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DESCRIPTION

Obiject of the Invention

[0001] The present invention relates to a method for determining the complex amplitude of the
electromagnetic field associated with a scene.

[0002] The method of the invention allows optical reconstruction of the scene in its entirety
(modulus and phase of the electromagnetic field), which allows the subsequent use thereof in
various applications, such as in obtaining the distance map of the scene, representation of the
scene in 3D stereo mode or in 3D integral mode, representation of the scene that is completely
focused, optically aberrated at will, or corrected for optical distortion (due to change in
refractive index).

[0003] The invention can be applied in different technical fields, including computational
photography and adaptive optics (astronomy, ophthalmology, microscopy, etc.).

Background of the Invention

[0004] Up until now, in order to generate a three-dimensional (stereo or integral) image of a
scene, the capture of the scene from various viewpoints has been used.

[0005] Orth (Orth, A., & Crozier, K. B. (2013), Light field moment imaging, Optics letters,
38(15), 2666-2668) generates a stereo (non-integral) image from two defocused images,
using the light field moment imaging method, working in the transform domain.

[0006] Park (Park, J. H., Lee, S. K., Jo, N. Y., Kim, H. J., Kim, Y. S, & Lim, H. G. (2014), Light
ray field capture using focal plane sweeping and its optical reconstruction using 3D displays,
Optics Express, 22(21), 25444-25454) proposes a filtered backprojection algorithm applied to
the light field such that a 3D stereo and integral image is created from defocused images of the
scene. In this case, the defocused images (intensities) are sections at different angles of the
light field in transform space. Acquiring few defocused images is the most suitable in low
lighting scenarios. However, working in the transform domain with few defocused images
causes blurring due to the absence of information in certain spatial frequencies.

[0007] The curvature sensor retrieves the wavefront phase in the pupil from two defocused
images. The geometric sensor proposed by Van Dam and Lane (Van Dam, M. A., & Lane, R.
G. (2002), Wave-front sensing from defocused images by use of wave-front slopes, Applied
optics, 41(26), 5497-5502) also retrieves the wavefront phase in the pupil from two defocused
images. However, the measurement of the wavefront phase in the pupil only allows correcting
aberrations in the optical axis.
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Description of the Invention

[0008] The preceding problems are solved by means of a method according to claim 1 and a
device according to claim 10. The dependent claims define preferred embodiments of the
invention.

[0009] A first aspect of the invention defines a method for determining the complex amplitude
of the electromagnetic field associated with a scene, comprising the following steps:

1. a) capturing a plurality of images of the scene by means of a photographic camera, the
images being focused in planes of focus arranged at different distances, wherein the
camera comprises a lens of focal length F and a sensor arranged at a certain distance
from the lens in its image space,

2.b) taking at least one image pair from the plurality of images and determining the
accumulated wavefront to the conjugate plane in the object space corresponding to the
intermediate plane with respect to the planes of focus of the two images of the pair,
determining the wavefront W(x,y) as:

Weoy) = ) dy Z,(x,7)
p=0

where {Z,(x,y)} is a predetermined set of polynomials and N is the number of

polynomials used in the expansion,
wherein the coefficients dj are determined by means of solving the system of equations:

uzx(]) - u1x(]) (Z d 7 )
p(%¥)
P 9x

=X D+ x () | _wgy (k) +upy (k)
= 2 Y= z

wy () —wy (k) [ @
2Y - Wy
= (Z dpa_yzp("'”)

p=0

Lot (D Husx () y:uﬂ(k)"'uzv(k)
2 ! 2

where 2z is the distance between the planes of focus of the two images of the pair,
where {(u1x(),u1y(k)) jk =1 ... T} are points belonging to the first image of the pair, and
{(uax(),uzy(K)) 4,k = 1 ... T} are points belonging to the second image of the pair, such
that for each 1 <, k< T, the following is verified

ugy (k) rugx(J)
[ At yaxay = sstio
and

Uy (K) iy ()
[ e axay = sstio

where s(j) is a sequence of real numbers of values between 0 and 1, monotonically
increasing foreach 1 << T,
where fyy is the two-dimensional density function which takes into account the
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probability of occurrence of a photon and is determined in each case by the normalized
intensity /(x,y) of the corresponding image of the pair, i.e.:

uy (k) puix(J)
f ]- L (e, y)dxedy = s(f)s(k)

Upy (k) ruzx(J)
[ neaxay = spseo.

