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Digital Holography Data Compression

Roberto Corda

Abstract — Digital holography processing is a research topic
related to the development of novel visual immersive
applications. The huge amount of information conveyed by a
digital hologram and the different properties of holographic
data with respect to conventional photographic data require a
comprehension of the performances and limitations of current
image and video standard techniques. This paper proposes an
architecture for objective evaluation of the performances of
the state-of-the-art compression techniques applied to digital
holographic data.
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[. INTRODUCTION

SYSTEMS for displaying content in three dimensions are
the natural evolution of the traditional 2-D displays.
Since the 20™ century, several approaches have been
investigated for providing the observer with the perception
of depth.

One of the most widespread techniques to achieve this
goal is based on the stereoscopic principle [1], where two
2-D slightly different images are individually shown to the
two eyes of the observer. Due to their operating principle,
stereoscopic displays create a mismatch between the
accommodation distance and the convergence distance,
which can cause discomfort or sickness to the observer [2].

Holography is the only technique capable of providing
the image with all the characteristics necessary for the
observer to have a perception of the three-dimensional
scene that is exactly the same as the reality [3]. It is based
on the interference of electromagnetic waves that fall within
the visible spectrum. Although there are several techniques
for acquiring the hologram of a real object, a general setup
includes one (or more, in the case of color acquisitions)
coherent light generators, typically laser, a beam-splitter,
and an acquisition plate.

The beam generated by the laser is divided into two parts
by means of the beam-splitter, from which a reference wave
and an object wave are originated. The reference wave
directs itself towards the acquisition plate, while the object
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wave first hits the object, and successively it also goes
towards the acquisition plate.

The interference between these two waves is recorded by
the acquisition plate and constitutes what is called a
hologram. Through this method it is possible to acquire not
only information on the amplitude of the electromagnetic
wave (as in the photograph), but also its phase. To obtain
the holographic image, the hologram will have to be
illuminated again with the reference wave, and this will
project an image that is indistinguishable from the object
originally acquired [4]. The acquisition of holograms with
optical setups is a complex process, which requires
specialized equipment and environments.

An alternative way is to use computerized methods,
which numerically calculate the propagation of the
electromagnetic field, simulating the generation and
reconstruction processes. The computation of the so-called
Computer Generated Hologram (CGH) takes place starting
from a three-dimensional representation of a synthetic
scene, typically modeled by polygons or point clouds.

In these cases, every primitive of the scene (point or
polygon) is considered as an element that emits an
electromagnetic wave, and the various contributions of the
different primitives are combined in the hologram plane, in
order to obtain the holographic representation of the whole
scene [5].

Other basic representations are also possible, such as the
ray-based model, in which the scene is represented as a set
of light rays [6]-[30], or the layer-based model, in which
the depth of the scene is represented by multiple layers: the
contribution of each layer is propagated towards the
hologram plane and added to the others in order to obtain
the final hologram [S]. A further acquisition technique
consists in combining different views of the same scene,
acquired from different perspectives (multiviewpoint
projections), which are then processed to obtain the final
hologram [31]. Regardless of the method used, the
computational complexity to create a CGH is typically high,
so research in this field continues to be very active [32].

Holographic displays are obviously necessary to exploit
the great potential of holography. To date, different types of
holographic displays have been proposed [33], including
head-mounted solutions [34], which are less penalized in
terms of view angles and observation window dimensions,
due to the limited display size and the short distance
between the display and the observer’s eyes. Indeed, it is
expected that a head-mounted display will be the first type
of holographic display that will become commercially
available in the next few years. In contrast, high quality
multi-user displays whose dimensions are comparable to
current television sets (or bigger), are not supposed to be
available for another decade [35].
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Data compression is another fundamental challenge to be
faced in order to facilitate the development and deployment
of holographic applications. Typically, a hologram
characterized by a high resolution and wide viewing angles,
comprises a very large amount of data. It is essential to find
a coding method that makes transmission, storage and
processing less difficult.

In the literature there are several researches dedicated to
the compression of the holographic data [36],[35].
Different types of lossless algorithms have been tested
in [37]. In some cases, the coding techniques that have been
used for holograms compression are the current standards
for image and video compression [38],[39]. In some
researches, new elements have been added to the
compression process in order to improve performance [39]—
[41], and also wavelet transforms have been proposed,
different from the standard ones, such as the Gabor
wavelet [42] and the Morlet wavelet [43].

Despite different data compression approaches have been
proposed, no standard solution has been established so far,
and further studies are needed to better understand the
holographic data features. The ISO/IEC JPEG
standardization committee has recently started an activity,
named JPEG Pleno, with the aim to explore, among other
challenges, the holographic data compression field [44].

