ajwrizomtalesdge(' Har a

vertical edge ('V") if either vertical or horizontal gradient magnitude exceeds a E‘redetermined lower
r

limit ("eliffitati6H thredhold T &GS for &P8-bitima§E o hbPbledfe FirettRerlis fruBaFhi® fower limit
eliminates spyrieusedgss dye to,gentleshading s noisg A Rixel,is tagged & vestical edge,if its

horizontal gradient magnitude exceeds its vertical gradient magnitude by a predetermined hysteresis
amount rysdrelne. g o2 fof @ah13=hit infagye, amdh23 vike versa. If bothyradienttmagnitaded differ less

than.the Qgst%rsesi earq]ozp@ 4h%8i>(<jgl efs a inTrlectieon t%%s%rge as 1Ehsat l0}°1 itsb ne rest nej hggrs that has
an |rect|oncfag a read§/ etermined. For (%(ampefg, ifthe |magejis scannedtfrom et o right’in each row
and fromaawtib ¢ow 38 dowawardg, a Sequence b ingpdation of seighbgring pixelsaay be 3ide pixel

above first, the pixel above left second, and the pixel on the left third, and the pixel above right last.

Applying this A§SEfesisheitebRnSbredfidt adfacEREpikdle et simifariagef eAATEAEM Has nearly
identical herizantal apd yertical gradieptdpagnitudes. pijoured IHustratesfhe regult gf 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

either horizontal or 10 @éﬁc&l@’ﬂ%i@ﬁ%jrﬁagzr@téd@@i(ce%ﬁ‘@%f@j%{ﬂfy%?hié Ridptas'dtyeSixels are
p”T@d"E@%ﬂaEﬂQEt%ﬁgu@%¥@é'Signals of the image, red (R), green

(G) and blue (B) are converted to a single image signal.
Several techniques can be utilized to transform an image to
a single image. RGB values can be used to calculate a
luminance or chrominance value or a specific ratio of RGB

15 wvalues can be taken to form the single image signal. For
example, the luminance value can be calculated with the
equation Y=0.2126*R + 0.7152*G + 0.0722*B, where Y is
luminance value. The single image signal may then be
processed by a Gaussian filter or any lowpass filter to

20 smooth out pixel signal values among neighboring pixels to

remove a noise.

The focus signal generator 120, 120’, 120” is not
limited to grayscale signal. It may operate on any one
image signal to detect one or more edges in the image

25 signal. Or it may operate on any combination of the image
signals, for example Y, R-G, or B-G. It may operate on
each and every one of the R, G, B image signals separately,
or any one or more combinations thereof, to detect edges.
It may form statistics of edge widths for each of the R, G,

30 B image signals, or any combination thereof. It may form a
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The image, gradients and tags may be scanned horizontally for vertical edges, and vertically for 15
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 if no adjacent pixel on left or
right of the-gradp areflikewiser bikewisereachigreupaf congeculive pixelsfit ar? 0csamenegolumn having
a same vertical gradient polarity and all tagged for horizontal edge may be designated a horizontal
edge if n"BQ8fRcemasitel abGVEdrbelow the group satisfies the same. Thus horizontal and vertical
edges may be identified. 25 Edge Width Each edge may be refined by removing pixels whose

gradient magnitydes-arelessttharr a givendrastiensedhe peakygradient magnitudewithin the edge.
Figure 5 lllustrates this step using a refinement threshold equal to 30 one third of the edge's peak
gradient magRRudEL PefithEtRE 8d§E Wt 8ow f0-3 fomhthé SrigiRald! ThfsSedgeSrefinement

distigguighes ihe deminaptgradieptcamponent; that sets, thecapparent edge, width, that dorpinates

visual perception of the edge's sharpness despite an image having multiple overlapping shadings that
may causengradizhtsitios gently deecayroves many pixels:a 1 cEdgetwidthimaylbé ealculated in any one

of known rget,@ods.lOne rge@od of Calf:lél tlzﬁgdtedeqe width is smp\l_y iountlggthe number of pixels

within anved]ée.l&% altémate méthad ot Saledia Cl%gsedrggsvﬁgtﬁtisl dhowr in |d:urg B Figure 5, a

first fractippakjxel positien (2:4)ds ot between afirsbeuternixeldeixel3) of a refined edge and the
adjacent outside pixel (pixel 2) by an interpolation from the refinement threshold 304. Likewise, a
second freREORE bixBEIosition(58F is fOTRPEEtvEER adecBHd B outeFpikeIpixéls) afd its

adjpgent,oitside pixel {pixel oy number and g i1s a column number, is 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] - Ulk-1,q9], where U is an image signal

of the processed image.
15 Orientation Tagging

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

20 edge if neither is true. This lower limit eliminates
spurious edges due to gentle shading or noise. A pixel is
tagged a vertical edge if its horizontal gradient magnitude
exceeds 1ts vertical gradient magnitude by a predetermined
hysteresis amount or more, e.g. 2 for an 8-bit image, and

25 wvice versa. If both gradient magnitudes differ less than
the hysteresis amount, the pixel gets a direction tag same
as that of its nearest neighbor that has an direction tag
already determined. For example, if the image is scanned
from left to right in each row and from row to row

30 downwards, a sequence of inspection of neighboring pixels

may be the pixel above first, the pixel above left second,
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6). The edge width is found as the difference between these two fractional pixel positions, 5.5 - 2.4 =
3.1. Slant Correction In an image, a boundary between two regions that have 20 different brightness or
hue becomes thicker or thinner as the image becomes more focused or becomes less focused. The
thickness:efdhisthoupdary is awidth across thedvoundarydn a direetianipespendiciias te thgnoundary.
If the boundary is vertical, the direction 25 perpendicular to the boundary is the horizontal direction. If

the bound&§/lis hodZIntal 4AE diréctidn perientrRabe td HeBduhdary TSihE Yeftitaltdirection.
Within thg boypdary, aniimage signal (€49, {uriposityy Blug £hroma, sigral cordgd ghromassignal) has a

transition 30 from one side of the boundary to the other side. The visually perceived extent of the
boundary: eeefs a #ikinity bl whereahe &aAsiVieTis sSteepestradifthe boagdary ishastical, the

steepness.of the trgnsition is reflected i radient signal . generated 5 horizontally, acrgss the
pougeiny, 1 Enc e o e OTIeE A PP aa O TR Do Sl Laks and a width
of the neighbarhood thesefbte-careespamnditotbe visually pereeiveshextent of thedaotindaryland a
thickness of the boundary, respectively. The neighborhood is a group 10 of adjacent pixels whose

horizontdt gFadikéts & Ve AFEd&Ermined fHactibh of HIPREK graifent. THe HeldgHbbrhood is a

vertical edgg adefined egrlier indhis degeriptign.andithe width of the neighbgghopd ds an edge width
of the vertical edge. The vertical boundary then can be seen as 15 comprising a plurality of such
vertical ddgés affayediretticaihy.xels that have either horizontal or

10 wvertical 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

15 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 in a

20 same column having a same vertical gradient polarity 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.
25 Edge Width

FEach 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
illustrates this step using a refinement threshold equal to

30 one third of the edge’s peak gradient magnitude, refining

the edge width down to 3 from the original 9. This edge
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Likewise, if the boundary is horizontal, it can be seen as comprising a plurality of horizontal edges
arrayed horizontally and their edge widths represent the thickness 20 of the horizontal boundary.
However, not all boundaries between regions in an image are oriented vertically or horizontally. Many

boundaries areniselined withsespeet tasthe yertical anshhiofizantabdirestiens; and upualydess inclined
with respect to one 25 than the other. This situation is Illustrated in Figures 6A to 6D. In Figure 6A,

boundanf #E5-is3EdtRidht BodRRity BeivedRIEYIUH 456! and! FegicHPASE EHeSS inclifétRfrom a

vertical dashediline;at,a slant.angleyin v CAOCA%SLeer@%erd@g?%@ 68y boyndary #12,15,a-straight
boundary 30 between region 422 and region 432 and is inclined from a vertical dashed line at a slant
angle 0 imvah ahb-kibckwise haanmendn Flyure 6Q sbdundaryHiy is astraightibolineaisbetween
regign 424e%ncdlregi 0 4§4 ag\c/j S inI%gned from glhsorizontal dashed line at a slant angle 0 in an anti- 5
clockwis€ manner. Igigzre 6&%oun§gry%11§ iS a Straight boundary between region 426 and region
436 and is inclined from a horizontal dashed line at a slant angle 0 in a clockwise manner. As shown in
Figures 6A to 6B¢lthe thitkligssesof the 10 bbandariesdshowreasyb)that avé thewidths
perpendiculgﬂy gcross @e boun%%risg are IndeEenqent of the s(lz?nt a%ﬁgg. Widths meafured in the
horizontal direction across thé boundaries (s%%wﬁ%saa %nnlgigﬁre%%A and 6B, and Tikewis€ measured

in the vedisakdiregtion-acrossitipdpundarest@ls within an edge. An alternate

method of calculating edge width is shown in Figure 5. In

10 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. Likewise, a second
fractional pixel position (5.5) is found between a second

15 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.
Slant Correction

In an image, a boundary between two regions that have

20 different brightness or hue becomes thicker or thinner as
the image becomes more focused or becomes less focused. The

thickness of this boundary is a width across the boundary

in a direction perpendicular to the boundary.

If the boundary is vertical, the direction
25 perpendicular to the boundary is the horizontal direction.
If the boundary is horizontal, the direction perpendicular

to the boundary is the vertical direction.

Within the boundary, an image signal (e.g. luminosity,
blue chroma signal, or red chroma signal) has a transition

30 from one side of the boundary to the other side. The
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15 Figures 6C and 6D, are edge widths of the edges (vertical edges for Figures 6A and 6B; horizontal
edges for Figures 6C and 6D) in the boundaries. But they no longer represent the thicknesses of the
boundaries, unlike in the case of the vertical and horizontal boundaries. It is the 20 thicknesses of the
boundarigs,104 edge wislths: that seraains Atmeasurenhef howiuidectsed thebaundaryiis imthe ymage
when the boundary is neither vertical nor horizontal. Using the edge widths as they are to form the
focus sighal Wittfotietaki®g ittbHeEdunt Bie signtF BRPBouhdaries to 25 which the edges belong will

cause the focus signal to be affected orientations of boundaries in the image. This is an undesirable

effect that is discgverad apd addigssediip this veation, the Asekipertosthispreblem is to correct
the edge width 30 measured in a prescribed direction (e.g. horizontal direction, or vertical direction)

from the BAGE fo'Sbt&iN a'widtFFdT HREbEhdary © WHictHtheetigé befohgs IREPEARRE the corrected
edge widihs 1nstead of the uncorrected gdag widihs o fhe focug signal calcylation, Thewidth of 5 the

boundary is measured perpendicularly across the bouncfary. The width of the boundary may be
found bygrdjectingthe edgenwivitinfrom the preseritsedtdire ctiora(idoitis perpendicplas tosthe edge

direction) algng which the e 0 width is. measured to (’;ﬁe direction perpendicular to the djrection of
the bountely. e Hiing the aidie oF SAHEST B BoLTAR oK Egs At SERGR OB, e cortection

may be perfermed by puitiplying=ihe edge width by eas(Operaiapproximatian thereotnkbdyere are
various methods for finding the angle of slant 0. One class of method Involves finding tan(0) or an
approxinfafiofs MerESTHRAR e veRR P& HOFRbltal The neighborhood is a group

10 of adjacent pixels whose horizontal gradients are above a
predetermined fraction of a peak gradient. The neighborhood
is a vertical edge, as defined earlier in this description,
and the width of the neighborhood is an edge width of the
vertical edge. The vertical boundary then can be seen as

15 comprising a plurality of such vertical edges arrayed

vertically.

Likewise, if the boundary is horizontal, it can be seen
as comprising a plurality of horizontal edges arrayed
horizontally and their edge widths represent the thickness

20 of the horizontal boundary.

However, not all boundaries between regions in an image
are oriented vertically or horizontally. Many boundaries
are inclined with respect to the vertical and horizontal
directions, and usually less inclined with respect to one

25 than the other. This situation is illustrated in Figures 6A
to 6D. In Figure 6A, boundary 410 is a straight boundary

between region 420 and region 430 and is inclined from a

vertical dashed line at a slant angle ¢ in a clockwise
manner. In Figure 6B, boundary 412 is a straight boundary

30 between region 422 and region 432 and is inclined from a
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gradients in the edge. One example is finding the ratio y/x, where x is a gradient perpendicular to the
edge 20 direction and y is a gradient parallel to the edge direction, for each pixel in a neighborhood
(which may be within the edge or may be a 2-dimensional neighborhood overlapping the edge),

followed by finding an ayerags (Which may be aweighted,ayeragg) ofthg fatigwithin the 23, se

neighborhood. For purposes of calculating a focus signal from edge widths, the edge widths measured
in one omthe nther. offthogel preseribed,ditection$care talhel cdreectie dshy redgting itfeenn dawry to be
widths in directions perpendicular to 30 directions of th§ respective edges. The Edge Detection and

Width MEESGHht Uit 206 peffonmioSuchecottecton ort Bge fidthe: ASSHOwh 7 igtre 6A, the
idt [ | t the. ight- trj t its b ked
measurefHidih & s e lanun of the ypotenuse ot igntangled jangle fat g s base (marke

with widt straddling across e shaded boundary perpendicula us perpendicular to the edge

diregtion): The ieptrectecsigdib b mayberebtained from & projettier ofithe meassreghwidihuato the
direction perpendicular to the boundary. Such a projection may be ﬁgiven by b = a cos (0), but

approxintiBR A b Fed R TodF 20 88 it HBGIR HECtRSY 3 withiR 2096 The ahgie bl 5 Los(0)

itself, may be found by any method known in the art for finding a direction .of an edge in an image, or
by 2 mor BeR A e GEECBRATH T bbefart St heGur ) S5 horBontal or yertcal
edge's edge widih may ke gerected for its slant from either the horizontal or vertical orientation (the

prescribed directions), respectively. Figure 6A, 6B illustrate a correction
As shown in Figures 6A to 6D, the thicknesses of the
10 boundaries (shown as b) that are the widths perpendicularly

across the boundaries are independent of the slant angle d.
Widths measured in the horizontal direction across the
boundaries (shown as a) in Figures 6A and 6B, and likewise
measured in the vertical direction across the boundaries in

15 Figures 6C and 6D, are edge widths of the edges (vertical
edges for Figures 6A and 6B; horizontal edges for Figures
6C and 6D) in the boundaries. But they no longer represent
the thicknesses of the boundaries, unlike in the case of
the vertical and horizontal boundaries. It is the

20 thicknesses of the boundaries, not edge widths, that
remains a measure of how unfocused the boundary is in the
image when the boundary is neither vertical nor horizontal.
Using the edge widths as they are to form the focus signal
without taking into account the slant of the boundaries to

25 which the edges belong will cause the focus signal to be
affected orientations of boundaries in the image. This 1is
an undesirable effect that is discovered and addressed in

this invention.

A solution to this problem is to correct the edge width

30 measured in a prescribed direction (e.g. horizontal
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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 ourdary)dhat has asslant 254non thedhorizemntal lineomhe berrectiga may hsonade by
multiplying the edge width measured in a prescribed direction, such as a vertical direction or a

horizontd/ HRE&GioR L by & fackst B €6&(B), Wheldid iart- &y € 8P Ssl&f HoRPthe présehibé@direction.
This slanf gagle Odpay 3Q be used fyrtbayin the axglusion,filier 207 grd exelusion calibrater.205. By

way of example, Figure 7 shows a flowchart of a process to correct edge widths for slant for edges in a
boundargieknedifebni a veaicahhef (Fovw horZonta bdgeslinwallsduindary iftlimed frdiha hdrizontal

Iine,55 subﬁtétu%e 'rowégorr 'coIuSmn'éanSduinte%change 'evrtlagilcgl' Witg 'horigor}tal'sisn the flowchart.) From
step 502 to step%%, a s%ntlangnile 0'is found "Foreach vertical e]dge, at s?ep 502, focate the column

position wberedbe-harizontal gradient magnitude peaks, and 10 find the horizontal gradient x. At step
504, find a vertical gradient that has the largest magnitude along the column position and within two

pixels away, angjety be fois veftica| aragient, AL step 506, find the slant pnalg 0 = tanifyag. A
the edge width from the prescribed direction (which is
perpendicular to the edge direction) along which the edge

10 width is measured to the direction perpendicular to the

direction of the boundary. Designating the angle of slant
of the boundary from edge direction as ¢, the correction may

be performed by multiplying the edge width by cos (@) or an

approximation thereof.

15 There are various methods for finding the angle of

slant ¢@. One class of method involves finding tan (@) or an
approximation thereof from the vertical and horizontal
gradients in the edge. One example is finding the ratio
y/x, where x is a gradient perpendicular to the edge
20 direction and y is a gradient parallel to the edge

direction, for each pixel in a neighborhood (which may be
within the edge or may be a 2-dimensional neighborhood
overlapping the edge), followed by finding an average
(which may be a weighted average) of the ratio within the

25 neighborhood.

For purposes of calculating a focus signal from edge
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

30 directions of the respective edges. The Edge Detection and
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15 step 506, the slant angle may be found by looking up a 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. 20Finally, at step 508, scale down the edge width by multiplying

with cos (@) demwithears aprraxmatiom thereto asese skitedinghe artasuallydoes ipragtice. A
first modification of the process shown in Figure 7 is to substitute for step 506 and part of step 508 by

25 providiyg 196ka) tabte thait RACERridLiof VAR combitdtienEERRPHSAIUES F R afld ¥ SFor
each combjpatiqn,Of input yalues. of X ape . {hig; lookyp table;refirns, 3 edge widih, correction factor.

The edge width correction factor output by the lookup table may be an 30 approximation to

cos(tanl (¥R tto athin120%6, preferabRawikitiel 59%L The @dge wide isthem ardiltiplied with €fis correction

factQr to produce a slant-corrected edge width. .. A second m dgication iS to calculate a quotient y/x
eteen B ter G eiciry A8 5 PoHe SO B h photis £ Eeare Har b ot a to a
lookup tabtesthatlogs ehities-fot warjous Vakies ot gfcaredch value obgnthe Iankuptebie retdrns an

edge width correction factor. The edge width correction factor may be an approximation to cos(tan

1(g)) to Witht"2G%Pprefer by 28 within59%5. bt dindihg th&'didit arle™® (or 4h dpproxinatidh thereto
such thattbe,cowegtionfactoris acewaledandary. Such a projection may be

given by b = a cos(¢), but approximation may be used as long
10 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 has a slant

25 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. This slant angle ¢ may
30 be used further in the exclusion filter 207 and exclusion

calibrator 205.
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within 20%) and subsequently the correction factor cos* (or an approximation thereto), or to directly
find the 15 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. A third Bipdificatierrisde pagiars) the fellormengrfos R0 gach: ora efa platatityodf pixels in the
edge: (a) find horizontal gradient x and vertical gradient y both for a pixel, (b) find q = y/x for this pixel,

and (c) fiRd A<Bfectich fAEBE Biak cGrEEpoldS ol fdrifstEt@ dosfarL (G 9F an Bppximation
thereto to,within 20%. 25 Finallyfinethe, carrection factar for the edge widthiby ayeragingacross the

correction factor from each of the plurality of pixels. The average may be a weighted average, such as
one in whidlya pixehthat hasia thrger horigdntalegtadisnnis giver alargetweightithan another pixel that
30 has a I% sgrchi%rlilzggtal gravgien - ‘é gﬂlﬁmandifi%aéio%sd a;[: %Lﬁﬁ I?Oé, fm\gea}: \éelrtcicall gradient
that has the argest magnituae within two columns andtwo rows from the %eak honzonta?gradient, and
let y be this wertitakgradient: SOthei mogificsatidnsvare possille along these directions or other. Screen
Threshold

From step 502 to step 506, a slant angle ¢ is found.
For each vertical edge, at step 502, locate the column
position where the horizontal gradient magnitude peaks, and
10 find the horizontal gradient x. At step 504, find a
vertical gradient that has the largest magnitude along the
column position and within two pixels away, and let y be

this vertical gradient.

