a2 United States Patent

US007577309B2

(10) Patent No.: US 7,577,309 B2

Subbarao 45) Date of Patent: Aug. 18,2009
(54) DIRECT VISION SENSOR FOR 3D 6,750,974 B2* 6/2004 Svetkoffetal. ............. 356/602
COMPUTER VISION, DIGITAL IMAGING, 6,819,790 B2* 11/2004 Suzukietal. ..... ... 382/156
AND DIGITAL VIDEO 7,112,762 B2* 9/2006 Finleyetal. ................ 219/201
OTHER PUBLICATIONS
(76) Inventor: Muralidhara Subbarao, 95 Manchester
La., Stony Brook, NY (US) 11790 U.S. Appl. No. 11/235,724, filed May 11, 2006, Muralidhara Sub-
barao.

(*) Notice:  Subject to any disclaimer, the term of this U.S. Appl. No. 11/242,191, filed May 25, 2006, Muralidhara Sub-

patent is extended or adjusted under 35 garlgo' 1S, Soatto. in “A " b to shave £
. ravaro an . »oatto, 1 geometric approac 0 shape Irom
US.C. 154(b) by 682 days. defocus” (http://www.vision.cs.ucla.edu/papers/

(21) Appl. No.: 11/450,024
(22) Filed: Jun. 10, 2006

(65) Prior Publication Data
US 2006/0285741 Al Dec. 21, 2006

Related U.S. Application Data
(60) Provisional application No. 60/691,358, filed on Jun.

18, 2005.
(51) Imt.ClL
GO6K 9/40 (2006.01)
(52) US.CL ..o 382/260; 382/274; 382/275;
358/3.26; 358/3.27
(58) Field of Classification Search ................. 382/260,

382/274, 275; 358/3.26,3.27, 463
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5,148,209 A 9/1992 Subbarao
6,271,940 B1* 8/2001 Deschuytereetal. ....... 358/504
6,452,686 B1* 9/2002 Svetkoffetal. ............. 356/602

Determine the incident or input phase function ¢,,(x,, »,,z)
at the entrance pupil ENP of the image forming optical system
in terms of the 3D shape parameters z of the shape z(a, )

favaroSoattoOSPAMI.pdf), IEEE Transactions on Patt. Anal. and
Mach. Intell., vol. 27, No. 3, Mar. 2005, pp. 406-417.

S. Chaudhuri and A. Rajagopalan, “Depth from defocus: a real aper-
ture imaging approach”, Springer Verlag, 1999, ISBN 0387986359.

* cited by examiner

Primary Examiner—Yosef Kassa
57 ABSTRACT

A method and apparatus for directly sensing both the focused
image and the three-dimensional shape of a scene are dis-
closed. This invention is based on a novel mathematical trans-
form named Rao Transform (RT) and its inverse (IRT). RT
and IRT are used for accurately modeling the forward and
reverse image formation process in a camera as a linear shift-
variant integral operation. Multiple images recorded by a
camera with different camera parameter settings are pro-
cessed to obtain 3D scene information. This 3D scene infor-
mation is used in computer vision applications and as input to
a virtual digital camera which computes a digital still image.
This same 3D information for a time-varying scene can be
used by avirtual video camera to compute and produce digital
video data.

20 Claims, 13 Drawing Sheets

Y

Determine the characteristic phase transfer function g, (x,, y,,F)
of the image forming lens/optical system in terms of the
lens/camera parameters (e.g. Focal length F, refractive index,
|shape, thickness, and position of lens elements)

v

Determine the emergent or output phase function
B (%05 Y52, F) = 85,30 11, 2) + B (%1, 315 F)

Y

Determine the characteristic reference phase function
.y (%, 55,0, ) in terms of the camera parameter s
that specifies the image detector position and point light source

position (e, 8)

Determine the wave abetration function in terms of the camera
parameters w(xlryua,ﬂJ’F’z) = ¢.,w(xp}’1»z,F)—¢,,f(x1,ypa,ﬂ,s)

Y

Determine the

non-local shift-variant point spread function (SV-PSF) h'
using the wave aberration function w, and express it as a
function of the position of image brightenss measurement,
position of the geometric optics based image of the point light
source, the camera parameters e = (D,F,s,2)

and the shape parameters z

SV-PSF.  h'(x,y,a,pB,e,z)
Determine the expression for the recorded image  g(x, y)
in terms of the SV-PSF  A'(x, y,a, B,¢,2)

and the focused image  f(a, 8)

g =[ [ ry,e.p8.e2) f@p) de dp

Steps in determining the Shift-variant Point Spread Function h*
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Image
Detector

A

Image/video
Data

g(x,y)

3D object

f(x,) S
Camera controller
z(x,y)
o IMAGE PROCESSING COMPUTER
Digital Image

Image normalization and smoothing software
Image derivative computation software
Inverse Rao Transform coefficient computation software
Algebraic equation solving software

Virtual image/video camera software

3D animation software

Digital Video
Focused image f(x,y)

3D shape z(x,y)

New Camera
Parameters

Animation Video e= (D', F v’ s v’ l')

f(xy): Focused image (input from scene to camera)

z(x,y): 3D shape of object surface (input from scene to camera)
g(x,y): blurred image recorded by camera (output from camera)
D: Camera aperture diameter

F: Focal length of lens or optical system

S: lens to image detector distance

lambda: wave length of color channel of image

camera controller: sets D,F,S, lambda.

Figure 1. Direct Vision Sensor: Camera structure,
camera Parameters, and software components
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¢ref (x] s yl) h’(xaya a, ,B, Z, e)

ENP + EXP PS(a, ,8)
* 5 1)
S PM(x, )

ﬁw(xl9y])
B (5 1)

Jou (X 1)
(x,¥)

w(x;, ) =0, — By (&)
(x5¥) (%1, )

3D object

fla,p) &.(0)
z(a,,B) f;'n(xl’yl)

f(a,B) Object point source (focused image)
z(a, ) 3D shape of object
ENP: Entrance pupil
EXP: Exit pupil
¢.,(x,, y,) Phase of incident/input light wavefront /rays
S (x,, y,) Amplitude of incident/input light wavefront/rays
Brens (X151 Phase function added by lens/optical system
Fiens (%,5 y,) Amplitude function added by the lens/optical system
#...(x,, y,) Phase of emergent/output light wavefront/rays
f...(x,, y,) Amplitude of emergent/output light wave front
Grer (X1, 9)) Phase of reference wavefront/rays for output needed for perfect focusing
PS(a,p ) Positionofimage point light source according to geometric optics
PM (x, y) Position of measurement of image irradiance/brightness
w(x,,y,) Aberration function
h' Shift-variant Point Spread Function (SV-PSF)

Figure 2. Forward Image Formation Process



U.S. Patent Aug. 18, 2009 Sheet 3 of 13 US 7,577,309 B2

¢out(xl’yl)
-f;ut(xl’yl)

3D object

f(a’ﬂ) ¢in(xl’yl)

z(a, p) Jin (X1, 1) (x,¥)

(@, )
(x, 1) (x:)

f(a,pB) Object point source (focused image)
z(a, B) 3D shape of object
ENP: Entrance pupil
EXP: Exit pupil
#.,(x,, ¥,) Angle of incidence of input light rays
f.. (x,, y,) Amplitude of incident/input light rays
Brone (X1 ¥, angle of refraction function added by lens system
Frens (X015 V1) Amplitude function added by the lens system
vt (X5 30) Angle of emergence of exit/output light rays
f...(x,,y,) Amplitude of emergent/output light rays
$rer (X0, ) Angle of emergence of of reference light rays that focus at PS.
PS(e , ) Positionofimage pointlight source according to geometric optics
PM (x, y) Position of measurement of image irradiance/brightness
w(x,,»,) RayAberration function
h' : Shift -variant Point Spread Function (SV-PSF)