The objective of this research is to perform a
compression benchmark on CGH holographic data using
JPEG 2000 and HEVC, expanding with respect to the
previous research the modalities in which the holographic
image quality is evaluated. Since the holographic image has
the main characteristic of being three-dimensional, it is
important to evaluate its quality taking this aspect into
account, and this implies carrying out evaluations from
different perspectives and reconstruction distances of the
image. In order to simplify the reproducibility of the results,
only publicly available CGH have been employed. With
respect to the previous work [45], a more in-depth
description of the proposed architecture is provided,
including also new results regarding the experimental
analysis that are here deeply analyzed.

This paper is structured as follows. In Section II an
overview of the main digital hologram data representation
forms is given. Section III describes the proposed
architecture and the metrics used for evaluating the results.
Section IV is dedicated to the description of the datasets,
configuration of encoders, presentation of experimental
results, and discussion. Finally, the conclusions are drawn
in Section V.

II. DIGITAL HOLOGRAPHY OVERVIEW

The hologram acquisition process consists in registering
the interference fringe (fringe patterns) between the object
wave and the reference wave. The hologram is then
described by a complex waveform Up(xp,yy) that can be
represented in several ways, depending also on the used
acquisition technique. A common modality consists in
describing the hologram in one of the equivalent complex
number representations, namely the algebraic form and the
polar form.
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The algebraic form is composed of a real part and an
imaginary part, described as:

Uy(xy,9y)=real (U,(xy,,)) (1)
+ j-imag (U, (xq,¥))s
where j denotes the imaginary unit.

The polar form is composed of an amplitude part and a
phase part, described as:
Ug(xg.2,) = A(xoayo)ew(xo'y")' (@)
When the acquisition technique is based on the phase-
shifting method, the complex wave is obtained by several
(usually between two and four) interferograms that are
acquired by changing the wave’s phase for each acquisition.
For example, assuming four acquisition steps with phase
shift equal to 7/2, the complex wave is represented as:
o WG n 0~ 1 rim)
- j(l(x()’y();%) _1(xoay0;37”)))>
where U, represents the reference wave, the symbol * the
complex conjugate, and / represents the interferogram.
Other acquisition techniques are based on capturing three
inteferograms. In this case the complex wave is represented

by:
2z

Uy(x9,99) = [(xo,yO;O)+eij2”/3[(x0,y0;_7) 4)

Uo(xoayo):

; 2
+e’" I (x,, yO;Tﬁ).
Other methods are based on the acquisition of two
interferograms and are named two steps or quadrature phase
shifting holography methods [46].

III. PROPOSED ARCHITECTURE

A common representation of the holographic data is a
matrix of complex numbers, a completely different form
compared to conventional images or video contents. Several
processing steps are required for converting the hologram
data in a data format compliant with the input format of
image and video codecs. The compression and quality
evaluation architecture used in this work is shown in Fig. 1
and it is discussed in the remainder of this section.

The Complex raw data block represents the holographic
data composed of one complex matrix (for grayscale
holograms) or three complex matrices (for RGB color
holograms). These data are the input of the Range mapping
& Quantization block. In this block, the input data are
mapped on a range [0, (2"-1)], controlled by the number of
quantization bits n, which is an input parameter for the
block. The output of the block has two components
(FI and F2), represented with n bit per sample (bps), which
correspond to the two parts of the complex representation:
the real and imaginary parts or the amplitude and phase
parts. In these experiments, n=8bps has been employed.

The two parts F'1 and F2 are independently encoded and
decoded in the Coding and Decoding blocks respectively.
At this stage, the comparison in the so-called Hologram
Domain is performed: the output signals (FI dec. and
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Fig. 1. Proposed compression architecture.

F2 dec.) are compared with the reference signals (#/ and
F2) in terms of signal-to-noise ratio (SNR), as defined
in [47]:

Z > [r(x, )]

SNR =10 log ) - 5

1 b}

ZZ[r(x,y)—t(x,y)]z

x=0 y=0
where 7(x,y) denotes the reference samples while #(x,y)
denotes the test samples (i.e. the decoded samples).

In the Complex regeneration & Rendering block, the
reference and test components are mapped again into their
original data ranges and merged in a single complex matrix
in order to be ready for the image reconstruction step.

The Angular Spectrum Method (ASM) has been used for
the image reconstruction, followed by a rendering process.
After the image reconstruction, the image quality evaluation
has been performed, in the so-called Reconstructed
Domain, comparing the reference image F’_rendered with
the test image F'’’ rendered with the PSNR metric:

2" -1’ (6)

1 M-1N-1 :

m;};[r(x,y)—t(x,y)]

The F’_rendered image is generated from the data that have
not been compressed, while the F’’ rendered image is
generated from the data that have been previously
compressed.