[0010] The present invention allows generating not only a three-dimensional image from
defocused images of the scene taken from a single viewpoint, but also the tomographic phase
distribution of the scene. This means having the electromagnetic field contained in the scene in
its entirety without using different viewpoints, as occurs in the plenoptic light field capture
cameras, with the subsequent improvement in the final optical resolution obtained, which in the
case of plenoptic cameras is limited by the diameter of the subapertures associated with each
viewpoint.

[0011] In the context of the invention, it will be understood that a plurality of images is a
number of images greater than or equal to two.

[0012] The photographic camera used to capture the images corresponds to a conventional
optical system, and it includes a single lens, or system of lenses, working at a fixed or variable
focal length (indistinctly), and a sensor arranged at a certain distance from the optical system
in the image space.

[0013] The images captured by the camera are conjugate images in different planes. Each
includes focused elements (those elements arranged in the plane of focus of the image) and
defocused elements (those located in front of and behind the plane of focus).

[0014] According to the method of the invention, each image pair from the plurality of captured
images allows determining the accumulated wavefront phase to the turbulence layer
conjugated with the acquisition position following the classic rules of converging lenses.
Therefore, by subtracting the contribution of each image pair obtained at different conjugate
distances, the value of turbulence at that distance, in terms of phase imaging, of wavefront
phase map is found. Therefore, when the plurality of images includes only two images, the
method of the invention allows obtaining the wavefront in a single plane at a conjugate
distance from the associated defocused image pair.

[0015] In a preferred embodiment, the two images of each selected image pair are taken,
respectively, on both sides of the focus. In a preferred embodiment, the two images of each
selected image pair are taken at symmetrical distances on both sides of the focus. However,
the method of the invention is valid for any defocused image pair.



DK/EP 3239672 T3

[0016] The method of the invention is a method of turbulence layer-oriented multi-conjugate
tomography (Layer-oriented MCAQ), based on using defocused images of large obijects,
instead of using conventional two-dimensional phase sensors such as the Shack-Hartmann or
pyramid sensors.

[0017] The method of the present invention allows determining the complex amplitude of the
electromagnetic field associated with a scene from the capture of defocused images thereof,
even acquired in real time (less than 10 ms in the case of working in the visible range with
atmospheric turbulence, 24 images per second in the case of video, etc.) with a single lens and
a single viewpoint, without the camera used for the capture having a microlens array in the
optical path.

[0018] In one embodiment, the wavefront is determined by the expression:
N-1N-1

W(x: Jf) = z Z dqupq (x: Y)
p=0 g=0
where
1 2mi
Zpg(x,y) = NBT(WHW)

foreach0<p g=<N-1.

[0019] Advantageously, in this embodiment the two-dimensional wavefront expanded as a
function of complex exponentials is retrieved, which allows directly obtaining the Cartesian
distribution of the wavefront phase horizontal and vertical slopes, and therefore the use of
conventional slope integration methods, such as Hudgin or Fourier transform filtering.

[0020] In one embodiment, the accumulated wavefront is determined for a plurality of image
pairs.

[0021] In one embodiment, the method additionally comprises determining the phase shift
between two planes of the object space as the subtraction of the accumulated wavefronts to
said planes that have been determined. Preferably, the phase shift is determined for a plurality
of planes.

[0022] The present invention allows obtaining the electromagnetic field in its entirety (modulus
and phase), not just the intensity thereof, by working with the defocused images in the
measurement domain (not in the transform domain), together with a tomographic retrieval of
the wavefront phase. Advantageously, the results of working in the measurement domain are
defined much better than those of working in the transform domain, where the absence of
information in certain spatial frequencies causes blurring when starting from few defocused
images. Acquiring few defocused images is most suitable in low lighting scenarios.

[0023] Compared with methods from the state of the art that retrieve the wavefront phase only
in the pupil, the present invention has the advantage of tomographically retrieving the
wavefront phase that best fits the set of defocused images acquired from a scene.
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Tomographic measurement of the wavefront phase allows correcting aberrations in the entire
field of view of the entrance pupil.

