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Background I nformation Phot ogr aphi ¢ equi pnent such as digita
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El ectroni c i mage sensors typically contain mllions of |ight capturing

el ements such as phot odi odes.

AUTO-FOCUS IMAGE SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The subject matter disclosed generally relates to auto-

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 video images,
respectively. 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 whether it is in focus, and if not, generating a
feedback signal that is used to vary a position of a focus
lens (“focus position”). There are two primary auto-focusing
techniques. The first technique involves contrast
measurement, the other technique looks at a phase difference
between a pair of images. In the contrast method the
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 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 such as a beam splitter and an extra image

sensor. Additionally, the phase difference approach analyzes
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edges. The generator generates a focu8 signal that is a function of a
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ocus 1mage system that includes a pixel array

coupled to a focus signal generator. The pixel array captures
an image that has a plurality of edges. The generator
generates a focus signal that is a function of a plurality of
edge-sharpness measures measured from each of the plurality of
edges. The generator compares a sequence of gradients across
the edge with one or more reference sequences of gradients
and/or reference curves defined by data retrieved from a non-
volatile memory. The generator determines to reject or de-
emphasize the edge from contributing to the focus signal on
basis of finding dissimilarity between the sequence of
gradients with the reference sequences or reference curves

beyond a predetermined threshold.



FIG 1 is a schematic of an enbodi nent of an auto-focus inage pickup

appar at us; FIG 2 is a schematic of an alternate enbodi nent of an
aut o- f ocusOi2negesPckup apparatus; FIG 3 is a bl ock di agranroi/ozstocus

si gnal generator; FIG 4 is and4illustration of a horizontal Sobe
operator's operation on a inmage signal matrix; FIG 5 illustrates a
cal cul ation of edge width froma horizontal gradient; FIG 6A, 6B
are illustrations of a calculation of an edge width of a vertical edge
havi ng a sl ant angle O; FIG 6C, 6D are illustrations of a

cal cul ation of an edge width of a horizontal edge having a slant angle O;
FIG 7 is a flowhart of a process to calculate a slant angle 0 and correct
an edge width for a vetiifdalDiaidd BN G a TEiFa ARANINGS

FIG. 1 is a schematic of an embodiment of an auto-focus

image pickup apparatus;

FIG. 2 i1s a schematic of an alternate embodiment of an

auto-focus image pickup apparatus;
FIG. 3 is a block diagram of a focus signal generator;

FIG. 4 is an illustration of a horizontal Sobel

operator's operation on a image signal matrix;

FIG. 5 illustrates a calculation of edge width from a

horizontal gradient;

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

width of a vertical edge having a slant angle ¢;

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

width of a horizontal edge having a slant angle ¢;

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

slant;

FIG. 8 is an illustration of a vertical concatenated

edge;

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

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

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

FIG. 9A4;



FIG 8 is an illustration of a vertical concatenated edge; FIG 9A
Is an illustration of a group of closely-packed vertical bars; FIG 9B is a
graph of w0 20rage76si gnal across FI G 9A; FI G 9CpCs/m20gt/ef2iz4of a

hori zontal Sobel gradient across FI G 59A; WD 2012/ 168766PCT/ 1B2011/ 052524
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FIG. 10 is a flowchart of a process to eliminate closely-

packed edges having shallow depths of modulation;

FIG. 11 is a histogram of edge widths illustrating a

range of edge widths for calculating a fine focus signal;

FIG. 12 is an illustration of a scene;

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

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

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

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

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

focus signal across a range of focus positions;

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

the objects;

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

a focus signal generator;

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

auto-focus image pickup apparatus;

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

auxiliary pixel array;

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

and an auxiliary pixel array;

FIG. 21 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 10 is a flowhart of a process to elimnate closel y-packed edges

havi ng shal | ow dept hs of nodul ati on; FIG 11 is a histogram of edge
wi dt hs i Iwosbrzte8Tg a range of edge wi dths for cal cul at iPag/1B20i1/nE25i40CcuUs
signal; FIG 12 is an illustration of6a scene; FIG 13 is a graph
illustrating a variation of a narrow edge count during a focus scan of the
scene of FIG 12; FIG 14 is a graph illustrating a variation of a
gross focus signal during a focus scan of the scene of FIG 12; FI G
15 is a graph illustrating a variation of a fine focus signal across a
range of focus positions; FIG 16 is an illustration of an apparatus
di splaying nultiple objects in a scene and a sel ection mark over one of the
obj ect s; FICII[;I @2 17 % 4 pIsGERt e am BRI HH @t 8Enak e¥itbodi nent of a
focus sighnabrgeneidtiohain pixel array and a variation of an edge width

from an auxiliary pixel array at different focus positions;

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

the edges do not interact;

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

the edges interact;

FIG. 24A illustrates a sequence of second derivatives of
an image signal across an edge plotted against distance in
multiples of a spacing between successive second derivatives,
showing (a) a width W, between a pair of positive and negative
peaks, (b) a width W; between a pair of outermost interpolated
second derivatives that have a given magnitude h;, (c) a width
W, between an inner pair of interpolated second derivatives
that have the given magnitude h;, and (d) a distance D; from a
zero—-crossing (between the pair of positive and negative
peaks) to an outermost interpolated second derivative that has

the given magnitude hy;

FIG. 24B illustrates a sequence of image data samples of
the image signal plotted against distance in multiples of a
spacing between successive samples, showing (a) a width Wegge
and a contrast Cegge between two samples at two ends of the
edge, (b) a peak gradient value gpe.x between a pair of samples
that has a steepest change of sample value, (c) an undivided
portion of the edge that has contrast C; and width Wp.rr:, and
(d) an undivided portion of the edge that has contrast C; and
width Wpareos

FIG. 24C illustrates a sequence of gradients across an

edge plotted against distance in multiples of a spacing



FIG 18 is a schematic of an alternate enbodi nent of an auto-focus inage
pi ckup appar at us; FIG 19 is a schematic of an enbodi nent of an

aut o- f ocusOi2oRgesckup apparatus having a nmain pi xel aPCRPBZNU0E224

auxi liary pixel array; FIG 207is a schematic of an alternate
enbodi mrent of an auto-focus image pi ckup apparatus having a nmain pixel
array and an auxiliary pixel array; FIG 21 is a schematic of an

al ternat e enbodi nent of an auto-focus imge pickup apparatus having a main
pi xel array and an auxiliary pixel array; WO 2012/168766PCT/ 1B2011/ 052524
6 FIG 22 is an illustration of a variation of an edge width froma
mai n pi xel array and a variation of an edge width froman auxiliary pixel
array at @PFW%@%H&HGFSéé%v?xﬁﬁQQ16H§§' and an area of a region under

the plotted sequence of gradients;

FIG. 24D illustrates a sequence of gradients of an image
signal across an edge plotted against distance in multiples of
a spacing between successive gradients, a center of gravity
(i.e. center of moment), and distances of the gradients from

the center of gravity:;

FIG. 25 illustrates finding an interpolated peak’s

position by interpolation;

FIG. 26 shows an alternate embodiment of a focus signal
generator;
FIG. 27-29 illustrate gradient sequences alongside

gradient profiles;

FIG. 30 shows a sequence of reference gradients fitted to

a gradient profile from peak to only 50% down;

FIG. 31 shows a sequence of reference gradients fitted to
the gradient profile of Figure bbb to only one side instead

and from peak to 70% down;

FIG. 32 shows a sequence of reference gradients aligned
to gradients within a gradient profile under a first
alignment, with spacing=0.2 between nearest pair of gradient

and reference gradient;

FIG. 33 shows the sequence aligned to the gradients under
a second alignment, with spacing=0.5 between nearest pair of
gradient and reference gradient, resulting in shorter total

length of line segments;

FIG. 34 shows a sequence of reference gradients aligned

to a gradient profile such that a reference peak aligns to a



FIG 23Aillustrates a gradient of an inmage signal across two adjacent
edges of opposite polarities (i.e. signs) where the edges do not interact;
FI G 23B whlzostwstées a gradi ent of an inmage signal acr oPSTHBI1H28BENt
edges of opposite polarities (i.e. signs) where the edges interact;

FIG 24A illustrates a sequence of second derivatives of an inmage signal
across an edge plotted against distance in multiples of a spacing between
successi ve second derivatives, showing (a) a wwdth W between a pair of
positive and negative peaks, (b) a wwdth W between a pair of outernost

i nterpol ated second derivatives that have a given magnitude h/, (c) a wdth
W2 between an inner pair of interpolated second derivatives that have the
gi ven magAifReE th/of &RE 9ED9iendi BEahte Bt BrBft e 2Ers- BFdSEI g (bet ween the
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that qualifies gradient profiles.
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DETAILED DESCRIPTION

and an area of a regi on umrdenBiheofbntt ed
FIG 24Ddillustrates a sequence of gradients
across an edge plotted against distance in nmultiples of

center

FIG 26 shows an alternate enbodi nent of a focus

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 width. The focus signal generator may generate a
focus signal that is a function of the edge width and/or
statistics of edge widths. An auto focus image system
that includes a pixel array coupled to a focus signal
generator. The pixel array captures an image that has at
least one edge with a width. The generator generates a
focus signal that is a function of the edge width and
various statistics of edge width. The generator may
eliminate an edge having an asymmetry of a gradient of an
image signal. The generator may alsco eliminate an edge
that fails a template for an associated peaking in the
gradient. A processor receives the focus signal and/or
the statistics of edge widths and adjusts a focus
position of a focus lens. The edge width can be
determined by various techniques including the use of
gradients. A histogram of edge widths may be used to
determine whether a particular image is focused or
unfocused. A histogram with a large population of thin

edge widths is indicative of a focused image.

Architecture

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

that requires controlled focusing of an image. The

of
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a display 114, a memory card 116 and a drive
motor/circuit 118. Light from a 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 processor
112 that performs various processes, e.g. color
interpolation, focus position control, color correction,
image compression/decompression, user interface control,
and display control, and to the focus signal generator
120. Where the focus signal generator 120 and the
processor 112 reside within different packages, a color
interpolation unit 148 may be implemented to perform
color interpolation on the digital signal 130 to estimate
the missing color signals on each pixel for the focus
signal generator 120. Alternately, where the focus
signal generator 120 and the processor 112 reside
together within a package 144, the focus signal generator
120 may input interpolated color images from the
processor 112 on bus 146 as shown in Figure 2 or a single
image signal derived from the original image signal
generated from the A/D converter 110, for example a

grayscale signal.

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

following: a focus signal 134, a narrow-edge count, and
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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 is ultimately 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
reside within a package. Alternately, the pixel array
and circuits 108, A/D Converter 110, and focus signal
generator 120 may reside within a package 142 as image
sensor 150 shown in Figure 1, separate from the processor
112. Alternately, the focus signal generator 120 and
processor 112 may together reside within a package 144 as
a camera controller 160 shown in Figure 2, separate from
the pixel array 108 and A/D Converter 110. The focus
signal generator 120 (or any alternative embodiment, such
as one shown in Figure 26) and the processor 112 may
together reside on a semiconductor substrate, such as a

silicon substrate.
Focus Signal Generator

Figure 3 shows an embodiment of a focus signal
generator 120 receiving image(s) from a image providing
unit 202. The image providing unit 202 may be the color
interpolator 148 in Figure 1 or the processor 212 in
Figure 2. The focus signal generator 120 may comprise an
edge detection & width measurement (EDWM) unit 206, a

focus signal calculator 210, a length filter 212, and a
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2, may be provided by the processor 112 in

signals 132. Also in the context of Figures 1 and 2, the

output signals 134 may be provided to the processor 112,

which functions as a focus system controller that

controls the focus position of the focus lens 104 to

bring images of objects into sharp focus on the pixel

array 108 by analyzing the output signals 134 to detect a

sharp object in the image. Various components of the

focus signal generator 120 are described below.

The EDWM unit 206 may transform the input image

such that the three signals of the image, red (R), green

(G) and blue (B) are converted to a single image signal.

Several techniques can be utilized to transform an image

to a single image. RGB values can be used to calculate a

luminance or chrominance value or a specific ratio of RGB

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 + 0.7152*G + 0.0722*B, where Y is

luminance value. The single image signal may then be
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thereof, to detect edges. It may form statistics of edge

widths for each of the R, G, B image signals, or any

combination thereof. It may form a focus signal from

statistics of edge widths from one or more image signals.

The focus signal generator includes an edge detector
to identify an edge in an image signal. The edge detector
may use a first-order edge detection operator, such as
Sobel operator, Prewitt operator, Roberts Cross operator,
or Roberts operator. The edge detector may use a higher-
order edge detection operator to identify the edge, for
example a second order operator such as a Laplacian
operator. The edge detector may use any one of the known
edge detection operators or any improved operator that
shares a common edge detection principle of any of the

known operators.

Where the edge detector uses a first-order edge
detection operator, a gradient (i.e. first derivative) of
the image signal is computed. There are various methods
available to calculate the gradient, including using any

one of various first order edge detection operators such



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

pi xel ar rnaQ 2arxiegisocuits 108, A/ D Converter 110, and fo®a3/1BRgred2szgener at or
120 may reside within a package 142 ad i mage sensor 150 shown in Figure 1
separate fromthe processor 112. Alternately, the focus signal generator
120 and processor 112 may together reside within a package 144 as a canera
controller 160 shown in Figure 2, separate fromthe pixel array 108 and A/ D
Converter 110. The focus signal generator 120 (or any alternative

enbodi nent, such as one shown in Figure 26) and the processor 112 may
together reside on a sem conductor substrate, such as a silicon substrate.
Focus Si gitae @@ﬁ@ﬂa?@ﬁratorrFﬁ@@rBKQWéHBMBP@ﬁaEﬁﬁoth%n@o%ﬁr%sfocus si gnal
ge”eratorc%%@srgggkgkgg 'HR%EQEE SRS Ea?é?v'ghQQR L} 202. The image
provi ding unit be "t he col or |nterp ator gure 1 or the
processoro@@Zaﬁanthrewz k¥nheefecusishgnat gen@latoolaﬁ@ omy conprise an
edge det ect.i & wi dt h asurefeg QF Qi 206, a focuys signa

cal cul at o™ ?Eg &1 eRgth i Frrt ef 2121 and%al "0 5015716876 / 1B2011/ 052524
12 wi dth Robkefrs2090skt opByatukt heE €ROPKESBedsTimecsWtehz 220-zontrol | ed
by input 'fine'" 222. The focus signal generator 120 nmay provide a

nar r ow ed§etEdGRe f lomvt Re Wi drh] fPPﬂegozoglandl P bcushQignal ¥#om t he
focus si gnalnGal o4l aLen 210,oeetocys sLOBAL-belng.copt! ouiabhe between a
fine focus signal and a gross focus signal, selectable by input 'fine 222.
Al t er nat elrpw Wethofilnéikecus Beghab. aﬂuegPoswltDC@Bdst@@a$om®y be

cal cul at ed_and, out put art - of outp naI 134 Th dg de ction &
Width meaSRESREAE AFt Cog6Creli DaLe HaGeraNe pRaunaber by § ne'f mabe
prOVldlngt@&hthQZadh@nEhQnCQnUQXEcQﬂoEI@ﬂreﬁelr@wdaﬁd cestrol signals,

such as control signal 'fine' 222, may be provided by the processor 112 in
signal s 1322NAPSESi hokhBICHRPEXENGT 1Fi gufescatapd 2f EHe et signal s 134

may be proyi ded.t q,hhe Rragessol; 112, Whi ¢B, bURCt E DD ASk @ fOLUS system
control | er that controFs the focus position of the focus [ens 104 to bring

i mages ofp@bﬁ@cmsngnﬂowghaspfﬁét351095therpexéicalaaytqoeh©y anal yzing the

out put S|%nals %@_to d Eg%% ﬁ shaég obje§ ag tp varlous
conponent s “ofthé "Fodls SIgna ator 120°are %es% %ed bel ow.

The EDVW @@ubma@6aﬂaythéa@@m@rﬁhyhselaamtunaag@ 5@c@et@@t tdecidyee signal s
of the image, red (R, _green (G and bl ue (B% are converted to a single
i mage si gRAR. hSé&éP&Faﬂeéﬁﬁ?ﬁué§sE§ﬁtb%ebYrI 2EdS¥dPtanst br¥n@an i mage to a

single '”@%%elBQBoﬁékg%%rC%Hdbg 4sed1Lo SEEBH£§£9 Relyoipapce, or

chrom nance value or a specific ratio of val ues can be taken to form
the singl obragé&-sipgmaltorFer exaﬁﬁléOC@heODuhknagteWMarﬁekcam de cal cul ated
with the e%uat on_Y Y=0 %126*R + 0, 1152*6 + 0,.0722*B ebe Y. is | um nance
er an . co a number,” IS given Dy the
val ue. Thé S|ng € i mage |gna t'heh"be
equation Sx[k, g] = U[k q+1] - Ulk, g-1]. Sobel Y-

operator at the same location is given by the equation
Sylk,q]l = Ulk+l,qgq] - Ulk-1,q], where U is an image signal

of the processed image.

