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Abstract High-speed imaging technology plays a significant role in various fields, including physics, chemistry, biomedicine,
material science, and industry. Due to the limitations in charge storage and readout speed, it has been challenging to further enhance
the frame rate of digital cameras based on electronic imaging devices. In recent years, with the development of new imaging
technologies, the performance of ultra- and extreme-high-speed optical imaging has seen remarkable improvement, offering higher
temporal resolution and spatial resolution, as well as larger sequence depth. Based on the imaging features, the representative new
ultra- and extreme-high-speed optical imaging technologies developed in recent years are categorized into the direct imaging method
and the coded computational imaging method in this paper. The concepts and principles of these novel ultra- and extreme-high-speed
optical imaging technologies are introduced and discussed, along with a comparison of their respective advantages and limitations.
Finally, we provide an outlook on the development trends and prospects in this field. The purpose of this review is to assist
researchers in gaining a systematic understanding of the fundamental knowledge of ultra- and extreme-high-speed optical imaging
technologies, the latest research trends, and the potential applications, offering a reference for scientific research in this field.
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Fig. 1 Classic dynamic scenes captured by high-speed photography. (a) Galloping horse captured by Muybridge"”; (b) shockwave

formed by a high-speed flying bullet captured by Mach™; (c) instant of a hummingbird flapping its wings captured by

Edgerton"”; (d) moment of a falling milk droplet forming the “milk crown” captured by Edgerton'”
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Fig. 2 Roadmap of the development of representative high-speed, ultra-high-speed, and extreme-high-speed imaging technologies
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Fig. 9 Principle and application of the SF-STAMP"". (a) Schematic of the SF-STAMP optical path system; (b) laser-induced phase
transition process of Ge,Sb,Te; sample captured by the SF-STAMP
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Fig. 11 Principle and application of the TLA-SC"". (a) Schematic of the TLA-SC optical path system; (b) three-dimensional

schematic of a tilted lens around the optical axis; (c) measurement results of aluminum ring irradiated by femtosecond laser

recorded by the TLLA-SC; (d) three representative frames extracted from the complete captured image
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Fig. 12 Principle and application of the FINCOPA". (a) Schematic of the FINCOPA optical path system; (b) grating image captured
by the FINCOPA; (c) ultrafast rotating light field captured by the FINCOPA
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Fig. 13 Principle and application of the SS-FDT""

. (a) Schematic of the SS-FDT optical path system; (b) phase fringes caused by

continuously changing refractive index profiles; (¢) propagation of femtosecond laser pulses in glass recorded by the SS-FDT

0211020-10



T D o A2 A 8 — % K b 28 S BR AS HZF 4 3%
S A BBO SR B0 =2 4540, 7= A T — 4l Rk LA
AR 400 nm B0 Bk vh BE B . AEBRSEE L R A T 54
AN TR AR BE 43 B B R I ik o, e AT 20 5 L1 AE B A Ak st
255 I, X TRk, S [R) AR B e S AT 9 R 2
B A 2520, B A 3 2 o SRS, 385 B L2 K A ) ik o
HHE R RSO, 55— 400 nm S % ik b T
W, T 7E CCD AIAL L A= 5l — 4 i A 4k 4= 8 1A, 31X A~
4 B ST T A R I bk v G T R S T 44 4 AH A7 98
58 o T A AR I ik v 3 78 [] — Bisf i) DA ] — J52 st
A I EATTE HARAAEAE R 28 S .

TE G st R v, 1 e R T — 4 A8 L A
N 25 (8] il 5 38 Sy A5 AR 3R AR 23 R0 R 4y B
SASTRM ik o FLvk A 1 Xk BE A 3R 0 BK h A G Y 42
S IR AT IE 6 B Bl R 3 AR 4 AR A L AR B 5 SR AH
PEAS, E 13(b) FiR o B e B X 2e 4 auim A 2 2
PrEMG AL KR RS R e R,
B AS  RAR B T 3k 4 < 10" frame/s, X
B B ] 43 B R 2.5 ps, FE B I Gk 5 @128 X
128 pixel, [ 13(c) @7 T Bt AU (1) 5 06 Bk w78 15 fal
YIRS ARG A AR R e B S A N E
AL AT UIE S BKPAE 7. 4 ps N T A B MR

