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In digital holography (DH), information in the hologram is recorded and stored in digital format in discrete bits.
Like its parent, holography, DH evolved over many years with periods of dormancy and revival. Almost abandoned,
multiple times, unanticipated events or developments in separate industries revived it with explosive, quantum
jumps, making it useful and popular to a wide audience. Although its history has been treated in many papers and
books, the field is dynamic and constantly providing new opportunities. Having been born long before low-cost,
fast, powerful digital computers and digital detectors were available, DH was confined to the academic world,
where practical applications and commercial opportunities were few if any. Consumer demand that led to low-cost
personal computers, high-resolution digital cameras, supporting software, and related products changed the sit-
uation drastically by providing every potential researcher affordable, powerful hardware and software needed to
apply image processing algorithms and move DH to new practical application levels. In this paper, as part of the
sixtieth anniversary of off-axis holography, we include a brief introduction to the fundamentals of DH and examine
the history and evolution of DH during its periods of rise and fall. We summarize many new emerging techniques,
applications, and potential future applications along with additional details for metrological examples from the
authors’ research.  © 2021 Optical Society of America
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1. EARLY YEARS

improvements for 60 years, an anniversary that we celebrate in

Gabor invented and named holography in 1947 [1,2], aban- this 1ssue. )
. . Digital holography (DH) has been around in some form [6,7]
doned it a few years later, and holography entered a period of . . .
hibernation until two explosive revivals occurred in 1962 in since the 1960s, almost as long as holography tself; however, it
two different parts of the world with the invention of off-axis evolvted th.rough a }lfla St tWto more p erl(;ds' thhlbﬁerlzatl(;n and

uantum jumps, while waiting on events in the fields of com-
holography. Soviet physicist Denisyuk [3], unaware of Gabor’s d S, WATE WaTting N .
holosranhy. combined a variation of holoranhy with a shoto. puters, digital sensors, cameras, and mathematics. In the 1960s,
grapﬁicfr) ec}:)rding method developed by Liip II; a}rl1 who rei:eived computers were rare and largely a tool of large universities and

the Nobel Prize for that in 1908. Leith and Upatniceks, working
with side looking radar signal processing beginning in 1955 [4],

companies. High-resolution digital cameras and recorders were
non-existent for another 20 years. Although the conceptual idea
of DH was obvious, little interest existed outside of academia

also unaware of Gabor’s holography, created yet another varia- before the emergence of charge coupled devices (CCD) and

tion of holography with similarities to side looking radar and, in
1963 [5], produced their first, to the best of our knowledge, laser
hologram at the University of Michigan, Ann Arbor, gaining
international attention and excitement about holography for
the first time, to the best of our knowledge. Denisyuk’s work
created similar excitement throughout the Soviet Union. These
quantum jumps brought analogue holography out of obscurity
in the early 1960s and gave it a useful, permanent presence
in society, after which the field has evolved with slow, steady
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small, powerful, inexpensive computers. These early accom-
plishments prompted a burst of research and publications in
the 1970s. At that time, many ideas and potential uses of DH
were suggested and tested. Many potential applications stimu-
lated a great enthusiasm among researchers, but low cost, high
speed, and memory capacity of computers and high-resolution
digital cameras needed to put such ideas into practice were not
widely available until around 1980, after Apple and IBM made
personal computing available to everyone.
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2. 1980S REVOLUTION

DH emerged from a second quiet hibernation after 1980, sim-
ilar to fundamental holography’s 1960 revolution. The mass
production of holograms represents a major milestone, since it
created the first, to the best of our knowledge, large, lucrative
commercial application of DH. Also, the public’s awareness
of holograms was greatly enhanced by the incorporation of
holographic elements into the Visa and Mastercard credit cards
and on the covers of National Geographic Magazines. Placing
holograms on credit cards, magazine covers, stamps, or docu-
ments as a counterfeit security measure [8] required efficient
ways to mass produce large numbers of holograms at fast speeds
and low costs. Several companies had large research budgets
to find faster and better methods than competitors. This led
to new techniques, materials, and equipment for embossing,
casting, and writing holograms directly into master holograms
[9], limited only by the available resolution of optical hard-
ware. Eventually, the necessary materials and techniques were
developed to create holograms from collections of photographs
and transfer them to embossing masters, photo polymers, and
castings. Combinations of stereo photography with holography
produced the required effects for this major new industry.

The emergence of high-speed microprocessors, high-
resolution electronic optical sensors liquid crystal displays,
and technology for fabricating microlenses and mirror arrays
in the late 1990s gave DH a major new impetus. DH tasks that
once required hours and days of computer time can now be
solved in near “real” time in seconds using relatively low-cost
computers owned by most scientists. Whereas producing high-
quality holograms and conducting holography experiments
once required expensive lasers and high-resolution photo-
graphic capability, high-level DH research may be conducted
today by college students sitting at a desk with their own com-
puters. This may explain how so many excellent DH results are

being published.

3. TV HOLOGRAPHY

Among the first practical applications and forms of DH was
the method known as TV holography [10], which found many
applications in non-destructive testing and analysis. TV holog-
raphy uses a laser, video camera, and electronic processing
(analogue or digital) [11] to generate holograms at a TV frame
rate. This provides a real-time operating mode, where some
of the information of interest could be observed as it happens.
The first, to the best of our knowledge, TV holography systems
[12—-14] appeared in the 1970s to deal with practical problems
being faced in classical holography, where the slow, photo-
graphic recording required high-power lasers, complex optical
arrangements, and expensive facilities to produce a qualitative
analogue output.

Since the technique was conceived as a natural extension
of speckle interferometry, one of research groups [12] in this
early effort coined the name “electronic speckle pattern inter-
ferometry (ESPI).” Another research group [14] introduced the
name “T'V holography” that soon became very popular with its
variants up until this day. All of these early techniques processed
the video signal with analogue methods that resulted in bulky
and expensive systems.

Review

The production of affordable microcomputers, digital
imaging sensors, and their integration with image processing
schemes generated with speckle interferometers [15-17] in
the mid-1980s gave TV holography the ultimate impulse.
Numerical processing of speckle interferograms, new fringe for-
mation methods, and their automatic analysis led to advanced
implementations of TV holography. This caused researchers
to propose new names for digital implementations of speckle-
pattern interferometry, e.g., “electronic holography” [18] and
“electro-optical holography” [19].