Where the edge detector uses a second-order operator,
a second derivative (such as the Laplacian) of the image

signal is computed.
Orientation Tagging

Fach pixel may be tagged either a horizontal edge
(‘H") or a vertical edge ('V’) 1f either vertical or

horizontal gradient magnitude exceeds a predetermined



WO 2012/ 168766PCT/ 1B2011/ 052524 13 processed by a Gaussian filter or any
| owpass filter to snmooth out inage data sanpl e val ues anong nei ghbori ng
pi xel s t ovOoenVB8®w6 Noi se. The focus signal generat ecTABD11/02824 120"
is not limted to grayscale signal. I® nmay operate on any one inmage signal
to detect one or nore edges in the inmage signal. O it may operate on any
conbi nation of the inmage signals, for exanple Y, RG or B-G It nmay
operate on each and every one of the RR G B image signals separately, or
any one or nore conbi nations thereof, to detect edges. It nmay form
statistics of edge wdths for each of the RR, G B inmage signals, or any
conbi nation thereof. It may forma focus signal fromstatistics of edge
wi dt hs frarere léPiforgcilpiigaasigRarsresholdthe ¢ogusd stghat géner at or

i ncl udes an.edge det gct gp, Eg Ed?gthé%tﬂgreggetiﬂe?” tiTRge Shgpal . The edge
detector may use-a first-or er e ge detection operator, such as Sobel
oper at or, 1Pméw tfl ioperater spRobentse@poessdopetrat gent be Robeéiris o@per at or.

The edge detectorAnaé uze a h%gh%r-or er edge.deiec ion, pe{ator to
identify tfeSEdge? Porexanpgl 8%ate8eohd ol der operater stch"as a Lapl aci an
oper at or . hthe zedge1det-eet ehtM¥gseuanycQpecaf the kapwncedge detection
operators or any inproved operator that shares a common edge detection

pri nci pl e 96BJaRY tofaghé tRABWRY opePaLBEESTMINCd \VRER ES ¥ el djfeCdet ect or uses
a first-order gdge dgt ecti-gn gpepalor, ;f.gradhignty{teeyofist derivative)
of the imge signal i's conputed. There are various nethods available to
cal cul at eblid gradiient:, megolitdidag dsfhgrahgsenehah viaeiloustérestis order edge
detection 0perat oty sush YO 2012/ 168/60PCT/ 1820111082924 ot of

its nearest neighbor that has a direction tag already

determined. For example, if the image is scanned from

left to right in each row and from row to row downwards,

a sequence of inspection of neighboring pixels may be the

pixel above first, the pixel above left second, and the

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

Applying this hysteresis helps to ensure that adjacent

pixels get similar tags if each of them has nearly

identical horizontal and vertical gradient magnitudes.

Figure 4 illustrates the result of tagging on a 6-by-6

array of horizontal and vertical gradients. In each

cell, the horizontal gradient is in the upper-left,

vertical gradient is on the right, and direction tag is

at the bottom. Only pixels that have either horizontal

or vertical gradient magnitude exceeding 5 qualify at

this step as edge pixels are printed in bold and get

direction tags.

The image, gradients and tags may be scanned
horizontally for vertical edges, and vertically for
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



14 the Sobel operator, the Prewitt operator, the Roberts Cross operator,
and the Roberts operator. The Roberts operator has two kernels which are
si ngl e covormi2068®HENgl e row matrices: [-1 +1] and its trPamapzdens2Fhe
Roberts Cross operator has two kernel® which are 2-by-2 matrices: [+1, O;
0, -1] and [0, +1; -1, O], shown in the format of [<first-row vector;
second-row vector; third-row vector] like in Matlab. The Prewtt and the
Sobel operator are basically have the sane kernels, [-1, 0, +1] taking
gradient in a direction of the row and its transpose taking gradient in a
direction of the colum, further nmultiplied by different |owass filter
kernel s perform ng Iompass filterings perpendicular to the respective
gradi ent &i°gectifons. adiaareht 81&E6FL0SE tRETcOI uFhdnandf t Hee ro¥RUPray be

cal cul ated, .0, Q%g%gkeverh i¢al,; apd Qg&%zgg%g$_§998§n£§§Q€£$é éﬁﬁéléor

exanpl e using a |- X operator an operator, respectively.
Sobel X- oper at semat cpilxeh hevabgon Ekmeqyemh9celkgtadaembwp@hmbetyand gis

a col um nunber iven by the equa = U - Uk, g-1].
Sobel V- ofbracel SaoBRE SaRaTPOCALTBAL SOgrVEAY bR RS RRARTOIF Syl k. ] =
U k+1, q] hoWikohigll, ewber QfUanaaﬁlat@ﬁgepﬁk@ma!ab@\fzetJSlfl pEOSESSIRs | mage.
Where the edge detector uses a second-order operator, a second derivative
(such as Qﬁ@UEaﬁﬁééﬁéﬁFSth?héamﬁageTngnﬁPrF§O@6ﬂbu%%@ VEFT Bpthti on

Taggi ng S gega%g pbée qaRy;be.tagged either a horizontal edge ("H) or a
vertical edge ( V'y if either vertical or horizontal gradi ent nagnitude

exceeds a predeternlned WO 2012/ 168766PCT/ 1B2011/ 052524 15

Edge Width
Each 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 one third of the edge’s peak gradient magnitude,
refining the edge width down to 3 from the original 9.
This edge refinement distinguishes the dominant gradient
component that sets the apparent edge width that
dominates wvisual perception of the edge’s sharpness
despite an image having multiple overlapping shadings
that may cause gradients to gently decay over many

pixels.

Edge width may be calculated in any one of known
methods. One method of calculating edge width is simply
counting the number of pixels within an edge. An
alternate method of calculating edge width is shown in
Figure 5. 1In Figure 5, a first fracticonal pixel position
(2.4) 1s found between a first outer pixel (pixel 3) of a
refined edge and the adjacent outside pixel (pixel 2) by
an interpoclation from the refinement threshold 304.
Likewise, a second fractional pixel position (5.5) is

found between a second outer pixel (pixel 5) and its



lower Iimt ("elimnation threshold"), e.g. 5 for an 8- bit inmage, or no
edge if neither is true. This lower limt elimnates spurious edges due to
gent |l e shwgdi2np/w876R0i se. A pi xel may be tagged a verti caCTaBya1/n32524 s

hori zontal gradient magnitude exceedsl7its vertical gradient magnitude by a
predeterm ned hysteresis anmount or nore, e.g. 2 for an 8-bit inage, and
vice versa. |If both gradient nagnitudes differ |ess than the hysteresis
anount, the pixel gets a direction tag same as that of its nearest nei ghbor
that has a direction tag already determ ned. For exanple, if the inmage is
scanned fromleft to right in each row and fromrow to row downwards, a
sequence of inspection of neighboring pixels may be the pixel above first,

t he pi xel 23dpggentePtitséeendixand (Ph&SHI ket oRheheddef¥i¢Hirds and the pi xel
above i gt hasks Rl v g Lhs hystaLes! snbelpe,bocglsug,dnat adj acent

pi xel s get simlar tags if each of them has nearWy Identical horizontal and
vertical gradileppsingentudésd Fi guée=43illustrates the result of tagging on

a 6-by-6 array of horizontal and vertical gradients. In each cell, the
hori zont al gragi 1S 1 ersleft, . vertic adi i t he
right, and dir%%?ﬁ%#ﬂ%%ﬁ%%ﬁ%ﬁf$ﬁég ?t&ﬁ%eﬁ}#%}iﬁ&eJgg%ﬁg%jﬁgbggeither

hori zont altooraventiecal agradifentnoagait ude exegedsngndl quatofy @atethis step

as edge pixels are printed in bold and_get direction. tags. . The i mage,
or adi ent 5 °3A8 tAGEPRY Be BedhnedoRor PLOREEPRY f SRVt Teal L bdgés® and

vertical | yehar ghariizant sk edgesggEach group of consecutive pixels in a sane
row, having a sane horizontal gradient polarity and all tagged for vertical

edge nmay be desjignated a vertical WD 2012/168766PCT/ 1B2011/052524 16 edge
i f no adj acent®prxePaohvteft YI% iGH I bMEhEYrioup Hre9S BEHSED B kewi se,

each group.af- e@ngecutiive RhyehsghhideSaaBLE0lYMM; havipgr & same verti cal
gradient polarity and all tagged for horizontal edge may be designated a
hori zont alPegdde )i f ofo tadj aeenndppxekraeveverivel o the yrotp satisfies the

sane. Thus .hori,z |._and _vertica e .jdentjfi W dt h
Each edgeSSl ﬁa%eggggfﬁeéggyggéﬁﬁvbﬁgg%i%éF§¥a£§§%ggr%ﬁ%éﬁ?sﬁggﬁgtudes are
| ess thanta gievelrstiractbonnabrt beeprakdgnadreayenmgairpedes w thin the edge.

Figure 5 illustrates this step using a refinenent threshold equal to one

third of {'féS8dge' $UpEAR gradPeht 1 FmgRftuldecat&Pni ng the edge width down
to 3 fromthe original 9. This edge refinenment distinguishes the dom nant
gradi ent conponentithate setsn ther@apparieiio edges WeHdi dikatt idemunatees vi sua
perception of the edge's sharpness despite an image having multiple

over | appi r§eshadPAgs t RAPSMEY2ERUSESgFaAFPBRES FB2heRttye detayC Bver many

pi xel s. alternatives than a width, which is merely one example of
a edge-sharpness measure that is essentially independent

of illumination of the scene.
Slant Correction

Although each edge may be assigned to one prescribed
direction (e.g. vertical direction or horizontal
direction) or another, perpendicular, prescribed
direction (e.g horizontal direction or vertical
direction) and may have its edge width measured in a
direction perpendicular to that assigned edge direction,
the boundaries between regions of different image signal
values in the image from which these edges arise may not
be and usually are not aligned perfectly with either

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



Edge width may be cal cul ated in any one of known nethods. One nethod of

cal culating edge width is sinply counting the nunber of pixels within an
edge. An wbtermmsmenet hod of cal cul ating edge wi dth i s shodaR201noZsZUr e 5.
In Figure 5, a first fractional pixeli8position (2.4) is found between a
first outer pixel (pixel 3) of a refined edge and the adjacent outside

pi xel (pixel 2) by an interpolation fromthe refinenment threshold 304.

Li kewi se, a second fractional pixel position (5.5) is found between a
second outer pixel (pixel 5) and its WD 2012/168766PCT/ 1B2011/ 052524 17
adj acent outside pixel (pixel 6). The edge width is found as the difference
bet ween these two fractional pixel positions, 5.5 - 2.4 = 3. 1. Anot her
al t er nat i venedge swistiblncabcbkat hohinetthed asstentabculate waidifference of
the i mage signal across the edge (with or wthout edge refinenent) and

di vi de it TBy¢P&Cpedk §Fadventreflt HasBageline, anfterhattvefylSedge w dth

may be a distanee betwegn,acpaih ehepgsibivg:andapegative; peaks &or
i nterpol ated peak(s)) of the second order derivative of the imge signal
across t héocgdgentelheiraktepnati tescdaee, possidtle, bt ¢abelindscaided under the

headi ng " edugr shal BEsS, MRASULEL A WEt Hen; LOLe; L SosResiiLeat opy

the direction of the boundary (also direction of an edge
that forms a part of the boundary) is more appropriate as
the width of the boundary (and also of the edge) than
width a. Such widths a that are not measured
perpendicularly to the respective edge directions tend to
be too large and do not represent the genuine thickness

of the respective boundaries.

For purposes of calculating a focus signal from edge
widths, the edge widths measured in one or the other of
those prescribed directions are to be corrected by
reducing them down to be widths in directions
perpendicular to directions of the respective edges. The
Edge Detection and Width Measurement Unit 206 performs
such a correction on edge widths. As shown in Figure 6A,
the measured width a is the length of the hypotenuse of a
right-angled triangle that has its base (marked with
width b) straddling across the shaded boundary
perpendicularly (thus perpendicular to the edge
direction) and that has the angle ¢. The corrected width
b may then be obtained from a projection of the measured
width a to the direction perpendicular to the edge
direction. From elementary trigonometry, such a
projection may be given by b = a cos(¢), but
approximation may be used as long as it obtains accuracy

to within 20%. The angle ¢ , or cos(¢) itself, may be



It will be seen further into this specification under the heading
"edge- shar pness neasure" that there are other alternatives than a w dth,

whi ch i s weneiyieemwe exanpl e of a edge-sharpness neasur epPChaB201soRsSsEential |y
i ndependent of illum nation of the sc@ne. Slant Correction Al t hough
each edge may be assigned to one prescribed direction (e.g. verti cal
direction or horizontal direction) or another, perpendicular, prescribed
direction (e.g horizontal direction or vertical direction) and may have its
edge width nmeasured in a direction perpendicular to that assigned edge
direction, the boundaries between regions of different inage signal values
in the image fromwhich these edges arise may not be and usually are not

al i gned pépteet by ainthmertRer kppesciNbe@cdpFectPonsinginFigure 6A, a

boundary (j%@%@%qon“%?f?g?ag/eg;‘a}%?t?ﬁPQI/ Hﬁégél/ 992894, 18- pand) i 5, shown to be

inclined at a slant an respect to the vertical dashed line, and a
w dt h a | sieshowndeeclebregasur édei hlbhehpetr pehdivcularFdgueet’on (i. e.
hori zontal direction). However, a width b (as indicated in the draw ng)

measured in a di i ndj . t directjon .of .t ndary
(al so directi o%é% C%gﬁﬂ;%%ﬁ{?pﬁa% %%%l%aolpar geofSr tenofed gquln(}aktlr r;arﬂt?jyib?érmr e
appropri aterasctthe Wodt htef st hetboundaeythandtiatsowoof zoheaedge) than wi dth

a. Such widths a_that are not sured perpendicularly to the respective
edge di r eCEFGRS teRd 68 85 080 (FAPgBESRAL HBSHot FEpr BSBAL t he genui ne

t hi ckness refsgkhe ikespect kvgubeundarkgsi1iustrk08 RUEPPSESt Pdncal cul ating a
focus signal fromedge w dths, the edge wi dths neasured in one or the other

of those préseribbednditPectinongdyar eleehbecesrreet ed bye rieduei Pytdhem down to
be m”dthsdHQegEH%%tkggsa 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 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.

By way of example, Figure 7 shows a flowchart of a
process to correct edge widths for slant for edges
inclined from a vertical line. (For horizontal edges,
substitute ‘row’ for ‘column’, and interchange ‘vertical’

with ‘horizontal’ in the flowchart.)

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 find the horizontal gradient x. At step 504, find

where the vertical gradient magnitude peaks along the



perpendi cular to directions of the respective edges. The Edge Detection and
Wdth Measurenent Unit 206 perfornms such a correction on edge wdths. As
shown i n Wogorz68%s t he nmeasured width a is the | ength eCTub®ihyietenuse of
a right-angled triangle that has its ¥ase (nmarked with width b) straddling
across the shaded boundary perpendicularly (thus perpendicular to the edge
direction) and that has the angle 0. The corrected wdth b may then be
obtained froma projection of the neasured width a to the direction

per pendi cular to the edge direction. Fromelenentary trigononetry, such a
projection may be given by b = a cos(0), but approximtion nmay be used as
long as it obtains accuracy to wthin 20% The angle O , or cos(0) itself,
may be WOC201®/ PE8766PCTALB2011N0825%4 BOXEo8ndvhY: aryc net Mddtikhiown in the

art for finding.a direction of an edge in an image, or by a nore accurate
met hod deschbeﬁ i% fhe bloﬁbhart shown in Figure 7.

At step 506, find the slant angle ¢ = tan ' (y/x). At
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.

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
providing a lookup table that has entries for wvarious
combinations of input values of x and y. For each
combination of input values of x and y, the lookup table
returns an edge width correction factor. The edge width
correction factor output by the lookup table may be an
approximation to cos (tan'(y/x)) to within 20%, preferably
within 5%. The edge width is then multiplied with this
correction factor to produce a slant-corrected edge

width.

