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& (57) Abstract: The present invention is a method and a system for obtaining a digital hologram of a three-dimensional (3-D) scene.

& The method is preformed by illuminating the scene with incoherent white-light, recording multiple projections of the 3-D scene,
and finally, computer processing of the projections by the performance of a predetermined sequence of mathematical operations.
The method and the system of the current invention are characterized in that a microlens array (MILLA) is used to create the multiple
projections in an image plane which is projected onto the imaging sensor of a camera. This allows the obtaining of all of the multiple
projections in a single camera shot.
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A METHOD AND SYSTEM FOR OBTAINING DIGITAL

HOLOGRAMS IN A SINGLE CAMERA SHOT USING

WHITE-LIGHT

Field of the Invention

The present invention relates to the field of holograms, specifically this
invention relates to a method and system for obtaining digital holograms,
under spatially incoherent white-light illumination and in a single camera

shot.

Background of the Invention

Conventionai holography involves the acquisition of an interference
pattevrn created by interfering beams coming from a three dimensional (3-
D) scene and a reference beam. The creation of this interference pattern
requires a meticulous stability of the optical system, high intensity and
narrov‘r bandwidth of the light source used. These strict requirements
inhibit the usage of conventional holography for many practical

applications.

A partial solution to these problems is suggested by the scanning
holography method [1]. According to this method, a digital Fresnel
hologram can be obtained, under spatially incoherent illumination

conditions, by scanning the 3-D scene with a pattern of a Fresnel zone
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plate, éo that the light intensity at each scanning position is integrated by
a point detector. However, the scanning process in this method 1s
performed by mechanical movements, and thus the hologram acquisition
is relatively slow. In addition, this hologram technique is not suitable for

moving objects.

In order to avoid these mechanical movements, another method for
obtaining digital Fresnel holograms, named FINCH (Fresnel incoherent
correlation holography), is proposed in Ref. [2]. According to this method,
the spatially incoherent light coming from the 3-D scene propagates
through a diffractive optical element (DOE) and is recorded by a camera.
Then, three different holograms, each with a different phase factor of the
DOE, are recorded sequentially and superposed in the computer into a

digital Fresnel hologram.

A fundamentally different solution is suggested in Refs. [3,4]. According to
the methods presented there, the 3-D scene is illuminated by spatially
incoherent white light and viewed from multiple angles. For each view
angle, the projection of the 3-D scene is acquired by a camera and
processed in the computer. The result is a 2-D complex function which
represents a digital hologram of the 3-D scene. This function can be
encoded into a computer generated hologram (CGH) with real and positive

transparency values. Then, the recorded 3-D scene can be reconstructed by
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illuminating the CGH transparency with a plane wave. Alternatively, a
digital holography technique can be employed in order to digitally

reconstruct the 3-D scene.

In spite of the great advantages presented by the above described methods
and their potential of making holography attractive for many practical
applications, the 3-D scene recording process in these methods is still
considered long and quite complicated. This occurs because the camera
has to be repositioned many times in order to obtain enough 3-D scene
projections, required for the synthesis of a hologram with an acceptable
resolution and also because the former methods are not suitable for

holography of moving objects.

It is therefore an object of this invention to provide an improved method

for obtaining digital holograms.

Other objects and advantages of present invention will appear as

description proceeds.

Summary of the Invention

In a first aspect, the present invention is a method of obtaining a digital
hologram of a 3-D scene comprising the steps of: (i) illuminating the scene

with incoherent white-light; (ii) recording multiple projections of the 3-D
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scene; and (iii) computer processing of the projections by the performance
of a predetermined sequence of mathematical operations. The method of
the current invention is characterized in that a microlens array (MLA) is
used to create the multiple projections in its image plane. This MLA image
plane is projected onto the imaging sensor of a camera. This allows the

obtaining of all of the multiple projections in a single camera shot.

In one embodiment, the predetermined sequence of mathematical
operations comprises the steps of (i) cutting the single shot image received
from the camera into a set of projections of the 3-D scene; (ii) centering the
projections on the same reference point; (iil) multiplyin‘g the centered
projections by linear phase functions; and (iv) summing each of the
multiplied results into a single complex value. These steps yield a complex

matrix which represents a digital hologram.

In another embodiment the predetermined sequence of mathematical
operations comprises the digital incoherent modified Fresnel hologram

(DIMFH) method.

In another embodiment the predetermined sequence of mathematical
operations comprises the digital incoherent protected correlation hologram

(DIPCH) method.
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In another aspect the present invention is a system for obtaining a digital
hologram of a 3-D scene comprising a source of incoherent white-light; a
collimating lens; a microlens array (MLA); a focusing lens; a camera; and
a computer. The system is characterized in that the MLA creates multiple
images of the scene in the image plane of said MLA. The image plane is
projected by the focusing lens onto the imaging sensor of the camera,
thereby allowing the obtaining of all of the multiple projections of the
scene in a single camera shot. Next, the multiple projections are
transferred to the computer, and finally a predetermined sequence of
mathematical operations is preformed on these projections to obtain the

digital hologram.

Brief Description of the Drawings

The above and other characteristics and advantages of the invention will

be more readily apparent thr_ough__»the following examples, and with

reference to the-appended drawings, wherein:

Fig. 1 schematically shows the integral holography (IH) optical system
used for capturing the multiple projections of the 3-D scene;

Fig. 2 schematically illustrates one embodiment of the IH processing
stage;

Fig. 3 is a cross section of part of the optical system shown in Fig. 1;
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Fig. 4 is a contrast-inverted picture showing seve_ral projections taken
from different parts of the microlens array (MLA) image plan
captured by the camera;

Fig. BA is a contrast-inverted picture showing the magnitude of the

5 Fourier hologram obtained after performing the processing stage
on the captured projections;

Fig. 5B is a contrast-inverted picture showing the phase of the Fourier
hologram obtained after performing the processing stage on the
captured projections;

10 Fig. 5C is a contrast-inverted picture shovx;ing the reconstruction of the
hologram at the best focus distance of the letter T’;

Fig. 5D is a contrast-inverted picture showing reconstruction of the
hologram at the best focus distance of the letter ‘H’;

Fig. 6 is a schematic illustration of the projection onto the constraint sets

15 (POCS) algorithms for finding the point spread function (PSF) used
for the digital iﬁcpherent protected cbrrelatioﬁ hologram (DIPCH);

Fig. 7A shows the generating constrained random PSFs used for the 1-D
DIPCH; |

Fig. 7B shows the generating constrained random PSFs used for the 2-D

20 DIPCH.
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Detailed Description of the Invention

Description of the method

The overall process of obtaining the hologram according to the present
invention can be divided into two main stages: the recording stage and the

processing stage. In the recording stage, multiple projections of the 3-D

scene are captured in a single camera shot, whereas in the processing

stage, mathematical operations are performed on these projections in
order to yield a digital two-dimensional (2-D) hologram or one-dimensional

(1-D) hologram.

Fig. 1 shows the integral holography (IH) optical system of the present
invention used for capturing the multiple projections of the 3-D scene 10,
which is illuminated by white-light. As shown in this figure, a microlens
array (MLA) 14 is employed in order to create these multiple projections.
A plano-convex lens 12, positioned at a distance of its focal length f; from
the 3-D scene 10 and attached to the MLA 14, is used in order to collimate
the light coming from the 3-D scene 10 and thus to increase the number of
microlenses participating in the process. In fact, the plano-convex lens 12
and the MLA 14 together can be considered as a new equivalent MLA 14
which sees the 3-D scene 10 at a larger distance from the MLA 14 than the
distance to the scene without the plano-convex lens 12. A spherical lens

18, with a focal length of f2, projects the MLA image plane 16 onto the
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camera 20 with the magnification of -z2/z). Then, the camera 20 captures
the entire MLA image plane 16 in a single shot and sends it to the

computer 22 for the processing stage.

Assume that the MLA contains (2K +1)x(2K +1) microlenses. The
microlenses are numbered by the indices m and n, so that the middle
microlens is denoted by (m,n) = (0,0), the upper right microlens by (mn) =

(-K,—K) and the lower left microlens by (mn) = (K.K). Let P, (X ,.Y,) be
the projection created by the (m,n)-th microlens, where X, and Y, are the

axes of this projection. The MLA image plane 16, captured by a single
camera shot in the recording stage of the present invention, consists of an
array of small elemental images, each obtained by a different microlens in

the MLA and thus representing another projection £, ,(X,.Y,) of the 3-D

scene 10 from a different point of view.

Fig. 2 illustrates one method of carrying out the processing stage of the
present invention. After capturing the MLA image plane from the CCD
camera in stage 100, each projection of the MLA image is cut, as shown in
stages 102 and 104, after detecting the first and last elemental image in
each row of the MLA plane. In step 106 each of the elemental images
taken from the MLA image plane is centered on the same reference point,

which yields a set of new projections P, ,(X;.,Y,), shown in stage 108. Asa

p>Tp



10

15

20

WO 2008/096344 PCT/IL2008/000142

9.
result of this centering the radial distance from the reference point is the
same for all of the projections. Afterward, as seen in stage 110, each of the
centered projections is multiplied by a linear phase function, which 1s
dependent on the relative position of the projection in the entire projection
set. Finally, in stage 112, the result of each multiplication is summed up
into a single complex value. Mathematically, this process can be described

as follows:

. = [[Br (X5 YV, (X, Y,))dX dY 7, ey
where:

E, (X:.Y?)=exp[-jQmb/DYmX, +nY,)], 2)
where D is the distance between the centers of two adjacent microlenses in
the array and b is an adjustable parameter. The process is performed for
each of the centered projections, which yields, as shown in stage 114, a 2-
D complex matrix H representing the digital 2-D Fourier hologram of the
3-D scene. This hologram is equivalent to the complex amplitude in the
rear focal plane of a spherical lens due to a coherent light diffracting from

the same 3-D scene and propagating through this lens.

Recently, Mishina et al. [5] have demonstrated a method of calculating a
CGH from elemental images captured by integral photography. Their
CGH is a composite of many elemental Fresnel holograms, each created by
a different microlens. Unlike the Mishina et al. [5] method, in the IH

method of the present invention, each (m.n)-th pixel in the hologram is
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contributed only from the (mn)-th microlens. Therefore, the entire
information of the elemental images is compressed into a matrix with a
number of elements which is equal to the ngmber of microlens. Another
difference from the composite computer generated hologram (CGH)
method is that according to the processing stage of the present invention,
the TH hologram is of a Fourier type, and this opens many possibilities of

spatial filtering and correlation on the captured images.

Equivalence between the first digital process and a digital

Fourier hologram

In order to show that the complex matrix H indeed represents the digital

Fourier hologram of the 3-D scene in the present invention, the

'mathematical relations between point (x,,y,,z,) in the 3-D scene 10 and

its projected point (x,,y,) located on the (m,n)-th projection plane (X,.Y,)

obtained by the MLA 14 is first defined. Fig. 3 shows certain geometric
relationships of the optical system shown in Fig. 1. Simple geometric
relationships in this figure yield the following:
| _MnD+x) _M(D+y) ®
P 1-z /L 7P 1-z /L’
where M is the magnification of each of the microlenses in the array, L 1s
the distance between the origin of the 3-D scene 10 and the equivalent

MLA 14' (taking into account the effect of the plano-convex lens 12). By
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assuming that the maximal value of z; is much smaller than L, the

approximation (1- ar/,B)—1 =1+ a/f, where a << #, can be applied to Eq. (3)
to yield:

x,=MmD+x,+zmD/L+zx /L), y,=M(nD+y, +znD/L+z.y /L) (4)

As explained above, each projection P, ,(X,.Y,) is centered on the same
reference point, which yields the centered projection P, (X,,Y.). Due to
this centering, MmD and MnD are subtracted from x, and y,, respectively,
in order to get x;, and y, located on the centeréd projection P, (X;.Y)).
This means that the point (x,,y.,z,) in the 3-D scene 10 is projected to
the point (x;,y;) in the centered projection according to the following

formula:

x$=M(x,+zmD/L+zx, /L), y,=M(y,+znD/L+zy/L). (5)

An infinitesimal element with the size of (Ax,,Ay,,Az,), located on the 3-D
object surface at coordinates (x,,y,,z,) and having the value of
h(x.,y.,z,), is now considered. This infinitesimal element should appear

on all of the centered projections planes, but at a different location on each
plane. Therefore, based on Eq. (1), the amplitude distribution on the (m,n)-
th centered projection plane, caused by a single source point (SSP) in the

3-D scene, is given by:

H (x,.,,2,)= [[lh(x,, 9,,2)8%,8,82 8(X; = x3. Y, = yIE, (X 1,Y))dX [dY]
= h(xs’ys’zs)Em'n(XZBy;) AstysAZs’
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(6

where & is the Dirac delta impulse. Substituting Egs. (2) and (5) into Eq.

(6) yields:

H3 (x,,p,,2,)=h(x,,y,,2z,)exp{—j(27bM / D)[m(x, +zmD/L+zx. /L) (7)
+n(y,+znD/L+zy [L)]} Ax Ay Az .

Taking into account the fact that the overall distribution of the hologram
is a volume integral of all points on the 3-D object, the following 1s

10 obtained:

H,,=|[[HS(X.Y,.2,)dX dY,dzZ, = [[[WX,.Y,,Z,)exp{~j(2mbM | D)
x[mX,+nY +(Z D/ LYm® + n’)+ (Z,/LY(mX  +nY)]}dX dY dZ . (8)

Using the continuous variables (u/D,v/D) instead of the discrete
15 variables (m,n) and assuming that L $> 2nMu_, 8Z 8X, and
L>>27Mv_, 6Z 5Y,, where (8X,,0Y,,8Z,) is the size of the 3-D scene, and
u_ and v_ are the maximal horizontal and vertical coordinate values on

the Fourier plane, respectively, then the last term inside the integral of

Eq. (8) can be neglected, yielding the following equation:

20 i
Hu,v)= mh(Xs,Ys,Zs)eXP{- ! 2;"ZM

[uX, +vY, +(Z, /L)W’ +v* )]}dXdests.

®
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Eq. (9) has the same functional behavior of the complex amplitude
obtained for a Fourier hologram [3] and therefore the proposed IH system

indeed creates a digital Fourier hologram.

The transversal minimal distance Ax, and the axial minimal distance Az,
that can be resolved through the optical system are given as follows:

Ax, =max{1.22AL/D, p,z, (Mz,) }; Az, =Ax,L/(KD), (10)
where 1 is the average wavelength used (4~0.54m) and p, is the pixel
size of the recording camera. The axial optical resolution given in Eq. (10)
is determined by projecting the axial minimal resolved distance Az, on the
transverse object plane of the most extreme microlens in the MLA. The
parameter b is determined so that the computed Fourier hologram given
by Eq. (9) maintains the maximum possible resolution of the system given

by Eq. (10). Therefore, the parameter b is given as follows:

b= D/(MKAx,). (11)

This embodiment of the invention will be further described and illustrated

in the following example.

Example

The optical system shown in Fig. 1 was experimentally implemented. Two

bright letters, T and ‘H’, were positioned in a dark environment and
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illuminated by a spatially incoherent white-light source. The size of the
letters was 2 cm x 2 cm each, and the distances between them on the
optical axis Z, the vertical axis Y and the horizontal axis X were 10 cm, 1
cm and 3 cm, respectively. The plano-convex lens 12, attached to the MLA
14 on the side of the 3-D scene 10, had a diameter of 10 cm and a focal
length of fi = 40 cm. Therefore, the distance between the 3-D scene 10 and
the MLA 14 was about 40 cm as well. A hexagonal-format MLA, 5 cm in
diameter, with a pitch of 500 pm and with 115x110 microlenses was used.
However, only the 65x65 middle microlenses were employed in the
experiment. The focal length of each of the microlenses in the MLA 14 was
fua = 3.3 mm. In order to project the MLA image plane 16 onto the camera
20 with the magnification factor of —2, a spherical imaging lens 18 with a
focal length of f2 = 10 cm was used. A CCD camera (PCO, Scientific 230XS)
20, containing 1280x1024 pixels and an 8.6x6.9 mm? active area, was
used. Several camera planes were concatenated due to the relatively low
number of pixels in the CCD camera 20 used (compared to other cameras
on the market today). Note that the use of the available hexagonal-format
MLA, rather than a square-format MLA, decreased the quality of the
reconstruction because of the mismatch between the MLA and the square-
format grid of the computer. Therefore, the results in this example should

be considered as a simple proof-of-principle demonstration.
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Fig. 4 shows several chosen projections cut from different parts of the
overall MLA image plane 16 which was captured by the camera. As shown
in this figure, the relative positions of the two letters change as a function
of the location of the projection on the entire MLA image plane 16. This is
the effect that leads to the 3-D properties of the hologram obtained at the

end of the process. After capturing the MLA image plane 16 by the CCD

camera 20, the processing stage was started by cutfiﬁg each of the

projections from the MLA image plane 16 and centering the projections on
a chosen reference point. The cutting process was performed semi-
automatically by detecting the first and the last elemental images in each
row of the MLA image plane 16. Then, the distance between these two
extreme elemental images was divided by the number of microlenses
utilized in each row of the MLA 14 and the elemental 1mages were cut
from the MLA image plane 16 accordingly. Afterward, digital correlation
with a known pattern taken from any of the elemental images was
employed in order to fix a common reference point for all the elemental
images. It is envisaged by the inventors that completely automatic cutting

and centering methods may be possible.

In the experiment, the common reference point was chosen to be the
center of the letter ‘T'. The meaning of this process was setting the origin of
the 3-D scene on the plane of the letter ‘I. Each of the projections was

normalized (divided by its maximal value), multiplied, according to Eqgs.



10

15

20

WO 2008/096344 PCT/IL2008/000142

-16-

(1) and (2), by a linear phase function dependent on the position of this
projection in the entire set of projections and then summed up into a
single complex value in the Fourier hologram H. The magnitude and the
phase of the Fourier hologram dbtained in the experiment are shown in
Figs. 5A and 5B, respectively. In order to digitally reconstruct the 3-D
scene recorded into this hologram, a 2-D inverse Fourier transform was

first applied to the 2-D complex matrix representing the hologram.

Fig. 5C shows the results of this inverse Fourier transform according to
the present invention. In the reconstruction plane obtained by this
operation, the letter ‘I’ is in focus, whereas the letter ‘H’ is out of focus.
Then, a Fresnel propagation was applied to this reconstruction plane by
convolving it with a quadratic phase [6]. The purpose of this propagation

was to reveal other planes along the optical axis of the 3-D scene

~_reconstruction. Fig. 5D shows the reconstruction in the best focus plane of

the letter ‘EL. In this figure, the letter T’ is out of focus. This validates the
fact that volumetric information is indeed encoded inside the hologram

synthesized by the method of the present invention.

Alternative digital processes
One disadvantage of MVP holograms is the complication of acquiring the
large number of viewpoint projections of the 3-D scene needed for

generating a high resolution hologram. Another difficulty is the numerical
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complexity and the inaccuracy of the digital process carried out on the

acquired projections.

The method of the present invention provides a solution to both of the
disadvantages. According to the recording stage of the present invention
as described hereinabove, the multiple images of the 3-D scene are
acquired by the use of a microlens array which acquires the entire set of
viewpoint projections in a single camera shot. Following this, the second
(processing) stage of the invention is carried out to yield a 2-D Fourier

hologram of the 3-D scene.

However, this processing stage, illustrated hereinabove, can be carried out
in many ways. First, both 1-D and 2-D MVP holograms can be generated.

In case of a 1-D MVP hologram, the projections are acquired along a single
axis only, and a multiplication by a 1-D phase function is performed,
where the inne;' i)rodﬁct sum is the corresponding column in the hologram
matrix. In case of a 2-D MVP hologram, the projections are acquired along
a two axes (2-D grid), and a multiplication by a 2-D phase function is
performed, where the inner product sum is the corresponding pixel in the

hologram matrix.

Second, by choosing a different phase function, or point spread function

(PSF), we can create correlation holograms. However, in contrast to prior
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art correlation holograms [7,8], the hologram of the present invention is
produced under incoherent white light illumination. It is possible to define
new types of digital holograms with certain advantages over the known
types of holograms. The inventors have recently proposed a new MVP
hologram called a digital incoherent Fresnel hologram (DIMFH) [9,10}.
The DIMFH is generated by processing the MVPs directly, rather than
performing a Fresnel propagation on the reconstruction of a Fourier
hologram as done in the past [4,11]. Therefore, redundant calculations and
digital errors during the various transformations are avoided.
Furthermore, this direct Fresnel holography method is not limited to

small angles and hence the hologram reconstruction is more accurate.

It is also possible to define another type of correlation hologram called

digital incoherent protected correlation hologram (DIPCH) [10]. The

reconstructed 3-D scene obtained from the DIPCH has a significantly

improved 'transverse resolution compared to the 3-D scene reconstructed
from the DIMFH, especially for the far objects in the scene. In addition to
this feature, which is important for a wide variety of applications, the 3-D
information encoded into the DIPCH is scrambled with a random PSF and
thus the hologram can be used for encrypting the recorded 3-D scene. The
general theoretical framework presented in this invention can be used for
defining other types of new digital holograms for obtaining other

advantages over the known types of digital holograms.
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As explained above, any type of incoherent correlation holograms can be generated
from the acquired projections and for each of the hologram types, both 1-D and 2-D

correlation holograms can be synthesized.

One dimensional Hologram

For thev 1-D incoherent correlation hologram, 2K +1 projections of the 3D g
scene along fhe horizontal axis only are acquﬁed. The proj-ections are
numbered by m, so that the middle projection is denoted by m = 0, the right
projection by m = K and the left projection by m = —K. According to the
method of this embodiment of the present invention, each horizontal line

of the m-th projection P, (x s yp) is multiplied by the same 1-D PSF and

the product is summed into the (mn)-th pixel in a complex matrix as

follows:

H,(m,n)= IIPm(xp,yp)E,(xp,yp—nAp)dxpdyp, 12)
where E,(xp, yp) represents the generating PSF of the 1-D hologram, x,
and y, are the axes on the projection plane, n is the row number in the
complex matrix H; and Ap is the pixel size of the digital camera. E, (xp, yp)

is defined as follows:
E, (xp,yp)= 4 (bxp )exp[ig, (bxp )]6(y,,), (13)

where 4, and g, are general functions dependent on x, only and may be

defined differently for every type of the incoherent correlation hologram as
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shown below. b is an adjustable parameter (with units that preserve the
arguments of A; and gi as unitless quantities), § is Dirac delta function.

Additionally, the function 4,(bx,)exp[-ig,(bx,)] has the property that its

Fourier transform is a pure phase function. As shown in the following, this
condition is necessary to guarantee that the hologram generated from this
PSF can be reconstructed properly. According to Eq. (12), each projection
contributes a different column to the complex matrix H,(m,n), which, as

confirmed herein below, represents the 1-D incoherent correlation

hologram of the 3-D scene.

To obtain the reconstructed plane, s,(m,n;z, ), located at an axial distance

2 from the 1-D correlation hologram, the hologram can be digitally

convolved with a reconstructing PSF as follows:

s\(moms2, )= | Hym,n)e B (:2,)

) (14)

where * denotes a 1-D convolution and R,(m;z,) is the reconstructing PSF

of the 1-D hologram defined as follows:

Rl(mézr)zAx(mApJeXp[‘ign[mApjjl- (15)
Zr Zr

4, and g, are the same functions used for generating the PSF of the 1-D

hologram [Eq. (13)].

Two Dimensional Hologram
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The 2-D incoherent correlation hologram is synthesized from (2K+1)
horizontal by (2K+1) vertical projections of the 3-D scene. The projections.
are numbered by m and », so that the middle projection is denoted by (m.n)
= (0,0), the uﬁper right projection by (m,n) = (K,K) and the lower left
projection by (mn) = (-K, —-K). The (mn)-th projection P, ( X, Y p) 18
multiplied by a 2-D PSF and the product is summed to the (m,n)-th pixel in

a complex matrix as follows:
Hy(m,n)= ([P, (5,3, )Es (5,3, ), (16)
where Ez(x,,, yp) represents the generating PSF of the 2-D hologram

defined as follows:
Ey(x,.v,)= 43 bx,.by, Jexolig: (bx,. b7, )| an

A, and g, are general functions depending on (x,,¥,) and may be defined

differently for every type of incoherent correlation hologram as discussed

below. Once more, the function Ez-(xp, yp) has the property that its

Fourier transform is a pure phase function in order to enable a proper
reconstruction as it is in the case of the 1-D hologram. The process
manifested by Eq. (16) is repeated for all tﬁe projections, but in contrast to
the 1-D case presented herein above, in the 2-D case, each projection
contributes a single pixel to the hologram, rather than a column of pixels.

In the end of this digital process, the obtained 2-D complex matrix
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H,(m,n) represents the 2-D incoherent correlation hologram of the 3-D
scene.
The reconstructed plane s, (m,m;z,), located a distance zr from the 2-D
incoherent correlation hologram, is obtained by digitally convolving the
hologram with a reconstructing PSF as follows:

sz(mnz)—IHz(mn )* R,(m,n; z )| (18)
where this time * denotes a 2-D convolution and R,(m,n;z,) is the

reconstructing PSF of the 2-D hologram, defined as follows:

R,(m,n;z,)=A4 [ Ap )exp[ ig, (mAp’@H- (19)
z z, z z

r r r

A, and g, are the same functions used in the generating PSF of the 2-D

hologram in Eq. (17).

Two examples of incoherent correlation holograms

This section presents two possible incoherent-correlation- holograms, the
DIMFH [9,10] and the DIPCH [10], where each of which has certain
advantages over the regular types of digital holograms. The only
difference between the DIMFH and the DIPCH is the definition of the
PSFs used in the generation and reconstruction of the hologram. More
types of incoherent correlation holograms may be defined for gaining other

advantages over the regular types of digital holograms, by using other

PSFs.
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Digital Incoherent Modified Fresnel Hologram (DIMFH)

The DIMFH is actually an incoherent Fresnel hologram generated directly
by processing the MVPs of the 3-D scene. This direct method is faster and
more accurate than the Fourier-based Fresnel holography methods [4,11],
since redundant calculations and approximation errors are avoided. The
generation and the reconstruction of the 1-D DIMFH is performed by Eqgs.
(12) and (14), respectively, where the generating PSF is a 1-D quadratic

phase function given by:
E(x,,y,)= e>(p(i27zi)2x,,2 )ﬁ(yp) (20)

Similarly, the 2-D DIMFH processing is carried out by Egs. (16) and (18),

where the generating PSF is a 2-D quadratic phase function given by:

E,(x,.y,) = expli2nb’(x,} +3,})] - @1)

Digitdl Incoherent Protected Correldtion Hologram (DIPCH)

The DIPCH is a new type of incoherent correlation hologram which has
two advantages over the Fresnel hologrém ilnvg\eneral and over the DIMFH
in particular. First, since a constrained random PSF is used to generate
the hologram, only an authorized user that knows this constrained
random PSF can reconstruct the 3-D scene encoded into the hologram.
Therefore, the DIPCH can be used as a method of encrypting the recorded
3-D scene. Second, the reconstruction obtained from the DIPCH has a
significantly higher transverse resolution for far objepts in the 3-D scene

compared to the Fresnel hologfam in general and to the DIMFH in
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particular. In fact, far objects recorded by the DIMFH are reconstructed
with a reduced transverse resolution because of two reasons: (a) Due to
the parallax effect, far objects 'moves' slower throughout the projections,
and therefore they sample a magnified version of the generating PSF. This
magnified version has narrower bandwidth and therefore the
reconstruction transverse resolution of far objects decreases in comparison
to the closest object. (b) The quadratic phase used in the DIMFH has lower
frequencies as one approaches its origin. Since far objects are correlatéd
with the central part of the quadratic phase function along a range that
becomes shorter as much as the object is more far away, the bandwidth of
the DIMFH of far objects becomes even narrower beyond the bandwidth
reduction mentioned in (a). In contrast to the DIMFH, the spatial
frequencies of the DIPCH are distributed uniformly all over its area.
Therefore, the DIPCH suffers from resolution reduction of far objects only
due the reason (a). Hence, the images of far objects reconstructed from the
DIPCH, besides of being protected by the constrained random PSF, also

have higher transverse resolution.

The 1-D DIPCH process is still defined by Eqs. (12) and (14). However,
this time, the generating PSF is a random function which fulfills the
constraint that its Fourier transform is a pure phase function. In order to

find this PSF, the projection is used onto the constraint sets (POCS)
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algorithm [12,13]. The POCS algorithm used for finding this PSF is
illustrated in Fig. 6. The POCS is an iterative algorithm which bounces
from the PSF domain to its spatial spectrum domain and backward, using
Fourier transform and its inverse transform. In each domain, the function
is projected onto the constraint set. The two constraints of the POCS
express the two properties reduired for the PSF of the DIPCH. First, the
Fourier transform of the PSF should be a phase-only function. This
requirement enables to reconstruct the DIPCH. Therefore, the constraint
of the POCS in the spectral domain is the set of all phase-only functions
and each transfer function is projected onto this constraint by setting its
magnitude distribution to the constant 1. The other property of the PSF is
that it should be space limited into a relatively narrow region close to but
outside of the origin. This condition reduces the reconstruction noise from
the out-of-focus objects because the overlap during the correlation between
the resampled space-limited reconstructing PSF and the hologram at out-
of-focus regions is lower than the case of using a wide-spread PSF. Of
course, this noise is lower by as much as the existence region of the PSF is
narrower. However narrowing the existence region makes it difficult for
the POCS algorithm to converge to a PSF that satisfies both constraints
with an acceptable error. In any event, the constraint set in the PSF
domain is all of the complex functions that identically equal zero in any
pixel outside the predefined narrow existence region. The projection onto

the constraint set in the PSF domain is performed by multiplying the
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PSFs by a function that is equal to 1 inside the narrow existence region of
the PSF and 0 elsewhefe. In the case of the 1-D DIPCH, the constrained
PSF looks like a narrow strip of columns, whereas in the case of the 2-D
DIPCH this PSF looks like a narrow ring. In the end of the process, the
POCS algorithm yields the suitable constrained random PSF that can be
used in the hologram generation process. Figs 7A and 7B show the
resulting PSFs that can be used for generating the 1-D and the 2-D

DIPCHs, respectively.

Next is shown that the resolution for far objects in the case of DIMFH 1is
worse than in the case of DIPCH. For a single object point, the resulting
hologram in the case of DIMFH is exactly the PSF given by Eq. (20) or
(21). These expressions are actually equal to the transfer function of a
lens, for which the resolution properties are well known. For a single point
locatéd a distance z;min from the imagipg system, the width‘ gf the recorded
hologram is 2Kaf/zsmin, and the sméllest resolved detail;. aé mentioned
herein above, is af(Mz;min). Now, for a point located a distance z; from the
imaging system, the width of the recorded hologram is 2Kaf’z;. Since, as
explained above, the DIMFH of an object point located in a distance z;
from the imaging system, is equivalent to a lens, the hologram resolving
power is linear dependent on its width. Therefore, the resolved detail of an
object at some distance z; is the smallest ever resolved detail af(Mz;min)

multiplied by the ratio between the maximum hologram width, 2Kaf/z; min,
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and the actual hologram width, 2Kaf/z;. Hence the resolved detail of an
object at some distance z; is afzs/(]\/lzzs,min). The recalled size of the resolved
object's detail in the case of DIPCH is af(Mzsmin). Therefore, the ratio
between the resolving power of the DIPCH and the DIMFH 1s (z¢/zsmin)-
Again, this means that as much as the object is far from z;n, the

resolution power of the DIPCH over the DIMFH is better.

While this invention has been described in terms of specific examples,
many modifications and variations are possible. It is therefore understood
that within the scope of the appended claims, the invention may be

realized otherwise than as specifically described.
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CLAIMS

1. Method of obtaining a digital hologram of a three-dimensional (3-D)
scene comprising the steps of:

a. illuminating said scene with incoherent white-light;

b. recording multiple projections of said 3-D scene; and
c. computer processing of said projections by the performance

of a predetermined sequence of mathematical operations;

characterized in that a microlens array (MLA) is used to create said
multiple projections in an image ‘plane which is projected onto the
imaging sensor of a camera, thereby allowing the obtaining of all of

said multiple projections in a single camera shot.

2. A method according to claim 1, wherein said predetermined
sequence of mathematical operations comprise the steps of:

a. cutting the single shot image received from said camera
into a set of projections of said 3-D scene;

b. centering said projections on the same reference point;

c. multiplying said centered projections by linear phase
functions; and

d. summing each of said multiplied results into a single
complex value yielding a complex matrix which represents

a digital hologram.
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3. A method according to claim 1, wherein said predetermined

sequence of mathematical operations comprising the digital

incoherent modified Fresnel hologram (DIMFH) method.

4. A method according to claim 1, wherein said predetermined
sequence of mathematical operations comprising the digital

incoherent protected correlation hologram (DIPCH) method.

5. System for obtaining a digital hologram of a three-dimensional (3-
D) scene comprising:
a. a source of incoherent white-light;
b. a collimating lens;
c. a microlens array (MLA);
d. a focusing lens;
e. acamera; and
f. acomputer
characterized in that:
a. sald MLA creates multiple images of said scene in the
image plane of said MLA;
b. said image plane is projected by said focusing lens onto the
imaging sensor of said camera, thereby allowing the
obtaining of all of said multiple projections of said scene in

a single camera shot, which is transferred to said computer,
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wherein predetermined sequence of mathematical
operations is preformed on said projections to obtain said

digital hologram.



WO 2008/096344 PCT/IL2008/000142

1/6

Ry { S
N
I— ___________ \\
| S
A N
~
l “
f o
I
-] — <

S
/



WO 2008/096344 PCT/IL2008/000142
2/6
100 102
Cut the image taken by
Optlcal Camera the camera into the
, system .
i projections of the
~(Fl9 1) >
Image from the 3-D scene
camera
Pir¥s) Piendoty) | 108 PkXo, Yo) Pt X, Y)
H H Center all n H

Px. K1Xp,Yp

n projections on o P (X0, Yo)

the same

reference
point

Centered Multiple
projections projections .
X \
c c 1 4
Exnn,Y; ) °
2 e e Digital
/// . [[axzar; [[axzars| ... Fo?Jrier
o hologram
) - B
X I flaxzar;
Ll Multiplications Sum each of the
by linear phase multiplication results into a Hm.n
functions single complex value ‘\
N\
/ 1 114

Fig. 2



PCT/IL2008/000142

WO 2008/096344

3/6

10

h(szySaZS)

Ys

A

Fig. 3



WO 2008/096344 PCT/IL2008/000142

g

(Bottom-Left) (Bottom-Right)

Fig. 5A Fig. 5B Fig. 5C Fig. 5D



WO 2008/096344 PCT/IL2008/000142

5/6

Random

If the error is small enough, = Pattern
_the POCS stops

E' o LE 1 ,initiél
E, (+1 )=E"1 J e [
Mu_ltiplication Phas; Only
with a Mask
E',l IFTio |e T

Fig. 6



WO 2008/096344 PCT/IL2008/000142

6/6

_

Fig. 7A Fig. 7B




	Biblio.	(p. 1)
	Desc.	(p. 2)
	Claims	(p. 31)
	Drawings	(p. 34)

