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A NEW METHOD FOR CREATING A DEPTH MAP FOR AUTO FOCUS USING AN
ALL-IN-Focus PICTURE AND TWO-DIMENSIONAL SCALE SPACE MATCHING

RELATED APPLICATIONS
[0001] This patent application is related to the co-pending U.S. Patent
Application, entitled A NEW METHOD FOR CREATING A DEPTH MAP FOR
AUTO FOCUS USING AN ALL IN FOCUS PICTURE AND 2D SCALE
SPACE MATCHING, serial no.

FIELD OF THE INVENTION
[0002] This invention relates generally to imaging, and more particularly to

generating a depth map from multiple images.

COPYRIGHT NOTICE/PERMISSION
[0003] A portion of the disclosure of this patent document contains material
which is subject to copyright protection. The copyright owner has no objection to
the facsimile reproduction by anyone of the patent document or the patent
disclosure as it appears in the Patent and Trademark Office patent file or records,
but otherwise reserves all copyright rights whatsoever. The following notice
applies to the software and data as described below and in the drawings hereto:

Copyright © 2004, Sony Electronics, Incorporated, All Rights Reserved.

BACKGROUND OF THE INVENTION
[0004] A depth map is a map of the distance from objects contained in a three
dimensional spatial scene to a camera lens acquiring an image of the spatial
scene. Determining the distance between objects in a three dimensional spatial
scene is an important problem in, but not limited to, auto-focusing digital and

video cameras, computer/robotic vision and surveillance.
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[0005] There are typically two types of methods for determining a depth map:
active and passive. An active system controls the illumination of target objects,
whereas an passive system depend on the ambient illumination. Passive systems
typically use either (i) shape analysis, (i) multiple view (e.g. stereo) analysis or
(iif) depth of field/optical analysis. Depth of field analysis cameras rely of the fact
that depth information is obtained from focal gradients. At each focal setting of a
camera lens, some objects of the spatial scene are in focus and some are not.
Changing the focal setting brings some objects into focus while taking other
objects out of focus. The change in focus for the objects of the scene at different
focal points is a focal gradient. A limited depth of field inherent in most camera
systems causes the focal gradient.

[0006] In one embodiment, measuring the focal gradient to compute a depth map

determines the depth from a point in the scene to the camera lens as follows:

d = /D
° D—f_Zkrf;mmber

(1)

where fis the camera lens focal length, D the distance between the image plane

inside the camera and the lens, r is the blur radius of the image on the image
plane, k is a scale factor, and frumper 1S the frumser of the camera lens. The foumber 15
equal to the camera lens focal length divided by the lens aperture. Except for the
blur radius, all the parameters on the right hand side of Equation 1 are known
when the image is captured. Thus, the distance from the point in the scene to the
camera lens is calculated by estimating the blur radius of the point in the image.
[0007] Capturing two images of the same scene using different apertures for each
image is a way to calculate the change in blur radius. Changing aperture between
the two images causes the focal gradient. The blur radius for a point in the scene
is calculated by calculating the Fourier transforms of the matching image portions

and assuming the blur radius is zero for one of the captured images.
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SUMMARY OF THE INVENTION

[0008] An imaging acquisition system that generates a depth map from two
pictures of a three dimensional spatial scene is described. According to one aspect
of the invention, the system generates the depth map based on the relative blur
between the two pictures and the absolute blur contributed by the system.
According to another aspect of the invention, the system calculates the depth map
directly from the relative blur between the two pictures.

[0009] The present invention is described in conjunction with systems,
clients, servers, methods, and machine-readable media of varying scope. In
addition to the aspects of the present invention described in this summary, further
aspects of the invention will become apparent by reference to the drawings and

by reading the detailed description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The present invention is illustrated by way of example and not
limitation in tﬁe ﬁgﬁres of the accompanying drawings in which like references -
indicate similar elements.

[0011] Figure 1 illustrates one embodiment of an imaging system.

[0012] Figure 2 illustrates one embodiment of an imaging optics model.
[0013] Figure 3 illustrates one embodiment of an imaging optics model
exhibiting front and back blur ambiguity.

[0014] Figure 4 illustrates one embodiment of an imaging optics model used
to estimate the depth map by taking two pictures with different focal points.
[0015] Figure 5 is a flow chart of one embodiment of a method for generating
a picture depth map by computing the absolute and relative blur difference
between two pictures.

[0016] Figure 6 is a flow chart of one embodiment of a method that calculates

a relative blur difference between two pictures.



WO 2007/022329 PCT/US2006/032076

[0017] Figure 7 illustrates one embodiment of generating a two-dimensional
(2D) scale space representation of the captured pictures using a family of
convolving gaussian kernels.
[0018] Figure 8 illustrates one embodiment of determining the variance for a
set of corresponding picture blocks in two different pictures.
[0019] Figure 9 illustrates one embodiment of using the scale space
representation to find a block for the relative blur map.
[0020] Figure 10 is a flow chart of one embodiment of a method for
measuring and recording the absolute blur contributed by lens 108.
[0021] Figure 11 illustrates one embodiment calculating the depth map from
the blur map.
[0022] Figure 12 illustrates one embodiment of two imaging optics settings
used by imaging acquisition unit 102 used to capture two pictures with different
focal position and aperture.
[0023] Figure 13 is a flow chart of a method that calculates the depth map

" from two pictures taken with different focal position and aperture.
[0024] Figure 14 is a block diagram illustrating one embodiment of an image
device control unit that calculates a depth map.
[0025] Figure 15 is a diagram of one embodiment of an operating
environment suitable for practicing the present invention.
[0026] Figure 16 a diagram of one embodiment of a computer system suitable

for use in the operating environment of Figures 6 and 12.

DETAILED DESCRIPTION

[0027] In the following detailed description of embodiments of the invention,

reference is made to the accompanying drawings in which like references indicate
similar elements, and in which is shown by way of illustration specific
embodiments in which the invention may be practiced. These embodiments are

described in sufficient detail to enable those skilled in the art to practice the

4-
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invention, and it is to be understood that other embodiments may be utilized and
that logical, mechanical, electrical, functional, and other changes may be made
without departing from the scope of the present invention. The following detailed
description is, therefore, not to be taken in a limiting sense, and the scope of the
present invention is defined only by the appended claims.

[0028] Figure 1 illustrates one embodiment of an imaging system 100 that
captures an image of a three dimensional spatial scene 110. References to an
image or a picture refer to an image of a three dimensional scene captured by
imaging system 100. Imaging system 100 comprises an image acquisition unit
102, a control unit 104, an image storage unit 106, and lens 108. Imaging system
100 may be, but is not limited to, digital or film still camera, video camera,
surveillance camera, robotic vision sensor, image sensor, etc. Image acquisition
unit 102 captures an image of scene 110 through lens 108. Image acquisition unit
102 can acquire a still picture, such asin a digital or film still camera, or acquire a
continuous picture, such as a video or surveillance camera. Control unit 104
typically managés the image acquisiﬁon unit 102 automatically and/or by
operator input. Control unit 104 configures operating parameters of the image
acquisition unit 102 and lens 108 such as, but not limited to, the lens focal length,
£, the aperture of the lens, 4, lens focus, and (in still cameras) the lens shutter
speed. In addition, control unit 104 may incorporate a depth map unit 120 (shown
in phantom) that generates a depth map of the scene. The image(s) acquired by
image acquisition unit 102 are stored in the image storage 106.