Figure 3. Similar to Figure 2, but light wavefronts are replaced by light rays.
Forward Image Formation Process



U.S. Patent Aug. 18, 2009 Sheet 4 of 13 US 7,577,309 B2

&, (x> v, 2(a, B))

P (X V1, F32) = @, (%, 1,2) + @, (%, Y, F)
Jou (X5 1) = Lo (X0 V) + Srons (X2 1)

w(x,, y,8,F,2) =8, (x, »,F,2) - 8,..(x, ,,5)

h'(x,y,a, )= S(D, 4,8, (2) + s (F) = 8,5 (5), X, ¥, @, )

h‘(x’ysa’ﬂ)=§(x’y$a,ﬂSZﬂD$F’S’A‘)

h'(x,y,a, B,z,e)
e=(D,F,s,A)

gxy)= [ [ h(xy.apBez2) f(ap) da dB

Figure 4. Relation between important quantities in forward image formation process.
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Scene/Object surface characteristics:
Geometry: 3D shape z(x, )
Photometric: focused image ’ f(a, ,3)

)

Light propagation from object surface to entrance
pupil of lens: encodes the geometric/shape
information in the input phase function

@in (x5 V1,2(x, B))

and the focused image as amplitude function

Sin(as B)
\

CAMERA INPUT INCIDENT ON ENTRANCE PUPIL ENP

@, (X150, 2(, B)) fi.(x, B)

v

Light propagation through the image forming

optical/lens system .

Adds the characteristic lens phase function ¢1ens (xl s Vi F )
dependent on lens parameter focal length F

to the input phase function ¢,-,, (JC, s Vi» z(x, B))

The light emerging from the exit pupil has the

phase function ¢ (x,,y,,Z,F)=4¢,(x,¥,,2)+ @, (X, 1, F)

The amplitude
is usually unaitered as light absorption
by the lens system is negligible.

fout(asﬂ) = .fin(a,ﬂ)— .f}ens(a9ﬂ)
Jiens (&>, ) =0
Jou (s, B) = fi,(a, B)

\

Figure S5A: Forward Image formation process (continured in Fig. 5B)
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'

Light propagation from the exit pupil to the image detector. This effectively subtracts the
reference

phase function, ¢ref (x, ), £.5)

which is a function of the camera parameter s.
This phase function corresponds to the phase
needed for perfect focusing of the object point.

The deviation of the actual light from the exit pupil
fram the reference phase function represents the
light aberration function that causes a point to blur or
spread out on the image detector.

w(x, y,,a, 3,5, F,z2) = ¢aut(x]’yl’z’F)_¢rej(x]9yl’a9ﬂ’s)

A point light source which would have*ocused at pPS(a,p)
according to geometric optics, spreads into a blurred light blob
specified by the non-localized shift-variant point spread function (SV-PSF)

h'(x,y,a,f,e,z)

where e is the vector of camera parameters € = (D, F, s, /1)
on the image detector where the brightness is measured at the point . P M (x, y)
The SV-PSF is determined by the light aberration function

w(x,, ¥, &, B8, F,Z)

and the camera aperture diameter D.

The total measured image brightness at a point PM (x, y)

is the total sum of the brightness distribution produced at that point
by all point light sources in the vicinity of that point.

g(x, )= [ [ h(x,y,a,B,e,2) f(@,B) da dp

This summation step is the first place where the geometric information and
the photometric information are merged in a complex way to produce the
single measured quantity-- the image brightness. The main problem of
inverse optics then is to separate the photometric and geometric informations
given the blurred image.

Image/video data output g (x, y)

Figure 5B. (Continued from Fig. 5A) Forward Image Formation Process.
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Input P blurred images 8 p (x,y, € Z, f(x,y))
recorded by a camera with

camera parameter settings €, = (Dp, Fp, Sps Ap)
of an object with focused image f(x,y)

and 3D surface shape z(x,y)

'

Normalize image for
Mean brightness and
magnification

Y

Apply noise reduction filter

Y

Compute derivatives
g, (x,y)

Y

Use Rao Localization Transform (RLT) and Inverse Rao Transform (IRT) to decouple
the effects of photometric information f(x,y) from the 3D geometric information z(x,y), and
express the relation between them and the recorded images in terms of the

Inverse Rao Transform Coefficients. These IRT coefficients depend

only on the camera parameters and the 3D shape, but, due to decoupling, they do not
depend on the focused |mage The desired expression has the form:

=33 S'pm<¢mf<s>+¢,m(F>+¢,,.(z) D, 1) g

n=0 i=0

Figure 6A. Conceptual schematic diagram of Inverse Optics or Inverse Imaging in a Virtual Inverse
Camera (VIC) (continued on Fig. 6B).
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{

Propagate the light backwards from the image detector to the exit pupil of the
lens/optical system by substituting numerical values for the reference phase function in
terms of the distance S from the image detector to the exit pupil, to obtain an expression
that does not contain the reference phase function

fx) =Zznv..S’p,n,,- (6 (F)+,(2),D,2) g

n=0 i=0

Propagate the light backwards from the exit pupil to the entrance pupil of the
lens/optical system by substituting numerical values for the lens phase function in
terms of the focal length F to obtain an expression that does not contain the lens phase

function .
f&0)=2.8 i (8,(2),D, ) g™

n=0 i=0

Propagate the light backwards from the entrance pupil to the object surface in the scene
by substituting for the lens phase function in terms of the camera parameters
and the parameters of the 3D surface shape z to obtain

FE0) =Y §ns @) g0

n=0 i=0

Y

N n
— (n-i,i)
f(xiy) - Z Z S'p,n,i (Z) gp
n=0 i=0
to obtain the focused image f(x,y) and the 3D shape z(x,y)

v

Output 3D shape z(x,y) and focused image f(x,y)

Figure 6B. (Continued from Fig. 6A) Conceptual schematic diagram of Inverse Optics or Inverse
Imaging in a Virtual Inverse Camera (VIC).

Solve the system of P equations




U.S. Patent Aug. 18, 2009 Sheet 9 of 13 US 7,577,309 B2

Determine the incident or input phase function ¢,,(x,,y,,2)
at the entrance pupil ENP of the image forming optical system
in terms of the 3D shape parameters z of the shape z(a, 5)

Y

Determine the characteristic phase transfer function ¢_ (x,, y,,F)
of the image forming lens/optical system in terms of the
lens/camera parameters (e.g. Focal length F, refractive index,
shape, thickness, and position of lens elements)

Y

Determine the emergent or output phase function
¢out(x19yl’Z’F) = ¢in(x1’y19z)+ ¢[em(x]’y13F)

Y

Determine the characteristic reference phase function
B (X, 11,5, @, B) in terms of the camera parameter s
that specifies the image detector position and point light source

position («, )

Determine the wave aberration function in terms of the camera
parameters w(x,y,a,B,s,F,z)=4,,(x,,2,F)-¢.(x,y,2B,5)

v

Figure 7A. Steps in determining the Shift-variant Point Spread Function h'
(continued on Fig. 7B).
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Determine the

non-local shift-variant point spread function (SV-PSF) h'
using the wave aberration function w, and express it as a
function of the position of image brightenss measurement,
position of the geometric optics based image of the point light
source, the camera parameters ¢ = (D,F,s,A)

and the shape parameters z

SV-PSF: h'(x,y,a,f,e,z)
Determine the expression for the recorded image g(x, y)
in terms of the SV-PSF  h'(x, y, 2, B,e,2)

and the focused image f(a, f)

g, = [ [ h(x.p.a,B.e2) f(a,B) da dp

Figure 7B. (Continued from Fig. 7A) Steps in determining the Shift-variant
Point Spread Function h'
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Determine non-local SV-PSF of

the camera /'(x,y,a, B,¢,,2)

y

Determine localized SV-PSF of
the camera using Rao
Localization Transform

h(x,y,a,p,e,,z)
=h'(x+a,y+ B,x,y,¢,,2)

v

Determine the moment Jy(m.m)
parameters of SV-PSF " p.isk

v

Find Rao Transform (RT)