A second modification is to calculate a quotient y/x
between a vertical gradient y and a horizontal gradient x
to produce a quotient g, then use g to input to a lookup
table that has entries for various values of g. For each
value of g, the lookup table returns an edge width

correction factor. The edge width correction factor may



Each horizontal or vertical edge's edge width may be corrected for its
slant fromeither the horizontal or vertical orientation (the prescribed

di recti onsP20regm6t i vel y. Figure 6A, 6B illustrate a c®CTABL1ONS2524
calculation for an edge width neasured in the horizontal direction for a
boundary (and hence edges that formthe boundary) that has a slant fromthe
vertical line. Figure 6C, 6D illustrate a correction calculation for an
edge width nmeasured in the vertical direction for a boundary (and hence
edges that formthe boundary) that has a slant fromthe horizontal I|ine.
The correction may be made by nultiplying the edge width neasured in a
prescribed direction, such as a vertical direction or a horizontal

di rect i onPebyla 2PRECHANGE 108st0, CARéERNO (9] ) afCaigltéisf 28Fant from t he
prescri begrgifreggbilgnwi nin By way of exanple, Figure 7 shows a flowchart of
a process to correct eége widths for slant for edges inclined froma
vertical line.(For horizontal edges, substitute 'row for 'colum', and

i nt erchange ' vesti Cahdimgtthe horazordradle idh dche afl ewphraxtimption From step
502 to step 506, a slant angle O is found. For each vertical edge, at step
502, Iocattgetfﬁéocéilﬁﬁnti:’ié%i PEnCRRhEFet AR hdFF2bnt &l 2GF 't ent t Pragni t ude

peaks, an%i&%ﬁq EB%)hgﬁhzgﬂbggggéﬁgpgn£hé'c€$6é§990§0§ac{59dc&ggﬁﬁ the

vertical gradi ent magnitude pe ng the
2012/ 168766RPCEN1B2OTDkAB2524n thereto), or to directly find the

correction factor without finding the slant angle ¢ (as
in the first and second modifications), the values of x
and y may be obtained in steps 502 to 506, but other

methods may be employed instead.

A third modification is to perform the following for
each one of a plurality of pixels in the edge: (a) find
horizontal gradient x and vertical gradient y both for a
pixel, (b) find g = y/x for this pixel, and (c) find a
correction factor that corresponds to g, for instance
cos(tan'(g)) or an approximation thereto to within 20%.
Finally, find the correction factor for the edge width by
averaging across the correction factor from each of the
plurality of pixels. The average may be a weighted
average, such as one in which a pixel that has a larger
horizontal gradient is given a larger weight than another

pixel that has a lesser horizontal gradient.

Other modifications are possible along these

directions or other.
Screen Threshold

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

contributions attenuated, if their peak gradient



20 col umm position and within two pixels away, and find the vertical

gradi ent vy. At step 506, find the slant angle 0 = tan-1(y/x). At step
506, the wbhant2/@msmbe may be found by | ooking up a | ookupcCrabioa1/o#k2ough
steps 502 to 506 present one specific22procedure and nethod to find the

sl ant angl e, other procedures and net hods known in the art may be used

i nst ead. Finally, at step 508, scale down the edge wi dth by
mul tiplying with cos (q), or with an approxination thereto as one skilled
in the art usually does in practice. A first nodification of the

process shown in Figure 7 is to substitute for step 506 and part of step
508 by providing a IookuB table that has entries for various conbinations
of input VaPwésuersxagrdegloror BrEfAcEORBinadi dhaetiempuf #al ues of x and

y, the lo%%#%c%%?'%lB%Euéggeag S?QE %&Q&' 9r&§§£%9@déaCtﬁ{ yJhe edge width
correction factor output t he” [ookup t e an appr OxiPation to
cos(tan- 10%,xPR,t envii ORI n120% rptef erpbbylemt hhat 59 OJhenedge width is then
mul tiplied th this correction factor to produce a slant-corrected edge

wi dt h. 2d9KeEEEGNd nodi fication is to calculate a quotient y/x between a
vertical gradient y and a horizontal gradient x to produce a quotient q,
then use q to Fn@utet@AailrmﬂmmnﬁeﬂﬂEhﬁdﬁﬂvdﬁﬁidﬂﬂrWhﬂtd(marmarious val ues

of . For each valu t he | ookup table returns_an, edge
or Pact | 0 PECEOR Te CEduBoarAEnOLOrFeRbT Gt SatDr? dayre oS Wl

The middle white bar is a narrow bar 2 pixels wide.
Figure 9B shows an image signal plotted horizontally
across the image in Figure 9A for each of a sharp image
and a blurred image. Figure 9C plots Sobel-x gradients
of Figure 9B for the sharp image and blurred image. 1In
Figure 9C, the first edge (pixels 2-5) for the blurred
image is wider than that for the sharp image, and
likewise the last edge (pixels 13-15) as expected.
However, the two narrowest edges (pixels 9 & 10, and
pixels 11 & 12) have widths of two in both images. 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 image, on the other hand, changes less than 10%

between the wider and the narrower edges.

The significant decline, e.g. 20% or greater, in peak
gradient magnitude for a narrower edge adjacent to a
wider edge having an opposite-signed gradient gives a
hint that the blurred image is not well focused, and thus
the narrower edge should not be relied upon as an

indication that the blurred image is sharp.



WO 2012/ 168766PCT/ 1B2011/ 052524 21 be an approximation to cos (tan-1 (g) )
to within 20% preferably within 5% For finding the slant angle 0 (or
an appr oxwoabizmwstcher et o such that the correction factoPCrgBzacosate to
within 20% and subsequently the corr®8ction factor cos(0) (or an

approxi mation thereto), or to directly find the correction factor w thout
finding the slant angle 0 (as in the first and second nodifications), the
values of x and y may be obtained in steps 502 to 506, but other nethods
may be enpl oyed i nstead. A third nodification is to performthe
following for each one of a plurality of pixels in the edge: (a) find

hori zontal gradient x and vertical gradient y both for a pixel, (b) find q
= y/x for thislpixeiseami el ¥y miE st e&ddsh Factidreaidtingor r esponds to

g, for in os(tan-1(q).) roxi i eto .t ithin 20%
Finally, %%%gﬁgﬁg %%%?géﬁég% FQ%P%? ?Q? ?%eg%%%gawﬁggﬁ §Ea€%¥%ging acr oss
the corredtidoratachoevbnomreabhiof etihe plidthl aty shapl xet slodheaaver age may

be a wei ghted avera e,lsuch as_one_in_which a ﬁ%xel t hat has a | arger

hori zont al*"g¥adirént i §1§°FVeR“ 3% MEF §ér tRefght Than® anotherpiXef®that has a
| esser horhzentabigeadibghts (“min©hheresgdi fhgafionshareiposshbl e al ong

t hese directions or other. Screen Threshold ~ Adj acent edges may be
prevent ed S8d9Co§éPhér frRofkrEBAt PEbat NAGPES atfBetsisi ghal; br ave their
contri butiQns attenuated, if their peak gradient

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
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.

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

flag that can be turned on and off.

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

flowchart shown in Figure 10.

Given the screen threshold and screen flag, an edge
may be eliminated unless one of the following conditions
is true: (a) the screen flag is off for this edge, (b) a

peak gradient magnitude of the edge is not smaller than



WO 2012/ 168766PCT/ 1B2011/ 052524 22 magni t udes are bel ow a predeterm ned
fraction of an adjacent w der edge's peak gradi ent magnitude. Figure 9A,
9B, and 9oi2binmssT6at € a problem that is being addressedPCT/IB201FDEa24e 9A
illustrates three vertical white bar<s24separated by two narrow bl ack spaces
each 2 pixels wwde. The mddle white bar is a narrow bar 2 pixels w de.

Fi gure 9B shows an inmage signal plotted horizontally across the inmage in
Figure 9A for each of a sharp inage and a blurred image. Figure 9C plots
Sobel -x gradients of Figure 9B for the sharp image and blurred inmage. In
Figure 9C, the first edge (pixels 2-5) for the blurred image is w der than
that for the sharp imge, and |ikew se the |ast edge (pixels 13-15) as
expect ed. tHEWSFEL SNt KETERBOAEr FBWeSTledgese( pTRefQNO1RIAMS &hd Pikel s 11 &

12) have wi gt of. .t [ . Lage I [ he, c e di ng
sl opes atw%ﬁxegg %e& 8%Bagghgﬁkg?g ii)&E?g,gggghgggi%sf%mgg%iig % to
conpl et e ahtmansktrcordg®heilbkur ted, | nhges homeveer has laesmngni fi cant

decl i ne of peak gradient nagnitude, ch as 50% fromthe wider edge to
The narr oRER aigas Lotna eRRr RO hagsatBn P hle SERER hatiy Sitorbia T ese Fhan
10% bet weerr thenwkrdeedand the RaerewWehcedges.may be TMgrsé@nidi cant decline,
e.g. 20%or greater, in peak gradi ent nmagnitude for a narrower edge

adj acent Poran@icder edge nWadirhg aRovppbsft ebargneddgradientvyives a hint

that the bhucted hTRosalSyRoL WLk togUSEd:aDd:Lhys § hesnaryoper edge

shoul d not be relied upon as an indication that the blurred inmage is sharp.
For the example shown in Figures SA-9C, sharp edge width
may be 2.Figure 10 is a flowchart to determine a screen
threshold and a screen flag for each edge. For vertical
edges, assume scanning from left to right along a row,
though this is not required. (For horizontal edges,
assume scanning from top to bottom along a column, though
this is not required.) A number is assigned for
sharp edge width and may be 2 for the example shown in
Figures 9A-9C. Starting at the first edge at step 702,
each edge is queried at step 720 as to whether its edge
width is greater than or equal to one plus
sharp edge width, the value of one being the minimum edge
gap value used for this illustration, but a different
value may be used, such as between 0.5 and 2.0. If yes,
the edge is a wider edge, and step 706 follows to set the
screen threshold for the immediate next edge that has an
opposite polarity to beta times a peak gradient magnitude
of the edge, beta being from 0.3 to 0.7, preferably 0.55,
then step 708 follows to turn on the screen flag for the
next edge, then proceed to the next edge. If no, the
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 predetermined number) plus



WO 2012/ 168766PCT/ 1B2011/ 052524 23 Li kew se, mutual |y adjacent edges
of alternating gradient polarities should not be relied upon for such

i ndi cat i omOoevemieBTe6t heir edge width are small as | ong a®CThB301&n®524n Cl 0se
proximty to each other, e.g. no nore&sthan 1 pixel apart ("m nimum edge
gap"). The mninmum edge gap is in terns of a nunber of pixels, e.g. 1, or
2, or in between. Furt hernore, given that one edge nmay have been

el imnated due to having a peak gradient |less than the elimnation

t hreshol d, two successive edges having an identical gradient polarity and
spaced no nore than two tinmes the m ninum edge gap plus a sharp edge wi dth
(sharp edge width is a nunber assigned to designate an edge wi dth of a
sharp edgéfegpartdfmyipéhustd A5caleBRditronPToPr ePid® nafi#®y or denoting a
contributi fr othco he t v, adj d ei t her.
The Edge Bg 80%?%%82289w}2fh9£bgg reﬁ%ﬁ@ogﬁlFﬁé%Gtﬁgyﬁgﬁg@ﬁﬁég§ e follow ng
algorithngb@ra@bwnlnaﬁlggsclesepyipackealnasrbmetuemg@ﬁfbaB@d on a screen

threshol d establ ished f d dI flag that
can b turtet con and oPF. ¢ "cRbr@ith chge ot hb sty Beh THTEhoId and

screen fl agaboahg wsedsteeehheni-aprdiat ecnexhe edget obdgdn opPosite polarity
are determ ned according to the process of the flowhart shown in Figure
10. GreeReth&OCsEReeRekhr 8SHBI d BAB2sBREBERCST fagreant @y 9@y be

el i m nated unless ope ok hQ?bEQ' Lowing tQQHdbéigﬁa‘cédtfé'ff‘l?&ﬁl the screen

flag is off for this edge a pea gradi ent magni tude o the edge i s not
simal | er tlardetermined formula, such as a function of an edge

width. In the latter case, beta may vary from one part

0of the image to another part.
Alternative Embodiments

Orientation of the pixel grid:

The image input by the focus signal generator 120 may
have pixels laid out in a rectangular grid (“pixel grid”)
rotated at 45 degrees with respect to a rectangular frame
of the image. In this case, the X- and Y-directions of
the edge detection operations and width measurement

operations may be rotated likewise.

Edge-sharpness measures:

In the above description, sharpness of image of an
edge is represented by a width of the edge measured from
a sequence of gradients across the edge with the
gradients oriented across the edge, there are
alternatives that work on similar principle. In essence,
what allows the focus signal generated in this manner is
that the individual edges contributes a quantity
(hereinafter “edge-sharpness measure”) that is
independent of scaling the image data by, for example,

20%, or essentially independent, such as changes by not



WO 2012/ 168766PCT/ 1B2011/ 052524 24 the screen threshold for this edge. To
conditions (a) and (b) may be added condition (c) the edge width is not

| ess t harweharyicemwge wi dth + 1, where a nunber has beenrasdByneds2tnr sharp
edge width to designate an edge w dt26of a sharp edge, and where the "+1"
may be varied to set a range of edge w dths above the sharp edge w dth

wi thin which edges may be elimnated if they fail (a) and (b). For the
exanpl e shown in Figures 9A-9C, sharp edge width nay be 2. Figure 10 is a
flowchart to determne a screen threshold and a screen flag for each edge.
For vertical edges, assume scanning fromleft to right along a row, though
this is not required. (For horizontal edges, assune scanning fromtop to
bot t om al 88§ <a Scolfeim20rheaghinfi 808 adt theqimeed. yapenumes is assi gned

for Sharph%ﬁ%%d@ Qma%Q% TRy QSCasfgg%£Q§ ?ﬁé%%éﬁdéﬁ?“@fi8rF}§Pres 9A- 9C.

Starting at the first edge at step eac ge Is queried at step 720 as
t o whet herleistss deggedendt hni s1gneatetivhanfotheqaatnt codnehpl Usaghar p edge

wi dt h, the val of .one bei.ng. the m ni edge gap val ue . used for this

U1 1 ustrat £6n T ebdE ok dr EFePsntLYSEaE My hE GOER° SURRABEC bit ben'®. 5 and
2.0. If yesnvkheiedge csnarwkdencedgeioandeshen. 706 follows to set the
screen threshold for the i nmedi ate next edge that has an opposite polarity

to beta tines a peak gradi ent_nagnitude of the edge, beta being fromO0.3 to
0.7, preferabl 0155, YRt st i Fo& 1611 bV T i ‘G 1t REYe GREsT 11 ag | or

the next edgepnthRennpraceedthacthgsnext gdgee thab9stdéhesedge s not a
w der edge, and step 730 follows to check whether the spacagg@fron1the

prior edg&eéhnat hadsapudgradrénbrpebasntyaisygiedetrendemn ¢ Tmes the

ﬂiniWU”1egggégﬁ%8§§¥ff8g;g§§r?ﬂégBrﬁgﬁéeﬁﬂiQEQiQEHPeié Pl Y§,q VO

2012/ 1687
alternative to the width measured from a gradient or

interpolated gradient to another gradient or interpolated

gradient of a same gradient value.

The alternative edge-sharpness measure preferably has
a unit that does not include a unit of energy. The unit
of the edge-sharpness measure is determined on basis two
points: (a) each sample of the image data on which the
first-order edge-detection operator operates on has a
unit of energy, (b) distance between samples has a unit
of length. On basis of points (a) and (b), a gradient
value has a unit of a unit of energy divided by a unit of
length. Likewise, contrast across the edge or across any
undivided portion of the edge has a unit of energy.
Therefore the contrast is not a good edge-sharpness
measure, as the unit reveals that it is affected by
illumination of the scene and reflectivity of the object.
Neither is peak gradient of the edge, because the unit of
the peak gradient has a unit of energy in it, indicating
also that it is responsive to a change in illumination of
the scene. On the other hand, peak gradient of the edge
divided by a contrast of the edge is a good edge-



25 sharp edge width and the i nmedi ate prior edge of an opposite polarity,

if any, is nore than the m ni mum edge gap away. If yes, step 710 follows to
turn of f wheostwema flag for the next edge. If no, keeppChmaBzarews4 | ag and
the screen threshold for the next eddg® and proceed to the next edge. Beta
may be a predetermned fraction, or it may be a fraction cal cul ated
followng a predeterm ned fornula, such as a function of an edge width. In
the latter case, beta may vary fromone part of the imge to another part.
Al ternative Enbodi nents Orientation of the pixel grid: The i mage

i nput by the focus signal generator 120 may have pixels laid out in a
rectangular grid ("pixel grid") rotated at 45 degrees with respect to a
rect angul &2 PARE SoMCERETFARGE. 1FnDERi 8 €BSE, Of heX-raddP Y e+ eeti ons of

the edge %95%9%'8@E§8%5% | ons QHQtH%QtQXQEB§8re@ﬁgt?ﬁﬁfﬁaéfons may be

rotated |ikew se ar pness neasures e above
descrlpt|gmﬁdsbampnasssefgmadgenofvahuedgexcsedepaesent@dnby a wdth of the
edge neasur uence_o £g?|ent acr he edge with the

gr adi T B ek o ey Sade R 2 s L AL BOAR BRAGP Bl NG P o dhar vork on

simlar peidge-pherphBsessensereWhat ahbowsuhbeifoguspsyghahegenesated in
this manner is that the individual edges contributes a quantity
(her ei naf Pér diedgecsnharprédgeeasurbe) st Rat Of sthe spacing between

contiguous gradients, hence having a unit of length.

