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Abstract—Holography is a 3D capturing and displaying
system. Many formats have been suggested to store
holographic images with the highest quality and minimum file
size. Here, we suggest combining two AV1 codecs to make a
secondary error image and use it in a linear regression block to
compensate for the main AV1 compression error. Since the
phase part is the most challenging part of holograms, the
proposed method addresses the compression problem in phase.
The obtained results reveal that the proposed method can
outperform the state-of-the-art codecs in terms of PSNR and
SSIM criteria. Besides, comparing BD-PSNR and BD-Rate
results with usual AV1, confirms the proposed method has an
average about 5.04dB, which is -22.1% better Object plane
performance, and 4.57dB, which is -20.66% better in Holo
plane performance, in terms of BDPSNR and BD-Rate,
respectively.

Keywords—Compression; digital holography; object
plane; holo plane; phase compression

. INTRODUCTION

Holography is a technique for capturing three-
dimensional (3D) images and videos. Holography is first
proposed to enhance the quality of electron microscopes that
were expanding at that time. In the 1960s, optical holography
was advanced considerably by the development of laser [1].
In the early 1990s, decent quality digital holograms were
recorded, processed, and stored using a space light modulator
(SLM), CCD camera, mathematical algorithms, and fast
computers. Nowadays, digital holography is applied to a
wide variety of purposes such as electron microscopes [2],
interferometry [3, 4, 5], surface sensing [6], data storage,

holographic projectors, virtual reality, optical tweezers [7],
optical information security [7, 8], and 3D movies [9].
Holograms are computationally intensive, being more
evident in video or live scenes. Thus, research about
hologram codecs and compression algorithms is currently
highly demanded [10]. With the growth of 3D display media
on the Internet, 3D imaging technologies are expected to be
one of the most exciting imaging areas soon. One of the
main hurdles in this new industry is to devise hologram
codecs that can use the available bandwidth and transfer 3D
images optimally.

The existing 3D technologies based on the light field
have limitations [11, 12]. In contrast, holography, considered
an infinite light field, nominates as an alternative technology
to the existing techniques [13]. However, there are numerous
challenges to developing all aspects of the 3D holographic
industry, including 3D display technology, recording
equipment and cameras, noise removal from hologram
images [14] and hologram broadcasting. Given the existing
challenges, this study proposes a holographic compression
based on AOMedia Video 1 (AV1) image compression. It
significantly reduces the required bandwidth for holographic
image broadcast without lowering the quality of holograms.
Due to the high storage and bandwidth required for
holographic images (about 10 Gbps), the proposed 3D
compression method is highly desirable. It resolves one of
the most significant limitations to the future of 3D imaging
technology and helps broaden the 3D media field
significantly. There are three traditional standards for
displaying and recording holographic images [15, 16, 17]:



A. Intensity-based format

This standard directly extracts holographic images from
three phase-shifted stored interferograms and directly uses
the holographic equation. Here, three 2D (two-dimensional)
datasets are required to store holograms. This format is not
optimum for storage due to its high data requirements.

B. Phase-shifted format

In this case, the object is modelled as a complex object
wave-field with two different signals in different phases.
This format requires two 2D matrices to store holograms.
Although this representation presents computational
complexity in the coding and decoding step, it requires less
information than the intensity-based standard.

C. Complex object wave-field format

In this format, the hologram is stored using complex
numbers, represented in Cartesian or polar forms. Some
studies report that the polar form is more robust and
efficient, particularly in lossy codecs [18]. However, the loss
of holograms phase part in compression is not considered
independently in the literature, although holograms are
critically sensitive to it.

This article intends to cover the research gap presented in
complex object wave-field format. First, it is examined the
efficiency of different compression methods on the
holographic image phase part. Then, an efficient phase
compression method on holographic images for both holo-
plane and object-plane is proposed. The structure of this
article is as follows. The next section provides a
comprehensive overview of the holographic structure and
related works. In Section 3, the proposed method is
explained in detail. Next, the method is compared against the
best counterparts in Section 4. Finally, Section 5 concludes
the article.