At step 506, find the slant angle ¢ = tan™ (y/x). At
15 step 506, the slant angle may be found by looking up a
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.

20 Finally, at step 508, scale down the edge width by

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
25 providing a lookup table that has entries for various
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

30 approximation to cos(tan{(y/x)) to within 20%, preferably
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Adjacent edges may be prevented altogether from contributing to a focus signal, or have their
contributions 10 attenuated, if their peak gradient magnitudes are below a predetermined fraction of an
adjacent wider edge's peak gradient magnitude. Figure 9A, 9B, and 9C lllustrate a problem that is
being addressad Figure 9Adllustigtesihireelverticalnniite hars €5 separatedibyHwemagow black
spaces each 2 pixels wide. The middle white bar is a narrow bar 2 pixels wide. Figure 9B shows an
image siGitaf pfotted ABriZGHER Acr3sREE MR if Fytfd A Fotidath bed sRapSmEde bhd a

blurred image. Figure 9C plots Sobel-x gradients of Figure 9B for 20 the sharp image and blurred

image. In Figure,9Gethe fisst:edge fuixels 25 fordhe blurrgd dnagedis widesthan thatfoythe sharp
image, and likewise the last edge (pixels 13- 15) as expected. However, the two narrowest edges
(pixels 9RETOVRAAA pielsSIAta 32 hARARURR fof ivdihoth B9 iMagust mlFigiedBS e

corrgspopding slopes. at pixels 9i& L9ang pixgls 11 &2, gachtakes o pixels {g complgfea

transition. The blurred image, however, has a significant decline of peak gradient magnitude, as much
as 50%, fromtthé adder etge tosthé marrowern edgesvaiaisivarp Image, bnthe ether and; eharges

o ) e . o
less than 10/8 between.the chdekr) nd the_narrower ed%%%.He w‘l’.l?jet%lgnlflcant d%cllne, e.g. 20% or
e adjacentt

greater, iﬁ’peaE%rad‘i)é)n]flreragnﬁu eefo]r:g%%ﬁrc}vsvefa gdg o a wider 5 e ég JHaving an

oppositefsigihed gradierd giesa hintdhat the bhuwed imager isdiod wethfogused, and thus the narrower
edge should not be relied upon as an indication that the blurred ima%s is sharp. Likewise, mutually
adjacent¥ageS stdiRkifting 10 gradiditdolant@s shotldHot bé Pelied UpoR ¥6r RO LY

10 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 (¢)
(or an approximation thereto), or to directly find the

15 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.

A third modification is to perform the following for
20 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
cos(tan{(q)) or an approximation thereto to within 20%.
25 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 horizontal
gradient is given a larger weight than another pixel that

30 has a lesser horizontal gradient.
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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, or in 15 between. Furthermore, given that one edge may have been eliminated
due to having apeak gradient iess thansthe eliminafion thresheld, Hwa suctessive egdgastiaying an
identical gradient polarity and spaced no more than two 20 times the minimum edge gap plus a sharp

edge widtt &haRT Sdgel@ibitiie & nuftfbet 4856 B YSBYRHE AN EdgR Width'df aShariédye) apart
may be used as.arcopdition fargliminating ox demgting,a gentribufion from, ene arboth g the two

mutually adjacent edges. either. 25The adjacency in this detection may be determined by any one of
the folloWirg prokimietests cauchasgd) gatéction of a steepness of a zero-crossing adjacent to the

edge by the gradient signal in excess of a pretermined zero-crossing threshold that may be a function

of apeak 30 gragiept(s) gtone-qiihe edges anboth,edgesand/ar , width gtane of the gdges ar both

edges, (b) detection of opposite-signed gradients within a minimum edge gap that may be a function of
edge width(sodftome of the edges or both edges, each gradient having a magnitude exceeding a 5
predetermined threshold that may be a function of a peak gradient(s) of one of the edges or both

edges anglgra yidih,of Qo Pf ghe edges or both edges, and (c) detection of a peak-to-peak spacing
between peaks of the edges that is less than a peak-to-peak spacing threshold predetermined 10 as a

function of edge width(s) of one of the edges or both edges. The Edge Detection and Width
Measurement Unit 206anay edges may be prevented altogether from

contributing to a focus signal, or have their contributions

10 attenuated, if their peak gradient magnitudes are below a
predetermined fraction of an 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

15 separated by two narrow black spaces each 2 pixels wide.
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

20 the sharp image and blurred image. In 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

25 images. In 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 sharp
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execute the following algorithm for eliminating closely-packed narrower edges based on a screen
threshold 15 established from a wider edge, and a modulation screen flag that can be turned on and
off. For each edge, the screen threshold and screen flag to be used for the immediate next edge of
an oppositeqgiarityparetdeterainesacearting torhe gosessefdhe Aawchart2bsiiomedn Figuse 10.
Given the screen threshold and screen flag, an edge may be eliminated unless one of the following
conditionél§fte:3aFthe RErded Fag 1E&H fFUTS edge, (b) a peak gradient magnitude of the edge is
not smaller than the 25 screen threshold for this edge. To conditions (a) and (b) may be added

condition (c) theredgeswighis Nekless than shaw,edgegvidthor 1 oxvhese anuewer has peerkassigned
for sharp edge width to designate an edge width of a sharp edge, and where the "+1" may be varied to
set a rangé df 3¢ Blgd"wititHstalstve e sifarp edgeOWRih RARIR wWiichPERes fhay Be Bliffated if

theysfail (a)ad {h), Fordhe exappls shewn in Bigures PA:9G <sharp,edge.width may ey, Figure 10
is a flowchart to determine a screén threshold and a screen flag for each edge. For vertical 5 edges,
assume sdamningrone [ftitosigkt alenge rowseddughahis $enot requiredi{Fer hidrizontal edges,

assume scan]rflig‘g from 5)\7% to otton’?\Io %olumn tho%gh this is not reguii%d ngmber is

ng.a : ). A
assigned%%?f sharsléd&e faty and' may%etz o?th]éeelx%l?npleu ownin igures 51,&-%%. +on

that the blurred image 1is 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, or in

15 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 adjacency in this detection may be determined by
any one of the following proximity tests, such as (a)
detection of a steepness of a zero-crossing adjacent to the
edge by the gradient signal in excess of a pretermined
zero-crossing threshold that may be a function of a peak

30 gradient(s) of one of the edges or both edges and/or a
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10 Starting at the first edge at step 702, 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 15 between 0.5 and 2.0. If

yes, the edgeris agvidemedger andhstep J§6 $ollowsiio set thelgereen threshiid tos theommediate next
edge that has an opposite polarity to beta times a peak gradient magnitude of the edge, beta being

from 0.3 BB Spreferanig 0%, theAdt&y 708 8 f 20 AR serkEm flagHorthe hext edge,
then progeed tg the;next gdge. dhna, e I% paka Wider §¢9e, and step 730 fallgyus;togheck

whether the spacing from the prior edge of the same gradient polarity is greater than two times the

minimunbedge gpefa differdnt 25 predatdrnivedimgniseryiplas sharg @dge aidth and thie immediate
prioredge of an oppasite polarity, if any, is mare than the. minimum_edge. gap away. If yes, step 710
9} e:ege %?mlneoc? ?Fh)é‘es gié t%(:?g%.ﬂarl%, [?eeepathﬂm&l%rp ov%d ?heﬁ/eak

follows to turn off the screen flag for the nexte e screen flag an screen
thresholdyfos the=s30-next eddge amnckproceedhto thelgext eslgebBeta nmajgleesa predetermined fraction, or
it may be a fraction calculated following a predetermined formula, such as a function of an edge width.

In the lattet ¢58e, BEtLMGY 9dry Foth 5 Fart 8 thE fhdgSdHothet pdrt.(S) FIF SiRfphidia of
ilustration s wellasimplementation,the flowchart inigursJoiseparates-edaes fibat haye edge

widths greater than or equal to one plus sharp edge width as the wider edges away from the rest of
edges (tHesndrfower eldges)aBiah& nmeanipgadt wider etges ishhot tus Jithited esiwideredgeeid simply

Wiq than_a narrower .edge. 10.Length Filter Ee oW %lescribes %f r}g:tion f length filter ]hZ

. h
Bro?dly ge%m%d, gﬁgﬁﬁlﬂﬁgr 201f2 cere gs ‘glp?etfer %ce ?or e%ﬁgs tcﬁat l{e:ac% ceogn%ggts %: or%eO %r more
edges ofedsimiar orientation. A group of edges that are similarly oriented 15 and mutually connected
within the group ("concatenated edge") is less likely to be due to noise, compared with an Isolated

edge that does @%t (?toEcCFQ%ny %t %rcecdlgjinof %}{%{'% cl)g[ rllita [ enaSTQ(]e: more gd%%siq:f %%rgll%ra%nentatlon
thus concatenated together, the lesser the chance of them being

execute the following algorithm for eliminating closely-

packed narrower edges based on a screen threshold

15 established from a wider edge, and a modulation screen flag

that can be turned on and off.

For each edge, the screen threshold and screen flag to
be used for the immediate next edge of an opposite polarity
are determined according to the process of the flowchart

20 shown in Figure 10.

Given the screen threshold and screen flag, an edge may
be eliminated unless one of the following conditions 1is

true: (a) the screen flag is off for this edge, (b) a peak

gradient magnitude of the edge is not smaller than the

25 screen threshold for this edge. To conditions (a) and (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

30 edge widths above the sharp edge width within which edges
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20 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 can be harnessed to reject
noise, especially under dim-lit or short-exposure situations where the signal-to- 25 noise ratio is weak,
e.g. lessithan Kk withinnthe image arfwithiethefegion ohinterast. The prefesenaen®aykample
Implemented in any reasonable method to express such preference. The several ways described
below aré #i&faly eRamp@sr s @ﬁr%?%eﬂﬁ)%%&ﬁﬁﬁﬁaﬂéje%@s FaY b&1Bnd to vertical/horizontal
concatenated edges having lengths lesser than a concatenated length threshold. The concatenated

length threshold-may: be largeriwhen the segian bof ttergstds dimmer. Fosexasmeple, the concatenated
length threshold may start as small as 2, but Increases to 8 as a signal-to-noise ratio within the region

of interest¥ESHENA EATRE Borfcatnataflehgrh ShréSHol ¢ ffay HRYFEvided By théJrédesser 112, 112!,
1127 fm@é%’?@'e 104bropgh a-lepgth commangd’ signal, %P%'qftg%éngs part.gf,signals 132.
Alternately, the threshold may be calculated according to a formula on the foCus signal generator. A
second miéthody!s toIpicvidesa fengtheweightrie the 15(leagthtfilter 2t fos aeldedye, armsapphethe

Iength-wglggtntrtqfln%alc ]Lgyt%%ngéégocg% sgg%ltlg;%he focus S|gnal cill&%latort 18'uA[111 eg%elthat is part of
a longer concatenated edge receives a

arger weigan Wah ohethatis I|5élrt of & SHorter toncatenated

edge. Fonhexamplguthe 28 length-weight may be asspraseefdhe dengdhefthe eergatenatachedge.
Thus, a contribution of each edge towards the focus signal may be multiplied by a factor A/B before
summingf&Fcdh@ribuiisn< tofferm tHEToBICEIIHE, WhEE B i3 B SURPEIRE 1ehgidiveights of all edges

that @S egier theifogus signa| caleylation, aagdA is@ I6RYR- 702, 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
15 Dbetween 0.5 and 2.0. If yes, 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
20 turn on the screen flag for the next edge, then proceed to
the next edge. If no, the edge is not a wider edge, and
step 730 follows to check whether the spacing from the
prior edge of the same gradient polarity is greater than
two times the minimum edge gap (or a different
25 predetermined number) plus sharp edge width and the
immediate prior edge of an opposite polarity, if any, 1is
more than the minimum edge gap away. If yes, step 710
follows to turn off the screen flag for the next edge. If
no, keep the screen flag and the screen threshold for the
30 next edge and proceed to the next edge. Beta may be a
predetermined fraction, or it may be a fraction calculated

following a predetermined formula, such as a function of an
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weight of the edge. Likewise, the edge-width histogram, which may be output as part of signals 134,
may have edges that are members of longer concatenated edges contribute more to the bins
corresponding to their respective edge 30 width, thus preferred, instead of all edges contribute the
same ameotgt ewdl &k Thus, for exasple, tash edge maysentibuiteA/Cawhererois amaverage value
of A across the edges. Similarly, the narrow-edge count may have edges that are members to longer
concateri%‘?ébtedbgs%ﬁtri%@t%%orE?Tﬁ&‘??&%&aﬁlﬁ?’e’?the contribution from each edge may be

multiplied by A/D, where D is an average of A among 5 edges that are counted in the narrow-edge

count. A grouprof Mivasticed (horizertal) edges-where owith theyexceptipn of the top (leftmost) and
the bottom (rightmost) ones, each edge touches two other vertical (horizontal) edges, one above (to

the left of)Ti8eIETHsE £6 bther belbWItofthe Fighedtfitsel, &lverfical thorigBiRaR E6ifcatehitad edge of
length Ntﬂ?ctoﬂa@%mé%%})eequfcp@ﬁgs (9'%'%5 dqueh onggdge pbelow,(1q theJight, af) jise| The bottom

(rightmost) edge needs only touch one edge above (to the left of) itself. 15Figure 8 Illustrates a vertical

concatersitetredgecarl itsileridth an Figure 8 icklls R28BsndeR2@4 formora firkeverticat edde, cells
R3C3, R3C4, and R3C5 together form a seco?d vgrticalﬁeéjge and cells R4§4waln(§j R4C5 tOé)ether

form a thir %%r%icailteoegé1 fe firstand” t%%%% d ver |é:al edfg][;lgs'?1 Sachtoliches on?yroneed(% &r vertical

edge, whegeasdhe saeandivetticabedgestouwchasitwe gther vertisahgstges whhesfirst: Begond and third
vertical edges together form a vertical concatenated edge having a length of 3. In a situation (not
shown) itferé aWeHicaFBthorizontal) concatenated edge has two or more branches,

10 Length 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 similar
orientation. A group of edges that are similarly oriented
15 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 similar orientation thus
concatenated together, the lesser the chance of them being
20 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 can be harnessed to reject noise, especially under
dim-1lit or short-exposure situations where the signal-to-
25 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
preference. The several ways described below are merely

examples.
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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 topmost 30(leftmost) edge therein to a bottommaost (rightmost) edge therein plus one. There are
other possible ways te define=a bencatenataes lendth diher dhandbe abevespropesals: g-ot example, a
definition of a length for a concatenated edge shall have a propertgéthat, the length is proportional to

the numBEE of 5 FiemBE eHgeS vithin thE EsHcalthafd &ideet IRV iF H thRRIFRE is to be
consistentyifithe preyipusly stajed reasoping thalmare edges-being mutuatly connected by touching

each other exponentially reduces a probability that the concatenated edge is caused by a noise, and
as 10 suctvthedésgta skould exaress & proponivhdlity 2y tHeenuhsbey of mehber dgestwithirpthe
concatena d.%jgéa up to area orggrrt?leernuml%e()rgh%;guﬁic' Qtly% hances gé:ggfidae{\é:gin the
concatenated & gerbeyonétha for a single member. The ergth iffer 212 may 8e-emphasize or
eliminatelanthththus,lareadly speakings diseriminatesagainist as edge baming aconcatenatecdlength of
one. The length filter 212 may discriminate against an edge having a concatenated length of two. The

length filtér 382 thay Wit fimindte 3GdiRs ahEdhe havihg Heonkateha@d Pehgtt of thiger ©fhrther 20
reduce ag inflyenee,ofnoiserbe length filter 212 maydoany ane.f dheseactigns wader a command

from the processor. Although shown in Figure 3 to immediately follow the Edge Detection & Width
Measurebiept Waie 20& wthdre processor 112, 112', 1127, for example

10 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 the focus signal

generator.

A second method is to provide a length-weight in the

15 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
concatenated edge receives a larger weight than one that is
part of a shorter concatenated edge. For example, the

20 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 A/B
before summing all contributions to form the focus signal,
where B is a sum of the length-weights of all edges that

25 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, may have edges
that are members of longer concatenated edges contribute
more to the bins corresponding to their respective edge

30 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 average value of A across the
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25 arrangements are possible. For example, the Length Filter 212 may be inserted before the focus
signal calculator 210 and after the exclusion switch 230, wherein the edges processed by the Length
Filter 212 are those that pass through either or both of the width filter 209 and 30 exclusion filter 207

dependingerethe 'fingl and ‘exdyde’ eammand sighalsdge doan altematenenrodimegrtof a focus
signal generator, the fine switch 220 may be removed so that the focus signal calculation unit 210

receives B¥ist 2 6f BRERETHef<d By tRE Sidth FRESO S s &P SeChidtdd B for each
calculateg adifferent facusegignal .grass focus signal dordhe farmer, fine focussignal oy the latter, and

outputs both to the processor 112, 112'. Width Filter Refer next to Figure 3 to understand an operation
of 10 thenwiittoRilten2091 Figuesll b plols/ @histdgears oPeddge widthsy Be.a0grapht ofedgecsouints
agaigst eedge é’VSidtQ%-a'%t edgg w(i:dtlh1 I%tv%, i.ei Itlhetﬁgremaen]t:iggve_d %harp 88 e \é/idth, there is a peak,
indicating a%resence of s?harp egges in the image. Atnecfge Widths Of 4 an %, 15 however, there are
peaks, indicating edges that are blurred, possibly due to the corresponding imaged objects being out
of focus, being at aydifferenodistanve away &dm the focus tens tharethoses objeetsehatwivelrise to the

sharp edges, For calgylating 3 focus siopal, eqgeshose 20 Wishhsfig ouiside a predetermined range

("narrow-edge
(rightmost) ones, each edge touches two other vertical
(horizontal) edges, one above (to the left of) itself, the

10 other below (to the right of) itself, is a vertical

(horizontal) concatenated edge of length N. The top
(leftmost) edge needs only touch one edge below (to the
right of) itself. The bottom (rightmost) edge needs only

touch one edge above (to the left of) itself.