It is here noted that, in the generation of the edge-
sharpness measure, a gradient may be generated from a
first-order edge detection operator used to detect the
edge, or may be generated from a different first-
derivative operator (i.e. gradient operator). For
example, while the Sobel operator (or even a second-order
edge detection operator, such as a Laplacian operator)
may be used to detect the edge, the Roberts operator
whose kernels are simply [-1, +1] and its transpose,
which is simply subtracting one sample of the image data
from the next sample in the orientation of the gradient
operator, with the resulting gradient located midway
between the two samples. Edges may be detected with a
higher-order edge detection operator than first-order
independently of one or more derivative operators used in
generating the edge-sharpness measure or any of the shape

measures described in the next section.

Viewing it another way, the edge-sharpness measure
should have a unit of a power of a unit of length, for
example a sqgquare of a unit of length, a reciprocal of a
unit of length, the unit of length itself, or a sgquare-

root of a unit of length.



i ndependent of scaling the i mage data by, for exanple, 20% or essentially
i ndependent, such as changes by not WD 2012/ 168766PCT/ 1B2011/ 052524 26
nore 5% fwo 280M68wal i ng down of the inmage data, thus helPpirnp20iooizake t he

focus signal independent of or far | e8s dependent on illum nation of the
scene of the inmage or reflectivity of objects in the scene conpared with
the conventional contrast detection nethod. In the present focus

signal generator 120, any edge-sharpness neasure that has the above
characteristic of being independent of or essentially independent of 20%
scaling down of the inmage data in addition is a good alternative to the

wi dth nmeasured froma gradient or interpolated gradient to another gradient
or interpol at ednyradrentl oFrz Shfe YFRTEMIRAE e MeasuUreTk@nl t ernat i ve

edge-sharQ@%ﬁgcgegﬁgr%dggegﬁggplyﬁhgﬁeafgghg ébg%aﬂosén@9£téﬁcgy@? a unit

of energy. The unit o he edge-sharpness neasu Is"determned on basis
two points: (a) each sanple of the imge data on which the first-order
edge- det ect i onTeperarert ober at eslaon: s Aauridgof @rerqprrqdd)icdi st ance

bet ween sanpl.es Q@Sd%sHQQEegfaESOQtQiFﬁ“rQ%éké 8£.§ i @uééé ands4b). a
gradi ent val'ue has a unit of a unit of eneéergy drvi ded a unit of I|ength.
Li kewi se, acdntrigstrcalr gasrtheaédge dwidchossraaytuodi vacedrporti on of the

edge has a_unit of energy. Therefaore the contrast is not a good
edge- shar FRESSCrBas GPEYEES oFhECUARPDF cvaal SSPRAECTET T of GF SRR By

i|lum natijontok thgeseaRepandsr 8ELEGLEViEYpohkt heaabbeetai Neidhiesyis peak
gradi ent of the edge, because the unit of the peak gradient has a unit of
ener gy i nai conitidistat ithgchl SoveRatti &8 PB1lEeSpohBevESEBPECChANYE 3 n

'!'P”‘”atbﬁﬁto%ftﬁéng%%”etﬁgﬂ EHS 8@9?5 P?%Qe PERk- OF Agh epl . Of . the edge
di vided by a contrast of the edge is a 800 edge-
for the edge-sharpness measure is the reciprocal of the
correction factor described with reference to Figures 6A-
6D and Figure 7 above. As another example, if the edge-
sharpness measure has a unit of a square of a unit of
length, then the slant correction factor for the edge-

sharpness measure should be a square of the width

correction factor.

Several examples of alternative edge-sharpness
measures are described below with reference to the

drawings in Figures 24A-D.

FIG. 24C illustrates a sequence of gradients across an
edge plotted against distance in multiples of a spacing
between successive gradients, and an area A; of a shaded region
under the plotted sequence of gradients. In this example, the
region is defined between two gradient levels I; and L;, which
may be defined with respect to an interpolated peak gradient
value (alternatively, the peak gradient value) of the sequence
of gradients as, for example, predetermined portion of the
interpolated peak gradient value. The shaded region has four
corners of interpolated gradients. The area divided by the
interpolated peak gradient value (alternatively, the peak

gradient wvalue) is a good edge-sharpness measure, as it has a



WO 2012/ 168766PCT/ 1B2011/ 052524 27 sharpness nmeasure, as it has a unit of
the reciprocal of a unit of Iength. As another exanple, the count of

gr adi ent swohopeegreadi ent val ues exceeds a certain predererndral/hs2ast i on of
the peak gradient is a good edge-shar¥ness neasure, as the count is sinply
a nmeasure of distance quantized to the size of the spacing between
contiguous gradients, hence having a unit of |ength. It is here noted
that, in the generation of the edge-sharpness neasure, a gradient may be
generated froma first-order edge detection operator used to detect the
edge, or may be generated froma different first-derivative operator (i.e.
gradi ent operator). For exanple, while the Sobel operator (or even a
second- or 48t tetfgelsdetecet Hont operatorats gdheasaa Iprdéran Uperrat or) may be
used to dehecCiedNith @dgepod g Robert sc.opgnal otnwhase ckenagls are sinply [-1,
+11 and its transpose, which is sinply subtracting one sanple of the inmage
dat a fromPPHBIGEXITOFaRPPES i RE BT etPatiFoh 6FVthe: graldient"6perator, with
t he resul skhgegpadiregtabocatLd m dway between the two sanples. Edges nmay be
detected with a higher-order edge detection operator than first-order

i ndependent |y qufJQ%Dogl géag%erivative operators,.us g gp_ gpﬁggting t he

u e sequenc radien
edge- shar pness neasure or any of ?he(ghape reasures déseri i'n the next

section. of thd/fiiewigegdrta amotdver anayjdod fpe cedge-strwimpnesssmpasurie shoul d
have a U“hhl@lpfesp%‘%e%l 9%?@111%“'19?&9%?& esrh%é:gﬁsgxt?% g%%ﬂf@h%?? éc’éé%ﬁ;%ro‘c a unit

of length, a reciproca a-unit | engt e unit of length 1tself, or
a squar e- eografity 34PL ¢f .4 .emghher of moment), and distances uz, us,

ugs , us and ug of the gradients (having gradient values gz, g3,
gs , g5 and g¢) from the center of gravity. A good edge-
sharpness measure is a k—th central moment of the gradients
about the center of gravity, namely a weighted average of the
distances of the gradients from the center of gravity with the
weights being magnitudes of the respective gradients, k being
an even integer. For example, k can be 2, which makes the
edge-sharpness measure a variance as if the sequence of
gradients were a probability distribution. In this example,
the edge-sharpness measure has a unit of a square of a unit of
length. More generally, the edge-sharpness measure may be a
function of distances of a plurality of gradients of a
sequence of gradients from a position predefined relative to
the plurality of gradients, the sequence being array across
the edge. Other than the center of gravity, the predefined
position may be an interpolated peak position for the sequence
of gradients. A proper subset of the gradients of edge may be
chosen according to a predefined criterion to participate in
this calculation. For example, the gradients may be required
to have gradient wvalues at least a predetermined fraction of
the peak gradient or gradient value of an interpolated peak of

the sequence of gradients.

FIG. 24A illustrates a sequence of second derivatives of
a sequence of samples of image data across an edge plotted

against distance in multiples of a spacing between successive
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nmeasure can replace the edge wwdth in the focus signal generator 120.

To correcwoforz/m8mbant of the edge, the correction fact@ecras2odessided
above with reference to Figures 6A-6B%and Figure 7 (hereinafter "wi dth
correction factor") should be converted to adopt the same power. For
exanple, if the edge-sharpness neasure is peak gradient divided by a
contrast, which gives it a unit of the reciprocal of a unit of length, then
the appropriate correction factor for the edge-sharpness neasure is the
reci procal of the correction factor described with reference to Figures

6A- 6D and Figure 7 above. As anot her exarrpl e, I f the edge-sharpness neasure
has a uni BS6P"A AFUAPEIBES a UNIE8f (PerfgthItE hén PERESST anPadér PECt i on

factor fopotheiRdgexs haémses pRBASUr &)shoukdeheransaiiade Dhat hesw dt h
correction factor. everal exanples of alternative edge-sharpness

measures SPECHERTY |119§8r15%3r%ﬁ%sﬁﬁo?%f%erréﬂééli’%s tHE [P awF Ny Fi gur es

24A- D. magnFt e 24C (d) uskhateswapsespence ohngf asiienbs across an edge
pl otted agal nst distance in nmultiples of a Qam ng between successive
gr adi ent s, ARt AR e 8 AR O LERAUES régitontindels Bh&epI Bt Eed Sequence of
gradi ent st raddhi(s eaadﬁ;ﬁt%ncbhel [feghoa tésrdiefrb@edn@em@aehmm@ram ent
| evel s L/ and L i be dﬁf ned v]\<n5 ect to an interpol ated peak
gradi ent Varbe® éqQ[SéFI]ig.?l?/%q Yo 9the  peak g aa?e?‘l VaaBy>of the sequence of
gradi ents 1aSerff>cD]l’at@)daB”BJ:@md pfeedehetm nechtpoketi o @flvtehemam:efuplel ated peak
gr adi ent \Aal ue. haged reg %H hﬁs fourqdc ners |nterhool at ed

@

gradi ent s. %nearoea IR by t Vit &F pola ed"g ped Se&r adi ent Vafue

(al ter nat istekynedheecpeake gradi ent value) is a good edge-sharpness neasure,
as it has a

In the example of FIG. 24A, furthermore, the edge-
sharpness measure may be a weighted sum of distances from the
zero—-crossing (between the pair of positive and negative
peaks, and may be interpolated) of the second derivatives with
the weights being magnitudes of the respective second
derivatives. More generally, the edge-sharpness measure may be
a function of distances of a plurality of second derivatives
across the edge from a predefined position relative to the
plurality of second derivatives. Other the zero-crossing
position, a center of gravity is a good candidate for the
predefined position, with the weights being magnitudes of the
second derivatives. Yet another good candidate for the
predefined position may be the midway point between the pair

of positive and negative gradients.

FIG. 24B illustrates a sequence of samples of image data
from pixels of an edge plotted against distance in multiples
of a spacing between contiguous pixels, showing (a) a width
Weaze and a contrast Cegpe between two samples at two ends of the
edge, (b) a peak gradient value gpeaxr (generated by the Roberts
operator) between a pair of samples that has a steepest change
of sample value, (c¢) a narrowest undivided portion of the edge
that has contrast C; and width W,..s:, and (d) a narrowest

undivided portion of the edge that has contrast C, and width
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alternative definitions of the region are possible. For exanple, the region
may be bowmoderk/fe8wm above not by the gradient |evel L1 lpat/iByo1t/bessequence
of gradients. FIG 24D illustratles a sequence of gradients of sanples
of the imge data across an edge plotted against distance in nultiples of a
spaci ng between successive gradients, a center of gravity 3401 (i.e. center
of nonent), and di stances u2, u4, U4 , u5 and u6 of the gradients (having
gradi ent values g2, g2, g4 , g5 and g6) fromthe center of gravity. A good
edge-sharpness neasure is a k-th central nonent of the gradients about the
center of gravity, namely a wei ghted average of the distances of the

gr adi ent s "from fheERCERdOPE VI WP tHFEIneT hHts USeirg: magni t udes of

t he reSpe@&by@ecgr%ditﬁ@t Sontc el BY, an se¥ePobdtRgRsnEPnAMRLeurk. can be 2,
whi ch makes the edge-sharpness neasure a variance as If the sequence of
gr adi ent s TRer &+ & hrrotyabtd iFY TAF 5t FIBUELBRTSIHRKISS BxAHDI%, TPhe

edge- shar paesss rn%glsyraﬁldha@ﬂg uairé Ofscagsgiad Be-@hadiuds! 1ofe | ength. Mre
general ly, the edge-sharpness neasure ma%er be a function of distances of a

pl uralityC6RtErHd érit 3 Y a e dtfiterEe ot M iadiCeRE s? R GINCASpBSTE i on
predefinegoreiad iofe the &g plawrakit ycof. . gr adiwitnsr ivbey seayence deing array
across the._edge. her than the center of gravity, the predefined position
ray be an CPRDET0IE A7 bRGR HoBtt F o Ut SF b SeBCRI5r S §radi B 5 A
proper sulg$et1_i@ft _tolfetgéa@h'icﬁn,_t s_uoﬁ esigﬁdr@yéabegﬁd’liﬁm_ accor dicngsto a
predefined.cri terion to participate in this axlffc'f‘eldat on. For aex%rrpl e, the

. also note [=h t narroyest, un m .
gradlents may be require ?othave gra |entuva ues ap eas a Hreaeternlned

fracti on oblihetqgeak gnacdientater gamdientofvahags afatan bntlergrolsabed peak of
the sequence_of_ gradiepts. FLG, 24A il ustrates a sequence of second
ares 1in F1 24B S %) W1l

. . n's b T roundin oY £ola
derivatives of & sequenc%u of sar’rp?e f |umaglgeg at'a acro8s an edge plotted

agai nst dinstasce nixefquboupt es of a spaci ng bet ween successive WD
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Qualifying edges

The below method of gqualifying of edges may be performed
in the Edge Detection & Width Measurement Unit 206 and is

described below with reference to Figures 27-35.

In this method, the gradient profile is compared with a
sequence of reference gradients. Each of the reference
gradients has a gradient value and a spacing to the next
reference gradient in the sequence. The reference gradients
are generated under a predefined relationship between them.
For example, the sequence may be generated from and/or stored
as a sequence in a lookup table. As another example, the

sequence may be defined by way of a mathematical formula.

Figure 27 illustrates a sequence of reference gradients
3402, 3404, 3406, 3406 plotted along with a gradient profile
consisting of gradients 3502, 3504, 3506, 3508 (markers “x”)
at positions 2, 3, 4 and 5, respectively. Reference gradient
3402 has a spacing D1 to the next reference gradient 3404.

Reference gradient 3404 has a spacing D2 to the next reference
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the reference gradient curve 3402 to 50% down from the
reference peak, and a third degree polynomial on each side of
the curve to define a range further down from 50% below the
reference peak. Preferably, the mathematical formula is
parameterized by (or associated with) one or more parameters,
for example any one or more among a reference width, an edge
slant angle (that can be used to match a slant angle of an
edge), a peak gradient level, a zoom factor (of a zoom lens on
the camera), an aperture size (of the lens of the camera),
etc. Coefficients that define the formula may be stored in a
lookup table (e.g. in a nonvolatile memory, or loaded into a
read-writable memory such as an SRAM or a DRAM from a
nonvolatile memory) and indexed (i.e. keyed) by wvarious

combinations of the parameter wvalues.

Alternatively, the reference gradients may be defined via
and/or in a lookup table. The lookup table may specify more
than one sequence. Each sequence is specified in the lookup
table with a gradient value for each reference gradient and a
spacing to the next reference gradient wvalue in the sequence.
If the spacing is constant throughout the sequence, it may be

specified once only for the entire sequence. If the spacing is



31 Wart2. As nentioned before, the peak gradient value a , peak divided by
the contrast Cedge is a good edge-sharpness neasure. The wi dth Wdge is
anot her gwodoedigsrss har pness measure. The wi dths W- pa PCI/IBrdis2spart 2 are
al so good alternatives. The contrasts33C/ and/or C2 may be defined to be a
predeterm ne portion of the edge contrast Cedge. | Alternatively, any one
of them may be defined to be a predetermned nultiple of a peak gradi ent of
t he edge, such as the peak gradient a ,peak. It is

constant for the entire lookup table for all sequences, it may
be specified once only for the lookup table. Alternatively,
the spacing may assume a default value, for example, 1.0. A
reference peak may be specified for the sequence, to have a
peak gradient level and a relative position (i.e. spacing and
whether it is before/after) to a reference gradient in the

sequence.

Further reference gradients may be interpolated from the
reference gradients generated directly from the source (e.g.
the lookup table or the mathematical formula) as a predefined
reference gradient generator. It may be useful to interpolate
a reference gradient to where the gradient profile has a steep
slope. For example, in Figure 27, interpolated reference
gradient 3412 (marker “+”) is interpolated from the reference
gradients 3402, 3404, 3406 to be at position 3 where the
gradient 3504 is. Interpolated reference gradients are

likewise marked “+” in Figures 28-35.

On the other hand, gradients may be interpolated from the
gradient profile to where a reference gradient is positioned
relative to the gradient profile. It may be useful to
interpolate an interpolated gradient to where a reference
gradient is. For example, interpolated gradient 3514 (marker
“[”) is interpolated from gradients 3502, 3504, 3506 to be
near reference gradient 3402. Interpolated gradients are

likewise marked “” in Figures 28-35.

