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ABSTRACT:

The development of novel digital holographic techniques made the research on efficient manage of
holographic data more relevant than ever. Specifically, holographic data compression is the subject of
intense research, with several proposals based on digital, optical, and optodigital techniques. For this
reason, we provide an overview of several data compression techniques and their application to
holographic data. We include a discussion about the potential compression ratios achievable with each
technique and their inherent limitations. Special attention is given to the problem of compressing the
phase obtained from holograms of diffuse objects.
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1. Introduction

Digital holography (DH) has become a potent technique, enabling a broad range of interesting
applications [1]. Digital holography consists of the full phase and amplitude recording of an
optical field, and its subsequent digital storage, manipulation, and reconstruction. In this way,
digital holography has become an essential bridge between optical and digital data processing
techniques, driving recent advances in microscopy [2], metrology [3], and novel display
technologies [4], to name a few.

Parallel to the development of the diverse applications of DH, there has been a growing interest
in methods to efficiently manage holographic data [5]. This is because the need for high-
resolution digital holograms leads to large amounts of information that must be digitally stored
and processed. In this sense, the application and development of holographic data compression
techniques have become fundamental for managing these large data volumes.

There are two general types of compression methods. These are lossy and lossless compression
techniques. Lossy compression consists of the use of methods that eliminate less relevant data
from the input, resulting in an overall reduction in volume at the cost of information loss. Lossy
compression is only limited by the amount of loss that can be tolerated, and as such can enable
extreme amounts of volume reduction [6]. For this reason, some of the most powerful
compression algorithms and formats used today, like mp3, mp4, and JPEG rely on lossy
compression.

On the other hand, lossless compression consists in using a more compact representation of the
input, without discarding any data. This often relies upon identifying periodicities or data
redundancies that can be encoded into a dictionary. The potential compression that can be
achieved with lossless compression is strongly related to the entropy of the input data, and as
such, these techniques often result in significantly less volume reduction than lossy approaches.
Some examples of lossless compression are Huffman coding [7] and the LZ77 algorithm [8],
used in the .zip compression file format.

A first approach to the compression of holographic data was to use common digital algorithms.
However, it was rapidly found that these were ill-suited for this purpose [9]. This is because
holographic data usually presents high entropy, limiting the usefulness of lossless compression.
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This also means that discarding certain frequencies or the use of quantization, common in lossy
compression, can lead to more severe degradation compared to their application in other kinds
of data. For this reason, the development of digital compression methods specifically tailored
to holographic data is an ongoing effort, with algorithms based on wavelet transform showing
the most promise [10-12].

A more recent alternative to digital compression methods is the research in methods inspired
by optical processes [13-16]. These have the potential to be far more effective when applied to
holographic data since they operate under the same principles and limitations of an optical
system. These methods can be fully optical, or implemented with virtual optical setups, and can
be successfully combined with digital algorithms, further enhancing their performance and
effectiveness.

Given the above-mentioned points, we believe that as a starting point for researchers interested
in the field of holographic data compression, it is important to review some of the basic
methods. In this paper, we will show some holographic data compression techniques, including
basic digital methods, some optical approaches, and finally, recent advances in optodigital
compression applied to digital holograms of diffuse 3D objects.

2. Digital hologram filtering

A digital hologram is an intensity recording of the interference between an object beam and a
reference beam, registered using a digital recording medium, like a CMOS or CCD camera.
These cameras contain a certain number of light-sensitive elements, or pixels, each with a finite
size. The number of pixels determines the resolution of the recorded hologram. After
reconstruction, the hologram resolution is related to the maximum spatial frequency that can be
reproduced, and the pixel size with the maximum size of the recorded object or scene. From a
digital standpoint, the recording process consists in reading each pixel and converting its signal
to a binary value. This conversion has a precision that will depend on the camera and determines
how many different intensity values it can detect. This precision is measured as the number of
bytes necessary to read the value of a pixel and is called bit-depth. A conventional CMOS
camera has a bit depth of 8 bits, which means that it can detect up to 256 different intensity
levels. More advanced scientific cameras can have bit depths of 10, 12, and even 16 bits.

