$43% £ 158/2023 &£ 8 A/ FFR
i 25 N
TEERRIK
He T2 -1 2 0 110y He 4 a0 e e 1% V- TR A%

R RER, FEA, TE BREY, KPRV, 2R
RS AR K 2 BB IR A S RSB ER 45 0%, 65 100081,
A B TR E AT G, E R 4011205
ALY 1 AR RS IR B RS, 1L AR 030006
b E R B EDL 0% T 2B, L 102600

=

TE RGN RO T AR BT AR DG TR R AU W —  HRE TR DR R ST T O ) B A
NS HIEE T A RO T AR o AR SRR 1 e D6 T3 R B9 BF 5 7 o A A & R AN 4R T TR A O L
AR 2 0 ) S JRe BOPR, TR S I 3 T AR AT AR £ ) 6 T 245 - 3 2 e ) s 4 R e D 1 T B IR B AR, IR X R S AT AL
SOCHRSE IR LA e b SRR BEAT T U o 30 o A A SR e DI A AR A T S R L B s - A B T 4 O e e 5
RAG BT AT, T353R o BB 53 7R 28 H 48 0 g D' % 50 R0 150 AR T R T Y SR B 8 I e O B T A R B R 1Y

K.

KB OB ARL ORGSR TRAE; A

FESES TH741 XHkFRERD A

1 Al G
YERTEAR B h 2= R H Z i A 3R BB S
JeTE A AR R Gy A R GE A S P it 1 ¢ ot

M, 02 BN X F BN RK P A28 T R R ER .
TG AR H A B 1 B, S e R s )RR AE B TR S
FALYIRA BT o3 B3 5 ARG &, 9 NS4 3
PRI B g 3 A T SRR T TR B R

o G T AR B AR BE A8 A WL H AR Bt 280 A
Pe Bt ik AR, K Be AR 7 (<10 nm) HiE 22, Jf B
AT e A il 2 R T R MR OT S R R I
WEFE R W, A R AR ) DG e PR AN — R 09, I BT
G M BR T 14 ) S5 AL TS 0 TR B — 2 A 114 B Dy 20~
40 nm'™ o J6 1% 43 BEARAE 10 nm LL Y 5 6 35 1R B
AR RUIX 73 FRU0 B AT A [ 635 e A 1) 3t 2 ) o
FERE HEAO A 7= U KB S A
TR A OR BRI AR AU O A
BEARASERECTE 73 B BB S — BRI,
R Z 2 KRS EZE T B, BA E BN
M.

UTAF R, OGS BUAR B A B 2227 B 52 SUWT 5T 1Y
MR Z B Tz e R . NS LRI TR
B FEMBEBARR IS T — RO R R . K

DOI: 10.3788/A0S5230748

1M, A% G0 1 w8 DT R B Z BUAT S 0F MR L T AR
PR 2R A i) 24, 78 S B IO R AT TG ok AR KR al R TR
JIE TR SR R I ) 4 45 [ 8T, L2 B I 125 [ I R E g 5 1] 43
HEAR M EIE B o WEIEE T BRI — AU
TR B A W AT e A% 58 e G AR R B9 R BR , LA
ARAT o 4 BE 2 BER I RO B TR LR R
o — I i M BB R AR B R fee B AT IA B 2 20 i 42
90 AFAX R 0Y, LA 58 07 3k B0 S RO T AR
B AT AL e 7 AR B B BRI, 22 48 32 ) B s 20
REE . TR SR AR B DGR , 27 mOEHE SR B K B
PR T A S 0 A5 5% A% B LS R B AR
A TR RE, I i A A — AN B 5T AU ——
P T TR R . mOETE TR USR] R S R
D3, VLN R 09 R 30, 52 5 55 AU 45 25 2
8] (4 56 2%, G855 2% 16 IR D0 A AT 3 06 2 28 48 A1 i 4R
Ak PR A G, REAS AE R AR AR T B | 2 R el A
ZRAFRYNEOU 4 FF 5 2 52 Th i i R R S8 A0 1 fiE
EIER NS

FIHI, 2 7 2% 2 R A5 i 00 G i 0 3 iR &R
GEJZ TS, 3R T e 246 O HE 19w ' T 5 &
ARG — A R8> 3. R4 (CS) BLg A
N A5 5 Ak BRI e T Y R A BRI, T DL S B IR T
A28 A M RS R R[5 5 R4 P T5 5 10