15 Figure 8 illustrates a vertical concatenated edge and
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

20 edges each touches only one other vertical 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 topmost
30 (leftmost) edge therein to a bottommost (rightmost) edge

therein plus one.
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range") may be de-emphasized using the Width Filter 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 25 assigned weight of 1.0, whereas edges widths more than +1 to the

right of the upparistit840rassigned a weight 0b Dcancthgdgerwidtns in hetween assigrechweights
between 0 and 1.0, falling monotonically with edge width. Alternately, the Width Filter 209 may prevent

such edgeR b emeRTg 3¢ tHeTolUSsiGhnd ¥8IcRafGPatbhether. pr&sr e diSoer and lower limits
830, 840 glepend on sgvese! factors, including,crassalk, in.the pixeLarray 108, the.nterpolationmethod

used to generate missing colors for the image received by the focus signal generator 120, and the filter
coefficiemts @sed inthé fowipash filtdreangpldyetss ipnhe Edge Detektitr afdwidthiVheasuresient Unit

206 -Appropriate upper and lower limits.830, 840 and the parameter sharp edge width may be
detimimoa or e TasEo Pl badtcs 091000 Byiagtrng naces of VAFouL RogrSes o
sharpnessmanednspetting thesdge wdth dOrhistegrams. kartexatipie, ifreeshias iagediastaepeak at
edge width of 2, an appropriate lower and upper limit may be 1.5 and 3, respectively, and the sharp

edge widtiP ARG BERRt {26, THEIBWEFASPuptiet itd B¢ &drs edge Width Fhybe determined as

above andpyevided te-13-ihedecus,signal gengratos 149, 1204 42@ bysthg precessariliy, 112" When
fine command' is ON, the fine focus signal thus calculated de-emphasizes edge widths outside the

narrow-edgé Fariges Incaduitivhethe WidtreFitier 209 may eglculite 220 oia eoudtivd thieSedges whose
o iy B0 A e Ty s A IoE i o ar 2121 13 o5 prosence of
sharp imagenbrd/onfor indtiating trackirg: 2biFHocus Signal Referringaexttodhe fopas signakcalculator
210 of reasonable number that sufficiently enhances a confidence
in the concatenated edge beyond that for a single member.
The length filter 212 may de-emphasize or eliminate and
15 thus, broadly speaking, discriminate against an edge having
a concatenated length of one. The length filter 212 may
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
20 reduce an influence of noise. The length filter 212 may do

any one of these actions under a command from the

processor.

Although shown in Figure 3 to immediately follow the

Edge Detection & Width Measurement Unit 206, other

25 arrangements are possible. For example, the Length Filter
212 may be inserted before the focus signal calculator 210
and after the exclusion switch 230, wherein the edges
processed by the Length Filter 212 are those that pass
through either or both of the width filter 209 and

30 exclusion filter 207 depending on the ‘fine’ and ‘exclude’

command signals.
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Figure 3, the focus signal calculator 210 receives edge widths and outputs a focus signal. The focus
signal may be calculated as a weighted average of all the edge widths 30 where the weights are the
edge counts for each edge width, viz, focus signal = Ewlel /Ewl, where el are the edge widths, wa are
the weights, where hete avleeLrcatkeirgnthe £tge court At edge witkth eli gbeing gbirenumber of a
histogram of edge widths, Alternately, the weight at each edge width may be the edge count for the

edge widthmufiplicd By theHedgelwilithvitdest, ieSRaLeld!. FPaddition, pReferbRESrom #iedWidth

Filter 209.that are.axprgssed interms) of weights mayberfugther maultiplied tg eagh gdge width. For
example, for weights ft produced by the Width Filter 209, LQ2=1, focus signal may be calculated as

LClawaef Al12ned 1fap coheolvsighah'fifie' is ON aritexaigblet isSBFRtHe foets Sighalewsudd be a

valug very clpsg to the sharp egr e width of 2.0 far example shown in.Figure 11, indicating that
o T BT B s e B A e e 0 and
3.0, mostareds actuglly in sharp focws fib eanrtto) signalcfinesisu3FFs anth ®xclide' ixQEF, the focus

signal may be a value close to 5.0, indicating that there are substantial details of the image that are out
of focus. Takting ONRE find SRHET 251 &fowsthé fstuB SRR YEspbh mdré 4o 20 objects slightly

blurred while less to those that are
Width Filter

Refer next to Figure 3 to understand an operation of

10 the Width Filter 209. Figure 11 plots a histogram of edge
widths, i.e. a graph of edge counts against edge widths.

At edge width of 2, i.e. the aforementioned
sharp edge width, there is a peak, indicating a presence of
sharp edges in the image. At edge widths of 4 and 5,

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

20 widths lie outside a predetermined range (“narrow-edge
range”) may be de-emphasized using the Width Filter 2009.
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

25 assigned weight of 1.0, whereas edges widths more than +1
to the right of the upper limit 840 assigned a weight of O,
and edge widths in between assigned weights between 0 and
1.0, falling monotonically with edge width. Alternately,
the Width Filter 209 may prevent such edges from entering

30 the focus signal calculation altogether. Appropriate upper

and lower limits 830, 840 depend on several factors,
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completely blurred. When the fine switch 220 is ON, we shall refer to the focus signal as a fine focus
signal, whereas when the fine switch 220 is OFF, a gross focus signal. As aforementioned, the
emphasis expressed by the 25 Length Filter 212 may be Incorporated into the focus signal in one of

several ways] suthrag elimirating Br edge that ipde:emphasized fram entefigg the focus signal
calculation, or reducing a weight of the edge's contribution towards a count el of a corresponding edge

width bin® BESigine s sketehs hiteshdnse df the fieH6CiR isigraF oS aljGstheRtof i focus
position ip;he yiginiy. ofwhere an phject isa shayp facus; Jhe fingfocus sigpal reaghesgginimum

value, approximately at sharp edge width, where the focus position brings an image into sharp focus,
and Incrédses ff otierwise OFH el fonliss sigsal dnaybetbise dfompackingiobldots aleaaely antfotus or

very5nearil¥15 S0, For O[n%virﬂ%%bé'% t:sL,otIqe gn%f%ga @Qnﬁlemlgw% etgnee g)cu%cgr]ctroé system to keep the
objects in sharp?ocus ven if the focus distance continues o (l:Jhange. Ij—_'lne?ocus sighal may also be
used to gggpire p sharpdfocysiEacquisition)vad an bbject hasisMpt getin shatpfoeus 10 but close
enough such that the object gives rise to edges whose widths fall within the narrow-edge range. Since

the edgeRAdfrHidtEdrantéxdhibit dfseak S tHe Sy WiGthtoHeEPoity thife SBiBct IR From the

sharp edge widh, regiting i tae fine focus signglpeingarger thanithe da sharp edge widih, the
focus control system may respond by adjusting the focus position to bring the fine focus signal value
towards thedhafsedye Wiblth! Fue Tentefiflg iesek lof edgd Wit dge tothd object at the edge

With vaIHel Sefg%al o} I%rslarp eé;ldge Weidtg.m ZOL%aSi(i gse Shlgigure§ 1%2'1e6 iilllésérage hoew }(hearﬁrrow-edge
count, gross focds signal, an fine focu sighal mayabe usedto perafgrm Ocus Control to achieve sharp
images. Eigure 12i Hlusirates an outdoenseene having 3 groups 2onef objectsrat diffetentrfecys
distances: "person” in the foreground, "mountain, sun, and horizon" in the background, and "car" in the
betweenC € 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

15 the focus signal generator 120, 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
20 total count of the edges whose edge widths fall within 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.
25 Focus Signal

Referring next to the focus signal calculator 210 of
Figure 3, the focus signal calculator 210 receives edge
widths and outputs a focus signal. The focus signal may be
calculated as a weighted average of all the edge widths
30 where the weights are the edge counts for each edge width,

viz. focus signal = Zw;e; /Zw;, where e; are the edge widths,
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Figure 13 is an illustration of the narrow-edge count plotted against time when the focus position of the
focus 30 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 ceuryd plat exhibits, 3 peakse one eachiforEmountaip esuy and BokzdRE, "earing and
"person”, in this order, during the sweep.,  Figure 14 shows the gross focus signal plotted against

time. Thé§rossifseul Sighll Shibits £RimiRum WHdh RETRRE positien Ririda? 848 ofthe 3 focus
positionsyphere fhesrarow-edge-caunt peaks, Howevereatgach minimum, the 4 grpssfecus signal

is not at the 'sharp edge width level, which is"2.0 in this example, due to bigger edge widths contributed

by the othervobjects that adasut-opfocts. Rigurells Ihadtratesithd fingnfotts sighslpldtiedtdtainst the

focu5¢, posigon in th%v'ﬁinit)é of t e sharp_15 focus position for "cgr".in the scene o% Filgure 12. The fine
cedge width 1 1 n

focu$ sighal‘achieves essentally the sharp edge width, which s %nttﬁ%ne{xa%%?e, ‘despite the

presencefefdaurtedeohjects ('person'cand houritains, sug, andhosizer’y, Referringrie Figare 11
again, where two peaks 20 at widths of 4 and 5 are contributed by those two groups. of blurred objects,

this can B tAddrstoBd ¥s fife Wit Rifter 324 fidig- RAub&d fe FheiGidr elihfated altbgéther the
contributions fionhe edge it 0. riabtol ypRermi 840, 254, facys GaniipLysiagy may use
ocu

the gross sighal to search for the nearest sharp focus position in a search mode. Tt cah move the

focus positipr-away ffemdhe eumrent f pesitien 1o-detgrnine whethes thegrogs focys signat
increases or decreases. For example, if the gross focus 30 signal increases (decreases) when the
focks positiovt ievesihgands (Ohtwaeds) ithefdNs arsharirroedspssitichSaflar frorhthelcugredt focus

position. The,pracessor 142 12, 1121 qan tep,pravide a 1oys cive signalio gugye the facys lens
104 in the ditection towards the adjacent sharp]% Ccus position.
of 2.0 for the example shown in Figure 11, indicating that
among object details within the focus distance range that
would produce edge widths between 2.0 and 3.0, most are
15 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 details of
the image that are out of focus. Turning ON the fine
switch 220 allows the focus signal to respond more to
20 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 signal,
whereas when the fine switch 220 is OFF, a gross focus
signal. As aforementioned, the emphasis expressed by the
25 Length Filter 212 may be incorporated into the focus signal
in one of several ways, such as eliminating an edge that is
de-emphasized from entering the focus signal calculation,
or reducing a weight of the edge’s contribution towards a

count e; of a corresponding edge width bin.

30 Figure 15 sketches a response of the fine focus signal
to an adjustment of the focus position in the vicinity of

where an object is in sharp focus. The fine focus signal
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5A 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 is in sharp 10
focus, the &ine fagys signakHevelis stable dpspitgostsh thangeasy Heacesa ghangedg dhedfinecfiocus
signal suggests a change in focus distance of the object from the image pickup apparatus. By "locking"
the focus"eontrdl Sydfent &5 §ivBR find fotlis BighafiEvét hedftRe fikittn, IGRTE e xanipié between

2.0 to 2.5 indhis examples in pagticiar2,d, Ay shifiip therfinefoeus signal i%)%ﬁym%q;atsky Informs
the processor 112, 112", 112" of a change in the focus distance of the object." The processor 112, 112',
112" canuhedldéterminhe achrestibrodmbcause Herfoedy 20 len§ 04 30 movE & brintethe fivie focus
signsl Ievseé bac tg rth?n ;’)Igcked" gak\)/eléTleus th&{rga%% Bié:klf% a%psaratlle %g : 1a Y %9% Jt%% is able to
track a moving object. Atocus c%n?rorsgystem, e.g. as implcemenFedgln algorithm in"processor 112,
112", 112f omay use harrot-edge 25eotint thdrigger & shangefeans aisearchampdeftocadtsacking mode.
In the tracking mode, the focus control system uses the fine focus signal to "lock" the object. Before

the focup&Sitiohfis E@fﬁcig&%a?ﬁ%tﬁ%?ﬁfo%ﬂg bagiisreroF the ShietE Ghe fdchB Rortrst $Fstem

may use 304he, grags focys signalto identify-the dirgetiondo mavieand regulate the speed of
movement of the lens. When a object is coming into sharp focus, narrow-edge count peaks sharply.
The procéSsordu 2 s112i A1) may switclvinie e tiderihg hodecdhdvise the figé foebs Sighaaisor

fo%@ but close enough 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

15 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 wvalue
equal to sharp edge width.

20 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.

Figure 12 illustrates an outdoor scene having 3 groups
25 of objects at different focus distances: “person” in the

foreground, "“mountain, sun, and horizon” in the background,

A\Y 144

and “car” in the between.

Figure 13 is an illustration of the narrow-edge count
plotted against time when the focus position of the focus

30 lens 104 sweeps from far to near for the scene illustrated
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position control upon detection of a sharp rise in the 5 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 objects found from an end- to-end focus position "scan”, and subsequently when the

narrow-egdge Eount serpasses thisdhresheldwhe 40 eorsespondipg graupwafobjectsds detegted. For a
stationary scene, e.g. for still image taking, an end-toend focus position scan can return a list of

maximurh @8drits, BhethaximantcounPibr 8ach pedkirgy of e Rartdie8gé BourntSA Rt ’6f thresholds
may be geperajed iem theri s istiof maximym counis.Jorexample, by taking53% pkthe maximum

counts. Figure 16 lllustrates an image pickup apparatus 102 having a display 114, an input device

107 comprsifig buttons, asd-Seldation TherkertoR0 highlighted irdthe @0idispiay 114c Andser can

create, sha%s and maneuyyer the elljection marker 132(]): usingér%fut device 107. Although shown in this
a

example‘%é1 comBreTs%St?ur%tohs,llﬁpu device 1 ?Jﬁfay c%mlp?i%e such-screen overlaying the display

114 to detect positions of touches or strokes on the display 114. 25 Input device 107 and processor
112, 112", 112" brgseparate dedivateddontrolieryaotishown) for thesihputldevice d 02 grayndstermine

the selec%lon region..The aramet%rs for descrlblng the %e.l%ctlgg region ma bI% trawlggrrgnttC d to the

focus signéfngee‘nera grel 256, '30 overbis 132°(or njternal?y Within the pr‘bvcessor in the

case where dogusisighat gesrerater 120Q:is pagtcof therpresesser )yl respansecthe fagus:signal
generator 120 may limit the focus signal calculation or the narrow- edge count or both to edges within
the selectibff rétidr QEScRPEEhY Sl baRfreters or delémshasiza led§es butsite e 8eledtidf

regign. DoiNg=s0 gan desemphasize unintgpded.3 objge!s fiomthedocys signat and thea even the
gross focus signal will exhibit a single minimum and a minimum level within 1.0 or less of the sharp
edge widthich is 2.0 in this example, due to bigger edge widths

contributed by the other objects that are out-of-focus.

Figure 15 illustrates the fine focus signal plotted

against the focus position in the vicinity of the sharp

A\Y 7"

15 focus position for “car” in the scene of Figure 12. The
fine focus signal achieves essentially the sharp edge
width, which is 2 in this example, despite the presence of
blurred objects (“person” and “mountains, sun, and
horizon”). Referring to Figure 11 again, where two peaks

20 at widths of 4 and 5 are contributed by those two groups of
blurred objects, this can be understood as the Width Filter
324 having reduced the weight or eliminated altogether the
contributions from the edge widths to the right of upper-

limit 840.

25 A focus control system may use the gross focus signal
to search for the nearest sharp focus position in a search
mode. It can move the focus position away from the current
focus position to determine whether the gross focus signal
increases or decreases. For example, i1f the gross focus

30 signal increases (decreases) when the focus position moves

inwards (outwards), there is a sharp focus position farther
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Exclusion Filtering Below describes exclusion filtering performed by 10 exclusion filters 207,
910. Broadly defined, given one or more image characteristics and one or more exclusion ranges
defined for each characteristic, exclusion filtering creates a preference for edges that do not fall into
any one 5% exclusien rangedmanyronsiehasaciersticn . The<oflection of tageicharactextstics may
be predetermined. The following is a non-exhaustive list; hue (Figure 23), hue pair, hue change,

saturatioh lrhaxifAMuRtithcB ¥EeES2, IGMitahce ERdiy e ERufe 2H°nBaN 20 fifinance, slant
angle (Figures $A161 and 44), length,of concatenated edge, ﬂ%e%ﬁé‘ngéf’é@éﬁqtsloéﬂﬁg}t%o
o any

nearest edge. A first embodiment of an exclusion filter is to eliminate edges that belong
one excldsisrearnige 125 any one characteristic given to the exclusion filter. Figure 22 lllustrates a
use of maximal luminance as a characteristic for exclusion. Figure 22 illustrates an all-edge and

sharp-edge histggrams for maximal uminance,pf an Jmage capiwed of theseeng llustrated in Figure

21 with only the wall clock in sharp focus. Maximal luminance is the highest luminance value within an
edge. Figure 2% showshahistdgramfersharp edgésa(assotiateds witle theawalkelack int=gure 21) and a

histogram for &1 699853, 2750512 trd VUI.QtRer Qigets (R 20298, DanaRd%e ) despite

changes in the scene, movement of the object, or movement
of the image pickup apparatus. When an object is in sharp

10 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 the minimum, for

15 example between 2.0 to 2.5 in this example, in particular
2.1, any shift in the fine focus signal level immediately
informs the processor 112, 112’, 112”7 of a change in the
focus distance of the object. The processor 112, 1127,
112" can then determine a direction and cause the focus

20 lens 104 to move to bring the fine focus signal level back
to the “locked” level. Thus the image pickup apparatus
102, 103, 103", 103” is able to track a moving object.

A focus control system, e.g. as implemented in

algorithm in processor 112, 112’, 112”, may use narrow-edge
25 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 focus

position for the object, the focus control system may use
30 the gross focus signal to identify the direction to move

and regulate the speed of movement of the lens. When a
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platter, table cloth, light bulb) in the image that are not in sharp focus as well as the wall clock. In
Figure 22, the wall clock occupies a lower range of maximal luminance than all other objects, which
are brightly illuminated. An 10 exclusion range (shown in Figure 22) covering approximately the upper

half of the mjaximal luminanceange te-emmphasizes ouevenexelioes aliegetherunast pdgessthat are
not in sharp focus. Figure 23 lllustrates a use of hue as a characteristic 15 for exclusion. Fi%ﬂe 23

shows a Rlstogrand for shafp Edgeetasotiatddwith wall clodk i FigidE 23y and histdgramiér all
edges, associated,yith, gther ghjacts intherimags that argnat insharg focys as gl as the wall clock.

For this hue histogram, if both sides of an edge has the same 20 hue value, the hue bin that contains
the hue hELdeton coanttcontribupomofdet feor 10is edde; avieheasif edchesidethddig different hue
valug, then each hue bin that contains one of the.hues gets a count contripution of U, In Figure 23, the
wall iock B 18 s (gLt 25 bchuy A Sl ratelst hié in the eI St b browrhie
Exclusiomsandedl andfexchision range 2 {sitowdiif Fgsen 23)thatrtpgetberncovenmostiefihe rest of
the hue range would exclude most edges that are not in sharp focus except those arising from the

platter, Which 478 ndEs riBitt Pah 3056t FBn ShaFedyts ORH Efeewd At BE deréiprisiZ—B YT even

excluded@togg@ggg)ég@ e ‘EJ%S_J%Q@H?WQ@%F‘Q b)éntae%%%‘@e%ﬁ%@ﬂﬁﬂﬂfédf kath hU_eSf on its
two sides fall within any of these exclusion ranges. ~ Hue pair may be used as a characteristic for
exclusiom rfirstmaciesm ond Ride vt aR2E§e and Asecodriam e 5the other side of the same

edgﬁcmk@%ggéggﬁgfﬂg 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 list of maximum

counts, one maximum count for each peaking of the narrow-

edge count. A list of thresholds may be generated from the
15 1list of maximum counts, for example by taking 50% of the

maximum counts.