[0024] In one embodiment, the method additionally comprises determining, from P images
selected from the plurality of captured images, the value of the light field (L) focused at
distance F at M values other than u, M < P as the values of the light field verifying the system
of equations:

T Le(n+ [(x —n)/a;],n) = afFLi(x), Vj € {1..P} Avxe {1..k}

where P is the number of images considered for determining the light field, F is the focal length
of the lens, L is the value of the light field focused at distance F, q;F is the focus distance of

the image j and /i(x) is the intensity of the image j, and where [x] denotes the integer closest to
X,

obtaining as a result for each image j, with 1 < < P, the light field Lg (x) evaluated at the value
of u; resulting from the fit, i.e., the view of the light field corresponding to the value u;, where x

and u are the two-dimensional vectors determining the position in the sensor and in the lens of
the camera, respectively.

[0025] Despite having described determining the light field in combination with the method for
determining the wavefront phase according to the first aspect of the invention, the method of
determining the light field can be carried out separately. Therefore, an additional aspect of the
invention provides a method for determining the light field which comprises:

1. a) capturing a plurality of images of the scene by means of a photographic camera, the
images being focused in planes of focus arranged at different distances, wherein the
camera comprises a lens of focal length F and a sensor arranged a distance from the
lens equal to its focal length, and

2. b) determining, from P images selected from the plurality of captured images, the value
of the light field (L) focused at distance F at M values other than u, M < P, as the values
of the light field verifying the system of equations:

MaLe(n+ [(x - n)/a;l,n) = a?F?Li(x), Vj € {1..P} AVx€ {1..k}
where P is the number of images considered for determining the light field, F is the focal
length of the lens, Lg is the value of the light field focused at distance F, a;F is the focus

distance of the image j and /i(x) is the intensity of the image j, and where [x] denotes the

integer closest to x,
obtaining as a result for each image j, with 1 < < P, the light field Lg(x) evaluated at the

value of y; resulting from the fit, i.e., the view of the light field corresponding to the value
uj, where x and u are the two-dimensional vectors determining the position in the sensor

and in the lens of the camera, respectively.

[0026] In one embodiment, the value of the light field is determined by solving the system of
equations by means of least squares, i.e., minimizing the expression:

HOM 1 font Fae o fm ) w2127 ran |2
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[[Ln=1 LR\t T WA ) U L) — Wil U

[0027] In a second aspect, a device for determining the complex amplitude of the
electromagnetic field associated with a scene is defined, comprising

means for capturing images, comprising a lens of focal length F and an image sensor
arranged parallel to the lens, at a certain distance from the lens in its image space, and
processing means configured for carrying out step b) of the method according to the first
aspect of the invention.

[0028] All the features and/or steps of methods described in this specification (including the
claims, description and drawings) can be combined in any combination, with the exception of
combinations of mutually exclusive features.

Description of the Drawings

[0029] To complement the description made below and for the purpose of helping to better
understand the features of the invention according to a preferred practical embodiment
thereof, a set of drawings is enclosed as an integral part of said description in which the
following is depicted in an illustrative and non-limiting manner:

Figures 1 and 2 schematically depict part of the method of the invention.
Figure 3 schematically depicts the light field between the lens and the sensor of a camera.
Figures 4 and 5 schematically exemplify a part of the method of the invention.

Figure 6 schematically depicts obtaining the wavefront phase corresponding to different
planes.

Figures 7 and 8 show image recompaositions in transform domain and in measurement domain,
respectively.

Preferred Embodiment of the Invention

Two-dimensional wavefront reconstruction

[0030] The method of the invention allows retrieving, from two or more defocused images, the
Cartesian distribution of the wavefront phase horizontal and vertical slopes in polynomial basis,
which in turn allows using any method for phase recomposition from slopes, whether they are
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zonal methods (Hudgin, etc.) or modal methods. In the case of modal methods, the set of
polynomials on which the wavefront phase map is expanded and fitted can be chosen
according to the need of the problem: Zernike polynomials (coincide with the classic optical or
Seidel aberrations), complex exponentials (contain the Fourier transform kernel, the use of
which accelerates computation), Karhunen-Léeve function (without any analytical form but
constituting a basis in annular pupils, which are typical in telescopes), etc.