The lookup table may store a plurality of sequences, each
for a different combination of parameter values. Each sequence
may be parameterized by (or associated with) one or more
parameters, for example any one or more among a reference
width, an edge slant angle, a peak gradient level, a zoom
factor (of a zoom lens on the camera), an aperture size (of

the lens of the camera), etc. For example, a sequence stored



al so noted here that the "narrowest undivided portion” may be delimted by
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or by rouwoOi2orp/Wem or up to a nearest pixel count. QualPCiyB2ig1/estgns

The bel ow net hod of qualifying of edg®ds may be perforned in the Edge
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2012/ 168766RET 1BA0b1h6062624 degree.

The lookup table may be stored in a memory, which may be
a RAM (SRAM or DRAM) or a non-volatile memory, for example a
flash memory, or simply a bank of registers. The lookup table
may be stored on a nonvolatile memory outside the focus signal

generator but within the image capture system 102.

A shorter sequence may be extracted from a sequence
stored in the lookup table such that the extracted sequence
consists of a proper subset of the reference gradients of the
sequence stored in the lookup table. Spacings between the
extracted reference gradients, as well as other data such as
the relative positions of the extracted reference gradients
with respect to the reference peak may be extracted along. For
example, a sequence of 30 reference gradients stored in the
lookup table may have a uniform spacing of 0.2 between
successive reference gradients and may have a reference peak
that coincides with the 16" reference gradient in the
sequence, whereas an extraction extracts the 7", the 13" and
the 22"? reference gradients to form a shorter sequence
consisting of these three reference gradients. In the
extracted sequence of this example, a spacing from the first
reference gradient to the second reference gradient is 1.2, a
spacing from the second reference gradient to the third
reference gradient is 1.8, and the reference peak is noted to
lie between the second and third reference gradients and at a

spacing of 0.6 from the second reference gradient.



32 gradient 3406. Reference gradient 3406 has a spacing D3 to the next
reference gradi ent 3408. The reference gradi ents 3402, 3404, 3406 and 3406
fall on awbebizskmped reference gradi ent curve 3400 (dorCedBzut/oep24 hat has
a reference peak position 3401 betwee positions 3 and 4. The reference
gradi ent curve 3400 represents what value a reference gradi ent shoul d take
given its distance fromthe reference peak position 3401. The

ref erence gradi ent curve 3402 may be defined via a mathematical formul a.
The formula may use different nmathematical expressions for different
sections of the reference gradient curve 3402. For exanple, it may use a
hyperbol a fornula to define a range froma reference peak of the reference
gradi ent cur vel34FZME"59% 3R FPBTR tIFEF 8T BF etfce DeakIVand t&Sfhi rd degree

pol ynom ak.onneaghaside gfotine eurye,d  def Lnerd #.ange faidher, dewn from
50% bel ow the reference peak. Preferably, the mathematical fornula is
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A1l the reference gradient values may be multiplied by a
scaling factor to improve the curve-fitting. All the gradient
values fitted to may be multiplied by a scaling factor to

improve the curve-fitting.

All the reference gradients may be shifted in position
together relative to the gradient profile to achieve a better
curve-fitting. For example, a gradient profile may have a
first, a second, a third and a fourth gradients and may have a
uniform spacing of 1.0 from one gradient to the next, whereas
a sequence of reference gradients consisting of a first, a
second, a third and a fourth reference gradients and having a
uniform spacing of 1.0 from one reference gradient to the next
may be positioned relative to the gradient profile such that
the first reference gradient is between the first and second
gradients and at spacing of 0.2 from the first gradient, the
second reference gradient is between the second and third
gradients and at spacing of 0.2 from the second gradient, and
so on, as shown in Figure 32, or the sequence may be
positioned such that the first reference gradient’s spacing to

the first gradient is 0.5, the second reference gradient’s



constant for the entire |ookup table for all sequences, it nmay be specified
once only for the |ookup table. Alternatively, the spacing nay assune a
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alternatives are available.

If a reference peak location is provided along with the
sequence of reference gradients, the sequence may be aligned
to the gradient profile by aligning the reference peak to a
position determined from the gradient profile in a
predetermined manner. There are more than one way to determine
this position. In one way, this position can be a midpoint
between two gradient (s)/interpolated gradient(s), one on each
of the two sides of the gradient profile at a predetermined
gradient level, which may be specified as a predetermined
percentage down from the gradient level of the peak gradient
or an interpolated peak, as shown in Figure 34. In Figure 34,
the reference peak position 3401 is made to coincide with a
midpoint between gradient 3802 and interpolated gradient 3824.
In another way, the reference peak may be aligned to an
interpolated peak position, as Figure 35 shows. More generally
or alternatively, the sequence may be aligned to the gradient
profile in such a way that the reference peak is located

between a pair of gradients, such as gradients 3804, 3806 in



The | ookup table may be stored in a nmenory, which nay be a RAM ( SRAM or
DRAM or a non-volatile nenory, for exanple a flash nenory, or sinply a
bank of rwQi2et2r68766The | ookup tabl e may be stored on a momuBieat/Hi2e2arenory
out side the focus signal generator buw’ within the image capture system 102.
A shorter sequence may be extracted froma sequence stored in the | ookup
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32, or the sequence e positroned su ROt I'rst reference
gradi ent ' sagpeingpvtigethey fihes segnenie menegagos, altche setbndhe ef er ence

gradie”t'%eX%%ﬁ%%kzﬁﬁﬁgZ§§f¥3¥f9?29%%AQ?%é?ﬁeasured from the sequence
as provided. In this approach, the comparison may report a
yes/no result on basis of how similar or how dissimilar these
two widths are under a predetermined criterion, e.g. a
comparison of a difference between the widths against a
predetermined percentage of one of the widths. Alternatively,
the comparison may result in a parameter that reports a grade

that ranges from a level representing high similarity to a



36 spacing to the second gradient is 0.5, and so on, as shown in Figure 33.
The latter results in a better curve-fitting where a curve-fitting
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conparlson 0 I fference between t t hs agai nst a predeterm ned
percentag@foPr@ﬁéﬂbTSﬁhélmﬁﬁlﬁ@Poﬁmt@ﬂﬁé@¢VeF?Su¥heacéﬁ@@ﬁ¢§6ﬁuﬁﬁy resul t
Ln ﬁ paraﬁﬁ%ﬁ[aéhﬁ%mm@ﬁ@&tébd%egr%H§thﬂ%%efa@9&§cﬂkp%kam£§¥ths%EBesentlng
igh simlarity t

differences may be compared with a predetermined threshold.

One or more sequences may be selected to curve-fit the

gradient profile. If more than one sequence is selected, a



WD 2012/ 168766PCT/ 1B2011/ 052524 38 | evel representing high dissimlarity,
with other level (s) to represent internediate |evels of

di ssi m | awpDt2g12giesickari ty bet ween them Anot her appcodasiit/es28pipar e
the gradient profile and the referenc¥® sequence is to conpare between

i ndi vi dual gradient and reference gradient in pairs. As shown in Figure 27,
gradi ents/interpol ated gradi ents 3514, 3504, 3506, 3508 are paired up with
reference gradients/interpol ated reference gradi ents 3402, 3412, 3406,
3408, respectively. Arithnetic differences between the forner and the

| atter are evaluated, and a final result of conparison on basis of one or
nmore of such conparisons (e.g. arithnmetic differences) is reported in a

bi nary, yé§g6?ﬂ?ﬁ)q%&ﬁn€?§tcﬁf%sstPép%?%@ﬁ?“anép?&ﬂ%imﬁ§t€%,CEﬂ%%§eaonanner
such that ndif er #nionghadesn ofossiLel tasd 4aLcor sdireSidH (A1 nky 1@ e T eported. - For
exanple, in_Figures 28 and 29, next to each pair (anmong five pairs) of
gradi ent ZRASFETRrENCESY? &Ui ERE PBI TNt Por2Bot i ey’ SBE it erpdiiat ed), an

"1" markefnkSgpd@iced beofNrh catienhow auchichhet rergs adenént evelssiare apart.
The gradient and reference gradient within each pair need not necessarily

share exalfRy iHe LafePposs 15 dn e BuRe Preferant Yy are °fi thf P%*25 of each
ot her, andravienpreaf anabhyeidiitBdOpdaigf ceaghomi-haredThedClorgrarhson nmay

t bi |t | t, basi ft I t th
[ive di 118FOALRR oF ot B - Bvel 5% AP dPRAFFOR T PRE GBfparCon My o

SO on basits efgeediguarentoniolafed §Hiacitoss sgustdescohitde five

differences. There are o%per stsible @Q%%n%oogqutLt%ti QL%xiﬁpresent t he

Vv
. . ercentagse down n & peak e in ®
deV|at|onpoF %he Ive gradlients Pron1?%e rererence gra |%n s T hat can occur

to one of perd} nar y skieht.ankdler efort alds rRasyciasul tvitd grnadeddiestul t, such

as described apove, that arises fromonegr mre. of such differences may be
conpar ed ﬁh?ﬁ a pre&bter i ned threshol d. P %%e Or "nor'e sequences nay be
sel ect ed wodeurties foiredi et grradiiént (gowof itoea téririme rehaantoreE seguence i s

SeleCted’f?oMm{@Q%%£%§§Z9§§§Eg%géq&&bg§2%%4a3?pacing of the
interpolated peak position from the peak gradient, or a zoom

lens zoom factor, or a size of lens aperture, etc.

If the comparison result indicates that there is
dissimilarity beyond a threshold, the focus signal generator
may de-emphasize or reject altogether an edge associated with
the gradient profile and its edge width from entering a

calculation for a focus signal or edge count or focus control.

As shown in an embodiment in Figure 36, a parameter
extractor receives the gradients of the image and outputs one
or more parameter (s) extracted from a gradient profile among
the gradients to a sequence selector, which converts the one
or more parameter(s) to address(s). These address(es) are
received by the sequence generator, which in response outputs
one or more sequences of reference gradients or one or more
series of parameters that define the corresponding reference
gradient curves to an evaluation unit. The evaluation unit
performs the curve-fitting and the comparison to generate the
comparison result. Extracted parameters, such as edge slant
angle and edge width, are input to the evaluation unit. The

evaluation unit comprises an arithmetic circuit to perform the



sequence that best fits the gradient profile nmay be chosen to have its
conparison result reported. Sequence(s) may be sel ected on basis of one or
nor e par awoterxiesamwsoci ated with the gradient profile, skchiamiaoseszit h of
the gradient profile neasured at a pr4#det erm ned percentage down fromthe
peak gradient or an interpol ated peak, or a one-sided width of the gradient
profile nmeasured froman interpol ated peak position to a
gradient/interpolated gradient at a predeterm ned percentage down fromthe
peak gradient or the interpol ated peak, or a slant angle of an edge
associated with the gradient profile or giving rise to the gradient
profile, or an area under the gradient profile (down to a certain

per cent agE BN Fiiomdt Aed (alOIREE! Bt at’é peakyation anspatdthg of the

'ntefpo'a&ﬁ@tﬂ&@Kxﬁ%§hEéQ£r&ﬁ@ﬁktB@uﬁﬁﬁkxg&ﬁglﬁﬂhﬂm@&la @Qﬂﬂhkens zoom
factor, or a size | ens aperture conparison result

i ndi cat es TPRaE tiETe FEed?§@iﬁFlEP?t%@%%§ﬁﬁﬁcEﬁ@hﬁ%¥ﬁ8FH the focus signa

gener at or Maayuﬁ@n&ﬁploastzm@r onej eetmald egehhernan-edgacassoticated with the
gradient profile and its edge width fromentering a calculation for a focus
si gnal or J68GE*Tiitint t8F ?%@%%f&BHf?%Iand the cCoPEHGwR TAY dif enbodi ment i n
Fi gure 36exacpadaneider exttadt of teaeinsss ihbergradinentsondd tike al mage and
out puts one or nor.e araneter%%_ extracted from r%ﬂh P% proflle anong
the gradi 8REE1H 4% Gﬂ%ﬁ%eI% sct'679° Wit HrﬁoﬁWS e 5héF8 Cnor e

par anmet er erho @ raddbessé sjormEiese addrese( es)eation eceived by the sequence
generator, g@b%ﬁhéd% respofise outputs one or nore sequences of reference
gradi ents or°one or nmore Series of paranmeters that define the corresponding
reference gradi ent curves to an evaluation unit. The eval uation unit
perfornms the curve-fitting and the conparison to generate the conparison
resul t. Extracitedsparapetiers;, sochhas Edgéoshant aanghetahd egeawi dth, are
input to the.evalyati;on %%%&1eﬁ£h§e@¥ﬁ|%%t%QBdUB£Qx§9€9ﬁé§§§xﬁ%h@ﬁ'th”Et'C
circuit to perforn1the 2012/ 168766PCT/ 1B2011/ 052524 40 curve-fitting
and/ or cofpat® sbividPHePev dugtifonl tnitlavdy of et Here eoRptisl-a nenmory coupl e
to the ar%&hﬂ@f'&Iﬁ%kchédlém@%%lQéng%h%r%d@@ﬂh:Qﬁa@ggngdﬂﬁugeB§Ct|On &

W dth Measurenment Unit 206. One or nore anong the se uence/ curve

gener at i oA™ %ﬁgﬂﬁﬁﬂﬁéeﬁl??@ﬁgE&ﬁde¥ﬁ@ﬂébnﬁ§rg§@ﬁ“hé§ beP&Xecut ed under
control ofreoPM e21bNshs UCtiQRS18Ead g @fn&fﬁ/&:l 131 1| eiEnmIsy ihn the

i mage capture systen1102 The above net hod erfornmed in_the Edge

Det ect i on F&IW @t H VEAS Ut BHECLBRPE 2T8° 3270 1s #% feseRbtBEPT RAE, in this

gl scl OSU:’@eaﬁ M\m te|ntty3ﬁlﬁmaﬁh@ gd%egridi@é}ltfass?o@f &?ﬂ entutevelc akrs sai df t Od
e normalize en it s de , by default unless erw se . Speci ie
o ther ' BESRE 1S GHEDvETHRE DT TP i SOPo o sl G v ar b OF tanhs

i nt er pol abedkpgsddicher 3exanpl e, in Figure 23B, peak gradient 3212 has a
normal i zed val ue of exactly 1, whereas in Figure 24C the interpol ated peak
3270 is different fromthe peak gradient 3212, and the gradients shown in
Figure 24C are nornalized with respect to the interpol ated peak 3270, not
t he peak gradi ent 3212.

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 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



Length Filter Bel ow describes a function of length filter 212. Broadly
defined, length filter 212 creates a preference for edges that each
connect s WO 20re168T66nor e edges of a simlar orientation. PATgBBUpoRE24edges
that are simlarly oriented and nutuallly connected within the group
("concatenated edge") is less likely to be due to noise, conpared with an

i sol ated edge that does not touch any other edge of simlar orientation.
The nore edges of a WD 2012/ 168766PCT/ 1B2011/ 052524 41 simlar orientation
t hus concatenated together, the | esser the chance of them being due to

noi se. The probability of the group being due to noise falls off
exponentially as the nunber of edges within the group increases, and far
faster th&a"lilagaPly enTRICSOpr 6pEFt §ORaRtHBARARNESSRENEH, rEj®ct noi se,
e$pec'a"Me%@g%rtﬂbﬁ%kbko@rthQEEme%EQEQVS é'E?aﬁbQQé V“@%ﬁ the
signal-to-noise ratio 1s weak, e.g. les than 0, W thin the inmge or

w t hin theroegidaniofy oAt ehesgrothebpiefedeaceomyibe faplenenfed in any
reasonabl e net hod.to._expre such, preference. The several ways descri bed
ol ow ar e SHERERD tapang B PR HIRoBEPLF 2068, o 1 En 8BRS hate. cages chat
bel ong toivertikeak/ hahtzentakacencatenat ednedges. having pengihsy | esser than
a concatenated length threshold. The concatenated | ength threshold nay be

| arger whéRPt ke PEFIERSEF At EPESETi BOHP fmef SPFora ekanpP@sT thENToncat enat ed
I engt h thﬁ?%h%EdsHBXtSEQP%s@§eSE@Eha€§o§sfQHéré”Eﬁ§a§§§n£P—§oﬁs a

signal-to-noise ratio wthin the region of Interest drops to 5. The

concat enatned skemgtthot hsewhekd aay.béepsovhdedl by vhehpnocessonadd?2, 112',
112", for exanple through a 'length co nd' _signal, shown in Figure 3, as
part | of sPnae 1B R FapRaRer ) PHETTRE oohbld Hay BE Car U ACRE accor d ng
to a formihglemchiedf eeusnsi gpakogeneeahothod to xpesondswet hod is to
provide a length-weight in the length filter 212 for each edge and apply

t he | engt RX®REFCEREICEo AlEaFEUFaRLoNBf £BEH518PgnaPlPH #he FOERLY si gnal

cal cul at o, 2107 An edge that is part of a longer concatenated edge receives
a larger weight than one that

A first method is to eliminate edges that belong to
vertical/horizontal concatenated edges having lengths
lesser than a concatenated length threshold. The
concatenated length threshold may be larger when the
region of interest is dimmer. For example, the
concatenated length threshold may start as small as 2,
but increases to 8 as a signal-to-noise ratio within the
region of interest drops to 5. The concatenated length
threshold may be provided by the processor 112, 1127,
1127, for example through a ‘length command’ signal,
shown in Figure 3, as part of signals 132. Alternately,
the threshold may be calculated according to a formula on

the focus signal generator.