[0029] In Figure 1, imaging system 100, records an image of scene 110.
While in one embodiment scene 110 is composed of four objects: a car 112,a
house 114, a mountain backdrop 116 and a sun 118, other embodiments of scene
110 may be composed of several hundred objects with very subtle features. As is
typical in most three dimensional scenes recorded by the lens of the imaging
system 100, objects 112-118 in scene 110 are at different distances to lens 108.

For example, in scene 110, car 112 is closest to lens 108, followed by house 114,
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mountain backdrop 116 and sun 118. Because of the limited depth of field
inherent in imaging acquisition unit 102, a focal setting of lens 108 will typically
have some objects of scene 110 in focus while others will be out of focus.
Although references to objects in an image, portions of an image or image block
do not necessarily reflect the same specific subdivision of an image, these
concepts all refer to a type of image subdivision.

[0030] Figure 2 illustrates one embodiment of an imaging optics model 200
used to represent lens 202. The optics model 200 represents lens 202 focusing on
the point 216 resulting in an image 210 displayed on the image plane. Lens 202
has aperture A. The radius of the aperture (also known as the lens radius) is
shown in 204 as A/2. By focusing lens 202 on point 216, image 210 is displayed
on image plane 206 as a point as well. On the other hand, if lens 202 is not
properly focused on the point 216, image 210 is displayed on the image plane 206
as a blurred image 208 with a blur radius r. Distance d; 216 is the distance
between image 210 and lens 202 and distance d, 214 is the distance between
point 216 and lens 202. Finally, D 216 is the distance between lens 202 and
image plane 206.

[0031] Figure 3 illustrates one embodiment of an imaging optics model 300
exhibiting front and back blur ambiguity. In Figure 3, optics model 300
represents lens 304 focusing on point 302 resulting in a focused image 308. If
lens 304 is not properly focus on point 302, the resulting image 308 is out of
focus. If lens 304 focuses too close by an amount x in the minus direction, to
point 302, the resulting image is blurred image 306 with blur diameter A’. Blur
diameter A’ is twice as large as the corresponding blur radius 7. On the other
hand, if lens focuses too far from point 302 by x in the plus direction, the
resulting image is blurred image 310 with blur diameter A’. A top image of
images 306 and 310 is image 312. Thus, focusing lens 304 on point 302 too close

or too far by an equivalent amount results in the same blurred image 312.
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Because of the front/back ambiguity, an observer viewing image 312 cannot
determine whether lens 304 focused too close or too far.

[0032] Figure 4 illustrates one embodiment of two imaging optics settings
used to estimate the depth map by taking two pictures with different focal
positions. In Figure 4, imaging acquisition unit 102 uses optics setting 402 to
capture a first picture of point 416 through lens 408 with an infinite focus
position (i.e. lens 408 is focusing on the most distant objects possible). In Figure
4 and by way of illustration, point 416 is four meters distant from lens 408. The
resulting image 418 on image plane 412 has a blur diameter a. A top view of
image 418 is shown with image 422. With optics setting 402, a properly focused
image 430 of point 416 is to the right of (or, equivalently, behind) image plane
412.

[0033] Imaging acquisition unit 102 captures the second picture with optics
setting 404. Optics setting 404 differs from optics setting 402 because lens 408
focuses at one meter, not at infinity. Consequently, the resulting image of point
416 is a blurred image 420 with a blur diameter, a’, on image plane 412. By
focusing lens 408 at one meter, the properly focused image of point 416 is to the
left (or, equivalently, in front) of image plane 412. Because the proper image
focusing point has switched from the back to the front of image plane 412, a
scheme using the blur diameters, a and a’, can take advantage of the front/back
blur ambiguity. The relative blur difference and front/back blur ambiguity is used
to calculate a depth map of the pictures as further described in Figure 5 below.
[0034] Furthermore, Figure 4 illustrates using optics setting 402 and 404 to
capture pictures of test point 406 at focus position infinity and one meter. With
optics setting 402, the resulting image 410 of test point 406 is a point with no blur
diameter (i.e. b = 0), because lens 408 is properly focused on test point 406. A
top view of image 410 is shown as image 424. In contrast, optics setting 404
focuses lens 408 at one meter on test point 406, which results in image 414 with

blur diameter 5° on image plane 412. Because there is no blur diameter for image

-7-



WO 2007/022329 PCT/US2006/032076

410, blur diameter b’ is the absolute blur inherent in imaging acquisition unit 102.
Determining the absolute blur is further described in Figure 6 below.

[0035] Figure 5 is a flow chart of one embodiment of a method 500 for
generating a picture depth map by computing the absolute and relative blur
difference between two pictures. In Figure 5, at block 502, method 500 causes
imaging acquisition unit 102 to capture two pictures using the optics settings
illustrated in Figure 4. Referring back to Figure 4, imaging acquisition unit 102
captures the first picture, f7, with optics setting 402 with an infinite focal setting.
The second picture, /5, captured by imaging acquisition unit 102 uses optics
setting 404 with the focal position of one meter. Returning to Figure 5, at block
504, method 500 estimates the relative blur between the two captured pictures by
convolving sharper parts of one picture into the blurred parts of the other picture.
Relative blur estimation is further described in Figure 6, below.

[0036] Returning to Figure 5, at block 506, method 500 computes the
absolute blur contributed by the imaging acquisition unit 102. Each lens
contributes an inherent blur. Method 500 measures the inherent blur by taking
two pictures of a test pattern at different optics settings. Measuring the lens
absolute blur is further described in Figure 10 below. Alternatively, the lens
absolute blur can be computing using Equation 3.

[0037] Returning to Figure 5, at block 508, method 500 looks up and stores
the absolute blur for the camera settings used to capture the two pictures. At
block 508, method 500 selects an analysis block size. In one embodiment, the
analysis block size is square block of k x k pixels. While in one embodiment, a
block size of 16x16 or 32x32 pixels is used, alternative embodiments may use a
smaller or larger block size. The choice of block size should be small enough to
sufficiently distinguish the different picture objects in the captured picture.
However, the block should be large enough to be able to capture adequate picture

detail to ensure computational accuracy. Alternatively, other shapes and sizes
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can be used for analysis block size (e.g., rectangular blocks, blocks within objects
defined by image edges, etc.).

[0038] Method 500 further executes a processing loop (blocks 510-520) to
construct a blur map from the absolute and relative blur. At block 512, method
500 stores the absolute blur difference for a picture block. At block 514, method
500 stores the relative blur difference for a picture block. At block 516, method
500 determines the blur for the picture block by solving the following two

equations with two unknowns:

B hll" absolute = a— Cl' (2)
Blurrelative =l a I - I all (3)

where BIur gsome is the absolute blur inherent in the lens imaging configuration
(b’ as shown in Figure 4 above), Blur elanve is the relative blur determined at block
504. In one embodiment, a is the blur diameter of /7 and is positive and a is the
blur diameter of /> and is negative. The two blur diameters a and a” have opposite
signs because the properly focused images from optics setting 402 and 404 used
to capture f; and /> are in back and in front of the image plane, respectively. In
one embodiment, method 500 determines the blur diameter, a, for the picture
block by solving Equation 2 or 3 for a. Alternatively, method 500 determines blur
diameter a’ by solving Equation 2 or 3 for a’. Since a’ is negative, method 500
uses the absolute value of a’. At block 516, method 500 determines the blur
radius » from a (or a’), stores the blur radius r at block 518 in the appropriate
location of the blur map. Thus, method 500 can equivalently build a blur map for
frorfo.