Thus, the digital hologram will have a data volume in bits given by
Vy =NXMxB 1)

where N is the horizontal number of pixels in the digital camera, M is the vertical number of
pixels, and B is the bit depth. This will be our initial data volume, which we seek to compress
using the techniques shown in this paper.

To introduce compression approaches, first we must understand what data is present in the
hologram. Digital holograms can be recorded with two types of schemes, depending on how
the reference and object beam propagates through the holographic setup. These can be on-axis
and off-axis holograms. In an on-axis hologram, the reference and object beam propagate to the
camera along the same axis, while in an off-axis setup, there is a certain angle between both
beams.
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A discussion of the merits of these two approaches is outside the scope of this work. However,
it can be found in ref [17]. In general, on-axis setups allow for the recording of larger and more
complex objects but require phase shift methods to eliminate the DC term from the
reconstructed hologram. Off-axis setups do not have this requirement; therefore, we will center
our attention on these kinds of holograms.

Furthermore, holograms can be classified as Fourier and Fresnel holograms depending on how
the light propagates from the object to the camera plane. If this propagation is through free
space, we have a Fresnel hologram. If we place a lens between the object and the camera, so
that the lens performs the FT of the object in the camera plane, we have a Fourier hologram.

Figure 1: a) Digital Fresnel hologram, and b) reconstruction from a).

In figure 1, we show an example of an off-axis Fresnel hologram and its reconstruction. As can
be seen in figure 1b, in the reconstruction plane we obtain three distinct terms. First, we have a
central white noise cloud. This is the DC term and is essentially the self-convolution of the
object and reference wave. Then, we have the object, and another noise cloud, which is the
unfocused complex conjugate of the object, known as twin image. The spatial separation
between the object and the DC term is given by the angle between the object and the reference
beam used when registering the hologram.

From this figure, we can see that the object does not occupy the entire reconstruction plane,
whose size is given by the hologram resolution. Thus, a basic holographic data compression
method is filtering this reconstruction, discarding the area of the DC term and the unfocused
complex conjugate of the object [18]. This can be done by performing the Fourier transform
(FT) of the hologram and applying a bandpass filter to the result centered on the object
information. We then take the filtered area, and after an inverse Fourier transform (IFT), we
obtain the optical field data (OFD). The OFD is a complex-valued function that represents the
sampled object beam at the camera plane and contains all information necessary to reconstruct
the object.
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Figure 2: a) FT of the Fresnel hologram of figure 1, b) bandpass filter, ¢) bandpass filter applied to a), and d)
filtered and reconstructed object.

In figure 2 we show an example of this filtering process. Filtering is an important starting point
for the holographic compression procedure, as it allows the removal of redundant information
from the hologram. The data volume of the OFD is given by

VOFD=2><NFXMFXB (2)

here Nr and My are the number of vertical and horizontal pixels in the filtered area, and B is
the bit-depth. Although the factor 2 caused by the need to store both phase and amplitude
information (since the OFD is complex-valued) increases the data volume; it is worth noting
that to adequately register an off-axis hologram, the object must occupy a number of pixels in
the reconstruction plane equal to or less than 1/4 of the total hologram resolution along the
spatial separation axis with the DC term. This restriction can be deduced by taking into account
the size of the object, and the separation between the orders necessary to ensure that there is no
crosstalk [17]. For this reason, filtering usually results in a net reduction of holographic data
volume.

Another basic compression approach that can be very effective when dealing with diffuse
objects is discarding the amplitude data of the OFD. In this way, we can reduce its data volume
by half. This is a lossy procedure, which causes degradation of the reconstructed object.
However, when dealing with diffuse objects this loss is minimal. This is because in this case
the amplitude is a speckle pattern with low dynamic range, and most of the information of the
object is therefore encoded into the phase of the optical field [19].
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Figure 3: a) Reconstructed object from the full OFD, and b) the same object reconstructed only with the OFD’s
phase.

In figure 3a, we show an object reconstructed from the full OFD extracted from a Fourier
hologram, and in figure 3b the same object was reconstructed only from the phase information
of that OFD. As mentioned above, the difference in visual quality is minimal.