[0031] In general, the method for restoring the phase map from the expansion thereof in a set
of polynomials Zi(x,y) comprises considering the wavefront phase at a point (x,y) as follows:

(1) Wxy) =Y0d; Z(x,y)
where N indicates the number of polynomials used in the expansion.

[0032] The horizontal and vertical Cartesian slopes, S* and SY respectively, correspond to the
following partial derivatives of the wavefront:

N-1
d a
(@) §F=—Wy)= Z 4 =2 (%)
j=0

N-1
) d d
y: — = ¢ — .
(3 5= W) Zod, 5550
J:

[0033] A photon is assumed to displace from a plane -z to a plane +z, and the wavefront at
points (x, y) of the intermediate plane is estimated.

[0034] The propagated wavefront intensity is represented by a two-dimensional density
function (PDF) for taking into account the probability of occurrence of a photon (denoted as fxy

(x, v)), through the corresponding two-dimensional cumulative distribution function (CDF)
(denoted as C(x, y)).

[0035] The density function verifies:
4o 400
f f for (g, y)dxdy =1

[0036] The marginal cumulative distribution function in the variable x is constructed as:

Cx(x) =f fx(s)ds

where fy is a marginal density function constructed from the density function (fxy) as follows:

fe) = f fov Coy)dy

[0037] The property of being a cumulative distribution function in the corresponding variable is
conserved for the marginal density function. Therefore,
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f:ofx (dx=1

[0038] Since there is data in planes -z and +z, corresponding to the two images considered,
there are two cumulative distribution functions. The marginal cumulative distribution function in
plane -z is denoted as Cqx, and the marginal cumulative distribution function in plane +z is

denoted as Cox.

[0039] Given that the method starts from the values of fyy in planes -z and +z, it is assumed
that the data associated with plane -z is defined by fxy and the data associated with plane +z

is determined by foxy:

fix(x) = J—_ fuxr (. y)dy,

fax () =J: faxy (x,¥)dy,

and

Cix(x) = f fix(s)ds,

Cox () = f fox(s)ds,

[0040] A monotonically increasing sequence of real numbers (s())) is considered with 1 <j< T,
of values between O and 1,i.e.,0<s()<1foreach1<;<T

[0041] Histogram matching in the marginal cumulative distribution function is performed, to find
the mirror image of the values of the cumulative distribution function of the values of s(j). In
other words, the value uqx()) that meets the following is sought:

Clx (ulx(j)) = S(])

for each 1 << T and the value uxx(j) that meets the following:

Cox (uzx (f)) =5(j)

[0042] Therefore, uqix(j) and usx(j) have been found for each fixed value of s(j). Graphically

speaking, a search is conducted with an x-axis scan of corresponding points, identifying all the
ordinates, as schematically depicted in Figure 1.

[0043] What provides more accurate values is to now go from the density function in the two
variables for each of these values, to find, for each value k from 1 to T, the values uqy (k) and

usy (k) that meet the following:

ury (k) rugx(J)
[ [ o y)dady = s(G)stm)
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J_eo J_o
and

(k) rtipx ()
[ Ry = sgsm
where the functions f1xy(x,y) and foxy(x,y) correspond to the images considered /4(x,y) and
I2(x,y), respectively.

[0044] Graphically, what is done is to associate each corresponding value on the x-axis with
the ordinate that makes the mirror images through the cumulative distribution function match
up, as schematically depicted in Figure 2.

[0045] The result is a two-dimensional mesh of points determined by

{(u1x(),u1y(K)) 4,k =1 ... T} at height -z, and

{(uox()),uzy(K))jk=1 ... T} at height +z,

such that for each 1 < j, k < T the points (uqx(), uqy (K)) and (uxx(j), usy(k)) are associated

with the same value of a ray in the wavefront.