[0039] Returning to Figure 5, at block 522, method 500 generates a picture depth
map from the blur map using the geometric optics model. As explained above, the
geometric optics model relates the distance of an object in a picture to a blurring
of that object. Method 500 calculates a distance from the associated blur radius

value contained in the blur map using Equation 1. Because the lens focal length,

9.
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£, distance between the camera lens 202 and image plane 206, D, and frumber are
constant at the time of acquiring the finite depth of field picture, method 500
computes the distance value of the depth map from the associated blur radius
using the blur map. Method 500 uses the constants in Equation 1 that are
consistent with the value stored in blur map.

[0040] At block 524, method applies a clustering algorithm to the depth map.
The clustering algorithm is used to extract regions containing similar depths and
to isolate regions corresponding to outliers and singularities. Clustering
algorithms are well-known in the art. For example, in one embodiment, method
500 applies nearest neighbor clustering to the picture depth map.

[0041] Figure 6 illustrates a flow chart of a method that calculates a relative blur
difference between two captured pictures. At Figure 6, at block 602, method 600
receives the captured pictures, f; and f> and convolves each captured picture with
a set of discrete gaussian kernels to form picture sequences g; and g. The set of
discrete gaussian kernels applies varying amounts of blur to the captured pictures.
Each gaussian kernel applies a uniform amount of blur to each object in scene
110, such that each portion of the resulting picture is equally blurred. Thus, the
resulting picture sequences, g; and g», is a sequence of uniformly blurred
pictures; each subsequent picture in the sequences is a progressively blurrier
representation of the original captured picture.

[0042] Figure 7 illustrates one embodiment of generating a 2D scale space
representation of pictures f; and f> using a family of convolving kernels as
performed by method 600 at block 602. Specifically, Figure 7 illustrates method
700 applying a parametric family of convolving gaussian kernels (h(x, y, 1), 1=

1,2, ... n) 704A-N is applied to one of the two pictures fi(x,y) 702 as follows:
gj(x:y:ri)z fj(x:y)*h(x:yari) (4)

where j = 1, 2 and 7 is the blur explicit to Jxy).
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[0043] The resulting picture sequence, g(X, ¥, i) 706 A-N, represents a
progressive blurring of the captured picture fi(x, y). As i increases, the convolving
kernel applies a stronger blur to the captured picture, thus giving a blurrier
picture. The blurred pictures sequence 706A-N is the 2D scale space
representation of £i(x,y). The exemplary embodiment uses gaussian kernels
because the blur difference is easily measurable due to the semi-group property of
gaussian kernels. Alternatively, any other convolving kernels known in the art
having a semi-group property is suitable to generate a 2D scale space
representation of the capture pictures. ~ Kernels that do not have the semi-
group property, such as pillbox kernels, cannot provide an exact solution using
method 600.

[0044] Returning to Figure 6, at block 604, method 600 selects an analysis block
size. In one embodiment, the analysis block size is square block of & x & pixels.
While in one embodiment, a block size of 16x16 or 32x32 pixels is used;
alternative embodiments may use a smaller or larger block size. The choice of
block size should be small enough to sufficiently distinguish the different picture
objects in the captured picture. However, the block should be large enough to be
able to capture adequate picture detail for computational accuracy. Alternatively,
other shapes and sizes can be used for analysis block size (e.g., rectangular
blocks, blocks within objects defined by image edges, etc.). In one embodiment,
method 600 uses the same block size used by method 500 at block 508. In an
alternate embodiment, method 600 uses another block size.

[0045] Method 600 further executes a processing loop (606-620) to determine the
relative blur between each set of picture blocks from the two captured pictures.
At block 608, method 600 computes the image intensity variance for each picture
block in the set of picture blocks. For a given picture or scene, a sharp picture has
a larger variance in pixel intensities than a blurred picture because the sharp
picture has strong contrast of intensity giving high pixel intensity variance. On

the other hand a blurred picture has intensities that are washed together with

-11-



WO 2007/022329 PCT/US2006/032076

weaker contrasts, resulting in a low pixel intensity variance. Alternative
embodiments use different sharpness metrics, including, but not limited to,
computing the two dimensional FFT of the data and choosing the block with the
maximum high frequency energy in the power spectrum, applying the Tenengrad
metric, finding the block with the maximum sum modulus difference, etc.

[0046] Figure 8 illustrates one embodiment of the set of corresponding
picture blocks used by method 600. In Figure 8, picture blocks 804A-B have
intensity variance V; 806A and V; 806B, respectively. Furthermore, picture
blocks 804A-B are part of the captured pictures f7 and /2. Method 600 uses
variances V; 806A and V, 806B for the variance comparison.

[0047] Returning to Figure 6, at block 610, method 600 determines if the
intensity variance for the picture block in picture f; is larger than the intensity
variance for the corresponding picture block in picture f2. If so, at block 612,
method 600 determines the corresponding picture block in picture sequence g;
that best matches the picture block from f>. Method 600 determines the blur
differeﬁce between the two pictufe blocks by convolving the sharper picture
block into the blurrier picture block. Because the variance of the f; picture block
is larger than the /> picture block, the f; picture block is sharper than the f; picture
block. In this case, because the f; picture block is sharper than the f, picture
block, method 600 uses the g; picture sequence as this represents convolving the
sharper f picture blocks into blurrier picture f> blocks. By convolving sharper
picture blocks into blurred picture blocks, method 600 estimates the blur
difference between the two picture blocks of f7 and /2.

[0048] Figure 9 illustrates one embodiment of using the scale space
representation to find a block for the relative blur map. Specifically, Figure 9
illustrates the process that method 600 uses to determine the closest match
between block 906 of picture f2 902 with one of the corresponding picture blocks
908A-N of g; picture sequence 904A-N. As described above, g; picture sequence
904A-N is a sequence of progressively blurrier pictures of f7. Method 600 selects

-12-
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the closest matching picture block by minimizing the error 910A-N between
block 906 and each of blocks 908 A-N. The error between pairs of picture blocks

is estimated as follows:

i=x+s5-1, J=y+s-1

Error, = P ANIETANEN

L=x,j=y

©)

where f2(i, j) and g;(i,j,r}) are the pixel intensities of the pictures /7 and g; at pixel
i,jand /=1, 2, ..., N (with N being the number of pictures in the picture

sequence). 7, denotes the parametric family of increasing blur kernels. In one
embodiment, 7 denotes the parametric family of increasing gaussian blur kernels.

The error measures the difference between the picture block of /> and a similarly
located picture block from one picture in the g; picture sequence. Alternatively,
other metrics known in the art measuring image differences could be used asan
error metric (e.g., instead of the 1 norm shown above, the 2 norm (squared error
norm), or more generally, the p norm for p>=1 can be used, etc.). In the example
illustrated in Figure 9, block; 908B is the closest match to block 906, because
Error; 910B is the smallest error in the set of error values 910A-N.