@ y )

o_x
p Object

|
ﬂ l Camera lens

Beam splitter

Streak camera
N\

i
v
CCD—

Wide-open
antrance slit

F61EF28/2024 £ 1 B/HAEXBFZHE
Ja7E 9.8 ps th B T — A~ A 32 ik v 43 85 ok 9 | 25 ]
M A T RO 2 IS s Z S5 TE 12. 2 ps, ) 1 e B
W7 T A B BE T S H8 2SR 7 3R B I AR Y A
TSR T P4 R0 7 A8 4k, Jm fH0HE T #0651 R
Lk P IEPr 5 R A5tk . SS-FDT HA o E kK . nf
(R S I E A )T QUIK ==t Iyl [ VI =87 PN X L <6
AE 1o (IR, PRI T 5 5 AR R0 B BOR B 23 AR ™
52 ) 74 RGO & 1 PR s, BRI T A4 G 2 TR) s
) 73 BE 8
2.2.2 EHBHBRAABEAR
2014 4F , Gao %5 g AR T 3R T R 45 BN (CS)
H R RS B AR (CUP) , B R Gean 5] 14(a) Frs , 3
Y5 B AR Se il o AR Sk LR B RN I 1O R 4 K
M AR & G R TE BT B s £F (DMD) . DMD |
e — 4EBEVL A% , 2 DMD R St g sh A 5 H
6 B8 A 0 8 A B I AR R BRI S TE SR BUMBILIY
JEH B bR . CUP RS E i B, A 8CHPLI A
F1Be 4% 58 4 FT T, 25 SCAHBIL A 09 430 il 4 ol B e Xt 3 2
i 50 TN B O L E AT LR MR W BE |, 25 o 99O bt e AR T
WG EMG , 1E— R BEG H B CCD 25 21 AS [6] sk %1 &
BB 905 EE , B a A CS S 34 387k 418 A
[v] B 2] 14 )7 9 P A

FEl14  CUP JEBE R H Y H o (a) CUP YGRS 5 (b) CUP Y Ik b S5 A7 568 R AR AN R A S5 o #4240
Fig. 14 Principle and application of the CUP"". (a) Schematic of the CUP optical path system; (b) reflection, refraction, and

propagation of pulses captured by the CUP

CUP {4 & 48 FL. 4 VL 10" frame/s (9 8 A% 5 J 4iF
PEAE T AT W A AR AR BE T, R SR T 9 R B T
ik 3501, 5 STAMP .FINCOPA 1 FRAME %5 H: fth
R A = IR B AR A H, CUP B 48 v] e 5%
B AR ik 22 . 1€l 14(b) i CUP IE 5% 19 € AT ik o
SRR S S R PR AR A — T R A 2 8] 4 R A
AEMBE,AA1.41p/mm™, CUPH RIIEE N
AF 5% W 25 B2 09 3 fh i R 4R 00 T — BB i 4 Rk 1% .
20154F, Liang %% CUP Y5 &A7 RS I M4 & 3210 T
= HEY RN T % (ToF-CUP) % 7 E & B CUP &%
e A )43 BE SRR T, 3 B O O AR BE ) 35 A
MLAY B ) 22, #5209 1R 09 = 4E 5 B MR B . 2017 4F
Thompson 4“2k CUP i FH - 40 Jl (1) 2¢ 5t 73 i Wi )

[l 4F, Liang &5 F Kz B0 bk o 9 #5505 7= A 2 bl e, O
FIFH CUPHIBE T N2 DML . Cao " e T
B B Ik b 6 BE ) Bisf 2 A0 D

2018 4F , Liang 45" 0 T #F — 2 # /& CUP ) 1%
L $2HT trillion-frame-per-second CUP(T-CUP) .
HASbgk & 15(a) a5 CUP A A&, T-
CUP R T 85 b o B o B i) AP 2R A AL, R sF B A
T 55— CCD fe 48 {1t 2 [] 355 5 J3 29 o 1 S R 5 i 5
B A k- B LR T E AR
23 [ AF PR AT B . K 15(b) Sk T-CUP T 5 106
ik e s ) 5 £ 9 A e B, R B K 10" frame/s, I8
BT W AR K SE M CUP £ 5 T 100 £% , Bk
FAHE 7 5 R S 2k 300 i