Nowadays TV holography is a well-established technique
of optical metrology that shares many beneficial characteristics
with classical holographic interferometry including interfero-
metric sensitivity, high precision, and non-contact operation.
Ideally, the behavior under study is observed live, as it happens,
and the main engineering attraction of TV holography is that
it offers this capability. Speckle noise, however, is much more
noticeable because the image size must be kept coarse enough to
be resolved.

A typical TV holography system (see Fig. 1) comprises an
optical part formed by an ESPI and an electronic part where
correlation fringes are produced.

Light produced by a laser source (LS) is split into two beams
using a beam splitter (BS) for each arm of the interferometer.
The first beam interacts with a diffusing object (OB]) by reflec-

tion or transmission and combines with the second un-scattered

Temporal treatment ﬁ Fringe generation

Primary Correlogram

Secondary Correlogram

Fig. 1.
[11].

Generic scheme of TV holography system adapted from
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beam after passing through a beam combiner (BC) to cause
interference on the video camera sensor (TVC). The recorded
speckle interferogram encodes the instantaneous value of the
measurand X at every point of the OB]. The integration of
irradiance by these interferograms during exposure produces
the video camera output in the form of primary correlograms,
where the measurand related optical phase difference is encoded
in the electronic image. The information embedded is revealed
by electronic processing to generate fringe patterns (second
correlograms) with visible changes of average intensity that can
displayed in real-time or analyzed quantitatively. The ESPI may
additionally incorporate amplicude modulators (AM), phase
modulators (PM), and speckle de-correlating devices (SDD) to
implement other techniques.

4. RECORDING HOLOGRAMS WITH DIGITAL
CAMERAS

Figure 2 illustrates a typical DH system, where an OB] and
reference wave are interfered at a digital sensor, producing inter-
ference fringes. Part of the incident wave is scattered by the OB],
producing the OBJ wave O, while the un-scattered part creates
the reference wave R. The OB] reference waves interfere behind
the OBJ plane (x, y), creating an interference pattern that is
recorded as the hologram by the detector plane (X, ¥) atagiven
distance, z. The fundamental requirement is that the pixel size
and separation must be sufficiently small to record the interfer-
ence fringes in the hologram. For a large Fresnel number, wave
propagation from the OBJ plane (x, y) towards the detector
plane (X, Y) can be described by the angular spectrum method
[20] or, in other words, the propagation of its spectrum. The
scattering vector components are given as

- 2
k:%(costpsin@, sin @ sin 6, cos 6) , (1)

where ¢ and 0 are the azimuthal and polar angles in the spheri-
cal coordinate system, respectively, corresponding to the
Fourier domain coordinates (#, v) as cosg sinf = Az and
singsind = Av. (Au, Av) are the directional cosines of the
vector % and thus follow (Ax)? + (Av)*> < 1. The propaga-
tion of the exit wave to the detector plane can be carried by the
following transformation:

Interference fringes (Hologram)

Ny —

Digital camera
Pixel size. A
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where a(x, y) represents the absorption and ¢ (x, y) the phase
distribution as the wave is scattered.

The achievable lateral resolution in DH can be evaluated
by analyzing the Fourier spectrum of a DH [21]. If the high-
est frequency #y,, noted in the Fourier spectrum occurs at
pixel P from the spectrum center, its coordinate is given by
Umax = Ay P, where Ay = % =1/§ is the pixel size in the
Fourier domain. Using the classical Abbe criterion [22] given by

R= #, where 04 is the maximum possible angle of the
sin Omax
scattered wave and the expression sinfn, = At .y, we get
1 S
Rsystem = —— = — 3)
ystem .
2Umax 2P

Therefore, the lateral resolution of a DH can be determined
by locating the highest visible frequency in its Fourier spectrum.

The fringes can be recorded if the pixel size is sufficiently
small or if magnification is increased. The first fringe in the
diffraction pattern occurs when the scattered and unscattered
rays differ in pathlength by one wavelength. To perform dig-
ital reconstruction, the resolution of the hologram should at
minimum be able to capture at least one interference fringe. A
larger number of fringes recorded will translate to a better depth
resolution in digital reconstruction. As a minimum threshold
for our reconstruction purposes, it is recommended to capture
at least four interference patterns, after which the view observed
by each pixel becomes larger than the interference fringe width.
For small «, tan @ = sin @ = o 50 y,, = (nAz)/?. The distance
between consecutive fringes can be represented by

Yui1 — yu=[((n+ 1) 12)? — (nA2)?]. )

The maximum number of fringes 7., recorded on the imag-
ing sensor from the center of the hologram are then given by the
value of 2, where

(_)/,,+1 _}’n) <A. (5)

The resolution of depth reconstruction depends on the
number of fringes captured and can be increased by increas-
ing magnification at the expense of a smaller field-of-view.

Computer stores the
interference pattern
(the digital hologram)

Unscattered ray (Reference wave)

>

Uincident(xv Y) Uexit (X' y) =

Fig. 2.

Recording and storing a digital, in-line hologram.

Udetector (X, Y)
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The operator therefore typically must determine the trade-off
between the maximum field-of-view captured and resolution
of depth reconstruction according to the nature of the problem
being investigated and the imaging sensor available.

5. COMPUTATIONAL DIGITAL HOLOGRAPHY
AND SIMULATIONS

Rapid improvements in video camera resolution and com-
putational speed of microprocessors enabled us to record
holograms and reconstruct wavefronts using numerical meth-
ods. Goodman and Lawrence [7] demonstrated the feasibility of
numerical reconstruction of an image from a Fourier hologram
detected by a digital camera, and Schnars and Jueptner [23],
in 1994, computed images directly from a digital hologram
recorded by a CCD.

DH is possibly the fastest growing technical holography
topic, with researchers publishing over 100 papers each year
describing new applications and further development of DH.
This may be due to the possibility of doing advanced hologra-
phy research without the necessity of expensive lasers, optics, or
even laboratories; all that is required is a relatively inexpensive
computer. The field now has its own topical journals and annual
topical meetings [24,25]. Indeed, DH may represent the best
hope for holography as a thriving area of optics and science.
While historical surveys are widely available, the field is chang-
ing so fast, these need regular updating. One of the authors of
this paper [26] published a historical perspective 20 years ago,
and much has happened in this field since then. The explosive
increase of DH metrology and microscopy publications clearly
represents yet another revival of DH.