[0049] Returning to Figure 6, if the /> picture block is sharper, method 600
determines the corresponding picture block in picture sequence g that best
matches the picture block from f; at block 614. As in block 612, method 600
determines the closest matching picture block from by determining the picture
block with the smallest error. At block 614, method 600 determines each error

value as follows:

i=x+5-1, f=y+s-1

Error, = Zlﬂ(l:.])—g2(la.]>’l)l

i=%,j=y

©)
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[0050] At block 616, method 600 stores the blur difference value from the
corresponding picture block in the relative blur map. Referring to the example
illustrated in Figure 9, method 600 copies the blur difference value associated
with block; 908B to the relative blur map entry 914 in the relative blur map 912.
[0051] Figure 10 is a flow chart of one embodiment of a method 1000 that
measures and records the absolute blur contributed by lens 108 as illustrated in
Figure 1. Method 1000 executes processing loop (blocks 1002-1006) to store the
absolute blur values for each combination of aperture and focal lengths in a
lookup table. At block 1004, method 1000 causes lens 108 to focus on a fixed test
pattern located at infinity with a unique combination of aperture and focal length
settings. Referring to Figure 4, method 1000 uses optics settings 402. Returning
back to Figure 10, at block 1006, method 1000 causes the lens to change the
focus to one meter using the same aperture and focal length. Changing the focus
from infinity to one meter causes a blurring of an image of the fixed test pattern.

~ At block 1006, method 1000 records the blur values, in pixels. Referring to
Figure 4, method 1000 uses optics setting 404 to measure the blur diameter 5.
Alternatively, at block 1006, method 1000 computes the absolute blur
analytically, in physical dimensions (not pixels), based on Equation 1 and the

imaging optics model shown in Figure 2. Instead of solving for d,as shown in

Equation 1, method 1000 uses Equations 7 and 8, a rewritten version of Equation

1 that solves for the absolute blur, &7:

by A

r=— %0
zf;zum

(7)

Now, if d, = w0, the Equation 7 simplifies to:
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2 f o
®)
By setting D to the maximum value allowed by the camera for focus at infinity,
method 1000 computes 47 in a physical dimension in physical units, such as
micrometers. Conversion between pixels and physical dimensions is
straightforward based on the pixel size. For example and by way of illustration,
if the blur radius (in pixels) is computed as 3 pixels and the pixel size is Spm x
5um, the blur radius in physical dimensions is 15um. Regardless of the
embodiment used to determine the absolute blur difference, at block 1006,
method 1000 stores the absolute blur difference in pixels in a lookup table.
[0052] Figure 11 illustrates one embodiment that calculates the depth map
from the blur map. Specifically, Figure 11 illustrates the process method 500 uses
to convert from blur map 1100 to depth map 1102 by computation 1108.
~ Computation 1108 is equivalent to Equation 1. Blur map 1100 contains NxN
blur radius values. Method 600 derives the blur radius value for each analysis
block as illustrated in Figure 6, above. In addition, depth map 1102 contains NxN
depth values with each depth value computed from the corresponding blur radius.
For example, blur map entry 1104 has blur radius »; which correspond to depth
value d, for depth map entry 1106.

[0053] Figure 12 illustrates one embodiment of two imaging optics settings
used by imaging acquisition unit 102 used to capture two pictures with different
aperture and focal position. In Figure 12, imaging acquisition unit 102 uses
optical setting 1202 to capture a first picture, f;, of point 1204 that is a distance d,
from lens 1206. Imaging acquisition unit 102 causes lens 1206 to uses a focus D3
1216, aperture A1 1208 and focal length f (not shown). The focal length is
constant for the two optics settings 1202 and 1222. Furthermore, is it assumed for

optics setting 1202 that d, is much greater than d;;, where d;; is the distance 1218
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between lens 1206 and a properly focused point image 1214, With these settings,
image acquisition unit 102 captures a blurred image 1212 of point 1204 on image
plane 1210 with blur radius 1212. If lens 1206 is properly focused on point 1204,
then the image captured is point image 1214.

[0054] In addition, imaging acquisition unit 102 uses optics settings 1222 to
capture the second picture, f2. For the second picture, imaging acquisition unit
102 moves lens 1206 slightly closer to image plane 1210 (i.e. D4 < D3) and,
therefore, farther from point 1204. Even though lens 1206 has moved closer to
point 1204, because d, is much greater than d;; and d, it is assumed that the
distance between lens 1206 and point 1204 is the same (i.e. d,) for both optics
settings. Furthermore, imaging acquisition unit uses optics settings 1222 for lens
1206 that consists of focus D4 1236, aperture A2 1228 and focal length /.
Comparing optics setting 1222 and 1202, optics settings 1222 has a larger
aperture and a closer focusing point. As a result, the second picture of point 1204
captured through lens 1206 with optics setting 1222 results in image 1232 with
blur radius r, displayed on image plané 1210. Furthermore, is it assumed for
optics setting 1222 that d, is much greater than d;,, where d; is the distance 1238
between lens 1206 and a properly focused point image 1214.

[0055] As illustrated in Figure 12, optics setting 1222 results in image 1232
on image plane 1210 that has a larger blur radius, r,, as compared with the blur
radius, r;, for image 1212 using optics model 1202. However, optics settings
1202 and 1222 are only an illustration of the relative blurring from one change in
settings for one spatial scene (e.g., lens 1206 position in optics setting 1222 is to
the right of lens 1206 position in optics setting 1202). Alternatively, a change in
blur results from lens 1206 position in optics setting 1222 being to the left of lens
1206 position in optics setting 1202. In this embodiment, blur radius r; is smaller
that r;. Nevertheless, the change in blur is the information required. Thus, a
change in blur occurs whether the second lens position is to the right or left of the

first lens position. While the embodiments above describe measuring a blur
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change based on changing the lens position, alternate embodiments of changing
different optical settings result in a change in blur as well (changing the aperture
settings, , etc.) and/or combination thereof.

[0056] In an exemplary embodiment, the difference between r; and 7, should
be large enough to be measurable, but not so large as to have blur radii with
different blur directionality. Blur radii with different blur directionality (i.e. the
front/back blur ambiguity) may occur for objects located at some physical
distance range in the scene. This is difficult to avoid since the front/back blur
ambiguity is an inherent property of the optics and the imaging setup. However,
the range of distances in the scene where this occurs can be minimized by
minimizing the absolute value of the difference between D3 1216 and D4 1236.
In the limiting case where the absolute value of the difference between D3 1216
and D4 1236 is maximum, all objects in the scene (with the exception of the
furthest focus object — the object at infinity — and the nearest focused object — the
closest object the imaging system can focus on) will exhibit the front/back blur
ambiguity. I |

[0057] Figure 13 is a flow chart of a method 1300 that calculates the depth
map from two pictures taken with different focal positions and apertures, as
illustrated in Figure 12. At block 1302, method 1300 causes imaging acquisition
unit 102 to capture two different pictures of spatial scene 110 using two differ
optics settings 1202 and 1222, respectively, of Figure 12. The different optics
settings should give a difference in blur radius that is large enough to be
measured, but not so large such that images 1212 and 1232 are on opposite sides
of properly focused point image 1214. Method 1300 causes the capture of the
first picture, f7, with aperture Al, focus D3 and focal length f. Similarly, method
1300 causes the capture of the second picture, /2, with aperture A2, focus D4 and
focal length f. At block 1304, method 1300 calculates the blur difference matrix
between the two pictures using method 700, described above.
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[0058] At block 1306, method 1300 generates the depth map by direct
computation using the blur difference matrix. From Figure 12, the distance of an

object to the lens for picture f; is as follows:

L f*D3
? D3—f—2*krl*ﬁ1u;nber'l

©®)

Similarly, the distance of an object to the lens for picture f is:

. f*D4
° D4—f_2*kr2*‘fnumber2

(10)

Rewriting Equations 9 and 10 in terms of 7/ and r2 and gives:

_d,*D3-d,* f—f*D3

krl
2 * do * f;mmberl
an
* _ % £ £
1y do*D4—d,* f~ f*D4
2 * do * j;zumberZ
(12)

The blur difference, k(+1-r2), from Equations 11 and 12 is:

do*D3—d0*f—f*D3_do*D4-do*f—f*D4
2*do *f;zumberl 2*d0 *f;mmberZ

k(rl-r2) =

(13)
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Equation 13 assumes that 7/ is greater than 2. If /7 has the larger variance, the
blur radius in f; corresponds to 72 because 2 is assumed to be smaller than /.
Alternatively, if f; has smaller variance, the blur radius in f; corresponds to »2
because 7! is assumed to be larger than #2. If the frumber (Frumber = Ffrumberr =

Foumper2) is the same for pictures f7 and />, then Equation 13 reduces to:

d, *(D3— D4)— f *(D3— D4)
2%d * f

k(rl—r2) =

wmber

(14)

Equations 13 and 14 represent the blur difference as a function of blur radius. The
relative blur difference map contains the value k(r-r2). Equations 13 and 14 are

rewritten to solve for distance, d,:

d — f * (f;mmberZ * D4 - f;mmberl * D3)
o - R
2 * k * ("1 —-r 2) * f;mmbcrl * number2 + f;mmberl * D4 - f;zumbar2 * D3 +f * (f;mmbérz - f;mmberl)

(15)
g f(D4 - D3)

© T axg*f ¥ (rl—r2)+ (D4 - D3)
(16)

Since at the time of capturing the pictures, frumberl> foumber2s f, D3 and D4 (or
equivalently, fumser, T, D3 and D4) are known and k(r1-r2) is stored in the blur
difference matrix, method 1300 directly computes the depth map matrix from the
blur difference matrix with Equation 15 or 16.

[0059] At block 1308, method 1300 applies a clustering algorithm to the
depth map. The clustering algorithm is used to extract regions containing similar

depths and to isolate regions corresponding to outliers and singularities.
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Clustering algorithms are well-known in the art. For example, in one
embodiment, method 1300 applies nearest neighbor clustering to the picture
depth map.
[0060] Figure 14 is a block diagram illustrating one embodiment of an image
device control unit that calculates a depth map. In one embodiment, image
control unit 104 contains depth map unit 120. Alternatively, image control unit
104 does not contain depth map unit 120, but is coupled to depth map unit 120.
Depth map unit 120 comprises capture picture module 1402, 2D scale space
module 1404, relative blur module 1406, picture depth map module 1408,
clustering module 1410, absolute blur module 1412 and blur module 1414.
Capture picture module 1402 causes imaging acquisition unit 102 to capture the
two pictures as illustrated in Figure 5, block 502 and Figures 13 at block 1302.
2D scale space module 1404 creates the 2D scale space representations of the
captured pictures as illustrated in Figure 6. Relative blur module 1406 derives the
relative blur from captured pictures as illustrated in Figure 6, blocks 602-618 and
~ Figure 7. In addition, picture depth map module 1408 calculates the depth map
from blur module 1414. In one embodiment, where a (or the absolute value of
a’) is calculated and stored, blur module 1414 uses the geometric optics model
and Equation 1 to compute the depth. In another embodiment, where k(r1-r2) is
stored, blur module 1414 computes the depth using Equations 15 and 16.
Clustering module 1410 applies a clustering algorithm to the depth map to extract
regions containing similar depths and to isolate depth map regions corresponding
to outliers and singularities as illustrated in Figure 5, block 524 and Figure 13,
block 1308. Absolute blur module 1412 calculates the absolute blur inherent in
imaging acquisition unit 102 as illustrated in Figure 10, and described by
Equation 8. . Blur module 1414 calculates a blur quantity a (or a’) using
Equations 2 and 3 or a change in blur quantity (Figure 13 at block 1304). If the
latter is computed, the data in this module is the same as that found in relative

blur module 1406.
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[0061] In practice, the methods described herein may constitute one or more
programs made up of machine-executable instructions. Describing the method
with reference to the flowchart in Figures 5, 6, 10 and 13 enables one skilled in
the art to develop such programs, including such instructions to carry out the
operations (acts) represented by logical blocks on suitably configured machines
(the processor of the machine executing the instructions from machine-readable
media). The machine-executable instructions may be written in a computer
programming language or may be embodied in firmware logic or in hardware
circuitry. If written in a programming language conforming to a recognized
standard, such instructions can be executed on a variety of hardware platforms
and for interface to a variety of operating systems. In addition, the present
invention is not described with reference to any particular programming
language. It will be appreciated that a variety of programming languages may be
used to implement the teachings of the invention as described herein.
Furthermore, it is common in the art to speak of software, in one form or another
<(e. g., program, procedure, process, application, module, logic...), as taking an
action or causing a result. Such expressions are merely a shorthand way of
Isaying that execution of the software by a machine causes the processor of the
machine to perform an action or produce a result. It will be further appreciated
‘that more or fewer processes may be incorporated into the methods illustrated in
the flow diagrams without departing from the scope of the invention and that no
particular order is implied by the arrangement of blocks shown and described
herein.
[0062] Figure 15 shows several computer systems 1500 that are coupled
together through a network 1502, such as the Internet. The term "Internet" as
used herein refers to a network of networks which uses certain protocols, such as
the TCP/IP protocol, and possibly other protocols such as the hypertext transfer
protocol (HTTP) for hypertext markup language (HTML) documents that make
up the World Wide Web (web). The physical connections of the Internet and the
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protocols and communication procedures of the Internet are well known to those
of skill in the art. Access to the Internet 1502 is typically provided by Internet
service providers (ISP), such as the ISPs 1504 and 1506. Users on client systems,
such as client computer systems 1512, 1516, 1524, and 1526 obtain access to the
Internet through the Internet service providers, such as ISPs 1504 and 1506.
Access to the Internet allows users of the client computer systems to exchange
information, receive and send e-mails, and view documents, such as documents
which have been prepared in the HTML format. These documents are often
provided by web servers, such as web server 1508 which is considered to be "on"
the Internet. Often these web servers are provided by the ISPs, such as ISP 1504,
although a computer system can be set up and connected to the Internet without
that system being also an ISP as is well known in the art.

[0063] The web server 1508 is typically at least one computer system which
operates as a server computer system and is configured to operate with the
protocols of the World Wide Web and is coupled to the Internet. Optionally, the
web server 1508 can be part of én ISP which providers access to the Internet for
client systems. The web server 1508 is shown coupled to the server computer
system 1510 which itself is coupled to web content 1512, which can be
considered a form of a media database. It will be appreciated that while two
computer systems 1508 and 1510 are shown in Figure 15, the web server system
1508 and the server computer system 1510 can be one computer system having
different software components providing the web server functionality and the
server functionality provided by the server computer system 1510 which will be
described further below.