A second method is to provide a length-weight in the
length filter 212 for each edge and apply the length-
weight to a calculation of focus signal in the focus
signal calculator 210. An edge that is part of a longer

concatenated edge receives a larger weight than one that



WD 2012/ 168766PCT/ 1B2011/ 052524 42 is part of a shorter concatenated edge.
For exanple, the |l ength-weight my be a square of the |ength of the

concat enaweaoexigeie6 Thus, a contri bution of each edge towrardaB20iives2Enicus
signal may be multiplied by a factor 4/ B before summ ng all contributions
to formthe focus signal, where Bis a sumof the | ength-weights of al
edges that enter the focus signal calculation, and Ais a | ength-weight of
t he edge. Likew se, the edge-w dth histogram which nay be out put as part
of signals 134, may have edges that are nenbers of |onger concatenated
edges contribute nore to the bins corresponding to their respective edge
width, thus preferred, instead of all edges contribute the sanme anount,
e.g. +1. ?ﬁu§arﬁoPfe%aﬁﬁpéteéa@ﬁ“@é@@nﬂﬁ9dc@ﬁg?rbuF@rA¢¥§mBh%retE§|s an

average valheafl,8,86t0ns, e gdges, S Ot! anly; Lhe, naroys edge count may

have edges that are ne ger concat enated edges contri bute nore.
Thus, forc@mammbeateueedgatrlthsonafconte&bhtédgeoﬁnga@@ eudeiplied by

A/ D, wh D ed d th
nar 1 ow. edg8 B60R e, oL PG 01 TRV CHAAF Chiet PBkt Bl )o Cifths. wher e,

with the exgeptirercotuhhentopl(l ebhapsbytandst he b@momé rightgost) ones,
each edge touches two other vertical (horizontal) edges, one above (to the
left of) iFfgepf, herst Rerfsbal 6w (P6 the %?@ﬁFhOW§19@§%I@f ¢#5la vertical

(hori zont alccongatenated edgecafulengthall cIhe,top; il efLimst); edge noods

only touch one edge below (to the righ Itsel The tom (ri ght nost)

edge needdeonith-weughtoné edgecdbeve Libewhee| efheoddigetwalifh WO

2012/1687%?2%3%182011£ %5%gy4%e output as part of signals 134,
may have edges that are members of longer concatenated
edges contribute more to the bins corresponding to their
respective edge width, thus preferred, instead of all
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 edges. Similarly, the
narrow-edge count may have edges that are members to
longer concatenated edges contribute more. Thus, for
example, the contribution from each edge may be

multiplied by A/D, where D is an average of A among edges

that are counted in the narrow-edge count.

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



Figure 8 illustrates a vertical concatenated edge and its length. In Figure
8, cells RRC3 and R2C4 forma first vertical edge, cells R3C3, R34, and
R3C5 t ogewbenidwsmwsa second vertical edge, and cells RAGCTARZIIRINS24 Ooget her
forma third vertical edge. The first43and the third vertical 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 forma vertical concatenated edge having a | ength of 3.

In a situation (not shown) where a vertical (horizontal) concatenated edge
has two or nore branches, i.e. having two edges in a row (colum), the

| ength may be defined as the total nunber of edges within the concatenated
edge. Alternat®lgurehe 1ehgthraess be Gaftiifed &PndrEarertS&ddehériczont al )

di stance firama, é@ﬂms&n( %?EE?BSE) Qﬂ?stﬂ%g Qn&%%?oﬁ%ﬂﬂ@ﬁ (right most)

edge thereln pl'us one. There are ot er possible ways to define a
concat enatfed sitengtch iocbheedghanctheésabove, propésabsd FordS exapptiesr a
definition of a

Che Menothot 3 A8 Lol 3 P neaL ot sd PE0P- SHRLY AR S RI Py

concat enatedeedge abrheastnypdt octhieel dbys.isThe b@r@@r@ﬂl@tﬂﬁ@ with the
previously stated reasoning that nore edges being nutually connected by
t ouchi ng é&EHJdotVREL 1€RpoREAEPaPRGr EBUERSSaCP Bbabf| PEYCT haR rEhed L

concal enagageedge ks acaused By AanoLse: candeasesushche Lanatinshoul d
express a proportionality to the nunmber of er edges wthin t
concat enatvedtedgé epote.a Teasdnabkte nmaobed &hatth vertical
2012/16876%PCT/%BZO%%/05%524 44 .

edges Together form vertical concatenated edge having a

length of 3.

In a situation (not shown) where a vertical
(horizontal) concatenated edge has two or more branches,
i.e. having two edges in a row (column), the length may
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 (leftmost) edge therein to a bottommost

(rightmost) edge therein plus one.

There are other possible ways to define a
concatenated length other than the above proposals. For
example, a definition of a length for a concatenated edge
shall have a property that the length is proporticnal to
the number of member edges within the concatenated edge
at least up to three. This is to be consistent with the
previously stated reasoning that more edges being
mutually connected by touching each other exponentially
reduces a probability that the concatenated edge is
caused by a noise, and as such the length should express
a proportionality to the number of member edges within

the concatenated edge up to a reasonable number that



sufficiently enhances a confidence in the concatenated edge beyond that for
a single nenber. The length filter 212 may de-enphasize or elimnate and

t hus, br osol2g912¢188Bki ng, di scri m nate agai nst an edge haeCmgB21v0s2sat enat ed
| ength of one. The length filter 212 44ay di scri m nate agai nst an edge
havi ng a concatenated |l ength of two. The length filter 212 may discrimnate
agai nst an edge having a concatenated |length of three, to further reduce an
i nfluence of noise. The length filter 212 nay do any one of these actions
under a command from the processor. Al t hough shown in Figure 3 to
imedi ately follow the Edge Detection & Wdth Measurenent Unit 206, ot her
arrangenents are possible. For exanple, the Length Filter 212 may be

i nserted bBeférieiehe lvoensasrghap eanéufanee 210thehereeatemetedges

prOcessedg%gé;%%gbﬁggkﬂaﬁ'kB?r 2%%n§i§ﬂ%€ﬁ§8r@ha%?%agﬁngfﬁoyﬂftéPe W dth

filter endi ng on frne' ernat e enbodi nent
of a focuglgi gagl dgerapatolzet he éﬂmsismt@chn@Zﬂhuay beoz@hpved so that the
f ocus S|gnala%?Icu tlon unit 210 recetves a t set of data not filtered

by the w GPRH T Per 9266 4Rd a et 8Ad"s ta?lF?%?e AVand for each cal cul ates

a differenbnteeusaskegnabng@hoss Hasus shgnaknen fbgté@rﬁez,miyne focus
signal for the latter, and outputs both to the processor 112, 112'. Wdth
Filter dlSRéﬂ@ﬁnﬁé?taﬂélFﬁﬁuﬁé 8dg6 hﬂaéﬁgt@n@o%ﬁagﬁ@@%@ﬁokﬁ%ﬁt@he W dt h

Zg'tef 208+ Rigurecil plabsnarhhstogsam gf, ¥O.2012{1684665CTA 182011/ 052524

an edge having a concatenated length of three, to further
reduce an influence of noise. The length filter 212 may
do any one of these actions under a command from the

processor.

Although shown in Figure 3 to immediately follow the
Edge Detection & Width Measurement Unit 206, other
arrangements are possible. For example, the Length
Filter 212 may be inserted before the focus signal
calculator 210, wherein the edges processed by the Length
Filter 212 are those that pass through the width filter

209 depending on the ‘fine’ signal.

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

112, 1127.
Width Filter

Refer next to Figure 3 to understand an operation of

the Width Filter 209. Figure 11 plots a histogram of



edge widths, i.e. a graph of edge counts agai nst edge wi dths. At edge w dth
of 2, i.e. the aforenentioned sharp edge width, there is a peak, indicating
a presenceOab12stesTep edges in the i nage. At edge wi dt hs eCTABzZNMd0R524honever,
there are peaks, indicating edges thatSs are blurred, possibly due to the
correspondi ng i maged obj ects being out of focus, being at a different

di stance away fromthe focus |lens than those objects that give rise to the
sharp edges. For calculating a focus signal, edges whose widths |ie outside
a predeterm ned range ("narrow edge range") may be de-enphasi zed using the
Wdth Filter 209. The Wdth Filter 209 may create a | esser weight for edge
w dt hs outside the narrow edge range for use in the focus signa

cal cul at i GAISFodékEnples - edg8T@dPHt A5 AAYShECEBER gRedi et ghiddf 1.0,
whereas e i dt - +1:-te the_ri imt 840

assi gned gqﬁgngt g? %ngngqggaeé&ﬁgfhg'?h gg%m££%££§%#g%§%e%eights bet ween
0 and 1. Oshkall engenpndtoni cakky wst h epdge, widtthcatlheragretyentde Wdt h
Filter 209 may prevent such_edges fromentering the focus sign

ol cul at 1 6 SPECBerRBFS At B FREES uppbr SHEC GARIET it 14 890.2840 depend
on sever ahol@eter, srhiefhel Hdiengeskosst abikchbihecphxel st ayrd 08, the

i nterpolation nmethod used to generate m ssing colors for the inmage received
by the fo&dsrscgnaPogéneladt 6°C120, CAAJCPRECEPPEGENGoLTRIRE ePlt 5Stis®d i n the
Lowpass fillicr SERI 8¥ed Lot hecEdgeabelegt Fonand YWY dihy Mpagpgerent Unit
206. Appropriate upper and lower Fimts 830, 840 and the paraneter sharp
edge w dt iroay the detesnilred ftbent heosaage]prctkuphapparat usid92;0102" by
capturing i mages of various_degrees of sharpness and.inspecting the edge

W dth hi SEGT ShETSE6HoERampFaL Ff 8" W0r 2013/ 168766PEIT 120117 052524 46
sharp i mageokaswadpeak 1at edgeiwkdihpeéddteani appr oprdat erhovesw-and upper
limt nmay be 1.5 and 3, respectively, and the sharp edge width nay be set
to 2.0. TRE9FoweFI&nd @ﬁﬁepelﬁﬁf?@PéﬁaléﬁgrbséH@etﬂfdthﬁ%yFb%t%%ternined
as above 3ng preyi.dad o the bocusosigpal geper at 0£s120,,, 420, 420" by the
processor 112, 112". Wen 'fine command' 1s ON, the fine focus signal thus
cal cul at eg¢dde- enpliasi zessedgetiednhsroutsilde rhegaafeovkeegen riamge.

In additi%%b theiVWdﬁhcgﬁlt§gt20§ may. %aggu%a e a, oéa%ngHgt gf t he edges
whose edge Wi'dt i$9Far! “wi thin the nar Fow édge Fange”and output®as part of
out put si geakssi3dedNaengwrEdge1 Counthaayabeetigpyt wi@clandnesedciwn t he focus
systemcontroller (processor 112) to detect a Bresence of sharp inage
and/ or fortli 4t it&Ei hgItFabki h§S RBEEE Sighal 84V asRefeedidg'hexitto the

focus sigpal gcaloul aee 2100k Ehggéewéentggsigﬁga »eogals caleplat or 210
recei ves edge widths and outputs a focus signal. The focus signal nmay be

cal cul at ed asidalweiglicediavemagetofiighllyheliedgedo dvhdtimhere the wei ghts

are the e%ﬁ%e%%%@% yto%hga%gdth Filter 209 may prevent such edges

from entering the focus signal calculation altogether.
Appropriate upper and lower limits 830, 840 depend on
several factors, including crosstalk in the pixel array
108, the interpolation method used to generate missing
colors for the image received by the focus signal
generator 120, and the filter coefficients used in the
lowpass filter employed in the Edge Detection and Width
Measurement Unit 206. Appropriate upper and lower limits
830, 840 and the parameter sharp edge width may be
determined for the image pickup apparatus 102, 102’ by
capturing images of various degrees of sharpness and

inspecting the edge width histograms. For example, 1f a



edge width, viz, focus signal = Emei /Ew, where ei are the edge w dths,

w are the weights, where here wi=ci, ci being the edge count at edge w dth
ei, I beiwg@au2ies7oaunber of a hi stogram of edge wi dt hs. PATUBIMEDEE, t he
wei ght at each edge wi dth nay be the #dge count for the edge wi dth
multiplied by the edge width itself, i.e. wi=ciei. In addition, preferences
fromthe Wdth Filter 209 that are expressed in terns of weights nay be
further nultiplied to each edge width. For exanple, for weights Q produced
by the Wdth Filter 209, Ef2i=1, focus signal WO
2012/168766PCT/182011/052524 47 may be calculated as Ef2iwiei /Mw . If
contr ol nal 'fine' is ON and 'exclude' is OFF, the focus signal would be
a val ue vé PP 6§8IoNPReasRERp edgeddr drhdeh Qf02fo@nt%@Pﬁgﬁﬁﬁﬁ%ﬁshomm in
Fi gure 11, | [ a n bj.ec e I cu i stance
range tha&owggléﬁgrggg%g g e ga?hggbgtae%ﬁa2§0m%§%b§.%?§ t %?% actual ly
in sharp tGGU$hakp_edgErwhd$hgmay bei pet tes OFF. andh¢ ekoledeinds OFF, the
focus signal é.be ue close to 5. 8 h|nd|cat| % that there are

subst ant i &PPgét aif's of aPF?eSP?rEBee?HS%Wé ENOUEY 0P 1 CS " RITAI g ON the fine
swi tch 22@pakkowsdt beokegus sbghak E6ctiespogtlanogentpaobfects, slightly
blurred while Iess to those that are conpletely blurred. Wen the fine
swi t ch 220208 ,O420webghahe Peperseart hé2f okld” si giadnast &% i ne focus
signal, where %%d‘”h?@ bie thoessubt e8ca20st 8nfFFnds 0rons, ocus signal . As
aforenentlone t he enphasi s expressed by the Length Filter 212 may be

i ncor por akeghiastieeshedbecusdshgnalitendenehef ngevevatdygmysangeich as
elimnating an edge that is de-enphasized fromentering the focus signa
calculation, or re r dawards a
count ei of a c%ér%%%%ﬂ%?lﬁg e gﬁwﬁthﬁ%lt%drgezosgq%%udrag%%ake%ches a
response abtkhecbune bQCMSeseggab wnoaa adgesz@nmsofalhewinmus position in
t he vicinl Y of where an obj ect i ocus ghe fine focus signa
reaches a MeniAumVardes ap 98x? §p5€ gﬁaP%rEd% WEht where the focus
position BhighEs san 3uNMBYRak-RHA - Ebgépcéaﬁﬂsmaﬁngelﬂﬁﬁ@@sﬁé éﬁd0@@§ﬂ“ﬂse The
fine focus signal may be used for tracking objects already in-focus or very
nearly soPYFéRenborHg 6Bpéetscophsctine fBEasespghal L4l | BnwsderreCE ocus

control S%S%%gkkﬂce of sharp image and/or for initiating tracking.

Focus Signal

Referring next to the focus signal calculator 210 of
Figure 3, the focus signal calculator 210 receives edge
widths and outputs a focus signal. The focus signal may
be calculated as a weighted average of all the edge
widths where the weights are the edge counts for each
edge width, viz. focus signal = XZw;e; /Zw;, where e; are
the edge widths, w; are the weights, where here w;=c;, ¢C;
being the edge count at edge width e;, 1 being a bin
number of a histogram of edge widths. Alternately, the
weight at each edge width may be the edge count for the
edge width multiplied by the edge width itself, i.e.
w;=c:e;. In addition, preferences from the Width Filter
209 that are expressed in terms of weights may be further

multiplied to each edge width. For example, for weights

Q. produced by the Width Filter 209, 2Q;=1, focus signal



WD 2012/ 168766PCT/ 1B2011/ 052524 48 keep the objects in sharp focus even if
the focus distance continues to change. Fine focus signal may al so be used
to acqui reoa0eh@sef ocus ("acquisition”) of an object tiraT/IBR1INOI25Het N
sharp focus but close enough such that?7 the object gives rise to edges whose
widths fall wthin the narrow edge range. Since the edge w dth hi stogram
exhibits a peak at the edge width corresponding to the object away fromthe
sharp edge width, resulting in the fine focus signal being |larger than the
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
wi dth, thus centering the peak of edge width due to the object at the edge
wi dt h val mevegeakatloushaep edg@SMhﬁefl/E&%yhc Usé contrﬁﬂgaiesalz 16

illustrate _how,the narro e.cqunt, s focu d fi focus
signal may "BEUséd E ﬁf %1%8 us &Bnégi F%eaiﬂ' esé%%gg

Figure 12bb|bu%bﬂﬁbe$e@9 QQBQQOEOS§§895H§an§d§e9&9@@§ @f @bmeﬁéﬁ at
different focus distances: "person" in the foreground, "nountain, sun, and

hori zon" ﬁﬁetﬁéa@$éﬁgﬁbﬁwa ignHigeae" lin ihReipefweenthat am@?@ure 13 is an
|IIustrat| N0k PQ%alﬁ %%%ﬁggetHQU@Bcgég%}?gaﬁgé'Péﬁ?é'ﬁﬁé¥hﬁ8b1@e focus

position o the ocus lens 104 sweeps ar to near for the scene
produce edge widths between 2.0 and 3.0, most are

actually in sharp focus. If control signal ‘fine’ is OFF
and ‘exclude’ is OFF, the focus signal may be a value
close to 5.0, indicating that there are substantial
details of the image that are out of focus. Turning ON
the fine switch 220 allows the focus signal to respond
more to objects slightly blurred while less to those that
are completely blurred. When the fine switch 220 is ON,
we shall refer to the focus signal as a fine focus
signal, whereas when the fine switch 220 is OFF, a gross
focus signal. As aforementioned, the emphasis expressed
by the Length Filter 212 may be incorporated into the
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.