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

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

25 Input 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
transmitted to the focus signal generator 120, 120’7, 120"

30 over bus 132 (or internally within the processor 112 in the
case where focus signal generator 120 is part of the

processor 112). 1In response, the focus signal generator
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together used to assign the edge to one of the bins in a histogram that has a two-dimensional
abscissa. Each bin in the two-dimensional abscissa corresponds to a first range of hues on one side of
the edge and a second range of hues 10 on the other side of the edge. Hue difference may be used as

a charactezistientoy exclusien. fhehangewt hug tramlonesideafaniesige de thenether=sideaf-the same
edge can be measured and used to assign the edge to one of the bins in a histogram that has 15 a

plurality SiH57Ts S2EATEr & Farlye 'of hGe-dRfEsite RiGhre R4 IGstRRILS G4 Bf ItiRfHaRBe change as

a Chafa?@éié@&%éé‘?'%%}}?% Ha‘i'ﬁ@é‘fgrﬁg%@ﬁsisé‘ﬂ“@%@@ﬂ?%%ﬁ%&eé’é INYcea0Rss an
edge. Figure 23 shows a histogram for sharp edges (associated with wall 20 clock in Figure 21) and a
histogramilfer afieebiges, iassodiated with oty objectoin deaninthgeahiatlzas hotin shamptfeawas well

as tlge w%li)cl%%kt. ISn I%igg%a ZC thef%dsqzcias frsoin vr\{gI clo%lgjo%%gx aes\rfnearlll rﬁ ion at @eslo%%rcrﬁlgge, and
an exclusion range (Shown in Figure )Scoveﬁng 5 the upper range wou 8e-%mp]§1a3|ze or even
exclude altogether mosl edgesthdttare netingharprfoeuisnum Fguread3rliusitates d histogram of
length of concatenated edges and an exclusion range for the scene of Figure 42A. Such a histogram
may be UEHRd Beparite 30 obfetts Rdvirg GiffSRAL 8265 9SpdtinyB nearest edge is another image

characteristic. To each vertical (horizontal) edge is calculated and associated a spacing along a same
row Exclusion Filtering

Below describes exclusion filtering performed by

10 exclusion filters 207, 910.

Broadly defined, given one or more image
characteristics and one or more exclusion ranges defined
for each characteristic, exclusion filtering creates a
preference for edges that do not fall into any one

15 exclusion range in any one characteristic.

The collection of image characteristics may be
predetermined. The following is a non-exhaustive list: hue
(Figure 23), hue pair, hue change, saturation, maximal
luminance (Figure 22), luminance change (Figure 24), mean

20 luminance, slant angle (Figures 6A-6D and 44), length of
concatenated edge (Figures 8 and 43), and spacing to

nearest edge.

A first embodiment of an exclusion filter is to
eliminate edges that belong to any one exclusion range in

25 any one characteristic given to the exclusion filter.

Figure 22 illustrates a use of maximal luminance as a
characteristic for exclusion. Figure 22 illustrates an
all-edge and sharp-edge histograms for maximal luminance of

an image captured of the scene illustrated in Figure 21
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(column) to a nearest neighboring vertical (horizontal) 5 edge ("edge spacing"). The edge spacings of
all edges and sharp-enough edges have their respective histogram. Exclusion ranges for edge
spacings are formed like for the other characteristics. Edge spacing can be used to distinguish objects

that havesmany smal detads, fer110 exasple a treewdthgnanydeaves angsbrarchesfirom gthes
objects that do not have similar densities of details, for example a car. An alternate embodiment of

exclusior filte? Sttt Bh exEl<BAMETGN T the e¥dibSion fifér A29S-andior¥ibForeach edge
and apply. the exclusipnweight 1o acalculation of togus signal dn theifaeussignal galeulator; 219. An

edge whose value for a first characteristic falls within an exclusion range of the first characteristic
receives @lesser weight fov e 20L¢haracterstic {'thagictristioweight') tidaone whose value fall

outside il exclusion [anges, Forexample, e haraciaristis wejoht maybe 0 i the middle of an
exclusion range, rises to 1 af the edges o exclusion range, and 1'everywhere dutside all exclusion
ranges. 1H2% thecexclusion filteringises onlyyore eharacteristic,tthe charagteristicaweighids thet
exclusion weight. If two or more characteristics are used, each characteristic has a characteristic

weight fot Rachédde, SRG aff cRralferidtiAieighe rf?@lk}e Mufibled togEtherB4sim therexclusion

30 weightEhug £ach edge may hayve aditst-a serpad, %%gﬂrgmag%e&%@&ic waightwhere three
different characteristics are used in an exclusion chain, and the exclusion weight would be the product

of all thrdecHaractdristi€ veighe Thas, s cofttritstition bEeduhiadye towarks whe fog s Signaldhay be

mtﬂlt('bolied b%flgac.tor E/G_befare (Séjﬂ“lming all c%ntribution§ % form.the focus si}%)]albg Wﬁaer:ee? is the

sum of e%éiusmnﬁ%v%%h%s%%%ﬁ edgesot jat enter the Tocus si nafga\{lglﬁétrllo%, and E 18 the exclusion

weight oftthe edge.dikewisef thefedgeswidtxhistagrahyminichnmay be wgtputias panb bbsidnads 134,
may have edges that are hot members to any exclusion range of ané 10 characteristic contribute more

to the birfcorréSPoridhig-totRer Aesh8ARE Eage Widths fri8Rd of ARt Edgecdhtibuté'the same
amount, 81, U Ths; for example, each edge may contribute E/H Instead of +1 towards the bin

Figure 23 illustrates a use of hue as a characteristic
15 for exclusion. Figure 23 shows a histogram for sharp edges
(associated with wall clock in Figure 21) and a histogram
for all edges, associated with other objects in the image
that are not in sharp focus as well as the wall clock. For
this hue histogram, if both sides of an edge has the same
20  hue value, the hue bin that contains the hue value gets a
count contribution of +2 from this edge; whereas if each
side has a different hue value, then each hue bin that
contains one of the hues gets a count contribution of +1.
In Figure 23, the wall clock and the platter together
25 occupy a small range of hue in the vicinity of a brown hue.
Exclusion range 1 and exclusion range 2 (shown in Figure
23) that together cover most of the rest of the hue range
would exclude most edges that are not in sharp focus except
those arising from the platter, which are not a major part
30 of non-sharp edges. An edge would be de-emphasized or even

excluded altogether by an exclusion filter operating by
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of the edge-width histogram, where H is an average of E 15 among edges that are counted in the
histogram. Similarly, the narrow-edge count may have edges that are not members to any exclusion
range of any characteristic contribute more. Thus, for example, the contribution from each edge may
be multiptind by Etly where-J issanvaveragesefE among 20 edgessthaharetcounted instheanarrow-edge
count. Exclusion Calibration  Referring next to the exclusion calibrator 205 of Figure 3, the exclusion

calibratof 205 re€eivBd BdGesY e@de Wit aRdf the ifpRImAgE-IHd processes them to generate 25

various exclusion control parameters to configure the exclusion filter 207. The exclusion calibrator 205

may further receivie centrot signaglisrcalibraéeiceramandhindex + and ' RNL.cThese central sighals may
come from a focus system controller, e.g. processor 112 of Figures 1 or 302. The exclusion
calibratof*205 5 Tbnfigifed iMspete ofé BEmBle iage Tharaitisfics 3T €dges mtfenerdEnd

separatelyQf shafpadges iLpasticylarunon.acommand.gn aycaliprate.coramand, input control signal,

and create one or 5 more exclusion ranges in those characteristics to exclude substantial amount of
edges thatare Noesharp edodgh. Sharpsenculgh eddesarecedyes whbsé ividths fall withinea

predetertl'[lll.ne narrow r BI% ("ﬁgasrpgdge ra_ncgle;? surroundlﬂg sgasrg .edgg1 Wl%tg.c % slgairg-edge range

may be contaimed 10 wi e narrow-ec"i‘]éje rangg.nfolr%%%gmp €, a sﬁgrp-e‘dge range may be +/-0.2

around sha edge-widielisional abscissa corresponds to a first range
of hues on one side of the edge and a second range of hues

10 on the other side of the edge.

Hue difference may be used as a characteristic for
exclusion. A change of hue from one side of an edge to the
other side of the same edge can be measured and used to
assign the edge to one of the bins in a histogram that has

15 a plurality of bins each for a range of hue-difference.
Figure 24 illustrates a use of luminance change as a
characteristic for exclusion. Luminance change is a
magnitude of change of luminance across an edge. Figure 23
shows a histogram for sharp edges (associated with wall

20 clock in Figure 21) and a histogram for all edges,
associated with other objects in the image that are not in
sharp focus as well as the wall clock. In Figure 24, the
edges from wall clock occupy a small region at the lower
range, and an exclusion range (shown in Figure 24) covering

25 the upper range would de-emphasize or even exclude

altogether most edges that are not in sharp focus.

Figure 43 illustrates a histogram of length of
concatenated edges and an exclusion range for the scene of
Figure 42A. Such a histogram may be used to separate

30 objects having different sizes.
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sharp edge width is 2.0, a sharp-edge range may be from 1.8 to 2.2, whereas a narrow-edge range
may be from 1.5 to 3.0. The exclusion ranges may be memorized under a unique index 15 value
provided by the 'index' input control signal by providing a write command on the 'R/W'" input control

signal. Multiple sets ©f axclusiomeanges may dganarporzedt dach witthg different index value. A set of
exclusion ranges may be retrieved by providing its 20 associated index value on the ‘index’ input

control sigharatdterend tbmmantOrhe 'RMP Tpht 8dntrOr SiHAZIOTAE fetrigdd®xéiBsion ranges
may be applied, by, the exclusion dilter-307-n frigure 31e exclude edgesthatfallwithjp these exclusion

ranges. The exclusion ranges of a first 25 characteristic may be applied before those of a second
characteristiz] umrBigire 17 shews asslockadiadramiof oeie eatbodipseht éhar exchusienldalibrator.
Edgg Staetigtic u it\9(()12 receives an imgge, asel Ofe%%?:%ﬁ and edrge widtps.a ijhcialcu ates all- 30 edge

statistics, wich reehlgt%)grsaﬁr?sct%rrlgn or more char fotics associated wi thees«gfeeagéasr.1 also

calculatestsharp-edgesiatisticsy avhicheare histegrams darpthetsame ¢hasacteyisties but only on edges
whose es%ge widths fall within the sharp-edge range. Both all-edge statistics and sharp-edge statistics

may be Sted Pd HentsH) 90041 Ple BRUGsIGHEAICIISEr 966 reEivBE Both 5 td 6 statifics,

performsgajgulation 1o formexelusiop fangesdr ane gL morR,characteyistiGs basedon histograms
therein, and outputs to a memory-2 908, which may store these exclusion ranges under an index value

provided®hdftput €oated! signakt iHdex upah aharite commangiohlthe d6 igput BentioP Signal IR/16'.

Figue 18 o 4 bigek dagiam.of Analieal embodinent alenelusion.calibalgy. T gbodiment

objects that do not have similar densities of details, for

example a car.

An alternate embodiment of exclusion filter is to

create an exclusion-weight in the exclusion filter 212

15 and/or 910 for each edge and apply the exclusion weight to
a calculation of focus signal in the focus signal
calculator 210. An edge whose value for a first
characteristic falls within an exclusion range of the first
characteristic receives a lesser weight for the

20 characteristic (“characteristic weight”) than one whose
value fall outside all exclusion ranges. For example, the
characteristic weight may be 0 in the middle of an
exclusion range, rises to 1 at the edges of the exclusion
range, and 1 everywhere outside all exclusion ranges. If

25 the exclusion filtering uses only one characteristic, the
characteristic weight is the exclusion weight. If two or
more characteristics are used, each characteristic has a
characteristic weight for each edge, and all characteristic
weights may be multiplied together to form the exclusion

30 weight. Thus each edge may have a first, a second, and a
third characteristic weight where three different

characteristics are used in an exclusion chain, and the
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exclusion filter 910 to the structure of Figure 17. The exclusion filter 910 filters by a chain of sets of 15
exclusion ranges, each set corresponding to a different characteristic. Edges are filtered by one set
after another in the chain. At each iteration, the set of exclusion ranges calculated for the characteristic

analyzed=atdhe:prigsriteratiog s appentead etherchaipraf satstof 28 exclusien ranges. The resultant
edges and edge widths (and exclusion weights, if the exclusion filter 910 follows the aforementioned

alternate EMdotiént of Bxdudish AtFoutpdtiByhe BxdQdior ks 61 62na furier fitsed By the
newly addgd set-are @nalyzed-by Edge, Stafistics unif25,902:t0 generate3 new sgt-of all-edge

statistics and sharp-edge statistics (and exclusion weights, ditto). The exclusion calculator 906
analyzesthé pew setoilirgtge statisoes-anidostarp-edgd stafistics (&fbexohsioh weights Lditto) and
selects thehnext characteristic and its ? sets of exclusion ra@ecss. Aocpar csf[erlst c not ucsigd Jn prior

iterations is chosen. "The flowchart in” igﬁr%c Yidstrates th process./g ep? 8?03, the chain of sets

of exclusiantamrgeshis inittiadized toiempty. Abstejn 1612, @dge statisticsimitiN2 gereratasialkedge
statistics and sharp-edge statistics 5 for a number of characteristics for edges and associated edge

widths réteived fromfexcitRiocRdfter 910: Af SpSID14 BRIRIER AL JoBTaRURABY exclusion

ranges f%@i%%ml?@c{ff E@aréﬁ%ﬂ%}@e{‘@t %’%%Qtir_‘&fiorsi %%%Pi%- Atstep Agf,@a%t glagg@ggristic is
chosen 10 from the abovementioned characteristics and its associated set of exclusion ranges is
appendetite thecctrinmsftexaiesion ¥andecsets) it Step 10980 quen @ "gdodénbugh” (described

bePdv) iscrplaqlfeai Iftaensgvgﬁils yes th%]i:te ative process i,%seogoj?&%and.the chain of sets of, 15 ex%lusion

ranges may be stored to the mgr’%%ry- 081 ﬁno?,rgt S : ﬁ]lenesxcﬁj%%ﬁ?ﬁgr(j élldol further filters

those edgésdnd thek@assaciated edgewidilbspreviously ewpdt ofStep 10 BAwidsthe latest added

exclusion ranges, and subsequently a new iteration starts at step 1012 to re- 20 calculate edge
contribute the same amount, e.g. +1. hus, for example,

statistics.
each edge may contribute E/H instead of +1 towards the bin
of the edge-width histogram, where H is an average of E
15 among edges that are counted in the histogram. Similarly,
the narrow-edge count may have edges that are not members
to any exclusion range of any characteristic contribute
more. Thus, for example, the contribution from each edge

may be multiplied by E/J, where J is an average of E among

20 edges that are counted in the narrow-edge count.
Exclusion Calibration

Referring next to the exclusion calibrator 205 of
Figure 3, the exclusion calibrator 205 receives edges, edge
widths, and the input image, and processes them to generate
25 wvarious exclusion control parameters to configure the
exclusion filter 207. The exclusion calibrator 205 may
further receive control signals ‘calibrate command’,
‘index’, and ‘R/W’. These control signals may come from a
focus system controller, e.g. processor 112 of Figures 1 or

30 2.
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Each iteration in Figure 20 may choose a different characteristic that is not used in prior iterations in
one of several ways. In a first way, the sequence of all characteristics may be predetermined, such
that each next 25 iteration uses the next characteristic down the sequence. In a second way, to

choose betweenradirst ebarastesistic-andi & second chamclesistiotorthiegomedd rext charpetetistic, the
characteristic that generates exclusion ranges that de-emphasize or even exclude more edges that 30

survive iftB &R fersliéy May bR REfeREd Bldrdfe BthePERE SctéAstRETRIE Prefédice may
be rever%eéggtpg@@ﬁ?czﬁf'sg%g%ﬁﬂ@a@%éew reMPYeS-MPLe than 8 ceainJragtion &% a
10%-50%, preferably 20%, of sharp edges. This selection procedure for a next characteristic is
applicabléae theceralbsdimentisfIRiguré 1P as wedlais thd embodiment effRlgwre a8t BIngeder, a first
charbacteIrrilsti]g m%%ﬁ Brse{%rredrovrclar a Sseg%ndc%hoasraect%r}ilséig g ér%ee gforrggri resul%sb ina %rf%tgé increase
in a ¥atio o sﬁarp-enough eggesato%ﬁ edges among the surviving etjjges after a re-%ﬁierlng using a
correspopding sehaf extlusian tanges £1@kxgtusionrangesreortesporyding-to anuaber of different
indices may be combined to farm new exclusion ranges that are stored under a new index. For each

characteRStt FreSaH? WHBerSHEST niore of SQIG SiffERsHE fhditkd e ekeilhidiol t4riyeR of said
CharaCteﬁ%t@d@QéﬁrﬁﬂQéé dHfﬂ%’Edﬂdﬁ%%grBaY( be; FPQF?U)@%@_Q?Q éﬁEﬁéB Pa'gd'}‘i‘@g‘%ﬁl@ﬁqmed_ by
an inversion to form new exclusion ranges such that a value is within such new exclusion ranges if and
only if safthvaire BHOEWithia En exchisiohdamyecidg Said eharactesstidior sdaast angstex that 20
ha§ éaid &Q%ﬁ%‘ﬁtﬁriﬁ?{?@in its P%cl%gigg cre1ain.a Effeectivel%osuch Dew clusign Srﬁrégres _f%r OIsaéd
charactenistic tiies to exclude s arp-e ugﬁ e%laes' from all of said different indices: ORe OF more
charactetistiogenayahe operatéd Upan arthisndaries tipgenkyatevnestéxclusioh 25 ranges. Such
characteristics may form an exclusion chain. An exclusion calibrator may receive a command input

that specifitd®set 0P GiffErentthdicEs along vithTHE hBw FtEx 16 LIbRE tHETéstfant &xdiuston’chain
under. Angwexelusipchaindhus tosmed ynderanevkingex My bse from 1.5 to 3.0.

The exclusion ranges may be memorized under a unique index

15 wvalue provided by the ‘index’ input control signal by
providing a write command on the ‘R/W’ input control
signal. Multiple sets of exclusion ranges may be
memorized, each with a different index value. A set of
exclusion ranges may be retrieved by providing its

20 associated index value on the ‘index’ input control signal
and a read command on the ‘R/W’ input control signal. The
retrieved exclusion ranges may be applied by the exclusion
filter 207 in Figure 3 to exclude edges that fall within
these exclusion ranges. The exclusion ranges of a first

25 characteristic may be applied before those of a second

characteristic.

Figure 17 shows a block diagram of one embodiment of an
exclusion calibrator. Edge Statistic unit 902 receives an
image, a set of edges, and edge widths. It calculates all-

30 edge statistics, which are histograms for one or more
characteristics associated with these edges. It also

calculates sharp-edge statistics, which are histograms for
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30 retrieved to apply on the exclusion filter 207 to exclude edge contributions from a number of objects
already calibrated for to discover remaining objects in the scene. The exclusion calibration works in
iteration from the start of the calibrate command until either a certain "good 5 enough” condition is met

or no mote,ehasaeteristics remaiarThenitbe eptire chainyofset efkxskision sargesdgay be stored in
the memory-2 808 along with the index value from the 'index’ input control signal or transmitted to the

processdf 148161 2f 3h D HldiH PTHGoS ¢ BREUGHTI6 chAGHST carbbd hetihlonedd Reveral ways.
In one, the.candition issmet,if thechain of exelusion yanges hasapregeteunined. umber_of

characteristics, for example three. In a second, the condition is met if, for example, 75% or some other
percentagebetneeh 5004 to 10096 obedybs thatrare 25 aotlshapg-eAdightetiges veseliminated after

exclusion filtcering. In atthicrd, the candition i; met if the Tum?er aof shar@-entough edgesloutnumber the
Se F f Statl’s hCS, .ger orm% C? C%l athfP O Q m.? ClLUus1on
rest by three to one or some other ratio not less than two to one after exclusion filtering. "Good

enough" candjien may baanyenarkref the abeve; or camhioatidntherdof or bthet tepsanable
condition that indicates that what remains after exclusion filtering are not dominated by edges other

than shafgi&rdihhedges FgUrBY85s & AoRcHFTfor HieexcliSion Ealcalatdi®s ghesHown in

Figures 1/4and-18 to-generate exclusinsranggs for each gharacterstic. The chargelgrisfic's range may
be divided into bins, each bin covering a fraction of the range, and all bins together cover the entire
range, and\&djacer® bins @b rivt gveriap exeestshakimg theaoriidre 3T bourtady. Startifigwith the

flrslt(?m a%r%[_oegtloggh@%ol signal ‘R/W’.