[0064] Client computer systems 1512, 15 16, 1524, and 1526 can each, with
the appropriate web browsing software, view HTML pages provided by the web
server 1508. The ISP 1504 provides Internet connectivity to the client computer
system 1512 through the modem interface 1514 which can be considered part of

the client computer system 1512. The client computer system can be a personal
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computer system, a network computer, a Web TV system, a handheld device, or
other such computer system. Similarly, the ISP 1506 provides Internet
connectivity for client systems 1516, 1524, and 1526, although as shown in
Figure 15, the connections are not the same for these three computer systems.
Client computer system 1516 is coupled through a modem interface 1518 while
client computer systems 1524 and 1526 are part of a LAN. While Figure 15
shows the interfaces 1514 and 1518 as generically as a "modem," it will be
appreciated that each of these interfaces can be an analog modem, ISDN modem,
cable modem, satellite transmission interface, or other interfaces for coupling a
computer system to other computer systems. Client computer systems 1524 and
1516 are coupled to a LAN 1522 through network interfaces 1530 and 1532,
which can be Ethernet network or other network interfaces. The LAN 1522 is
also coupled to a gateway computer system 1520 which can provide firewall and
other Internet related services for the local area network. This gateway computer
system 1520 is coupled to the ISP 1506 to provide Internet connectivity to the
client computer systems 1524 and 1526. The gateway computer system 1520 can
be a conventional server computer system. Also, the web server system 1508 can
be a conventional server computer system.

[0065] Alternatively, as well-known, a server computer system 1528 can be
directly coupled to the LAN 1522 through a network interface 1534 to provide
files 1536 and other services to the clients 1524, 1526, without the need to
connect to the Internet through the gateway system 1520. Furthermore, any
combination of client systems 1512, 1516, 1524, 1526 may be connected together
in a peer-to-peer network using LAN 1522, Internet 1502 or a combination as a
communications medium. Generally, a peer-to-peer network distributes data
across a network of multiple machines for storage and retrieval without the use of
a central server or servers. Thus, each peer network node may incorporate the

functions of both the client and the server described above.
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[0066] The following description of Figure 16 is intended to provide an
overview of computer hardware and other operating components suitable for
performing the methods of the invention described above, but is not intended to
Jimit the applicable environments. One of skill in the art will immediately
appreciate that the embodiments of the invention can be practiced with other
computer system configurations, including set-top boxes, hand-held devices,
multiprocessor systems, microprocessor-based or programmable consumer
electronics, network PCs, minicomputers, mainframe computers, and the like.
The embodiments of the invention can also be practiced in distributed computing
environments where tasks are performed by remote processing devices that are
linked through a communications network, such as peer-to-peer network
infrastructure.

[0067] Figure 16 shows one example of a conventional computer system that
can be used as encoder or a decoder. The computer system 1600 interfaces to
external systems through the modem or network interface 1602. It will be
aﬁpreéiafed that the modem or network interface 1602 can be considered to be
part of the computer system 1600. This interface 1602 can be an analog modem,
ISDN modem, cable modem, token ring interface, satellite transmission interface,
or other interfaces for coupling a computer system to other computer systems.
The computer system 1602 includes a processing unit 1604, which can bea
conventional microprocessor such as an Intel Pentium microprocessor or
Motorola Power PC microprocessor. Memory 1608 is coupled to the processor
1604 by a bus 1606. Memory 1608 can be dynamic random access memory
(DRAM) and can also include static RAM (SRAM). The bus 1606 couples the
processor 1604 to the memory 1608 and also to non-volatile storage 1614 and to
display controller 1610 and to the input/output (/O) controller 1616. The display
controller 1610 controls in the conventional manner a display on a display device
1612 which can be a cathode ray tube (CRT) or liquid crystal display (LCD).
The input/output devices 1618 can include a keyboard, disk drives, printers, a
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scanner, and other input and output devices, including a mouse or other pointing
device. The display controller 1610 and the I/O controller 1616 can be
implemented with conventional well known technology. A digital image input
device 1620 can be a digital camera which is coupled to an I/O controller 1616 in
order to allow images from the digital camera to be input into the computer
system 1600. The non-volatile storage 1614 is often a magnetic hard disk, an
optical disk, or another form of storage for large amounts of data. Some of this
data is often written, by a direct memory access process, into memory 1608
during execution of software in the computer system 1600. One of skill in the art
will immediately recognize that the terms “computer-readable medium” and
“machine-readable medium” include any type of storage device that is accessible
by the processor 1604 and also encompass a carrier wave that encodes a data
signal.

[0068] Network computers are another type of computer system that can be
used with the embodiments of the present invention. Network computers do not
usually include a hard disk or other mass storage, and the executable programs
are loaded from a network connection into the memory 1608 for execution by the
processor 1604. A Web TV system, which is known in the art, is also considered
to be a computer system according to the embodiments of the present invention,
but it may lack some of the features shown in Figure 16, such as certain input or
output devices. A typical computer system will usually include at least a
processor, memory, and a bus coupling the memory to the processor.

[0069] Tt will be appreciated that the computer system 1600 is one example of
many possible computer systems, which have different architectures. For
example, personal computers based on an Intel microprocessor often have
multiple buses, one of which can be an input/output (I/O) bus for the peripherals
and one that directly connects the processor 1604 and the memory 1608 (often
referred to as a memory bus). The buses are connected together through bridge

components that perform any necessary translation due to differing bus protocols.
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[0070] It will also be appreciated that the computer system 1600 is controlled
by operating system software, which includes a file management system, such as
a disk operating system, which is part of the operating system software. One
example of an operating system software with its associated file management
system software is the family of operating systems known as Windows® from
Microsoft Corporation of Redmond, Washington, and their associated file
management systems. The file management system is typically stored in the non-
volatile storage 1614 and causes the processor 1604 to execute the various acts
required by the operating system to input and output data and to store data in
memory, including storing files on the non-volatile storage 1614.

[0071] In the foregoing specification, the invention has been described with
reference to specific exemplary embodiments thereof. It will be evident that
various modifications may be made thereto without departing from the broader
spirit and scope of the invention as set forth in the following claims. The
_spgciﬁcation and drawings are, accordingly, to be regarded in an illustrative sense

rather than a restrictive sense.
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CLAIMS

What is claimed is:

1. A computerized method comprising:

computing a relative blur between two pictures of a three dimensional
spatial scene; and

computing a picture depth map based on the relative blur, wherein an

entry in the picture depth map has a corresponding entry in a blur map.

2. The computerized method of claim 1, wherein computing the relative blur
between the two pictures comprises:
generating a two-dimensional scale space representation from each of the
two pictures;
matching each block from a first picture of the two pictures to a closest
corresponding block in the two-dimensional scale space representation
corresponding to fhe second picture-of the two pictures; and
determining a relative blur value between closest corresponding block and

the block from the first picture.

3. The computerized method of claim 2, wherein the block from the first
picture is selected from the group consisting of blurrier than a corresponding
block from the second picture and has a smaller picture block variance than a

corresponding block from the second picture.

4. The computerized method of claim 2, wherein generating a two-
dimensional scale space representation comprises applying a family of parametric

convolving gaussian kernels to each of the two pictures.
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5. The computerized method of claim 1, further comprising:
applying a clustering algorithm to the depth map.
6. The computerized method of claim 1, wherein the computing the picture

depth map further comprises:
computing the picture depth map based on the relative blur and an

absolute blur contributed by an imaging acquisition unit.