Coefficients S
where N on pomt )
g,(6n=2.2.8,.. /"
n=0 i=0

Y

Find Inverse Rao Transform
(IRT) Coefficients S pomi
where

0,0 R i i
f( ,0) — ZZ S’p’n’i g;n—l,l)

n=0 i=0

\

Figure 8A. Method of the invention: steps in inverse optics (continued in Fig. 8B)



U.S. Patent Aug. 18, 2009 Sheet 12 of 13 US 7,577,309 B2

v

Record P images ~ g,,(X)
with camera parameter setting

€ :(DP’FP’SP’;LP)

y

Apply noise reduction fiiter

Y

Normalize image for
Mean brightness and
magnification

Y

Compute derivatives
gy (x,y)

Y

[Solve the system of equations

. .
f(x, y) = f(0,0) — z Z S’p,n,i g;n-t,l)

n=0 =0

\

Figure 8B. (continued from Fig. 8A) Method of the invention: steps in inverse optics
(continued in Fig. 8C)
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Solve the system of equations
(0.0) Ry (n-i,i)
f)=r=3 > 8me "
n=0 i=0
Generate focused image Generate 3D shape
f(x,y) z(x,¥)
> 3D computer
—P vision application
: —>>
Desired ) Digital Image
camera »1 Virtual Camera
parameters
e=(D,F,s,A)
Desired ™ Virtual Video Camera |y Digital Video
camera -
parameters
e=(D,F,s,A)
—._.’ .
3D special Animation
effects > 3D Animation > video
3D motion -
e=(D,F,s,4)

Y VY

Other Applications

Figure 8C. (continued from Fig. 8B) Method of the invention: steps in focused image and
3D shape generation, Virtual Camera, Virtual Video Camera, and 3D Animation.
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DIRECT VISION SENSOR FOR 3D
COMPUTER VISION, DIGITAL IMAGING,
AND DIGITAL VIDEO

This patent application is a continuation of the following
Provisional Patent Application filed by this inventor:

M. Subbarao (Rao), “Direct Vision Sensor for 3D Com-
puter Vision, Digital Imaging, and Digital Video”,
USPTO Application No. 60/691,358, Filing date: Jun.
18, 2005.

This patent application is substantially and essentially the
same as the above Provisional Patent Application. The main
differences are in minor improvement to the description of the
method of the present invention and clearly specified claims.

1.1 BACKGROUND OF THE INVENTION

The present invention relates to a method and an associated
apparatus for directly sensing both the geometric and photo-
metric visual information in a three-dimensional (3D) scene.
Geometric information specifies the three-dimensional
geometry or shape of visible surfaces in the scene. Photomet-
ric information specifies the brightness and color of visible
surfaces in the scene. The method and apparatus are based on
a novel mathematical transform named Rao Transform (RT)
for accurately modeling the forward image formation process
in a camera which is in general a linear shift-variant integral
operation. This new transform and its inverse—the Inverse
Rao Transform (IRT)—were invented recently by the author
of the present invention. IRT facilitates accurately inverting
the shift-variant image formation and sensing in a digital
camera to recover the 3D scene. While RT provides an exact
method for modeling the forward optics in an image forming
optical system, IRT provides a direct and exact method for
inverse optics or inverting the image formation in an optical
system to recover the visual information in a 3D scene. There-
fore, the method of the present invention is named the Direct
Vision Sensing Method (DVSM) and the apparatus of the
present invention is named the Direct Vision Sensor(DVS).

The 3D geometric and photometric information of the
scene recovered using the Rao Transform is used in computer
vision applications. Also, this 3D scene information is pro-
vided as input to a virtual digital camera which computes the
digital still image. This same 3D information for a time-
varying scene is used by a virtual video camera to compute
and produce digital video data. This video data generation
method can be used to create animation videos by moditying
the photometric and 3D geometric information based on
desired 3D motion, deformation, color change, illumination
change, etc., and then computing the video data for a camera
with desired camera parameters.

1.2 DESCRIPTION OF PRIOR ART

Finding the geometric and photometric informationina 3D
scene using a camera system has applications in the fields of
robotic/machine vision, digital imaging, and videography. A
method and apparatus for finding such 3D information is
disclosed in the patent

“Passive ranging and rapid autofocusing,” U.S. Pat. No.

5,148,209, Sep. 15, 1992, by the author of this present
invention (M. Subbarao).

However, this method and apparatus are useful only when the
3D geometry of the scene is approximated by a piecewise
constant plane perpendicular to the line of sight. In other
words, the image formation process is approximated by a
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2

piecewise linear shift-invariant or convolution operation.
However, in general, the image formation process should be
modeled by a linear shift-variant operation instead of a shift-
invariant operation due to the complex shape of objects in the
3D scene such as inclined planes or curved surfaces instead of
a plane perpendicular to the line of sight.

Another method that uses a linear shift-variant imaging
model is disclosed by

P. Favaro and S. Soatto, in “A geometric approach to shape
from defocus™ (http://www.vision.cs.ucla.edu/papers/
favaroSoattoOSPAML.pdf), IEEE Transactions on Patt.
Anal. and Mach. Intell., Vol. 27, No. 3, March 2005.

But this method is based on regularization which is a heuristic
assumption. This assumption is often incorrect in a physical
camera. Another method is disclosed by

Rajagopalan and Choudhury (S. Chaudhuri and A. Raja-
gopalan. Depth from defocus: a real aperture imaging
approach, Springer Verlag, 1999).

It is based on a statistical approach (e.g. maximum likelihood
estimation) which is again a heuristic approach rather than
physical reality. Therefore, this method too would often yield
incorrect or approximate results in practice rather than accu-
rate results. None of the prior techniques use a method where
the linear shift-variant operation that takes place in the image
formation process is inverted exactly as is done in the method
of the present invention. In the method of the present inven-
tion, the novel Inverse Rao Transform provides an exact
method for inverting the shift-variant image formation pro-
cess in practical camera systems. Application of Rao Trans-
form to the restoration of shift-variant blurred images is
described in:

M. Subbarao (Rao), “Methods and apparatus for comput-
ing the input and output signals of a linear shift-variant
system”, U.S. patent application Ser. No.: 11/235724,
filed on Sep. 26, 2005.

Application of Rao Transform to solving integral and differ-
ential equations is described in:

M. Subbarao, “Unified and localized method and apparatus
for solving linear and non-linear integral, integro-differ-
ential, and differential equations”, U.S. patent applica-
tion Ser. No.: 11/242191, filed on Oct. 3, 2005.

1.3 SUMMARY OF THE INVENTION

An object of the present invention is a Direct Vision Sens-
ing Method (DVSM) and a Direct Vision Sensor (DVS) appa-
ratus for recovering the 3D geometry (i.e. shape of visible
surfaces) and photometry (i.e. focused images) of scenes
using an accurate modeling of the imaging process. This
accurate modeling ofthe imaging process is made possible by
the Rao Transform (RT) which is a novel mathematical trans-
form invented recently by the author of the present invention.
The 3D scene information is recovered directly by inverting
the image formation process in a camera system. This inver-
sion process is accomplished using the novel Inverse Rao
Transform (IRT) invented by the author of the present inven-
tion.