Wi BHE: 2023-03-29; EEHH: 2023-06-28; RAH®: 2023-06-30; MEBEZBH: 2023-07-14
BEEWMB . EEKA KPS E R ERBHIFCE U 5 H (61527802)

BEEE: ciom xtfl@bit.edu.cn

1511003-1


https://dx.doi.org/10.3788/AOS230748
mailto:E-mail:ciom_xtf1@bit.edu.cn
mailto:E-mail:ciom_xtf1@bit.edu.cn

B G B, SR R E ) R, A K AR R v A A
Fo FEGR BN AT R E AR A HLEE S T
TG AR 2R G TG R R R e T AR
153 28 R VA T R A R A I R 4 R AT R
AU bR 3 55 0 i G BRI BE % 7E R4 R 4T
T E Wy PR R R R B D b S2 &R S fiE B K R
T

Xt T 4 IR0 = 6 T B R R L B
TR BE R — A 2 e T B A R e i G A AL AR e R
6% AR AL (CASST) Ji 3T K 45 52 g H B9 28 ML R |
CASSI# AL 3555 B 4l g i FLAR Ao 4 IR
T B YRR b, R o E A Bk e A —
YOI K A R A O 7 M. SR, Z BR T A EOT
R RN 28 1 PR g, CASSI 2 G0 /X RE 3515 45 R 14 % i
U B ME DA SE B R G S BRI . B Ak, BT AR
fige ) 50 g /R R, A A TR 1 A AR K G s )
BN LA L ) B, A A A 70 43 ) P SR 8 0 D R
P T BT a5 -3 A 10 TR 4 SRR 6 R £
Ao AP BB T — Bl I T g 0 L AR T 9RO U 6 A
(CATF) W& C i BUR RS g T 25 -5 i 05 5 vk
B R AR Y | 58 B, T 2 TR) 4R RO R G (088 o BER AR LA
MR TR T 45 ) 43 39 23R 0 R O % 0 R M DA A A B
AMES o AENCFERY A A AR S — AR, R T — & 51
TAE, B 7648 T 5 G0 M o it 03 15 S8 IR B A B, 5
IR 2 B 1 43 P R0 6T AN S MR Y R R AR
B, T 25 -3 G ) %) R 44 R 1 6 1 3 A AR i 5
1o 6 T A AR B R GE ) S BRI AT R TR S
el

ARSCHEAR T @B R AR A T HA R
T Mk Y R A RN O B R RS, B AR AR 4
TR R ETE T B AR 0 T S A B R R ks N
o T A H AR RIS % . fE bRt 1 A SCE
A A T A P BN AR 3 T S -3 g 1 A R A JER N v G
TR RS T RIS TAE A T R G410 B A Al
VAR Bop E e, LI % 51 6 DA S I, o s e i 3
BB R AG BT MR R AR R L o — 25 (R U OIS TR
AR Z G800 S AL AN Tl Ak % &
2 R8N G E T A R
2.1 BHRETERGER

BT BUG H AR AR T 20 T 42 80 4EAY | £ 3k AN
OBV Y AW [ & TN P V3 I RPN~ = R 3 5 S i
A A% A AR HE Bl N ZEULER R N S5 4 1Y R
WIS ER S m G R A B8 N RO iR
PR RO AP B, X B LU S A —
LI — 2R e R MGl 26 . S OGS 1R H R g g
ARBCEA S A — Rk i B B R A 8 S —
Yeos (M5 B M — i E R R — A =B S
FR R B4 <7 )5 1 (data cube) ™, @& 1 Ff R .

