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Abstract  Traditional optoelectronic imaging technology, based on the principle of direct visual representation,
fundamentally involves the direct and uniform sampling and reproduction of two-dimensional light field intensity signals in
spatial dimensions. However, constrained by the physical and technological limitations of optical imaging systems and
optoelectronic detectors, it has become increasingly insufficient to meet the growing demands for high resolution, high
sensitivity, and multidimensional high-speed imaging in many fields. Computational imaging tightly integrates optical
control in the physical domain with information processing in the digital domain. It offers innovative solutions to overcome

the limitations of traditional imaging technologies, becoming the future direction of advanced optical imaging. From the
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the optical control methods of computational optical imaging can be categorized into

R LR A

perspective of the imaging chain,
illumination control, optical system control, object control, and detector control. We focus on detector control—by
introducing encoding devices (such as displacers, masks, and spatial light modulators) at the focal plane of the image
sensor at the end of the imaging chain to regulate the high-dimensional light field. Coupled with post-processing
reconstruction algorithms, this approach enables the decoupling of intensity, phase, 3D structure, light field information,
and spectrum, paving the way for high-performance optoelectronic imaging and detection. These methods have the
potential to overcome the inherent bottlenecks of traditional optoelectronic imaging, such as limited imaging dimensions
and single-mode imaging, providing new avenues for achieving high resolution, multidimensional, hyperspectral,
miniaturized, and ultrafast imaging.

Key words computational imaging; coded modulation; super-resolution detection; light field sensing; spectral imaging;

ultrafast detection
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Fig. 2 Schematic of plenoptic function, denoted as L(x,y,z,0,¢,4,¢), which can obtain high-dimensional light field information such

as wavelength, depth, and light angle by adding color filter array and microlens array in front of the sensor
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Fig.3 Computational imaging processing based on focal plane coded modulation
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sampling frequency increases, more imaging details can be obtained; (c) detection results of long-wave infrared detection system

for building targets at different imaging distances (pixel size of 38 um, pixel resolution of 320X 240, lens focal length of 50 mm)
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Fig. 8 Principle of Google handheld super-resolution imaging technology™”
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Fig. 9 Micro-scanning devices. (a) MEMS micro-scanning device; (b) galvanometer; (c) piezoelectric ceramic micro-scanning device
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Fig. 11 Sony sub-pixel super-resolution imaging technology”. (a) Principle of Sony pixel shift multi-shooting technology; (b1) super-

resolution imaging results of texture detail scenes; (b2) super-resolution imaging results of architectural detail scenes
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Fig. 12 Jitter camera system”. (a) Physical setup and imaging principle of jitter camera; (b1) a low resolution video image captured by

the jitter camera system; (b2) video super-resolution reconstruction results based on active micro-scanning
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Fig. 13 Two aperture coding imaging schemes developed by QinetiQ. (a) Lensless aperture coding imaging scheme”; (b) lens based

on aperture coding imaging scheme"’
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Fig. 14 TImaging system based on binary optical switching devices and corresponding reconstruction results. (a) Large aperture infrared

monitoring system based on aperture coding developed by QinetiQ (the role of swing mirror is to automatically switch between

the blackbody radiation source and the target scene) “”; (b1) binary optical switch component based on MOEMS and (b2)

physical image of the device developed by QinetiQ"”; (c1) low resolution infrared image and (c2) super-resolution

reconstruction result achieved by the system™
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Fig. 15 Near-infrared super-resolution imaging system based on CS theory developed by Rice University™”
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Fig. 16 Compressed encoding aperture super-resolution imaging results™. (a) Ground truth image; (b) uncoded low resolution image,

with root-mean-square error (MSE) is 0. 1011; (¢) modulated low resolution image; (d) reconstruction effect of low resolution

modulation image with MSE of 0. 0867; (e) (f) reconstructed images after adjusting the parameters of 4 and p, with MSEs of
0.0897 and 0. 0924, respectively
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Fig. 17 Coded aperture super-resolution imaging scheme based

imaging based on CS theory; (b) forward model of coded
infrared image with 240 pixel X 240 pixel; (c2) encoded

on CS theory™. (a) Principle of coded aperture super-resolution
aperture super-resolution imaging based on CS theory; (c1) orignal

low resolution infrared-image; (c3) reconstructed super-resolution

image; (c4) error between true value image and super-resolution image; (c5) PSNR of reconstructed image at different

reconstruction magnifications
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Fig. 18 Super-resolution imaging scheme based on time delay and encoding exposure’™. (a) Architecture of TDI CECI system;