Another object of the present invention is a method and an
apparatus for digital imaging of'a 3D scene by a camera with
desired camera parameters. The camera parameters include
the aperture diameter (D) of the camera, focal length (F),
image detector position (S), and the spectral sensitivity wave-
length (1) of the image detector.
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A further object of the present invention is a method of
estimating system parameters and recovering input signal in
any instrument that can be modeled as a linear shift-variant
system.

The method of determining the shape z(x,y) and the
focused image f(x,y) of an object includes the steps below.

1. A set of P images g (X,y) with different camera param-
eter settings e,=(D,,s,,{,,A,) for p=1,2.3, . . . | P, is
captured.

2. All of the captured images are preprocessed to obtain a
set of normalized images. The normalized images are
such that each is equal to the linear integral of the prod-
uct of the focused image of the object with a correspond-
ing shift-variant (SV) point spread function (PSF) of the
camera characterized by the respective set of camera
parameter values.

3. A set of derivatives gp(’"’”)(x,y)of the normalized images
are computed to obtain a set of image derivatives where
m and n are the order of the derivatives with respect to x
and y respectively. Here, m and n are integers O, 1, 2,

, ..., €tC.

4. If the original PSF ' is not localized, then determine the
localized PSF h from non-localized PSF h' using the
novel Rao Localization Transform (RLT) invented
recently by the author of the present invention as fol-
lows:

h(xyo,pe,z)=H (x+a,y+Px,yse,2).

5. Derive a set of expressions for the various moments of
the derivatives of the SV-PSF h, J(’”’")(x,y,(x,ﬁ;ep,z)in
terms of the camera parameters and shape parameters.

6. Derive a system of P equations that expresses the
focused image f(x,y) as a weighted sum of the deriva-
tives of the normalized images gp(’”’")(x,y). This is done
using the Inverse Rao Transform (IRT) for shift-variant
image blurring. The weighting coefficients for the image
derivatives are the IRT coefficients. These coefficients
are expressed as functions of the camera parameters e,,
and the shape parameters z.

7. Solve the resulting system of algebraic equations to
obtain all the unknowns including the focused image
f(x,y) and the 3D shape z(x,y) in terms of its parameters.
The equations are in general linear algebraic equations
posing no difficulty in solving them. The shape param-
eters may include object distance, slope, curvature, etc.,
ata point. The focused image could be used as the image
output of a digital camera, and the shape information
could be used in robot/computer vision applications.

8. In the method of digital imaging, the focused image and
3D shape parameters obtained in Step 7 above, along
with desired camera parameters are provided as input to
a virtual camera implemented in software. This virtual
camera performs computer simulation of a camera with
given camera and scene parameters, and generates the
image that would be recorded by a corresponding real
physical camera.

9. In the method of digital video recording, digital imaging
as in Step 8 above is performed at a series of time instants
that are a very small time interval apart (e.g. 1/30 of a
second) for a dynamic or changing 3D scene, and the
image frames thus computed at a sequence of successive
time instants are synthesized in software to produce a
video recording of the scene.

10. In the method of generating animation video, the
focused mage f(x,y) and shape z(x,y) are first computed
as in Step 7 above. Then, this information is modified
suitably as desired to get a new focused image f'(x,y) and
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7'(x,y). The change may include color change, shape
deformation, change in lighting, etc. Further, effects of
3D motion including translation and rotation can be
included to generate the new image f(x,y) and shape
7'(X,y). These can be taken as input along with the
parameters of a new virtual camera and an animation
video is generated using an animation software.

1.4 ADVANTAGES

An important advantage of the present invention is that it
does not involve using approximations or heuristics in recov-
ering the 3D shape parameters of a scene. This is accom-
plished by accurately modeling the image formation process
(which is shift-variant) in a camera based on the novel Rao
Transform. The focused image and the 3D shape parameters
are obtained using the inverse Rao Transform.

The present invention is not restricted by the form of the
point spread function of the camera. It is applicable to any
camera system that can be modeled as a linear shift-variant
system. Therefore it is applicable even in the presence of
significant optical aberrations and image distortion caused by
diffraction. In particular, the present invention is applicable
but not restricted to Gaussian, cylindrical, an physical/wave
optics based point spread functions. In the present invention,
the Point Spread Function is characterized completely in
terms of the relevant camera parameters, and shape param-
eters, thus accounting for diffraction effects and lens aberra-
tions.

The present invention is also general and therefore many
camera parameters can be changed simultaneously instead of
changing only one camera parameter at a time. Further, it
generalizes the method of determining shape and focused
image to determining other camera parameters that may be
unknown. It also generalizes the method to any linear shift-
variant system for estimating any number of system param-
eters and estimating the input signal.

Further advantages of the present invention will become
apparent hereinafter to those with ordinary skill in the art to
which the present invention pertains.

2. BRIEF DESCRIPTION OF THE DRAWINGS

For a further understanding of the objects of the present
invention, reference is made to the following description of
the preferred embodiment which is to be taken in connection
with the accompanying drawings.

FIG. 1 shows a block diagram of the Direct Vision Sensor.
A surface patch of an object in the 3D scene is illuminated by
a light source. Part of the light is reflected by the surface
patch. For each point on the surface patch, a cone of light rays
can be visualized with the tip of the cone at the point on the
surface and the base of the cone located at the aperture of the
camera or lens. These light rays are intercepted and refracted
by the lens and an image is formed on the image detector. In
terms of wave or physical optics, the light reflected from the
point on the surface patch propagates as a wavefront and part
of this wavefront is intercepted by the lens aperture or the
entrance pupil. The input to the camera is this wavefront. This
wavefront encodes the photometric information f{(x,y) in the
form of the amplitude of the wavefront. Amplitude is used to
recover the focused image of the surface patch. The amplitude
distribution is assumed to remain constant at each point on the
entrance pupil or the aperture. This is a fairly accurate
approximation as the aperture diameter D is usually much
smaller than the distance of the surface patch from the aper-
ture.
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The phase distribution function ¢,,(x;,y;) on the entrance
pupil encodes the distance and shape information. This phase
distribution is exploited for recovering the distance and shape
z(x,y) of the surface patch. By recovering and synthesizing
the focused image and shape of each visible surface patch in
the scene, the full focused image and shape or geometry of the
entire visible scene can generated.

The diameter of the aperture is denoted by D. The camera
includes an image forming lens or an optical system with
focal length F. Lens to image detector distance is S and the
color or wave length channel sensed by the image detector is
A. A camera controller can control these camera parameters
e=(D,F,s,A\).

Direct Vision Sensor also includes an image processing
computer with software components for (i) image normaliza-
tion for standardizing the image with respect to mean or
average brightness and magnification, (ii) smoothing or noise
reduction filter, (iii) image derivative computation, (iv)
Inverse Rao Transform coefficient computation, (v) algebraic
equation solving, and optionally, (vi) Virtual image/video
camera simulation, and (vii) 3D animation computation.

FIG. 2. illustrates the forward image formation process in
terms of wave optics. A wavefront originating from the object
surface patch propagates to the entrance pupil. The amplitude
of this wavefront contains the photometric information and
the phase of this wavefront contains the geometric informa-
tion. The diverging incident wave front becomes a roughly
converging wavefront after propogation through the lens/
optical system. This can be modeled by adding a phase func-
tion ¢,,,,(X;,y, )Which is a characteristic of the lens/optical
system (or its focal length F). Therefore the wavefront that
emerges from the exit pupil is given by ¢,,.(X;.y1)=,.(X,
V1)+;.,.s(X1,¥1). Usually, the amplitude is not changed as the
light absorbed by the lens/optical system is negligible, i.e
Lo 1Y DL (X 10Y D~ Lrons (X1, )=IX LY 1)

IfPS is a point on the image detector where the image of the
point on the surface is formed according to geometric optics,
then a hypothetical spherical wavefront emerging from the
exit pupil that would converge perfectly at the point PS serves
as a reference wavefront ¢, (x,,y,). The deviation of the
actual wavefront emerging from the exit pupil from this ref-
erence wavefront defines the wave aberration function w(x;,
Y100, (X1,¥ 1 )+, (X, ). This aberration function deter-
mines the SV-PSF of the optical system.