As an example of these procedures, the hologram of figure 1 was registered with a CMOS
camera with a resolution of 3840 x 2748 pixels and an 8-bit depth. This leads to an initial
hologram with a data volume of 10.06 megabytes (MB). After filtering, the OFD had a
resolution of 960 x 1500 pixels, for a data volume of 2.74 MB. Finally, by discarding the
amplitude, we obtain a final data volume of 1.37 MB. A common way to evaluate the level of
compression achieved with a procedure is the compression ratio (CR), which given an initial
data volume V; and a data volume after compression V, is defined as

Cr =Vi/Vf ©)

Taking this into account, the combination of filtering and discarding the amplitude of the OFD
leads to a CR of 7.34. As a baseline comparison, modern lossy compression methods can lead
to CR of between 10 and 20, reaching up to 50 in the case of state-of-the-art video compression
algorithms with motion compensation [20]. On the other hand, lossless compression usually
achieves CRs between 2 and 3, depending on the input data entropy. For this reason, filtering
and discarding the amplitude information is not enough to satisfy the need for high compression
ratios but offers a reasonable starting point with modest compression and low data loss.

3. Digital methods.
3.1 Lossless compression.

As mentioned in the introduction, lossless compression methods consist in analyzing the input
data to find redundancies, which are then encoded with alternative symbols that can be stored
more efficiently. As a simple example, if we have a text where the same word is repeated several
times, we can replace that word with a codeword with fewer characters. Thus, the more times
the word is repeated, the more we can reduce the data volume by using the codeword. This is a
lossless procedure because we can easily replace again the codeword with the original data
without loss. This is the working principle of Huffman coding [7], which in turn is the basis for
more sophisticated approaches like the Lempel-Ziv (LZ77) algorithm [21]. In the other
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extreme, we have very simple methods, like PACKBITS, which only compact repeated
contiguous values in a data file. In this case, if we have the same character repeated one after
another, we can replace the entire repeated set with only one character and the number of times
it is repeated. For example, AAAAA would become A5. For this reason, these kinds of
algorithms are called run-length encoding [22].

All of these lossless methods rely on finding data redundancy. A way to measure the
redundancy of a data set is entropy. Large entropy values mean that the data is highly random,
and there is low redundancy, where low entropy means that there can be a large amount of
redundant or repeated data. Holograms, due to the effect of speckle, interference, and the
wrapped nature of phase information, usually present extremely high entropy. This means that
algorithms like LZ77 when applied to holographic data result in compression ratios close to 1.
This was demonstrated in detail by Naughton et al. [9]. For this reason, most research about
holographic data compression has centered around lossy methods, which we discuss next.

3.2. Lossy compression

From the previous section, we found that for an off-axis hologram, in the worst case (with the
maximum size object) after filtering and amplitude discarding, we have an OFD’s phase with a
data volume of

1
VP=ZN><M><B (4)

We can see that the most direct way to further diminish the data volume is to reduce the
resolution or the bit-depth of the OFD’s phase. Let’s first explore the effect of reducing the bit
depth.

Reducing the bit depth is equivalent to performing a quantization procedure, reducing the
number of discrete values that the phase can take. Due to the limitations of the devices used to
print the first computer-generated holograms, the quantization of holographic data has been
extensively explored. In particular, Goodman & Silvestri [23] first demonstrated the effects of
quantization of the FT of an object, and later works demonstrated that the digital storage of
phase data with less than 4 bits lead to a significant loss in quality and the appearance of twin
images and other artifacts [24-26].

In figure 4, we show the effects of reducing the bit depth of from the OFD’s phase on the
reconstructed object. To quantitively measure the changes in quality, we calculated and
included the correlation coefficient (CC) between the reconstructed object from the 8-bit depth
OFD’s phase and from the OFD’s phase with lower bit depth. The CC is calculated as

Ypq Ulp.q1 = D(R[p,q] = R)

J(z Y 1lp,q1 - D7) (EY2 R [p.q) - RY?) ©

where I and R are the two images to compare, p and g are pixel coordinates, I and R are the
mean values of I and R respectively. The CC ranges from 0, which means that there is no
correlation between images, to 1, which represents an exact match.
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8 bits 7 bits 6 bits 5 bits
Original reconstruction cc=0.9982

Figure 4: Reconstruction of an object from the OFD’s phase quantized with different bit depths.