Il. HOLOGRAM CODING AND COMPRESSION

Generally, 3D compression methods can be divided into
four classes:

Wavelet-based methods;
Frequency domain methods such as DCT/FFT-
methods and JPEG;

e Hybrid codecs such as HEVC, AV1, and VP9;

e Other codecs.

A. Wavelet-based Compression Methods

Wavelets offer excellent compression properties in signal
and image [19, 20]. As a consequence, they are among the
first candidates in  holographic 3D compression.
Accordingly, [21] applies Fresnelets as a combination of b-
spline wavelets and Fresnel transform to compress the phase-
shifting digital holograms. This combination demonstrates
better compression performance in phase-shifting digital
holograms [22, 23]. A combination of wavelets and Bandelet
transform in a hierarchical form is suggested for holographic
compression [24]. It boosts the compression rate in
comparison to DCT-based compression methods and
conventional wavelets. Viswanathan et al. use the Morlet

wavelet transform to compress holographic images based on
the viewer position [25]. In another research, Viswanathan et
al. apply Gabor and Shannon wavelet transforms to propose
a networked hologram adaptive codec [26]. Viswanathan et
al. compare Gabor and Fresnelet-based wavelet in view-
dependent hologram compression, where the Gabor wavelet
is revealed to present better quality under similar conditions
[27]. Blinder et al. use modulo wavelet transform for
wrapped phase data in holograms [28]. Cheremkhin and
Kurbatova present an optimized algorithm for compressing
and storing 3D scenes such as holograms using a one-
dimensional wavelet transform [29]. EI Rhammad et al.
propose a dictionary-based approach for color hologram
compression based on a combination of Gabor wavelet and a
matching pursuit scheme [30].

B. Frequency Domain Compression Methods

JPEG-based compressions are also evaluated in 3D
images because of their applications to conventional images.
It is one of the most applied image compression methods and
is optimized in computational complexity and compression
rate. Naughton et al. studied the quality and compression
ratio of traditional 2D image codecs on digital holograms
[31]. They use correlation as a quality metric and reveal that
more than 90% of the cosine and Fourier components could
be removed in 3D images without significant correlation
loss. A JPEG2000-based codec has been suggested in [32]
for coding some off-axis microscopy holograms. This codec
extends the use of wavelet decomposition and directional
wavelet transforms. Recent advances in applying JPEG to
the area of 3D content-based image compression is also
reviewed in [33]; additionally, the feasibility of using the
JPEG standard on holographic images is evaluated.

C. Hybrid Compression Method

MPEG-4 is the first codec selected from this group.
Darakis and Naughton, in [34], investigated the performance
of the MPEG-4 codec in compressing holographic images.
They found that conventional image and video codecs can
also be applied to holograms, with the codecs showing an
excellent compression performance in 2D images and often
working well in 3D images. Sharabayko et al. implemented
VP9 and high efficiency video codec (HEVC) on
holographic images [35]. They demonstrated that HEVC
provides a few better qualities in similar conditions than
VP9. However, the performance is relatively the same in
most cases.

Bernardo et al. evaluated the performance of some
codecs in the holo plane and object plane [36]. They
observed that H265 can outperform other compression
methods in both planes. Peixeiro et al. evaluated the
performance of the H265 codec for computer-generated
holographic (CGH) images [15]. Besides, they presented a
modified HEVC using an adapted transform that could
achieve a better peak signal-to-noise ratio (PSNR) and bitrate
than conventional HEVC in the CGH. Bernardo et al.
compared the performances of H264, H265, MPEG2, and
JPEG codecs. The authors confirmed that H265 is the most
efficient scheme among all evaluated codecs [37]. Chen et al.
explained full details of AV1 codec and compared this codec



with VP9 and HEVC [38]. They revealed that performance
of the AV1 codec is very close to H265 for compressing 3D
holographic videos.

Corda et al. observed that HEVC and AV1 codecs
present better results than other compression methods using
the objective test metrics for holograms [39]. This result
confirms the findings of the usual quality metrics used in
previous research.

D. Other methods

This class includes all methods not included in previous
categories. Seo et al. applied a combination of DCT, 3D
scanning, segmentation, coefficient clustering, H264, and
differential pulse code modulation to compress color
holograms [40]. Tsang et al. compressed color holograms
using a vector-based quantization method [41]. This method
presents an excellent compression ratio, but is only
implemented on Fresnel holograms. Senoh et al. suggested
depth map coding for compression holograms in holographic
TV systems. Real-time processing and low bandwidth are
among their advantages [42].