PM is the point where image brightness is measured. Since
the SV-PSF spreads into a blob, the point source correspond-
ing to the geometric image at PS contributes some value to the
brightness measured at PM.

FIG. 3. is almost identical to FIG. 2 showing the forward
image formation process, but light wavefronts are replaced by
light rays. This Figure is included to emphasize the fact that
the method of the present invention can be extended to the ray
optics model of image formation. In this case, the wavefront
phase functions can be replaced by functions that specify the
unit vectors of rays at each point of the entrance pupil, exit
pupil, the effect of the lens system, and the effect of the point
PS by considering a reference cone of rays. The SV-PSF can
be computed by considering the deviation/difference
between the unit vectors of actual rays and the reference rays.

FIG. 4. shows the relation between important quantities in
the forward image formation process in terms of wave optics.

FIGS. SA and 5B show a detailed model of the forward
image formation process.

FIGS. 6A and 6B show a conceptual schematic diagram of
inverse optics or inverse imaging in a Virtual Inverse Camera
(VIO).
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FIGS. 7A and 7B show steps in determining the Shift-
variant Point Spread Function (SV-PSF) h'.

FIGS. 8A, 8B, and 8C show the Method of the present
invention. They include steps in inverse optics, steps in
focused image and 3D shape generation, Virtual Camera,
Virtual Video Camera, and 3D Animation.

3. DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 1 shows the Direct Vision Sensor (DVS), the camera
system structure, camera parameters, and the software com-
ponents. The camera is characterized by a set of camera
parameters. The camera parameters are: (i) the distance s
between the lens/optical system and the image detector, (ii)
the diameter D of the camera aperture, (iii) the focal length F
of'the optical system, and (iv) the spectral sensitivity charac-
teristic A of the image detector. The values of the camera
parameters s, f, A, and D, are changed or adjusted as needed
using a camera controller. This set of camera parameters are
grouped together into a vector and denoted by e=(D,F,s,A).

The input from the scene to the camera are the focused
image f(x,y) of the scene, and the geometry or 3D shape z(x,y)
of'the scene. The focused image {(x,y) specifies the amount of
light received from a particular direction of the scene speci-
fied by (x,y). The geometry z(x,y) specifies the 3D shape of
the object with respect to the camera along the direction
specified by (x,y). The values of the set of camera parameters
{\,s,£,D} are set by the camera controller. The output of the
camera is a recorded image g(x,y) which is in general blurred.
The output of the camera corresponding to different camera
parameter settings/values e, ={} ,s,,f,D,}, is denoted by
g, (x,y)for p=1,2, . . ., P. The value of P, the number of
different camera parameter settings and corresponding
images g (x,y) recorded, is at least as large as the total number
of'shape parameters in z plus 1, where the extra 1 is needed to
account for the focused image parameter f(x,y) which is also
unknown. When images are noisy, in order to reduce the
effects of noise and obtain more accurate results, one may use
more images than the required minimum by increasing the
value of P.

DVS includes an image processing computer with the fol-
lowing software components (i) Image normalization and
smoothing or noise filtering software, (ii) Image derivative
computation software, (iii) Inverse Rao Transform coefficient
computation software, (iv) Algebraic equation solving soft-
ware. Optional software components include (v) Virtual
image/video camera software which can generate image/
video data given 3D scene parameters, i.e. focused image
f(x,y) and shape z(x,y), and given the new camera parameters
e=(D'F',s'\"). It may also include a 3D animation software
component when animation video is needed as output. In this
case also, the scene parameters, new camera parameters, and
any 3D motion and shape parameters needed for animation,
are all taken as input by the image processing computer so
that the desired animation can be generated as output.

The noise filtering or smoothing software is applied to
image data to reduce the effects of noise. The image normal-
ization software is used to convert different images recorded
with different values for the set of camera parameters e, to a
standard format. This conversion process is called image
normalization. Typical normalization steps include mean/av-
erage brightness normalization so that mean brightness of
different images are the same, and magnification normaliza-
tion so that the magnification of different images are all the
same. The normalization processing is such that the resulting
images will be related to the focused image f(x,y) by a linear
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definite integral of the product of the focused image f(x,y) and
anon-local shift-variant point spread function (SV-PSF) h'(x,
¥,0,B,€,,,Z)characterized by the camera parameters e, and the
shape parameters z. As explained later, the shape parameters
typically include object distance, slopes of the tangential
plane, local curvature of the surface of the object or scene, etc.

The non-local point spread function of the camera is
denoted by h'(x,y,c.f3,e,,z) where (x,y) specifies the position
where the brightness is measured, and (c.,f3) is the position of
the corresponding point source. Also e,={A,.s,.f,D,}
denotes the values of the set of camera parameters corre-
sponding to a specific value of p where p=1,2,3,...,P. z
denotes the shape parameter vector defined as below.

Surface shape is represented by the function z(x,y) where,

M

K &
206, y) = Z Z Z(n,kfn)xnykfn

k=0 n=0

iy _ 8T ) 2
= T, A%

dxn Gyk—n Y
2= (00, {00, L00 L0 LD L. 0K (©)

Note that the components of the shape parameter vector z can
be associated with meanings such as:
£0:0)

S1:0)

represents the surface distance at the image point (x,y),

represents the horizontal slope of the tangent plane of
the surface at (%, y),

71 represents the vertical slope of the tangent plane of the
surface at (x, y),

7% represents the horizontal curvature of the surface at

(X,¥)s

etc. Theoretically, K can be very large depending on the
desired accuracy. However, in practice, since image measure-
ment and estimating its derivatives cannot be done accurately,
K is limited in practice to be 0, 1, or 2 at most. If K is limited
to 0, then the object surface in a small field of view is approxi-
mated by a flat surface at a constant distance. When K is set to
1, then the surface in a small field of view is approximated by
its tangent plane. A tangent plane has both distance and slopes
associated with it, but no curvature. When K is set to 2, then
the surface in a small field of view is approximated by a
quadratic surface patch which can have non-zero curvature
associated with it in addition to distance and slopes. In many
practical applications, K=1 suffices. However, theoretically,
the method of the present invention does not impose any
restriction on the value of K. It can be a very large number
without any limit.

The relation between the shift-variant blurred image, the
focused image, and the non-localized shift-variant point
spread function (SV-PSF) is given by

8 )=] 7] " (xp0pe,2)a,B)dadp *
The method of the present invention uses a relation equivalent
to the above equation. This equivalent relation is derived
using the Rao Localization Transform (RLT) which was
invented recently by the author of the present invention. A
localized SV-PSF h(xy,a,B,e,,2) is defined in terms of the
non-localized SV-PSF as follows:

h(x,y,0,B,.e,,2)=H (x+0,y+B,%,.€,,7) (5)
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Using the new localized SV-PSF, we use the Rao Transform
(RT) to relate the shift-variant blurred image and the focused
image as below:

& 1)=] " [ -, y-B,a.B.e, ) - y-B)
dadp (6)

In the above equation, h(x,y,a,B,e,,z) is the SV-PSF where x
and y are shift-variance variables and o and [ are spread
function variables. It should be noted that Equation (6) is
exactly equivalent to Equation (4). This can be proved using
Equation (5).