The result of figure 4 shows how below a bit depth of 4, the CC and visual quality fall sharply.
This means that in practice, the maximum CR that can be achieved via direct quantization of
the OFD’s phase while maintaining reasonable quality is 2. For this reason, this is not a
commonly used compression approach.

We now turn our attention to the other variable we can modify to reduce the volume, the
resolution of the OFDs’ phase. A direct way to reduce this resolution is to perform a digital
scaling of the OFD’s phase, which is equivalent to resampling the holographic data with a lower
resolution and larger pixel size. This can be done for example, by generating a new compressed
OFD’s phase where the phase value of each pixel is the mean value of 4 adjacent pixels in the
original input. Most types of digital algorithms for scaling are optimized for continuous-tone
images, not for phase information of diffuse objects, and as result lead to enormous losses after
reconstruction from the scaled OFD’s phase, even when the scale factor is only slightly lower
than 1 [9].

e
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Figure 5: Correlation coefficient between the object reconstructed from the OFD’s phase and the same object
reconstructed from digitally scaled OFD’s phase with different scale factors.
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In figure 5, we show how the correlation coefficient between the object reconstructed from an
uncompressed and a digitally scaled OFD’s phase when different scale factors are used. The
scale factor is the ratio between the initial resolution and the resolution after scaling. This result
shows that digital scaling is not suitable for holographic compression applications.

More sophisticated digital compression methods, like the joint photographic expert group
(JPEG) algorithm [27], make use of spectral quantization [28]. This method consists in
performing the FT of the input and reducing the bit-depth in the regions with less spectral
content. Spectral quantization is especially powerful when applied to natural image data, like
photographs. This is because the spectral content of these images is concentrated in the low
frequencies, allowing for the safe quantization of the high frequency data. A more general
approach, considering that some images can have some regions with high spatial frequencies
and others with low spatial frequencies, is dividing the image into blocks of pixels, and then
quantizing the spectrum of each block individually. The JPEG image format uses this blockwise
spectral quantization, dividing the image in blocks of 64x64 pixels and using the discrete cosine
transform instead of the Fourier transform to avoid complex valued data.

If we apply spectral quantization to holographic data, for example to a Fourier hologram, we
find that its spectral information is the reconstructed object. Since the object has a limited size,
the pixels outside the area of the object (which correspond to high spectral frequencies of the
hologram) can be quantized with a lower bit depth than the pixels with the object information.
Nevertheless, this procedure is of limited usefulness for holographic data because filtering
already eliminates the pixel information outside the object.

Regarding blockwise spectral quantization, the main difficulty is that if the input has random
noise or very high entropy, in the transform of each block the weight of both high and low
frequencies will be relatively similar. In this case, spectral quantization cannot result in
significant compression ratios without excessive data loss. This effect was demonstrated by
Shahnaz et al. [28] when dealing with noisy images. This is the case when dealing with OFD’s
phase from diffuse holograms. The entropy of these phases is very high, and as a result, block-
wise spectral quantization cannot produce optimal results.

More recently, the concept of spectral quantization has been used with other types of
mathematical transforms, like the wavelet transform. This is the basis of the JPEG2000
compressed image format [29]. Nowadays there is intense research regarding wavelet
transform methods applied to the compression of holographic data. In particular, the same group
responsible for JPEG and JPEG2000 is currently establishing the groundwork for the JPEG
Pleno format [30]. This format is expected to be able to compress images, holograms, point
clouds, and integral images effectively.

Despite the advances in this field, there is another approach worth exploring to achieve
holographic data compression: the use of techniques inspired by optical systems and
procedures.

4. Optical methods
4.1. Optical scaling

In the previous section, we found that the digital scaling of the hologram produces a large
amount of degradation, even when the reduction in resolution is very small. This is because the
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OFD’s phase contains discontinuities due to the wrapped nature of the phase, and the
interpolation applied in digital scaling “blurs” these discontinuities. This, in turn, leads to a
massive loss of quality in the reconstruction.