[0046] The directional derivatives of the wavefront in the points of the intermediate plane can
be considered determined by the expressions:
4 W, <u1x(f) + uzx () 'u1y(k) + uz&’("‘)) _ wpx (j) — u1x(l')‘

2 2 2z
foreach 1 << T and

Uy () +uox () ugy (k) + uop(k oy (k) — ugp(k
(5) Wv( 1x\J ; ZX(])’ 1y - 2y ( ))z 2y _ 1y ( )'
sz

foreach1<k<T

[0047] Therefore, the system of equations (2) and (3) can be written as:

) 30) (Z 21,00 y)>

=X D+ x () y_ulY(k)"‘qu(k)
2 * 2

N-1
uzy(k) ulY(k) d Z p(x,y)
p=0

or in a simplified form:
(6) 8=a-d
where the unknown is the matrix of coefficients d. Equation (6) represents an overdetermined

x_ulx(j)"‘uzx(j) y_ulY(k)+u2Y(k)
2 ! 2

system of equations where there are more equations (2T2) than unknowns (N), where 2T2 is
the number of pixels (x,y) that are available.

[0048] The coefficients d of the expansion can be found as the best fit on the plane in the
sense of least squares. A preferred way to solve the preceding system is to solve by means of

the least squares as:
(7) d = (A'a)7'a's = A" S
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[0049] Equation (7) can be solved by a number of techniques known by the person skilled in

the art, depending on whether or not the matrix ATA is singular.

[0050] In a particular embodiment, the wavefront is expanded as a function of complex

exponentials. Expansion is truncated in a certain N = 1 such that it can be written as
N-1N-1
Wix,y) = Z Z ApgZpq (2, y)
p=0 g=0
where (dpg)pq 2 0 is a doubly indexed family of coefficients, and where
1 2m )
(8) qu (X, y) — 'ﬁe N px+qy)
foreach0<p,q=<N-1.

[0051] At this point a problem of least squares can be solved with the obtained data because
by deriving with respect to x or y, the following is deduced from expression (8)

9 N-1N-1 3
©) =W =) ) dga—Zygx),
p=0.49=0
N-1N-1
: a d
(10) EW(X' )’) = Z Z dpq@qu(x: Y)r
=0 g=0

[0052] Therefore, foreach 0 <p, g< N -1:

d 21ip
azpq(x;)’) = qu T:
d 2riq
Ezpq(x'y) = Zpq N

[0053] By evaluating at the midpoints, taking into account expressions (4) and (5) and
replacing these values in equations (9) and (10), it is possible to arrive at the following

overdetermined system:
N-1N-1

uzx(j)z—zuu(f) _ Z Z d zniprq (%X(j) +uzx () ugy (k) + un("))

PN 2 ! 2
p=04g=0

N-1N-1
Uy (k) — gy (k) Z Z d quZ Uy () + uax () uay U + upy (k)
2z B pa- N P4 2 ' 2
p=0 g=0
with A2 unknowns and 272 equations. The value of T is determined by the data, which is
considered to be much greater than the number of addends in the expansion of the phase in

terms of exponentials.

[0054] In this case, the coefficients of the expansion can be obtained from the expression:
—2[isin("P /5, )DF{s*} + isin("/ )DF{s7} |



DK/EP 3239672 T3

do = . .
Pa 4[sin2(ﬂp/N) + sin2 (th/N)]
where DF denotes the discrete Fourier transform.

Tomographic restoration of the image

[0055] The method of the invention provides a two-dimensional restoration of the wavefront
phase from the defocused images. The obtained wavefront phase corresponds to the
accumulated phase differences to the conjugate position in the object space. In other words, if
two defocused images are taken that are so far away from the focus of the lens that they
almost correspond with images taken in the pupil (or with very little separation from the
entrance pupil of the optical system), the phase accumulated in the entire field of view of the
scene to the arrival to the objective would be obtained. As the defocused image pair used
approaches the focus, the conjugate plane in the object space will correspond to a plane
farther away from the entrance pupil, and it will describe the phase accumulated in the scene
to that plane.

[0056] The difference between both accumulated phases provides the phase shift present
between the farthest plane and the pupil plane of the optical system. Therefore, the greater the
number of defocused images used, the more complete the discretization of the object space
and the obtained tomographic distribution of the wavefront phase will be. This tomographic
distribution of the wavefront phase will have the original two-dimensional optical resolution
associated with the capture sensor and the three-dimensional resolution (in optical axis z) that
the number of images used allows. It should be pointed out that the three-dimensional
resolution does not strictly coincide with the number of planes or defocused images acquired,
as it is possible to consider any pair of acquisition planes for obtaining subdiscretization of
accumulated wavefront phases, as schematically depicted in Figure 6.