(b) experimental setup of TDI CECI system; (c) timing synchronization scheme between encoding exposure and TDI line

transmission; (d) super-resolution comparison results
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Fig. 19 Camera array imaging scheme””. (al) Synthetic image captured by four cameras at different exposure time; (a2) local detail of

synthetic image captured by four cameras; (a3) image captured by Canon 20D; (a4) enlarged local detail of image captured by

Canon 20D; (b1) a camera array equipped with a telephoto lens for high-resolution imaging; (b2) a camera array equipped with a

wide-angle lens for high-speed video imaging; (b3) a compound eye array system equipped with an independent processor
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Fig. 20 Sub-pixel super-resolution imaging method based on camera array””. (a) A four camera array super-resolution system;

(b) comparison between super-resolution reconstruction results and low resolution images; (¢) schematic of forward model and

sub-pixel super-resolution principle for camera array imaging
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Fig. 21 Super-resolution reconstruction results based on micro lens array”™. (a) Schematic of relative displacement of sub images
generated by each lens in the lens array; (b1)(b4)(b7) low resolution images of different scenes; (b2)(b5)(b8) super-resolution
reconstruction results using the proposed method; (b3)(b6)(b9) super-resolution results using pixel rearrangement; (c) sub pixel

super-resolution imaging flowchart for micro lens array compound eye camera
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Fig. 22 Super-resolution imaging scheme based on micro lens array™”
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images captured by micro lens array; (c) physical image of the system; (d) simulation reconstruction results of different super-

resolution algorithms; (e) simulation reconstruction results of different super-resolution algorithms
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Fig. 23 Light field sensing based on focal plane coding. (a) Four-dimensional (4D) parameterization of light field; (b) light field coded

image stack obtained by encoding at the focal plane; (c) application of light field sensing in all-focus imaging and aberration correction
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Fig. 24 Shack—Hartmann wavefront sensor’™”. The wavefronts of different sub-apertures segmented by microlens array are reflected as
spots with different intensity distributions in the image plane. The local slope of the wavefront of each sub-aperture can be
calculated by accurately detecting the centroid position of the spot in each sub-aperture. The wavefront reconstruction

algorithm is used to recover the whole wavefront shape
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Fig. 25 High-resolution wavefront sensor based on SLM. (a) WISH imaging system and its fingerprint target reconstruction results"”;

(b) WISHED imaging system, which uses dual-wavelength correlation to generate synthetic wavelengths for high-precision

wavefront sensing'”"
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Fig. 26 Plenoptic camera for macroscopic imaging™"’. (a) Structure comparison between conventional cameras and plenoptic cameras

1.0 and 2. 0; (b) comparison of recorded information between conventional cameras and plenoptic cameras 1.0 and 2.0, and

the diagram shows the sampling of focal plane object, which is clipped when the light comes from outside the focal plane;

(¢) different hardware implementations of plenoptic cameras
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Fig. 27 Meta-imaging sensor. (a) Meta-imaging sensor composed of a periodic circular pattern with a circular intensity mask, a

microlens array, a piezo stage, and a conventional CMOS sensor’"; (b) digital adaptive optical reconstruction of images

containing dynamic turbulence carried out with a ground-based telescope™
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Fig. 28 Light field microscope” "

. (a) Microscope prototype composed of a Nikon Optiphot and a custom microlens array (red circle);