To solve this issue, Sorayda et al. [13] proposed optical scaling for the compression of optically
encrypted data. The basis of this method is using a virtual optical imaging system with a
magnification of less than one. This results in an output with a smaller resolution. Additionally,
since the procedure is performed optically simulating the propagation of light and the phase
shift of the lens, no phase interpolation is performed, and as a result, there is a much smaller
loss in quality.

As shown in figure 6, if we place an OFD at a distance d; of a positive lens with focal length
f, we will obtain an image at a distance d, behind the lens with a magnification E given by

f

F=ra 6)

If the input has a resolution of Ny x M , after scaling its resolution will be E* x Ny x My, with
E the magnification. This procedure will result in a compression ratio equal to 1/E2.

Figure 6: Scheme of the virtual optical setup used for optical scaling.

Although optical scaling was initially applied to optically encrypted data, Velez et al. [14]
demonstrated its application to the compression of digital holograms. In particular, optical
scaling was applied to the full complex-valued OFD extracted from the hologram of a diffuse
object. As a result, it was shown that optical scaling produced more degradation than JPEG
compression for low compression ratios. Nevertheless, when large compression ratios are
necessary, optical scaling demonstrates better performance. Another interesting result is that
optical scaling method performed equally well for both phase and amplitude information, while
the JPEG approach demonstrated much lower performance for phase compression. This
behavior is a manifestation of the difficulties of phase compression with spectral quantization
discussed in the previous section.
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4.2. Random sampling

Another method for holographic data compression inspired by optical methods is random
sampling with binary masks. This approach was first introduced by Davis & Cottrell [31], to
multiplex holographic filters, and then applied to the selective multiplexing of Fresnel
holograms by Velez et al. [32]. Multiplexing consists in combining several data channels into
a single one.

Multiplexing has been performed optically using different approaches, like spatial [33],
angular [34,35], polarization [36], and wavelength multiplexing [37]. In general, multiplexing
does not lead to data compression, since often the data volume of the multiplexed package must
be greater than the individual holograms to avoid issues like crosstalk and significant
degradation after reconstruction. However, random sampling with binary masks can effectively
lead to data compression.

Random sampling with binary masks was initially used to multiplex the full OFD from several
holograms with the same resolution. It consists in defining a binary mask of the same resolution
of the holographic data to be multiplexed, where a percentage of the pixels are set to a value of
1 and the remaining pixels are set to a value of 0. Then, the OFD is multiplied by this binary
mask. As a result, the information of the pixels where the binary mask takes the value of 0 are
lost, causing degradation after reconstruction.

However, holographic data is highly resistant to data loss due to this random sampling. For
example, in figure 7, we show the reconstruction from OFDs with different sampling
percentages, and the original reconstruction from the full OFD.

Original
reconstruction

75% 50% 25% 10%
Sampling Sampling Sampling Sampling

Figure 7: Reconstruction of the same object with different sampling percentages.

As can be seen, the reconstruction quality is proportional to the sampling percentage, with
less than 50% sampling leading to significant degradation.

To achieve the maximum compression using this method, we can apply it to directly to the
OFD’s phase. In this case, we first we generate a set of orthogonal binary masks, so that the 0
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valued pixels of one mask coincide with the pixels with value 1 of the other. Sampling the
OFD’s phases with different masks from this set, and then multiplexing the result, allows the
combination of all sampled OFD’s phases into a single multiplexed package. This package is a
phase function with the same resolution and the same data volume as single initial OFD’s phase.
We can select the object to be reconstructed by multiplying the package by the binary mask
with which the OFD’s phase of the desired object was sampled. Then, after reconstruction, we
obtain only the selected object without any crosstalk. A scheme of this method is shown in
figure 8.