Figure 18 is a block diagram of an alternate embodiment
of an exclusion calibrator. This embodiment adds an
exclusion filter 910 to the structure of Figure 17. The
exclusion filter 910 filters by a chain of sets of

15 exclusion ranges, each set corresponding to a different
characteristic. Edges are filtered by one set after
another in the chain. At each iteration, the set of
exclusion ranges calculated for the characteristic analyzed
at the prior iteration is appended to the chain of sets of

20 exclusion ranges. The resultant edges and edge widths (and
exclusion weights, i1if the exclusion filter 910 follows the
aforementioned alternate embodiment of exclusion filter)
output by the exclusion filter 910 and further filtered by
the newly added set are analyzed by Edge Statistics unit

25 902 to generate a new set of all-edge statistics and sharp-
edge statistics (and exclusion weights, ditto). The
exclusion calculator 906 analyzes the new set of all-edge
statistics and sharp-edge statistics (and exclusion
weights, ditto) and selects the next characteristic and its

30 sets of exclusion ranges. A characteristic not used in

prior iterations is chosen.
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exclusion range is emptied. At step 1004, the count of sharp-enough edges is compared with the
count of all edges. If the count of sharp-enough edges in this bin is either zero or less than a given
fraction, e.g. three quarters, of the count of all edges in this bin, include this bin in the 5 exclusion

range. Repeat steps ¥004aitd=1006 iumtikFalbhing-arecdonel usAr £xeldsion ¢alibsatormay create a
separate set of exclusion ranges ("pointed exclusion ranges") by further limiting sharp-enough edges

to be withih aivdh regioR in 18 tehtagB. Pd d6 S5, Sshafp-Edde! statistits FARET tightened to
exclude edges thatjieoytside ggiuen re@een-s@@ﬁﬂ'\m@glogd%y ke fopmed,faexample, in
Figure 16, from a selection region 1920 shown overlapping the displayed image in the display 114.
The seleétivh IBregiontk@20dddicatean sibjedtioesired toalyelinsharrfoeds Thas & ther€ wese a
different ggctaourtﬂd the se cti%rg1 ]r:eé;iqcnelglzsotbluct: at tpg same fo%usadi%tagces%sé thaetobé'{act within
the selection region Zeoﬂhe different ocbjec]f does not Interfere with the formation of exclusion 20
ranges temject edgesniot pedaihingdo theottesied dhject T he exelasion talibratarmay efeate and
memorize a separate set of exclusion ranges correséponding to further limiting sharp-enough edges

within the SeictioRediBR e Giderriebbhthay D& formid ik hitel§ %45 a 85 Bredefdified
focusing fegion, (not shewyn) dr thercenter of thedisplay of digitakegmeras.and the viewfinder of

cameras in general, often in rectangular shape or circular shape. The given region may be formed,
alternatelyt By a tdiihsscredhtsetis6oveblapping tHecdisplayn 814 The 130%6dch-ScteSeFRBr may

sefsp ONE.O e Strokes ot fouching fy.ons ar more,of . spjus.and fnaes, for.examole, and

prowde SUCR Information as?ﬁne positions of the tOUChII’]g to a processor to determine the

correspopding sélectinninegioon ranges is appended to the chain of
exclusion range sets. At step 1018, a query on “good
enough” (described below) is made. If answer is yes, the
iterative process is done, and the chain of sets of

15 exclusion ranges may be stored to the memory-2 908. If

not, at step 1020, the exclusion filter 910 further filters
those edges and their associated edge widths previously
input to step 1012 with the latest added exclusion ranges,

and subsequently a new iteration starts at step 1012 to re-

20 calculate edge statistics.

FEach iteration in Figure 20 may choose a different
characteristic that is not used in prior iterations in one
of several ways. In a first way, the sequence of all
characteristics may be predetermined, such that each next

25 iteration uses the next characteristic down the sequence.
In a second way, to choose between a first characteristic
and a second characteristic to become a next
characteristic, the characteristic that generates exclusion
ranges that de-emphasize or even exclude more edges that

30 survive into the current iteration may be preferred over
the other characteristic. This preference may be reversed

if the characteristic de-emphasizes or removes more than a
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Although shown to reside together in the focus signal generator 120, one or more components of the
exclusion 5 calibrator 205 may reside instead in the processor 112, 112', 112". For example, the
exclusion calculator 906 and the memory 908 may reside in the processor 112, 112", 112". In this

configurationtthe pracessarildz, 182 gl121 tecebes alledge and sharpzavige statistiesa(spown in 10
Figure 17 and 18) via signals 134 for use in the exclusion calculator 906. The processor 112, 112',

112" mayBEfotm thé picteSs bPREFIBcRAPRTIYIE 15Undfor 28EhtifdhARRtti RESIFSrR
conjunctipg withthe focys sigpal ganeralan lad ke +13,Psewith Fxclysion s fx¢lyision caliprator

205 and exclusion filter 207 together may be used to form a chain of exclusion ranges to eliminate
edges thatdwnbtibelohgad tHelabjest ink$harp focus in one image captured at a time. The same chain

of 20 exclusion ranges may subsequently be used to eliminate those other edges even though the

objest has moveq, relative fa the backgrpund ghigets Paipg sp alloys thegdgss otthe gbject to

continue to dominateé the focus signal. Exclusion filtering may be operated whether or not the 25 width
filter 2090y bypassedc:bythe fineswitch 220 #tRigurel3. tfithe Mdthdilterr209ud bypassed, i.e. the

focus signal iss ross focus si%nal, those two.outlie% pe%ksrin Fi%ure 11 at 8%%e Wigths (11‘140 and 5.0
€

may be efiminated so that even if the pare\ﬁgl}s]r)? infocus oabjéyc_t% ‘had'moved out of foéus so much

that the assgeiatedrpealy 820 soyes outsidenf diryearovredge eange-the grass fecusisignadcan still
provide a good feedback signal to the focus control system to estimate how much to adjust the focus
position @ BHng TFe BIjBE ot hierest Rk it hesA&fow-8dgfange where the fine focus signal can

5 provide a more accurate feedback control signal to finally bring the object into a sharp focus.
10 Exclusion ranges corresponding to a number of different

indices may be combined to form new exclusion ranges that
are stored under a new index. For each characteristic
present under one or more of said different indices, the
exclusion ranges of said characteristic under said

15 different indices may be logically ANDed across said
indices followed by an inversion to form new exclusion
ranges such that a value is within such new exclusion
ranges 1f and only if said value is not within an exclusion
range for said characteristic for at least an index that

20 has said characteristic in its exclusion chain.
Effectively, such new exclusion ranges for said
characteristic tries to exclude sharp-enough edges from all
of said different indices. One or more characteristics may
be operated upon in this manner to generate new exclusion

25 ranges. Such characteristics may form an exclusion chain.
An exclusion calibrator may receive a command input that
specifies a set of different indices along with the new
index to store the resultant exclusion chain under. A new
exclusion chain thus formed under a new index may be

30 retrieved to apply on the exclusion filter 207 to exclude
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Re-calibration may be performed at any time, for example during tracking of an object of Interest, by
issuing a "calibrate"” command to the exclusion calibrator 10 205. The processor 112, 112', 112" may
provide the same index to the exclusion calibrator 205 as the index under which the existing calibrated

exclusior:tafges tot the phjectoh terestis storedudde irdexanaicbe thedndexaused to retrieve the
chain of sets of exclusion ranges 15 currently in use in the calibration filter 207. Issuing the same index

as an exiStirng maet &l reprRce theTreGiouSCalbrited BXAGIGHARGES and clidhT thaf E&fFespond to

the existing index with a new chain of sets of exclusion ranges. 20A re-calibration may be performed

when a selectiomiegies isicreatee on andior arole thesetject of Interestte ligvt sharmenaugh edges
to within the selection region only, as discussed above. The "pointed exclusion ranges” or "pointed
exclusiorP &Rt Rdy bé'Sertdd aRd BE BsEPRIZS the ExEUSioR HiEYSID 7anstead 6fiAbn-pBiEed

exclysion. ranges, or chaiy £:9. yhepdhe, procgssar 41 Leceives aliser command providing g given

region in one of the abovementioned manners. Re-calibration may be performed during
movemelitefithe B objettioféntetestiwitluif theedcené causidgion®or marediaagechataeteristics

pertaining to the pbject tq change. For ex e, the user may cqmmand a given region on and/or
Sround TN OB1EE of L SL-CUBh A=t BRioELa! loPLSLIE nEEnGhY NEMGHIGD or & Ting more

and more: pkthe highdight thatgndicatesshasp edaes: SFopre-catibragion dastead ef prawding the same
index, the processor 112 may provige a new index to store a new chain of sets of exclusion ranges.
The re-cRibr&t8d eR4in bt <ets bl éxcluslorfrangés Ral be storé® und L& ek and not

ovepwrite fhesexisting index and itse+ in one of several ways. In one, the

condition is met if the chain of exclusion ranges has a
predetermined number of characteristics, for example three.
In a second, the condition is met if, for example, 75% or
some other percentage between 50% to 100% of edges that are

15 not sharp-enough edges are eliminated after exclusion
filtering. 1In a third, the condition is met if the number
of sharp-enough edges outnumber the rest by three to one
or some other ratio not less than two to one after
exclusion filtering. “Good enough” condition may be anyone

20 of the above, or combination thereof, or other reasonable
condition that indicates that what remains after exclusion
filtering are not dominated by edges other than sharp-

enough edges.

Figure 19 is a flowchart for the exclusion calculator
25 906 shown in Figures 17 and 18 to generate exclusion ranges
for each characteristic. The characteristic’s range may be
divided into bins, each bin covering a fraction of the
range, and all bins together cover the entire range, and
adjacent bins do not overlap except sharing the common
30 boundary. Starting with the first bin at step 1002, the

exclusion range is emptied. At step 1004, the count of

- 46 -



10 associated chain of sets of exclusion ranges. The chain of sets of exclusion ranges from the new
and the existing indices may be compared to identify which characteristic(s) change, and which do not.
The characteristics that do not change from the existing index to the new index may be 15 promoted to
become eariefdn dienem chaigeBheichasactgristiesi that emangednayhe, elininated frosythe chain.
Thus characteristics that remain unchanged over time are retained for tracking the same object over

time. A chérabRFistOMAY be Eordidered PRAHG _h&teast 20 reblatngfé charatiefigtRs exclusion
ranges in the ney,chainwith that ofthe eyisting-ehain wauld result in grsignificani,ghange in  gatio of

sharp-enough edges to all edges after a re-filtering with the characteristic. A significant change in the
ratio maytbe predeteEminédadn 25 exitgrs ©f alperdentage; for exanpledeinglargebthan 5094 The

predetermined percentage may be specified as a function.of the im a sequence, of images.
For 31 OB O TG BSg in ohE Tocks 2Lt hat § Lot s &os Wi the hiriadis
range, 3@ exclusiorecalibrator 205 and exclusion filter 207 help to eliminate edges contributed by

out-of-focus objects so that contribution to the fine focus signal (for which width filter is not bypassed)
is dominated by. edge}s{ g?ﬂtrlbuted b th%g%l%%tr()f I|{1terestrt8 give an |éné)rovemcent in tjge agcuracy of

X . n e 1S 1LON 11 a a_.. ara ;
fine focus S|gna‘/?’as an fndication of focus sharpness\./V\?nen a selectlonl?eglon T920is created on

and/or areuad theiehject ohintasest the fegusdignatgensiatdr ranges”) by further

limiting sharp-enough edges to be within a given region in

10 the image. To do so, sharp-edge statistics is further
tightened to exclude edges that lie outside the given
region. The given region may be formed, for example, in
Figure 16, from a selection region 1920 shown overlapping
the displayed image in the display 114. The selection

15 region 1920 indicates an object desired to be in sharp
focus. Thus if there were a different object outside the
selection region 1920 but at the same focus distance as the
object within the selection region 1920, the different
object does not interfere with the formation of exclusion

20 ranges to reject edges not pertaining to the desired
object. The exclusion calibrator may create and memorize a
separate set of exclusion ranges corresponding to further
limiting sharp-enough edges within the selection region.
The given region may be formed, alternately, as a

25 predetermined focusing region (not shown) in the center of
the display of digital cameras and the viewfinder of
cameras in general, often in rectangular shape or circular
shape. The given region may be formed, alternately, by a
touch-screen sensor overlapping the display 114. The

30 touch-screen sensor may sense one or more strokes of
touching by one or more of a stylus and fingers, for

example, and provide such information as the positions of
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120 may give preference in the calculation of the focus signal to edges that correspond to only the
selection 10 region 1920 ("preferred edges") under a control (not shown) of the processor 112.
Preference to preferred edges may be given in one of several ways. The image provided to the focus
signal geneeatarch20ronnkstls0amaybe buiied-tonwithire therselestion regiabd20s O adueight may
be 15 applied on edges that enter the focus signal calculation such that edges outside and/or farther
from the $E1LBtFON'1eHioRA926 have lesser weights than the preferred edges, or even zero (i.e.
equivalent to being excluded from focus signal calculation altogether). Or edges that are not 20

preferred edgesimay ba glimiiatadatiany eee phthersfs withbin the facys sigpal.geneiajarn20, such
as the edge detection & width measurement unit 206, the width filter 209, and the exclusion filter 207.
Ways to §vB pFeterehces forintPalfedich EWe’ FORBAMGRET0 e 25:8bKECNBFiEWere a need for

a rigid or sharp distinction hetween inside;and quiside gfythe selection region:l920. @ne skilled in the
art can readily appreciate that it suffices as long as a plurality of edges are selected to correspond to
the selectid@ fegidn.arid to 30aeceivespdrepreferencexaghinst aplutalityofledyes obfsfdesthe

selection region. Wh selection regipn 1920.is created on or aro an ohject of ni gst, the
processotfﬁ Z%ég/oc%%trg;atﬁe Tochs ]élegsnjg g?enlerrlatgr?lt% g]%]rfwgrca?es g%lr:oslisrﬁfdgdus?gganai thia erp‘lies a

preferengentotthe preferredi edgestDoing seicanSeligurate edgasnot petaiping o the object of
Interest. For example, in Figure 14 is shown a gross focus signal across a sweep of focus position
from far 651t WitRow appHitgSsueh Preférehbs. aheYréss¥bitdigral MBI mRiple minima but

onlygone fyigiTun. £ pagiion B, 15 10 dugde thecar By apalving suchpreference danibe g, such
as by using the selection region 1920 shown’in Figure 16, the minima corresponding to the foreground
"person"catlpositiot FC, aAd the Hatkgiound traswtains Zsunlél Rérizoh®, At positiorPEA feanbe
emnma“%%g]%¥%ggsgmé¥o¥%e flowchart in Figure 19 and/or 20

entirely within itself or in conjunction with the focus

signal generator 120, 120'.
15 Use with Exclusion

Exclusion calibrator 205 and exclusion filter 207
together may be used to form a chain of exclusion ranges to
eliminate edges that do not belong to the object in sharp
focus in one image captured at a time. The same chain of

20 exclusion ranges may subsequently be used to eliminate
those other edges even though the object has moved relative
to the background objects. Doing so allows the edges of
the object to continue to dominate the focus signal.
Exclusion filtering may be operated whether or not the

25 width filter 209 is bypassed by the fine switch 220 in
Figure 3. If the width filter 209 is bypassed, i.e. the
focus signal is a gross focus signal, those two outlier
peaks in Figure 11 at edge widths of 4.0 and 5.0 may be
eliminated so that even if the previously in-focus object

30 has moved out of focus so much that the associated peak 820

moves outside of the narrow-edge range, the gross focus
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15 focus signal level at position FE, corresponding to the "car", will have a value closer to the
sharp-edge width. The focus control system 102 may control the focus position of the focus lens 104 to
reduce the difference between the focus position FE to the current focus position by 20 evaluating a

difference bgtweendhe currant gressdodusesigna ievel ansdbe sharpedge avidth by @pplying one of
the known control methods, PI-controller. The focus control system 102 may switch to use the fine

focus sigh@GiFerthe thRéntTEcUsSEgiP Ve FamSviniR @ aRge s EBs@eAdtRh th e sharp edge
width, sugh as the pariow-gdge range.1Gentigh - Seaning: - Figyre 2pdsi@ flgwehart fge @ focus

system controller such as processor 112 of Figures 1 and 2 to adjust the 30 focus position and
measurefbsusrsignad whenlamvirgrtae fochs positireadros<itsTrang e froioorrelereito the other in
search of fgggfsl ositionns{ othaet rer&delg EQ?@ i@eag%??gfcq{bj%cts 1tn tg%sc%ne. §‘£St€§ 1%90, atE focus
position 1358t to the far end. AlliRdices for the exclusion calibrator 205 o?lﬁklgure maynbe c é/ared,
along with#he § extlgsiob fange datecin nmembryr>9@afifggures 17 and 18. At step 1402, the focus
position is moved one step closer. At step 1404, if the focus position is the near end, scanning is
completed. If n% at stelp. 406, check to se%if the r]}afrrow-e%ge ount §e%klsmlf no%g](:) to the next 10

iteration, starting%égkaatls éfﬁ H@f Ifrﬁ/%g, ¢reated new index for t7i8 focus p%éition, record the focus

position, seaehp TaliktateicegmandsR theyexctusion calibeater 206 te gathes edge statistics, form a
chain of sets of exclusion ranges, and send the index and a write 15 command to store the chain of

exclusior fafiges Ihénh proréediothe neGilRadA, StartihgDatk ststeg 2aoxalibrator

10 205. The processor 112, 112’, 112” may provide the same
index to the exclusion calibrator 205 as the index under
which the existing calibrated exclusion ranges for the
object of interest is stored. The index may be the index
used to retrieve the chain of sets of exclusion ranges

15 currently in use in the calibration filter 207. Issuing the
same index as an existing index will replace the previous
calibrated exclusion ranges and chain that correspond to
the existing index with a new chain of sets of exclusion

ranges.

20 A re-calibration may be performed when a selection
region is created on and/or around the object of interest
to limit sharp-enough edges to within the selection region
only, as discussed above. The “pointed exclusion ranges”
or “pointed exclusion chain” may be sent to and be used at

25 the exclusion filter 207 instead of non-pointed exclusion
ranges or chain, e.g. when the processor 112 receives a
user command providing a given region in one of the

abovementioned manners.