Xing et al. proposed an adaptive vector lifting approach
for compressing holographic data [43]. One of the
advantages of this method is its applications in different
types of holograms [43]. Modi et al. suggested a
compression method based on 3D image estimation by
collecting 2D planes and then storing the plane parameters
instead of depth information [44]. In another research,
several target holograms were encoded into pairs of front and
rear phase distorting surfaces [45]. Challenges in holographic
near-eye displays in real applications and effective methods
for these types of displays have been considered in [46].

In light of this review, it can be stated that coding and
compression methods in holographic images still requires
extensive studies. Also, exploring the phase domain would
be an excellent candidate for compression, given holograms'
sensitivity to phase.

I11. PROPOSED METHOD

Hologram codecs consist of encoding (compression) and
decoding (decompression) steps. Each of these two steps
commonly contains different blocks. Accordingly, the
proposed encoder is depicted in Fig. 1.

A. Encoding

The goal of this step is to compress the hologram phase
data. First, the hologram phase data are extracted. The
extracted data is then compressed using the AV1 method
with a user-defined quantization value and then
decompressed (E1, E2). The quantization value is one of the
parameters that can be tuned by the user, directly affecting
the size of the output file and the decompressed holograms'
quality. These two parts are similar to the standard AV1
method. After applying AV1 encoding to the hologram, the
error is computed, i.e., the difference, between the E1 and E2
blocks input and output. In all modern compression methods,
different compensation steps are used for error minimization.
In a well-structured compression method, the final error and
input image should be uncorrelated as much as possible.

There, it is no possibility for further error compensation from
the original image and its essential parts. Hence, the output
image of AVL1 is re-encoded by an AV1 encoder-decoder
with a specified quantization value.
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Fig. 1. Flowchart of the Encoding step of the proposed method.

This quantization value is pre-determined in the codec
and is out of reach (E3, E4). This results in a new output
image error (E7), where it is expected that E5 and E7 are
fairly well-correlated, given the decoder structure used in
this block (E3-E4), and its similarity to the previous structure
(E1-E2). In the proposed method, E5 and E7 errors have
equal signs; therefore, the error sign can be ignored.
Accordingly, the absolute values of E5 and E7 are calculated
and designated as E6 and ES8, respectively. In brief, E6
represents the absolute error between the original image and
the output image of the first AV1 block, i.e., E4. In contrast,
E8 represents the absolute error between the reconstructed
images of the first and the second AV1 blocks. In fact, the
second encoding step error can be reconstructed ideally in
decoder, so it can be used to find the first step error and
compensate it without adding any extra data to the output
file. These two values are then applied to a linear regression
block (E9), where an approximately linear relationship is
found between them. Since E2 and quantization value are
known in the decoding step, the second AV1 block error
(E7) and its absolute value (E8) can be created easily. The
ability to generate these values in the decoder plays a crucial
role in the proposed methods' efficiency. Nevertheless, the
linear regression in E9 is estimated using the output of E8 as
x-axis and the output of E6 as y-axis.

Briefly, the linear regression in E9 estimates the absolute
value of the original error, i.e., E6, from E8. Adding the
estimated original error to the image created in the AV1
output, E2, improves the output quality and reduces output
error. The linear regression computed in E9 combines the
user-selected quantization coefficient and image compressed



in AV1 first decode-encoder (E2) to form the final output file
(E10). Since only two linear regression coefficients and one
quantization value (QPselecied) are added to the standard AV1
output file, the impact on the output file size is negligible and
can be easily ignored.

B. Decoding

The original image should be extracted from the encoded
output file with the highest quality in the decoding. Fig. 2
depicts the flowchart of decoding step. In the first block
(D), the received encoded file (E10) is split to standard
AV1 compressed image (E2 output) using the regression
formula (E9 output) and quantization coefficient of the
second AV1 encoder-decoder block (QPselected). In the D2
block, the compressed image is decompressed using the
standard AV1 decoder. The output of this block is equivalent
to the E2 output of the encoding step. The output image of
D2 is again applied to an AV1 encoder-decoder (D3, D4)
using the QP selected quantization coefficient extracted in
the D1 block.
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Fig. 2. Flowchart of the Decoding step of the proposed method.