Figure 15 sketches a response of the fine focus
signal to an adjustment of the focus position in the
vicinity of where an object is in sharp focus. The fine
focus signal reaches a minimum value, approximately at
sharp edge width, where the focus position brings an
image into sharp focus, and increases if otherwise. The
fine focus signal may be used for tracking objects
already in-focus or very nearly so. For moving objects,

the fine focus signal allows the focus control system to



illustrated in Figure 12. The narrow edge count peaks when the focus
position brings an object into a sharp inage on the pixel array 108. Thus
t he narr omoeaedpaesmant pl ot exhibits 3 peaks, one each fe@CTARUNOESH, sSun
and WD 2012/ 168766PCT/ 1B2011/ 052524 49 hori zon", "car", and "person”, in
this order, during the sweep. Figure 14 shows the gross focus signa
plotted against tinme. The gross focus signal exhibits a m nimum when the
focus position is near each of the 3 focus positions where the narrow edge
count peaks. However, at each m ninum the gross focus signal is not at the
sharp edge wdth level, whichis 2.0 in this exanple, due to bigger edge
wi dths contributed by the other objects that are out-of-focus. Fi gure
15 i || ust K&ees threCPDREFOE s SERGRalfOPI Bt EEANaghi F3® fPe'$ocus position in

the vicinigy.af Lh arp.focus.positiongfor fgars Ln the n Fi gure
12. The fFhét%oé%sggﬁgnaﬁech?eSeg g%éen??a%lySt e %E%r% e@%g %&%ﬁh, whi ch
is 2 in thiesueranpbeacdespit e therpr ésence (dachhusiedond] eet saif " per son” and

! t ai : : h ! Ref ' to Fi 1 ' wh t
poaks at WPAEKE 618 AR08 aVECcont FPBECGR Ryt ADGEC LBe GAthE of bl urred

obj ects, thics eantbenundprsteodiasst hesdV dbhefbbt erns24 hayimg reduced the
wei ght or elimnated altogether the contributions fromthe edge widths to

the right féfl luppéPini /e 8a0rov-edgm Foeds- contPref SyStemyemy dse the gross
focus signals g sRAEGR 1 HOE st BepBRgar g8t + ShaLRGE OfUS L ROSHE L84 My Bng

to the object away from the sharp edge width, resulting
in the fine focus signal being larger than the
sharp edge width, the focus control system may respond by
adjusting the focus position to bring the fine focus
signal value towards the sharp edge width, thus centering
the peak of edge width due to the object at the edge
width value equal to sharp edge width.

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 of objects at different focus distances: “person”
in the foreground, “mountain, sun, and horizon” in the

A\

background, 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
lens 104 sweeps from far to near for the scene
illustrated in Figure 12. The narrow-edge count peaks
when the focus position brings an object into a sharp
image on the pixel array 108. Thus the narrow-edge count

plot exhibits 3 peaks, one each for “mountain, sun, and



search node. It can nove the focus position away fromthe current focus
position to determ ne whether the gross focus signal increases or

decr easeswORor2/esmApl e, if the gross focus signal increa&sgdBiodens2euses)
when the focus position noves inwards#9(outwards), there is a sharp focus
position farther fromthe current focus position. The WD

2012/ 168766PCT/ 1B2011/ 052524 50 processor 112, 112', 112" can then provide
a focus drive signal to nove the focus lens 104 in the direction towards

t he adj acent sharp focus position. A focus control system may use the
fine focus signal to track an object already in sharp focus to maintain the
correspondi ng i mage sharp (thus a "tracki ng node") despite changes in the
scene, noVeFEAPNOF tKETobj eef, "BETABUEnehl bR1f her dphgedpt EkAptappar at us.
Wien an objeet, is in sharp focus, the fine focus signal level is stable
despite such changes. Hence a change in the fine focus signal suggests a
change in focus distance of the object fromthe image pickup apparatus. By
"I ocki ng" the Toguse chht3dwsyshemteosa giaen figelf gows-tsicgnal | evel near
the m ni . X |l e t 2 D] i I | articul ar
2.1, "any SRAESn G T | AOCt SaeTer gnar Fodarti HRBEREREY TrRbRAE he
processor wht?, thd2'fpchi2poefitacahangecan thehfocfushdi 3t amces of the object.
The processor. 112, 112", %52" can theaﬂdeternine a direction and cause the

focus | en§OPGA1LE5nBVE Lo "BFi RGTERE FIAB FOlls BPghat 18VEFVdackito the

"l'ocked” Level mifhusnt henknmBggspi ekuRsappghal uss 182y 403;nd03hard03" is
able to track a noving object. ~ A focus control system e.g. as
i mpl enent éd9en vakgdr LERmMLy nWpieBes8or - 1120 th2s ejample ppguiseo nar r ow edge

count to trigger hange, tr $ de,to I i In the
tracki ng %68%% tﬁgg%ocﬁg%c%ngggﬁrsggggﬁ1ggeg %h% ?%n28$%%%%§2?§%gl to
"l ock” therebjectofBébone.the focus position is sufficiently near the sharp

focus position for the object, the focus control system nmay use the gross
focus signal tﬁiégggtiéyiffﬁ%§¥£§%§Iéﬂ% fine focus signal plotted

against the focus position in the vicinity of the sharp

A\

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
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.

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, if the
gross focus signal increases (decreases) when the focus
position moves inwards (outwards), there is a sharp focus

position farther from the current focus position. The



WO 2012/ 168766PCT/ 1B2011/ 052524 51 to nove and regul ate the speed of
novenment of the |lens. Wien a object is comng into sharp focus, narrow edge
count peaw® 28teaepicy. The processor 112, 112', 112" nay PGIruBio1i/mi2624 he
tracki ng node and use the fine focus ®ignal for focus position control upon
detection of a sharp rise in the narrow edge count or a peaking or both. A
threshol d, which nmay be different for each different sharp focus position,
may be assigned to each group of objects found froman end-to-end focus
position "scan", and subsequently when the narrow edge count surpasses this
threshol d the corresponding group of objects is detected. For a stationary
scene, e.g. for still image taking, an end-to-end focus position scan can
return a Preceseoratilmumlédint $12oneafakAinPEouhtefdr feaeh Ppehks ng of the

narrow edge %%ﬁ”% ﬁobbSEPQfEBBEESTQBQZ&Q?X%QEEHE”&E9&891&60”‘the list of

maxi mum cour or exa y taking e nmaxi num counts.
Fi gure 16tprm§Erahesadnac&agespacpuﬁoappapasMBiQQZ havi ng a di splay 114,
an input device 107 conprising buttons, and selection marker 1920

hi ghl i ght ed h
e o, oL A Ao e ant & shang, and mauver the

exanpl e t accanpriksenbubtiens, ailnpatiydéni eeatf7f cays conpna Setait oticd- SCreen
overlayin%@the di sp Ia 114 to detect positigQns o touch S, or strokes on the

di splay 1 rrﬁﬁﬁﬁp &89| @a?6755ﬁ8ppﬁBgE§sﬁr §93CK399 MO49%k or a separate

dedi cat ed eeptitel keangaat 1shewa) skehel hﬁob@ﬂ@é‘ﬁtd@fl ege 194 a@y, det ermine the
sel ection region. The paraneters for descrlblng the sel ection regi on may be

transmitt 8@veaetieofoths $ingaal PyelePagpPaI201s 120Whern 291 @veecChus 132 (or

internal Iy withip the (progesspr Hael Bo W0 20420 168466PCIL 1820114 052524 52

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 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, 1127,
112” of a change in the focus distance of the object.
The processor 112, 112’7, 112” can then determine a
direction and cause the focus lens 104 to move to bring
the fine focus signal level back to the “locked” level.
Thus the image pickup apparatus 102, 103, 1037, 103” is

able to track a moving object.

A focus control system, e.g. as implemented in
algorithm in processor 112, 1127, 1127, may use narrow-
edge count to trigger a change from a search mode to a
tracking mode. In the tracking mode, the focus control
system uses the fine focus signal to “lock” the object.
Before the focus position is sufficiently near the sharp
focus position for the object, the focus control system

may use the gross focus signal to identify the direction



the case where focus signal generator 120 is part of the processor 112). In
response, the focus signal generator 120 may |imt the focus signal

cal cul at iwe 20r2/teBm6nar r ow- edge count or both to edges wpChiIR201ves28zl ecti on
regi on described by said paraneters ol de-enphasi ze edges outside the

sel ection region. Doing so can de-enphasi ze uni ntended objects fromthe

focus signal and then even the gross focus signal wll exhibit a single
m ninmumand a mninumlevel within 1.0 or |ess of the sharp edge w dth.
Al ternate Enbodi nments Figure 17 shows an alternate enbodi nent of a

focus signal generator 120'. Focus signal generator 120" outputs statistics
of edges and edge wi dths. Anong the edge-width statistics that controller
120" out plits TREy BeJomedvr-afer ehef SPABAT 6F | BV AHSanC edgec wt - hi st ogr am

conpri si ngr.edge cayats at difig Ba W, dEDSn s an, edge, W ath where edge

. d ent, §dg
wi dt h count reacheg maxi muny  a get o? coefficients represen(%l ng a
appr oxi mtesnedgeatesustsraf yvanyTdat arbhatscanliepr gseht TehSusaynit 240 may

recei ve of t.r%e ot.her its with the to calculate foj(::us signal spline
functi on_ CHALCHi FFEPelt 2c a8 A BENGS ant d FaRCE!ont biC oige i ai h. dat a
conput ed isng@BRe @brNMEbeukopusisigRabogenglatpsnlddtetheon of a
sharp rise in the narrow-edge count or a peaking or both.
A threshold, which may be different for each different
sharp focus position, may be assigned to each group of
objects found from an end-to-end focus position “scan”,
and subsequently when the narrow-edge count surpasses
this threshold the corresponding group of objects is
detected. For a stationary scene, e.g. for still image
taking, an end-to-end focus position scan can return a
list of maximum counts, one maximum count for each
peaking of the narrow-edge count. A list of thresholds
may be generated from the list of maximum counts, for

example by taking 50% of the maximum counts.

Figure 16 illustrates an image pickup apparatus 102
having a display 114, an input device 107 comprising
buttons, and selection marker 1920 highlighted in the
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. 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, 1207, 120”7

over bus 132 (or internally within the processor 112 in



has an indication of a distribution of edge w dths. Referring to
Figure 18, the edge-w dth statistics thus provided in signhals 134 to an

al t er nat iwe 2embiosioaent of processor 112' in an alternat PC@&/IB2N06526BUS | NAgEe
pi ckup apparatus 102" nmay be used by #he processor 112'° WO

2012/ 168766PCT/ 1B2011/ 052524 53 to conpute a gross and/or fine focus signal
and a narrow edge count in accordance with nmethods di scussed above or

equi val ent thereof. In addition, any data conmputed in the focus signal
generator 120" may be output to the processor 112' as part of the output
signal s 134.

the case where focus signal generator 120 is part of the
processor 112). In response, the focus signal generator
120 may limit the focus signal calculation or the narrow-
edge count or both to edges within the selection region
described by said parameters or de-emphasize edges
outside the selection region. Doing so can de-emphasize
unintended objects from the focus signal and then even
the gross focus signal will exhibit a single minimum and
a minimum level within 1.0 or less of the sharp edge

width.
Alternate Embodiments

Figure 17 shows an alternate embodiment of a focus
signal generator 120’. Focus signal generator 1207
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 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 receive data computed in one or more
0of 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.

Referring to Figure 18, the edge-width statistics
thus provided in signals 134 to an alternative embodiment
of processor 112’ in an alternative auto-focus image

pickup apparatus 102’ may be used by the processor 1127



The processor 112' may internally generate a focus signal and/or a

narrom#edge count

in addition to the functions included in the processor

112 of Fiwyore121168766 The pi xel array 108, A/ D Convert ePCIAB201¢/032624

i nterpol ator 148, and generator 120" 3y reside within a package 142,

t oget her conprising an i mage sensor 150', separate fromthe processor 112'.
Auxiliary Pixel Array Figure 19 shows an alternate enbodi nent

aut o- f ocus i nage pi ckup system 103.

of an

In addition to elenents included in a

system 102, the system 103 nmay include a partial mrror 2850, a full mrror
2852, an optical |lowpass filter 2840, a mmin pixel array 2808, and
A/ D Converter 2810. The partial mrror 2850 may split the incom ng
beam i nt ot& forettspki grbeanpaddoa Séeendospri &igeam 2ohed tRAREHTtt ed, the

ot her

a main
| i ght

other ref egkecly TR 1 LeLoSBLL L FSI TRy LUEL L pasz.ANrolgD Lhe ot cal

Inally reaching the nmaln plxe

whi ch det ectus vilienti téersplfi.t beapddntdiconveny sdéoa anahogtsd gival s.

second splhﬁ eam nma
reachi ng thé

refl ect

array 2808,

The

b db full i 2852 bef fi |1
R Re GPhE P hE e D ab " che Car T Lp bR BE he pival

array 108pirycsysbemi02 shopArtnoFi gueecdtplbesighbh0sof34jght intensity of
the first beamto the second WD 2012/ 168766PCT/ 1B2011/ 052524 54 beam may
be 1-to-1 or greater than 1-to-1. For,exaqple, the ratio be 4-to-1.

he processor 1127 may interrlally generate a focus
signal and/or a narrow-edge count in addition to the

functions included in the processor 112 of Figure 1.

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

separate from the processor 1127,

Auxiliary Pixel Array

Figure 19 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 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 array 2808, which detects the first split beam and
converts to analog signals. The second split beam may be
reflected by the full mirror 2852 before finally reaching
the auxiliary pixel array 108”7, which corresponds to the
pixel array 108 in system 102 shown in Figure 1. The

ratio of light intensity of the first beam to the second



The main pixel array 2808 may be covered by a color filter array of a color
nosai ¢ pattern, e.g. the Bayer pattern. The optical |owass filter 2808
prevent s wheosrmBiéest |i ght spot focused on the pixel arPcagBaB0Oss2kzsom bei ng
too small as to cause aliasing. Wiereda color filter of a nosaic pattern
covers the pixel array 2808, aliasing can give rise to color noire
artifacts after a color interpolation,. For exanple, the smallest dianeter
of acircle encircling 84% of the visible Iight power of a |light spot on
the main pixel array 2808 ("snallest main dianmeter”) may be kept |arger
than one and a half pixel width but Iess than two pixel w dths by use of
the optical lowpass filter. For exanple, if the main pixel array 2808 has a
pi xel w dPRagf Mays5hm lwheréasrt HESSRAF| BBfNdlakRrer 502, DXmAIRM ¢ hout

opti cal Ig%ga§%tgblhg?i§g,4L@g_99tical | owpass filter 2840 nay be sel ected
to make the light spo .7umor larger in dianeter. The auxiliary

pi xel array 108" may conprise one or nore arrays of photodetectors. Each of
the arrays mayTle hayn netxde Tovayr et by e cdlorcdidnast kar rayadfora col or
nosai ¢ patt.er rray(s). kn_auxiLiar I array " uts i mage(s)
in analog%éﬁégglgqgﬁgtogré %8%§£r gégkg %?8F§§+'s%gﬁa|%ggﬁ%8%%PA/D
Converter pht@erthe Thegestarelsentwphtest heltoecussdss gnadvgeneriator 120. A

col or interpolator _ 148 na enerate the nissin olors f i es gener ated
f rom pi xePEALdEred IR cOPBE FPPEERE. Oft thowPtRaf y2prael 230F ay  diog"
conpri sespMR;2032/ 168766BCTLAB20L1L052524: 8. htiipl & aktays of

phot odet ectors, each array may capture a sub-image that corresponds to a
portion offitltkeri mige BapeuredabycrhecaufnspiRel PaxehyaPBB. 2qMWe nultipl e

arrays ”a%lqgsHQ%SE%%'vaépéﬁkeb¥ozg5?o£hﬁBi@@thgiﬁchéxg#t¥édéhs1 and may

or may not share”a sem conductor substrate. ere the pixel arrays within
auxi | i ary cpilxel iateapol@8iode.nofoshakemalsenibonduet bessubsdmate; they may

be housed together _in a package (not shown).. . i D Converter 2810
converts &ha o§l§FéﬁaP§C$F8ﬁ%gﬁeg%ﬁiH§PFQ§IVﬁf?3§eg%b£h€$ﬁ%W%ﬁg? al main
i mge data siighal s3830onWhhehmh$nSenkel Oatheyprocessosndileshesenthe i mage

captured on the Main Pixel Array 2808 na% recei ve i mage Erocessing such as
col or i nt EPHLAEILON, Vgl BF &6PFetfrBAT ARANI ARgedBOnprieast onldekonpr essi on

and T1nal Ly e storedsin memLycatdeilfiqens bgg?@érg§h9§ephotOdetectOVS

in the auxiliary piXx array may have a pi W ‘auxiliary pixe
w dt h") t battiicslsfalbesst fantarpi xBbrwedahpodé, t he hee mpixepbiaeray 2808

("main pixel w "), The auxiliar ixel wdth may be as small as half of
Che i b BEEE APOERbaR San ARy FEAFD BExarSTh, cohtreee o5h8 Mool or fi Tt br
and the auxiahnacy pi%ektw-dih pSolRsSsithant logrtitaesidhsassal | est spot of

visible light without optical |owpass filtering, a second optical |owpass
filter naylB&citrsart 68Si APELEAL GPYPABSalikiFPary84P ra§Y 188" to i ncrease the

smal | est diguetey o hgﬁgavﬁé'hﬁéxtpéésk arogy 4081, %%PBiﬁeSt auxiliary
) 1.3to 2t

dianeter”) to between fmes as large but sti smal l er than the
smal | est naiamedieanet er, preferably 1.5. The slight noire in the

The auxiliary pixel array 108” may comprise one or
more arrays of photodetectors. FEach 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” outputs image(s) 1in analog signals that are
converted to digital signals 130 by A/D Converter 110,
The images are sent to the focus signal generator 120. A
color interpolator 148 may generate the missing colors
for images generated from pixels covered by color

filters. If auxiliary pixel array 108” comprises



WO 2012/ 168766PCT/ 1B2011/ 052524 56 auxiliary imge is not an issue as the
auxiliary image is not presented to the user as the final captured inage.

