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Abstract: Holographic techniques are indispensable tools for modern optical engineering. Over the
past two decades, research about incoherent digital holography has continued to attract attention.
Optical scanning holography (OSH) can obtain incoherent holograms using single-pixel detection
and structured illumination with Fresnel zone patterns (FZPs). Particularly by changing the size of a
detector, OSH can also obtain holograms under coherently illuminated conditions. Since 1979, OSH
has continuously evolved. According to the evolution of semiconductor technology, spatial light
modulators (SLMs) come to be useful for various imaging fields. By using SLM techniques for OSH,
the practicality of OSH is improved. These SLM-based OSH methods are termed computational OSH
(COSH). In this review, the configurations, recording and reconstruction methods, and proposed
applications of COSH are reviewed.

Keywords: digital holography; optical scanning holography; single-pixel imaging

1. Introduction

With the advancement of semiconductor technology and information science, imag-
ing methods beyond classical optical techniques, termed computational imaging, have
been proposed [1]. In particular, single-pixel imaging (SPI), one of the computational
imaging techniques, can be applied to various conditions where an image sensor is not
applicable [2]. SPI is anticipated to be an imaging technology in wavelength regions where
the imaging sensors have not advanced compared with the broader wavelength band
of the used sensors [3–7]. Additionally, the use of highly sensitive photodetectors such
as photomultiplier tubes and avalanche photodiodes as detectors allows applications in
low-photon conditions [8,9]. In addition, SPI possesses the advantage of high resilience
against disturbances like scattering and aberrations [10,11].

Against this background, various SPI techniques have been proposed, including ghost
imaging (GI) [12], computational GI (CGI) [13], Hadamard transform imaging (HTI) [14],
and Fourier single-pixel imaging (FSI) [15]. Optical scanning holography (OSH) is also
one of the SPI techniques which utilizes Fresnel zone patterns (FZPs), or interference
fringes with different curvatures, as structured illumination [16,17]. As the size of the FZP
changes according to light propagation, three-dimensional information is encoded in the
intensities obtained by a single-pixel detector. In OSH, multiple-wavelength imaging [18],
sectioning imaging [19–22], stereo lighting reconstruction [23], edge extraction [24], axial
localization [25], cryptography [26], resolution enhancement [27,28], remote sensing [29],
and recording of phase holograms have been proposed. In terms of holography, OSH can
be categorized as incoherent digital holography (IDH) [30]. The time to obtain holograms
of OSH is limited by the scanning speed of the FZP due to single-pixel detection [31],
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although recent IDH techniques with an image sensor can record moving targets with the
framerate [32–34]. While OSH possesses the disadvantage of low measurement speeds,
many kinds of undersampling methods have been proposed [35–38]. Interestingly, OSH
also obtains holograms under a coherently illuminated condition by using a pinhole in
front of a detector [39–42]. However, the optical set-up of OSH is based on the two-beam
interferometer and is significantly affected by disturbances such as vibrations. The need for
2D scanning with a galvanometer mirror and a phase shifter to shift the phase of the FZP
makes the optical system complicated.

To partially address these challenges, a method using a geometric phase lens was
proposed [43,44]. This method employs lenses that change the curvature of outgoing waves
based on the circular polarization of the incident light, enabling the realization of FZP in
a single optical path. However, a 2D scanner and a phase shifter are still required. To
alleviate the complexity of the optical system in OSH, motionless OSH (MOSH) [45] and
interferenceless OSH (IOSH) [46] have been proposed. These approaches use a spatial light
modulator (SLM) to generate structured illumination patterns and can be implemented
with the same optical systems as HTI, FSI, and CGI. This paradigm shift is similar to
the evolution from thermal GI to CGI. For this reason, these two methods are termed
computational OSH (COSH).

In this paper, we summarize the recent progress of research on COSH. In the following
chapters, recent research trends related to COSH will be introduced, including the basic
principles of general OSH, MOSH, and IOSH in Section 2. Analysis of the methods is
performed in Section 3, followed bt application examples in the optical system of COSH in
Section 4 and finally the concluding remarks for this paper in Section 5.