The following notation will be used to represent partial
derivatives of g (x,y), {(x,y), and the moments of h(x,y,c.,(,
€,,2):

m gn (7)
(m,n) _

& S g By”gp(x’ y)

an (8)

(mn)

! a3y fex,

plmn) — plmn) i " ©)
b = (X, y, @ B ey, 2) = Erziee hix, y, @, B, ep, 2)

K = W, v, @, B (10)

S ) A dad
—Imimw 73 By x, y, @, B, ep, D)dad

form, n, i, k, p=0,1,2,--- .

Using the above notation, the Taylor series expansion of
f(x-a,y—f) around (x,y) up to order N and that of h(x—c.,y"p,
a,B,e,,z) around the point (x,y,a,3) up to order Mare given by

N N (11
T=ay=p= )y G if
i=0

n=0
M n (12)
Wk =, y= B o By e ) = Z an Y| CRQ I Bl
o =0

where C7 and C7' are the binomial coefficients defined by

oM
P plk - p)!

and a, and a, are constants defined by

a3

(-1f (14)

ko

a, =

In theory, there is no limit to the values of M and N. They
can be very large integers. Larger their value, more accurate
the image formation model. However, in practical applica-
tions, both of them will have values of 4 or less because
computing the derivatives of order higher than 4 gives very
noisy images. This noise is a result of the limited measure-
ment accuracy (e.g. quantization of images to 8 or 16 bits, and
the presence of electronic noise) of the image sensor technol-
ogy. Itis not a result of the method of the present invention. If
image brightness can be measured with more accuracy, then
larger values can be used for M and N yielding correspond-
ingly more accurate results. Therefore, in theory, the method
of the present invention does not have a limitation on accu-
racy.
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Substituting the above expressions into the Rao Transform
of Eq. (6) and simplifying, we get

(15)
&%, y) =

n M
—1,i (m—J,j)
a, g gt ’g amZCThpm v
= =0 meo 0

The above equation,can be rewritten as

N n N (16)
806 1) =D > Spnaf
7=0 i=0
where
n
Spnl = anC % “'"Z thgnmi;{)‘ — it

m=0

We can now write expressions for the various partial deriva-
tives of g as

N n (18)
g9 = Z 6_6_ [y F740].

L4 L4 dx7 By
for p+q=0,1,2, . . . ,N. Here r is an integer taking the values
1,2,3, ..., P. It was earlier denoted by p, but changed to r to
avoid confusion. Note that
P M—(ptg) (19)
(pq) Cpln=ii) n m g (= j+p,j+q)
Sl = 3 e i = Z an Y CHIGETEE,
m=0
and
o 9 20)
= gy — pln— t+pt+q)
OxP 9yq ! =/
The above equation for g,#*? for p,g=0,1,2, . . . N and

0=p+q=N constitute (N+1)(N+2)/2 equations in as many
unknowns %9, The system of equations for g, % can be
expressed in matrix form with a suitable RT coefficient matrix
of'size (N+1)(N+2)/2 rows and columns. These equations can
be solved algebraically to obtain f#*, and in particular, f©:
oin terms of the camera parameters e, and the shape param-
eters z. The solution for 2 can be expressed as

2D
(n—i.i)

pn,i8p

N n
fan=f0"=3 s

n=0 i=0

where S', are the Inverse Rao Transform (IRT) coeflicients.

These coefficients depend both on the camera parameter set-
ting e, and the shape parameter z. Therefore they can be
denoted by 8',,, {(z) to explicitly show their dependence on
shape. Therefore the above equation can be written explicitly
in terms of the unknown focused image and the unknown

shape parameters z=(z"",z9, 7 729 yas
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@2)
for = f‘°°’—ZZ Spui(Dgy ) for p=1,2,3, -, P

n=0 i=0

where P is more than or equal to the total number of unknowns
which is the total number of unknown shape parameters "
plus one more due to the focused image -* which is also
unknown. Above we have a system of P equations where the
total number of unknowns is P or less. Therefore, they can be
solved in general to obtain all the unknowns which comprise
the focused image f°% and the shape parameters z"*).

The solution for the focused image f(x,y) can be generated
as output of the DVS when it needs to be used as a digital still
camera or a digital video camera for time-varying imagery. In
3D computer vision applications, in addition to the focused
image/video, the 3D shape parameters z can also be generated
as output. In the case of a Virtual Camera application, the
scene description provided by f(x,y) and z along with a new
desired set of camera parameters e'=(D',F',s',\") can be used to
generate a new set of images. For example, Equation (16) can
be used to generate new images or video that would be
recorded by a real camera with the camera parameters e'=(D"',
F',s',\") using the virtual camera software. Similarly, in 3D
animation applications, the information on how image f(x,y)
and shape z(x,y) should be changed with time depending on
motion and shape deformation parameters is used to generate
the desired animation video output.

EXAMPLE 1

Gaussian SV-PSF

There are many models for the point spread function of a
camera. The method of the present invention is applicable to
all models. To illustrate the method of the present invention,
first a popular model of the point spread function which is a
Gaussian function is considered. Later, another model
derived from paraxial geometric optics is considered. When
the SV-PSF is a 2D Gaussian, the non-localized SV-PSF I' is
given by

H(x,y, @, B, ey 2a, )= (23)

x-alf+(y-p*
20%(a, B. 2@, P)

1
2moZ (e, B 2@, ﬁ))e"‘{‘

Note that, with this definition, Equation (4) that gives the
relation between the shift-variant blurred image and the
focused image will be valid, i.e.

8 )=] "] " (xpp e, 2)Na,B)dadp. 24

Also, the parameter o,, is approximately proportional to the
blur circle radius R, given by the relation 0,=R /2.

Now, we use the novel Rao Localization Transform to get
the localized PSF h as below:

h(x,y,0,B,e,2(x,0)=H (x+a,y+B,%,3,€,,2(x,3)). (25)
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Therefore, the localized SV-PSF is

26)

o+ B ]

hix, y, @, B ey, 2) = pT TP
2(x, ¥,

1
exXp| —
2703 (X, ¥, 2) p(

With this new SV-PSF, we can verify that the relation between
the shift-variant blurred image and the focused image given
by Equation (6) is correct, i.e.

&x)=] " o h(x-0,y-PB,0. B e, 2) -0, p-B)
dadp.

@n
Next we consider the Taylor series expansion of f(x,y) up to
second order, i.e. N=2, and the Taylor series expansion of
h(x,y.c,f,e,,z)up to first order, i.e. M=1. Other higher order
terms are taken to be zeros in this example, but in a general
case, M and N can be arbitrarily large.

We will define a new parameter p,(x,y.z) as

( oL (28)
PplX, ¥, 2) = 2y
Therefore the SV-PSF can be written as
2, @ (29)
Hs, 3, 0 B e, 2) = pp(ﬁzﬂy, 2) exp(_ Pp(%. ¥, z;(w + )]

For this case, many moment parameters and their derivatives
become zero. Specifically,

] (BD
AL = Tl v @ Boep, D)
(L0) 2
+
iy fepof1- )
Pp 2
Similarly
] (BD
KO = @h(x, ¥, @, B ey, 2)
.1 2
+
.y, pey. o1 - L)

Pp

We see that h"*? and h®" are both rotationally symmetric
with respect to o and f§ (but, in general, not with respect to x
andy). Therefore, all odd moments with respect to ccand  are
Zero, 1.e.

h,; 0= . (Ol)Olfllsoddorjlsodd 32
P

Also,

hp,O,O(OYO): J y

o] o “h(x,y,0, Be,2)dadp=1 (33)

for all (x,y) and therefore, all derivatives of hp,o,o(o’o) with
respectto x and y are zero. Also, since M=1, all derivatives of
h of order more than 1 with respect to x and y are zero. In
summary,
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By 00 @O=1, by (OO, o OO, | OO, (34)
By o0k, 0=k, GO A0z | (102
0, (35
By OV, OV, OD=p O O
0. (36)
Therefore we get RT to be
37

1
00) _ £(00 1,0),(1,0) 0,1)(0,1) 2,0)1,(0,0)
g0 = fO0 4 g )hp,z,o + [ )hp,O,Z + zf( )hp,Z,O +

1
53/l

The above equation gives a method of computing the output
signal g(x,y) given the input signal f(x,y). It can be written in
a form similar to Eq. (16) to obtain the RT coefficients S, ,, ..