[0057] With planes I and |y, the accumulated phase Wi(x,y) to the pupil is found. With |5 and
Iy, the accumulated phase Wah(x,y) is found. The difference between W5 and W, provides the

phase in the section indicated by the key. By using more planes (more captured images),
resolution in axis z of the phase is increased, and a three-dimensional map of the wavefront
phase is obtained.

[0058] The method of the present invention can be applied in any technical field in which the
wavefront associated with the observation of a scene is to be known, including computational
photography and adaptive optics, particularly in applications relating to astronomical
observations to obtain a three-dimensional map of turbulences (wavefront phases) associated
with a column of the atmosphere, in applications in which it is necessary to correct the view
through turbulent media (for example in augmented reality glasses, mobiles, microscopes, or
endoscopes), in applications for the tomographic measurement of variations in refractive index
in transparent organic tissue samples or in applications of optic communications through
turbulent media (atmosphere, ocean, body fluids, etc.).
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Image intensity recomposition

[0059] The light field L is a four-dimensional representation of the light rays going through the
objective of a camera. For the sake of simplicity, a simplified two-dimensional notation will be
used. Therefore, Lg(x,u) represents the ray going through the main lens of the camera in

position u = (uq, uy) and arriving at the sensor in position x = (xq, xo) for a camera of focal
length F, as depicted in Figure 3.

[0060] Therefore, there is a four-dimensional volume representing all the rays entering the
camera and their positions of arrival to the sensor. Ng (Ng, R., Fourier slice photography, in
ACM Transactions on Graphics (TOG), Vol. 24, No. 3, pp. 735-744, ACM, 2005, July)
demonstrates that the image that would be projected onto the sensor if said sensor were at
distance aF, would correspond to a two-dimensional projection of the light field at angle 6 =

tan"1(1/a):
1 X—Uu
Ia(x)szLF(u-l- . ,u)du,

as schematically depicted in Figure 4.

[0061] The method of the invention is based on interpreting /4(x) as a sum of images at

different values u displaced with respect to one another, as schematically depicted in Figure 5,
and on estimating images at different values u, finding which set of images that are displaced
due to a value a' and added to one another best approximates the input image captured with a
focus distance Fa' Displacement in the x dimension (in pixels) is therefore u+(x-u)/a'.

[0062] The method comprises estimating the value of the light field focused at distance F (Lg)
at M values other than u from P images (/1(x), I2(x)...Ip(x)) focused at distances a4F, a-F ...
apf and captured with a conventional photographic camera. To that end, the method seeks to
find the values of the light field such that the following is met:

M
2 Le(n+ [(x — n)/a]-],n) = a]-ZFZI]-(x),Vj € {1..P} Avxe {1..k}

n=1

[0063] The preceding expression can be simply represented by a linear system of equations of

type Ax = b. This system can be solved by finding for x such that it minimizes ||Ax-b||2.

[0064] Up until now single channel images have been assumed. In the case of color images
(having multiple channels), generating the matrix A once is enough. Then a new vector b
containing the information about the images in the channel to be solved is created.

[0065] The method for recomposing the intensity of the image according to the invention
allows generating a single image that is completely focused and with complete optical
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resolution (all-in-focus), generating the all-in-focus stereo pair, generating an all-in-focus multi-
stereo image (light field) and generating a light field focused at will where desired, with
applications in microscopy, photography, endoscopy, cinematography, etc.

Example

[0066] Assume two images of 8 elements, 11(x) and Ix(x), focused at distances a1=2 and ay=4,

with F =1 m. The summation in this case is with indices fromn=1ton=2.

[0067] The equations forj= 1 are:

11— 1 - ,
LF(1+ — ,1)+LF(2+ — ,2):2 L(1)
2= 1 2= ,
LF(1+ — ,1>+LF(2+ — ,2):2 L(2)
13— 1 13— 2] ,
LF(1+ — ,1)+LF(Z+ 5 ,2):2 L(3)

LF(1+ 5 1
and for j=2

S en(eo
(o o e )
Jon (oo
Jon oo

2
LF(1+ |

[0068] Expanding:
Le(1,1) + Lp(2,2) = 221,(1)

Le(2,1) + Lp(2,2) = 221,(2)
Lr(2,1) + Lp(3,2) = 2211(3)
Le(3,1) + Ls(3,2) = 2211(4)

Lr(3,1) + Lp(4,2) = 221,(5)



Lp(4,1) + Lp(4,2) = 221,(6)
Le(4,1) + Lp(5,2) = 221,(7)
Lp(5,1) + Lp(5,2) = 221,(8)
Le(1,1) + Lr(2,2) = 4°1,(1)
Le(1,D) + Lp(2,2) = 421,(2)
Lp(21) + Lp(2,2) = 4%1,(3)
Le(2,1) + Lp(3,2) = 421,(4)
Le(21) + Lp(3,2) = 421,(5)
Le(2,D) + Lp(3,2) = 421,(6)
Lr(3,1) + Lp(3,2) = 421,(7)
Lp(3,1) + Lp(4,2) = 421, (8)

[0069] In matrix form:
100 000

S o O RrRPRPOCOOOOOOCOO O o
=R = R RN e = = =l =T =T = T
= T =T =T T T B S < S S APGUI So
OO0 00 00 OO0 O RKRK OO OO
OO0 000 C OO0 ROOoO0 OO0 o
Sl I I i e - ===l
SR =TI = R S = T = S < T < B < S S = =
(S I B I I < T T T S B S S T N
S =i I - I < I A === === =
(=R R R R S SN = I =T == S
L R T U = T T B e S e e S S S
, OO D O 000 O0CRk KOO OO
OO0 00 000 RO OO0O0 oo
C 0O 0O DO 000 00000 oo
C 0 0O 00 000 0 0c0 o000 C o

o O O O 0 0O 000 00 o 0 o oo

Le(2,1)
Le(3,1)
Lp(4,1)
Lz (51)
Lr(6,1)
Lg(7,1)
Lr(81)

Lr(1,2)

Lr(2,2)
Lr(3,2)
Lp(4,2)
Lr(5,2)
Lr(6,2)
Le(7,2)

[Lr(1,1)]

1-(8,2)]

220 ()]

2°1,(2)
221,(3)
2L (D)
2*1,(5)
221, (6)
221,(7)
2*1,(8)
4L (1)
421,(2)
425,(3)
454
#1,(5)
421,(6)
4215,(7)

421, (8)
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[0070] The resolution of the preceding system provides the values of the light field Lg. The

values of the light field that are not defined in any equation in the preceding system take the

value 0.

[0071] Figure 7 shows the image recomposition of a scene performed in transform domain,
according to a method from the state of the art. Figure 8 shows the image recomposition of the
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same scene performed in measurement domain, using the method of the present invention for
obtaining the light field from defocused images. Although the images of Figures 7 and 8 are
not normalized to the same signal strength value, it can be seen that the recomposition
performed in the measurement domain is better defined and sharper at the edges of the
resolution test figures. The area marked in the box and enlarged so it can be seen better
perfectly illustrates the difference in quality between both retrievals.
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Patentkrav

1. Fremgangsmade til at bestemme den komplekse amplitude af det elektro-
magnetiske felt, der er associeret med en scene, omfattende de felgende trin:
a) optagelse af en flerhed af billeder af scenen ved hjeelp af et fotokamera,
hvor billederne er fokuseret i fokusplaner, der er anbragt ved forskellige af-
stande, hvor kameraet omfatter en linse eller et system af linser med braend-
vidde F og en sensor, der er anbragt i en vis afstand fra linsen i billedrummet,
b) anvendelse af mindst ét billedpar fra flerheden af billeder og bestemmelse
af den akkumulerede bglgefront til det konjugerede plan i objektrummet, sva-
rende til mellemplanet i forhold til fokusplanerne af de to billeder af parret, be-
stemmelse af balgefronten W(x,y) som:

Weoy) = ) d, Z(5)
p=0

hvor {Zy(x,y)} er et forudbestemt seet af polynomier, og N er antallet af polyno-
mier, der anvendes i udviklingen, hvor koefficienterne dj bestemmes ved |@s-
ning af ligningssystemerne:

uzx(]) ulx(/) <Zd iy )
p(xXY)

wx(NH+usx () | _wyy(K)+upy (k)
2 = 2

x=

uzy(k) u‘]Y(k) <Z dp 6 Z (X Y))

hvor 2z er afstanden mellem fokusplanerne af de to billeder af parret, hvor
{(unx(),n1v(K)),j,k =1 ... T} er punkter, som tilherer det farste billede af parret,
og {(u2x()),u2v(k)).j,k = 1 ... T} er punkter, som tilhegrer det andet billede af par-
ret, séledes at for hver 1 <, k< T, geelder falgende

ugy (k) pugx ()
J‘ J‘ fixy (x, v)dxdy = s(j)s(k)
og

Upy (k) ruzx(J)
f f foxy (2, ¥)dxdy = s(j)s(k)

hvor s(j) er en sekvens af reelle antal veerdier mellem 0 og 1, der er monotont
stigende for hver 1 <j< T, hvor fxy er den todimensionelle teethedsfunktion,
som tager hgjde for sandsynligheden for forekomst af en foton og bestemmes

x:ulX(j) ;‘uzX(j)‘y:uly (k);qu(k)
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I hvert tilfeelde af den normaliserede intensitet / (x,y) af det tilsvarende billede
af parret, dvs.:

Uy (k) rrgx(J)
|77 ntyandy = siascuy

try (K) puzx())
f f L (e, y)dxdy = s()sCh).

2. Fremgangsmade ifelge krav 1, hvor balgefronten bestemmes med udtryk-
ket:

N-1N-1

W(x,y) = Z Z dnquq(x' )
p=0 q=0

hvor _

forhverO<p, g=sN-1.

3. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, som om-
fatter bestemmelse af den akkumulerede bglgefront for en flerhed af billedpar.

4. Fremgangsmade ifelge krav 3, som omfatter bestemmelse af faseforskyd-
ningen mellem to planer af objektrummet som subtraktionen af de akkumule-
rede balgefronter til planerne.

5. Fremgangsmade ifelge krav 4, som omfatter bestemmelse af faseforskyd-
ningen for en flerhed af objektplaner.

6. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, som
yderligere omfatter:

bestemmelse, fra P billeder, der er udvalgt fra flerheden af optagede billeder,
af veerdien af lysfeltet (L), der er fokuseret ved afstand F med M veerdier, der
er forskellige fra u, M < P, som de veerdier af lysfeltet, som opfylder lignings-
systemet:
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Y Le(n+ [(x —n)/ajl,n) = afF?L(x), ¥j € {1..P} AVx€ {1..k}

hvor P er det antal billeder, der kommer i betragtning til bestemmelse af lysfel-
tet, F er breendvidden af linsen, Lr er veerdien af lysfeltet, der er fokuseret ved
afstand F, a,F er fokusafstanden af billedet j og /{x) er intensiteten af billedet j,
og hvor [x] betegner det heltal, der er neermest x,

opnéelse som et resultat for hvert billede j, hvor 1 < j< P, lysfeltet Lr (x) eva-
lueret ved veerdien af u;, som er et resultat fra tilpasningen, dvs. synet af lys-
feltet, svarende til veerdien uj, hvor x og u er todimensionelle vektorer, som be-
stemmer positionen henholdsvis | sensoren og i linsen af kameraet.

7. Fremgangsmade ifelge krav 6, hvor vaerdien af lysfeltet bestemmes ved |@s-

ning af ligningssystemet ved hjeelp af mindste kvadrater, dvs. minimering:
IZ2 ) Le(n+ (x = n)/aj,n) — a]-ZFZIj(x)HZ }

8. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor de
to billeder af hvert udvalgte billedpar optages hver iseer pa begge sider af fo-
kus.

9. Fremgangsmade ifelge det foregaende krav, hvor de to billeder af hvert ud-
valgte billedpar optages fra symmetriske afstande pa begge sider af fokus.

10. Indretning til at bestemme amplituden af det elektromagnetiske felt, der er
associeret med en scene, omfattende

midler til optagelse af billeder, omfattende en linse med breendvidde F og en
billedsensor, der er anbragt parallelt med linsen, i en vis afstand fra linsen |
billedrummet deraf, og

behandlingsmidler, der er konfigureret til udfere trin b) af fremgangsmaden
ifelge krav 1.

11. Indretning ifalge krav 10, hvor behandlingsmidlerne yderligere er konfigu-
reret til at udfere de handlinger, der er defineret i hvilket som helst af krav 2 til
9.
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FIG. 4
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