After storing the DH in a computer, it can be employed, com-
putationally, to reconstruct and propagate the stored wavefront
to any place in virtual space, analyze it, and mix it with other
waves for interferometry. By using the appropriate equations,
wavefronts can also be synthesized and propagated without
having existed as real waves, so experiments can be run, not only
without lasers, but also without having real wavefronts at all.
Complex holography experiments can be simulated, providing
a straightforward way test an optical setup before it exists as
hardware and to testand compare image processing and artificial
intelligence (AI) algorithms. Such simulations can help to plan
and guide experiments as well as to develop and improve image
analysis algorithms.

The algorithm for reconstructing the wavefront is based on
the laws of interference and diffraction, which are well known
[20]. The amplitude of the OBJ hologram is computationally
illuminated by the reference wave using normalization or sub-
traction procedures by the microprocessor. Using a series of fast
Fourier transforms (FFT), the wavefront can then be propagated
in the computational domain to any plane of focus, where the
resulting intensity at that plane can be displayed on a monitor
for viewing purposes. This effectively enables the operator to
scan, plane by plane, through the 3D space recorded by a single
DH.

Adaptation of the FFT to personal computers was yet another
milestone in making this new measurement technique practical,
which was initially named “direct holography” [27] and “DH
interferometry” (DHI) [28] but is now ubiquitously recognized
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simply as DH. Since it is possible to interfere with multiple
different wavefronts and measure optical path changes with
fractional wavelength sensitivity using numerical methods,
DH has opened many new aspects of interferometry for mea-
surements and phase imaging. Thus, numerical wavefront
reconstruction in combination with extremely fast micro-
processors has led to rapid developments in 3D imaging [29],
holographic microscopy [30], holographic tomography (HT)
[31], holographic lithography [32], polarization holography
[33], incoherent holography [34], compressive holography
(CH) [35], high-speed holography [36], entanglement-enabled
quantum holography [37], and machine learning [38] in DH to
name a few of the many new revolutions in this field.

The role and potential of DH in hologram production makes
it commercially important. The data stored in a DH in a com-
puter can be used to control an etching machine to reproduce
physical, computer-generated holograms, which have a wide
range of practical and commercial applications such as spec-
troscopy gratings, holographic optical elements (HOES), and
stamping masters for embossed hologram production.

6. HIGH-SPEED DIGITAL HOLOGRAPHY

High-resolution digital movie cameras suitable for DH, even
at low frame rates, were out of the affordability range for most
researchers until more recent years, when they were improved in
resolution and speed drastically. Consumer demand for digital
cameras combined with advances in sensors make such cameras
affordable by almost anyone. Cameras currently in use by most
photographers can record at several frames per second and
research grade digital cameras now routinely have a capability
of recording at millions of frames per second. Considering
that a good hologram can store many thousands of different
photographs, this is essentially the equivalent of a photographic
movie recorder operating at trillions of photographs per second.

These advances in high-speed imaging technology and illu-
mination systems have created opportunities for developing
ultrafast DH systems. Such systems can be a very a powerful
tool for 3D OB]J and particle field measurements [39,40] in
multiphase processes occurring in supersonic, hypersonic, and
explosive environments [41,42]. The first high-speed DHI sys-
tem was reported in [43], employing a continuous wavelength
laser and a high-speed CMOS camera to acquire 4000 fps videos
at512 x 512 pixel resolution. Various high-speed digital in-line
holography (DIH) systems using continuous wavelength lasers
and high-speed cameras since then have been introduced with
acquisition speeds of 6200 fps [44], 20,000 fps [45], 100,000 fps
[46,47], and large sequence depths to study drop evaporation,
impact fragmentation, and aero-breakup processes. The 3D
morphology of liquid drops in similar events has also been
investigated [48,49] using a double-pulsed particle image
velocimetry (PIV) laser synchronized with a double-exposure
camera setup. These systems provided a pair of holograms with
interframe times of several microseconds.

A few studies have been able to produce ultrahigh-speed DH
systems for time-resolved, 3D measurements in hypersonic
environments. [z situ quantification of explosively generated
metal fragment fields was performed in [50] usinga DIH system
with two PIV lasers and cameras (four-pulse configuration).
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This system captured a pair of 2048 x 2048 pixel holograms
with an interframe time of 200 ns (5 million fps) at each sensor.
The 3D particle field measurements in debris clouds created
by hypervelocity projectile impacts in a two-stage light gas
gun were investigated in [51]. Here, an 8 ns pulse width laser
and a CMOS camera sensor were synchronized to capture a
single hologram of a 2.5 km/s debris cloud at 4872 x 3248
pixel resolution. An ultrahigh-speed tomographic holographic
PIV (TDHPIV) system was developed in [52] that captured
102 consecutive frames at 500,000 fps to study the 3D flow
kinematics of solid particles in a supersonic under-expanded
jet flow. Here, digital in-line holograms were recorded from
different viewing directions to overcome the depth-of-field
limitation otherwise imposed by the digital recording array
resolution in conventional DIH. A simple and fieldable mega-
hertz rate DH system was developed in [36] for use in various
types of large-scale ground-test facilities such as shock tubes,
ballistic ranges (light-gas guns), and wind tunnels. This system
delivered a total of 128 consecutive frames with a resolution
of 400 x 250 pixels at a capture rate of up to 1 million fps.
The setup was used to probe shock wave dynamics during the
collision of a supersonic projectile with 1 mm diameter water
droplets. Experiments and simulations were used to maximize
the field-of-view with sufficient resolution to perform sub-
millimeter digital reconstructions with de-twinning capabilities
(see Fig. 3). An ultrahigh-speed phase conjugate DIH (PCDIH)
technique was introduced in [53] to study explosively generated
hypersonic fragments and laser-spark plasma-generated shock
waves. In this setup, a coherent beam was passed through the
test area, reflected off a phase conjugate mirror, and passed back

Fig. 3. Digital reconstruction of the in-line holograms at
(a) 195.8 mm, (b) 201.1 mm, and (c) 205.7 mm from the imag-
ing lens focal point [36]. Angular spectrum reconstructions are on the
left. Twin-image suppressions are on the right.
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through the test area to minimize imaging distortion from phase
delays. Holograms were then captured using a high-speed cam-
eraat up to 5 million fps by operating a pulse-burst laser [54] at
5 MHz. Such lasers, however, are extremely complex, expensive,
and difficult to maintain, which can drive the cost of operation
very high.