7. The computerized method of claim 6, wherein computing the picture
depth map comprises:
generating a two-dimensional scale space representation from each of the
two pictures;
generating the blur map from the two pictures and the set of two-
dimensional scale space representation; and
7 calculating, from a blur map entry, the picture depth map entry using the
equation - -.
do = »fD H
D~ f =21f suumber

where fis the camera lens focal length, D the distance between the image plane

inside the camera and the lens, r is the blur radius of the image on the image

plane and frumper is the Foumper OF the camera lens.

8. The computerized method of claim 1, wherein generating the blur map
comprises:

computing a blur value from the relative blur value and the absolute blur;
and

copying the blur value associated with the closest corresponding block

into the corresponding entry of the relative blur difference map.
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9. The computerized method of claim 1, wherein the two pictures are

captured with an identical blur directionality.

10.  The computerized method of claim 1, wherein the computing the picture

depth map uses the equation

f * (f;mmbar2 * D4 - f;mmberl * D3)

d,=
2 * k * (7"1 - 7”2) * f;mmberl * f;rumberZ + f;mmberl * D4 - f;uunberz * D3 +f * (f;mmberZ - f;mmberl)
, where fis the camera focal length, D3 the distance between the image plane

inside the camera and the lens for the first picture, Frumber 18 the frumper of the
camera lens for the first picture, D4 the distance between the image plane inside
the camera and the lens for the second picture, Foumber2 18 the frumber of the camera

lens for the second picture, k(rI-r2) is the relative blur.

11.  The computerized method of claim 1, wherein the two pictures are

captured with the opposite blur directionality.

12. A machine readable medium having executable instructions to cause a
processor to perform a method comprising:

computing a relative blur between two pictures of a three dimensional
spatial scene; and

computing a picture depth map based on the relative blur, wherein an

entry in the picture depth map has a corresponding entry in a blur map.

13.  The machine readable medium of claim 12, wherein computing the
relative blur between the two pictures comprises:
generating a two-dimensional scale space representation from each of the
two pictures;
matching each block from a first picture of the two pictures to a closest
corresponding block in the two-dimensional scale space representation
corresponding to the second picture of the two pictures; and
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determining a relative blur value between closest corresponding block and

the block from the first picture.

14. The machine readable medium of claim 13, wherein the block from the
first picture is selected from the group consisting of blurrier than a corresponding
block from the second picture and has a smaller picture block variance than a

corresponding block from the second picture.

15.  The machine readable medium of claim 13, wherein generating a two-
dimensional scale space representation comprises applying a family of parametric

convolving gaussian kernels to each of the two pictures.

16.  The machine readable medium of claim 12, further comprising:

applying a clustering algorithm to the depth map.

17.  The machine readable medium of claim 12, wherein the computing the
picture depth map further comprises:
computing the picture depth map based on the relative blur and an

absolute blur contributed by an imaging acquisition unit.

18.  The machine readable medium of claim 17, wherein computing the
picture depth map comprises:

generating a two-dimensional scale space representation from each of the
two pictures;

generating the blur map from the two pictures and the set of two-
dimensional scale space representation; and

calculating, from a blur map entry, the picture depth map entry using the

equation
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d = /D
° D- f - 2rfnumber |

where fis the camera lens focal length, D the distance between the image plane

inside the camera and the lens, 7 is the blur radius of the image on the image

plane and frumber 1S the frumber of the camera lens.

19.  The machine readable medium of claim 18, wherein generating the
relative blur difference map comprises:

computing a blur value from the relative blur value and the absolute blur;
and

copying the blur value associated with the closest corresponding block

into the corresponding entry of the relative blur difference map.

70.  The machine readable medium of claim 12, wherein the two pictures are

captured with an identical blur directionality.

21.  The machine readable medium of claim 12, wherein the computing the

picture depth map uses the equation

f * (f;mmber?_ * D4 - J{numberl * D3)

d, =
2 * k * (I"l - "2) * f berl * f ber2 + f berl * D4 - f;mmberz * D3 +f * (f;mmbeﬂ - f;mmberl)
, where fis the camera focal length, D3 the distance between the image plane

inside the camera and the lens for the first picture, fiumber! is the fuumper of the
camera lens for the first picture, D4 the distance between the image plane inside
the camera and the lens for the second picture, frumber2 1S the frumper of the camera

lens for the second picture, k(r1-r2) is the relative blur.

72 The machine readable medium of claim 12, wherein the two pictures are

captured with the opposite blur directionality.

23. An apparatus comprising:
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means for computing a relative blur between two pictures of a three
dimensional spatial scene; and

means for computing a picture depth map based on the relative blur,
wherein an entry in the picture depth map has a corresponding entry in a blur

map.

24.  The apparatus of claim 23, wherein means for computing the relative blur
between the two pictures comprises:
means for generating a two-dimensional scale space representation from
each of the two pictures;
means for matching each block from a first picture of the two pictures to a
closest corresponding block in the two-dimensional scale space
representation corresponding to the second picture of the two pictures;
and
means for determining a relative blur value between closest corresponding

block and thé block from the first picture.

25.  The apparatus of claim 23, further comprising:
means for applying a clustering algorithm to the depth map.

26.  The apparatus of claim 23, wherein the means for computing the picture
depth map further comprises:
means for computing the picture depth map based on the relative blur and

an absolute blur contributed by an imaging acquisition unit.

27.  The apparatus of claim 26, wherein means for computing the picture
depth map comprises:
means for generating a two-dimensional scale space representation from

each of the two pictures;
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means for generating the blur map from the two pictures and the set of
two-dimensional scale space representation; and

means for calculating, from a blur map entry, the picture depth map entry
using the equation

d, = /D ,
D-f-2r

number

where fis the camera lens focal length, D the distance between the image plane
inside the camera and the lens, 7 is the blur radius of the image on the image

plane and foumper 1S the fumeer of the camera lens.

28.  The apparatus of claim 23, wherein the means for generating the blur map
comprises:

means for computing a blur value from the relative blur value and the
absolute blur; and

means for copying the blur value associated with the closest
corresponding block into the corresponding entry of the relative blur difference

map.

29.  The apparatus of claim 23, wherein the computing the picture depth map

uses the equation

d - f * (fnumber2 * D4 - f;mmberl * D3)
’ 2*k*(rl——r2)*f b l*f b 2+f b 1*D4_f;1umber2*D3+f*(f;lumber2_f;zumberl)
, where fis the camera focal length, D3 the distance between the image plane

inside the camera and the lens for the first picture, frumsers 1S the frumeser of the
camera lens for the first picture, D4 the distance between the image plane inside
the camera and the lens for the second picture, frumser2 is the frumser of the camera

lens for the second picture, k(r-r2) is the relative blur.

30. A system comprising:
a processor;
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a memory coupled to the processor though a bus; and

a process executed from the memory by the processor to cause the
processor to compute a relative blur between two pictures of a three dimensional
spatial scene, and to compute a picture depth map based on the relative blur,
wherein an entry in the picture depth map has a corresponding entry in a blur

map.

31.  The system of claim 30, wherein computing the relative blur between the
two pictures comprises:
generating a two-dimensional scale space representation from each of the
two pictures;
matching each block from a first picture of the two pictures to a closest
corresponding block in the two-dimensional scale space representation
corresponding to the second picture of the two pictures; and
determining a relative blur value between closest corresponding block and

the block from the first picture.

32.  The system of claim 31, wherein the block from the first picture is
selected from the group consisting of blurrier than a corresponding block from
the second picture and has a smaller picture block variance than a corresponding

block from the second picture.