The AV1 encoder-decoder (D3, D4) are precisely
equivalent to the E3 and E4 blocks of the encoding step. In
the D5 and D6 blocks, the error and its absolute value are
calculated. This error is fully equivalent to the error
generated in the E7 and E8 blocks of the encoding step.
Consequently, the error sign is extracted in D7. Note that the

error sign is equal to the sign of standard AV1 error,
calculated in the E5 block in the encoding step.

The regression formula extracted from the input file is
then applied to the absolute error (D6 output). If the linear
relationship was ideal, the output would be exactly equal to
the E6 output in the encoding step, the absolute error of
standard AV1 compression. The error sign extracted at D7 is
combined with the absolute error in the multiplication D9
block to compute an equivalent to the E5 error of the
encoding step. Finally, the standard AV1 error, estimated in
D9, is added to the standard AV1 codec output to
compensate for the AV1 error with the minimum
computational and storage load. Hence, the proposed method
enhances the AV1 output under the same conditions as the
standard AV1, and offers a better image quality at
approximately the same storage requirement.

IV. SIMULATION RESULTS

Here, the proposed method is compared againts
conventional coding methods in holographic images to
confirm its efficiency in maintaining quality and reducing
required storage. Since the proposed method only alters the
phase part, all comparisons are made on the phase part of
holograms.

There are only a few standard benchmark holographic
datasets for algorithm assessments. As a consequence,
special attention should be given to the different imaging
technologies when reporting the results. The proposed
method was tested on two different datasets. The first dataset
is the EmerglMg [14, 47], which contains a set of 10
holographic images of real recorded holograms. The second
dataset is Interfere I, created by Peter Shelkens [33], which is
part of the computer-generated holography (CGH) datasets,
and therefore its five images are fundamentally different
from the first one. Fig. 3 showns the 2D representation of the
selected holograms.
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Fig. 3. 2D representation of the selected holograms.

As aforementioned, the proposed method is compared
against various standard 3D image coding methods, mainly,



JPEG2000 [48], H265 [49], AV1 [50] and VP9. For
performance evaluation, the PSNR, SSIM, Bjgntegaard delta
(BD)-PSNR and BD-Rate have been considered as recent
quality measures in Holo images [16, 17, 51]. The objective
quality evaluation methods such as [39, 52] are not usual in
Holo images.

The proposed approach's implementation results on used
datasets are presented in Figs. 4 to 7. These figures compare
the values as to PSNR and SSIM obtained by the proposed
method and the ones obtained by benchmarking codecs for
the phase part of Astronaut hologram's holo on the object
plane according to various bits per pixels (Bpp). Based on
Figs. 4 to 7, one can confirm that the proposed method
enhances PSNR and SSIM at quantization coefficients
greater than 15 relatively to the other codecs under study.
Among all codecs, the most significant improvement is
found relatively to the VP9 codec.

The HEVC and AV1 codecs perform better than VP9 and
JPEG2000 codecs. In particular, it can be deduced that the
HEVC codec outperforms all conventional methods.
Interestingly, the proposed method beats HEVC and AV1 in
all scenarios. At quantization coefficients lower than 15, the
codecs' results are almost equal due to the high output
quality. The proposed codec can be applied to a wide range
of holograms, both in the holo and object planes, for various
compression ratios.

In addition, the BD-Rate and BD-PSNR based
comparisons between the proposed method and AV1 are
summarized in Tables I and Il for holo and object planes.
The results of Tables I and Il unfolds that the proposed
method outperforms AV1 up to 5.0 dB in terms of BD-
PSNR while requiring 25.0133% less resource measured in
the BD-Rate for the holo plane. These quantities are 4.7 dB
and 28.5% for object plane, respectively. It is worth to
mentioning that the obtained out-performance can be
considered very significant since AV1 is already highly
efficient, while the proposed method can beat it both in terms
of compression rate and quality for all images from the used
two different datasets. One of the immediate results that can
be inferred from the data presented in those tables, is that the
proposed method can present appropriate and relatively
similar qualities for different holograms. That is, the
performance of the proposed method is very stable on
different holographic images. The relatively regular pattern
of PSNR change with respect to Bpp in the proposed method
allows predicting the quality from the required capacity. This
can be considered as another advantage of the method.