(b) light field images of fluorescent wax particles taken through microscope objective and microlens array
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Fig. 29 Light field microscopy used for neuroimaging of animal brains. (a) Light field microscopic imaging structure and its

experimental results””

; (b) light field microscopy used to image zebrafish™”
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Fig. 30 Digital adaptive optics scanning light-field mutual iterative tomography (DAOSLIMIT) imaging system””. (a) Principle of

scanning light field microscopy of DAOSLIMIT and the process of digital adaptive optic; (b) application of DAOSLIMIT in

long-term, high-speed subcellular imaging of mice
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Fig. 31 Dappled photography light field imaging””. (a) Light field camera structure, and a narrowband two-dimensional cosine mask is

placed near the line scanning sensor (as shown in the bottom left corner); (b) light field camera principle, in ray space, a cosine

mask at d casts a shadow on the sensor, and in the Fourier domain, the scene spectrum (left green) is convolved with the mask

spectrum (middle) to produce offset spectrum blocks (right); (c) spectrum and reconstruction results of acquired image, with 81

spectrum patches corresponding to an angular resolution of 9X9
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Fig. 32 Light field imaging based on diffuser™”. (a) Procedure for recording and reconstructing the light field using diffuser, object light
propagates to the sensor after passing through the imaging lens and diffuser, caustics encode spatial and angular information in
the focal plane, and the light field containing 3D information is reconstructed by solving the linear inverse problem, so as to

realize the digital refocusing and other functions; (b) light field reconstruction of two playing cards
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Fig. 33 Light field microscopic imaging based on diffuser. (a) Fourier DiffuserScope, where the diffuser is placed in the Fourier plane
of the objective (relayed by the 4f system) and the sensor is placed behind a microlens focal length, from a single 2D sensor
measurement, combined with a stack of previously calibrated point spread functions, 3D object can be reconstructed by solving a

sparse constrained inverse problem™’; (b) Miniscope3D, where a 55 pm thick optimized phase mask is placed at the aperture stop

(Fourier plane) of the objective, and a sparse set of calibrated point spread functions (64 per depth) can be collected by scanning

300-um-thick cleared mouse brain slice

2.5 pm green fluorescent beads throughout the volume, utilizing this dataset to pre-calculate an accurate forward model of

aberrations varying with the field of view, and enabling the reconstruction of 3D volumes from a single 2D measurement*”!
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(a) Forward model of lensless imaging (b) Characteristics of PSF in lensless imaging (¢) 3D reconstruction for inverse problem
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Fig. 34 Lensless imaging system™ ", (a) Forward model of lensless imaging with different modulation modes; (b) characteristic of

point spread function (PSF) in lensless imaging, including depth-dependence and lateral-dependence, which provides depth

and 2D intensity encoding for lensless imaging systems respectively; (¢) 3D reconstruction by solving the inverse problem
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. (a) System prototype and experimental scenario; (b) measurement and (c) reconstruction results of sensor in

different scenarios
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. (a) Prototype and its mask; (b) 3D volumetric reconstruction of a moving 10 pm fluorescent bead
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Fig. 37 Lensless imaging based on FZA. (a) FZACam™""; (b) single-shot FZA reconstruction algorithm""”!
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Fig. 38 Lensless imaging of spiral PSF"""! (a) Imaging system prototype; (b) spiral binary grating and its point spread function;

(c) sensor measurement and reconstruction results
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Fig. 39 DiffuserCam"”
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. (a) System setup and reconstruction processes; (b) 3D reconstruction result of slanted resolution target,

cropped to 640 voxel X 640 voxel X 50 voxel; (¢) 3D reconstruction of plant leaves, cropped to 480 voxel X 320 voxel X 128 voxel
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Fig. 41 PhlatCam""”. (a) Comparison of PhlatCam with conventional imaging system; (b) PSF design; (c) refocusing experimental

results; (d) 3D reconstruction experimental results
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Fig. 42 Lensless camera based on programmable mask, which can be divided into “expanding imaging function” (blue background) and