Fi gure 22wol2bigts8mbes how edge wi dt hs may vary about a ®OaMP20lo06irs24p0sSiti on
for main inmages fromthe main pixel adray 2808 (solid curve) and auxiliary
imges fromthe auxiliary pixel array 108" (dashed curve). The auxiliary

i mages gi ve sharper slopes even as the nmain inmages reach the targeted sharp
edge width of 2. The auxiliary inage is pernmtted to reach bel ow the
targeted sharp edge width, since noire due to aliasing is not as critical
inthe auxiliary image, as it is not presented to the user as a final

image. This helps to sharpen the slope bel ow and above the sharp edge

wi dt h. Th&8Ushappér 2sFepé PS BRSEORHEFPEECEY/ t ARCAUXTTRArYapi S TWdt h bei ng

smal | er than, the pih pixel W dthons coThepshadsd seoipn imFigure 22

i ndi cates a goo gion wt 6 contFo oCus pos tlon to keep
the main nm@g@red bhampefmams.prehaageayn280&us Posinibniple wards wil |

cause the edge width to increa in the auxiliar wher eas a change
Caards WP ogausaY R PRUEGCaaty eRRe Y P HE AT AT R TR Fhage s odps
w dt hs neanxkhewshanp,edge whdt Br Aal/i near sheedbackeconsi@hcsyst em may be
enpl oyed to target the middle auxiliary edge width value within the shade

regi on an@uPetisécas féedbackesPgnal eheagdge W dt hdugehet &Y el ¥ bm t he
auxiliary jinagesog~ qo LR auxiLigr Xefrlhéghdﬁ&@i‘ 1085+ - XD C&?élg”er 110,

focus signal generator 120 together oused i n a package 142 and
consti t ut eagnbauxilisady tegrsber150. aTheckage (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 (Mauxiliary pixel
width”) that is smaller than a pixel width of the main
pixel array 2808 (“main pixel width”). The auxiliary
pixel width may be as small as half of the main pixel
width. If an auxiliary pixel is covered by a color
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”7 to increase
the smallest diameter on the auxiliary pixel array 108"
(“smallest auxiliary diameter”) to between 1.3 to 2 times
as large but still smaller than the smallest main

diameter, preferably 1.5. The slight moiré in the



WO 2012/ 168766PCT/ 1B2011/ 052524 57 auxiliary sensor 150 may furt her
conprise a color interpolator 148. Figure 20 shows an alternative
enbodi mrerwoabh12za686f ocus | mage pi ckup apparatus 103" si RCraB20100EppaAr at us
103 except focus signal generator 1206 repl aces 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 conprise a color

i nterpol ator 148. Figure 21 shows an al ternate enbodi nent of

aut o-f ocus i mage pi ckup apparatus 103". The focus signal generator 120 and
t he processor 112" nmay be housed in a package 144 as a canera controller,
separ at e PPFmIiLREYadRPPralty pPkeflatFayc 188" thhaupt btesgotddR"1$s siml ar
to processar t.th p ssor 2% . ej i g omthe main
pi xel arrggtzééésggg%glFgagk?hggggx??iE%% %iigf g¥§g§£€%8fﬁa%'é processor
112" may performa color interpolation, a color correction, a

conpr essi on/ deEbdpress? ohl Lagldrat st dravngdas mebhys cwand VEIY feouthe | mages

recei ved an _si_gnal 0. _sim.l t he. pr LN ocessor 112
may perfo;‘%‘rrﬁ?)l‘r?’g igﬁéﬁélggsgkhﬁﬁgégg Qslﬁn?ﬁggg%ngfégﬁégégﬁaﬁ%re t he i mages
recei ved onxsilghalrai3@8A0éedsnatdr ecevee eodpaessi vardecoagpsessSran and

storing to nenory card 116. The pro or 112" may perform col or
interpolaFP&naBﬁl#ﬁﬁégspﬁéséi9E6g8n%§§gné@ai @df6¥rg?&els$%%at are covered

by col or htiktiensrinitkBgeauyilbacyappxel sappay d68n apdrsengsihe col or
interpolated i mages to the focus signal generator 120 on signal 146. WO
2012/ 168768RPCELE1B2OEY/ 0b2524rgeted 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 is not presented
to the user as a final image. This helps to sharpen the
slope below and above the sharp edge width. The sharper
slope is also helped by the auxiliary pixel width being

smaller than the main pixel width.

The shaded region in Figure 22 indicates a good
region within which to control the focus position to keep
the main image in sharp focus. A change in focus
position outwards will cause the edge width to increase
in the auxiliary image, whereas a change inwards will
cause the it to decrease. To maintain the main image’s
edge widths near the sharp edge width, a linear feedback
control system may be employed to target the middle
auxiliary edge width value within the shade region and to
use as feedback signal the edge widths generated from the

auxiliary images.

The auxiliary pixel array 108”7, A/D Converter 110,
focus signal generator 120 together may be housed in a

package 142 and constitute an auxiliary sensor 150. The



58 The auto-focus image pickup system 102, 102', 103, 103", 103" may

i ncl ude a conputer program storage nmedi um (not shown) that conprises

i nstruct iwo0t@s766auses the processor 112, 112', 112" prespBuii/oeby, and/ or
the focus signal generator 120, 120" %70 perform one or nore of the
functions described herein. By way of exanple, the instructions may cause
the processor 112 or the generator 120' to performa slant correction for
an edge width in accordance with the flowhart of Figure 7. As another
exanple, the instructions may cause the processor 112' or the generator 120
to performan edge width filtering in accordance with the above description
for Wdth Filter 209. Alternately, the processor 112, 112' or the generator
120, 120'aﬁﬁylbér&oﬁﬁpgﬁﬁeé5@omﬁévéuétééﬁbFﬁ@PFbﬁeo@ ¢P+Pivar e and har dwar e,
or a pure;har, g@ﬁgtéqphggentatlon for one or nore of the functions
cont ai ned 't her or "exanple, in generator 120, a slant correction may be
performed in pure hardware and a length filter 212 performed according to
instructions iRlaufe rathvasleows an i 267 o diste rgnstthévu tembodi ment  of

focus S'QQ%Eu%eﬁ%r§%g§%%§§§:aEBE%agﬁ?°9b§E”£1H?Yapet8”%%§X§9%& Doy of the

above i mage captur a nenory card IS shown as part

of systemll@2exarptndnvokatibeast geageatedi LAD myebeausedfonss ead, e. g.

hard di sk drive, wherein | ges s ored therein are acce35|£¢$"by a user and
h

may be copit€d ogﬁnﬁFﬁFQFeﬁ Iocg PoRudut s7 88 Bhichway ¥ o e system 102.
One or nopgppacaretees fen,usechB th n§Y5%@m§r£@6r|D§®an§@%éﬂee§harp edge
width, may be stored in a non- WD 2 12/1 8766PCT/ 1B2011/ 052524

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 21 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”7 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 signal 2830 similar to the
processing that the processor 112 may perform on signal
130 in Figure 2. Unlike in Figure 2, here the images
received on signal 130 need not receive
compression/decompression and storing to memory card 116.
The processor 1127 may perform color interpolation on
images received on signal 130 for pixels that are covered
by color filters in the auxiliary pixel array 108”7 and
send the color interpolated images to the focus signal

generator 120 on signal 146.



59 volatile nenory in a device within the system The device may be a fl ash
menory device, the processor, or the inmage sensor, or the focus signa

gener at orwa0r/wepar at e devi ce fromthose. One or nore POTABLEE032624 use in
the system for exanple for calculatif8g the concatenated | ength threshold,
or for calculating beta may |i kew se be stored as paraneters or as
conput er - executabl e instructions in a non-volatile nenory in one or nore of

t hose devi ces. Wil e certain exenplary enbodi nents have been descri bed
and shown in the acconpanying drawings, it is to be understood that such
enbodi ments are nerely illustrative of and not restrictive on the broad

invention, and that this invention not be limted to the specific

constructions Bpd afFangereht ShaFovit ditP destrdbed 2 silited vdiddous ot her

M P AL R e
(not shown) that comprises instructions that causes the
processor 112, 112', 112" respectively, and/or the focus
signal generator 120, 120’ to perform one or more of the
functions described herein. By way of example, the
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
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 more of the functions contained
therein. For example, in generator 120, a slant
correction may be performed in pure hardware and a length
filter 212 performed according to instructions in a

firmware.

Figure 26 shows yet another embodiment of focus
signal generator 120’. This embodiment may be employed in

any of the above image capture systems.

While a memory card 116 is shown as part of system
102, any nonvolatile storage medium may be used instead,
e.g. hard disk drive, wherein images stored therein are
accessible by a user and may be copied to a different

location outside and away from the system 102.

One or more parameters for use in the system, for

instance the sharp edge width, may be stored in a non-



1. An image capture systemthat eval uates a degree of |arpness of an inage
on basis of a plurality of edges in the nage, conprising: a nenory or a
bank of rwQiet2mws7’ébhat stores (a nmenory neans )r stori n@CTdR2a1/032824 defi ne
one or nore reference gradient Irves ®nd/or sequences of reference

gradi ents. 2. The image capture systemof claim1l, wherein said data
?.fine a spacing of a reference peak froma reference gradient -1 at |east
one of said one or nore sequences. 3. The imge capture system of
claim11, further nprising: an evaluation unit, said evaluation unit
bei ng configured ) conpare a sequence of reference gradients or reference
fadi ent curve defined in said nenory with a gradient profile -2ross one of
sai d plurdrcileyior Bggesy sai d deyhefcelbhin, feeentetghadi Bits or reference

gr adi ent %%%{%ebﬁ QQEQ”E arnag h59o999d85188retB§ §%§§§§%§£aQBP”t curves or

sequences. mage capture” system of erern said
raluatlngtualumag&paeesoa parahh&efooﬁsthegseuuganer@to@ é@r@nce gradi ents

or reference r%dlﬁnt cur %E a par neter ? a8ﬁ£ ﬂ% r adi ent
profile. SEPTBEeT &Vifrig r85}p P8sys %ﬁl8? BPEF n AT WhET e % SATd
ral uati on ignitheCeRRIERES faR akbhpmet E6rCEhCHIlat W the
2012/ 168766PCT/ 1B2011/ 052524
concatenated length threshold, or for calculating beta
may likewise be stored as parameters or as computer-—
executable instructions in a non-volatile memory in one

or more of those devices.

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

those ordinarily skilled in the art.



61 6. The image capture systemof claimb5, wherein said raluation unit
conpri ses a nenory. 7. The image capture systemof claiml, further

)i nprisi yo 2012/168®w6par anet er extraction unit, said paramreraB2axb32ast i on
-lit being configured to extract fromolsaid gradient profile one f nore

paraneters that describe said gradient profile. 8. The imge capture
systemof claiml1, further )inprising: a sequence selector, said
sequence sel ector being )nfigured to select one or nore anong said
plurality of ?.qguences on basis of said one or nore paraneters. 9. A

met hod for evaluating a degree of sharpness of an nage on basis of a
plurality of edges within said inmge, )inprising:

CLAIMS

1at i1s claimed is:

1. An image capture system that evaluates a degree of
1arpness of an image on basis of a plurality of edges in the
nage, comprising:

a memory or a bank of registers that stores (a memory means
>r storing) data that define one or more reference gradient

1rves and/or sequences of reference gradients.

2. The image capture system of claim 1, wherein said data
2fine a spacing of a reference peak from a reference gradient

1 at least one of said one or more seguences.

3. The image capture system of claim 1, further
xmprising:

an evaluation unit, said evaluation unit being configured
> compare a sequence of reference gradients or reference
radient curve defined in said memory with a gradient profile
xross one of said plurality of edges, said sequence of
2ference gradients or reference gradient curve being one among

11d one or more reference gradient curves or sequences.

4. The image capture system of claim 3, wherein said
saluating unit compares a parameter of the sequence of
sference gradients or reference gradient curvewith a parameter

rasured from the gradient profile.

5. The image capture system of claim 4, wherein said

saluation unit comprises an arithmetic circuit.



curve-fitting a gradient profile of an edge anong said Lurality of edges
with a sequence of two or nore reference fadients, anong which at |east two

ref erencewgratiestss have Lfferent gradi ent val ues; [PETIBZOTL/NTRS 2
conpari son of said sequence with sai dlgradient fofile under a predeterm ned
criterion; and, maki ng a determ nation, based at least in part on a

result f said conparison, on how to use one or nore quantities fromlid
gradient profile and/or said sequence in evaluating said ?.gree of

shar pness. 10. The method of claim9, further conprising:
generating a focus signal fromsaid plurality of edges via )difying a
contribution fromsaid edge on basis of said ?.termnation. WD

2012/ 168766RBCT/ 1820114852524 62re system of claim 5, wherein said

saluation unit comprises a memory.

7. The image capture system of claim 1, further
xmprising:

a parameter extraction unit, said parameter extraction
11t being configured to extract from said gradient profile one

- more parameters that describe said gradient profile.

8. The image capture system of claim 1, further
xmprising:

a sequence selector, said sequence selector being
nfigured to select one or more among said plurality of

zquences on basis of said one or more parameters.

9. A method for evaluating a degree of sharpness of an
nage on basis of a plurality of edges within said image,
xmprising:

curve-fitting a gradient profile of an edge among said
lurality of edges with a sequence of two or more reference
radients, among which at least two reference gradients have
ifferent gradient values;

performing a comparison of said sequence with said gradient
rofile under a predetermined criterion; and,

making a determination, based at least in part on a result
Z said comparison, on how to use one or more quantities from
11d gradient profile and/or said sequence in evaluating said

agree of sharpness.

10. The method of claim 9, further comprising:
generating a focus signal from said plurality of edges via
>difying a contribution from said edge on basis of said

stermination.
-2-



11. The nmethod of claim 10, wherein said edge is fevented frominfluencing
sai d generating of said focus signal f said conparison finds that said
gradi ent woabidwsies not |fficiently simlar to said seqeRemaB2ounoes24sai d
predeterm ned fiterion. 12. The 6%t hod of claim 10, wherein said
conpari son foduces a graded result and said focus signal receives
)ntribution of an edge width of said edge to a relative extent npared with
ot her edges, said relative extent depending on |id graded result.

11. The method of claim 10, wherein said edge is
revented from influencing said generating of said focus signal
Z said comparison finds that said gradient profile is not
1fficiently similar to said sequence under said predetermined

criterion.

12. The method of claim 10, wherein said comparison
roduces a graded result and said focus signal receives
>ntribution of an edge width of said edge to a relative extent
»mpared with other edges, said relative extent depending on

11d graded result.