The PSNR has been chosen for the evaluation in the
Reconstructed Domain because the data under comparison
is the final image that is shown to the user. In contrast, in
the Hologram Domain, the data that constitutes the
hologram are compared, and thus the SNR metric has been
employed. It should be pointed out that currently no
standard metrics or evaluation methods have been
established for quality evaluation on holographic contents.

PSNR =101og,,

IV. EXPERIMENTAL ANALYSIS

A. Test modalities and Datasets

In this work, the PSNR has been evaluated on two distinct
scenarios. The first scenario evaluates the PSNR as the
reconstruction distance changes, keeping a fixed
perspective on the scene. For this experiment, the central
perspective has been chosen. For each level of compression,
the PSNR has been calculated by performing 30 different
reconstructions at 30 different distances, chosen in such a
way as to uniformly cover the entire range of distances
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allowed by the sample under test. The second scenario
instead, evaluates the PSNR as the perspective on the scene
changes. For each compression level, 36 different
reconstructions from 36 different perspectives have been
performed, uniformly distributed within the range of
allowed perspectives.

The encoders that have been used for the compression
analysis are the HEVC reference software [48] version
16.18, and the JPEG 2000 Kakadu software [49] version
7.10.2. For each codec, nine different compression levels
have been selected. The HEVC compression quality has
been controlled using the quantization parameter with the
values g = {0, 2, 4, 7, 10, 20, 30, 40, 51}, where ¢g=0 is the
best quality, while g=51 is the worst quality. The JPEG
2000 quality has been controlled using the rate parameter
that allows to declare a target bitrate for the compressed
data. In order to ensure a fair comparison between the two
codecs, the JPEG 2000 rate has been set equal to the output
data bitrate of HEVC coding that has been previously
performed.

The two samples under test are reconstructed using the
ASM, but the subsequent rendering process is slightly
different depending on the chosen sample. The first sample
belongs to the Interfere II dataset. As suggested by the
authors in [50], the observation window has resolution of
2048x2048, and it is apodized using a 2-D Hanning window
before the reconstruction process. In order to reduce the
speckle noise, the final image is the average of three
reconstructions performed at three different wavelengths
(633nm, 632.9nm, and 633.1nm). This technique has been
chosen because it has higher computational efficiency than
other techniques for reducing the speckle effect. The second
sample belongs to the B-com’s dataset [31]. The framework
proposed in [51] has been employed for the rendering
process: an observation window of 2048x2048 has been
extracted and apodized. After the reconstruction, the image
has been enhanced through a percentile clipping, followed
by a linear histogram equalization process.

The dataset Interfere II [S0] presents holograms created
using a method that supports occlusion and simulation of
diffuse reflection from surfaces. All the holograms are
monochromatic, generated from point clouds. The pixel
pitch is lum with resolution of 8192x8192, and full-
parallax support. The hologram selected from this dataset is
Ball 8KD. The other sample under test is Specular Car 8K
from B-com’s dataset. This hologram has been generated
using the algorithm described in [31], which supports
specular reflections reproduction, occlusions and full-
parallax. The source data are multiview-plus-depth.
Specular Car 8K is a color hologram, with pixel pitch of
0.4um and resolution of 8192x8192.

B. Results

For what concerns the Hologram Domain, the results of
Ball 8KD are shown in Fig. 2. The Fig. 2 (left) shows the
real part while Fig. 2 (right) shows the imaginary part. The
curves show that HEVC provides better results than JPEG
2000 at medium-low bitrates. For higher bitrates it is the
JPEG 2000 that outperforms HEVC. For both the real and
imaginary parts, the lowest bitrate point of HEVC is not
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Fig. 3. Ball 8KD SNR results: amplitude (left) and phase

(right).

visible because it is the same of JPEG 2000, both
corresponding to 14dB. For what concerns the polar
representation, Fig. 3 (left) shows the amplitude results
while Fig. 3 (right) the phase results. At medium-low
bitrates the difference between the two codecs is marginal
and the SNR results are lower if compared with the
algebraic representation. For bitrates higher than 8 bps, the
JPEG 2000 obtains a lossless compression: only 7 orange
compression points are visible in Fig. 3 (left). The phase
compression (Fig. 3, right) at low bitrates gives SNR results
similar to amplitude compression, but JPEG 2000
outperforms HEVC from 7bps to 9.5bps.