To summarize, the proposed hybrid codec at high
quantization values significantly outperforms all other
benchmarking compression codecs. In addition, the
feasibility of applying the proposed method to the
challenging phase part for different types of holograms is
one of the main strengths of the proposed method.
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TABLEI. BD-PSNR AND BD-RATE OBTAINED BY THE PROPOSED METHOD ON THE OBJECT PLANE VS AV1.
3DMulti 2DMulti 3D-Venus
BD-PSNR [dB] BD-Rate [%] | BD-PSNR [dB] | BD-Rate [%] BD-PSNR [dB] | BD-Rate [%]
4.88 -24.23 4.75 -25.70 4.85 -28.50
Cube Horse Car2579
BD-PSNR [dB] BD-Rate [%] | BD-PSNR [db] | BD-Rate [%] BD-PSNR [db] | BD-Rate [%]
52 -19.92 5.00 -19.90 5.11 -20.06
Dice2 Skull Astronaut
BD-PSNR [dB] BD-Rate [%] | BD-PSNR [dB] | BD-Rate [%] BD-PSNR [dB | BD-Rate [%]
5.15 -20.18 5.23 -20.20 5.21 -20.21




TABLEIl.  BD-PSNR AND BD-RATE OBTAINED BY THE PROPOSED METHOD ON THE HOLO PLANE VS AV1.
3DMulti 2DMulti 3D-Venus
BD-PSNR [dB] | BD-Rate [%] | BD-PSNR [dB] | BD-Rate [%] BD-PSNR [dB] | BD-Rate [%]
4.85 -24.35 4.78 -25.01 4.77 -22.42
Cube Horse Car2579
BD-PSNR [dB] | BD-Rate [%] | BD-PSNR [db] | BD-Rate [%] BD-PSNR [db] | BD-Rate [%]
4.97 -19.73 4.96 -19.67 4.92 -20.65
Dice2 Skull Astronaut
BD-PSNR [dB] | BD-Rate [%] | BD-PSNR [dB] | BD-Rate [%] BD-PSNR [dB | BD-Rate [%]
3.96 -17.70 3.99 -18.65 3.97 -17.75
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V. CONCLUSION

In this article, a modified AV1 method is proposed to
improve the efficiency of phase compression of holographic
images. The proposed method consists of several
compensation steps, heterogeneous image resizing, and
combinations of time-frequency space and geometrical
methods. Through extensive simulations and comparisons, it
was verified that the new method can estimate the nonlinear
distortion in the output of the hologram phase part of the
AV1 codec, with a minimal increase in output file size. It
also significantly improves phase coding, particularly in high
quantization coefficients. Other imperative advantages are its
regular behavior for different quantization coefficients, and
its applicability to different types of holographic images in
both the holo and object planes. The comparison of the
proposed method against different state-of-the-art codecs in
3D compression revealed that the proposed method can
improve the quality up to 15% and 4% as to PSNR and
SSIM, respectively. When considering the BD-PSNR and
BD-Rate metrics, the proposed hybrid codec is highly
promising, showing a remarkable improvement in-phase part
of holograms for both the holo and object planes.

[1] Richardson, Martin J., and John D. Wiltshire. "A Personal View of
the History of Holography.", 2018, pp. 263-293.

[2] Ropers, Claus. "Holograms from electrons scattered by light.", 2019,
pp. 331-332, doi:10.1038/d41586-019-02016-6.

[3] Wyant, James C. "A wonderful life of holography, interferometry,
and optical testing.", Interferometry XIX. Vol. 10749. International
Society for  Optics and  Photonics, 2018, p. 25.
doi:10.1117/12.2324276.

[4] Hajihashemi, Vahid, et al. "A pattern recognition based Holographic
Graph Neuron for Persian alphabet recognition.” 2020 International
Conference on Machine Vision and Image Processing (MVIP). IEEE,
2020. doi:: 10.1109/MV1P49855.2020.9116913

[5] U. Schnars, C. Falldorf, J. Watson, W. Juptner, “Digital holography
and wavefront sensing: Principles, techniques and applications. ",
Springer Berlin Heidelberg, 2015. doi:10.1007/978-3-662-44693-5.