7. DIGITAL HOLOGRAPHIC MICROSCOPY
A. Transparent Objects and Phase Imaging

Digital holographic microscopy (DHM) is one of the most
active areas of research, application, and commercial devel-
opment of holography today because it can make critical use
of almost all of the features holography offers to solve many
practical problems. Since microscopy typically employs very
high-resolution and high-magnification optics, sample volumes
are limited in both width and depth, and a 2D video is extremely
limited because subjects leave the sample volume. Moreover,
many microscopic OBJs of interest, especially in the medical
and biological sciences, are transparent and must be stained or
marked in some way to be visible in incoherent light. Since DH
preserves both phase and amplitude, phase imaging is a direct
byproduct [55]. In addition, since nanometer-scale optical
pathlength changes are typically measurable with holographic
interferometry, the resolution for thickness measurement is
extremely good [56], far beyond that for conventional micros-
copy enabling resolving very small microbes. Holography was
showing potential in microscopy even before off-axis hologra-
phy was in use and many years before DH technology [57]. So,
DHM was one of the first important targets for DH.

B. Particle Field Holography

Recording and imaging of particle fields in 3D was perhaps the
first practical application of holography and remains one of the
most important. The earliest practical particle field analysis
studies were reported by Silverman ez a/. [58], for the study of
fog, not long after the 1962 revival of holography. A wide range
of applications soon evolved, including studies in microscopy
[59], bubble chambers [60], fuel injectors [61], sprays [62],
burning coal particles [63], fluid [64], aerosol velocity fields
[65], particle/shock wave interactions [66], and many other
similar applications.

The ability of particle field holography to provide useful 3D
information with focused images depends on both the quality
of the recorded holograms and on the algorithm used to detect
particles, extract their depths, size, and shape characteristics.
DH enables the development and application of completely
new and powerful image analysis algorithms for data recorded in
holograms.

Several focusing criteria have been proposed in the recent
years to process inline holograms that can be broadly grouped
into three main categories [67] for single-scattering models.

The first category includes methods that analyze interference
patterns without reconstructing the images to determine depth.
In one method, if the diffraction process can be interpreted
as a convolution with a family of wavelet functions, a wavelet
transform of the interference pattern can provide space-varying
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frequency information that can used to determine the 3D loca-
tion of small particles very accurately [68,69]. Using another
approach, an algorithm can search for the set of particle sizes
and positions, yielding a hologram model that best fits the real
hologram image. Solving this requires global optimization that
is solved by an iterative algorithm that alternates coarse location
of the particles and local optimization [70,71].

The second category includes methods that use the ampli-
tude or phase of the reconstructed wave field to obtain depth.
The first study of this kind introduced the particle extraction
using complex amplitude (PECA) technique [72] that used
the dip position in the root mean square value of the imagi-
nary part of the reconstructed complex amplitude as the focus
position of opaque particles. In another work [73], the inte-
grated amplitude modulus was analyzed as a function of the DH
reconstruction distance. At the optimum focus distance, the
integrated amplitude was found to be minimum for pure ampli-
tude OBJs and maximum for pure phase OBJs. Alternatively,
the unique pattern of spatial phase from digital reconstruction
of in-line particle field holograms can also be used for particle
detection [74].

The third category is comprised of methods that use the
reconstructed intensity image of the particle to maximize a
focusing criterion such that its reconstruction appears as dark
as possible with sharp edges. Several focusing criteria have been
proposed in the past, most of which are based on the minimum
intensity [75,76], maximum edge sharpness [77,78], or both
features [79] to extract the particle location. The minimum
intensity method assumes that the intensity in the reconstructed
image is minimized at the in-focus plane. The minimum inten-
sity (/min) and its corresponding z location at each pixel are used
to create a minimum intensity map. A threshold is applied to the
minimum intensity values to detect the particle field, and their
depths are obtained from the mean z locations of the minimum
intensity within the detected particle regions. The maximum
edge sharpness method quantifies sharpness by applying the
Tenengrad operator to each pixel and assumes in-focus parti-
cles when the sharpness value of their edge is maximized. The
Tenengrad operator is defined as

T(x,y,2) =[4o (x.y.2) ® S + [Ag (x3.2) ® 5, ],
(6)
where A (x.y.z) is the amplitude of the reconstructed holo-
gram, and S, S, are the horizontal and vertical Sobel kernels,
respectively. The maximum Tenengrad value (7},,x) and its cor-
responding z location are used to create a maximum Tenengrad
map. A threshold is applied to the maximum Tenengrad values
to separate the in-focus particle edges from the background,
and their depths are determined from the mean z location of
the maximum Tenengrad with the detected particle regions.
Combining the minimum intensity and maximum sharpness
techniques to find regions with both /i, and 7, has more
recently resulted in the hybrid method [79,80], which can
determine the 3D location, shape, and size of particles more
accurately and requires no user input for thresholding.
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C. 3D Video

Microscopic 3D video recording enables tracking movement
and dynamics in 3D over relatively large volumes to provide
opportunities for many new types of experiments in biology
and medical research. The first attempts [59,81] examined
swimming copepods and other marine plankton and recorded
holographic movies with measurement details as small as 10 pm
in a volume. The technique also spurred researchers [60,82]
to test its feasibility for bubble chamber phenomenon inves-
tigations. The need for superior atomizers in surface coating,
spray drying, consumer products, and agricultural spraying
promoted the use of holographic methods for interrogating
spray formation. A variety of nozzles, jets, and sprays [83] were
tested to have a better understanding of the spray structure [84].
Soon holography found applications in combustion processes
to study atomization of diesel fuel sprays [85] and produce
more efficient and cleaner energy. Two phase systems started
receiving more attention in the 1970s when studies began using
holography techniques to study cavitation nuclei. The initial
application was to measure the population density of free-
stream nuclei [86,87] due to its relevance in cavitation onset.
Compared to other light scattering techniques, such as laser
Doppler velocimetry and Malvern measurements, holography
allowed the recording of a significantly larger number of nuclei
that could be directly visualized and inspected. Holograms of
free-stream microbubbles were reconstructed to determine the
association between bubble instability and pressure fluctuation
peaks that cause cavitation inception [88,89]. With advances in
Q-switched laser technology that enabled multiple pulses with
microsecond separations, researchers could obtain sequential
holograms with sufficient temporal resolution to obtain velocity
and acceleration measurements in addition to 3D position,
size, and shape. Early examples of multiple pulse holographic
velocimetry used double-pulse ruby lasers with 7-50 ps pulse
lengths and pulse separations as low as 10 ns used to image 5—
100 pum sized particles and study the corresponding fluid [64],
aerosol velocity fields [65], and particle/shock wave interactions
[66]. In ongoing research into biological applications of DH
[90], we are measuring motility of microbes moving in the
rhizosphere.