Input Input
hologram hologram

1 2
| |

Filtering and discarding ODF
amplitude

OFp 2
|__Sampling with binary masks |

Sampled Sampled Sampled
ODF 1 ODF 2 ODF 3

Multiplexing

e t}
EX
Multiplexed
package
|
Sampling Sampling Sampling
with binary with binary with binary
masks 1 masks 2 masks 3
] | |
Reconstruction

Figure 8: Scheme of the sampling with binary masks multiplexing and compression procedure.
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Random sampling with binary masks enables a compression ratio of 1/N, where N is the
number of multiplexed holograms. In practice, obtaining compression ratios of more than 3
with this method implies the use of low sampling percentages, introducing severe degradation.

Both the optical scaling and random sampling procedures lead to limited compression ratios.
Further compression with these techniques causes significant degradation. Despite of this,
Trejos et al. and Gomez-Valencia et al. demonstrated that it is possible to successfully combine
these procedures for compression of both Fourier [15] and Fresnel [16] holographic videos,
achieving compression ratios of up to 15.91 compared to an initial full OFD with acceptable
degradation.

5. Alternative phase representations

Another approach to data compression is the combination of optical and digital methods. In
particular, there are methods common in optics that can be potentially used to prepare
holographic data in such a way that they can be successfully processed with digital compression
methods. We will now discuss a way to achieve this.

As mentioned previously, holographic data has very high entropy, which limits the usefulness
of lossless algorithms. This entropy is especially high in the OFD’s phase, which is caused
mainly by the discontinuities due the fact that phase values are limited to a range between 0 and
2. If the phase of a light field is beyond this range, it is increased or decreased by an integer
multiple of 2. This is called phase wrapping. A commonly used approach to avoid this issue
is encoding the phase information into a real-imaginary representation. The real and imaginary
parts of a phase function are continuous, and as such present lower entropy, which can make
lossless compression algorithms more efficient.

An alternative to the real-imaginary representation to reduce the entropy of phase information
is the use of phase unwrapping. Phase unwrapping covers a broad range of algorithms that
analyze the wrapped phase to eliminate its discontinuities and produce a continuous function.
These methods are particularly used in metrology [38-40], radar [41], and medical [42]
applications.

In general, the unwrapped phase will have lower entropy than the wrapped phase due to the
elimination of discontinuities, but it will also present a higher dynamic range. This can be an
issue if we only have a limited bit-depth to store the unwrapped phase, leading to quantization
errors. To address this issue, Velez et al. [43] introduced a partial phase unwrapping method,
where the phase was only unwrapped up to maximum dynamic range. The partial phase
unwrapping, although not completely devoid of discontinuities, has lower entropy than the
initial phase, allowing improved lossless compression. A basic scheme of this alternative phase
representation approach is shown in figure 9. Compression ratios of up to 4.5 were achieved
by applying the DEFLATE lossless compression algorithm [6] to the partially unwrapped
phase while maintaining a CC of 0.92.
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Figure 9: Scheme of the alternative phase representation with the phase unwrapping compression method.

A further refinement of this method was later introduced [44], making use of a quality guided
phase unwrapping algorithm. The combination of this approach with the JPEG lossy
compression format allowed to reach compression ratios between 17 and 26, with CCs of 0.80.
Given these results, alternative phase representations combined with digital methods offer the
potential for much higher compression than the individual use of digital or optical approaches.

6. Conclusions

The techniques shown in this work are only a subsection of a large and active research field,
they give a first approximation about the different possible approaches to contribute to the
holographic data compression field. The results show a large data reduction by taking advantage
of filtering and then discarding the amplitude of the resulting OFD, especially when dealing
with diffuse objects. Then, we introduce some common digital compression approaches,
highlighting the challenges faced when applying digital techniques to holographic information.
Afterwards, we show two techniques based on optical techniques, which show better or
comparable performance to lossy digital methods. Further research in optical methods for
holographic data compression, which preserve the features of phase information, maybe the key
to future holographic compression codecs. Finally, we discuss the alternative representation
method, an optodigital technique that has the potential to enable the large compression ratios
common in video and image compression when applied to holographic data.

Nevertheless, the demand for large volumes of holographic data seems to be increasing faster
than the capability for highly efficient compression. In this sense, we believe that the path is
open for novel contributions that help bridge this gap.
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