0211020-11



F61EF2H/2024 F1 B/BAERBEFEHRHRE

BI15  T-CUP B AJF I BB (a) T-CUP G &R GE/m B 5 (b) T-CUP 15 A9 WO bk i i i) 2 4 L5
Fig. 15 Principle and application of the T-CUP"". (a) Schematic of the T-CUP optical path system; (b) time-focusing phenomenon of
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AR R B (o) CS, ik b £

h system; (b) schematic of an imaging

device for recording femtosecond pulse propagation in a medium; (c) reconstructed imaging results of femtosecond laser pulses

propagating in CS, liquid
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Fig. 18 Principle and application of the CUST"". (a) Schematic of the CUST

(b) flying laser pulse captured by the CUST
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Fig. 19 Principle and simulation results of the biomimetic ultra-high-speed imaging™”. (a) Schematic of the imaging optical path

system; (b) distribution of step heights in the delay unit and schematic of the structured light interference pattern; (c) schematic

of the composite system generated by assembling the module in Fig. 19(b); (d) superimposed pattern of a resolution chart,

frequency domain distribution, and simulated reconstructed single-frame image recorded by the biomimetic imaging system
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Table 1 Comparison of key parameters of representative ultra- and extreme-high-speed imaging technologies

Method Imaging Imaging Temporal Spatial Number of Sequence v

etho ear
formation Speed /(frame-s™') resolution resolution pixels depth

STEAM™ direct 107 100 ns ~10 um 27X90 - 2009
STAMP direct 4.4 10" 733 fs ~10 pm 450X 450 6 2014
SS-FDT™ reconstruction 410" 2.5ps ~5 pm 128X128 5 2014
TLA-SC"™ direct 5X 10" 2 ps low low - 2014
XXRapidFrame ™" direct 10" 10 ps - 1360< 1024 8 2014
cup! reconstruction 10" 30 ps 1.4 Ip/mm 150X 150 350 2014
SF-STAMP™ direct 7.5X10" 465 s ~5 pm 400X 300 25 2017
FRAME"™" reconstruction 5x 10" 200 fs ~15 lp/mm 1002 1004 4 2017
T-CUP™ reconstruction 10" 0.58 ps ~1 pm 450 X150 350 2018
cust! reconstruction 3.9X10" 5ps ~50 pm low 60 2019
cusp reconstruction 710" 240 fs ~10 pm 470X 350 1000 2020
FINCOPA™"” direct 1.5x10" 50 fs ~83 Ip/mm ~170X 170 4 2020
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Fig. 20 Principle and imaging results of the STORM. (a) Schematic of STORM super-resolution principle';
(b) imaging results of the STORM™”
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Fig. 21 Principle and imaging results of the STED. (a) Schematic of STED super-resolution principle"”;
(b) imaging results of the STED"
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Fig. 22 Principle and imaging results of the TCSRM"". (a) Schematic of the TCSRM; (b) original imaging results recorded by the

detector; (c) intensity distribution of the first frame image reconstructed by the TCSRM in the horizontal and vertical

directions; (d) image sequence reconstructed by the TCSRM
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Fig. 23 Schematic and reconstructed image of the SIC-CUP"". (a) Schematic of the SIC-CUP system; (b) reconstructed imaging
results based on the SIC model

TwIST

PnP-ADMM

P24 PnP-ADMM Ji #2 1 2E T AN 5Lk i A 8 (a) PnP-ADMM LR 5 (b) AN FE7E T ) 5 42 P 5 45 21
Fig. 24 Flowchart of the PnP-ADMM and the reconstructed images of different algorithms"”. (a) Flowchart of the PnP-ADMM;

(b) reconstructed images of different algorithms

AL + DL AL TwiST
Scene PSNR SSIM PSNR SSIM PSNR SSIM
Boatman 28.50 0.836 24.15 0.700 22.47 0.589
Ocean animal 30.47 0916 25.00 0.802 24.72 0.781
Finger 4200 0983 3222 0.932 2856 0.894

P25 I b T 46 50 10 T AP 945 5 S PSNR AT SSIM B4 H

Fig. 25 Reconstructed images and a comparison of PSNR and SSIM parameters of different algorithms in various scenes"""’
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Fig. 26 Reconstructed image performance of different reconstruction algorithms in different scenes
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Fig. 27 Comparison of reconstructed image results between the TwIST and the MPPN in different scenes
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