D. Automation

Interest in automatic and semiautomatic analysis of holograms
developed quickly, as they required tedious and time-consuming
interrogation processes. The first attempt, to the best of
our knowledge, at an automated readout system [91] used a
Quantimet 720 image analyzing computer to analyze 650,000
points in reconstructed images of aerosol holograms. A com-
puter code [92,93] that performed 3D image processing with
speckle noise suppression algorithms to determine the size,
position, and count of fast-moving gas bubbles in liquids was
written in 1980. The program analyzed intensity distributions
of the filtered images at different planes and found OBJs by
identifying the plane of maximal contour sharpness. In another
study [94], diameters and centers of the drops were evaluated
using two algorithms based on gray value gradients and dis-
tributions (a Sobel gradient operator and a filtering routine).
The earliest studies to automate velocity analysis in holographic
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particle diagnostics performed Fourier transforms and filtration
processes on a double-exposed particle field hologram to obtain
the velocity probability density function [95,96]. With rapid
advances in digital imaging sensors, microprocessor technology,
and tracking methods [97], sequential holograms are now used
to locate, size, track, and make velocity measurements of several
particles over long periods of time.

The hybrid method uses image intensity and global and
local sharpness profiles to automate image segmentation
and optimize particle depths by maximizing the edge sharp-
ness. An attempt has been made here to improve the existing

(a) Synthetic field
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hybrid methodology by developing and testing DH parti-
cle detection and sizing software on synthetic holographic
particle fields. This method builds further upon the hybrid
technique by refining the local particle intensity with itera-
tive reconstructions until a depth convergence is obtained.
Two synthetic fields (1024 x 1024 resolution) containing
particles of diameters Dy =50, 100, 150 pum at depths of
z0 =3 — 52 mm from the hologram plane (Fresnel number,
Fy = Dy?*/4Arzy = 0.09 — 2.11) are created by performing in-
line hologram simulations using the angular spectrum method
[see Fig. 4(a)]. Each (x, y, 2) particle location is incremented
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Fig.4. Particle detection and tracking routine in 3D to obtain velocity and diameter field using converging depth hybrid methodology.
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randomly in the second synthetic field with respect to the first
one to represent particle motion for a time interval Az between
the two frames. The results obtained by applying the particle
detection method are compared with simulation parameters
to determine the accuracy of improved hybrid technique. The
implementation involves five steps.

In the first step, the holographic image planes are numerically
reconstructed at small incremental depths to scan the entire vol-
umetric particle field of interest and create a minimum intensity
image Iin(x, ¥, 2) = min,/(x, y, z), maximum Tenengrad
image 7hax(x, y, 2) = max, T(x, y, z),and its corresponding z
location Z7 max(x, ¥, 2) = arg Thax(x, y, 2).

The second step segregates the particle field from the back-
ground by applying a global binary threshold on I, [see
Fig. 4(b)]. A series of tentative thresholds (#) within the range
of Inin are applied sequentially on the minimum intensity
image. For each binarization, the exterior boundaries of the
binary OBJs are extracted using the Moore—Neighbor tracing
algorithm modified by Jacob’s stopping criteria. We denote
the thresholding and exterior contouring operation collec-
tively with the symbol &,{ }. A global sharpness factor S (#) is
computed for each tentative threshold defined as

Zx ngEt{[mm} max
ZX,},GG ‘gt{[mm}

to create a global sharpness profile. Here, G corresponds to the
pixels in the entire hologram. The maximum value of S, is then
taken to determine the optimal global threshold 7, which sepa-
rates the particle field from the background.

Step three performs the operation in step two locally on indi-
vidual particles to obtain initial depth estimates [see Fig. 4(c)].
Using the size and centroids of the binary OBJs identified,
each particle is enclosed in a square window twice its size. The
operation in step two is applied within each individual window
to maximize the local sharpness factor S; () and find the local
optimal threshold #; for each particle that identifies its edge
pixels using &, {/min}. Since the Tenengrad operator tends to
maximize on a boundary slightly outside of the actual particle
edge, the windowed minimum intensity here is dilated outward
by one pixel. Assuming the edge sharpness maximizes when the
particle comes into focus, an initial averaging the depth of its
edge pixels is given by Z7 4. Potential outliers in this operation
are excluded by omitting edge pixels whose sharpness values are
less than half the maximum found in the local window from
Thax-

Step four refines the initial depth estimate by reconstructing
the image locally at z,; and repeating step three using the local
intensity fj,c instead of 7, [see Fig. 4(d)]. The local intensity
is thresholded for a series of tentative thresholds (#) within the
range of Jj,c to produce binary images for exterior contouring.

The local sharpness factor §) (¢) defined as

vaj’ € Lgt {[h)c} - T
D%,y € LE {lod)
is then maximized to obtain a new optimal threshold #; , where

L corresponds to the pixels in each window. The edge pixels
obtained by & {/ioc} are used to obtain a refined depth z,; by

S (1) = (7)

Sy ()= )]

conditionally averaging their z location according to Z 7.

Review

Since the hologram reconstruction in step four is performed at
an estimated depth z,, a more accurate reconstruction, local
intensity, and hence final depth can be obtained by using the
refined depth £);. Step five repeats step four iteratively two more
times, such that the refined depths 2/, 2/, converge to a final
depth 2/ The corresponding threshold #;” applied to the local
intensity produces the final binary pamcle image that is used to
obtain its x, y coordinate location, in-plane size Dy, and shape
characteristics [see Fig. 4(e)].