F43%5 F 15H8/2023 £ 8 A/ RFFHR

D3 E Y E TRYAV/ K N
Fig. 1 Hyperspectral data cube"”

o G T B L 5 A A A s (] PR B B
A —HECTEAE B, T AL S8 0w e T R B i T 32 B
R 24 118 24 7 i o PR i 1 BR A, Gk LR AR AR =
LRI , W6 TR 2 ) 340 ) 7 3K Gl 4 4 A
e B O R A S B SOG4 75 X GE
Ao BERL AL DI R A S ) R AR AR 58 R Y O
T PG, G S R M) P RO o 4 AR AR 7 A R
PRI, £ G Y i Ol 3% B A HE LA S B0 0T o 4 B8 e 23
W 50 R OR A FEE ] 23 [8] D635 o3 B R A7 A8 A
i 24 19 5 2, o nl skt b T A AR A S A -
73 - 2ff BE v A A JRE A HRORS B2 R 8 JBCH A 4E JEE Y
r R RE o AT, w5 o HEOL I U BOSR 5 7 Dl Be g
R RAFAE [ AT T TG G S 2R Gl i R B 5E
% 7 1) 3¢ BER I8 B B o ) G 1 3 B R TTE A G O fE
AR BLT X $ s 23 (ol B Sl 3 I BE Y 4 I AiE
D BRI AR PR O A S . AR
JEOE BT Y 25 8] S U 25 S 303 Gt Y 25 [ B R
B 5 4 SE A B S I ), U 2 S5 B ] 23 B SR A, OF A
Q7R UGN AT S At O R s P
RGN I -2 -3 o B R LU O HUH A W)
B A 32 1 TR AR 0 70 HE R . AT BEE g T2
TR R O PR R AR 04 2R 7 ) 3 R A LS W
FEME , EL A — BE AR BR AU, LSl T g o e A 4R i
AR RAA o A, H T A A - 2% 2 BT R SR R E B [
A s, A G RO T AR AR G R A I B T e R
HAFE R BICA, 1 WUm SeAr i AL 5 55 A Ak 2 i
e B E RS IOR 2 . NG, NSO ST i
V) A B Y6 A8 T vk 92 BAR G I BL B A AR AR
FERE , I JH 2 AR 1% o AR 4R v 4 E v 0 Wk R g
G o TR SR BOR B 1 B R R T — AR 3G iR
RGP TR . AR, B PR RS TR R
ARBAT G AR B RE S AR SR — A 8 38 T
AR IR T BB R R I R G D RS DL
TEAN 5T A A% B SR AR DU 45 0 S 15 5 A R O
PR i, T ) BRI MG 2 R G i T B R BRI S

1511003-2



J62F F g I 4 7 30, e B R 5O R St = fa) 4] 2 0
A AR A AL X R B A O I (A T R SR, A
i B i H AR Bh IR fs 0 B s R B —
TR 2E B B 2 R 5 b 3822 45 4 G 22 B R AT
TREE AL B 24 ER 5 T Gb 2 g H R B
PERFEB L SCH T AR T LR B G S R ES
b 38y 3, 58 O 5 GE AR F R B SRR

iz HEAE A% 2 72 rp 5] AR 1 5 R R TR 1 AR
QB AR TEL T LA 43 Ry VU2 - 6 TR I8 il Y, 4R R 4 A5 %
TR AR A5 ) 1A = 2k AR (0 &5 #) O BB A B AR, R
7‘6 7 ) B s e B G B AR 15 W I AF B Y i BB

P St 2 ST R L G0 DG 2 5 R i A
M“Eﬁéﬁfr%)zﬁﬁi{%ﬁﬂ@ VSRR TE A s
6] Hh 1 23 A S 3R B B 22 4 M B 09 O 3 AR B R
S5 RN SRR AL A0 A B RR 2 BX EER IEAT g
Sl AT S R A A R KR R U A ) T 3 B R 1R
BRI T SR B AR B PRI 2, PR PR 2 A
5 B8 AR EG A F SER T a8 B AR A 5 B A
PR 2 A B R AR S 0 o B R R B
BRI HER AR AR

B R 8 1 5 AR AR 07 81 8 5 A% 400 38k 1)
AR T IS TR AR AT LA s Ak 4 i b 3R IRCRT
R R S PR R E DR IEE R . B, B &0
2R SRR R G, B X R A T
P A A7 ol B o A2 g S 3, DA T 3R AT H AR 6 1 40 A 1 A
AR e O3 1% (FTHSD) & 48 #3401
W7 23 1 T P A8 R T RO S O R B TR
ﬁm%ﬁ%uwﬂw“%wmﬁéﬂ@@ﬁz%a
FH A2 PR HS {5 5 I 0 0 2K 3 A8 B A (HTS) 5
A BRINT X B R GAK IR AT AE iﬂi/\l:ﬂ R R T i e«