[6] T. Leite, S. Turtaev, X. Jiang, M. Siler, A. Cuschieri, P. S. J. Russell,
T. Cizmar, Holographic Optical Tweezers at the Tip of a Needle, in:
IEEE Photonics SocietySummer Topicals Meeting Series, SUM
2018, Institute of Electrical and Electronics Engineers Inc., 2018, pp.
133-134. doi:10.1109/PHOSST.2018.8456739.

[7] Li, S. Kamin, G. Zheng, F. Neubrech, S. Zhang, N. Liu, Addressable
metasurfaces for dynamic holography and optical information
encryption, Science Advances4, 2018.

[8] K. Nishchal, Securing 3D information using digital holography, in:
Optics InfoBase Conference Papers, volume Part F47-DH 2017, OSA
- The Optical Society, 2017. doi:10.1364/DH.2017.Th1A.2.

[9] F. Masato Fujiwara, N. T. Naoki Takada, H. A. Hiromitsu Araki, S. I.
Shohei lkawa, Y. M. Yuki Maeda, H. N. Hiroaki Niwase, M. O.
Minoru Oikawa, T. K. Takashi Kakue, T. S. Tomoyoshi Shimobaba,
T. I. Tomoyoshi Ito, Color representation method using RGB color
binary-weighted computer-generated holograms, Chinese Optics
Letters 16 , 2018, p. 080901.

[10] P. Ste,pien, R. K. M. Kizhakkumkara Muhamad, M. Kujawi nska, P.
Schelkens, Hologram compression in quantitative phase imaging,
SPIE-Intl Soc Optical Eng, 2020, p. 62. doi:10.1117/12.2546092.

[11] E. Miandji, S. Hajisharif, J. Unger, A unified framework for
compression and compressed sensing of light fields and light field
videos, ACM Transactions on Graphics (TOG) 38, 2019, pp. 1-18.

[12] D. Lanman, D. Luebke, Near-eye light field displays, ACM
Transactions on Graphics (TOG) 32, 2013, pp. 1-10.

[13] J. Y. Son, H. Lee, B. R. Lee, K. H. Lee, Holographic and Light-Field
Imaging as Future 3-D Displays, Proceedings of the IEEE 105, 2017,
pp. 789-804.

[14] E. Fonseca, P. Fiadeiro, V. Hajihashemi, M. Bernardo, A. Pinheiro,
M. Pereira, Perceptual evaluation of speckle noise reduction
techniques for phase shifting holograms, in: 2019 11th International
Conference on Quality of Multimedia Experience, QOMEX 2019,
Institute of Electrical and Electronics Engineers Inc., 2019.
doi:10.1109/QoMEX.2019.8743199.



[15]

[16]

[17]

(18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

J. P. Peixeiro, C. Brites, J. Ascenso, F. Pereira, Holographic data
coding: Benchmarking and extending HEVC with adapted
transforms, in: IEEE Transactions on Multimedia, volume 20,
Institute of Electrical and Electronics Engineers Inc., 2018, pp. 282—
297. doi:10.1109/TMM.2017.2742701.

Hajihashemi, Vahid, et al. "A novel high-efficiency holography
image compression method, based on HEVVC, Wavelet, and nearest-
neighbor interpolation.” Multimedia Tools and Applications (2021):
1-14. doi: 10.1007/s11042-021-11232-0.

Hajihashemi, Vahid, et al. " A Hierarchical modified AV1 Codec for
Compression Cartesian form of Holograms in Holo and Object
planes." Multimedia Tools and Applications (2021). doi:
10.1007/s11042-021-11567-8.

Hachani, A. Ouled Zaid, F. Dufaux, Phase-shifting digital
holographic data compression, Journal of Optics (India) 48, 2019, pp.
412-428.