Using this converging depth hybrid methodology, the mean
absolute percentage error (MAPE) in the particle z location

W= =021 55, 053%, and diameter 1% >° ‘DO D"' is found

to be 5. 45% The conventional hybrid method that excludes
an additional step five proposed herein produces MAPE values
of 1.054% and 9.22% in the particle z location and diameter,
respectively. This shows that the converging depth hybrid
method is approximately two times more accurate than previous
works at the cost of computational time. A typical 1 Mpixel
hologram containing 12 particles is processed using the con-
ventional hybrid method in 38.3 s and by the proposed hybrid
method in 42.5 s on a single 3.20 GHz processor. The 3D
location of particles in the two synthetic holograms obtained in
this manner is matched using the Hungarian routine [98] [see
Fig. 4(f)] to obtain the distance Ax travelled by each particle.
The velocities of individual particles are then computed by
v = Ax/Arand shown with respect to particle diameters in [see

Fig. 4(g)].

E. Machine Learning

Vast amounts of data, the equivalent of many millions of holo-
grams, can now be stored electronically, making them easily
accessible for analysis with machine learning. By approximating
computationally intensive iterative algorithms for wavefront
reconstruction into a single operation, deep learning can signifi-
cantly increase performance over traditional methods [99]. This
data-driven approach is enabled by the supervised optimization
of deep convolutional neural networks (CNNs) using accu-
rately registered image data. CNNs generally contain hundreds
of convolution kernels, bias terms, and nonlinear activation
functions that are adjusted by minimizing errors between the
network output and target image through the process of train-
ing. Once trained, the network can perform a noniterative
single forward-pass reconstruction in a fraction of a second that
does not require tuning of user-defined parameters or physical
assumptions about the reconstruction model [100]. Training
the network with pairs of randomly defocused holograms
and their corresponding in-focus, phase-recovered images,
deep learning can be used to perform autofocusing and phase
recovery simultaneously. This technique termed, holographic
imaging using deep learning for extended focus (HIDEF) [101]
can generate an extended depth-of-field (EDOF) image from a
single hologram measurement. Deep neural networks trained
to perform frequency extrapolation and infer higher-frequency
features without generating artifacts [101] can transform a
distorted, low-quality image from wavefront reconstruction
into a high resolution and image for better results. If training
is performed using high signal-to-noise (SNR) image targets
with simulated low SNR images [102,103], the network can
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perform robust speckle noise reduction and produce high SNR
reconstructions. The wide-scale adaptation of such deep learn-
ing techniques in holography will empower a plethora of 3D
coherent imaging systems and devices in real-time performance
for biomedical and engineering applications.

F. Super Resolution

The expression “super resolution” refers to imaging procedures
and strategies that push the resolution limits of an imaging or
recording system beyond the natural limits such as diffraction
and optical and electronic noise, which are always present in
practical imaging situations. A diffraction limited optical system
has a well-defined resolution limit, where the numerical aper-
ture of the system defines the upper limit of spatial frequency
that can be collected and passed at a given wavelength. Super
resolution methods incorporate procedures to enhance signal
to noise and to effectively increase the numerical aperture of
a system. DH provides a pathway for employing a wide range
of super resolution procedures [104-106], such as machine
learning, multiple wavelength recording, image averaging, lucky
imaging [107], and synthetic aperture techniques [106,108],
offering potential for moving far beyond the capability of
conventional microscopy.

Recording and storing electronically both the phase and
amplitude information in a wavefront at many instants of time
provides more information to work with in image processing,
enabling the use of almost all super resolution techniques. For
example, having large numbers of images simplifies averaging
procedures; random phase errors in wavefronts are cancelled
simply by adding a large number of recorded waves, and large
data sets provide training sets in machine learning; the OB] field
or recording system can be translated during recording to create
synthetic apertures [109]; phase shifting procedures [110] can
enable more accurate diffraction fringe analysis.

These features can improve imaging applications, requiring
viewing through a randomly varying (in refractive index or
transmissivity) region of space, such as through atmospheric
turbulence and moving particle fields by using a process known
as “lucky imaging,” wherein the least aberrated or obscured
wavefronts are selected for imaging [55].

G. Aberration Correction

As with holography, having wavefronts in DH as the basic ele-
ment greatly simplifies aberration correction. If the aberration is
known or can be measured, then a phase screen can be computed
to remove the aberration by multiplying the wavefront by the
correcting phase screen. An aberrated wavefront created by a
point source in the optical system can be removed by recording
it, conjugating it, and passing it back through the aberrating
optics. In recent years, many DH researchers have published
procedures and algorithms for achieving aberration correction
[111]. In principle, this could make possible the assembly of a
very high-resolution microscopy system with inexpensive optics
and, by reducing costs of such systems, could lead to extremely
good, low-cost microscopes.
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8. SURFACE PROFILOMETRY