33,  The system of claim 31, wherein generating a two-dimensional scale
space representation comprises applying a family of parametric convolving

gaussian kernels to each of the two pictures.

34.  The system of claim 30, wherein the process further causes the processor

to apply a clustering algorithm to the depth map.
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35.  The system of claim 30, wherein the computing the picture depth map
further comprises:
computing the picture depth map based on the relative blur and an

absolute blur contributed by an imaging acquisition unit.

36.  The system of claim 35, wherein computing the picture depth map
comprises:

generating a two-dimensional scale space representation from each of the
two pictures;

generating the blur map from the two pictures and the set of two-
dimensional scale space representation; and

calculating, from a blur map entry, the picture depth map entry using the

equation

d, = /D
’ D—f_—zr.'fnumber ’

where fis the camera lens focal length, D the distance between the image plane

inside the camera and the lens, r is the blur radius of the image on the image

plane and frumper 1S the frumeer of the camera lens.

37.  The system of claim 35, wherein generating the blur map comprises:
computing a blur value from the relative blur value and the absolute blur;
and
copying the blur value associated with the closest corresponding block

into the corresponding entry of the relative blur difference map.

38.  The system of claim 30, wherein the two pictures are captured with an

identical blur directionality.
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39.  The system of claim 30, wherein the computing the picture depth map
uses the equation

f * (f;wmberZ * D4 — j;mmberl * D3)

d, =
2%k * (7‘1 - 7'2) * f berl * f ber2 + f berl *D4 - f;‘mmber2 *D3 +f * (f;mmberZ - f;mmberl)
, where f'is the camera focal length, D3 the distance between the image plane

inside the camera and the lens for the first picture, fuumper 1S the frumeser of the
camera lens for the first picture, D4 the distance between the image plane inside
the camera and the lens for the second picture, fuumber2 1S the frumser of the camera

lens for the second picture, k(rI-r2) is the relative blur.

40.  The system of claim 30, wherein the two pictures are captured with the

opposite blur directionality.

-36-



WO 2007/022329

1/16
100
\\ 120
Control
Unit
104 E Image
Aquisition Lens
Unit 108
image 102
Storage
Unit
108

PCT/US2006/032076

Figure 1



WO 2007/022329 PCT/US2006/032076

2/16
200
204
202 l 206
l _____ az - / 208
% B
| ‘%\1
e do 1 g ? l 210
3 T s /4 g
214 A \

Figure 2



WO 2007/022329 PCT/US2006/032076

3/16

prhotograph.

312

Figure 3



PCT/US2006/032076

WO 2007/022329

4/16

{ ainbi4




WO 2007/022329

5/16

500

/

Capture two
pictures, f; and f;

502

'

\

For each group
of similarly located
blocks in the picture
sequence

510

Computer relative
blur between two
pictures
504

v

Store absolute blur
512

/

A

Compute lens
absolute blur
506

Store relative blur
514

'

Select analysis
block size

508

Determine blur
value a (or a’)

516

PCT/US2006/032076

v

!

Figure 5

" | Store result in blur

map 1 (or 2)
518

Generate picture
depth map
522

End Loop
520

|

Apply clustering
algorithm to depth
map
524




WO 2007/022329
6/16

)

Convolve f; and f, with a

set of discrete gaussian
kernels to form picture
sequences g: and g,

602

l

Define Analysis
Block Size

604

PCT/US2006/032076

No

'

For each picture
block pair in f; and
fa
606

v

Comp‘ute the image
intensity variance for the
picture blocks in f; and f,

608

Is f; picture
lock variance greater

than f, picture block
variance?
610

Determine picture in g, picture
sequence containing a similarly
located block that most closely
matches f; picture block
614

Determine picture in g4 picture

sequence containing a similarly

located block that most closely
matches f, picture block

612

!

Store relative blur value

Figure 6

7 616

End Loop
618




WO 2007/022329

fi(x.y)
702

PCT/US2006/032076
7/16
h(X,Y,fn) pl  G{XYin)
T04N 706N Coarse
@)
O O
O @)
h(x,y,rz) . gi(x,y,r2)
704B 7068
h(x,y.r1) Gi(X.Y,r1) Fine
104A 706A

—

2D gaussian 2D gaussian scale
convolving kernels, space representation
h(x, y, ) of fi(x.y)

Parametric family of

Figure 7



WO 2007/022329 PCT/US2006/032076

8/16
800
f1 f2
802A 802B

804A 8048
V1 V2
806A 8068

Figure 8



WO 2007/022329 PCT/US2006/032076

9/16
500
f, au(X,y,r1) 95(%,y,f2) gs(X.¥,rn)
202 904A 9048 904N

/V\ —~ \H\A\
/uT \? I [T

! [

/
Block Errory 2‘90-321 ", Bg‘gog‘éz Errory Blocky
906 910A 9108 910N 908N
Min(Errory, Efrory, ..., Errory) = Errofa
™.
N Relative blur value
—— assoclated with
Biocks
914

Relative blur map

912

Figure 9



WO 2007/022329

Figure 10

10/16

Focus on a fixed
test pattern located
at infinity
1002

Change focus to
one meter,
measure blur of
fixed test pattern

1004

Store absolute blur
difference in
lookup table

1006

PCT/US2006/032076

1000



WO 2007/022329 PCT/US2006/032076

11/16
Bl
gjén;p Depth Map
1102
Depth map
computation ﬂ
1108 ]
/‘—h \
/
Th
Blur Radius, n Distance, d,
1104 1106

Figure 11



WO 2007/022329 PCT/US2006/032076

......................

/
N
E

3

] w 1 & 1 1214
,12 ‘/4 — /4 D3‘ <+
1220 1218 \121
1208 | aenk—1208 2 150

do>>dil,do>>di2 | 00 N_ T oenen T 1210 :/
120 '

& —
)

'

Figure 12



WO 2007/022329

Figure 13

13/16

Capture two
pictures using two
different camera
settings

1302

l

Compute blur
difference between
two pictures
1304

l

Compute picture
depth map
1306

l

Apply clustering
algorithm to depth
map
1308

/

1300

PCT/US2006/032076



WO 2007/022329 PCT/US2006/032076
14/16
Control Unit
104
Depth Map Unit
120
Capture
Picture Module
1402
Picture Depth
Map Module
1408
2D Scale
Space Module
1404
Clustering
Module
1410
Relative Blur
Module
1406
Blur Module
1414
Absolute Biur
Module
J412

Figure 14



WO 2007/022329 PCT/US2006/032076

15/16

1500
\ 1502

1512
1514 1504
Client Computer Modem it -
System
1516
1518 1506
Client Computer
System > Modem h—*—F ISP
1508
1520
Web Server
Gateway System |« System
& 1510

Server Computer

1522
System

< LA >
I 1530 L 1532 T 1534

Network Network Network

Interface Interface Interface

Content
1524 1526 1528

Client . Server
Computer ChenSt (:;I;p uter Computer

System y System

—

Figure 15



WO 2007/022329 PCT/US2006/032076

16/16

1600

1604 1608

Processing
Unit

1606
< Bus >
A

Memory

1610 I 1614 I 1616
Display . Non-volatile /O
Controller storage Controller
l 1612 i 161
1 /o
Dlsplay Devices
162
Digital Image
Input Device
Y 1602
Modem or
Network
Interface

Figure 16



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings

