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Abstract

The light field is a 4D recording that includes the posi-
tional and directional information for incoming rays of an
image. A hologram is a recording that reconstructs the com-
plex wavefront of an image to include parallex and depth
cues. We relate these two concepts using the Wigner distri-
bution, and attempt to recreate a light field recorded scene
using a phase only hologram.

1. Introduction

There exists a developing interest in wearable and 3D
displays. Practically every major technological company
is becoming involved in the development of these devices.
Holographic displays seem to be an ideal modality for
the future of these products. In this report, we discuss
our project to utilize a light field recording to display a
hologram on a Holoeye PLUTO Liquid Crystal on Silicon
(LCoS) phase only Spatial Light Modulator (SLM). This
hologram can be seen by direct view or by projection onto
a screen. We believe that this project is novel in taking a
recorded light field using the commercially available Lytro
[lum all the way to displaying an actual viewable hologram.

1.1. Light Field

A light field is a 4D function that describes geometric
light rays at every point in space travelling from every di-
rection. One of the common ways to parameterize a light
field is to use two parallel planes, such as the lenslet plane
and the detector plane in a light field camera. A light field
camera has a lenslets array at the image plane of the pri-
mary lens system, and a detectors array at the image plane
of the lenslets. The lenslets array images the exit pupil of
the primary lens system, and one lenslet corresponds to one
pixel in the image. The detector elements associated with
a lenslet measures the intensity of light rays arriving from
different directions at that lenslet. Therefore, the light field
camera generates information with both positional intensi-
ties and positional ray angles.
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1.2. Holography

A traditional hologram is the recording of the interfer-
ence between a coherent light source reflected off of a scene
and another nonscattered reference beam from the same
source. This interference pattern creates fringes that diffract
light in such a way as to recreate the scene perfectly in the
far field. Perfect recreation means that a human’s eyes can-
not tell the difference without context between a hologram
and a window into the scene in real life due to the holo-
gram’s depth cues and parallex. For digital holography,
these interference patterns can be recorded or simulated,
and then attempted to be replicated using a light modula-
tor. Alternatively, we can view the fringes as a recording
of the complex signal and attempt to recreate the phase and
amplitude of the electromagnetic wave. For the project, we
will be taking the latter approach for reconstruction.

1.3. Why use light field for holography?

Both the light field and the hologram include positional
intensity and directionality. More importantly, the light field
like a hologram contains depth cues from the directional
information. This fact is readily seen in the Illum’s abil-
ity to refocus the image to different depths of focus. For
a fixed perspective direct view display, this depth informa-
tion is much more important than the parallex, which re-
quires much higher spatial frequency information. In gen-
eral, a holographic recording will always be better than a
light field for holographic reconstruction. However, a light
field recording can be incoherent and does not require a ref-
erence. Therefore, any light source, even natural light, can
be used, and so capturing light fields is much easier and
more flexible than the interformetric recording required for
a hologram.

2. Related Work

We are not the first to recognize the connection between
holography and light field imaging. Ziegler of ETH Zurich
developed a transformation in 2007 that invovlved creat-
ing a depth map and 3D rendering to switch between the
light field and the hologram using computer generated holo-
graphic techniques [1]. This method has compelling results,



but it is computationally strenuous. Also, the demonstration
was made using a hand captured light field by taking mul-
tiple images rather than a plenoptic camera, so it is hard to
compare to our results.

We will be using the relationship between the Wigner
distribtuion and the light field as discussed by Zhang and
Levoy in 2009 [2] and Goodman in 2013 [3]. The Wigner
distribution W for some complex signal V ! is defined by
Goodman as:
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The Wigner distribution displays a complex signal and
its Fourier information in the same 4D function. It is real
valued, though it can be negative. The Wigner is a useful
tool in optics, since near field diffraction can be calculated
using a simple shear and the Frauenhofer (Fourier) trans-
form of the field is a simple quarter rotation. However, it
also bears a lot of similarity to the light field. Both are 4D
and the spatial frequency information of the Wigner can be
equated to the sub-pixel information from the light field. In
fact, Zhang shows that the relationship between the light
field and Wigner is a simple blur and axial change. The re-
lationship between the Lytro Illum recording [g;screte and
the Wigner distribution W of some coherent signal T" with

wavelength lambda is thus [2]:
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where P is the blurring prefilter from the microlens aper-
ture, x and y are the real space coordinates and v and v
are the reciprocal coordinates, and m, n, p and ¢ are the
non-rectified pixel coordinate of the discrete light field with
m and n equivalent to real space coordinates and p and ¢
equivalent to the reciprocal coordinates.

3. Method

We first calculate the complex wavefront captured by the
light field, and then attempt to reconstruct it using an opti-
mized phase hologram.

3.1. From light field to hologram

First we take the rectified light field image and convert it
to its 4D form. Our Wigner function W[m, n, p, ¢| is taken
to be the same as the 4D light field, with m,n,p and ¢ as
described above. Ideally we need to correct for the Wigner
prefilter caused by the microlens aperture. However, we do
not know the exact specifications of the microlens array and

IThe given equation is for a 1D signal, resulting in a 2D Wigner distri-
bution. A 2D image will result in a 4D Wigner distribution.
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guessing the prefilter would not be useful. The real space x
and y axis vectors are calculated using the pixel pitch times
the number of pixels per microlens. The spatial frequency k
vectors are calculated from the center of pixel ray direction
in spherical coordinates:
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where 6 is the axial ray direction and ¢ is the azimuthal
direction. These axes are treated as vectors that share the
size as the Wigner matrix dimensions.

From Lohmann [4], the original complex signal with
some complex constant can be calculated from a Wigner
function by taking the inverse Fourier transform of the
Wigner with the continuous axis scaled. Since we are us-
ing a discrete non-symmetric matrix, we can ignore the
axis scaling and normalize over peak intensity to deal with
the complex constant. We therefore calculate our complex
wavefront U[m, n] as:

Ulm,n] = > Wim,n,p, q| exp {i2r (z[m]ka[p] + y[nlky[q))}

®)

3.2. Phase-only hologram optimization

) The complex image with both amplitude and phase needs

to be optimized to a phase-only Fourier hologram, in order
to be displayed on a phase-only spatial-light modulator. Let
h(¢) be a function of phase ¢, U the target complex matrix
from the Wigner distribution function, and J the objective
function to be minimized. The optimization problem can be
described as:
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where N is the number of pixels in the complex image U, u-
v plane is where U locates, and s-¢ plane is where the holo-
gram locates. The pure phase function can also be writen as
h(¢) = exp (i).

We implemented gradient descent to update phase ¢ in
each iteration:

aJ
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where « is the learning rate and can be determined by trial-
and-error. The rate should be sufficiently small to achieve



convergence, but if it is too small, gradient descent can be
slow to converge.

By taking the partial derivative and manipulating the real
and imaginary part of each term, we have:
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where F'is the DFT tensor, Fi,, is one of the elements in
the tensor, and
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Since F is unitary, we have FF'T = 1T, and Equation (9)
becomes
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where F't corresponds to ifft2 in MATLAB. We implement
the pixel-wise summing operation using the fast Fourier
transform (FFT) algorithm to reduce the number of com-
putations. The final update equation becomes:
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which can be interpreted as a weighted back-propagation of
field from u-v plane to s-t plane.

Instead of comparing the Fourier transform of a pure
phase function to the complex image, we could also com-
pare the pure phase function to the inverse Fourier trans-
form of the complex image. In this case, the optimization
problem can be formulated as:
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This formulation gives rise in simpler mathematical
manipulations but with less optimal results. Intuitively,
the first method incorporates the interactions of pixels
starting from the hologram plane as light propagates to
the far field, whereas the second method optimizes each
pixel individually. As shown in Figure 1, P represents a
target point to be optimized, and P’ is the point on the unit
circle that is closest to P. The optimization in the second
method moves P close to P’. Hence it is only optimizing
the magnitude, but not the phase of the complex image. So
the optimization will simply converge to the phase of the
Fourier transform of the complex signal.
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Figure 1. Unit circle on a complex plane. P’ is a point on the
circle, and P is a point to be optimized.

4. Evaluation

4.1. Hologram calculation and far field diffraction
simulation

We tested our algorithm by using a light field image cap-
tured by a Lytro Illum camera, as shown in Figure 2.

Figure 2. Rectified light field from Lytro Illum provided by Pro-
fessor Wetzstein.

We calculated the target wavefront as described above.
The magnitude and phase are shown in Figure 3 and Figure
4, respectively. The focal length is estimated to be 25um
based on the previous Lytro specifications, as the Illum
microlens details have not yet been released. However the
pixel pitch, 1.4pm is available and much more important
to the calculations. The magnitude of this complex field
is dark and has lines, which may suggest the focal length
estimate is a little off. There is no information that can be
directly seen from the calculated phase of the image.

We use the optimization algorithm to create a Fourier
hologram that best approximates the complex matrix in the
far field. The phase of the hologram is shown in Figure



Figure 3. Magnitude of Wigner calculated complex wave informa-
tion.

Figure 4. Phase of Wigner calculated complex wave information.

5, with grayscale equating to a delay of O to 2w. This
hologram is what will be directly shown on the PLUTO
phase-only LCoS SLM to test the direct view.

Figure 5. Fourier phase only hologram optimized from Wigner ex-
tracted complex matrix

We use the FFT to simulate the image in the far field, as
shown in Figure 6. Many of the resulting holograms had a
large DC spike in the center, so that to see the church image
we had to brighten after normalization. We indicated the
extent of brightening and contrast correction where needed.

Figure 6. Far field diffraction of the optimized Fourier hologram
using FFT. It has been brightened by 4x.

In an attempt to lessen the saturation in the middle as
well as the patchiness, we subject the input complex matrix
to a gaussian blur (6=0.5), as well as enhance the contrast
of the magnitude. The resulting input magnitude (Figure
7), calculated Fourier hologram (Figure 8) and far-field
diffraction (Figure 9) are shown below. This hologram
will be used on the PLUTO SLM to demonstrate far field
projection.

Figure 7. Magnitude of blurred and contrast corrected complex
wave information.

Figure 8. Fourier phase only hologram optimized from blurred
complex matrix



Figure 9. Far field diffraction of the blurred Fourier hologram us-
ing FFT. It has been brightened by 4x

Additionally, we checked that the optimization of a
non-complex image, specifically the (7, 7) perspective
from the light field, does not work as well. Figures 10, 11,
and 12 show the magnitude, phase-only hologram, and the
far-field diffraction of the (7, 7)-perspective non-complex
image, respectively. This test helps to show that the
Wigner-distribution-extracted information is in fact useful.
We can see within the hologram (Figure 11) that the phase
of the higher spatial frequencies become blurred compared
to the previous holograms, which we believe demonstrates
the added information of the light field. This hologram did
not work at all when testing direct view or projection.

Figure 10. Magnitude of the (7,7), center of microlens pixels only.

Finally, we evaluate our optimization routine by com-
paring it to a phase hologram calculated only from the
phase of the Fourier transform of the target matrix. The
input is the blurre, contrast enhanced complex matrix U,
and the hologram is calculated using only the phase of the
fourier transform of U. The resulting hologram is shown
(Figure 13) along with its calculated far field diffraction
(14). Although it is hard to compare this result to the
optimized result using the calculated far field diffration,
the actual projection and direct view of this hologram was
much worse than the optimized hologram. Our camera was
unable to capture the hologram, and so we can infer that

Figure 11. Fourier phase only hologram from non-complex image.

Figure 12. Far field diffraction of the non-complex image Holo-
gram. Brightening and contrast correction was done in GIMP 2.0,
with both set to 128.

Figure 13. Non-optimized Fourier hologram.

the optimization algorithm produces a better algorithm than
just taking the phase of the Fourier transform.

4.2. Projection and direct view of calculated holo-
grams

We tested the holograms using a PLUTO SLM. The
setup also included a laser source, two lenses acting as a
beam expander before the PLUTO, and two lenses acting
as a relay system after the PLUTO, as shown in Figure



Figure 14. Far field diffraction of the non-optimized Hologram.