The need for precision engineering to extract the 3D sur-
face shape of manufactured parts has seen an ever-increasing
demand in the industrial sector for additive manufactur-
ing, rapid prototyping, fault detection, and quality control.
Interferometer-based methods may seem promising; however,
they are limited by a small axial measurement range and suffer
from speckle occurrence in the case of diffusively reflecting
surfaces. DH can overcome both problems and determine the
surface profile by computing the difference in reconstructed
phase before and after the change in illumination angle of inci-
dence or wavelength used [112]. Such studies [113,114] used
dual-wavelength DH, where depth measurement accuracy is
directly proportional, while dynamic range is inversely propor-
tional to the wavelength tuning range. Multi-wavelength DH
(MWDH) [115] addresses these drawbacks by employing a
two-step procedure. In the first step, measurements with small
wavelength change are conducted, resulting in a surface profile
with large dynamic range but low precision. In the second step,
measurements for larger wavelength increments are made to
improve depth accuracy. Data from both steps are then com-
bined using hierarchical unwrapping [116] to produce a relative
height map of the surface. More recently, frequency scanning
DH (FSDH) has been proposed that combines advantages
of lensless DH with the absolute measurement of wavelength
scanning interferometry (WSI). Digital holograms are captured
as the illumination wavelength is varied incrementally in a
given range, and the complex fields reconstructed are used to
obtain their phase fields. The gradient of the phase values with
respect to the wavenumber is then computed for every pixel,
which produces the absolute surface topography for the entire
field-of-view. This makes the technique suitable for measuring
very large steps in surface topography with good accuracy.
Profile measurements with reasonable sensitivity and
dynamic range are also possible with HT. HT describes the
process in which holographic projections collected at several
angular orientations about a sample can be used to reconstruct
its 3D shape and refractive index distribution using intensity
and phase information. The technique has gained significant
interest in the scientific community to exploit numerical focus-
ing for 3D imaging in a variety of applications, particularly for
biomedical purposes [117], where HT has allowed the retrieval
of various external and internal cell physiological parame-
ters including morphological and biophysical properties.
Tomographic reconstruction algorithms can be divided into two
main categories: first-order scattering approximation methods
and propagation-based solutions, where the latter offer superior
reconstruction results at the cost of high computational burden.
For weakly scattering OBJs, an example is the EDOF filtered
backpropagation algorithm (FBPP) [118] that was developed
for the sample rotation configuration and, subsequently, for
the illumination scanning configuration (ISC)-EDOEF-FBPP
[119]. In this method, the scattered waves are backpropagated,
followed by the application of the Rytov approximation on
EDOF images. The results from all projection angles are then
summed to retrieve the 3D refractive index distribution. As
ingle-beam HT-based multiplicative reconstruction technique
(SHOT-MT) can be used for reconstructing the 3D shape of
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scattering OBJs. In this method, holograms recorded at differ-
ent angular orientations using beam rotation were numerically
reconstructed by the discretized form of the Fresnel diffrac-
tion formula to compute intensities at different planes. After
coordinate transformations, the reconstructed volumes were
multiplied and thresholded such that only the intersection
terms survive that represent the 3D OB] shape. In another study
[120], CH [121] was integrated with the SHOT-MT technique
in a sample rotation scheme, where CH reconstruction was used
in each projection, and the reconstructed intensities were multi-
plied to visualize the 3D OB] shape. In CH, the samples of an
object are represented by voxels in a 3D volume. The number of
measurements collected is smaller than the number of voxels in
the reconstruction, resulting in an under-determined problem.
In this context, CH encodes and compresses 3D datacube infor-
mation into 2D holographic measurements, which is inverted
using the compressive sampling theory [122].

9. AIRBORNE AND SPACEBORNE
HOLOGRAPHY

Practical limitations of holography confined applications
severely, especially airborne and spaceborne operation. The first
holocamera deployed in an airplane [123] was for the U.S. Air
Force over 40 years ago to help understand cloud particle effects
on reentry vehicles. The system incorporated a miniaturized
ruby laser recording in-line holograms on 70 mm roll film,
including holographic PIV [124]. The system was fitted into
the nose of a B57 high-altitude weather aircraft and later pro-
jected from a side window in a Cesna Citation business jet [61].
Thousands of holograms provided particle size, crystal habit,
and number density for modelers to estimated re-entry nosetip
erosion effects. The data helped to explain and solve critical ero-
sion effects that had been observed. Although highly successful
in these missions, its weight, footprint, power requirements,
expense, and film handling complications severely restricted its
use to critical military applications. Few, if any, similar studies
occurred after that program; however, DH has now relaxed most
of those limitations, and a number of airborne systems are in
operation today.

The Earth Observing Laboratory (EOL) at the National
Center for Atmospheric Research (NCAR) developed an air-
borne cloud particle, droplet, and ice crystal detector called the
“HOLODEC-II” [125]. The HOLODEC-II is a digital, inline
holocamera designed to determine the size, 2D shape, and 3D
position of hydrometeors. The advantages of HOLODEC-II
compared to other hydrometeor detectors are that the sample
volume is not size dependent, relative positions of hydrometeors
in the sample volume can be determined in three dimensions,
and effects produced by shattering from the aperture edges is
minimized by identifying intact particles. Automated programs
analyze the holograms captured and produce a wide range
of hydrometeor size distributions over large volumes. This
improves sample statistics for detecting both large and small
particles that are environmentally important but low in concen-
tration, enables high-resolution measurements of the structure
of aspherical particles, and helps distinguish between water and
ice particles. The instrument can be implemented with small
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windows, which reduce the thermal energy needed to keep the
windows defrosted.

The first, to the best of our knowledge, spaceborne applica-
tion of holography [126,127] took place in the Nasa’s Spacelab
3 in 1985 to monitor crystal growth rate. The system employed
a helium neon laser and produced thousands of holograms
on 70 mm roll film, providing high-resolution 3D imaging
of the crystal, measurements of movement of particles in the
fluid around the crystal, holographic interferometry, and
schlieren, producing much more information than had been
expected. These experiments provided some of the first direct
measurements of crystal growth rate, convection, and g-jitter
in space and led to additional holography experiments in the
International Microgravity Laboratory (IML-1) spaceflight,
during which particle tracers were added to the fluid to fur-
ther study convection and g-jitter. During this period, the
state of the art in DH art advanced significantly, and the same
experiments and more could be done with much simpler and
less expensive hardware. After IML-1, a spaceflight program
employing DH, known as spaceflight holography investigation
in a virtual apparatus (SHIVA), was planned, developed, and
ready to fly when the space shuttle program was cancelled. This
appears to have been the last spaceborne application of particle
field holography.

As digital cameras and lasers continually improve in capabil-
ity, DH now offers amazing potential in spaceborne applications
that would have been unthinkable a few years ago. DHI in the
long-wave infrared (LWIR) spectral range was recently applied
to the cryogenic test of Euclid space mission’s near-infrared
spectrometer and photometer focal plane array [128]. This
technique combines a CO, laser with digital thermal imaging
devices for recording holograms [129]. The long 10 pm wave-
length allows measuring displacements 20 times larger than
DH in the visible spectrum and is 20 times less sensitive to envi-
ronment perturbations. The test specimen, similar to the ones
to be used for the mission, was assessed for global deformation
under large temperature variations (90-293 K). LWIR holo-
graphic metrology is becoming a mature technology and is being
applied to several industrial cases of the space industry. The
technique has now been adapted for measurement of full-field
deformation maps of space structures [130,131] undergoing
large temperature variations typical to what they experience in
space conditions.