—, HEGRIN A B RO SR AR RE 1A B T R L T AR AR
2% 5 2 47 545 B 2 ) B SRR Y 3 i 30t (7] oK

%M_Z’E*%{Eﬂlﬂmxﬁfi@itﬂ@ﬁ“ﬁﬁﬁz% PNITES
BRI 85 73 R 0 B A 5 G v Dl PR {5 Kl e e K

@,

high-speed sample

inverse entropy
quanti- <= deco-
zation ding
R
mverse

DCT

__________

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
N

= jh“him“ 3 JPEG
0 M W JPEG W

compress

© ))) transmit/

]

=S

£ 435 F 15H9/2023 £ 8 A/FZH
ﬂﬁﬁﬁ%,ﬁﬁ% Tty TR A AR B R o R 4 B
T T T I A B8 DL R i e R AR AE 5 R [a) 2
& ij]ﬂ?‘ﬁlal+%:ﬁk1%?ﬂ51ﬁ¥ﬁﬁﬁiilﬁi/\o 45 1%
AU R T R R G RS AT A G o PR AR
R R W= 2 R o % & VAT NI W
B G A% A0k 1Y T IR AT T W .
2.2 EHEBAMSHIEHERGRS
& 52 (1A 5 A FRAE 28 02 DL A AR - 2% 28 W e SR BE
PN G SEREAY . e RO T 50 M O B R R
AR B S UEAT B/ BCE A S R AR R R AR
RERTES PR EBCRN 265 Kb P, —#
PR UE SR B 00 2R R {55 J 8 A0 1Y 2. 56~4. 00 1%,
Bifi 75 AL AT 25 R AEAE B 77 R i A8 1 U, AT X
G5 1 R R RN Ak B R Y BEOR MOk MR . R AT,
K TORAR B A7 AE SUXTAF % A% B A0 Ak B Sty 15 B T
ERET . RGN E T AR G W45 5 b 30 3 72 38 5 Hh
KFE EAE AL R A D BRA AL, & 2(a) PR,
Vg SR A B TR 46 5 AT A% S A7 A, 158 00 1T 254 B X6

FCHEAT R e o AR SRR T 7P g 3 SR AR P 4 4 07 16
o R B R A7 B U

2004 4F | Candes %57 5 Uk & ) R 45 J8% R0 B4 ABE A
(A5 3CHRF 2006 4F & %) JF#ES T —E2HNES
KA., ZHEE EEMAGS M, MRA L
T AR EIRR R AR, 45
HUBEAR T — AN g5 R B S Ak o B
FIEGE SRS R — G5 A g i A

A 4 b SR A R DL — A 5 R e R A G Y
SR 000 4 o2 EL 4% 2 AR 4 2 1) L, 3 o P A 53 vk D
I 4 LU E AR A SRR S . TEIXHESR T
RGN RFE PO T 5 5 4 ff’J%ﬂWe,TTﬁﬂx
RFES A5 . K 2(b) JBAR T JE 46 B R EE T
KA IEAFRE . & 2(b) AT LA H A3 T SR ARG
FE 45 1945 48 5 2, 46 10 B8 2 DR 5o % (] s X6 £
ST R AR AR, BT {5 5 Ak B B R B 4 i

I
(F(A? transmit/

store store

min| x|

wou [

B2 A RAE D B AR X L o (a) f2 58 7 A 2R ZE 00 RS SR A 5 (b) TR 4 ORISR A

Fig. 2 Process comparison of different sampling methods. (a) Traditional Shannon-Nyquist sampling; (b) compressive sampling
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Abstract

Significance Hyperspectral images are made up of tens or even hundreds of contiguous spectral bands for each spatial
position of the target scene. Consequently, each pixel in a hyperspectral image contains the complete spectral profile of
that specific position. With the superiority of high spectral resolution and image-spectrum merging, hyperspectral imaging
has emerged as a powerful tool to obtain multi-dimensional and multi-scale information and has important applications in
precision agriculture, mineral identification, water quality monitoring, gas detection, food safety, medical diagnosis, and
other fields.

