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Lucy—Richardson—Rosen algorithm to

incoherent imaging

Tatsuki Tahara*

A novel computational reconstruction method called the Lucy—Richardson—Rosen algorithm (LRRA) for the construction
of a single-shot infrared 3D imaging microscope was reported in Opto-Electronic Science. In that study, a commonly
available optical element, the Cassegrain objective lens, was used as a coded aperture for 3D imaging using LRRA. Un-
like regular coded aperture imaging systems, achieving 3D imaging using commonly available imaging devices leads to
the development of hybrid imaging systems where direct and indirect imaging concepts coexist. The development above

will make 3D imaging more commonly used in daily life.
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Incoherent digital holography (IDH) is a rapidly
evolving research area with a rich history' . In IDH, the
light from an object point is split into two, differently
modulated, and interfered to form a self-interference
hologram that contains the 3D location information of
the object point. The 3D information is reconstructed by
computational reconstruction methods such as numeric-
al back propagation with a diffraction integral. The two
main challenges of IDH, namely, robustness to external
vibrations and low temporal resolution, were solved sys-
tematically by different research groups'**. However,
IDH requires state-of-the-art optical device(s) and/or a
highly technical optical architecture to generate the in-
terference fringe image of spatially and temporally inco-
herent light.

Coded aperture imaging (CAI) is another incoherent
imaging technique developed in the 20" century to
lensless 2D nonvisible

achieve imaging  with

wavelengths®®. In CAI, the light from an object is modu-

lated by a coded mask and recorded. The recorded in-
tensity distribution is processed with the point spread
function (PSF) recorded under identical conditions to re-
construct the object image. An IDH technique using CAI
called coded aperture
(COACH)”® was developed in 2016, wherein the light

from an object is modulated by a random phase mask

correlation

holography

and interfered with an unmodulated object wave. In
COACH, there is no numerical image plane unlike its
precursors'~*. Therefore, the reconstruction technique of
CAI was mandatory, which involves the recording of
point spread holograms (PSHs) along all axial planes,
followed by computational processing of the object holo-
gram with the PSHs. At this point, a connection between
CAI and IDH was established. Later, it was found by the
research group that the 3D information is encoded in
both the amplitude and the phase of the light diffracted
by the random phase mask. This led to the development
of a simpler version of COACH called interferenceless
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COACH (I-COACH)® I-COACH had the advantages of
both IDH and CAI that is, 3D imaging capability and
simple optical architecture, respectively.

One drawback with I-COACH is the low SNR due to
scattering by the random phase mask, which makes it
unsuitable for light-sensitive applications and complic-
ated microscope configurations. The main reason for us-
ing a random phase mask in I-COACH is that the intens-
ity distribution obtained by scattering has sharp autocor-
relation functions and low cross-correlation along depth
(SALCAD). During an attempt to apply I-COACH to the
infrared microscope (IRM) of the Australian Synchro-
tron, it was found that the Cassegrain objective lens ex-
hibited the SALCAD property except with a higher SNR
than a random phase mask. This discovery opened up
many possibilities. However, the optimal reconstruction
method used in I-COACH, called nonlinear reconstruc-
tion (NLR), did not reconstruct images with a high SNR’.
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Therefore, a novel reconstruction method called the
Lucy-Richardson-Rosen algorithm (LRRA) was de-
veloped by integrating NLR with the well-known
Lucy-Richardson algorithm!*-'2. The LRRA method with
the Cassegrain objective lens as the coded aperture re-
constructed 3D object information with a high SNR. The
schematic of the IRM system and the recorded PSF im-
ages for 0 to 200 pm in steps of 50 um are shown in Fig.
1. The schematic of the LRRA, the images recorded for
pinholes and silk samples, and their reconstructions us-
ing LRRA are shown in Fig. 2(a-e).

One major advantage of using an imaging element as a
coded aperture is the coexistence of direct imaging and
indirect imaging concepts in the same framework. When
the imaging condition is satisfied, reconstruction is not
needed, and in other cases, a reconstruction by LRRA is
needed. The outcome of this research enabled the deep

deconvolution of images recorded by a refractive lens'
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Fig. 1 | Schematic of IRM system at Australian Synchrotron. Please see ref.'? for detailed information.
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Fig. 2 | (a) Lucy-Richardson—-Rosen algorithm. O: object; OH: object hologram, also used as the initial guess solution R'; PSF: point spread func-

tion; OTF: — optical transfer function; x: element by element product; ®: 2D convolution; J: Fourier transform; 3*: complex conjugate operation

following a Fourier transform; 3! : inverse Fourier transform; ~: Fourier transform of a variable; R” and R™": —

n and (n+1)" solutions, respect-

ively; and ML(O): maximum likelihood solution of the object. (b) Recorded image of pinholes and (c) its reconstruction using LRRA. (d) Recor-

ded image of silk sample and (e) its reconstruction using LRRA.

and also simplified the IDH technique!’. The accelera-

tion of computational processing time and the experi-

mental demonstration with natural visible light are keys

to develop real-time 3D imaging applications by the pro-

posed technique. The reported study' will have a signi-

ficant effect on the current state-of-the-art IDH as well as

CAI techniques and open new pathways to imaging.
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