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Optimization Method for Snapshot Hyperspectral Imaging System
Based on Diffractive Rotation
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Abstract Spectral imaging can simultaneously obtain two-dimensional spatial and one-dimensional spectral information of
the object, which plays an important role in scientific detection and research. Conventional spectral imaging systems have
problems such as complex optical systems, precision moving devices, and long exposure times, which greatly limit their
application in many scenarios. In this work, a snapshot hyperspectral imaging system based on diffractive rotation is
introduced, which can obtain the hyperspectral information of the target through single shot and image reconstruction. We
also propose a series of system optimization methods to improve the performance and practicality of the system. The back
focal length of the optical system is shortened by using the hybrid diffractive-refractive system, and the long-distance target
can be detected by introducing a telephoto optical system in the front. Experimental results show that the optimization
methods proposed in this work can effectively increase the exposure ability and improve the quality of the reconstructed
image.

Key words imaging systems; spectral imaging; system optimization; hybrid diffraction-refraction; diffraction imaging;

computational imaging; image reconstruction

17 . 15T BE AR A3 DO H A5 i — 4k 25 WE B & — 2655

a JSWP L7/ Do R I TR B R R I I S PSR

T AR AN Ty — PR HE AR RO SR AL WTFB. BT, ZEAE RS2 ol EE
B YEE B A, SEGRAREORAM L, LS BEEOR SRR S5O & ) IZ B

s BEE. 2022-04-26; €@ B H. 2022-05-26; FAHBEH: 2022-06-20
ELWB. RAMKBOIE H(D040104) 2 V1505 % BHUF 53100 H (2021MHOACO1)

BIS1EE . xuzh@zju. edu. cn; “xuhao_optics@zju. edu. cn

1711001-1


https://dx.doi.org/10.3788/AOS202242.1711001
mailto:E-mail:xuzh@zju.edu.cn
mailto:E-mail:xuhao_optics@zju.edu.cn
mailto:E-mail:xuhao_optics@zju.edu.cn

FFIE I8 3L

$£ 425 F 17 H1/2022 F£ 9 A/ FZH

HTEIE G BIERE S T RS nHFEE, L
TT I B R RS R R 2 H AR 4
15 B, T ATEAL G2 1 68 g B R b, o 1743 2D65 4
R R A L N Al (P 1Y o (= S S L
() = 4k D' 3% 7y AR B AR BUAT LA 4y R R AR O 5K
1) 7E B A% 22 G0 0 I HCE 725 05 DO A, 0 T e B R
I] Y 3% 38 7 IO -, HEAT 22 IR AR B = 4R % 4
5 2) — Wk HOIRAS — 4R OGS 5 B K — 42 ) {5
A Sy AR B = 4 B . UL B RIR O A
il FH 3t B TP AR G0 AR B TR, T A AR AR AR
Fr B IRBE | H bR I Z G 00 A 0 B A A R AR X R
Wil T RS SR . SIFEE, X R G
A RGEHUEE B S OB B AR R A

N T RUNEEE R RGN RS R R
RGeS s in] i, BN EEHERE T
ORI AR R G AR B G 2E A T4 AR
HE A 0 T % 3 A 22 ) 4% (R4 A 1 R 1 3R O
BT — 2K A L T g 1 AR O R 1R B R .
Gehm 2548 W T 4 B FL AR W RIS R R 48, AL (4
ot S mm LA G X A GG BT 9w, i@ i
T 4 J85% 20 1R 4% 1% T 2 T LAAS B o0 1S RO % R gl
T ah &5t ny P g . Xiong &R F 8 %
SEAAE R 58 086 R, R R T A5 R 4 8 HE 8 7
PEHT I, 52 T 450~750 nm 3t [l Y 356 X 436 43 B
B 601 AN % B 1 G I, 6 BER A A
0.8 nm. Zhang %" F] F A HIL A4 J 4 T 187 14 fak 205 #49 X6
A S5 B R AT Bl AL I I 4% 2 65, 1T LOKE 2R 48 R 45 /N
S TR/ Jeon S5 I T HE RS A7 S HLELBE T T — Fb
B R AT S O, S PR B (PST) 76 A (7] Ik B 5 B
HR AR 0 5% 1 R 1 R R A 56 O R A Sl
Y R AT W o o A Ak R R AR AR A 1 i B AT
SRR PRI {5 R A7 T A B RS B R AR s T iR BR
2 Ah AT R 24 3 22k N H LAY RGBS v 1 42
WA G R B AN R .