Due to the limitations of existing devices, materials, and craftsmanship, traditional hyperspectral imaging technology
still suffers from the contradiction between high spatial resolution and high spectral resolution, as well as large data volume
and high redundancy in practical applications. The emergence of computational imaging technology has brought new ideas
to traditional hyperspectral imaging, and thus a new research field, namely hyperspectral computational imaging has been
bred. Hyperspectral computational imaging uses system-level imaging methods to establish the relationship between target
scenes and observation results in a more flexible sampling form and jointly optimizes the front-end optical system and back-
end processing system, thus fundamentally breaking through the limitations of traditional hyperspectral imaging technology
to achieve high-dimensional and high-resolution acquisition of hyperspectral information.

Currently, there are numerous hyperspectral computational imaging systems based on various theories and methods,
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and hyperspectral computational imaging systems based on compressive sensing theory are key branches. The compressive

sensing (CS) theory can acquire the signal at much lower than the Shannon-Nyquist sampling rate, solve the
underdetermined problem based on the sparse a priori of the signal, and finally recover the original high-dimensional signal
with high accuracy. Compressive hyperspectral computational imaging obtains spectral images of the target scene by
computing the compressive projections acquired on the detector through reconstruction algorithms, thus significantly
improving the system performance while keeping the characteristics of the system components unchanged.

For compressive hyperspectral computational imaging, how to design the computational model is a crucial scientific
challenge. The coded aperture snapshot spectral imager (CASSI) is a classical model, in which the scene information is
projected onto the detector through coded apertures and dispersive elements, and the original data cube is subsequently
recovered by the reconstruction algorithm. However, the CASSI system can only obtain a limited number of spectral
bands due to the performance of dispersive elements and the detector, which makes it difficult to achieve high spectral
resolution detection. Moreover, the reconstruction quality still has much room for improvement because the reconstruction
solution problem is too underdetermined. To address the above problems, our team proposes the compressive
hyperspectral computational imaging technique via spatio-spectral coding, which achieves super-resolution in both spatial
and spectral dimensions and effectively solves the contradiction between high spatial resolution and high spectral
resolution. Furthermore, our team has carried out a series of work on improving the quality of system reconstruction and
expanding the dimensionality of acquired information, so as to achieve high quality acquisition of high-dimensional and
high-resolution hyperspectral data cubes. The research on compressive hyperspectral computational imaging via spatio-
spectral coding has laid a solid foundation for the hyperspectral computational imaging technology towards practical
applications. Hence, it is important and necessary to summarize the background knowledge of compressive hyperspectral
computational imaging and the research work of compressive hyperspectral computational imaging via spatio-spectral
coding, which can bring new ideas for researchers to explore the new architecture of compressive hyperspectral

computational imaging and promote the development of hyperspectral computational imaging technology.

Progress First, the research background and basic concepts of hyperspectral computational imaging are outlined. Then,
the current development status of compressive hyperspectral computational imaging systems is summarized, and two
classical forms and subsequently improved designs are detailed: one is the coded aperture snapshot spectral imager and the
improved systems derived from it, and the other is the hyperspectral computational imaging system based on liquid crystal
and the improved systems derived from it. Subsequently, the compressive hyperspectral computational imaging technique
via spatio-spectral coding proposed by our team is highlighted, and the system composition, mathematical and theoretical
models, and the latest progress are presented. Our team has worked on the coded aperture design and reconstruction
algorithm optimization (Fig. 13) to improve the reconstruction quality of the system. The study on the acquisition of
polarization dimension information (Fig. 14) is carried out to expand the information acquisition dimension of the proposed
system. Finally, the future research trends of compressive hyperspectral computational imaging via spatio-spectral coding

are discussed.

Conclusions and Prospects Compressive hyperspectral computational imaging technology has a wide range of
application prospects. We review compressive hyperspectral computational imaging, including its basic principles,
representative systems, and key technologies, so as to provide background knowledge for scholars to engage in related
research. Compressive spectral computational imaging via spatio-spectral coding can overcome the contradiction between
high spatial resolution and high spectral resolution, and it has made progress in improving the reconstruction quality and
expanding the information dimension, which is expected to solve more scientific and engineering challenges. In the future,
in-depth research will continue in optimizing the optical design of the system, applying deep learning algorithms for
reconstruction, using adaptive compressive sensing theory to improve the imaging quality, and increasing the dimensions
of time and depth, so as to promote the practical and industrial development of hyperspectral computational imaging

systems.

Key words 1imaging systems; hyperspectral imaging; computational imaging; compressive sensing; coding techniques
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