2. Systems
2.1. Basic Concept of Conventional OSH

To begin with, we will first introduce the set-up and principles of conventional OSH,
which has been well studied for more than three decades. Figure 1 depicts the schematic
set-up of conventional OSH. An electro-optic modulator (EOM) is applied as the frequency
shifter in the system, but other frequency-shifting devices, such as an acousto-optic modu-
lator, can be also applied to build a conventional OSH system. In Figure 1, the laser beam is
first modulated by an EOM, and then the two modes of polarized light are separated by
a polarizing beamsplitter (PBS). The two pupils in the interferometer significantly affect
the properties of the system, which can find applications in imaging with various filter-
ing effects [28,47–50]. For typical imaging, the two beams are manipulated to become a
plane wave and a spherical wave, respectively, and are recombined by a beamsplitter (BS).
The two beams are projected to the object space by Lens 3, forming a 3D, time-varying
interference fringe called a time-dependent Fresnel zone plate (TDFZP). In the paraxial
approximation, the TDFZP is represented by

TDFZP(x, y, z, t) =
∣∣∣∣Ap + Asexp

{
ik
2z

(x2 + y2) + i(ϕ − Ωt)
}∣∣∣∣2

=
∣∣Ap

∣∣2 + |As|2 + 2
∣∣Ap

∣∣|As|cos
{

k
2z

(x2 + y2) + ϕ − Ωt
}

, (1)

where Ap and As are the amplitudes of the plane wave and the spherical wave, respectively.
k is the wave number, ϕ is the initial phase of the spherical phase, and the angular frequency
is introduced by the EOM. As shown in Figure 2a, the transverse fringe density of the
TDFZP is inversely proportional to the axial distance (z). Therefore, as the object mounted
on an x-y stage is raster scanned by the TDFZP, its 3D profile can be coded to the scattered
light and detected by the photodetector PD 1. In addition, the phase of the interference
fringe continuously changes because of the use of the EOM, as shown in Figure 2b. The
temporal oscillation features easy extraction of the initial phase by using, for example, a
lock-in amplifier. This is essential to remove the annoying zero-order light and the twin
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image in the conventional OSH. Accordingly, another photodetector (PD 2) is set on the
other arm of the interferometer to produce the reference for high-accuracy phase detection.

The spatial coherence of the OSH system depends on the detection scheme, which is
another important feature of OSH [41,42,51]. If PD 1 in Figure 1 is a point-like photodetector,
then the OSH system is operated in the coherent mode, and the complex hologram acquired
from the lock-in amplifier can be expressed as

Hco(x, y) =
∫
z

o(x, y, z)⊗ h(x, y; z)dz, (2)

where o(x, y, z) is the amplitude transmittance of the object, “⊗” is the operator of 2D
convolution, and

h(x, y; z) = exp
[

ik
2z

(x2 + y2)

]
. (3)

is the impulse response of the system. On the other hand, the OSH is operated in the
incoherent mode if PD 1 is a bucket detector. The corresponding hologram formula is

Hinco(x, y) =
∫
z

I(x, y, z)⊗ h(x, y; z)dz, (4)

where I(x, y, z) is the intensity transmittance of the object. It should be noted that in either
the coherent mode or the incoherent mode, the scanning hologram can be reconstructed
by using the same impulse response. Explicitly, the reconstructed field of an incoherent
scanning hologram is

Einco(x, y; zr) = Hinco(x, y)⊗ h(x, y; zr), (5)

where zr is the reconstruction distance.

Figure 1. The set-up of conventional OSH. EOM = electro-optic modulator; PBS = polarizing beam-
splitter; HWP = half-wave plate; M = mirror; BS = beamsplitter; PDs = photodetectors.