BT e 5 i S HLEE 1Y) 6385 AR FR 48T LS B N
R R AR AR BA R G A G AT S oo i 1 4
N RGBSR AR L EOERTRK RGP R
163 RO M AR ) G ik FH T 32 B 8 4600 4 ) i, AR
SCRF AT B3 T RE L AT B LB AL TE R R G AT T
AL B T — R T SR A IO F R 4L 1%
2 G0 0] LU RO OGS R G RS B R T &
S5 54 WK RGOS DL R R G O R D A 1)
R R A I I B AR ) 4 T A R
TR [T W22 B R I 8 = 4. ) s RS
PEBS AR . PR T U5 B 0T, ST 460~700 nm v
N 10 nm D6 3% 18] B L 25 38 38 19 6 35 B8 7 5 A
A,

2 FEAR

2.1 MERELTSRGER
CL A B Jie 5 3 59 v e 1% A% ZR et — A S oo ik

(DOE) 5 — A HLIE BSR4 8 , DOE i & 7 A HLAL B
i BT I — € BB AL , AL 20 DOE B A A28 il 5
i 3t P E AT A% BE 20 A P AL B S i, R AR AL
SRR 19 RGB SO UG 047 8, B A 454 3 24>
O T 38 1 g OGS B ST AR A R G AR
PR E BN E 1R .

TE 1T 7% 14 35 T 8 2 A S L2 1 P B X' 3 i
BRGSO I I T — A6 R R 3 B LA e
i PSF FRAF (9 A7 53 0T 0 | Wi IS #5 — A W8 2 i S A%
R0, M RGAES AW PSE AT RR A2 b A T A5
(9 PSF H4 F T 4 2 i % A0 5 e ' 1% A 080 4 LA 2
PG A . B IR 3R G0 R 4R B BLA Jie e A G 4
fiIE B9 RGB B8 S, I ) 8 4 5k Fbs o2 BT 15 1
PSF X B M Pl 15 3k 47 5 8, B mT 45 310 50 1% 5040 7

FE P 1R B S AR FR G b AT S T A i 3
T A5 5 1) 2 4 e 2 1 =R

uo(I',y'):A(I',y')-eXp[iqﬁo(1",y')] . (D
A i R AL ACL ) S A S 1 R R
Go (2, y) R A G R AL o A7 5 T AR A
HEAT AR AL I ) -

B2y = 2 = )b (), ()
220 g 53 1) S A3 555 0 4 B B RE DA R 28 RUHE XY
%R T BT8R A0 TAEW K AL, ) M AT S oo
{2 1 2 THD 40 6 o B o 20 el A0 G e 1 1 A S 9 A FH 22
Ja AT T IR R 6 T AR RN

w (2,3 )= uo (2,3 ) expligi (2, 3]s (3)

7 5 0 1R I 2 63 28 ok ARV B4 S 1) AT 4k 2 4%

B 2 5 , B IR L A% b 1063 B4R 06 7T LU A

i ik
uz(l',y): exp(lkz)ﬂul (1",y')-exp{;z|:(1'—x')2+

1Az
(yy/)z}}df/dy/, (4)

APk IR, =27/,
BOEA7 63 A0, # X () 4k il , vl DIAS 21 R 42
PSF £ k=N

(5)

palx, y)oc|F

Aot 7 1A A

MR (5) T LR 5178 5560 6 0 8 B0 A

S5 T 5B 8 05076 R 07, 9

R F 5 BB 8 B8 1 28 K

R L 5 T A I 70 SR £ 25 o £
22 4 510

2 =TT 1) N

, 6

Aqﬁh:%(m —ny) AR (r)

1711001-2



$£ 425 F 17 H1/2022 F£ 9 A/FZH

design and fabrication of DOE

DOE sensor
incident wave

Uy “u, u,

diffraction model

blurred image

hyperspectral image reconstruction

hyperspectral image

P14 g S LB Y DI R SO0 1 AR AR 48 SRR 2 8]

Fig. 1 Schematic diagram of principle of snapshot spectral imaging system based on diffractive rotation
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Fig. 2 Flow chart of reconstruction algorithm
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Fig. 3 PSFs corresponding to DOEs with different design parameters simulated at 460 nm
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hybrid optical system simulated at 460, 500, and 550 nm; (c) schematic diagram of traditional diffractive rotation imaging

system; (d) PSFs of traditional diffractive rotation imaging system simulated at 460, 500, and 550 nm
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Fig. 7 Schematic diagram of telephoto optical system in front and wavefront and PSF of this system. (a) Design results of optical

system in front; (b) wavefront of optical system in front at incident light angle of 1.56° and wavelength of 546.1 nm;