“improving imaging quality” (orange background). (a) Multi-layer programmable LCD mask camera structure””’; (b) camera

structure based on CS™”; (¢) SweepCam""; (d) structure of coded aperture camera with mask pattern changed by rotation""”;
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(a) The reported Hyperspecl sensor (C) Synthetic RGB images Reconstructed spectra
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Fig. 44 (ol

Low-cost integrated hyperspectral imaging sensor *". (a) Composition and structure of integrated hyperspectral imaging

sensor; (b) transmission response of 16 materials, average light throughput of each material, and correlation coefficients matrix

between each spectral response; (¢) experimental results of this hyperspectral imaging sensor
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Fig. 45 Scheme of real-time hyperspectral imaging""". (a) Conceptual scheme of compressive hyperspectral sensing; (b) transmittance

patterns of a coded mask at four different wavelengths; (c) structure of coded masked hyperspectral sensor
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Fig. 46 Scheme of metasurface-based narrowband filter"*”. (a) Optical image of fabricated 100 pixel metasurface; (b) linear relationship

between scaling factor and ellipse feature size confirmed by SEM images; (c) scheme of imaging system; (d)(e) reflectance

images of pixelated metasurface recorded at four specific wavenumbers

AR BT ST o Lee %708 A v 22 )2 T 52 0E D% 2% 45 Wi 31
CMOS EMG AL AR b, I3 28 2l A8 i A N AR 228
P 11 ST KA [ 51 19 RUST RIS 8 of o) 8 AH 1 O 35 8
T3 B . AT R AR R T eI
XFHE, A 20 b3k 16 |, 5 155 98 B 700~950 nm,
AN 3 3 2 i 42 55 (FWHM) 24 2.0 nm.

2% THT I 1 B 4 45 ) i A i g v RN B —
FE I %A e N, R RE IS AT 3 98 MSFAL Hu
SRR — B AL S R D AR RS R AR
e T T A O A AN R R R DT 7 AR AN TR Y O
TEM R . Yang 45 H Xiong S T — Fh 4 HY
T Z2 B Ak 1 R 2% 1T D U8 Dk AR B A BE S 0 A 3k IR
JE 2] W E R TE & T — Fh S s G BRI A
TE 450~750 nm 3 [ OG5 4 B 2635 21 0.8 nm, =5 [H]
I3 R 3K 5 356 pixel X 436 pixel ', FE T IX T A A,
A NS BT /0N B o ARG I R R Bh
2 VA P e R G TE EEHE

5 R WAL OGS R RS AE N 5 — R R A
AR 3 1 JEL S T 5 R R AT 6 3 VR AR B B8R TR RE B
N TP ROCIEIE D . Zho 2 HE 1 —Fh BB Ry A
Wt CMOS Y i & B, T m UL 6 i [ 635 s %, an
AT FEoR o o A0 #8  h — dE J A AR O T AR A

(PC) HEA R , R O 20 45 AR il 7 L 7T 42 B 31 CMOS
BAG AR P o AL AR R SE /NI (300 pm X 350 pm)
A LU T 400~700 nm 3 B P A 6 3% D0 2, d5 4 o
KA1 nm, 20194F , Wang % HE HH — Bl 3% T8 1 #
R BB Y F i A% g, JF R T H P IO 1% B %
fiE Sy o I UG T R B REEA R E  RT E S
B, A5 5 36 FpOAS R 135 G G, 7F 550~750 nm 3 Bl 4
e E A S BRI E] 1 nm.