The results of Specular Car 8K bring to similar results for
both real and imaginary components, showed in Fig. 4 (left)
and in Fig. 4 (right) respectively. At low bitrates HEVC
outperforms JPEG 2000, while for bitrates higher than
nearly 12bps it is JPEG 2000 that gives better performances.
For what concerns the polar representation (Fig. 5), the
results are again similar to the previous sample: the two
codecs show similar performances, lower than the algebraic
representation.

For what concerns the Reconstructed Domain, each
compression point in Figs. 6-9 represents the mean PSNR,
while its standard deviation is indicated by a vertical
interval. In the experiments with the change in
reconstruction distance, every point in the graph is the mean
PSNR of 30 image reconstructions at 30 different distances,
while in the experiments with the change of perspective
every point in the graphs is the mean PSNR of 36 image
reconstructions from 36 different perspectives. In order to
quantify the performance difference between the two
codecs, also the Bjentegaard rate gain (BD-Rate) and
distortion gain (BD-PSNR) of HEVC over JPEG 2000 are
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provided in this domain. Fig. 6 shows the results for Ball
8KD in algebraic form, with the change in perspective (left)
and in reconstruction distance (right). It can be noted that
with the change in perspective the PSNR variance is high
(up to £5dB) at high bitrates. The BD-PSNR is 3.13dB with
a BD-Rate of -15.02%. With the change in reconstruction
distance, the variations are around +2 dB, or lower, at any
compression level, while BD-PSNR is 3.45dB and BD-Rate
is -25.27%. In Fig. 7 the results of Ball 8KD in polar form
are shown. It can be noted that at equal bitrates, often the
PSNR values are slightly lower than in the algebraic case.
The mean PSNR variations are higher at high bitrates,
especially for HEVC, with the change in the perspective
(Fig. 7, left), where variations up to +4 dB can be noted.
The BD-PSNR is 7.5dB with a BD-Rate of -27.51%. A
similar scenario can be seen with the change in
reconstruction distance in Fig. 7 (right), in which the BD-
PSNR and BD-Rate are respectively 5.67dB and -19.02%.
Both when the perspective changes and the reconstruction
distance varies, JPEG 2000 is the codec that is most affected
by the polar representation, especially at low bitrates.

In Fig. 8 the mean PSNR results of Specular Car 8K in
algebraic form are reported. In both graphs we can see a
codec behavior similar to the previous grayscale sample,
but with reduced PSNR variations, especially with the
change in perspective with the HEVC compression (Fig. 8,
left). The BD-PSNR is 0.75dB with a BD-Rate of -26.07%.
The mean PSNR values with the change in reconstruction
distance (Fig.8, right) are always inside the +2 dB range.
The overall trend is similar to the previous case: this fact is
also confirmed by the Bjontegaard metrics that show a BD-
PSNR of 1.21dB and a BD-Rate of -28.01%. Finally, the
mean PSNR results of Specular Car 8K in polar form
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are showed in Fig. 9. The mean PSNR variations with the
change in perspective (Fig. 9, left) are negligible, being at
most around +1dB. In this case the BD-PSNR is equal to
5.63dB with a BD-Rate of -34.58%. The PSNR variations
with the change in reconstruction distance (Fig. 9, right) are
also limited, around to +2 dB and similar to the algebraic
representation. The BD-PSNR is 4.92dB with a BD-Rate
of -40.14%. The experiments in the Reconstructed Domain
show that HEVC provides the overall better performance,
with BD-rate savings up to 40% with respect to JPEG 2000.
One last aspect to note is how, in the polar representation,
if forced at very high output bitrates, the codecs produce an
output with a bitrate higher than the input: in the case of
Ball 8KD, the 16bps are exceeded, while in the case of
Specular Car 8K the 48bps are exceeded. This fact is
mainly caused by the phase data, as can also be verified by
examining the previous curves in the Hologram Domain
(Fig.3 and Fig. 5). This further highlights the difficulty for
standard codecs of obtaining good results with this type of
data.

V. CONCLUSIONS

Digital holography compression performance of state of-
the-art image and video standards, namely HEVC and JPEG
2000, has been evaluated. The objective quality evaluation
has been performed using the SNR metric for the
holographic data prior to the reconstruction, and using the
PSNR metric for the reconstructed holographic image. In
particular, the PSNR metric has been computed both for the
holographic data prior to the reconstruction, and using the
PSNR metric for the reconstructed holographic image.
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In particular, the PSNR metric has been computed both for
perspective and reconstruction distance variations. The
poor obtained results in terms of compression ratio with
respect to compression ratios achievable with regular
images, confirm the necessity for novel encoders designed
for the characteristic of the holographic data.
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