Holograms can also effectively become a window through
which one can be observe a full, live, 3D view of a volume that
exists at any arbitrary location where the holograms are being
recorded [132]. The wavefront stored in a digital hologram
can be physically reconstructed by placing it, electronically,
upon a spatial light modulator [133] (which converts it into a
conventional optical hologram) and illuminating it with a ref-
erence wave. For example, a scientist looking into a holographic
window on Earth could see the true surface of Mars 150 million
miles away just millimeters beyond the window. An experimen-
tal chamber of this type, originally developed for deployment on
the International Space Station under the NASA SHIVA [134]
program, was demonstrated, but, so far, not deployed for use in
experiments on the International Space Station. All necessary
concepts were tested and validated. DH in space is an opportu-
nity just waiting for exploitation. With new developments in
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high-speed digital imaging and processing, it may be possible to
capture holograms of cosmic bodies and immensely energetic
supernova explosions transmitted from space and process them
inreal-time.

10. DIGITAL HOLOGRAPHY SOFTWARE

DH software is currently available in the open literature to
achieve many useful tasks in potential applications. For exam-
ple, solutions to the problem of automatic focusing and tracking
of particles in dynamic 3D images has been addressed and
published by various researchers [67,78] to determine the 3D
location, shape, and size of particles accurately and requires no
user input for thresholding.

The last 55 years have seen much work on developing holo-
graphic techniques and applying them to a myriad of situations.
Although holography is now an accepted method of interrogat-
ing particle fields, multiphase flows, and micro-organisms, the
availability of commercial holographic software is still limited
due to the complexity and variety of systems used for different
applications. Advances and implementations in computer pro-
gramming have resulted in some universal holographic software
packages that are available to perform a variety of reconstruction
and simulation tasks. As such, engineers and researchers must
determine the most relevant holographic software available for
their application or develop their own for a specific purpose.

Among the tools readily available for processing digital
holograms include a DHM plugin [135] developed to work
on the well-known image processing software Image [130]
or any of its derivate platforms like Fiji or Micro-Manager.
This plugin allows both simulation and real-time reconstruc-
tion of digital holograms. The reconstruction module allows
the spatial-filtering reconstruction of digital holograms and
subsequent computation of ecither amplitude, intensity, or
phase. The plugin receives as input either single images or
video feeds for real-time processing. This module also imple-
ments user-defined fine-tuning parameters, allowing sub-pixel
linear phase compensations and digital refocusing of the recon-
structed fields. The simulation module implements a numerical
telecentric image plane DHM recording architecture with user-
configurable imaging, interference, and scaling parameters. It
also includes the possibility of defining an estimate of the aver-
age roughness of the sample to produce realistic coherent-noise
affections. A simpler Image]J plugin for holography called Holo]
isalso available that offers the ability to perform reconstructions,
automatic phase unwrapping, and full complex-to-complex
FFT of images.

Among python-based software, HoloPy provides a powerful
and user-friendly interface to scattering and optical propagation
theories implemented in Fortran and C code. It also provides
a set of flexible OBJs that make it easy to describe and analyze
data from complex experiments or simulations. HoloPy can
be used to analyze holograms in two complementary ways.
The first being backward propagation of light from a digital
hologram to reconstruct 3D volumes and the second as forward
propagation of light from a scattering calculation of a predeter-
mined scatterer. The comparison to a measured hologram with
Bayesian inference in the latter case allows precise measurement
of scatterer properties and position. A range of routines with
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a programmable point—click interface for holographic opti-
cal trapping [137] and video microscopy [138,139] are also
available.

Computer-generated holography (CGH) offers an exciting
approach to a wide range of light shaping problems incurred
in telecommunications, imaging, projection, lithography,
beam shaping, and optical tweezing. The numerical processing
required to generate a hologram is high and requires significant
domain expertise. This has historically slowed the adoption
of holographic techniques in emerging fields. OpenHolo
[140] was recently introduced as an open-source library that
contains algorithms and their software implementation to
produce holograms for application in various fields. The goal
behind the library development is to facilitate the production
of digital holographic contents and expand the area of their
application. In another work, the HoloGen [141] toolbox
was presented for CGH that unites a wide array of existing
hologram generation algorithms with state-of-the-art perform-
ance. A website and desktop application is also available called
the CorticalCafe CGH Construction Kit [142] that offers a
user-friendly software interface to generate and reconstruct
holograms.

Recently, a versatile and user-friendly DH software,
HOLOA4D [143], was presented that provides an all-in-one
solution for holographic reconstruction, simulation, de-
twining, and lens distortion removal. The software accepts
holograms for both in-line and off-axes schemes with the option
to locate and specify the cross term in the latter case. Both ampli-
tude and phase shifts are recovered from holograms generated
by plane waves using multiple functionalities for propagation.
These include the angular spectrum method, sinc-interpolation,
upsampling low-pass filter, and zero-padding processes that can
be applied in a variety of combinations to optimize holographic
reconstructions. The virtual image that obscures the real image
in these reconstructions is suppressed using a subtraction
division plus mean (SDPM) normalization procedure or by
iteratively updating the complex-valued wavefront in the detec-
tor plane. The use of lenses to manipulate the effective position
of the hologram can introduce optical distortions. These are
removed by calibrating a dot-pattern hologram reconstruction
in a step-by-step autodetection procedure and mapping the
distortion characteristics to the corresponding OB] hologram
reconstruction. The software also performs hologram simula-
tions to determine the maximum field-of-view, fringes captured,
and the lateral resolution possible based on the imaging sensor,
illumination, and holography setup specifications.

11. CONCLUSIONS

In the foregoing paragraphs, we have presented a cursory history
of DH and its interesting evolution through phases of hiberna-
tion, while waiting on events and technology to appear in other
fields, such as the emergence of consumer cameras, computers,
and software. Availability of high-power and low-cost digital-
technology-enabled DH to take an important place in the field
of optics and measurement sciences as well as to breathe new life
into the field of holography, producing a new kind of researcher
who can perform high-level research and experimentation in
holography with justa computer.
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We provided a look at some of the exciting new possibilities
in DH that are being used and explored by many scientists. We
should re-examine many applications of holography that were
abandoned because of the difficulty of employing analogue
holography in field application. A few such possibilities were
presented in more detail. Electronic DH appears to represent the
best hope for establishing a solid place for holography in the field
of applied optics. Enthusiasm for holography in many appli-
cations has risen and fallen several times since the beginning.
Recent achievements with DH stand a great chance of keeping
the enthusiasm level high for along time to come.
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