T — RO R 2 SR G R R HOG 2
PE £ 52 1 166 8 2L A 5K W W J1 . Bao
SRR T AT TSR M A 8 R R AR R A
A A 2 T Y B O A B e R BB . BT
) B 63 AR 195 RO [A) SR 1 it 7 o5 4 Bl B
B 3% 300 nm G % v L I CRRAE . Ma SR —
Rl B G A s —— TKVA S, 454 & 1 Ak
S, & T — 3B WA KO 1 4 FERS B G
SOGTEAL BN B B ARG, i A8 BT o Bk
454 T Tikhonov 1IE W b 42748 4 (T'V) 1E W b 1 28 %5
J5 37 (ADMM) |, &8 3 #2517 OGE & 1800 A 4t
W B8 1 R G o BERE B 5 R A 5 53, #E 400~800

nm i [l N 6% 4 B 23K 2] 2 nm, 6% 4 HEAE 8 #)
0.1 nm,

0111001-30



(a) =|;';| PC spectra T | Incident spectrum /
$ Pixel values P 400 nm Wavelength 700 nm
CMOS sensor ~ Photonic crystal
[T
axialidss. . . bl Ll E
g’ 111
2T & EE B
G EE
Ll L
rysta

/

® ]

F£ 155 1H/2024 F 10 B/FFR(MEKRR)

~10 ’ + 431nm = _
3 + 432nm 31 ’a. 31 7
= « 473nm > A = '\
Zos o 474 nm 2 o 2 R
8 T 4 20 beds oot Fopeed  bovesd
- | | 426 430 434 438 468 472 476 480
00 Wavelength (nm) Wavelength (nm)
400 500 600 700
Wavelength (nm)
- » CMOS (42 PCs) 10/ © CMOS @2PCs)
3 # CMOS (9 PCs) 3 CMOS (9 PCs)
e — Power-meter s — Power-meter
gos Zos
e &
£ 2
€ £
00 ¢ f - » 00{ e ‘
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

- + CMOS (42PCs) | sol + CMOS (42 PCs)
- + CMOS (9 PCs) 5 + CMOS (9 PCs)
A — Power-meter s — Power-meter
§os | Zos
2 §
< s

001 ¢ ) - » | 00{ ¢ - - g

400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

FIAT  BEF0T R IE I AT A IR0 (a) 1 I 25 T AR TR B 2 20 A s (b) ek mlif 5 5 45

Fig. 47 Spectral sensor based on photonic crystal filter"*”. (a) Sensor principle and device image; (b) experimental results of spectral imaging
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Fig. 48 Spectral sensor chip based on quantum dot filter and its spectral reconstruction algorithm™*”
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Fig. 51 Ultra-simplified computational spectrometer’ . (a) Principle and structure of the system; (b) reconstruction results of spectral image
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Fig. 52 THETA multi-spectral camera ™. (a) Scheme of the system; (b) multi-spectral imaging of diffusion process of sewage in a

miniature landscape of a river
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Fig. 55 Video extraction from a single encoded exposure photo using a learned over-complete dictionary™. (a) Prototype of the
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Fig. 56 Translation mask temporal multiplexing coded imaging"”". (a) Forward sensing model for translation mask temporal

multiplexing coded imaging; (b) schematic of system design; (c) reconstruction of a card in a scene with arbitrary motion using

constrained least squares method with a high-pass filter
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Fig. 57 Coded rolling shutter ™. (a) Address generator in the CMOS image sensor is used to implement a coded rolling shutter with

the desired row reset and row selection patterns for flexible spatiotemporal sampling; (b) interlaced readout for high-speed

photography
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Fig. 58 High-speed video from a single rolling shutter image captured by a lensless computational camera"™. (a) Algorithm principle;
(b) image formed from a temporally varying scene, where two point sources (one yellow and one blue) flash at unique y

position and at time £, and 4;; (c) experimental video reconstructed from a single captured image with exposure time of 660 p.s
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Fig. 59 Compressed ultrafast photography™. (a) Schematic of the system; (b) representative time frames showing the laser pulse

being reflected by a mirror in the air, refracted at the air-resin interface, and the race between two laser pulses
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Fig. 60 Multi-encoding CUP and corresponding imaging results’™. (a) Schematic of data acquisition, where 7 represents time, C,
denotes spatial encoding operators, S is the temporal shearing operator, and T is the spatiotemporal integration operator;

(b) schematic of the system; (c) experimental results of spatially modulated laser pulses under different encoding numbers
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