Figure 2. The TDFZP at different depths (a) and different times (b).
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2.2. Motionless OSH

One of the methods for realizing COSH is MOSH [45]. MOSH utilizes the birefringence
of a liquid crystal-type SLM (LC-SLM) to generate FZPs. The conceptual diagram of MOSH
is illustrated in Figure 3. This principle was inspired by Fresnel incoherent correlation
holography [52], which is one of the incoherent digital holography techniques. The principle
of generating FZPs using an LC-SLM is based on the principles of common path polarization
interferometers [53].

Figure 3. Conceptual diagram of MOSH.

In MOSH, a diagonally polarized plane wave is incident on the LC-SLM. The SLM
displays the phase distribution of a spherical wave. The light from the SLM is split into two
components due to its birefringence. The light with the polarization direction modulated
by the SLM becomes a spherical wave, while the unmodulated light remains a plane wave.
Subsequently, these orthogonally polarized waves pass through a polarizer. By setting the
transmission axis of the polarizer at a diagonal angle, interference between the spherical
and plane waves occurs on the object plane, resulting in the generation of FZPs. The FZP
generated by MOSH’s configuration can be described as follows:

FZPϕ(x, y; z) =
∣∣∣∣Ah + Avexp

{
ik
2z

(x2 + y2) + ϕ

}∣∣∣∣2
=|Ah|2 + |Av|2 + 2|Ah||Av|cos

{
k

2z
(x2 + y2) + ϕ

}
, (6)

where Ah and Av are the polarization components of the incident light along the horizontal
and vertical directions, respectively, while ϕ is the bias phase of the spherical phase distri-
butions. In addition, by changing the center position of the phase distribution of a spherical
wave, 2D scanning is achieved. Meanwhile, by changing the initial phase ϕ, phase shifting
is also realized by the same SLM.

The proof-of-principle experiment of MOSH was conducted using the optical system
shown in Figure 4. The light source was a green fiber laser (MPB Communications, Inc., VFL-
P-500). The collimated beam sent through a spatial filter illuminated an SLM (Hamamatsu
Photonics K.K. X13138-01). The center region of the SLM with 128 × 128 pixels was used
for displaying the spherical phase distributions. The light from the SLM was projected onto
an object with a 4 f optical set-up composed of lenses 2 and 3. The transmitted beam was
Fourier transformed by lens 4 and detected by a photodiode (Hamamatsu K.K. C10439-03).
The measured signals were quantized by a 16 bit analog-to-digital converter (Hamamatsu
K.K. C10475). In MOSH, the phase distribution of a spherical wave is displayed on the SLM
to generate the FZP. Therefore, it is necessary to discretely represent the phase distribution
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of the spherical wave, and errors may occur if the sampling theorem is not satisfied. The
effect of the phase distribution displayed on the SLM was evaluated in [54]. This evaluation
illustrates that the spatial resolution of MOSH is determined by the pixel pitch of the SLM
and the sampling condition of the phase distribution of the spherical wave on the SLM
plane. Consequently, carefully selecting the phase distribution displayed on the SLM is
crucial to match the target object in MOSH. Additionally, the imaging speed in MOSH is
constrained by the refresh rate of the SLM. Since the typical refresh rate of LC-SLMs is
60 Hz, it takes about 18 min to obtain a reconstructed distribution of 128 × 128 pixels.

Figure 4. Optical set-up of MOSH for proof-of-principle experiments. HWP = half-wave plate;
BS = beamsplitter; PD = photodiode.

Note that the noise in MOSH depends on the quality of the used LC-SLM, since the
intrinsic polarization of the SLM and the operation speed of the liquid crystal affect the
quality of the generated FZP.

2.3. Interferenceless OSH

In conventional OSH, the scanning beam is produced by interference, which makes the
system expensive and bulky. In addition, the system is easily disturbed by environmental
fluctuations. For these reasons, the concept of interferenceless optical scanning holography
(IOSH) arose [46,55]. Figure 5 depicts the schematic set-up of IOSH. The laser beam is
collimated and directed to a digital micromirror device (DMD) via a total internal reflection
prism (TIRP). The DMD is a high-speed SLM. By controlling the angle of its elemental
micro mirrors, the incident light can be reflected either normally (on) or at a high angle
(off). In this way, binary patterns can be displayed by the DMD at as high as a 30 kHz
frame rate. This is also the main reason why a DMD instead of a LC-SLM is applied in
IOSH. In IOSH, the interference fringe is directly displayed on the DMD and projected
onto the object by Lens 2. The photodetector PD behind the object is applied to detect
the scattered object light. Being similar to MOSH, the scanning in IOSH can be realized
by shifting the location of the interference fringes displayed on the DMD. Meanwhile,
the initial phase of the interference fringes is periodically changed, becoming like what
is observed in conventional OSH (Figure 2b). In this way, the holographic recording can
be 100 times faster than that of MOSH. On the other hand, IOSH can also be realized by
mechanical scanning or digital-mechanical hybrid scanning [46]. The horizontal scanning
is performed digitally, while the vertical scanning is performed by moving the y axis stage.
Both the memory of the DMD system and the ability of 3D imaging can benefit from this
method. One of the problems of IOSH is that the projection lens can only produce a clear
fringe image within the depth of field. The fringe image at the plane outside the depth
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of field blurs because of defocusing. To solve this problem, the point spread functions
(PSFs) at different planes of the object space are preliminarily recorded experimentally,
using a pinhole as the specimen. Figure 6 shows the real part of three PSFs at various
planes. It is noted that the vertical size of the PSF is proportional to the depth (image
distance) of the pinhole plane. The reason for this is that the magnification of the fringe
image is proportional to the image distance. On the other hand, the horizontal sizes of
the PSFs are almost the same because the horizonal sampling is performed digitally, and
hence the horizonal pixel pitch is proportional to the image distance too. As both the
horizontal image size and horizontal pixel pitch are proportional to the image distance,
the full horizontal size of the PSF in pixels remains the same at different image distances.
It should be noted that anisotropic magnification at different depths associated with the
hybrid scanning technique enhances the depth resolution of IOSH.

In the reconstruction, the experimental PSFs instead of the theoretical impulse response
is applied in Equation (5). By using the experimental PSFs, the aberrations can mostly be
compensated for. One example of IOSH is shown in Figure 7. The object was a mini block
with a size of 4 mm × 16 mm × 32 mm. The hologram size was 600 × 800 pixels, with
a pixel pitch of 23 µm. As the hologram was reconstructed with the experimental PSF at
200 mm, the reconstructed image showed clear details (Figure 7b). This experimental result
proves the 3D imaging ability of IOSH.

Figure 5. Set-up of interferenceless optical scanning holography. M = mirror; TIRP = total internal
reflection prism.

Figure 6. Real part of experimental PSFs at image distances of 180 mm (a), 190 mm (b) and 200 mm (c).
The image plane of the projection lens is at 190 mm.
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Figure 7. Experimental demonstration of IOSH. (a) The real part of the acquired complex hologram
by IOSH. (b) The reconstructed image. (c) Photo of the object.

2.4. Comparison of OSH and COSH

In this subsection, we compare the characteristics of OSH and COSH. The comparison
of features is summarized in Table 1. The first difference between OSH and COSH is the
complexity of the optical system, since OSH requires a two-axis interferometer, a phase
shifter, and a two-dimensional scanner. On the other hand, the spatial resolution of the FZP
is limited by the pixel pitch of the SLM in COSH, but conventional OSH can achieve a high
spatial resolution via fine sampling. As for the imaging speed, OSH can use a high-speed
two-dimensional scanner. Therefore, the imaging speed of OSH is usually higher than
that of COSH. Nevertheless, it should be remembered that there is always a trade-off
between the spatial resolution and the scanning speed for either COSH or OSH. Finally, the
simplicity of the optical system makes COSH more flexible for various applications.

Table 1. Comparison of OSH and COSH.

OSH COSH

Complexity High Low
Speed High Low
Spatial resolution High Low
Application flexibility Low High

Note that there is no particular restriction on the illumination wavelength width in
COSH. However, in the case of MOSH, the phase shift error is smaller when the illumination
wavelength width is smaller because of the wavelength-dependent characteristics of the
SLM. This could be mitigated by applying a generalized phase shift method [56]. In the
case of IOSH, the wavelength of the illumination depends on the mirror coating of the
DMD, and thus the reflectance may affect the reconstructed image. Since the use of multiple
wavelengths for illumination has been proposed for OSH [18], it is possible to achieve
multi-wavelength imaging in COSH by considering these features.

3. Analysis Methods
3.1. Spatially Divided Phase-Shifting Method

In digital holography using an image sensor, parallel phase-shifting digital holography
has been proposed, where holograms with different phase shift amounts are simultaneously
recorded [57–60]. This approach enables the acquisition of holograms with different phase
shift amounts in a single shot, and holograms can be acquired at the frame rate of the
imaging sensor. By dividing the obtained hologram on a per pixel basis and performing
interpolation, the necessary holograms for phase-shifting techniques can be simultaneously
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acquired. Parallel phase-shifting digital holography can be applied for recording high-
speed phenomena such as gas flow [61] and sound field imaging [62].

If the idea of parallel phase-shifting holography can be applied to COSH, hten it has
the potential to reduce the measurement time in COSH.

In MOSH, a spatially divided phase-shifting (SDPS) method was proposed in [54] to
achieve parallel phase shifting (named SP-MOSH in [54]). SP-MOSH is realized by simulta-
neously changing the spatial position and initial phase of the FZP. The conceptual diagram
of SP-MOSH is shown in Figure 8.

Figure 8. Comparison of detection and reproduction processes of MOSH and SP-MOSH. Reprinted
with permission from [54]. © Optica Publishing Group.

The hologram obtained through this process is almost identical to what is obtained
in digital holography using an image sensor. Applying the same reconstruction process
allows the acquisition of the necessary phase-shifting holograms with only the number of
measurements equal to the number of pixels. The authors of [54] experimentally demon-
strated the capability to acquire the phase-shifting holograms required for the four-step
phase-shifting method. The optical system is the same as that in Figure 4, with the only
modification being that the FZP is displayed on the SLM. The results obtained through
conventional MOSH and SP-MOSH are presented in Figure 9. In SP-MOSH, due to the
inherent trade-off between the spatial bandwidth and temporal resolution, there is a chal-
lenge in achieving a high spatial resolution, resulting in an intensity distribution at the
defocus position different from that of conventional MOSH results. Therefore, SP-MOSH is
effective when the temporal resolution is more crucial than the spatial resolution.
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Figure 9. Intensity distributions reconstructed by (a) original MOSH and (b) SP-MOSH. Reprinted
with permission from [54]. © Optica Publishing Group.

3.2. Two-Step Spatially Divided Phase-Shifting Method

One problem with SDPS is its lower spatial resolution compared with conventional COSH.
To address this issue, the two-step phase-shifting method [63] was introduced to SDPS [64]. The
conceptual diagram of this method is shown in Figure 10.

Figure 10. Schematic of spatially divided two-step phase-shifting method. The black pixel value is
interpolated by the pixel values to the top, bottom, left, and right of it. Reprinted with permission
from [54]. © IOP Publishing.

In this approach, holograms with phase shift amounts of 0 and π/2 are obtained by
simultaneously varying the spatial position and phase of the FZP, similar to SP-MOSH.
Through this process, holograms with phase shift amounts of 0 and π/2 are obtained
via hologram division and interpolation. Typically, to acquire the complex amplitude
distribution from two holograms, some algorithm is required to remove the bias component
present in the hologram [65–67]. The two-step phase shift-based SDPS in COSH addresses
this problem by utilizing information from the object’s intensity sum to obtain the bias
component in the hologram [64]. Therefore, the number of measurements in this method
is N + 1, where N is the number of pixels, with the additional measurement aimed at
acquiring the intensity sum from the object. Displaying a uniform distribution on an SLM
or a DMD allows obtaining the intensity sum of the object.

The experimental results comparing conventional SDPS and 2-step phase-shifting-
based SDPS are presented in Figure 11. The results indicate an improvement in the spatial
resolution with the two-step phase-shifting method. Furthermore, a simulation comparing
the results of conventional SDPS and two-step phase shifting-based SDPS under noisy
conditions is shown in Figure 12. When using a rectangular aperture as the object and
evaluating the coefficient of variance (CV), the simulation results suggest that conventional
SDPS exhibits better noise resistance, as shown in Table 2. This aligns with the general result
that the large number of holograms for phase-shifting methods enhances their robustness
against noise.
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Figure 11. Experimental results for (a) spatially divided 4 step phase-shifted hologram, (b–e) inter-
polated phase-shifted holograms from (a,f) with spatially divided 2 step phase-shifted hologram,
(g,h) interpolated phase-shifted holograms from (f,i) with reconstructed intensity distribution of
S2P, and (j) reconstructed intensity distribution of S4P and sectional profiles at broken lines in (i,j).
Reprinted with permission from [54]. © IOP Publishing.

Figure 12. Reconstructed intensity distributions under noisy conditions. T4P = temporal 4 step
phase shifting; T2P = temporal 2 step phase shifting; S4P = spatially divided 4 step phase shifting;
S2P = spatially divided 2 step phase shifting. Reprinted with permission from [54]. © IOP Publishing.

Table 2. Evaluation results of CVs under noisy conditions. SD = standard deviation. Reprinted with
permission from [54]. © IOP Publishing.

T4P T2P S4P S2P

CV: SD = 0.01 0.194 0.265 0.288 0.289
CV: SD = 0.05 0.722 0.830 0.839 0.869

3.3. Digital Spatial–Temporal Demodulation

In the early development of OSH, a lock-in amplifier was an essential instrument
to extract the information in the heterodyne signal [68]. As high-performance computer
and high-sampling rate analog-to-digital devices became cheaper, spatial–temporal de-
modulation was developed as an alternative demodulation method [69,70]. A diagram
illustrating the flow of spatial–temporal demodulation is shown in Figure 13. Here, the
raw data correspond to one hologram line, as shown in Figure 13a. The raw data are
Fourier transformed to the spectrum domain (Figure 13b). The spectrum contains the
zeroth order, the first order located at ω = Ω, which is the modulation angular frequency
of EOM, and the negative order at ω = −Ω. Being similar to off-axis holography, the
phase as well as the amplitude of the object’s light are retained in the first order, and thus
the first order, centered at the spectrum domain, is solely extracted (Figure 13c) and then
inverse Fourier transformed to the time domain. It should be noted that the scanning time
t and the hologram coordinate x satisfy the relationship x = vt, where v is the scanning
speed. Therefore, the result of the inverse Fourier transform can be directly mapped to
the spatial domain, as shown in Figure 13d. As the above processing is performed for
all hologram lines, a complex hologram free from the zeroth order and the twin image is
obtained and can be reconstructed using Equation (5). The spatial–temporal demodulation
can also be applied to MOSH or IOSH, provided digital scanning is still performed with
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the line-by-line scheme (i.e., raster scanning). In IOSH, the initial phase of each scanning
line stays the same, and thus digital spatial–temporal demodulation can be performed by
a single 2D Fourier transform, filtering, and a single 2D inverse Fourier transform [46].
Finally, the location of the first order depends on the number of steps for the phase shifting.
For four-step phase shifting, the first order is located at 1/4∆, where ∆ is the pixel pitch of
the hologram. In this case, the phase of FZP changes horizontally, and thus the bandwidth
of the object light must be limited to less than half the horizontal sampling bandwidth,
while the vertical sampling bandwidth can be fully utilized. As a comparison, only 1/2
bandwidth along both directions can be utilized in the SDPS method because of the division
and interpolation.

Figure 13. Flow diagram of one-dimensional spatial–temporal demodulation. (a) The raw hologram
line L as a function of time t. (b) The Fourier spectrum S of (a). (c) The extracted spectrum. (d) The
demodulated phase and amplitude of the hologram line. FT and IFT stand for the Fourier transform
and inverse Fourier transform, respectively.

4. Applications
4.1. Quantitative Phase Imaging

The information related to the phase delay caused by an object is known to carry informa-
tive physical parameters such as the refractive index or thickness [71], scattering parameters [72],
aberrations [73], molecular vibrations [74], and properties intrinsic to the object [75]. Quan-
titative phase imaging (QPI) methods enabling these capabilities are crucial in measurement
technology, and various techniques have been proposed. In conventional OSH, acquired
holograms are incoherent holograms, meaning an obtained phase distribution contains only
information about the three-dimensional position of an object. The phase delay information
caused by an object is not inherently present in incoherent holograms.

Methods for obtaining the quantitative phase distribution in OSH have been proposed,
and this can be achieved by placing a pinhole in front of the detector [39–42]. These methods
are called a coherent mode of OSH. By using a pinhole in front of a detector, the obtained
hologram becomes a coherent hologram. This method has already been implemented in
MOSH [76].

Implementing this method in MOSH has the advantage of being robust against dis-
turbances such as vibrations, which were problematic in conventional interferometers as
they were realized through a common path configuration. In [76], a principle validation
experiment was conducted by placing a pinhole in front of the detector. A microlens array
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was used as the measurement sample. The experimental results in Figure 14 demonstrate
a consistent phase difference compared with an ideal spherical wave with the same focal
length. The paper also explored verification using slide glass and microdot lenses, as
mentioned in [76].

Figure 14. Experimental results of a microlens array: (a) phase distribution, (b) enlarged microlens,
(c) theoretical microlens, (d) comparison of sectional profiles, and (e) reconstructed spot intensity
distribution. Reprinted with permission from [76]. © Optica Publishing Group.

4.2. Imaging through Scattering Media

Scattering media, such as atmospheric disturbances, fog, and biological cells, disturb
the propagation direction of light [77]. Visualizing through scattering media is essential in
various fields like biology, medicine, astronomy, and optical communication. Scattering
imaging has been proposed for this purpose by employing various techniques. Methods to
measure the transmission matrix (TM) of scattering media [78,79] or point spread functions
(PSFs) [80,81] have been suggested. However, obtaining such prior information is difficult
in practical applications. Speckle correlation imaging, utilizing memory effects, is a nonin-
vasive method, but iterative phase retrieval is required to obtain the primary object image,
leading to issues like solution stagnation and non-unique solutions [82,83].

SPI, an imaging method which does not rely on conventional focusing, has been ap-
plied to scattering imaging, eliminating the need for prior information about the scattering
medium and iterative phase retrieval [10,84–87]. The advantage of not requiring prior
information about the scattering medium allows for imaging through scattering media,
even when the scattering medium undergoes temporal changes [10]. While conventional
SPI is effective when there is a scattering medium between the object and the detector,
reconstructing images is generally challenging when there is a scattering medium between
the illumination and the object. However, recent research has proposed methods to over-
come this limitation [88]. In addition, SPI can obtain additional physical parameters such
as the scattering and absorption coefficients [89].

In [90], the report discusses the visualization of three-dimensional objects behind
scattering media using MOSH. The optical system of MOSH in Figure 4 was utilized in the
experiments. The experimental results with fluorescent beads demonstrate the visualization
of the region behind diffusive plates with scattering angles of 1, 5, 20, and 40 degrees, as
shown in Figure 15.
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Figure 15. Reconstructed intensity distributions through static scattering media. The numbers at
the bottom of the images represent the diffusion angle of the diffusers. Reprinted with permission
from [90]. © AIP Publishing.

Additionally, experimental confirmation of three-dimensional incoherent object vi-
sualization was provided. The experimental set-up involved placing a fluorescent plate
for microscope calibration and a USAF test target on top of each other, with an 8 mm
distance from the beam splitter. The relationship of each component position is described
in Figure 5 of [90]. The validation experiment tested whether the stationary diffusive plate
and the dynamic diffusive plate’s region beyond were visualized. The results are depicted
in Figure 16, showing that MOSH can look through rotating scattering media, indicating
its capability even when the scattering medium is dynamically changed.

Figure 16. Reconstructed intensity distributions of 3D fluorescent object. The left and right
columns indicate the focal planes of elements 6 and 3, respectively. Reprinted with permission
from [90]. © AIP Publishing.

4.3. Polarization Imaging

One of the degrees of freedom of light is polarization. Research has been conducted
to investigate the surface measurements [91], stress distribution [92], and molecular ori-
entation in samples by acquiring polarization information [93,94]. If polarization imaging
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can be realized in COSH, then it can expand the potential applications of OSH. The au-
thors of [95] reported on polarization imaging under COSH. This method combines COSH
with polarizer-rotating techniques. A polarizer is placed in front of the detector, and the
transmission axis is rotated at 0, 45, 90, and 135 degrees to acquire complex holograms.
The intensity distribution at any focal position is obtained through wave propagation
calculations from the acquired complex holograms. By determining the Stokes parameters
using the intensity distributions with each piece of polarization information, polarization
imaging in OSH becomes possible.

Figure 17 illustrates the results of polarization imaging in COSH.

Figure 17. The experimental results. The upper and lower regions show the results of the proposed
method and the image sensor, respectively. Reprinted with permission from [95]. © The Optical
Society of Japan.

In this proof-of-principle experiment, a USAF test target overlaid with cellophane
tape, being a birefringent object, was used. For comparison, images obtained using the
polarizer-rotating technique are shown in the lower part of Figure 17.

The comparison between the results of COSH and a 2D image sensor demonstrates
that polarization imaging is achievable in MOSH. Additionally, experiments were con-
ducted by integrating scattered transmission imaging, as introduced in Section 3.2. The
experimental results are presented in Figure 18. For comparison, the results obtained
using the polarizer-rotating technique with an imaging sensor are shown in the lower part
of Figure 18. These results indicate that MOSH can visualize the polarization distribu-
tion of the object through scattering media, which cannot be obtained with conventional
polarizer-rotating techniques.
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Figure 18. The results of polarization imaging through scattering media. Reprinted with permission
from [95]. © The Optical Society of Japan.

5. Conclusions

In this review, we introduced the techniques of COSH, including MOSH and IOSH.
In COSH, an LC-SLM or a DMD is applied in the system to realize both scanning and
phase-shifting or heterodyning. Since the system was significantly simplified, not only
the form factor but also the cost of the system can be reduced in comparison with the
conventional OSH. Three applications were introduced in this review. These are not diverse
research directions as solutions to the problems in the respective fields through the OSH
system. Rather, they are at the stage of showing that these applications are achievable via
the OSH system. In the future, when the OSH system can be used for applications that
cannot be achieved with other holographic systems, it will be useful to show that these
applications are also possible with the COSH system. The limitations of these applications
under COSH include the need for structured illumination, because of OSH being one of
the SPI techniques and the limited imaging speed due to single-pixel detection. The main
challenge of COSH is the limited space–bandwidth product (SBP) of the digital device;
aliasing is easily observed in COSH. Aside from that, the hologram size and the resolution
are also worse due to the limited SBP. Nevertheless, COSH has proven its great potential
because of its unique features, as we revealed in this paper. We believe COSH will find
irreplaceable applications soon.
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Abbreviations
The following abbreviations are used in this manuscript:

OSH Optical scanning holography
MOSH Motionless optical scanning holography
IOSH Interferenceless optical scanning holography
COSH Computational optical scanning holography
SLM Spatial light modulator
GI Ghost imaging
CGI Computational ghost imaging
HTI Hadamard transform imaging
FSI Fourier single-pixel imaging
IDH Incoherent digital holography
CV Coefficient of variance
SDPS Spatially divided phase shifting
SBP Space–bandwidth product
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