We can derive the inverse RT for this case using Equation
(37). We consider the various derivatives of g in Eq. (37) and
solve for the derivatives of f as unknowns. In this particular
example, we first solve for £ in terms of other terms using
Eq. (37). Then, we take the derivative of the expression for
f©0 with respect to x and solve for £, Next we take the
derivative of {2 with respect to y and solve for f°-*). Then
we take the derivative with respect to x of f*** and ') and
solve for f® and {1 respectively. Similarly we take deriva-
tives with respect to y of %" and £ and solve for f°* and
-1 respectively. Finally, we back substitute these results and
eliminate -2, fO-1)_ {20 29 and f©-2 10 get the following
explicit solution for £ in terms of the derivatives of g and
moments of the derivatives of h as below

0,0) _ (0,0 1,0)(L,0) 0,1)(0,1)
A )—g; )—g;, )hp,Z,O_g;; )hp,0,2+ (38)

3 1 1
O (J0REDT + HBRE ~ SH580) +

1

+ Lo e _h(00>]

g0 1) 2
( (hpo2) + FMp20Mp02 = 57502

forp=1,2,3,... ,P,

Further simplification of the above equation is possible due to
rotational symmetry (e.g. hp 5 0(1 O)*h L0 ,andh,, , o O0=
b, .9, The above equatlon gives an exphclt closed form
formula for restoring an image blurred by a shift-variant
Gaussian point spread function. The above equation can be
written in a form similar to Equation (22) for inverse RT to
obtain the IRT coefficients S'p i2).

We get a system of equations from Eq. (38) for each value
of p. The only unknowns are the focused image f**=f(x,y),
and the shape parameters z—(z(>9,z(1:9, 7D 720 ).
SolVlng this system of equations, we determine the focused
image and the shape parameters. If multiple solutions are
obtained, then physical constraints, or additional images can
be processed to determine unique solutions.

EXAMPLE 2

Cylindrical or Pill-Box SV-PSF: Paraxial Geometric
Optics

In the preferred embodiment of the present invention, the
shape of the camera aperture is circular. Therefore the point
spread function has a non-zero constant value inside a circular
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region and has a zero value outside of the circular region. This
circular region is also referred to as “blur circle”. The point
spread function in this case is circularly symmetric about the
center of the blur circle.

In the paraxial geometric optics model of image formation,
the non-localized SV-PSF h'is given by a cylindrical function
defined by

W(x, y, @, B ey 2a, p)) = (39

1
R (a. . (. B)

0 otherwise.

for (x-a)f +(y- P’ < K@, B, 2o, B)

Note that, with this definition, Equation (4) that gives the
relation between the shift-variant blurred image and the
focused image will be valid, i.e.

8o )=] " [ " (x 1.0 B e, 2)H(a,B)dadp. (40)

Now, we use the Rao Localization Transform to get the local-
ized PSF h as below:

h(x,y,0,B,e,z(x,0)=H (x+a,y+B,x,3,e,,2 (%)) 41)

Therefore, the localized SV-PSF is

1 42
5 for o + B < Ri(x, y, 2) 2
hx, y, @, B ey z) =14 TRy ¥, 2)
0 otherwise

With this new SV-PSF, we can verify that the relation between
the shift-variant blurred image and the focused image given
by Equation (6) is correct, i.e.

8 )=[ " o h(x-ay-B.a.Be, )f(x-a.y-p)dodp 43)

In this case, R (x.y,2) is the blur circle radius given by

44
Rp(x, y,2) = —— e

In the above equation, s, corresponds to a standard magnifi-
cation factor. We will define a new parameter p,(x,y.z) as

45)
ppX, Y, 2) = m-

Therefore the SV-PSF can be written as

*x ¥, 2) (46)
M# for w2+,825(1/,/pp(x,y,z))

0 otherwise

hix, y, @, B, ey, 2) :{

Next we consider the Taylor series expansion of f(x,y) up to
second order, i.e. N=2, and the Taylor series expansion of
h(x,y,a,B,e,,2) up to first order, i.e. M=1. In this case we
obtain
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9 “7n
10) _
WO = Tl v @ Boep, D)

Py, y,2) tor 0+ £ 2 (1 /om0 D)
hg'o): — — fora + 3 s( / pp(x,y,z))

0 otherwise
and

48

2
Ht = gy e v o Bep 2)

) s o
O for &+ f3 5(1/\/pp(xa Ys Z))
g

0 otherwise

Once again, as in the case of the Gaussian, the functions
hh, 9, and h, " are all rotationally symmetric with
respect o and f (but, in general, not with respect to x and y).
Therefore, in this case also, many moment parameters and
their derivatives become zero. Specifically, all odd moments
with respect to a and 3 are zero, i.e.

hpyly-(l’o):hpw-(o’l)zo if i is odd orj is odd. (49)
Also,
Ty 0.0 70=] [ " h(xy.0,B ep2)dadp=1 (50)

for all (x.y) and therefore, all derivatives of h,, , ,“*” with
respectto X and y are zero. Also, since M=1, all derivatives of
h of order more than 1 with respect to x and y are all zero. In
particular,

0,0)_ 0,0) 0,0) 0,0)_,
b 00 @=L, By 1 0P =y 01 D=y 1 CO=0,

G

Pip 1.0 Oy 1 Oy 5O 5 000, (52)
By, V=, (OD=h 5 OV | Oz O
=0. (53)
Therefore we get RT to be
(54)

1 1
0,0) _ £(0,0 1,03 1,(1,0) 0,1y (0.1) 2,00 (0,0) 0,2) 1(0.0)
g0 = fO0 4 )hp,z,o + f1 )hp,O,Z + Ef( )hp,Z,O + Ef( )hp,O,Z

The above equation gives a method of computing the output
signal g(x,y) given the input signal f(x,y). It can be written in
a form similar to Eq. (16) to obtain the RT coefficients S

T

We can derive the inverse RT for this case using Equation
(54). We consider the various derivatives of g in Eq. (54) and
solve for the derivatives of f as unknowns. In this particular
example, we first solve for £°°) in terms of other terms using
Eq. (54). Then, we take the derivative of the expression for
f©0 with respect to x and solve for £, Next we take the
derivative of {2 with respect to y and solve for f°-*). Then
we take the derivative with respect to x of f** and f©!) and
solve for f* and f*-1 respectively. Similarly we take deriva-
tives with respect to y of % and f*°) and solve for f°*) and
-1 respectively. Finally, we back substitute these results and
eliminate -2, fO-1_ {20 {1 and f©-2 10 get the following
explicit solution for £ in terms of the derivatives of g and
moments of the derivatives of h as below
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o0 - gL0,0) _g;;l,O)hggg) —gLO'”hiffbl,’z + (53)
3 2 1 1
o0 (SR + SHSBIAD - SHIAY for p= 1.
3 0,1)\2 1 1,0 L0, 1 0,0
2.3, Porg SO + SHEOALS, - SHO )

Further simplification of the above equation is possible due to
rotational symmetry (e.g. hp,z,o(l’o):hp,o,z(o’l), and hp,z,o(o’o):
hp,o,z(o’o)). The above equation gives an explicit, closed-form,
formula for restoring an image blurred by a shift-variant
Gaussian point spread function. The above equation can be
written in a form similar to Equation (22) for inverse RT to
obtain the IRT coefficients S',,,, (7).