G. Motta, F. Rizzo, J. Storer, Digital
Encyclopedia of Computer Science, 2003.

R. Fattal, Edge-avoiding wavelets and their applications, ACM
Transactions on Graphics (TOG) 28, 2009, pp. 1-10.

M. Liebling, T. Blu, M. Unser, Fresnelets: New multiresolution
wavelet bases for digital holography, IEEE Transactions on Image
Processing 12, 2003, pp. 29-43.

E. Darakis, J. J. Soraghan, Use of fresnelets for phase-shifting digital
hologram compression, IEEE Transactions on Image Processing 15 ,
2006, pp.3804-3811.

E. Darakis, T. J. Naughton, J. J. Soraghan, Compression defects in
different reconstructions from phase-shifting digital holographic data,
Applied Optics 46, 2007, pp.4579-4586.

L. T. Bang, Z. Ali, P. D. Quang, J.-H. Park, N. Kim, Compression of
digital hologram for three-dimensional object using Wavelet-
Bandelets transform, Optics Express 19, 2011, p. 8019.

K. Viswanathan, P. Gioia, L. Morin, Morlet Wavelet transformed
holograms for numerical adaptive view-based reconstruction, in:
Optics and Photonics for Information Processing VI, volume 9216,
SPIE, 2014, p. 92160G. doi:10.1117/12.2061588.

K. Viswanathan, P. Gioia, L. Morin, A framework for view-
dependent hologram representation and adaptive reconstruction, in:
Proceedings - International Conference on Image Processing, ICIP,
volume 2015-December, IEEE Computer Society, 2015, pp. 3334-
3338. d0i:10.1109/ICIP.2015.7351421.

K. Viswanathan, P. Gioia, L. Morin, Wavelet compression of digital
holograms: Towards a view-dependent framework, in: Applications
of Digital Image Processing XXXVI, volume 8856, SPIE, 2013, p.
88561N. d0i:10.1117/12.2027199.

D. Blinder, H. Ottevaere, A. Munteanu, P. Schelkens, Efficient
multiscale phase unwrapping methodology with modulo wavelet
transform, Optics Express 24, 2016, pp. 23094.

P. A. Cheremkhin, E. A. Kurbatova, Compression of digital
holograms using 1-level wavelet transforms, thresholding and
quantization of wavelet coefficients, in: Optics InfoBase Conference
Papers, volume Part F47-DH 2017, OSA - The Optical Society, 2017.
doi:10.1364/DH.2017.W2A.38.

El Rhammad, P. Gioia, A. Gilles, M. Cagnazzo, B. Pesquet-Popescu,
Color digital hologram compression based on matching pursuit,
Applied Optics 57, 2018, p. 4930.

T. J. Naughton, Y. Frauel, B. Javidi, E. Tajahuerce, Compression of
digital holograms for three-dimensional object reconstruction and
recognition, Applied Optics 41, 2002, p. 4124.

D. Blinder, T. Bruylants, H. Ottevaere, A. Munteanu, P. Schelkens,
JPEG 2000-based compression of fringe patterns for digital
holographic microscopy, Optical Engineering 53, 2014, p. 123102.

P. Schelkens, T. Ebrahimi, A. Gilles, P. Gioia, K. J. Oh, F. Pereira, C.
Perra, A. M. Pinheiro, JPEG Pleno: Providing representation
interoperability for holographic applications and devices, ETRI
Journal 41, 2019, pp. 93-108.

E. Darakis, T. J. Naughton, Compression of digital hologram
sequences using MPEG-4, in: Holography: Advances and Modern
Trends, volume 7358, SPIE, 2009, p. 735811.
doi:10.1117/12.820632.

M. P. Sharabayko, O. G. Ponomarev, R. I|. Chernyak, Intra
compression efficiency in VP9 and HEVC, Applied Mathematical
Sciences 7, 2013, pp. 6803-6824.

image compression,

[36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

[44]

[49]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

Bernardo, Marco V., Elsa Fonseca, Paulo Fiadeiro, Anténio MG
Pinheiro, and Manuela Pereira. A digital hologram compression
scheme for representation on the object plane. In Applications of
Digital Image Processing XLI, vol. 10752, p. 107520J. International
Society for Optics and Photonics, 2018.

A. M. G. Pinheiro, M. Pereira, M. Bernardo, Benchmarking coding
standards for digital holography represented on the object plane,
SPIE-Intl Soc Optical Eng, 2018, p. 18. doi:10.1117/12.2315361.