15. The relay system is setup so that the Fourier transform
of the PLUTO is shown in the far field. In this case, we
project the light onto the ceiling (Figures 16 and 17) in
order to see the original image. Alternatively, a camera
or eye placed a focal distance away from the focus of the
second lens will also see the image. We call this config-
uration direct view of the hologram. Images captured by
a Canon Powershot are included, though real-life viewing
is much better. The less than 100% fill factor results in
an amplitude grating at half the period of the pixel pitch,
which causes the image to diffract into the multiple orders
scene as well as the bright DC artifact in the center of the
image. Prefiltering the light may improve the image quality.

Figure 15. Optical setup. The laser is 532nm, the bottom two
lenses expand the laser beam, the PLUTO is mounted on a 3D
printed holder, the bottom relay lens has a focal length of 60mm
and the top relay lens has a focal length of 25mm.

4.3. The Final Presentation Demo

It is important to note that the demonstration given for
the presentation was using a different method to calcu-
late the holograms. The ones displayed that day were not
Fourier holograms, but directly imaged from the PLUTO
using a phase grating scheme, shown in Figure 19. This
demonstration was based on Stephen’s previous work in at-
tempting to emulate the Grating Light Valve, a phase and
amplitude modulator, using the PLUTO. Multiple PLUTO

Figure 16. Projection of the hologram onto the ceiling. The multi-
ple orders and the bright spot are artifacts of the pixel fill factor of
the PLUTO.

Figure 17. Far field simulation overlayed onto the holographic pro-
jection.

Figure 18. Direct view of the hologram. A ND filter is used to
protect the camera and the eyes.

pixels are required per holographic pixel (holopixel) as well
as a 47 phase stroke. For a given 61 and 62, when the DC
orders are blocked, the average of the reconstructed, blurred
orders result in a holopixel of complex value C' such that:

01 — 62 01 + 62
C = cos 3 exp i ;r (15)

Therefore, given a desired amplitude and phase, the re-
quired grayvalues of the grating is easily calculated. For the
demo, we used a simple 2x2 grating in the vertical direction.




Figure 19. Hologram used in final presentation demo. Note that
this hologram is filtered in the Fourier plane and then viewable
within the original plane.

We do not have a picture of the demonstration hologram
at this time.

5. Discussion

We have demonstrated that we can utilize the additional
information provided by a light field recording to construct
a phase-only Fourier hologram. Observing the hologram
confirms that the optimized hologram from the Wigner-
distribution-produced complex matrix produced the best re-
construction of the light field image, though increasing the
contrast of the image helped. Unfortunately, we were un-
able to verify the depth effects of the hologram. Better op-
tics as well as complete information of the Illum’s specifi-
cations may enable us to improve upon the display. Addi-
tionally, another object could be selected that would better
demonstrate the depth cues of the hologram.

At this point, it is prudent to discuss the relationship be-
tween the coherent hologram and the incoherent light field.
At first, transforming from an incoherent field to a coher-
ently lit scene may seem troublesome. However, two facts
must be kept in mind to realize that this transformation is
valid. First, we are merely comparing the Wigner of the co-
herently lit PLUTO in an attempt to reconstruct the light
field scene, and so an exact equivalence is unnecessary.
In fact, it would be better to optimize by calculating the
Wigner distribution of the PLUTO, and then blurring and
sampling it to compare it to the light field recording. How-
ever, the Wigner distribution is a non-linear function and so
this optimization may prove to be more difficult and com-
putationally intensive. Second, the light field is a geometric
optics model. Therefore, we are only interested in the direc-
tion and position of the ray of light that is striking the pixel.
We then apply this directionality to a plane wave and are
thus able to treat the resulting Wigner as a Fourier model.

6. Future Work

Additional work can be done to improve the algorithm,
especially attempting the Wigner optimization mentioned
in the discussion. However, improved technology is neces-
sary for both the optimal recording of a light field as well

as light modulation for holographic display. For the light
field recording, smaller and more numerous pixels are nec-
essary in order to better sample the incoming light rays’ di-
rectionality. Greater sampling will improve resolution of
the spatial frequencies of the hologram, allowing for finer
depth perception. Eric Fossum has discussed a digital film
that uses tiny pixels called jots [5]. This technology may
have promising use in light field as well as traditional inter-
ferometric recording for holographic purposes. On the dis-
play side, research into combine phase and amplitude mod-
ulators as well as nano-wire displays could make wearable
holographic displays a reality.
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