(c1)-(c5) PSFs without aberration; (d1)-(d5) PSFs with aberration of optical system in front
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(c) PSF calibration system
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Fig. 10 Simulation reconstruction results. (a) Generated blurred image with diffractive rotation; (b) full-spectrum visualization image of

reconstructed spectral data; (¢) full-spectrum visualization image of standard dataset; (d) image corresponding to each spectral channel
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Fig. 12 Reconstruction results of captured images. (a) Captured blurred image with diffractive rotation; (b) RGB visualization image of

reconstructed hyperspectral image; (c) single channel spectral image; (d) spectral curves of selected patches

1.0
0.9

50 m
o 40 m
0.8F / 510 nm 510 nm
infinity
510 nm

0.6}
0.5}

0 10 20 30 40 50
Imaging distance /m

SSIM

0.4r
0.3}

I 13 ANIa) AR BE 85 F 19 PSF 5 J5 55 i PSF XY Lt
Fig. 13 Comparison of PSFs at different imaging distances and

infinity

ME 12 fr7s i) S A G i) St a5 R el AR Y, &
HELE LR R D A Ok A &I R T &
B2 har B, I OE IS A R T, BLSCPr R
SAOLTEOGIE SR S PSF AR E R —2.

g BT IR e A AT 5T Gk A% R g8 RS
1o A A A A RS R A A R S 08 5 3 B A Y ST
AN fE B ) 52 R N B 0 R BRI SRR 2
[ 5
5 4% §i

I T — PP T B AT S AL B Y P A X G T Al
BAES , xR G A RPN E RS AGHE R
FAG AN G E A R0 AT AR AR G i A S R G A
A SRR S N T R S R AT I OIS %
E R R S D O B e 5 N Y K I s o
TN A BT AT AR A A G UL B R E AT

TARABET A R T AR 40 46 P RS A
THT RS EOERE ) (25 8] 3 B R AL RS B2, 6
SIS T TR A BRIAE 55 o e a5 S 5 DA R 2
RO HT I 7RG LR A AT, LR A5 R R
S5 SR SR AT B e 10 2 T 23 B R B AT B O
TR HE o SRt — 2P g R ARV IB B Kl 4R
Py s LA R i B AR T R G TE SR S g P iy
FRI, A T 2 A 23 H] 43 AR DG RS L .

2 % x W

[1] Feng Y Z, Sun D W. Application of hyperspectral
imaging in food safety inspection and control: a review[J].
Critical Reviews in Food Science and Nutrition, 2012, 52
(11): 1039-1058.

(2] 2LV, BEFE), N SOk . A )™ fh 10l BT JC 45 A

o ' T IR BOR Y LTI 58 ik J L) O 2% 50635 41
Fr, 2011, 31(8): 2021-2026.
LiJ B, Rao X Q, Ying Y B. Advance on application of
hyperspectral imaging to nondestructive detection of
agricultural products external quality[J]. Spectroscopy
and Spectral Analysis, 2011, 31(8): 2021-2026.

(8] miJt, Lx5fe, AFPHPE, 45 2050l R A0 A R ot i
SR TCARAG I [T]. S22 4, 2019, 39(10): 1030004
Gao S, Wang Q H, Fu D D, et al. Nondestructive
detection of sugar content and firmness of red globe grape
by hyperspectral imaging[J]. Acta Optica Sinica, 2019,
39(10): 1030004.

(4] ZFEHT-LRHE, RLR-VER, o0 LT
JETE R AE A9 4 IR 4 3R A AR (1] O 5Ok T
HEJE, 2022, 59(5): 0530001,

Arkin A, Sawut M, Li J Z. Estimation of chlorophyll
content of long-staple cotton based on canopy spectrum

1711001-10



458t X &40 % %17 H1/2022 £ 9 B/ REER

characteristics[J]. Laser &. Optoelectronics Progress, [J]. Acta Optica Sinica, 2021, 41(7): 0730001.

2022, 59(5): 0530001. [15] Shi Z, Chen C, Xiong Z W, et al. HSCNN: advanced
[5] Kulcke A, Holmer A, Wahl P, et al. A compact CNN-based hyperspectral recovery from RGB images

hyperspectral camera for measurement of perfusion [C]//2018 IEEE/CVEF Conference on Computer Vision

parameters in medicine[J]. Biomedizinische Technik, and Pattern Recognition Workshops (CVPRW), June 18-

2018, 63(5): 519-527. 22, 2018, Salt Lake City, UT, USA. New York: [EEE
[6] Zhang Y G, Migliavacca M, Penuelas J, et al. Advances Press, 2018: 1052-1060.

in hyperspectral remote sensing of vegetation traits and [16] Arad B, Ben-Shahar O. Sparse recovery of hyperspectral

functions[J]. Remote Sensing of Environment, 2021, signal from natural RGB images[M]//Leibe B, Matas J,

252:112121. Sebe N, et al. Computer vision-ECCV 2016. Lecture
(7] ZER&PH, XA, XURE, 45 . i K s ot itk 12 & v H 0F 5% notes in computer science. Cham: Springer, 2016, 9911:

HER (R ] 205N SO TR, 2019, 48(3): 0303001. 19-34.

LiSY, LiuZ W, Liu K, et al. Advances in application (17] Zhang K, Zuo W M, Gu S H, et al. Learning deep CNN

of space hyperspectral remote sensing (invited)[J]. Infra- denoiser prior for image restoration[C]//2017 IEEE

red and Laser Engineering, 2019, 48(3): 0303001. Conference on  Computer Vision and Pattern
[8] Hagen N, Kudenov M W. Review of snapshot spectral Recognition, July 21-26, 2017, Honolulu, HI, USA.

imaging technologies[J]. Optical Engineering, 2013, 52 New York: IEEE Press, 2017: 2808-2817.

(9): 090901. [18] Dong W S, Wang P Y, Yin W T, et al. Denoising prior
[9] Gehm M E, John R, Brady D J, et al. Single-shot driven deep neural network for image restoration[J].

compressive spectral imaging with a dual-disperser IEEE Transactions on Pattern Analysis and Machine

architecture[J]. Optics Express, 2007, 15(21): 14013- Intelligence, 2019, 41(10): 2305-2318.

14027. [19] Ronneberger O, Fischer P, Brox T. U-net:
[10] Jeon D S, Choi I, Kim M H. Multisampling compressive convolutional networks for biomedical image

video spectroscopy[J]. Computer Graphics Forum, 2016, segmentation[M]//Navab N, Hornegger J, Wells W M,

35(2): 467-477. et al. Medical image computing and computer-assisted
[11] Xiong J, Cai X S, Cut K Y, et al. Dynamic brain intervention-MICCAI 2015. Lecture notes in computer

spectrum acquired by a real-time ultraspectral imaging science. Cham: Springer, 2015, 9351: 234-241.

chip with reconfigurable metasurfaces[J]. Optica, 2022, 9 [20] Zhang J, Ghanem B. ISTA-net: interpretable

(5): 461-468. optimization-inspired ~ deep  network  for  image
[12] Zhang W Y, Song H Y, He X, et al. Deeply learned compressive sensing[C]//2018 IEEE/CVF Conference

broadband encoding stochastic hyperspectral imaging[J]. on Computer Vision and Pattern Recognition, June 18-

Light: Science & Applications, 2021, 10: 108. 23, 2018, Salt Lake City, UT, USA. New York: [EEE
[13] Jeon D S, Baek S H, Yi S, et al. Compact snapshot Press, 2018: 1828-1837.

hyperspectral imaging with diffracted rotation[J]. ACM [21] Hu H Q, Zhou H, Xu Z H, et al. Practical snapshot

Transactions on Graphics, 2019, 38(4): 117. hyperspectral imaging with DOE[J]. Optics and Lasers in
(14] 25, &/, BIFZE, & LT ik gk 2= % LM% Engineering, 2022, 156: 107098.

motEEE AT BE 2, 2021, 41(7): 0730001. [22] Choi I, Jeon D S, Nam G, et al. High-quality

LiY, Jin QY, Zhao H C, et al. Hyperspectral image hyperspectral reconstruction using a spectral prior[J].

reconstruction based on improved residual dense network ACM Transactions on Graphics, 2017, 36(6): 218.

HiEE R R A:

W2 HF(1964—) 1 WiiT R ok R A I 32 1 . 1996 4E 4R W VT R 2f G i SRk X 28 TR 2% 2O TR 1
t2 . FEFERF ST AER L Z R SR FEZ G 5 oA RUR AR K& TR Jeridk, FHRR
T EEARBFI A AT, FEEE A 517 2 M TR G 840 B 300 H 350, 26 A / BT AT K T A ] 7 3 et A
WFH 430, AR A AR L 2 3T, VT 54k & R AR I 100 43K, Horb SCI/ETR 5% 60 45 s B AU % & H % F)
50 4%, AR E B4R KB —SE A T, WiV B R R E A T AR 200 AR T TR I I DU 28 BTk
HUCOWILAA A % TTRR I T AR R R WL MR AR T B A SR EFR S . E-mail: xuzh@zju. edu. en,

1711001-11


mailto:E-mail:xuzh@zju.edu.cn

	1　引        言
	2　基本原理
	2.1　旋转衍射成像模型
	2.2　光谱图像重建算法

	3　系统优化设计方法
	3.1　折衍射混合光学系统设计
	3.2　前置望远系统设计

	4　实验与讨论
	4.1　实验细节与结果
	4.2　讨        论

	5　结        论