We get a system of equations from Eq. (55) for each value
of p. The only unknowns are the focused image f°°) and the
shape parameters z—(z**,z%,zVz29 ) Solving this
system of equations, we determine the focused image and the
shape parameters. If multiple solutions are obtained, then
physical constraints, or additional images can be processed to
determine unique solutions.

9. CONCLUSION, RAMIFICATIONS, AND
SCOPE OF INVENTION

The present invention was mainly conceived in the context
of digital imaging, and machine vision applications. There
are also other applications where this invention can be used
after minor modifications. It can be extended to any linear
shift-variant system and the problem of estimating the system
parameters given multiple outputs of the system can be
solved.

While the description in this report of the method, appara-
tus, and applications contains many specificities, these should
not be construed as limitations on the scope of the invention,
but rather as exemplifications of preferred embodiments
thereof. Further modifications and extensions of the present
invention herein disclosed will occur to persons skilled in the
art to which the present invention pertains, and all such modi-
fications are deemed to be within the scope and spirit of the
present invention as defined by the appended claims and their
legal equivalents thereof.

What is claimed is:

1. A method of determining a focused image f(x,y) of a
scene with respect to a camera, said scene having a 3D shape
z(x,y) which is characterized by a shape parameter vector z,
and said camera characterized by a set of camera parameters
e,, said method comprising:

(a) recording a set of images g,(x,y) of said object with

different camera parameter settings e, forp=1,2.3, .. .,
P

(b) obtaining a set of normalized images by preprocessing
said setofimages g (X.y) to reduce noise by filtering and
normalizing them with respect to average brightness and
magnification so that said set of normalized images are
related to said focused image f(x,y) by a linear integral of
the product of said focused image with a non-localized
shift-variant point spread function h';

(c) computing a set of derivatives gp('"’")(x,y) of'said set of
normalized images to obtain a set of image derivatives
where m and n are the integer order of derivatives with
respect to x and y respectively, for m,n=0,1,23, .. . ;
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(d) determining the localized shift-variant point spread
function (SV-PSF) h from said non-localized PSF h'
using the novel Rao Localization Transform expressed
in the form

hx,y,0,Bre,2)=h x+0,y+B.x,y5e,,2)

where (x,y) specifies the position where image brightness is
measured and (co,f) specifies the position of surrounding
image points which are contributing to light measured at
x.y);

(e) deriving a set of expressions for the various moments
with respect to a and § of the derivatives with respect to
x and y of the localized SV-PSF h, J(’”’") in terms of the
camera parameters e, and shape parameter vector z;

(®) deriving a system of P algebraic equations that express
said focused image f(x,y) as a weighted sum of the
derivatives of said set of normalized images gp('"’")(x,y)
in terms of'the Inverse Rao Transform (IRT) coefficients
that are functions of'h, J('"’”);

(g) solving said system of P algebraic equations to obtain
said focused image f(x,y) at each point (x,y), and pro-
viding it as digital image output.

2. The method of claim 1 wherein said non-localized shift-

variant point spread function h' is a Gaussian function.

3. The method of claim 1 wherein said non-localized shift-
variant point spread function h' is a Cylindrical or pill-box
function.

4. The method of claim 1 wherein said non-localized shift-
variant point spread function h' is determined by physical or
wave optics model of image formation.

5. The method of claim 1, wherein said focused image
f(x,y) and 3D shape z(x,y) along with desired camera param-
eters are provided as input to a virtual camera simulation
software and an output image f'(x,y) that would be recorded
by a real camera corresponding to said virtual camera is
computed and provided as output.

6. The method of claim 1 wherein said output image f(x,y)
is computed at regular time intervals for a time-varying scene
and the resulting computed output image sequence is synthe-
sized into video data and provided as video output.

7. The method of claim 6 wherein said non-localized shift-
variant point spread function h' is a Gaussian function.

8. The method of claim 6 wherein said non-localized shift-
variant point spread function h' is a Cylindrical or pill-box
function.

9. The method of claim 6 wherein said non-localized shift-
variant point spread function h' is determined by physical or
wave optics model of image formation.

10. A method of determining a 3D shape z(x,y) of a scene
with respect to a camera, said 3D shape z(x,y) characterized
by a shape parameter vector z, said scene having a focused
image f(x,y), and said camera characterized by a set of camera
parameters e, said method comprising:

(a) recording a set of images g,(x,y) of said object with

different camera parameter settings e,, for p=1,2,3, . ..,
P;

(b) obtaining a set of normalized images by preprocessing
said set of images g (x,y )to reduce noise by filtering and
normalizing them with respect to average brightness and
magnification so that said set of normalized images are
related to said focused image f(x,y) by a linear integral of
the product of said focused image with a non-localized
shift-variant point spread function h';

(c) computing a set of derivatives gp('"’")(x,y) of said set of
normalized images to obtain a set of image derivatives
where m and n are the integer order of derivatives with
respect to x and y respectively, for m,n=0,1,2.3, .. . ;
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(d) determining the localized shift-variant point spread
function (SV-PSF) h from said non-localized PSF h'
using the novel Rao Localization Transform expressed
in the form

h(xy,0,Bre,2)=H (x+0,y+B,x,y/€,,7)

where (x,y) specifies the position where image brightness is
measured and (o,f) specifies the position of surrounding
image points which are contributing to light measured at
®xy);

(e) deriving a set of expressions for the various moments
with respect to o and § of the derivatives with respect to
x and y of the localized SV-PSF h, J(’"’") in terms of the
camera parameters e, and shape parameter vector z;

(f) deriving a system of P algebraic equations that express
said focused image f(x,y) as a weighted sum of the
derivatives of said set of normalized images gp('"’")(x,y)
in terms ofthe Inverse Rao Transform (IRT) coefficients
that are functions of b, J('"’”);

(g) solving said system of P algebraic equations to obtain
said shape parameter vector z and said 3D shape z(x,y) at
each point (x,y), and providing it as digital shape output.

11. The method of claim 10 wherein said non-localized
shift-variant point spread function h' is a Gaussian function.

12. The method of claim 10 wherein said non-localized
shift-variant point spread function h' is a Cylindrical or pill-
box function.

13. The method of claim 10 wherein said non-localized
shift-variant point spread function h' is determined by physi-
cal or wave optics model of image formation.

14. The method of claim 10 wherein said output shape
z(X,y) is computed at regular time intervals for a time-varying
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scene and the resulting computed output shape sequence is
synthesized into time-varying shape data and provided out-
put.

15. The method of claim 14 wherein said non-localized
shift-variant point spread function h' is a Gaussian function.

16. The method of claim 14 wherein said non-localized
shift-variant point spread function h' is a Cylindrical or pill-
box function.

17. The method of claim 14 wherein said non-localized
shift-variant point spread function h' is determined by physi-
cal or wave optics model of image formation.

18. Apparatus for determining the focused image and 3D
shape of an object with respect to a camera, said apparatus
comprising a camera characterized by a set of camera param-
eters, a camera controller for setting said set of camera param-
eters to desired values, an image detector for capturing
images, an image processing computer with software com-
ponents operatively connected for (i) image normalization for
standardizing images with respect to average brightness and
magnification, (ii) noise reduction filter, (iii) image derivative
computation module, (iv) a unique and essential software
component for computing Inverse Rao Transform coeffi-
cients, and (v) software for solving algebraic equations to
obtain focused image and 3D shape.

19. The apparatus of claim 18 with an additional software
component for virtual image camera simulation.

20. The apparatus of claim 18 with and additional software
component for virtual video camera simulation.