Re-calibration may be performed during movement of the
30 object of interest within the scene causing one or more

image characteristics pertaining to the object to change.
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A chain of sets of exclusion ranges may be formed during the scanning process for each focus
position where sharp images are found. In a subsequent search for any of 20 these objects, the
exclusion ranges may be applied to the focus signal generator to help de-emphasize and discriminate

against eglges esntriputed by the efberrobjesfs soiias the grossifeeus signal smaycexhibita/single
trough and further the trough has a minimum value that is close to 25 the sharp edge width, and so

that the feFBEES Sigifal aROHRS 1S IRRFEERES B GiRBRioREs bbjeceH& s departure from
the sharp gdge width gives,an acqiuate estigate Qb hewdnuch to adjustthe JogusRositigR to bring the

object into sharp focus. Both remain useful and 30 reliable even if the object of Interest moves relative
to the othe? objeets. the Asigrhilldsifation Figurendis a geaphsdfaaprowckdizie count plotted against

time when scanning the scene lllustrated in Figure 12. The narrow-edge count peaks whenever the

focus position sssychythatanohisct projects 5 asthamimage,ondte aixslariael Qn Figures 1 or 2,

thus its peaking signifies a presence of sharp-enough edges. Figures 26, 27, and 28 illustrate the
images captired whértherfoassensislat 2aciaof thoserfodes pogitions Wwhiee: theasrowredge count
peaks. 10Figure 14.shows the gross focus signal output by the focys signal generator 120 during the
S, whaT i B Iston G 20736 pyhoeis by the ERGR" SIS Do GRF b §1ss foous
signal cogestiynexhibitsarmsiniuma conraspondingde drestimes,when thedeeus position 15 isagar each
of the three focus positions that brings an object into sharp focus. However, the gross focus signal's
minimum-8 $dtatthé sharp edte Width tvel, Wiicig 295hReis RABPle2dGk tbRe interference from

blurred edges.cantiibuied by the ofher.objects,thatare Out-ofsfpcys, As20 aforamentinned, tuping on
‘exclude’ signal after having calibrated the exclusion calibrator 205 will subsequently allow the gross
focus sighealtte exfiibftasinge globalanigisunt forreatch of thevd grodps-dfobjectssivyi redrieving
s gpges g Pedicer o sl olabiec A ey e vpred pn e
change, and which do not. The characteristics that do not
change from the existing index to the new index may be
15 promoted to become earlier in the new chain. The
characteristics that change may be eliminated from the
chain. Thus characteristics that remain unchanged over
time are retained for tracking the same object over time.
A characteristic may be considered having changed if
20 replacing the characteristic’s exclusion ranges in the new
chain with that of the existing chain would result in a
significant change in a ratio of sharp-enough edges to all
edges after a re-filtering with the characteristic. A
significant change in the ratio may be predetermined in
25 terms of a percentage, for example being larger than 50%.

The predetermined percentage may be specified as a function

of the image or a sequence of images.

For an object of interest nearly in sharp focus such
that it produces edges within the sharp-edge range,
30 exclusion calibrator 205 and exclusion filter 207 help to

eliminate edges contributed by out-of-focus objects so that
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ranges for hue for each of those three groups of objects may be formed. Search - Display & User
Direction 30Figure 31-33 illustrate how edges may be highlighted on the display 114 of Figure 1 or 2
when the focus position bring them into sharp focus. Highlighting sharp edges or sharp-enough edges

is especiatynrelpfolitoithe user wies the image-eapiure resolution fsfar highehthan ghendisplay
resolution such that an insufficiently sharply focus edge 5 still appears to be sharp on the display. It

also solvéd a'cdmnich prableRvRRsieRthe USerdORTEHIEH B WRRETHjecPRMEAY S&RFal objects
in the scepe iéﬂ%sb%ﬁ]&cysoiﬂa\m@%@U%@fgﬂ@@ of which-ahigrts,arerin sharpecus, the user

can then press either the outward 10 button 1912 of the image capture apparatus 102 of Figure 16 to
focus onadfanerabjeet, of inveard datien 391 focus oima hearecebjector ase darure of user

inpu% devé e and method available to input such user commands. The image capture apparatus 102

may also |saﬁg§1§%ﬁriking 15 outline 2100 overlapping the object whose edges are to be focused on,
as shown in Figure 33. In general, any display method to indicate one or more sharp-enough edges
may be used, a¥loae skilletcihahe¢ anwonkbreadilylriggdgnize. ArSedreliMode and/or

around the object of interest, the focus signal generator
120 may give preference in the calculation of the focus
signal to edges that correspond to only the selection

10 region 1920 (“preferred edges”) under a control (not shown)
of the processor 112. Preference to preferred edges may be
given in one of several ways. The image provided to the
focus signal generator 120 on bus 130 may be limited to
within the selection region 1920. Or a weight may be

15 applied on edges that enter the focus signal calculation
such that edges outside and/or farther from the selection
region 1920 have lesser weights than the preferred edges,
or even zero (i.e. equivalent to being excluded from focus
signal calculation altogether). Or edges that are not

20 preferred edges may be eliminated at any one of the units
within the focus signal generator 120, such as the edge
detection & width measurement unit 206, the width filter
209, and the exclusion filter 207. Ways to give
preferences to intra-region edges are not limited to the

25 above. Nor is there a need for a rigid or sharp
distinction between inside and outside of the selection
region 1920. One skilled in the art can readily appreciate
that it suffices as long as a plurality of edges are
selected to correspond to the selection region and to

30 receive such preference against a plurality of edges

outside the selection region.
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20Figure 34 is a flowchart for seeking to the Nth object in a given direction. At step 2200, the focus
lens 104 moves until N-1 peaks are skipped. Peak skipping can be detected using one of several
signals for peak detection ("peak-detection signal”). One candidate peak-detection 25 signal is gross
focus signal, whitteas Bigeee136-shioyrs attadnisenlocal nainimung akeachpostion wherethete ane
objects producing sharp edges in the captured image. For the scene of Figure 12, to bring the car into

sharp fo @R e Follls IeRLEHFEIve dubtfards FORTHE netmoEE0 suitibh ¥4 skip foctis Position
FC wherg thepersepisds shayp feeuisgpagt Pﬁfgc%s(%‘%%@é‘ where thesgross focys signal reaches a
v

local minimum (thaf nearly reaches the sharp edge wi alue of 2.0). Another candidate
peak-detetiivhisignat iscthe harewedgé colifteFiguei3srstpisatigow-eddeccondt &focas position

moves outward from the 5 Innermaost position past the position where the person produces a sharp
mage in e CaStre 1RaGE s T RTStBE 2205 TTHE o chartin Fiirs 3acin SR Tound the
Nth peaki centiwent® noye fecus iensre theisaie direstinn satgteps2206oand retdrgrie the same 10

guery at 2202. If found, move to step 2204 to turn on tracking mode. Detection of the Nth peak can
use one BERERI PeRIGERCHN SE@%HJSS OreSchhdidBte geaR-defectibh siyRafis the gtasd focus

signal. Aag;é@?%@id%‘ch% t?ﬁ@%@_%‘ﬁ@%@ COWR A Qiﬁ@@t P%@ﬁéﬁ_ ion éEQH‘i"b’E%)ébe used
for step 2202 than step 2200. Tracking may be turned on after the peak is detected, as shown in
Figure 38wAd 3B fctoWwinglthe flonchaptdfFigure 32 1oywhen, approdaehihgtanemeaP endugh to the

pea valug, as,sho n in Figure 37B foIIowiri flowchart of Figure 38, 20 "NeIar enough” may be
excleéedin%g%aeprtéaet\éelrrﬁingg fraction of the p%olrnd%tesc?e%lpé%ﬁeva ure?rel.g.efror%ra E)Q“r%lllt% s%gn.f
such as by using the selection region 1920 shown in Figure

A\Y

16, the minima corresponding to the foreground “person”, at
position FC, and the background “mountains, sun & horizon”,
at position FA, can be eliminated. 1In addition, the gross

15 focus signal level at position FB, corresponding to the
“car”, will have a value closer to the sharp-edge width.
The focus control system 102 may control the focus position
of the focus lens 104 to reduce the difference between the
focus position FB to the current focus position by

20 evaluating a difference between the current gross focus
signal level and the sharp edge width by applying one of
the known control methods, PI-controller. The focus
control system 102 may switch to use the fine focus signal
when the current focus signal level falls within a range

25 close enough to the sharp edge width, such as the narrow-

edge range.
Control - Scanning

Figure 25 is a flowchart for a focus system controller
such as processor 112 of Figures 1 and 2 to adjust the
30 focus position and measure focus signal when moving the

focus position across its range from one end to the other
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User Control on Search The number N to associate with the focus position to seek to may be
established in one of several ways. 25In a first method, the apparatus 102 may provide a user control,
such as buttons 1912 and 1910, shown in Figure 16, or any other form of user input method/apparatus
mentioneichin kig descriptiort,de navigate dutward ot uardamesg skarpfecusnposgitions fFor
example, each pressing of the 30 button 1912 may select the next farther sharp focus position,

whereas ¥28R predsing of fHe BLERR910 MaySefiet theHext fésterisharsideas podifdh. The
apparatus 102 may.display, a highlight speh as ghighlight 2000 shawn in-frigures31 on a sharp edge or

a sharp object. The sharp 5 focus positions may be memorized during a scan. The highlight 2000, or
the correspandintpsivarp 8dges; 6r bothivateeaghsharpdecuslsositiod founbaduging thdisdamamay be
formed and memarized in a memory, such as within the p SS 2,112', 112" during scan.
The isp/ay e 10 kg 8 Che SRS ot SN Ty b ol S R o, Dur b hesigaton to
a target facusspesitiond Sach ashley Usigibutions 1912 and 494 tosjdmprfarther epnd miearss among
sharp focus positions, the highlight that corresponds to the selected sharp focus position may be

retrieved’tfont t5thelmh8foryland diSpldyed-oh e tsply 1908, AlRg With theRighlight 2000, the

previously memarizeddisplayed image that egrrespends,io the sglegted shaipfacys pasitiondmay be
displayed as well to show what object in the memorized display image gave rise to the sharp edges at
the 20 seldctédisharp focus podiien. Wit thigid kibe usérfmayp tecid®whethehtherseleeted sharp

focuy poﬁfﬁronrcaoéﬁeéﬁon%scté’r@%ﬁr het intgnded t%"tgee(ﬁtzsﬂai B0 heI%’. i\ZS Jeeds fonavigate farther
or nearer. Thus, even With several different objects at different focus distancés

new index for this focus position, record the focus

position, send a calibrate command to the exclusion

calibrator 205 to gather edge statistics, form a chain of

sets of exclusion ranges, and send the index and a write

15 command to store the chain of exclusion ranges, then

proceed to the next iteration, starting back at step 1402.

A chain of sets of exclusion ranges may be formed
during the scanning process for each focus position where
sharp images are found. In a subsequent search for any of

20 these objects, the exclusion ranges may be applied to the
focus signal generator to help de-emphasize and
discriminate against edges contributed by the other objects
so that the gross focus signal may exhibit a single trough
and further the trough has a minimum value that is close to

25 the sharp edge width, and so that the fine focus signal
also has less interference from out-of-focus objects that
its departure from the sharp edge width gives an accurate
estimate of how much to adjust the focus position to bring
the object into sharp focus. Both remain useful and

30 reliable even if the object of interest moves relative to

the other objects.
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25 giving rise to edges overlapping within the image in the display 1902 in Figure 16, for example the
head of the person and the left end of the car, the user is able to select the target object. The
processor 112 thus determines the user's selection of the target sharp focus 30 position and its
associated memgyized sharpfeeussposiion oF exelusion ghair oringex phanyrcambinaiendhieyeof. If
the target sharp focus position is the nearest, found from the scan, N is 1. If it is the one immediately

after, N i§2Y&rd 8061y 59 296diaed chafor BRAUsiGT FMgés thayhe réfigb&d and applied to the
exclusion filtey @Q?a@%@%@?i%@%ﬁ%n having been calibraigd. created. gng) stoppd,y under an index

previously. In a second method, a prior scan is not assumed. Using the user interface as described

in the previctisgaragrapls; theaser nvshidvigate fasthetoineahertbya naibecd seeps) Eortexample,

the yuser ma press button 1912 thtr e 10 timef to demanol @% outwalg:d search frgm the gurrent focus
on 1gu

position Sas atirst sﬁgr?oqf%cus posSI %nﬁﬁﬁ%vedablilraagecon sﬁgrp foajsrp%ssition?g stop at a third

sharp foatis\positios. Thesfrtusysysten tariteallenl resmmandsthe docusdersntOdtio move outwards
to the third sharp focus 15 positian by following the flowchart in Figure 34, having N initialized to 3. If

the user SAFRGuenth Ehttls 48 change tRe targét sharg o EdSdsitionto HESKEdNd sharp focus

position by, pregsing byiterh1930-0neg the facussystemyeonuolier 112 comyaandshe focus lens 104
to move 20 to the second sharp focus position by following the flowchart in Figure 34, but moving the

focus positier-initha fhwake direction thig HimehaGYEN dnitidlize® &Rk SThe apparatus 102 may
display a highlight 2000 on sharp edges each time a sharp focus position is found at the 25 final

desfination or iNER3FSING- 14 shows the gross focus signal output by the

focus signal generator 120 during the scan, where the
exclusion filter 207 is bypassed by the ‘exclude’ signal
being OFF. The gross focus signal correctly exhibits a
minimum corresponding to the times when the focus position

15 1is near each of the three focus positions that brings an
object into sharp focus. However, the gross focus signal’s
minimum is not at the sharp edge width level, which is 2.0
in this example, due to the interference from blurred edges
contributed by the other objects that are out-of-focus. As

20 aforementioned, turning on ‘exclude’ signal after having
calibrated the exclusion calibrator 205 will subsequently
allow the gross focus signal to exhibit a single global
minimum for each of the 3 groups of objects by retrieving
exclusion ranges using the index for each group of object,

25 even 1f they have moved from where they were during
scanning. Figures 29, and 30A-30C illustrate how exclusion
ranges for hue for each of those three groups of objects

may be formed.
Search - Display & User Direction

30 Figure 31-33 illustrate how edges may be highlighted on
the display 114 of Figure 1 or 2 when the focus position
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Either of the above methods is useful to deal with difficult focusing situations in which edges from
objects at different focus distances overlap. One example of such situation is a chicken wire and a
chicken behind the 30 chicken wire. If the focus position has the chicken wire in sharp focus whereas
the chicker isthe tesired abjectsthe tiserreaniravigate gitvagdstanecstem using theguser terface, for
example by pressing the outward button 1912 once. In response, the focus system controller 112

command$ tHeoEIEBAE 1 648 R ove o ARSI Lmtil the WX SHarp focte$s HetB&ed\ifich is the
sharp foquspositign for the,ehicken-Onshe pther hand, 4 the focys pesitien, has the C@@E?g in sharp

focus whereas the chicken wire is the desired object, the user can navigate inwards one step using the
user inteiface fortekampieusypressifg the 10iawaddisuten 1.9Y0 shee nA respoases tissifaeus system
cont%g)ller Jtllz ﬁorgmarel%srtge f%c;igelens%loé toor?lovtehigw%rdg Ufg' the next ngr C)foc%slis edseteé:ted,
which is the sharp focus position for the Chicken wire. 1n ei ﬁerpcasg,' the s%arp 0 Jec? or its edges may
be highlighiedon therdisplayn 1w 1802 each:tirae aB ®bjetkis hoaughbinéo sharp focus thhielp the user
determine which object is in sharp focus. Highlighting on a display an object or its edges in sharp

focus, profiding & JEBP HerfRE &t acBEpts & userd cdmimand [ iRitiate ard/cttedist a direction to
20 seek toa-next foguis pogifjom to-bring a, fartharrer nearer Objegh intg,shasp focus, seekingto said

next sharp focus position upon a user entering a corresponding command via said user interface, and
highlightinh @bjectsst Wiseir édesbPeuyht o Sharp favus Hering trassitiigte the129 fial focus

position are steps to_a user of an apparatus, 102 regardless of ho focus.signal is formed or
ot e DSt it 0o b SHar 100TE dotbtea. TR Tt St oy be Sathd S oo
measuringowitithswof edgesin @anrimage asiin thistapplicationwa@ Alternatetyr tHeddppataius 102 may

measure a contrast across an edge and detecting sharp focus of the edge by de,tecting a peaking in
said contf&t WheRFocus BositiGh oPPJeCt or-use any one of user 1npu

device and method available to input such user commands.
The image capture apparatus 102 may also display a blinking
15 outline 2100 overlapping the object whose edges are to be
focused on, as shown in Figure 33. In general, any display
method to indicate one or more sharp-enough edges may be

used, as one skilled in the art would readily recognize.
A Search Mode

20 Figure 34 is a flowchart for seeking to the Nth object
in a given direction. At step 2200, the focus lens 104
moves until N-1 peaks are skipped. Peak skipping can be
detected using one of several signals for peak detection
(“peak-detection signal”). One candidate peak-detection

25 signal is gross focus signal, which as Figure 36 shows
attains a local minimum at each position where there are
objects producing sharp edges in the captured image. For
the scene of Figure 12, to bring the car into sharp focus,
the focus lens will move outwards from the innermost

30 position to skip focus position FC where the person is in

sharp focus, past the focus position where the gross focus
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the focus lens 104 is changed. Alternately, the apparatus 102 may generate a focus signal by dividing
the image into groups of adjacent pixels, e.g. each group having 16-by-16 pixels, a contrast measured
within each group as a 5 difference between a maximum value and a minimum value of a signal that
representsi\ysible lightrefegting frosrthe seend.reugh lurninance; @ad tetecting-sharp foces within said
group of pixels by detecting a peaking in said contrast when focus position of the focus lens 104 is 10
changed S&d RigRIithEing a poRiohdl e ifage dishayedPaisHiay 3051 dsHdspoRdiAd fo said
group of gg%&/c\%ﬂa@kyciﬁhﬁa%r%ﬁ%1%@%&6@@"@{@ 2 fo6H$ Signaliusing.any=conyepfional

method. A Tracking Mode 15The focus system controller, such as processor 112 in Figure 1 or 2, may
turn on the'fii® woatidsighalttthe foclis sighalgeneratonl 2000 eeceeta fimslfoEuosighalavhen

tracking rlngg% s}%tgtlt may a,lcslo turn on tthe '%xcludg'SqucrErolnsi%rﬂal Elgd 2é}jrloevideet]@(sa gorresponding 20
index to an exclusion calibration 205Within tEe?oc%s &gnaneneraetor 1200 retrieve the
correspopdind exelgsian sanges, if thegbjechnearly indqcus has béra geeviously calibrated. If not, it
can issue a calibrate command to the exclusion calibration 205 to perform a 25 calibration and provide

a new index to store t ecal'bb% d exclusion ranges, and subsequently retrjeve them for use by the
exclusion filter ;O% f)o?n% o) @n%réjv%es%?ﬁeac%r(a%gf "81‘3 tﬁg fihe f%@%%%a?gy gr%g ye gt?enuating the

interferencefiomny urintended 0bjertsh 3@ Ehefpcusssystan soritoliebrray adipisithe decys position to
keep the fine focus signal nearest possible to
the same direction, at step 2206, and return to the same

10 query at 2202. If found, move to step 2204 to turn on
tracking mode. Detection of the Nth peak can use one of
several peak-detection signals. One candidate peak-
detection signal is the gross focus signal. Another
candidate is the narrow-edge count. A different peak-

15 detection signal may be used for step 2202 than step 2200.
Tracking may be turned on after the peak is detected, as
shown in Figure 35 and 36 following the flowchart of Figure
34, or when approaching and near enough to the peak value,
as shown in Figure 37, following flowchart of Figure 38.

20 ("Near enough” may be exceeding a predetermined fraction of

the prior detected peak value, e.g. from a prior scan.)

User Control on Search

The number N to associate with the focus position to

seek to may be established in one of several ways.

25 In a first method, the apparatus 102 may provide a user
control, such as buttons 1912 and 1910, shown in Figure 16,
or any other form of user input method/apparatus mentioned
in this description, to navigate outward or inward among
sharp focus positions. For example, each pressing of the

30 button 1912 may select the next farther sharp focus
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the minimum, as shown in Figure 39, or it can pursue an alternate strategy of controlling the focus
position to keep the fine focus signal an offset away from the sharp edge width and above the
minimum, as shown in Figure 5 40 and 41.(sharp edge width is labeled as hFs in Figures 40-41.)