Y. Chen, D. Murherjee, J. Han, A. Grange, Y. Xu, Z. Liu, S. Parker,
C. Chen, H. Su, U. Joshi, C. H. Chiang, Y. Wang, P. Wilkins, J.
Bankoski, L. Trudeau, N. Egge, J. M. Valin, T. Davies, S.
Midtskogen, A. Norkin, P. De Rivaz, An Overview of Core Coding
Tools in the AV1 Video Codec, in: 2018 Picture Coding Symposium,
PCS 2018 - Proceedings, Institute of Electrical and Electronics
Engineers Inc., 2018, pp. 41-45. doi:10.1109/PCS.2018.8456249.

R. Corda, A. Gilles, K.-J. Oh, A. Pinheiro, P. Schelkens, C. Perra, An
exploratory study towards objective quality evaluation of digital
hologram coding tools, SPIE-Intl Soc Optical Eng, 2019, p. 49.
doi:10.1117/12.2528402.

Y. H. Seo, H. J. Choi, D. W. Kim, 3D scanning-based compression
technique for digital hologram video, Signal Processing: Image
Communication 22, 2007, pp. 144-156.

P. Tsang, K. W. Cheung, T. C. Poon, Low-bit-rate computer-
generated color Fresnel holography with compression ratio of over
1600 times using vector quantization [invited], Applied Optics 50 ,
2011.

T. Senoh, K. Wakunami, Y. Ichihashi, H. Sasaki, R. Oi, K.
Yamamoto, Multiview image and depth map coding for holographic
TV system, Optical Engineering 53, 2014, p. 112302.

Y. Xing, M. Kaaniche, B. Pesquet-Popescu, F. Dufaux, Adaptive
nonseparable vector lifting scheme for digital holographic data
compression, Applied Optics 54, 2015, A98.

K. Modi, P. K. Kalra, S. Kumar, Compression of noisy depth image
using planes, in: Proceedings of the 2014 Indian Conference on
Computer Vision Graphics and Image Processing, 2014, pp. 1-8.

Y. Peng, X. Dun, Q. Sun, W. Heidrich, Mix-and-match holography.,
ACM Trans. Graph. 36, 2017, p. 191.

K. Aks,it, W. Lopes, J. Kim, P. Shirley, D. Luebke, Near-eye
varifocal augmented reality display using see-through screens, ACM
Transactions on Graphics (TOG) 36, 2017, pp. 1-13.

D. Blinder, A. Ahar, A. Symeonidou, Y. Xing, T. Bruylants, C.
Schreites, B. Pesquet-Popescu, F. Dufaux, A. Munteanu, P.
Schelkens, Open access database for experimental validations of
holographic compression engines, in: 2015 7th International
Workshop on Quality of Multimedia Experience, QOMEX 2015,

Institute of Electrical and Electronics Engineers Inc., 2015.
doi:10.1109/QoMEX.2015.7148145.
D. Taubman, Kakadu software 6.4, 2012. URL:

http://www.kakadusoftware.com/index.php?option=com{_}content{
&}ask=view{&}id= 26{&}Itemid=22.

K. R. Rao, High efficiency video coding, 2016.
https://hevc.hhi.fraunhofer.de/. doi:10.1109/spa.2016.7763576.
D. Grois, T. Nguyen, D. Marpe, Coding efficiency comparison of
AV1/VP9, H.265/MPEG-HEVC, and H.264/MPEG-AVC encoders,
in: 2016 Picture Coding Symposium, PCS 2016, Institute of Electrical
and Electronics Engineers Inc., 2017.
doi:10.1109/PCS.2016.7906321.

Hajihashemi, Vahid, et al. "A weighted, statistical based, No-
Reference metric for holography Image Quality Assessment.” 2020
International Conference on Machine Vision and Image Processing
(MVIP). IEEE, 2020. doi: 10.1109/MV1P49855.2020.9116927.
Amirkhani, Dariush, and Azam Bastanfard. "An objective method to
evaluate exemplar-based inpainted images quality using Jaccard
index." Multimedia Tools and Applications (2021): 1-14.

URL:



