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Abstract

In recent years, rapid developments in imaging concepts and computational methods have given rise to a new generation
of imaging technologies based on chaos. These chaos-inspired imaging technologies (CI>-Tech) consist of two directions:
non-invasive and invasive. Non-invasive imaging, a much older research direction with a goal of imaging through scattering
layers, has reached faster, smarter, and sharper imaging capabilities in recent years. The invasive imaging direction is based
on exploiting the chaos to achieve imaging characteristics and increase dimensionalities beyond the limits of conventional
imagers. In this roadmap, the current and future challenges in invasive and non-invasive imaging technologies are presented.
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1 Introduction (Vijayakumar Anand
and Joseph Rosen)

Chaos has been considered an undesirable phenomenon
in almost all areas of research except the field of chaos
research. In everyday life, we often encounter chaos in the
form of fog, which distorts the information of the object
coming to the sensor. In imaging technologies, there are
numerous techniques developed to suppress different forms
of chaos and render a noise-free image by both real time and
post-processing of the recorded image information [1-3].
While the above scenario is evident, during the past dec-
ade, many prominent imaging scientists have been leading
aradically different research direction of introducing chaos
into imaging systems and exploiting the behavior to perform
advanced imaging [4-12]. As a matter of fact, the above
researchers have set a new research direction in imaging,
which has been followed by many researchers across the
world, resulting in flooding of leading research journals by
articles on chaos-inspired imaging technologies (CI>-Tech).
We believe that the time is right to write a roadmap on this
rapidly evolving topic.

In general, CI>Techs can be classified into invasive and
non-invasive. The former requires additional information in
the form of the pre-recorded point spread functions (PSFs)
or phase image of the scatterer to reconstruct the object
information [13-15], while the latter can reconstruct the
object information by processing only the scattered intensity
distributions obtained for an object [16—18]. The invasive
approaches can offer capabilities to image simultaneously in
multiple dimensions such as depth and wavelength, where
images can be captured in a single shot of a monochrome
camera, with high resolution and wide field of view. One
main drawback is the invasive nature, where the PSF library
needs to be recorded at all depths or wavelengths, and the
recording must be repeated every time the optical setup
is changed. The non-invasive approaches require a phase-
retrieval algorithm to reconstruct the object information,
which may preclude their applications to real-time imaging.
In addition, the quality of images obtained, and the field of
view are limited. However, in recent years due to the rapid
developments in both invasive and non-invasive approaches,
most of the above problems have been minimized to a great
extent, and many new capabilities have been demonstrated.

The CI*-Techs are good examples of how computational
optical methods function, where cumbersome optical con-
figurations, two-wave interference, and vibration isolation
can be successfully replaced by signal processing and com-
putational tools creating simpler, low-cost imaging technol-
ogies with advanced capabilities. Even though CI>-Techs
have been investigated in the past as early as 1968 [19],
the rationale for the current boom in research on this topic,
especially during the last decade, must be attributed to the
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developments in computational optics and new electroopti-
cal devices. Worth noting, the development of the widely
used Fienup-type phase-retrieval algorithms was in 1982,
while the demonstration of non-invasive imaging occurred in
2012 [20]. This time gap is fascinating as to how significant
the difference in impact can be depending on at what point
in time an idea was invented.

Some notable inventions in CI>-Tech are as follows: the
interferenceless coded aperture correlation holography
(I-COACH) developed by the research group of Rosen in
2017 led to numerous studies on this topic, including a
single-shot adaptive non-linear reconstruction method [21].
Two major inventions were reported by the research group
of Osten and Takeda in invasive as well as non-invasive
approaches [6, 22, 23]. A scatter-plate microscope was
used with a resolution of 4 pm in the invasive mode. The
non-invasive approach was built on two ideas: namely, the
relative phase information between object and reference is
preserved during scattering and statistical averaging. Other
notable studies on invasive imaging were reported by Waga-
darikar et al. [15] and Antipa et al. [13] on spectral and
spatial imaging, respectively. Recently, the spectral imaging
was demonstrated over a large field of view by the research
group of Zhou [9]. The same group successfully applied
scaling factors to the recorded point spread functions (PSFs)
to image at various depths [24]. The approach substantially
reduced the training duration of invasive approaches. In this
direction, the depth—wavelength reciprocity was identified
by the research group of Juodkazis, which led to seeing color
from the depth and vice versa and demonstrated five-dimen-
sional imaging from a single camera shot and highly reduced
pre-training [12]. This approach avoided the need for light
sources with different colors for the pre-training.

Some notable non-invasive approaches were developed
by Bertolotti et al. [16] and Katz et al. [17]. A fundamental
study on the control of light propagation through scattering
media was done by the group of Gigan [25, 26]. A non-
invasive three-dimensional (3D) imaging method by exploit-
ing the scaling factors in phase retrieval was developed by
Horisaki et al. [18]. Novel deep learning techniques have
been developed by the group of Situ for almost all imaging
concepts: holographic imaging [10], imaging through scat-
tering media [27], and computational ghost imaging [28].
A learning-based approach was proposed by Ando et al. by
studying the inverse function of the scattering process [29].
Another interesting direction of partially coherent light-
based quantitative phase imaging was demonstrated by Lee
and Park [5]. A radical approach on correlation hologra-
phy based on van Cittert—Zernike theorem and the Han-
bury Brown-Twiss (HBT) has been proposed recently by
the research group of Singh for imaging through scattering
layers [11]. This method uses an interferometric approach
to record the complex coherence function and retrieves the
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object information from the second-order correlation. In this
roadmap, some of the major developments in CI*-Tech and
the future perspectives are discussed.

2 Interferenceless coded aperture
correlation holography (Joseph Rosen)

2.1 Status

I-COACH was proposed in 2017 [8] as a simpler version
of the incoherent holographic method termed coded aper-
ture correlation holography (COACH) [30]. Both COACH
and I-COACH spatially modify incoherent light by coded
phase masks (CPMs), but unlike COACH, I-COACH oper-
ates without two-beam interference. I-COACH is a three-
dimensional (3D) incoherent imaging technique in which the
image is reconstructed by two-dimensional cross-correlation
between the object hologram and a library of point spread
holograms (PSHs) acquired in advance in the calibration
mode of the system. The light beams from the calibrating
points and from the object are modulated by the same cha-
otic CPMs and recorded by a digital camera after propa-
gating in the free space. A simpler system like [-COACH
without two-beam interference can yield a similar result to
COACH, because the intensity response of I-COACH to an
input point is highly sensitive to the axial location of this
point. In formal wording, this sensitivity means that the
cross-correlation between two intensity responses to points

located at two different axial locations is much smaller than
the autocorrelation of each response. Therefore, with the
intensity distributions recorded by the camera, the entire
object points can be reconstructed in the 3D image space by
operations of cross-correlation described next in more detail.

The initial design [8] has evolved into various systems
with different architectures and algorithms, each of which
has its own advantages and weaknesses. The basic scheme
of I-COACH is shown in Fig. 1, in which the same physical
system is schematically described in two modes of opera-
tion. The upper scheme illustrates the calibration mode, in
which the system accumulates a library of PSHs recorded
for a source point located at various axial locations. Once the
library is complete, the same physical system operates in the
imaging mode shown in the lower part of Fig. 1. The single
source point is replaced by an incoherently illuminated 3D
object, and its intensity response is cross-correlated with
each member of the library. The result of the 2D cross-cor-
relations is the desired reconstructed 3D image. This scheme
is generic and has been the basis for most developments of
[-COACH evolved since 2017, which are briefly described
next.

Any technology of recording images is aimed to be as
fast as possible with minimum camera shots. While the
initial version of I-COACH [8] has been demonstrated
with three independent CPMs, and three camera shots,
in [31], the number of CPMs and shots were reduced to
two. Another interesting feature of [31] is the use of a
system without refractive lenses achieved by a different
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Fig. 1 Schematic of I-COACH for recording library of PSHs (top) and 3D imaging (bottom)
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method of synthesizing the CPMs. A single-camera shot
was achieved in [32] by multiplexing two CPMs in space
instead of time as before [8, 31]. The field of view (FoV)
has been extended in the I-COACH demonstrated in [33]
by calibrating the system with extended (beyond the con-
ventional FoV) PSHs. The digital reconstruction process
was modified in [21] by replacing the linear cross-corre-
lation with nonlinear cross-correlation optimized to yield
correlation peaks with a minimum entropy. A modified
nonlinear cross-correlation with a different optimiza-
tion cost function was applied in [35]. Part of the image
noise in the above-mentioned versions [8, 31-34] came
from a low-intensity level of the PSH on the camera plane.
This problem was fixed in [36] by enforcing a PSH in the
shape of sparse dots of light distributed randomly inside
a limited area. A different solution to the same problem
was proposed in [37], where the proposed PSH was in the
shape of a ring. The calibration process in the upper part of
Fig. 1 was replaced by a digital method of synthesizing a
library of PSHs in the computer [38]. Other modifications
of [-COACH are related to specific applications and they
are summarized in the next subsection.

2.2 Applications

Lateral resolution can be considered one of the holy
grails of optical imaging. Improving the lateral resolu-
tion by [-COACH has been treated in [39—41] by different
approaches. In general, the lateral and axial resolutions of
I-COACH are equivalent to those of conventional direct
imaging systems with the same numerical aperture. The
techniques proposed in [39—41] improve the imaging reso-
lution beyond the diffraction limit imposed by the limited
numerical aperture of optical systems. In one of these sys-
tems [41] shown in Fig. 2a, a CPM displayed on a spatial
light modulator (SLM) is introduced between the object

hase mask

(a) (DL+CPM)
LO
Incoherent
source

and the input aperture of an ordinary lens-based imaging
system. Consequently, the effective numerical aperture
is increased beyond the inherent numerical aperture of
the imaging system. Unlike conventional systems, in the
proposed method, the image of the object is not directly
obtained on the camera, but it is based on the -COACH
principles, including a one-time calibration. Following the
calibration, the system is ready for imaging an arbitrary
number of objects. In [41], the super-resolved image of
the object is reconstructed by a nonlinear cross-correlation
between the PSH and the object hologram. The effective
numerical aperture and the new resolution limit can be
tuned by changing the scattering degree of the CPM. An
example of the I-COACH image is shown in Fig. 2b in
comparison to a direct image obtained from the system of
Fig. 2a but without the SLM.

Another application of I-COACH is the partial aper-
ture imaging system (PAIS) [42-44], in which the tra-
ditional disk-shaped aperture is replaced by an annular
CPM aperture [42, 43] or by several relatively small
CPMs distributed on the perimeter of the much larger cir-
cle [44]. The lateral resolution of PAIS is the same as
direct imaging with the disk-shaped aperture. However,
the advantages of PAIS can be saving weight in space-
based telescopes [42, 44] or using the free area of the
aperture for other applications rather than imaging [43].
I-COACH for recording digital holograms with coherent
light but without two-beam interference was demonstrated
in [45]. I-COACH can work with coherent light as long as
the PSH is an ensemble of sparse dots where the distance
between any two dots is larger than the object size. Non-
invasive imaging through scattering layers can be more
efficient when the I-COACH system is integrated with an
iterative method of image retrieval, as is demonstrated in
[46]. Depth-of-field (DoF) engineering is another applica-
tion that has been demonstrated by [-COACH [47]. DoF

(b)

3

Fig.2 a Optical scheme of the resolution enhancement technique with [-COACH. Broken black lines indicate the image plane of direct imaging.
Reconstructed images of b I-COACH and c¢ direct imaging. Adapted from [41]
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engineering means that a system can have one extended
DoF, several DoFs at separated intervals in the imaging
space, and the separated DoFs can be shifted relative to
each other. Practically, these features mean that images
can be in focus at certain user-controlled locations in the
imaging space. As a final application, we mention here the
system of the quasi-random lens as an example of a system
like I-COACH, but in which the CPM is implemented as
a single constant diffractive element [48]. With certain
spatial filters, this system achieved white-light imaging,
although the quasi-random lens is a diffractive, highly dis-
persive element.

2.3 Conclusion and future perspectives

I-COACH is a concept that extends the resources available
for imaging. The real-valued aperture function of the direct
imaging is replaced with the complex-valued aperture func-
tion of -COACH. Moreover, the -COACH aperture can be
modified over time. Finally, an additional stage of digital
processing is integrated with the optical system. These addi-
tional resources add to I-COACH capabilities which can add
new features to the imaging systems. Although I-COACH
is a simpler version of COACH and hence is preferred for
most of the 3D imaging tasks, there are several known spe-
cial applications that COACH, or two-beam interference, is
needed. Incoherent synthetic aperture imagers [49, 50] are
typical examples for systems that two-beam interference is
essential for their operations. However, other applications
can be implemented successfully by I-COACH; some of
them are presented herein others might be proposed in the
future.

aperture

Fig.3 a Optical configuration of lensless, interferenceless coded
aperture correlation holography (LI-COACH). Reconstruction results
of plane—1 with b recorded PSH and ¢ synthetic PSH. Reconstruc-

3 Coded aperture imaging with synthetic
point spread functions (Joseph Rosen,
Vijayakumar Anand, and Saulius
Juodkazis)

3.1 Status

The preliminary PSH training required in coded aperture
imaging (CAI) is cumbersome and must be repeated every
time the optical setup is modified. For a single plane, the
training procedure is like that of a direct imaging system.
However, for multiple planes (p) and for different wave-
lengths (g) the training is exhaustive involving p X g meas-
urements. Furthermore, the requirement of the optical
sources is enormous, requiring either sources for all visible
wavelengths or a wavelength-tunable light source [12-14,
51]. Synthesis of PSHs from one or few recordings was
proposed [12, 24, 38] to minimize the number of recorded
spatio-spectral PSHs. In the case of thin scatterers, a linear
region in object space exists where the intensity distribution
of the scattered field at different distances are only scaled
versions of one of the recordings. This scaling property
has been utilized to reduce the number of measurements of
PSHs. Furthermore, the reconstruction of CAI methods can
be carried out only at the locations of the pinholes, which are
not continuous as it is done with other holography methods
such as FINCH. In FINCH, the reconstruction function is
a quadratic phase mask whose focal length can be tuned
continuously to find the best reconstruction. By utilizing
the scaling factor in CAI, continuous tuning of distance can
be achieved.

The optical configuration of lensless, interferenceless
coded aperture correlation holography (LI-COACH) is

(d)

tion results of plane—2 with d recorded PSH and e synthetic PSH
(adapted from [38])
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shown in Fig. 3a. Two National Bureau of Standards (NBS)
objects—6.3 Ip/mm and 5.6 lp/mm were mounted in two
optical channels at two planes separated by 20 mm. The first
object was at u=26 cm from the coded aperture, and the
sensor was at v=26 cm from the coded aperture. The recon-
struction results of the first NBS object 6.3 Ip/mm using
recorded PSH and synthetic PSH are shown in Fig. 3b, c,
respectively. The reconstruction results of the second NBS
object 5.6 Ip/mm using recorded PSH and synthetic PSH are
shown in Fig. 3d, e, respectively. By comparing the results, it
is seen that synthetic PSH was able to reconstruct the com-
plete information with some additional noise components.
However, after d> 25 mm, the reconstruction results gradu-
ally declined, as shown in [24]. Nevertheless, this approach
can reduce the number of PSH recordings by at least one
order of magnitude in many cases.

The second challenge is the need for a tunable
light source. In the quadratic phase function given as
0(1/7) = exp[jz(x> +y*)/(Az)], the denominator term Az
is an interesting formation. It means that within the region
of parabolic approximation, regardless if A or z increases,
the phase change is the same if the factor of change is the
same for both 4 and z. So, it is possible to synthesize a
phase for a different wavelength by changing depth and
vice versa. This condition is called depth—wavelength
reciprocity. In [12], the PSH of a different wavelength 4,
was recorded using 4, by changing u and v by a factor
of 1,/A,. This is a useful relationship. When the spatio-
spectral PSH library was recorded and correlated with one
of the elements of the library, then only for the autocor-
relation a sharp peak is obtained, and the value decreases
when the point is moved away from the reference in space
and spectrum. Using the depth—wavelength reciprocity, it
is possible to have the cross-correlation values equal to

(b)

0.5

Normalized intensity
Normalized intensity

Fig.4 a Plot of correlation values in spatio-spectral space when u
was varied, but v was constant b when u and v were varied simulta-
neously by the same factor. Reconstruction results of PSH recorded

@ Springer

the autocorrelation values. In the optical configuration,
as shown in Fig. 3a, the recurrence of the peak is pos-
sible only when both u and v are changed by the same
factor. The plot of the correlation values when only u
was changed, and v was constant, and when both « and v
were changed by the same factor are shown in Fig. 4a, b,
respectively. The reconstruction result of an NBS object
8.0 recorded by green wavelength and reconstructed by
PSH of green wavelength is shown in Fig. 4c. The recon-
struction result of the same object using the PSH of red
wavelength but with u and v values changed by the factor
of ratio between the two wavelengths is shown in Fig. 4d.
Comparing Fig. 4c, d, the application of depth—wave-
length reciprocity is evident. In some studies, the PSHs
were recorded for two extreme wavelengths, and using a
linear fit, the PSHs for other wavelengths were synthesized
by scaling the recorded PSHs by the factors in the fitted
data [52].

3.2 Conclusions and future perspectives

The major problems associated with CAI on spatio-
spectral pre-training have been significantly reduced by
exploiting the spatio-spectral scaling factors in a linear
range of operation within the paraxial region. Conse-
quently, CAI can be operated to image up to five dimen-
sions along with three-dimensional space, spectrum,
and time with lowest calibration requirements as a lens-
based imaging system. The scaling property and depth-
wavelength reciprocity can be utilized smartly to perform
advanced imaging for many applications. We believe that
the above studies will be valuable when developing CAI-
based instruments and products. In some of our studies,

with ¢ green wavelength and d red wavelength but by changing u and
v by the ratio of wavelengths
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we found that the depth—wavelength reciprocity, which is
a boon, can also be a bane when recording a multispectral
event occurring in confined areas by a monochrome cam-
era. It was difficult to decouple spatial and spectral effects
as the same change can be produced by either a change
in wavelength or depth. One possible research direction
which will remove the need for recording PSH in CAI
systems is to synthesize the PSHs directly from the known
phase or amplitude function of the coded aperture and the
optical configuration of the imaging system.

4 Optical imaging through long-range
turbid media (Xiangsheng Xie, Yikun Liu,
Haowen Liang, Jianying Zhou)

4.1 Status

Optical imaging through turbid medium has a long history
of research, with milk, foam, and ground glass as typical
media. Widespread applications for optical imaging through
atmosphere or underwater have prompted broad interests in
this area. Recent desktop experiment results necessitate to
re-examine the progress in the field and to extend the capa-
bility of optical imaging in the long-range turbid media.
Long-range optical imaging in turbid media is primarily
dealing with atmosphere or underwater. The atmosphere of
Earth is composed of a variety of gas molecules and aero-
sols. These molecules and aerosols have certain absorption
and scattering for visible light. The absorption is mainly
resulted by water vapor, carbon dioxide, methane, and
ozone. The scattering is primary caused by atmospheric
aerosol, which has complex chemical composition, differ-
ent particle size and shape. From a static point of view, the
influence of atmosphere on light propagation comes from
the refractive index variation, which depends on the mete-
orological parameters such as air pressure, temperature, and
humidity. As shown in Fig. 5, when the atmospheric refrac-
tive index fluctuates or varies randomly in time and space,

turbulence atmosphere

turbid atmosphere

scatternig light :
‘oN>
noV!
Ao

«.\\\\““b

% S
ake PR}
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Fig.5 Schematic of long-range imaging through turbid or turbulent
atmosphere

there is atmospheric turbulence. In clean weather with less
scattering and with high visibility, the light coming from
a long-distance object experiences turbulence and leads to
a flickering or warping image, i.e., twinkle stars. In turbid
atmosphere, most of the object light is reflected, refracted,
scattered, and cannot reach the imaging plane. Part of the
remaining light reaches the imaging plane but deviates from
the imaging position or angle, resulting in blurred images.
Ambient scattering light including scattered sunlight, other
luminous object light, thermal light, etc., is added to the
image sensor and further reduces the image contrast.

For the case of underwater optical imaging, optical illu-
mination and imaging detection are employed. Although the
absorption and scattering mechanism are somewhat differ-
ent, the same challenges to discriminate the signal from the
background remains. Optical imaging under natural sunlight
is often employed in the atmosphere while active illumina-
tion is commonly adopted for underwater.

The common methods used for image recovery from the
hazy atmosphere are digital image processings (DSPs), e.g.,
fog removal, image dehazing, artificial intelligence optimi-
zation and defogging algorithms. New techniques exploit the
physics of the scattering problem and discriminate between
different types of photon trajectories, including ballistic pho-
tons, snake photons and scattered photons. Since the bal-
listic photons and the snake photons are not strongly scat-
tered, they retain the information of the objects and travel
faster than the scattered photons. Time-gated method [53]
uses a pulsed laser system and a synchronized high-speed
gated camera to select the ballistic photons such as snake
like photons for temporal resolution imaging. Polarizing
filter method has been proved to be effective for underwa-
ter imaging in the backscattering removal and becomes a
popular method for underwater imaging by distinguishing
the directly reflected ballistic photons from the target. Imag-
ing beyond the ballistic limit is possible by interpreting the
scattered light instead of rejecting it. Wavefront-shaping [54]
techniques have been employed to compensate the phase of
light through highly scattering complex media and even pro-
duce super-resolution images of the objects placed beyond
opaque screens. Speckle patterns and their correlations have
been demonstrated to be effective for image recovery. This
speckle correlation method [16] is thought to be a promis-
ing solution because it does not need coherent light sources,
expensive wavefront modulators, complicated interference
setups, nor a time-consuming calibration. The deconvolution
approach [9] can reconstruct the image of the object from its
speckle and the point spread function (PSF) of the scatter-
ing system in real time. By harnessing the spatial, spectral
properties of the PSF of a scattering system, large field of
view (FOV) beyond the limit of the optical memory effect
(OME), extended depth of field (DOF) for 3D imaging, color
image reconstruction can be realized in real time [9].

@ Springer
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It is obviously that a point source, named as guidestar,
within the random medium is one of the most useful things
enabled by deconvolution or wavefront shaping methods.
The guiding stars first appeared in astronomical observa-
tion using adaptive optics which allows the theoretical limit
of angular resolution from a large telescope, despite the
presence of turbulence. A guidestar is now redefined as any
mechanism that produces an effective source (virtual or real)
of sufficiently coherent radiation inside a medium. An actual
internal source, such as an emitting molecule, an optical
nonlinearity, or a modulation of the local material param-
eters produced by additional fields, e.g., ultrasound waves,
could be used as a guidestar. The adaptive optics is still the
most efficient method to drastically improve the sharpness
of the focus and the resolution in astronomy. However, it
typically uses 10-100 degrees of freedom corresponding to
the number of pixels of the phase modulator and can only
correct the aberrations with a weak scatter. Wavefront shap-
ing technique uses spatial light modulator (SLM) up to mil-
lions of pixels, i.e., liquid crystal SLM, digital micro-mirror
devices or digital phase conjugation mirror. It has larger
degrees of freedom to control the scattered light through
more strongly scattering centers and multiple scatters, but
still be applied only in short-range turbid space, e.g., bio-
logical tissues. For long-range turbid, the extremely weak
contrast caused by dispersion and loss of light is the major
limiting factors. Another more important limitation is the
atmospheric dynamics, the measurement plus the control
of millions of pixels of the SLM has to be faster than the
fluctuating speckles.

A new method using the Fourier-domain shower-curtain
effect [55] can overcome the dynamics of both turbid media
and the object for imaging. It has been developed into a non-
invasive coaxial reflective configuration. But for long-range
imaging, a free propagation distance is needed to realize the
conversion from object plane to Fourier-domain and a thin
screen to display the speckle. Even more, all these speckle-
based methods are challenging to implement through a mass
of aerosols because the speckle decorrelation is sensitive to
moving scatters especially when the transport optical depth
tis larger than 2. Alternatively, it is possible to use incoher-
ent methods, for example, diffuse optical imaging (DOI), to
estimate the locations and the shapes of objects in tissue for
t<100. A new model [56] has been proposed to extend the
DOI to the moderately scattering regime in fog. By detecting
the time of flight (TOF) information of the photons reflected
by the hidden object, non-line of sight (NLOS) imaging can
track and image a hidden object at long ranges up to 1.43 km
[57]. When going toward longer ranges, the atmospheric
turbulence will be the major factor to disable the NLOS
technique unless advanced devices such as shorter pulse
lasers, higher efficiency detectors are used to select the bal-
listic photons.
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Optical imaging in long-range turbid space is always a
scientific and technological challenge. The current methods
include PSF estimation, DSP, computational, etc., can only
recover within the visibility range at a limited distance. The
averaging method is commonly used in the ballistic photon-
based techniques because the speckle can be averaged as
uniform background. On the other hand, averaging gives rise
to other problems such as blurring. Mitigating the deleteri-
ous effects of scattering and turbulence in atmosphere are
equally important. New techniques exploit the physics of the
scattering problem and have been successfully applied to
different scenarios. Atmospheric imaging and long-distance
underwater imaging are faced with the problem of how to
effectively collect and interpret the scattered light. The tra-
ditional analysis method of atmospheric optics is for bal-
listic light. To achieve efficient acquisition, the acquisition
method for scattered light must be used, such as shower-
curtain and synthetic aperture. To achieve interpretation, the
speckle correlation must be guaranteed, which requires high-
speed, small NA optical system. Another important issue
is the ambient scattering light. The possibilities to remove
atmospheric ambient scattering under passive conditions
may include the need to reduce the depth of field, such as
confocal and synthetic aperture methods. In a sense, the
most direct way to enhance imaging quality is to improve
the performances of the cameras and the optical setup. When
the bit depth of the camera is further increased, it is possible
to address the weak signal on a large background. A faster
CCD can capture the dynamic speckles with higher con-
trast and correlation. Multi-position recording and binocular
viewing configurations, assisted by human-visual system,
may present a novel scheme to enhance the capability of the
long-range optical imaging. In addition, the improvement of
instruments and computing ability is helpful for us to better
analyze the influences of various factors in the atmospheric
environment. After taking all these considerations into
account and enhancing the signal imaging from the back-
ground, it is possible to extend the human ability to acquire
long-range optical image from atmosphere or underwater.

5 Some ways to use chaotic light
fields for the inspection of various
depth-extended media (Wolfgang Osten,
Stephan Ludwig, Giancarlo Pedrini,
Johannes Schindler, Alok Kumar Singh,
Mitsuo Takeda)

5.1 Status
Scattering media are an ongoing challenge for all kind of

imaging technologies including coherent and incoherent
principles. They have always been considered as challenging
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objects for imaging and inspection. Imaging through random
media has been matter of research for more than 50 years
[58, 59]. Inspired by new approaches of computational
imaging and supported by the availability of powerful com-
puters, spatial light modulators, light sources and detec-
tors, a variety of new methods ranging from holography to
time-of-flight imaging, phase conjugation, phase recovery
using iterative algorithms and correlation techniques have
been introduced and applied to different types of objects
such as tissues, foam materials, turbulent and translucent
media [13, 16, 17, 22, 60-65]. However, their applications
are often limited to two-dimensional imaging. On one hand
the inspection of depth-extended objects is still a challenge.
On the other hand the systematic use of scattering media
could allow the implementation of a new type of cameras
[13], sensors [66] and microscopes [23] by use of a simple
scatter plate instead of a conventional objective lens. In the
following, we report about our recent findings in this field.
First, we describe how to explore depth-extended objects
by means of a scattering media [6]. Afterward, we extend
this approach by implementing a new type of a microscope
making use of a simple scatter plate as a kind of a flat and
unconventional imaging lens and show how to magnify
complex objects with diffraction-limited resolution this way
[23]. This kind of microscope allows to be transformed into
a single-pixel imaging tool [67]. Finally, we describe our
shearing interferometer in combination with structured illu-
mination for retrieving the axial position of fluorescent light
emitting spots embedded in scattering media [68].

5.1.1 Exploring depth-extended objects by use
of a scattering media

Since the early work in the 1960s by Goodman et al. [58],
many methods have been proposed for imaging through dif-
fusing media. These methods have a potentially wide range
of applications from biomedical to astronomical imaging.
Thus, imaging through an opaque diffusing medium with
diffraction-limited resolution has become an important aca-
demic and technical challenge as well. One straightforward
strategy is imaging with ballistic photons selected either by
coherence gating as in optical coherence tomography [69],
time gating as in femto-photography [62], or holographic
gating [60]. Because only a limited number of ballistic pho-
tons are used (with scattered photons being wasted) and
also because the sequential scanning of the gate window is
required, these methods are used mostly for imaging of static
objects through a weakly scattering medium. A way to make
use of the diffused light is to implement unconventional
imaging techniques that are insensitive to phase perturba-
tions. Among these are photon correlation holography [70],
and coherence holography [71] that can image through a
dynamic diffusing media. But they are not lensless systems.

Freund proposed in 1990 a lensless imaging technique based
on speckle intensity correlation, in which he regarded a dif-
fuser as a useful imaging device and made use of his dis-
covery of the memory effect [72, 73]. This idea was further
developed by other researchers as for instance by Bertolotti
et al. [16] who reported an angular correlation technique that
can avoid prior calibration with a reference source (which
was necessary in Freund’s scheme). Katz et al. [17] pro-
posed another reference-free method and showed that the
intensity autocorrelation of the scattered light is identical
to the autocorrelation of the object image itself and that the
object can be reconstructed using a phase-retrieval algo-
rithm. However, these intensity correlation techniques were
demonstrated only for two-dimensional (2D) images because
of their intrinsic property of infinite depth of focus [72].

In his seminal papers, Freund proposed a lensless imag-
ing technique in which he regarded a diffuser as a useful
imaging device and named it wall lens. Extending this idea,
we made use of the turbid medium as a virtual imaging lens.
We exploit the potential of the virtual imaging lens for 3D
imaging, so that it can create an image of 3D objects with
variable focusing and controllable depth of focus. To avoid
the computational burden of a 3D phase-retrieval algorithm
and the restricted field of view incidental to image recovery
from the autocorrelation, we modify the intensity correla-
tion technique and introduce a reference point source near
the object. The reference point source, which is incoherent
with the object illumination, has the role of a guide star in a
manner similar to Goodman’s interferometric imaging [74].
The use of a reference source may set a certain restriction in
some applications but provides a much simpler solution as
those based on the autocorrelation combined with an itera-
tive phase-retrieval algorithm. Our solution is free from iter-
ative phase retrieval, gives a wider field of view, and permits
direct 3D image reconstruction from the cross-correlation
between the intensity distributions on a pair of planes axially
separated in the scattered fields. Detailed information about
the principle is given in [6]. Figures 6 and 7 show the setup
and the experimental evaluation respectively.

5.1.2 Diffraction-limited microscopy with a simple scatter
plate

For many centuries, imaging has been dominated by the per-
formance of lenses. A lot of research has been done for this
conventional kind of imaging, and sophisticated lens design
for applications such as photography, microscopy and lithog-
raphy has created a big market for industry. Different meth-
ods have been tried, but there is up to now not an alternative
to conventional lenses in sight. High-resolution imaging has
been one field where the demand for high-quality lenses is
constantly increasing, especially for microscopes where the
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Fig.6 Depth-extended imaging using a diffusing medium: sketch of
the experimental setup. A diffusing object O is placed at a distance
Z+ AZ from a diffuser S and is illuminated by a spatially incoher-
ent narrowband light source. A reference point source §, which is

(a) (b)

Fig.7 Chicken breast tissue or imaging system: a 1.5-mm-thick
chicken breast tissue sandwiched between two glass slides was used
as a diffusive medium. Non-invasive imaging of the ‘letter H” using
a spatially incoherent light source was performed through this bio-

quest for high-definition objective lenses is unbroken. One
consequence of this challenge are the continually increasing
complexity and prices of objective lenses. Traditionally lens-
based microscope objectives have fixed focal length, high
numerical aperture, short working distance, limited depth of
focus and magnification, which often sets restrictions in their
application. The correction of aberrations for microscope
objectives requires an extended design consisting of a cer-
tain number of spherical and aspherical lenses (sometimes
more than 10), which increases complexity, bulkiness, and
price.

We developed an alternative imaging systems which
is based on Freund’s intensity correlation technique
[71], which permits lensless imaging of an object using
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incoherent to the object beam and is laterally shifted by 7, from the
object, is placed in the reference plane at a distance Z from the dif-
fuser. Speckle intensities are detected by an image sensor at distances
z and z+ Az downstream from the diffuser

Intensity (a.u.)

logical tissue. a The object, ‘letter H’ (500%x330 pm) b part of the
recorded speckle pattern, ¢ the autocorrelation, and d the recon-
structed object. The scale bars in a, b are 150 pm (20 pixels) and
447 pm (60 pixels), respectively

a scattering medium by utilizing its memory effect. Spe-
cifically, we propose a new imaging device called ‘scatter-
plate microscope’ in which a conventional objective lens
is replaced by a simple scatter plate [23]. The scatter-plate
microscope has the following unique characteristics that are
not available with traditional microscopes:

extremely thin and light (suitable for low-cost produc-
tion),

variable focal length and magnification (self-adaptive to
any conjugate image planes),

variable NA and field of view,

flexible working distances extendable as desired,
compatible in reflection and transmission modes,
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immune to phase disturbances and aberrations,
easy to fabricate with scalability in device size, robust to
environmental changes.

Thus, a single low-cost scatter plate can perform the tasks
of various microscope objectives with different magnifica-
tions, NAs and focal lengths. A relatively wider field of view
(FOV) and variable depth of focus (DOF) are exclusive fea-
tures of the presented technique. Our cross-correlation based
technique, combined with a reference point source, is capa-
ble of imaging complex objects. We successfully performed
microscopic imaging using scattering plate on technical as
well as biological samples, Fig. 8. We could easily obtain a
resolution of 2.19 um. It also opens up the possibility of uti-
lizing the scattering media as imaging lenses for X-ray and
ultraviolet radiation. Thus, we implemented a technique that
can turn a costless scattering surface into a high-resolution
microscope objective.

(a)
$§.
— 1
W=e 3
light source Scattering

layer
Object plane

Fig. 8 Scatter-plate microscopy: principle and examples. a Principle:
the object is placed close to the scattering layer at distance Z, and the
aperture size is increased to achieve a high numerical aperture. The
image plane is far at a distance z from the scattering layer. The con-
ventional microscope image made with monochromatic illumination

5.1.3 Single pixel scatter-plate microscopy

If the scattering behavior of the scatter plate is known, the
point-spread function PSF can be retrieved from diffraction
theory. Therefore, by replacing the scattering media by a
spatial light modulator (SLM), displaying some pseudo-ran-
dom modulation pattern, the recording of the PSF becomes
entirely redundant. Moreover, this approach allows trans-
forming the scatter-plate microscope into a single-pixel
imaging tool [67]. A single-pixel detector measures the
intensity signal generated with many different pseudoran-
dom modulation patterns. For each pattern, the PSF is now
retrieved from diffraction theory. Image retrieval is subse-
quently realized by calculation of the ensemble cross-corre-
lation between the measured intensity signal and the PSFs.
Figure 9 demonstrates image retrieval by the single-pixel
scatter-plate microscopy with modulation patterns displayed
by a digital micro-mirror device (DMD).
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of the Fig. 6 from a USAF test target and a section of pine wood stem
are shown in b and d. Their corresponding images taken with a scat-
ter-plate microscope are shown in ¢ and e, respectively. The scale bar
in b and ¢ is 3 pm, and in d and e 20 pm in object space
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Fig.9 Single pixel scatter-plate microscopy. a Setup. The monochro-
matic, spatially incoherent sample illumination is generated by lead-
ing a laser beam through a rotating ground glass diffuser. A digital
micro-mirror device (DMD) displays many different pseudorandom
modulation arrays. For each scattering array, the intensity in the scat-
tering field is measured with a single-pixel detector. Image retrieval
is realized by calculating the ensemble cross-correlation between the
measured single-pixel signal and the computationally generated PSFs
of the modulation arrays. b Image of group 2 element 2 of the USAF
test target retrieved by single-pixel scatter-plate microscopy. 14,000
pseudorandom modulation arrays were displayed by the DMD

5.1.4 Depth-resolved detection of fluorescent light
emitting particles embedded in a scattering medium

Microscopy methods for noninvasive diagnostics are limited
by the strong scattering encountered in biological materials.
This leads to disturbing background signals, weak signal-
to-noise ratio, and image degradation. The situation is even
worse when one needs to determine dimensional informa-
tion about the position of a signal source in all three spatial
dimensions. Light from infocus as well as from regions far
out of focus contributes to the recorded signal. Hence, some
sort of discrimination between the desired signal and con-
tributions arising from scattering in the rest of the sample is
needed. Many diagnostic applications require such dimen-
sional measurements: in the classification of skin cancer, the
extent of a tumor in the vertical direction is directly linked
to its development over time [75]. Hence, three-dimensional
(3D) data about the location of certain structures, in particu-
lar along the z-axis, could contribute to a better classification
of images, the recognition of features, and the automated
segmentation of malign and benign areas. In applications
where optical methods aid in the determination of tumor
margins or even serve as feedback during surgery, dimen-
sional information is obviously of crucial importance.
Here, we show a phase-sensitive method for the depth-
resolved detection of fluorescent light based on the combina-
tion of structured illumination with an interference pattern
arising from two intersecting beams with shearing interfer-
ometry for depth detection [68]. This aims at combining
the advantages of fluorescence detection and using highly
sensitive interferometric signals for the depth evaluation.
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(a)

Fig. 10 a Schematic layout and b photograph of the experimental
setup. Ls, Lenses; Ms, mirrors; BS, beam splitters; Fs, band-pass fil-
ters; MO, microscope objective. The dashed line corresponds to the
housing of the microscope

In addition to using fluorescence band-pass filters, the con-
tribution of scattered light is suppressed by locally address-
ing the excitation of fluorescent light and limiting the exci-
tation volume by the geometry of the illumination setup.
The implementation of a phase-shifting procedure allows
efficient separation of the interferometric signal from the
incoherent background, which is of particular importance for
recording signals from a scattering environment. However,
this comes at the expense of an increased time for image
acquisition as at least three phase-shifted images have to be
recorded. While the setup has a similar structure as some
holographic methods, the focus of this work is the measure-
ment of the axial position of a fluorescent light source in a
scattering environment rather than imaging. In contrast to
scanning methods such as confocal or multiphoton fluores-
cence microscopy, signals arising from regions far out of
focus can be used, so scanning along the vertical direction is
avoided. The lateral shearing is implemented in a Michelson
interferometer with a tilted mirror that is integrated into a
conventional microscope.

The experimental approach relies on combining a dedi-
cated illumination setup with a shearing interferometer for
the phase reconstruction. The basis for the setup is a usual
fluorescence microscope in epi-illumination configura-
tion, see Fig. 10. The band-pass filters F1, F2 are adapted
to the fluorophor rhodamine 6G with absorption and emis-
sion peaks at 532 nm and 552 nm, respectively. To preserve
the flexibility with respect to a working distance covering
several hundred micrometers, a microscope objective with
moderate numerical aperture of 0.4 and 20 X magnifica-
tion is used. The creation of an interference pattern in the
focal plane can be achieved by illuminating with two beams
separated in the pupil plane of the microscope. This leads
to two light cones intersecting each other under an angle
in the focal plane after passing the microscope objective.
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Fig. 12 Validation of depth reconstruction at a fluorescent layer

Translating one of the mirrors M1, M2 in axial direction
allows the adjustment of the intersection angle.

The principle of phase reconstruction and the estima-
tion of the resolution are given by Schindler et al. [76].
The wave fronts are modeled as spherical wave fronts that
can be expanded into Zernike polynomials. For experimen-
tal verification spatially extended fluorescent light sources
and a measurement range of several hundred microns in
a weakly scattering material are considered. In this con-
figuration, a scattering phantom with isolated inclusions
of fluorophors is examined. The sample contains a layer of
fluorescent material with at thickness of 10-15 pm, which
is tilted by 3° with respect to the surface. Hence, differ-
ent lateral positions of the sample correspond to different
depths of the fluorophors. Figure 11 shows the raw signal
of a depth of 550 pm and the corresponding fringe con-
trast. In spite of the large extent of the fluorescing volume
and the lack of spatial incoherence, an interference pattern
with a fringe contrast in the range of 30% is recorded. It is
assumed that this is due to the illumination, which confines
the excitation of fluorescent radiation both laterally and
axially. This is also in agreement with previous simulation
results [76] where the propagation of the excitation and
the fluorescent light has been modeled based on numerical

solutions of the Maxwell equations and similar values for
the resulting fringe contrast have been obtained. Figure 12
shows the comparison between the nominal values and the
result for the reconstructed depths for different positions
along the profile. The reconstructed values agree with the
nominal ones within the range of the uncertainty for the
actual layer, corresponding to a relative error of around
10%. It is to be noted that no spatial coherence is required
in the formation of the shearing interference signal, as
interference takes place between parts of the wave front
emerging from the same point in space. The sole effect of
an extended source distribution is a decrease in contrast.

5.2 Conclusion

Here, we presented several approaches for the utilization and
the inspection of scattering media. First, we described how
to explore depth-extended objects by means of a scattering
media. Afterward, we extended this approach by implement-
ing a new type of microscope making use of a simple scatter
plate as a kind of flat and unconventional imaging lens. This
kind of microscope allows to be transformed into a single-
pixel imaging tool. Finally, we introduced our shearing
interferometer in combination with structured illumination
for retrieving the axial position of fluorescent light emitting
spots embedded in scattering media. Part of this work was
already published in [77].

6 Randomness assisted digital holography
(Rakesh Kumar Singh, and Tushar Sarkar)

6.1 Status

Digital holography (DH) offers a significant advantage in
different walks, from medical diagnosis to metrology, due
to its ability to record and reconstruct the complex fields of
light [78]. This unique feature of the DH is widely utilized
to build fast, non-destructive, full-field, three-dimensional
(3D), and high-resolution quantitative phase imaging (QPI)
systems [78—82]. The DH is an interferometric technique
and records an interference pattern of the light coming from
the imaging beam with a reference wave, and the hologram
is digitally recorded by an intensity detector. The recorded
interference pattern is subjected to a digital back-propaga-
tion by using different propagation algorithms. This helps
to implement 3D reconstruction and digital focusing with-
out using any mechanical means. Due to its interferometric
principle, various designs and developments in interfer-
ometry have been utilized to configure experiments in the
DH. Some important DH schemes are in-line, off-axis, and
phase-shifting holography [78—82]. The off-axis holography
demands a carrier beam to avoid the twin image problem of
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the in-line holography. Significant attempts have also been
made to synchronize the DH with the microscopy to tackle
limited depth of focus in a high numerical aperture imaging
system and attain the high magnification ratio desired in
the conventional optical microscopy [83, 84]. On the other
hand, the idea of recording and reconstructing information
from self-luminous or incoherent objects has introduced new
trends in holography [85, 86]. The strong theoretical basis of
the coherence theory has been extremely useful and offered
a framework to develop new advances in holography with
the arbitrary coherence light sources [87].

When the object is obscured by the random scattering
medium or illuminated by a random light, direct imaging
of a non-stochastic complex-valued object is a challenging
task. Propagation of the random light leads to scrambling in
the space and hence no direct resemblance with the object.
This is a challenging, yet practical problem leading to the
conventional holography nearly ineffective. The information
available at the detector plane is a random and seemingly
information-less pattern. These issues have been widely
investigated by using adaptive optics, phase conjugation,
iterations [88-90]. Issue of imaging from the random light
can be broadly categorized into two. First is a situation
where the random light is by choice or desired such as in the
correlation holography, speckle-field digital holography, and
ghost imaging [11, 85, 91-93]. The second category covers
examples, where desired information is spatially scrambled
due to propagation of light through a random scattering
medium and examples are imaging through atmospheric
turbulence, scattering wall, shower-curtain effect, etc. [17,
88, 94, 95]. The existence of the random field in two differ-
ent categories, albeit for different reasons, can be treated
in a common framework of the coherence theory and the
holography based on the correlation function offers a great
potential. The foundation of such unconventional hologra-
phy, called correlation holography, is derived and based on

the close analogy between the complex coherence function
and the optical field [96, 97]. Moreover, central results of the
coherence theory such as the van Cittert—Zernike theorem
and the Hanbury Brown—Twiss (HBT) approach have played
significant role in the development of such unconventional
holography [98].

6.2 Current and future challenges

The correlation holography can be applied to image generic
objects from random light. In contrast to direct imaging in
the DH, correlation holography requires experimental meas-
urement of the complex coherence functions. This is pos-
sible by using a suitable interferometric setup to measure
a two-dimensional complex coherence structure preferably
from a single measurement for imaging of a dynamic object
[94-98]. A configuration of the experimental geometry
with the HBT approach is shown in Fig. 13a. This system is
designed to implement an unconventional holography with
the coherence waves (rather than the optical field). The
object information is scrambled and propagates to a charged
coupled device (CCD) plane [94, 95]. The second-order cor-
relation of the random field, i.e., coherence function, carries
information of the object. However, direct measurement of
the complex coherence function is not possible from a single
arm. Therefore, a reference coherence wave with desired
correlation structure is inserted in the experiment by illumi-
nating a reference ground glass with the point source. The
intensity correlation of the resultant random pattern at the
CCD in the Fig. 13 is expressed as the modulus square of
the superposition of the coherence waves [95]. This relation
has a close analogy with the conventional holography where
interference of the optical field is used. An off-axis strategy
helps to reconstruct the object information from a single
measurement of the random pattern [95]. Furthermore, if
we consider that the optical field at the plane of scattering is
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Fig. 13 Schematic of scattering assisted holography method. a Sketch
for holography with coherence waves. b Recorded speckle pattern.
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an interference pattern encoding object, then the coherence
holography reconstructs a complex-valued object. Here,
we consider a Fourier hologram encoding the vortex struc-
ture is located behind the random scattering medium. The
holography with the HBT approach in Fig. 13a permits the
realization of lensless imaging and recovery of the Fourier
hologram from a random light. Consequently, reconstruc-
tion of the hologram provides a complex field of the object
located behind the scattering medium.

Successful reconstruction in the coherence hologra-
phy depends on the validity of the assumption of spa-
tial stationarity and Gaussian statistics of the random
field at the detector [95]. The full-field reconstruction
is also restricted if spatial stationarity is available only
in the patches. The limitation of spatial stationarity can
be removed by appropriate selection of the propagation
kernel, say a Fraunhofer. It is possible to achieve spatial
stationarity in the Fresnel domain by using an appropri-
ate interferometer [95]. Another challenge in correlation
holography is spatial resolution due to the finite correla-
tion length of the scattering medium. Some of the existing
challenges can be addressed by combining the computa-
tional methods with correlation holography such as decon-
volution, and digital phase-shifting [96—99].

6.3 Advances in science and technology to meet
challenges

The challenge to image from the randomness employing
correlation optics, although there have promising results
and new directions, still demands some key scientific and
technological progress. One possible strategy to success-
fully meet such demand is to further explore analogy and
connections between the optical field and complex coher-
ence. Such a strategy will provide opportunities to import
existing technological innovations and the development of
coherent optics to the experimental realization of ideas in
the coherence theory. Furthermore, the combination of avail-
able theoretical frameworks of the coherence optics with
experimental optics will provide a new research direction
for experiments with a generic light source and in develop-
ing unconventional imaging methods [94-99]. A close anal-
ogy between space and time is also useful to reconstruct the
temporal modulation from randomness. This connection has
led to intentional and significant interests in unconventional
imaging in the temporal domain. Therefore, the combina-
tion of spatial and temporal is desired to implement spatio-
temporal unconventional imaging systems. Availability and
progress in the development of high-speed temporal detec-
tors and plug-in and plug-out arbitrary coherent sources
are expected to significantly contribute to the progress of

unconventional imaging methods such as correlation holog-
raphy, ghost imaging, etc.

6.4 Concluding remarks

The development of holography with coherence waves and
its applications for imaging from random light have demon-
strated new trends in holography. Moreover, this also high-
lights the enormous potential to combine the technological
progress of the conventional holography with the theoretical
resources of the coherence theory. The key features of such
unconventional holography utilize the randomness of the
light and opens new avenues for quantitative imaging.

7 Quantitative phase imaging with spatially
partially coherent sources (YoonSeok
Baek, Hervé Hugonnet, KyeoReh Lee,
and YongKeun Park)

7.1 Status

Label-free imaging techniques have become a powerful
tool in biomedical science by addressing issues of using
exogenous labeling agents. Instead of using fluorescence
proteins or stains, label-free techniques produce image
contrast by exploiting elastic and inelastic light scat-
tering. For this reason, label-free imaging is inherently
non-invasive and free from phototoxicity. Among various
techniques, quantitative phase imaging (QPI) is a unique
method that measures optical phase delay induced by bio-
logical specimens. Over the last decade, QPI has emerged
as an invaluable tool for cell biology and pathology
because the optical phase accurately reflects the morphol-
ogy and internal structures of a transparent sample [100].
QPI provides both two- and three-dimensional imaging
modalities. The two-dimensional (2D) QPI is a full-field
method that quantifies a spatial change in phase at the focal
plane. By providing sub-nanometer sensitivity in optical
path length, 2D QPI enables the monitoring of cellular
structures and dynamics under various pathophysiologi-
cal conditions [101]. The three-dimensional (3D) QPI, or
optical diffraction tomography, produces a refractive index
tomogram by solving an inverse scattering problem using
optical fields measured at different incident angles. Such
a tomographic approach decouples a refractive index and
thickness of a sample, which are indistinguishable in 2D
phase delay images. Accordingly, 3D QPI allows quantita-
tive analysis through biological and morphological param-
eters, such as dry mass, protein concentration, volume,
surface area, and sphericity [102].
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This short review focuses on QPI with spatially par-
tially coherent sources. In the following sections, we out-
line challenges associated with spatial partial coherence
and discuss recent technological progress made in QPI.

7.2 Challenges in QPI using coherent light

Conventional QPI techniques have been based on hologra-
phy which requires a coherent source and a stable interfer-
ometer. However, as the field of QPI finds its application
in biomedicine, there has been a growing need for the sim-
ple implementation of QPI outside well-controlled optical
laboratories. In this regard, one major challenge for QPI is
to utilize spatially partially coherent light. By embracing
spatial incoherence, QPI can be realized in widespread
optical microscopes and can improve phase sensitivity
by suppressing coherent speckle noise. However, the par-
tial coherence is incompatible with most QPI techniques
because it is challenging to measure phase delay images
based on interferometric techniques that use reference
beams. Despite the efforts to reduce speckle noise using
various approaches exploiting spatial compounding or
machine learning approaches [103-105], the presence of
speckle noise is inevitable when a coherent light source
is used.

Such an issue can be addressed by interfering partially
coherent light. For example, phase-shifting interferometry
can be employed by changing the relative phase between
the unscattered and scattered components of light using a
spatial light modulator [106]. Resulting intensity images
are equivalent to phase-shifting interferograms from which
phase delay images are obtained. Alternatively, it is possible
to induce interference between the partially coherent light

Fig. 14 Schematic of decon-
volution-based 3D QPI. a
Schematic for illuminations and
axial scanning of a sample. b
Measured intensity images for
different illumination patterns
and axial positions. ¢ Refractive
index tomogram obtained after
deconvolution. Reproduced with
permission from [115], OSA

=
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and its spatially translated copy using diffractive masks to
produce phase-gradient images [107, 108]. The main advan-
tage of these common-path approaches is the compactness of
setups that can function as add-ons to optical microscopes.
However, their phase measurements are less accurate than
conventional QPI because phase images are vulnerable to
halo artifacts [106], the spatial coherence of the illumination
[8], and the paraxial approximation [108].

7.3 Advances using incoherent light to meet
challenges

Recently, non-interferometric approaches have shown that
the change in the illumination alone provides enough infor-
mation to conduct QPI through analytic expressions and
computational algorithms [109-111]. Unlike previous tech-
niques, non-interferometric QPI works by controlling the
illumination patterns without requiring special optical com-
ponents in the imaging path of conventional optical micro-
scopes. Among these new techniques, a set of deconvolu-
tion techniques have demonstrated 3D QPI with spatially
partially coherent light. It assumes that intensity transmitted
through a transparent sample is the sum of the convolution
of the real part of a scattering potential and the phase trans-
fer function, and the convolution of the imaginary part of
the scattering potential and the amplitude transfer functions
[112, 113].

In experiments, refractive index tomograms are recon-
structed through the deconvolution of intensity images under
various illumination patterns and the axial scanning of a
sample (Fig. 14). The amplitude and phase transfer func-
tions vary depending on the illumination and determine
which information is retrieved from the intensity images.
Therefore, it is important to optimize partially coherent
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Fig. 15 Holographic imaging using speckle-correlation scattering matrix. a Measured speckle image. b—g Amplitude and phase images of inci-
dent light (b, ), SSM (¢, f), and SSM followed by an iterative algorithm (d, g), respectively. Adapted from [5], CC-BY-4.0

illumination to obtain reliable refractive index tomograms.
For example, without the axial scanning of a sample, the
transfer functions need to vary sharply in the z-direction
to obtain volumetric information at a focal plane. In such a
case, optimized patterns become chaotic and sparse illumi-
nation [114]. On the contrary, when the sample is scanned
axially, it becomes essential to obtain cross-sectional
information without losing transverse resolution which is
achieved with smooth illumination patterns [115]. For these
partially coherent approaches, one of the remaining future
challenges is to improve their accuracy beyond weakly scat-
tering objects.

Another possibility for QPI is to exploit randomness for
phase measurement. Speckle-correlation scattering matrix
(SSM) is a recently developed method for holographic
imaging [5, 116]. SSM utilizes the randomness of complex
Gaussian variables to recover the complex amplitude of
light from a speckle pattern generated by a scattering layer
(Fig. 15). Its principle is based on the fact that a random
scatterer generates a unique speckle pattern for different
incident light. SSM has already demonstrated its potential
for QPI [117], although with coherent light. Importantly,
the principle of SSM has been extended to two orthogonal
polarization states [118], suggesting the possibility of par-
tially coherent QPI. The main current challenge is to develop
scattering layers and algorithms for the processing of par-
tially coherent speckle patterns using SSM.

7.4 Concluding remarks

Embracing partial coherence is the key to improve the acces-
sibility of QPI and to facilitate the application in various bio-
medical contexts. Recent advances in the field suggest new
possibilities to realize QPI with spatially partially coherent
light.

8 Deep learning in imaging through turbid
media (Wanqin Yang and Guohai Situ)

8.1 Status

Despite of great importance to imaging through turbid
media in numerous applications, ranging from astronomi-
cal observations to biomedical imaging through turbid tis-
sues, it is rather challenging and arduous to form a clear
image with randomly scattered light. The difficulty lies in
the fact that when light travels in a disordered medium, the
wavefront generated by a point source in the object plane
will be randomly distorted due to the random refractive
index variations within them, which prevents the formation
of converged Airy spots in the image plane as in traditional
optical imaging systems. Fortunately, with the great progress
of computational technology and development of related the-
ories, many new imaging methods have emerged recently.
Among them, the typical imaging methods include imaging
with ballistic photons, wavefront shaping method, optical
phase conjugation, transmission matrix, and optical memory
effect. Additionally, ultrasound is often used as an important
tool in combination with optical imaging method due to its
deeper penetration depth inside biological tissues, such as
ultrasound-assisted tomography and photoacoustic imaging.
However, all of them are faced with different limitations
and are only suitable for some specific scattering imaging
scenarios. For example, iterative wavefront shaping method
or transmission matrix requires long-time acquisition and
cannot be applied to dynamic turbid media; while optical
memory effect cannot cope with optically thick scattering
media and at the same time the field of view is quite limited.
Until now, imaging through thick or dynamic turbid media
with high-quality reconstructions has always been the long-
time pursuit.

@ Springer



49 Page 18 of 26

J.Rosen et al.

8.2 Current and future challenges

Recent advances in deep learning (DL) have shown great
potential and capability to meet the aforementioned chal-
lenges thanks to their high performance. Deep neural net-
works (DNN) consist of an input layer, multiple hidden lay-
ers and an output layer [119]. The input layer and the output
layer are determined by the current mapping problem, while
the hidden layers can be adjusted artificially. Because of the
excellent fitting ability, DNNs are good at solving highly
ill-posed problems. Up to now, DL has found its widespread
applications in various computational imaging scenarios,
to name a few, digital holography reconstruction [10, 120],
computational ghost imaging [121], phase imaging [122],
imaging through scattering media [27, 123]. When it comes
to imaging through turbid media, it is to solve the inverse
problem from the raw data buried with noise to original
object information.

Lyu et al. constructed a hybrid neural network (HNN) to
realize scattering imaging through a 3 mm-thick white poly-
styrene plate with its optical thickness equal to 13.4 [27].
Later, to improve the robustness and generalization of the
neural network, Le et al. used four diffusers when collecting
the training set and tested with untrained raw speckles gener-
ated from unknown diffusers, which requires the unknown
diffusers to have similar statistical properties and the objects
to be simple [124]. Although the speckle pattern generated
when coherent light passing through static diffusers are spa-
tially randomly distributed, the morphology of it is explicitly
object-dependent, which reveals unique features of labeled
images in the training set. However, when illuminated with
an incoherent light, according to the statistical analysis of
speckle, the incoherent superposition of numerous high-
contrast speckle patterns will yield milky patterns that are
almost visually indistinguishable. Furthermore, imaging
through nonstatic turbid media is more challenging because
of the unpredictable multiple scattering path fluctuations
with time. Lately, Zheng et al. proposed a method to achieve
single-shot incoherent imaging through highly dynamic and
optically thick turbid media by using an end-to-end DNN
[125]. In their work, the optical thickness of the tank of
turbid media is as high as 16, and the corresponding decor-
relation time is about a few hundred microseconds.

So far, almost all the deep neural networks proposed for
computational optical imaging employ a supervised training
strategy, which means the need for a large amount of paired
labeled images in the training set. In scattering imaging,
matched labeled images of ground-truth objects (objects
on the spatial light modulator) and many blurred patterns
(images recorded by the camera) are usually obtained via
synchronous control of the spatial light modulator and cam-
era. With sufficient training set, the weights and biases of
neurons can be optimized, and thus yielding a well-trained
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network before it can be used. Despite of the huge break-
throughs in imaging through scattering media, there exist
some drawbacks in DL methods. First, solely data-driven
DL method has limited generalization. Since the parameters
in the neural networks are all obtained by fitting the paired
labeled images, the trained model is inevitably over-relying
on the training set and implies some unknown features of the
input. The conventional solution is to increase the diversity
of training data, for example, Li et al. used a training set
containing different types of raw speckle patterns from four
diffusers. Second, in many practical applications, especially
in biological imaging, it is rather difficult to obtain ground-
truth images for supervised learning. Common methods to
obtain ground-truth images mainly include high-precision
optical reconstruction and preset of real objects. Obviously,
it is a great challenge to realize object reconstruction from
scattered photos. Meanwhile, the preset of objects is the
most popular case at present, which means that it needs to
invade inside or behind the scattering medium roughly.

8.3 Advances in science and technology to meet
challenges

As for the limited generalization of networks and the fail-
ure to obtain ground-truth object labels, there is no par-
ticularly effective solutions at this stage. However, recent
research seems to suggest that introducing physical models
into DNNs is expected to overcome the problem of lack of
ground-truth object in supervised learning and might also
effectively reduce the dependence of the network on the
training sets. To image through turbid media, Zhu et al. has
proposed a method combining the physics prior with neural
network [126]. By exploiting the speckle correlation prior,
the efficient physics prior provides an optimized direction
for the neural network to find the optimal reconstruction
in different scattering scenes with improvement of feature
extraction efficiency and better performance in reconstruc-
tion of hidden objects with high complexity.

Furthermore, when the physical model of the forward
propagation that represents the process of image formation
is known, usually there are two strategies to deal with the
problem of lack of ground-truth objects, which is illustrated
in Fig. 16. Learning from simulation is shown in Fig. 16a
with two steps included. In step one, physical model is used
to generate a large number of matched labeled images, which
is aimed to optimize the DNN mapping the model-informed
images to the objects via supervised training. In step two, the
measured image is fed into the well-trained DNN to obtain
corresponding reconstruction result. Figure 1b represents
the optimization process guided by the physical model. In
this case, an output delivered from the DNN will result in
an estimated measurement via the physical model. Calcu-
late the mismatch between the estimated measurement and
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Fig. 16 Comparison of two types of physical model-based DNN. a Learning from simulation, b physical model-guided optimization solution

without training

the actual measurement, then update the weights and biases
in the DNN. These two strategies have made progress in
computational ghost imaging and phase imaging separately,
which has boosted the application of DNN based on physical
models in other fields.

However, when it turns to imaging through scattering
media, exact physical models corresponding to the scat-
tering process always tend to be unavailable in practical
situations. Despite the fact, recent research has inspired
us as well. Johnstonbaugh et al. have proposed a method
able to localize the targets below 40-mm imaging depth
inside scattering medium with high precision [127]. The
network is trained from the simulation-generated labels,
corresponding to the strategy in Fig. 16a. It is important
to determine the optical intensity distribution inside the
medium because of its influences on the strength of the
acoustic signals. Thus, light diffusion approximation is
taken into the physical model, which can help to map the
scattered light to the acoustic signals. Similarly, a forward
model containing multiple scattering has been used to gen-
erate training data [128]. Then, the DNN is trained and
able to recover the three-dimensional phase features of
complex, multiple-scattering biological samples experi-
mentally. As far as [ am aware of, the research on imaging
through turbid media based on the second strategy has not
yet appeared, but there might be some in the future.

8.4 Concluding remarks
In this section, we have introduced the great achievements

of supervised deep learning in imaging through turbid
media and elaborated on the difficulties and challenges

faced by the data-driven DNN, including limited generali-
zation and lack of ground-truth objects. With the increas-
ing successful applications of physical model based DL
for computational imaging, we believe that physical mod-
els are efficient solutions to solve the aforementioned two
problems.

9 Computational imaging for optical
sensing and control through scattering
media (Ryoichi Horisaki)

9.1 Status

Optical sensing and control through scattering media are
longstanding and challenging issues in the fields of optics
and photonics, especially for biomedicine, security, and
astronomy [63, 129]. Recently, computational imaging,
which is a powerful imaging framework that combines opti-
cal and computational processing as shown in Fig. 17, has
contributed to these topics due to recent advances made in
information science, such as compressive sensing and deep
learning [130, 131]. Here, we introduce our recent research
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activities regarding computational imaging for optical sens-
ing and control through scattering media.

9.1.1 Speckle-correlation imaging

Speckle-correlation imaging is a technique for non-invasive
imaging through scattering media [16, 17]. In this method,
it is not necessary to probe the optical field behind or inside
scattering media. This advantage is important for practical
applications. Speckle-correlation imaging exploits a shift-
invariance of the scattering process, which is called the
memory effect [73]. By exploiting the memory effect, the
autocorrelation of a captured speckle image is approximated
as that of the object. Then, the object is reconstructed from
the autocorrelation by using phase retrieval [20].

We have extended two-dimensional speckle-correlation
imaging to three-dimensional cases in a number of dem-
onstrations. The so-called axial memory effect has been
reported, where speckles scale laterally with the object dis-
tance [6]. In this case, the three-dimensional correlation of
a depth-dependent object is calculated from the captured
speckles based on the axial memory effect, and then the
object is three-dimensionally recovered by three-dimen-
sional phase retrieval for the correlation [18, 132]. Simi-
larly, speckle-correlation imaging is extendable to spectral
imaging. The spectral or chromatic memory effect also has
been reported, where speckles are laterally magnified as the
wavelength becomes longer [133]. A multispectral object is
recovered from a speckle image through three-dimensional
correlation and three-dimensional phase-retrieval processes
based on the spectral memory effect [134].

9.1.2 Learning-based imaging and focusing

Machine learning, such as deep learning, has grown rapidly.
This technology has contributed to various fields, including
optics and photonics. In particular, computational imaging is
an active area for introducing machine learning technologies
to imaging systems [135]. Machine learning has enabled
us to realize regression of forward and inverse processes
of optical phenomena. This is important for optical sensing
and control because the inverse problem plays an important
role there.

We have presented learning-based imaging and focus-
ing through scattering media [4, 29, 136—-140]. In these
studies, the inverse function of the scattering process was
learned with a large number of input and output pairs. Then,
the optical field behind or inside the scattering media can
be recovered or controlled by using the inverse function.
This approach has also been applied to computer-generated
holography, where an optical field is controlled through
free-space propagation [141, 142]. These methods for
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computer-generated holography are non-iterative, enabling
faster hologram synthesis compared with conventional ones.

9.2 Conclusions

Recent computational techniques have changed conven-
tional imaging modalities and have realized various innova-
tive imaging systems. Computational imaging is a typical
example of this trend, and its application to imaging through
strongly scattering media, which are difficult to handle in
conventional methods, has been promising. This approach
will contribute to various applications, such as life science
and industry.

10 Speckle illumination for high-
and super-resolution deep imaging
(Hilton B. de Aguiar, Sylvain Gigan)

10.1 Status

Microscopy has tremendously advanced in many fronts
over the last century. Nowadays, we can image biological
specimens at unprecedented time [143], spatial [144], and
chemical [145] resolutions. Yet, deep imaging with high
resolution in complex media, such as biological tissues, has
only recently been tackled actively, and remains a very chal-
lenging task. Scattering of light due to inhomogeneities of
the medium perturbs the incident illumination and rapidly
generates a complex interference pattern: a speckle. Albeit
coherent, a speckle presents many features from incoherent
illumination. At shallow depth, adaptive optics, mostly bor-
rowing concepts of static objects observed in astronomy,
is able to restore a high-quality focus by compensating the
low spatial frequency aberrations: these typically arise from
weak inhomogeneities of biological tissues. Conversely,
wavefront shaping has emerged in the last decade as a pow-
erful tool to directly modify speckles, compensate scattering
effects and retrieve a focus at depths surpassing the realm of
adaptive optics [7].

An even more challenging aspect is to reach super-reso-
lution imaging in complex media. While structured illumi-
nation microscopy (SIM) has been exploited to increase the
resolution and allows for depth sectioning [146, 147], it can
only be applied to optically thin media. Furthermore, SIM
can only reach a few tens of microns at most after the cover-
slip in high numerical aperture (NA) imaging settings, as it
is very sensitive to aberrations and scattering [148]. While
most super-resolution techniques have been demonstrated
with fluorescence contrast, vibrational contrast still lacks
far-field super-resolution capabilities. Regardless of the
contrast mechanism, reaching super-resolution in complex
media presents itself as a major bottleneck.
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In this brief article, we review random (i.e., speckle) illu-
mination for deep imaging, illustrated by two recent experi-
ments, and discuss the opportunities it opens up for deep
imaging, including super-resolution.

10.2 Current and future challenges

A first use for random speckle illumination for deep imag-
ing was reported in [149]. In this example, the goal is not
super-resolution, but simply to retrieve a fluorescent object
at depth, without resorting to wavefront shaping techniques
which are lengthy and require expensive spatial-light
modulators. A rotating diffuser allows to generate multiple
unknown speckle illuminations that illuminate the object
at depth, a camera in epi records the fluorescent patterns
from the buried object. While a sum of all patterns would
be equivalent to a homogeneous incoherent illumination,
accessing the individual fluorescent images from each
speckle patterns corresponds to recording the same object,
under variable and highly inhomogeneous illuminations.
Thanks to this property, a computational algorithm allows
to determine the pattern coming from every single diffrac-
tion spot of the object, and later reconstruct it, a feat that
would be extremely difficult (and impossible at depth) using
a coherent focused illumination or a completely incoherent
one.

A second approach using speckle illumination that we
highlight is for super-resolution at moderate depths. In
general, there are two large classes of super-resolution
approaches: direct and computational. In direct methods,
current paradigms are based stimulated emission depletion
microscopy (STED) [150], which may image within com-
plex structures; however the resolution limits are sensitive to
aberrations that come with complex media. Adaptive optics
has been used for STED-like microscopy; however, the depth
is still limited to typically one scattering mean free path
[151]. Computational approaches are mostly based on the
concept of SIM. In SIM, multiple images taken with struc-
tured excitation patterns allow access to a larger spatial fre-
quency spectrum of the specimen, beyond the fundamental
limits set by the microscope objective NA [148, 151]. The
multiple images are then processed with efficient algorithms
to reconstruct a super-resolved image. Computational meth-
ods typically require wide-field imaging geometries: hence,
they are not compatible with thick tissue imaging. This is
not particularly a problem for specimens in cell biology (i.e.,
optically clear samples), where the background is weak, but
poses a serious problem for extended tissues as the whole
volume generates a strong background that deteriorates the
reconstruction quality. As structure patterns, one may use
ones with a priori knowledge [146—148, 152], therefore very
sensitive to aberrations, or unknown, e.g., speckles, with sta-
tistical properties that are resilient to aberrations [153—155].

Yet, using speckles at depth for SIM still remained a chal-
lenge for very thick specimens.

The above-mentioned issues are general and others fur-
ther complicate imaging with vibrational contrast. Many
groups are currently searching for new ways to break the
diffraction-limit resolution in nonlinear vibrational imaging
by far-field methods [156—-163], yet the main challenge is to
reach universal compatibility with biological specimens. A
remarkable achievement has been very recently put forward
[162] using STED-like methods. Alternatively, computa-
tional methods may allow for all-vibrational-modes super-
resolution, in opposition to STED-like methods, and a few
demonstrations on SIM combined with Raman scattering
have been put forward [164—166], but still suffer from the
“thick tissue” issue.

Our recent approach [167] has overcome the fundamen-
tal resolution limit in far-field stimulated Raman scatter-
ing (SRS) microscopy exploiting SIM with speckle pat-
terns [153, 154]. A particular technological bottleneck for
implementing SIM approaches for SRS microscopy is the
lack of “cameras” for fast SRS signals readout. Briefly, we
developed a solution based on a single-pixel methodology
(Fig. 18) that allowed for imaging with depth sectioning
capabilities. In the scheme, a (Stokes) beam [, scanned
over a static speckle pattern (pump) beam Ig; (ro stands for
readout and SI for structured illumination). This scanning
scheme, coupled with well-established algorithms [153,
154], was able to recover a super-resolved image. Remark-
ably, this methodology had a simple microscope alignment
procedure providing a series of advantages over conven-
tional SRS and other three-beam super-resolution schemes
[156, 162]: it only requires simple superposition of focused
beam with a speckle pattern with microscopic precision.
Furthermore, the method is applicable to thick tissue imag-
ing due to its quasi-confocal nature thanks to the nonlinear
optical process itself. The method overcome the theoretical
super-resolution gain for the SRS process by at least a \/5 in
comparison with conventional SRS microscopy with excita-
tion energy densities considerably lower than conventional
SRS microscopy.

10.3 Concluding remarks

These two recent experiments highlight many appealing
features of speckle patterns for illumination in micros-
copy: simplicity of generation, resilience to experimental
imperfection of the optical system, resilience to scattering
and aberrations alike. They provide an unknown but well-
controlled illumination, intermediary between scanning
and widefield illumination, with diffraction-limited features
that in turn unlock many interesting possibilities in imag-
ing, from computational reconstruction to super-resolution.
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Fig. 18 Principle of speckle-assisted super-resolution SRS. Sche-
matic of the setup to achieve super-resolution using SRS process a
based on a single-pixel SIM scheme using speckle patterns. View
planes of transverse (bl) and longitudinal (b2) sections containing
the Stokes beam (red dash) scanning trajectory over the stationary
Raman-active molecules (blue) and structured pump (green). A stack
of SRS images from each speckle realization is passed to a SIM algo-
rithm to reconstruct a super-resolved image (b3). ¢ For comparison,
conventional SRS images, consisting in raster scanning co-propagat-
ing pump and stokes beams, are taken as a control. View planes of
transverse (c1) and longitudinal (¢2) sections of the focused stokes
and pump (green and red dash) scanning trajectory over the stationary
Raman-active molecules (blue). Conventional (d) and super-resolved
(e) SRS images of 239 nm-diameter polystyrene beads showing the
increase in transverse resolution using speckle-assisted SIM. All scale
bars: 500 nm

Speckles are not limited to monochromatic lasers as tissues
have been shown to disperse spectrally relatively little in the
forward scattering regime, therefore only marginally affect-
ing efficiency in nonlinear processes [168—171]. While the
examples given here relate to fluorescence and SRS, speckle
illumination can also be applied to multiphoton fluorescence
imaging, second or third harmonic generation, and coherent
and incoherent Raman modalities.
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