Maintainipg dine fegus signakat=an effsehalovesharpedge width angdttbe minigun hasya benefit in
that a slight change in the fine focus signal due to any movement in the object gives off clue as to

whether fHé'Stfdct s MBving RIBE&IST tamiRarPIf HeTBCuSSTRitioh 8 fartheF fhad B4 Ecus
position thatwalg have Bioughtihe fing focys sidsatia the minmum{heage-the fipe faays signal level

is higher than the minimum), @ movement in the object that reduces the fine focus signal must be
directed 15 obtawdss i.8 1closer #o theascene fbgaticrtwhere lae burednii scs poSitien wbaldimake

shar, im%%ec.uosn thgsotr%ej_rggrswdﬂga ngvemgﬂgiglth%%bjgg Increaséesstge Hne f s signal, the object
must be moving il}?war]ds, I.e. away from that scene focation. OR the Gther %ar'ld, if the focus 20 position
is nearertthamthegdeal faroi8 position; ke oppasie wontiibetrus Ihe feclisesystearcantrotgr then
can immediately move the focus lens in the direction thus determined. This is shown in Figure 41

where thé fin& #6cus $iyhaPFis SREWH PaRAl Rturh e Site RYel D85afer A nii Hepsrture,

whereas i, Figure 39,whereqthe focus system contielley targetsithe, fing,focus signaldo the minimum is
unable to immediately determine the direction of movement of the object and may make a mistake

when thePalsjes serts mMdving, tadding thedfitialdicréase 3din finedocus sidral lsomheiee@pid, and
onlyafter fnal (o realize Ing, mistaken gess of direction and forcorect iself, I Figyre 30, fhe
subsequent ripples are maintained as small asplglgure 21on the assumption that the o jectgcbntinues
to move inutbe sgme directionz hence the fecus system contraklerposs nabmakesa secons migtake in
the direction. But if the object changes direction, the 5 focus s¥stem controller that targets the

minimuntfocisighd VP can haké B hidtake again JumP tarther and nearcr

among sharp focus positions, the highlight that corresponds
to the selected sharp focus position may be retrieved from
15 the memory and displayed on the display 1902. Along with
the highlight 2000, the previously memorized displayed
image that corresponds to the selected sharp focus position
may be displayed as well to show what object in the
memorized display image gave rise to the sharp edges at the
20 selected sharp focus position. With this aid, the user may
decide whether the selected sharp focus position
corresponds to his or her intended target sharp, or he or
she needs to navigate farther or nearer. Thus, even with
several different objects at different focus distances
25 giving rise to edges overlapping within the image in the
display 1902 in Figure 16, for example the head of the
person and the left end of the car, the user is able to
select the target object. The processor 112 thus
determines the user’s selection of the target sharp focus
30 position and its associated memorized sharp focus position
or exclusion chain or index or any combination thereof. If

the target sharp focus position is the nearest, found from
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In general, in this alternative strategy, the focus system controller should servo a focus signal to a
target level offset from a optimal signal level (of the focus 10 signal) that indicates a sharpest focusing
of a plurality of edges whose edge widths contribute towards the focus signal, the target level
indicating adessdeeuset state of. the plurality okedges tharetheaptimaksigna) levek dhis istdue to the
observation that the effects on the focus 15 signal would be indistinguishable between a forward

displacerféntdtd &Packard digflaéeiiat of fittoCiiéRs, WatHoth-WEHE Pestitid e Styes
becoming widex it the-facysdens wersipasitioped atthe sharpgstifgsusenositio forthese gdges. 20
Use with Exclusion lllustrated Figures 42A-42C lllustrate an ability of the focus control’system to track
an objecB(#robiid) tieat nsdves elativeito habkgrourhdbjbats.ia Eigure 42A attle dird isSinsharp focus,
andghe focmg system E%rgroller is%t%felsoau%!i calibrate command to the exclusion calibrator 205 and
turnd the *fine" control S|gn§IXOI€]fo generate%‘fine focus signal and the 'exclude’ control signal ON to
exclude the mailbox, which is not sharp in Figure 42A. The exclusion calibrator 205 finds two
characteristics, hamelyshe tength@ bfasdncatepated edgesiand slam@Engesswhese. exdlisiong
ranges are shown in Fi%qcr%sr%?éand 44, rgspectiv ,O{o exclg%e the mailbox from the bird. Next, in

I
Figure 4 Th&'Bird flies near and rests on the ]r:nla%éox. Bétween Iﬂéﬁr\(’elﬁﬁsar%a 478 e %Cus

control Stsystetseontinues tdrack thebimkiotesp itdn sharp fecuspWhen tgiied-caies to rest on
the mailbox, edges contributed by the mailbox are also sharp-enough edges, but they are excluded by
theexdu%ﬁﬁﬁﬁerZéﬁ%yﬁﬁﬁ@R&?' the user may press pbutton 1912 "three

10 times to demand an outward search from the current focus
position past a first sharp focus position followed by a
second sharp focus position to stop at a third sharp focus
position. The focus system controller 112 commands the
focus lens 104 to move outwards to the third sharp focus

15 position by following the flowchart in Figure 34, having N
initialized to 3. If the user subsequently demands to
change the target sharp focus position to the second sharp
focus position by pressing button 1910 once, the focus
system controller 112 commands the focus lens 104 to move

20 to the second sharp focus position by following the
flowchart in Figure 34, but moving the focus position in
the inward direction this time, having N initialized to 1.
The apparatus 102 may display a highlight 2000 on sharp
edges each time a sharp focus position is found at the

25 final destination or in passing.

Either of the above methods is useful to deal with
difficult focusing situations in which edges from objects
at different focus distances overlap. One example of such
situation is a chicken wire and a chicken behind the

30 chicken wire. If the focus position has the chicken wire

in sharp focus whereas the chicken is the desired object,
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characteristics, namely the length of concatenated edges 10 and slant angles, whose exclusion ranges
are shown in Figures 43 and 44, respectively. The fine focus signal continues to indicate the
sharpness of edges contributed by only the bird, not the mailbox. Finally, when the bird flies away, the

focus corfrel sysiem coatinuesteo drack theulbhitchte maiatandtsomage fiyshatp fagss and not getting
falsely-locked onto the mailbox, which by the sheer larger number of edges would have otherwise

dominatedthe Fihé fotus ShalPaiftimarse /Rl eFeEUsDnirBsiGhal that theCobid@ bf thierést
remains at,the same fogusdisiance. 20 GertainAdvantages, -Qne advantage;af the focus signal

generator is that the minimum focus signal of different images are at approximately the same values.
This ensgresrizatdise lehs wilbrenminliprtise $éfie positioy evenit the xamerarisi2b shHakingaxitthe
image Stlgﬂqualn% shagﬁégot ertadvgngge Vlv%tfg}lthe rar%%eebet\geern thgl rgest and.scrriallest focus

a
signal for a Scéne with different Tocal distaces are widlesenough fo 'énsure tha ﬁ1epo%%rlnumof%cus can

be obtaingdr thA fartherladvantagmistthal the: fosus signal,vaiue is het dependeptaniiltiinination nor
on color or reflectivity of objects in the scene. Conventional contrast method of generating a focus

signal prBduteseBntrast SIFRAI Whicts 835 Strong i peRG& R dn difsaid B éors Sudhtthat wien a
new object gntgrsdhe seengeuenthoughat the-sharp focys distance. thefecussignalpreduced by the

contrast method usually changes. Alternate Embodiments 10Figure 45 shows an alternate
embodimapi 6fa fdeas sighal genbrIEdraIe). Foeds Sigraligeferatord e scuip\ds Statistics of edges

andedge widhs, Amana the edgewidth statities tat canyller 129, outayts 2y be ong or more of

the following: an edge-width histogram comprising edge
controller 112 commands the focus lens 104 to move inwards
until the next sharp focus is detected, which is the sharp
focus position for the chicken wire. 1In either case, the
sharp object or its edges may be highlighted on the display

15 1902 each time an object is brought into sharp focus to

help the user determine which object is in sharp focus.

Highlighting on a display an object or its edges in

sharp focus, providing a user interface that accepts a
user’s command to initiate and/or request a direction to

20 seek to a next focus position to bring a farther or nearer
object into sharp focus, seeking to said next sharp focus
position upon a user entering a corresponding command via
said user interface, and highlighting objects or their
edges brought into sharp focus during transiting to the

25 final focus position are steps useful to a user of an
apparatus 102 regardless of how the focus signal is formed
or how the object or its edges in sharp focus is
determined. The focus signal may be generated by measuring
widths of edges in an image as in this application.

30 Alternately, the apparatus 102 may measure a contrast
across an edge and detecting sharp focus of the edge by

detecting a peaking in said contrast when focus position of
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15 counts at different edge widths; an edge width where edge width count reaches maximum,; a set of
coefficients representing a spline function that approximates edge counts at different edge widths; and
any data that can represent a function of edge width. Census Unit 240 may 20 receive data computed

in one oryheye ff thesothemunits gvithithe tacus gignal generaters291 tp, catawdate stadistics of edge
widths. IgTBeneral, the focus signal generator 120" may output a signal that has an indication of a

distributiory 6f SRyé GRS TE5Reférrihg T0*Rigirede thdedgtlwitith Stetities thB3W6videtin signals
134 to an,alisspate smbodiment of Progessor 112 Inan aliemate.ayiigsfagys image ok p apparatus

102" may be used by the processor 112' to compute a gross and/or fine focus signal anda
narrow-edge&edumt ik 3¢ acdordaricendthanethdds disbussed apbveamcatuivatent thereof. In addition,
any data computed in the focus signal generator 120" may be output ta the processor 112’ as part of
the St g ST P o, e Bt A ar et b i SR & dhges,
such as statisties ot edge chapacteristics usedsfon 5 ealtulating the fekelusibn gargesmandiobains
according to the flowcharts of Figure 19 or Figure 20, may be sent to the processor 112'. The

processor 4%3mayFinterndiYERBritE a fEHE simafaidioih f&fdwed§s Esunt intaddition to the 10

functionsggglad%qi&me BroCessSaL 142 @&Fi@gr@ej_ct_ i n&h% p?g@laqggqygI@BAéQngnvgrter 119, color
interpolator 148, and generator 120" may reside within a package 142, together comprising an image
sensor 159Négpagdte FoANthE protesporsiiRi a8y etfarioiiter eatbodinerit of a fotus Signal generator

may~add a census, unit 2 Q.th% enerator 102 of Fi]g%re 1 aano%tgut ane or moye staltisticsd
caltulated i SUCh & ggr?gi.riato%?oté rocessor 112, O O TS HHege GRERRayE

in display 1902 corresponding to said group of pixels.
Alternately, the apparatus 102 may generate a focus signal

using any conventional method.
A Tracking Mode

15 The focus system controller, such as processor 112 in
Figure 1 or 2, may turn on the ‘fine’ control signal to the
focus signal generator 120 to receive a fine focus signal
when tracking mode starts. It may also turn on the
‘exclude’ control signal and provide the corresponding

20 index to an exclusion calibration 205 within the focus
signal generator 120 to retrieve the corresponding
exclusion ranges, if the object nearly in-focus has been
previously calibrated. If not, it can issue a calibrate
command to the exclusion calibration 205 to perform a

25 calibration and provide a new index to store the calibrated
exclusion ranges, and subsequently retrieve them for use by
the exclusion filter 207. Doing so improves an accuracy of
the fine focus signal by greatly attenuating the

interference from unintended objects.

30 The focus system controller may adjust the focus

position to keep the fine focus signal nearest possible to
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Auxiliary Pixel Array 20Figure 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 A/D
25 Converter 2810.i Fhenpartiad nirrenw2850nmay gplit hesingorsing Jightdheanpintosa Birsk split beam and
a second split beam, one transmitted, the other reflected. The first split beam may further pass through
the opticaHiowFass Fe 2840158t dre FihaPreachihg HEmARSiXe? S0 arlay 2868 WhidPdetects the
first split peam andcopverts ta,analog:signals: The seeend split heam maybe reflected by the full
mirror 2852 before finally reaching the auxiliary pixel array 108", which corresponds to the pixel array
108 in systent P02 digmvrvincHigure 1d Upbe splittidees atithe pantial mirros2880, the rdtiodof fight
intensity (jn unit of Joule per secand) af the fitst beam to the second beam may be greater than
ook, pibtordhls oleter f1aN 8 02 e brAtnDIe, e et ey b 2oL T e GG aray 2808
may be covered by a onldrltHfiltet amay ohacaoxmnesaid pattern -9 athe Bayercpattenv dde optical
lowpass filter 2808 prevents the smallest light spot focused on the pixel array 2808 from being too

small as F'édRe IS ng \WiEre A EhIdr e PO H- MBERIE Battétn "B V&S e piRel Ay 2808, aliasing

15 can give 1igg 0 £olanyairs artifacts aftera galonintempolation.. Farexample, ihe smaliest diameter
of a circle encircling 84% of the visible light power of a light spot on the main pixel array 2808
("smallestmaifie object gives off clue as to whether the object is

10 moving closer or farther. 1If the focus position is farther
than the ideal focus position that would have brought the
fine focus signal to the minimum (hence the fine focus
signal level is higher than the minimum), a movement in the
object that reduces the fine focus signal must be directed

15 outwards, i.e. closer to the scene location where the
current focus position would make sharp image. On the
other hand, if a movement in the object increases the fine
focus signal, the object must be moving inwards, i.e. away
from that scene location. On the other hand, if the focus

20 position is nearer than the ideal focus position, the
opposite would be true. The focus system controller then
can immediately move the focus lens in the direction thus
determined. This is shown in Figure 41 where the fine
focus signal is shown to always return to the same level

25 after a small departure, whereas in Figure 39 where the
focus system controller targets the fine focus signal to
the minimum is unable to immediately determine the
direction of movement of the object and may make a mistake
when the object starts moving, causing the initial increase

30 in fine focus signal to be more rapid, and only after that
to realize the mistaken guess of direction and to correct

itself. 1In Figure 39, the subsequent ripples are
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diameter") may be kept larger than one and a half pixel 20 width but less than two pixel widths by use
of the optical lowpass filter. For example, if the main pixel array 2808 has a pixel width of 4.5um,
whereas the smallest diameter is 2.0um without optical lowpass filtering, the optical lowpass filter 2840
may be sedectachtoraakedbe Hghilspot2b 6.7gmer largenin diaiaetars Jhepuxibary pixet array-108"
may comprise one or more arrays of photodetectors. Each of the arrays may or may not be covered by

a color fiftét Hefaly of aeblor Hivsaic halteife ThE afraf(sFmuxfiar/ ket aftay 26850 ditfuts
image(s)#p analog sigpals thaj,are ganverted L. digita) signals130 by A/D(conyeder k0. The images

are sent to the focus signal generator 120. A color interpolator 148 may generate the missing colors
for imagdsgenéiated frompixelSedverdd Hyheolotfiterst Ifcuxiiaypixkl aray 108! cobiptises

multiple arrays of 5 photodetectars h arr, ay, capture a sub-image that corresponds to a portion

O e e Aot B By e A S Shrog 2808, THe R TEott heq e e B i ScSly apar by

more thagaghndradepizel widths naidamay orirmay Ret shasei a semiconductor substrate. Where the

pixel 10 arrays within auxiliary pixel array 108" do not share a semiconductor substrate, they may be

housed together in a package (not sh%\%n). ain A/D Converter 2810 conveflts a alo% signals from
g[o nima Egﬁg 3

the Main Pixel r?ay 81N ’diglit%I main |mage%llé%al éfi&neﬁ Swhich |% Senttothe processor

112, whesg #teem controller should servo a focus signal to a target

level offset from a optimal signal level (of the focus

10 signal) that indicates a sharpest focusing of a plurality
of edges whose edge widths contribute towards the focus
signal, the target level indicating a less focused state of
the plurality of edges than the optimal signal level. This
is due to the observation that the effects on the focus

15 signal would be indistinguishable between a forward
displacement and a backward displacement of the focus lens,
that both would result in the edges becoming wider, if the
focus lens were positioned at the sharpest focus position

for these edges.
20 Use with Exclusion Illustrated

Figures 42A-42C illustrate an ability of the focus
control system to track an object (the bird) that moves
relative to background objects. In Figure 42A, the bird is
in sharp focus, and the focus system controller issues a

25 calibrate command to the exclusion calibrator 205 and turns
the ‘fine’ control signal ON to generate a fine focus
signal and the ‘exclude’ control signal ON to exclude the
mailbox, which is not sharp in Figure 42A. The exclusion
calibrator 205 finds two characteristics, namely the length

30 of concatenated edges and slant angles, whose exclusion
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image captured on the Main Pixel Array 2808 may receive image processing such as color
interpolation, color correction, and image compression/decompression and finally be stored in memory
card 116. 20An array of photodetectors in the auxiliary pixel array 108" may have a pixel width
("auxiliary pixgbwidgy'pthahiswsmallar thagapiel width atithe mair pixpkartay2803,("main pixel
width"). The auxiliary pixel width may be as small as half of the main pixel width. If an auxiliary 25 pixel
is coveregifyla'Ctorfiler BRd thetixitiaRpikdl fidih idess than 1.3 times the smallest spot of visible

light without optical lowpass filtering, a second optical lowpass filter may be Inserted in front of the

auxiliary array 198% 1o, Ingiease therssnallest, diameter or ther3Q auxiliasy pixghairaycld8s ("smallest
auxiliary diameter") to between 1.3 to 2 times as large but still smaller than the smallest main

diametertprefétanhy 2% The BRGH Pfdirelin therguxitiafy e 1< Rot dniSsueCss the @0Rif&9 mage
is ngf presenied;fo theysen as the final captyredrimags. Srigyre A diustrates howyedge widths may

vary about a sharp focus position for main images from the main pixel array 2808 (solid curve) and
auxiliary imagss frontrenauxitianyopixel arrayd 68't@asksticurve) tTike auaxilidpy magesqive sharper

slopes even main, images,reach 1 width of 2. gh_%gugllarykl)rﬂ%ge is

s th he targeted sharp edge
permitteoc %n;%g&hgﬁétlgwt ta%le?eg1 %ﬁglr%%ﬁgég ﬁ?dtﬁ, ssiﬁgesrqﬁqoai]rfé) J&en%uﬁia5|ng &0t a8 Critical in

the auxiligneithage casik st presehtedie thexusen as adinakimage. Tig helps tasshagperithe slope
below and 15 above the sharp edge width. The sharper slope is also helped by the auxiliary pixel width
being snfalértRat ielmainpiel WRIELY Fhe sHadedtBgivh i PiyGrRES AR es 3%od region

within whichitocontrol the focus positionto keep the main 2Q.image in sharpfogys. Achange in focus

position outwards will cause the edge width to Increase in the auxiliary image, whereas a change

Inwards Willpauses the3t ordécrebdse rEspaintain theymainTinagd’s edge witltlss melaytiselsharp edge

mMﬂh,aUQ§g£%§gg%F§§9nygg%gg¥%n%%e sharpness of edges contributed by
only the bird, not the mailbox. Finally, when the bird
flies away, the focus control system continues to track the

15 Dbird to maintain its image in sharp focus and not getting

falsely-locked onto the mailbox, which by the sheer larger
number of edges would have otherwise dominated the fine

focus signal and falsely tell the focus control signal that

the object of interest remains at the same focus distance.
20 Certain Advantages

One advantage of the focus signal generator is that the
minimum focus signal of different images are at
approximately the same values. This ensures that the lens
will remain in the same position even 1f the camera is

25 shaking but the image still remains sharp. Another
advantage is that the range between the largest and
smallest focus signal for a scene with different focal
distances are wide enough to ensure that the optimum focus

can be obtained.
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25 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 auxiliary images. This is in accordance with the
alternate strategy described in the above section on Tracking Mode, where the focus system 30

controller should seryeafeeussignal tagtarget level offsetdrofiboa aptimalgignal kexeh(ef the focus
signal) that indicates a sharpest focusing of a plurality of edges whose edge widths contribute towards

the focuSSignt ARG 41§t 1e R indichlig BidssIBcUed stite BPthe pIRAlity BF ddfes tiar ihe
optimal signal level With 5 reference g, Figure 50, the facuis control systemuseryoesiihe edge width

from the auxiliary array to a width somewhat larger than the smallest possible edge width achievable
on the awpdizgyrartayrThe abixitiary pixedardy POSYJA/DECovErter 280, 19foeus!sigital generator 120
togegher ay be hpusg% ina Backtagg %42 Td constitute %ﬁ auxmaré/ ﬁsgﬁsocrhwg. ;I'v e auxiliary sensor

150 may Turther comprise a color mterpolator 148, Figure 48 shows an alternate embodiment of

auto-focus=lb inae pickain apparatiscl 08t simdartoappatatusyiD3zexceptfoetisasignat generator
120" replaces focus signal generator 12Q. The auxiliary pixel array 108", A/D Converter 110, focus
signal geNeRter IR tohBthel May He FoBEET N PAERGGE 1R afd: Corfstittitd &% huRifdrl SEnsor
150'. The,2Q,guxiliary. ge| 450 may further comprise a color Interpolator 148. Figure 49 shows
an alternate embodiment of auto-focus image pickup apparatus 103". The focus signal generator 120
and the processor 112" may be housed in a package 144 25 as a camera controller, separate from the
auxiliary PxEPHRB LA EMRRAIBERES: 112" is similar to processor 112 except that processor 112"
receives images from the main pixel array 2808 as well as the auxiliary pixel array 108".

10 Figure 45 shows an alternate embodiment of a focus
signal generator 120’. Focus signal generator 120’ outputs
statistics of edges and edge widths. Among the edge-width
statistics that controller 120’ outputs may be one or more
of the following: an edge-width histogram comprising edge

15 counts at different edge widths; an edge width where edge
width count reaches maximum; a set of coefficients
representing a spline function that approximates edge
counts at different edge widths; and any data that can
represent a function of edge width. Census Unit 240 may

20 receive data computed in one or more of the other units
with the focus signal generator 120’ to calculate
statistics of edge widths. In general, the focus signal
generator 120’ may output a signal that has an indication

of a distribution of edge widths.

25 Referring to Figure 46, the edge-width statistics thus
provided in signals 134 to an alternate embodiment of
processor 112’ in an alternate auto-focus image pickup
apparatus 102’ may be used by the processor 112’ to compute
a gross and/or fine focus signal and a narrow-edge count in

30 accordance with methods discussed above or equivalent

thereof. In addition, any data computed in the focus
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The processor 112" may perform a color interpolation, a 30 color correction, a
compression/decompression, and a storing to memory card 116 for the images received on signal
2830 similar to the processing that the processor 112 may perform on signal 130 in Figure 2. Unlike in
Figure 2 d1efie H1e iages received o0 'signal, 1 3Eneadonot tecsivetcompsessienidecompression and
storing to memory 5 card 116. The processor 112" m%perform color interpolation on images received

on signaPE30RE pix&I8 tHat areEdwRrdd By EBI6riftersTin the AB&liafy piRBHAray 08" and send the
color Interpolaied iPages,iodhe focys signgligeneratar-lel opisignal 146.110The autpefocus image

pickup system 102, 102', 103, 103', 103" may include a computer program storage medium (not
shown) teatTomprisesinstgctions thias tausesaie prdgessoha 12,cUQy, 13 2 respactivdly fard/or the
focu5c, signgl %e@fgattcir 120t%%0' lo gﬁrlgorrino%ner%rnm%re of Itlh %%Qfgtéonas descrgalerg he{(%in. By way
of examp?e, & instructions may cause the process%r T12°0r the generatori%&ﬁo pelgform a slant
correctionifier afledgehvedtbdn accardanceavithathe flowchaitef Eigyreniafslasothenexanaple, the
instructions may cause the processor 112" or 20 the generator 120 to perform an edge width filtering in
accordariceSwithtRe @BV destfiption for Width Filter 209. Alternately, the processor 112, 112" or the
generator 120, 120' may be configured to have a combination of firmware and hardware, or a pure

hardware implemestatien fas ©ne:0r 25 morg oftherfurctions tgntgingd thereinagFaexample, in
generator 120, a slant correction may be performed in pure hardware and a length filter 212 performed
accordin&%&%@&uéti%ﬁéﬁlra fimi@dreow—edge count in addition to the

10 functions included in the processor 112 of Figure 1.

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

separate from the processor 112’'.

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

generator to the processor 112.
Auxiliary Pixel Array

20 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 A/D

25 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 pixel

30 array 2808, which detects the first split beam and converts
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While a memory card 116 is shown as part of system 102, 30 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 ] tog instanee 1he, sharp edge wishiy, nagy1 be-steeeshinaipnb e velatiledaensary in a
device within the system. The device may be a flash memory device, the processor, or the image

sensor, G ¥héfRud BighalehErRiord H separatE Yevicd fomihsse ©herF nidte formulae for use
in the system; for example fan calguating thes eoncaienatedlength 10 threshald, anier calculating beta

may likewise be stored as parameters or as computer-executable instructions in a non-volatile memory
in one orawarewf tHo%e Hevisgs temwhild cehainexémplahoembodimenisdrane peeén téscriBed and

shown in (e ageompanying drawings, It s Lo e 15 ynderstood that syeh, gmbediments,qre merely
illustrative of angn t restrictive on the broad invention, and that this invention not be limi to the
specific cohstruetibns and atrangements skawmand desctihed, Sincetvareusnotber mhdifications may

occur to those ordinarily skilled in the 20art. CLAIMS What is claimed is: 11.A method for controlling
sharpnesEH OBRECRSAD iMagedm Arard-focusifRge systent, carisrishbe Birdviding B Geer
interface {9 gacept aAlser's camppand inple, the ratio may be 4-to-1.

The main pixel array 2808 may be covered by a color

10 filter array of a color mosaic pattern, e.g. the Bayer
pattern. The optical lowpass filter 2808 prevents the
smallest light spot focused on the pixel array 2808 from
being too small as to cause aliasing. Where a color filter
of a mosaic pattern covers the pixel array 2808, aliasing

15 can give rise to color moiré artifacts after a color
interpolation,. For example, the smallest diameter of a
circle encircling 84% of the visible light power of a light
spot on the main pixel array 2808 (“smallest main
diameter”) may be kept larger than one and a half pixel

20 width but less than two pixel widths by use of the optical
lowpass filter. For example, if the main pixel array 2808
has a pixel width of 4.5um, whereas the smallest diameter
is 2.0um without optical lowpass filtering, the optical
lowpass filter 2840 may be selected to make the light spot

25 6.7um or larger in diameter.

The auxiliary pixel array 108” may comprise one oOr more
arrays of photodetectors. Each of the arrays may or may
not be covered by a color filter array of a color mosaic
pattern. The array(s) in auxiliary pixel array 108"

30 outputs image(s) in analog signals that are converted to

digital signals 130 by A/D Converter 110. The images are
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4 initiate a seek to a next nearer/farther sharp focus position 5 and/or request a forward/backward
direction to seek to a next 6sharp focus position. 12.The method of claim 1, wherein the user interface
2 accepts a user command to request skipping (N-1)-th sharp focus 3 positions to reach and lock onto
the N-th skarp facys pesition and cagsesla tosus lens of thecauto-fagus dmage system to 5 perform
according to the user command. 13.The method of claim 2, further comprising: 2seeking to the N-th

sharp foctRiFosriBh @per sdid YsBRY cORrand . AiRethdd forféneradifg 3 fEQUs sighaPtat is a 2
function gia, plurality of edge widths each-of poe of a3 plurality .of edgesip an image, comprising:

4discriminating against a plurality of sharp-enough edges

5

10

15

20

25

30

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 arrays may be physically
apart by more than a hundred pixel widths, and may or may
not share a semiconductor substrate. Where the pixel
arrays within auxiliary pixel array 108” do not share a
semiconductor substrate, they may be housed together in a

package (not shown).

Main A/D Converter 2810 converts analog signals from
the Main Pixel Array 2808 into digital main image data
signal 2830, which is sent to the processor 112, where the
image captured on the Main Pixel Array 2808 may receive
image processing such as color interpolation, color
correction, and image compression/decompression and finally

be stored in memory card 116.

An array of photodetectors in the auxiliary pixel array
108” may have a pixel width (“auxiliary pixel width”) that
is smaller than a pixel width of the main pixel array 2808
(“main pixel width”). The auxiliary pixel width may be as
small as half of the main pixel width. If an auxiliary
pixel 1is 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 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
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5 found at a plurality of sharp-focus positions. 15.The method of claim 4, further comprising: 2finding
an exclusion range that discriminates against said 3 plurality of sharp-enough edges; and 4filtering the
plurality of edge widths using the exclusion 5range. 16.The method of claim 5, further comprising:
2using therfecusrsignad bavimg the pluratity of edoewisths-3 filteyed by saidTiltering stgp to control a
search for a sharp- 4 focus position that is not among the plurality of sharp-focus 5positions. 17.A
method 8P gérteradtihgd focad Sighaidrat is 82F6nctidon P & phitality 5P&€dgewibths each of one of a 3

plurality of gdges In-an Mpge. CQMPESIG presented to the user as the final

captured image.

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

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

15 above the sharp edge width. The sharper slope is also
helped by the auxiliary pixel width being smaller than the

main pixel width.

The shaded region in Figure 50 indicates a good region

within which to control the focus position to keep the main

20 image in sharp focus. A change in focus position outwards
will cause the edge width to increase in the auxiliary
image, whereas a change inwards will cause the it to
decrease. To maintain the main image’s edge widths near
the sharp edge width, a linear feedback control system may

25 be employed to target the middle auxiliary edge width wvalue
within the shade region and to use as feedback signal the
edge widths generated from the auxiliary images. This 1is in
accordance with the alternate strategy described in the
above section on Tracking Mode, where the focus system

30 controller should servo a focus signal to a target level

offset from a optimal signal level (of the focus signal)
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4forming from a first Image an exclusion range from only 5 sharp-enough edges in a given region; and
6discriminating in a second Image against edges by filtering 7 edge widths using the exclusion range.
18.A method for generating a focus signal that is a 2 function of a plurality of edge widths each of one
of a 3 plurality of edgesdrt ag Irnage copwEsing.Aseletting a first charaetelisticyfrant aqpligalgy of 5
characteristics; 6forming exclusion range(s) of the first characteristic to 7 discriminate against a

plurality 8FHOF Sh&PERolgH EdgesiR Bk ftdde. Lo PREmetton of et sSfupthercontptRing:
2selecting a sgopnd characterisfic differant from thedirsty cysed state of the

10

15

20

25

30

plurality of edges than the optimal signal level. With
reference to Figure 50, the focus control system servoes
the edge width from the auxiliary array to a width somewhat
larger than the smallest possible edge width achievable on

the auxiliary array.

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

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 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
image pickup apparatus 103”. The focus signal generator
120 and the processor 112” may be housed in a package 144
as a camera controller, separate from the auxiliary pixel
array 108”. The processor 112”7 is similar to processor 112
except that processor 112” receives images from the main
pixel array 2808 as well as the auxiliary pixel array 108”.
The processor 112” may perform a color interpolation, a
color correction, a compression/decompression, and a

storing to memory card 116 for the images received on
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3 characteristic, the second characteristic excluding more edges 4 that are not sharp-enough edges
and that are not excluded by the 5 exclusion ranges of the first characteristic than a third 6
characteristic that is not selected. 110. A method for generating a focus signal that is a 2 function of a
plurality efieglge widtBs eaeh afianerofec3 plhealifyref edges nandinage tcompsisinge 4fynsing a first
set of exclusion ranges for a first 5 characteristic from a first linage; 6finding a second set of exclusion

range for'thé fif&t ¥ charatRFftiCTtorm s8tond fivage” sfiifefing the’secoldHindde dsing the first set
of exclustonR,ranges toind-a firstpappialion of sharpsraguglh edgesand a 16 second popylation of
sharp-enough and not sharp-enough edges; 11filtering the second linage using the second set of
receive compression/decompression and storing to memory
5 card 116. The processor 112” may perform color
interpolation on 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.

10 The auto-focus image pickup system 102, 102’, 103,
1037, 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

15 functions described herein. By way of example, the
instructions may cause the processor 112 or the generator
120" to perform a slant correction for an edge width in
accordance with the flowchart of Figure 7. As another
example, the instructions may cause the processor 112’ or

20 the generator 120 to perform an edge width filtering in
accordance with the above description for Width Filter 209.
Alternately, the processor 112, 112’ or the generator 120,
120’ may be configured to have a combination of firmware
and hardware, or a pure hardware implementation for one or

25 more of the functions contained therein. For example, 1in
generator 120, a slant 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 102,
30 any nonvolatile storage medium may be used instead, e.g.

hard disk drive, wherein images stored therein are
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12 exclusion ranges to find a third population of sharp-enough 13 edges and a fourth population of
sharp-enough and not sharp- 14 enough edges; 15 finding a first ratio between the first population and
the 16 second population; 17 finding a second ratio between the third population and the 18 fourth
populaticie £8 eempakngsthe dirsi satio withithesecord regg;iangl 23 signidicaitchange from the first
ratio to the second ratio. 111.A method of automatic focus control for an image 2 system employing a
focus sighdRatie A findtien dpaand away from the system 102.
One or more parameters for use in the system, for
instance the sharp edge width, may be stored in a non-
5 wvolatile memory in a device within the system. The device
may be a flash memory device, the processor, or the image
sensor, or the focus signal generator as a separate device
from those. One or more formulae for use in the system,
for example for calculating the concatenated length
10 threshold, or for calculating beta may likewise be stored

as parameters or as computer-executable instructions in a

non-volatile memory in one or more of those devices.

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

20 art.
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3 plurality of edge widths each of one of a plurality of edges in 4 an image, comprising: 5servolng the
focus signal to a target level that is offset 6 from a optimal signal level that indicates a sharpest
focusing 7 of the plurality of edges whose edge widths contribute towards 8 the focus signal, the target
level indicating a less focused 9 state of the pluratihrofisdges than the optimal signal level. 112.A
method for genera-L.11-1g a focus signal that is a 2 function of a plurality of edge widths each
associated with one 3 of a plurality of edges in an image, comprising: 4correcting an edge width of an
edge for Bsiantict 3 douRdaryS the edge width bell-1g measured along a first prescribed 6 direction,
the correcting bell-1g from the first prescribed 7 direction to a direction perpendicular to the boundary.

113. The method of claim 12, wherein a correction for the , ,
1 1. A method for controlling sharpness of objects in

2 images in an auto-focus image system, comprising:

3 providing a user interface to accept a user’s command to
4 initiate a seek to a next nearer/farther sharp focus position
5 and/or request a forward/backward direction to seek to a next

6 sharp focus position.

1 2. The method of claim 1, wherein the user interface

2 accepts a user command to request skipping (N-1)-th sharp focus
3 positions to reach and lock onto the N-th sharp focus position
4 and causes a focus lens of the auto-focus image system to

5 perform according to the user command.

1 3. The method of claim 2, further comprising:
2 seeking to the N-th sharp focus position upon said user

3 command.

1 4. A method for generating a focus signal that is a

2 function of a plurality of edge widths each of one of a

3 plurality of edges in an image, comprising:

4 discriminating against a plurality of sharp-enough edges

5 found at a plurality of sharp-focus positions.

1 5. The method of claim 4, further comprising:
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2 slant is calculated from a first maximal gradient and a second 3 maximal gradient, the first maximal
gradient being a peak 4 gradient of the edge and is in the first prescribed direction, 5 the second
maximal gradient being a largest gradient of two 6 pixels from the edge and in a second prescribed
diregtion that 7 siperpendictlas @ thestirsh prescsbed idirection dd4nt e methed of elaim 42; wherein
the edge width is 2 corrected to a corrected edge width that is a projection of the 3 edge width to the
direGtiongenperidicylapto thiedbaunstany dirl 5e domethothior genera-L.11-1g a focus signal that is a 2
function of a plurality of edge widths each of one of a 3 plurality of edges in an image, comprising:
4reducing or elimidatingia gontributidn te thiecfocus$ sigiwet Svfiaimlan edgenwidth of axarronierredge
adjacent to a wider edge,

5 range.

1 6. The method of claim 5, further comprising:

2 using the focus signal having the plurality of edge widths
3 filtered by said filtering step to control a search for a sharp-
4 focus position that is not among the plurality of sharp-focus

5 positions.

1 7. A method for generating a focus signal that is a

2 function of a plurality of edge widths each of one of a

3 plurality of edges in an image, comprising:

4 forming from a first image an exclusion range from only

5 sharp-enough edges in a given region; and

6 discriminating in a second image against edges by filtering

7 edge widths using the exclusion range.

1 8. A method for generating a focus signal that is a

2 function of a plurality of edge widths each of one of a

3 plurality of edges in an image, comprising:

4 selecting a first characteristic from a plurality of

5 characteristics;

o forming exclusion range(s) of the first characteristic to
7 discriminate against a plurality of not sharp-enough edges in

8 the image.
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6 a peak gradient of the narrower edge having bell-1g smaller than a 7 predetermined fraction of a
peak gradient of the wider edge. 116.The method of claim 15, wherein the fraction is 80% 2or less. 1

1 9. The method of claim 8, further comprising:

2 selecting a second characteristic different from the first
3 characteristic, the second characteristic excluding more edges

4 that are not sharp-enough edges and that are not excluded by the
5 exclusion ranges of the first characteristic than a third

6 characteristic that is not selected.

1 10. A method for generating a focus signal that is a
2 function of a plurality of edge widths each of one of a
3 plurality of edges in an image, comprising:
4 finding a first set of exclusion ranges for a first
5 characteristic from a first image;
6 finding a second set of exclusion range for the first
7 characteristic from a second image;
8 filtering the second image using the first set of exclusion
9 ranges to find a first population of sharp-enough edges and a
10 second population of sharp-enough and not sharp-enough edges;
11 filtering the second image using the second set of
12 exclusion ranges to find a third population of sharp-enough
13 edges and a fourth population of sharp-enough and not sharp-
14 enough edges;
15 finding a first ratio between the first population and the
16 second population;
17 finding a second ratio between the third population and the
18 fourth population;

19 comparing the first ratio with the second ratio; and
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21

rejecting the first characteristic if there is a

significant change from the first ratio to the second ratio.

11. A method of automatic focus control for an image
system employing a focus signal that is a function of a
plurality of edge widths each of one of a plurality of edges in
an image, comprising:

servoing the focus signal to a target level that is offset
from a optimal signal level that indicates a sharpest focusing
of the plurality of edges whose edge widths contribute towards
the focus signal, the target level indicating a less focused

state of the plurality of edges than the optimal signal level.

12. A method for generating a focus signal that is a
function of a plurality of edge widths each associated with one
of a plurality of edges in an image, comprising:

correcting an edge width of an edge for a slant of a
boundary, the edge width being measured along a first prescribed
direction, the correcting being from the first prescribed

direction to a direction perpendicular to the boundary.

13. The method of claim 12, wherein a correction for the
slant is calculated from a first maximal gradient and a second
maximal gradient, the first maximal gradient being a peak
gradient of the edge and is in the first prescribed direction,

the second maximal gradient being a largest gradient of two
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pixels from the edge and in a second prescribed direction that

is perpendicular to the first prescribed direction.

14. The method of claim 12, wherein the edge width is
corrected to a corrected edge width that is a projection of the

edge width to the direction perpendicular to the boundary.

15. A method for generating a focus signal that is a
function of a plurality of edge widths each of one of a
plurality of edges in an image, comprising:

reducing or eliminating a contribution to the focus signal
from an edge width of a narrower edge adjacent to a wider edge,
a peak gradient of the narrower edge having being smaller than a

predetermined fraction of a peak gradient of the wider edge.

16. The method of claim 15, wherein the fraction is 80%

or less.
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