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1.1 BEFSHARBEERUER
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Hp Rm 2R R (0)E XL H
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A;) (n+m )(n|m| )
sl —s|! — s !
2 2

A 0 A R (T R (1)1, (EBEEHT1R % A8 p, 0) TR Zernike S 1Y
2 TR SN

R\]llu\({o): {071*25 (3)
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A2 R Noll LR 51 HEFF 4 5, ¢, J 55 j 70 Zernike Z2 850, AL XTI A% 22 M IR A, Z, R Noll 4 5 HE 7 )= 149
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1 BHEEH Zernike £ I K H 3T 5 1% 2= 28! (Noll HEF)

Table 1 Typical low-order Zernike polynomials and corresponding aberration types (Noll ordering)

j (n,m) Zy(p,0) Aberration

1 (0,0) 1 Piston

2 (1,1) 2p cos d 2-tilt

3 (1,—1) 205in 0 it

4 (2,0) V3 (20°—1) Defocus

5 (2,—2) V6 psin(20) 45° primary astigmatism
6 (2,2) V6 p?cos(20) 0° primary astigmatism
7 (3,1) V8 (30" — 20) cos 6 Primary x-coma

8 (3,—1) V8 (30" — 20)sin 0 Primary y-coma

11 (4,0) V5 (60 — 60"+ 1) Primary spherical

4 YA FE L 1 SR A 7 I S B B I A G T R 0 AR S 1 B S AR
Zernike 39 SEUHAY [ (BRI SRR RE b TE, 6T BB R SO R T S LA KRR . LA, X
T4 Ve D B2 55 167 28 5 43 B o W) 58 47 70 AL AL R i 8300 5 O RG 45 4, ph T Zernikee JB JF 55 T 14 45 3. {32 [
TE AR F , Motk R 32 25 o 4 B i S T 05 26 5 80 8 A X A R 7 R I AR B 1 0 T A 7 2 ) 6 0 35
PG PRI, 4052 2 TR0 o A 450 A B 4 2% P T, P 5 T 4 0 /1N D A
R S R T I, LATRAME G5 4 R 1 50 J AL R0 5 0 e e 4 4 A T R R
1.1.2 £ 50k%EEY
HEF L3R Zernike 23 U 14 25 R AE J7 o, AT E— A AR 25 T S IR AR Y, 2 AR 95
FAG i 22 W (5 56 2 L AR TE (%22 RS0 PSF i TN £ %, M4 R I OEE BIE  b 2k R
AT — A e R 45, HOMIR R T R 206 I G I AR B . % T A R 6, 6 T A e L AL 72 ) 21
RS I P (&, p)=1, 5rh (&, ) IH— bl T AL 67
T AR F 5, AR 1 52 4 05 43 A5 O 400 18 52 9% W 5 R 1 38 R B B T L R 8 R A R
B IR PSF ) Ay i 58 519 8 5L 25 4, A
haoy)=F (P = P (n)exp[ — j2n( e+ yp)]dédy (5)
K (a,y) WA AR AR R A (2, ) S A 4 R B, P&, ) B AR G i o6 85, % T 9 9L 72
BAH RS, 2 (5) 2 S EBEAM i
b AR AT A% 2 G5 (A% e 5 BUBE 11 R 6 IR R AR ) , 19 T 388 58 43 A Ay ) T 38 1 15 980 1% PSF (g
B, AEHT RLE0 PSF AT PSF BRI J7 , 1)
PSF e (22 y)= (2, y)F = |F {P(&, 7))} (6)
FH PSF gea (, y) 0 AR R G5 0 5 8 05 37 800 06 8, A0 N 19 ' 2% 4% 338 2R %) (Optical transfer function,
OTF) % PSF i (4 BL I 25 e , % 56 i 56§19 11 A6 L 1D

OTF(u,v)= F{PSF(z,y)}=P(&n)xP (&) (7)
R EIR BB, (u, v) A IR AL R o 1 I FEAE B A5 45 AL Ny
Tyea (2, y)= O (2, y)*PSF 40 (2, 3 ) (8)

KRR B REBR, O (2, y) o BRI 038 9345 Tgea (20, y ) 9 BRAESAR pRB . 5 77 76 D4 AR 22
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tion, CAC)Jr i, S8 1 Z IR 10 Bl N B4R 22 42, 8 35 32 T 17 W I M58 A% 1) 23 B 36 A 17 IR A A
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(Diffractive optical element, DOE) {4 R4, (025 & £ B MG 25K I8 . Liu %5 Xt A BB AT R 5
ST T FEAT OIS R Y 6 22 IR AR IR B T IR B 2 o A S R A S A PR A S T
BT Yy HR AL A G TR I VA AT A SR DOE By 8 22 () i, 25 1 ik 18 25 3 5 10 6 iR AL A
T P AR 22 5 A pR B, L TR 22 S HS R G PSF Z IR E B OC &R, N R SR A R R Y
BT R T AR
1.2 ZAUHERER
TEAR 25 £ F 0O B A A BT /5, 28 B0 030 52 R 0800 1 A% O AT 55 2 MR AL R rh ik 5 AR H A
5 8 o X T 2% BUR 09 W BB Y 5 802 S 0 O AR R RSSO I 2 R AR 25 G OE B R
RHE AR R o 2 T3 52 I B0 0 A 4 L 7 3 DR e 19 2 P A0 i AR R R 1 T D Ak 1 AR AR R 5
1.2.1 AT key ZwaRIEE
TS T 1 o AR B e TR T D e A R 0 R R 2 T S AR, A O SRR R AR R A A HE AT
AR . LI TR A 4 18 D RN 2 o e/ R R A
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I Lt (Signal-to-noise ratio, SNR) Je i , 76 5 5 It 55 W F 4 ] 22 1] 55K 1, s 2 ik 500

O(u,v)= H (w,v) I(u o) (13)

|H(u,v)\2+PN(u’v)
Po(u,v)

KA H(u,v) NRGEWOTF,H (u, v) N HILHE T (w, v ) AW R B3R R, O(u, v) W E R E G
AR 7R L P Qa0 ) FIL P Cuyv) 53 550 R W P 545 55 10 Bl 83 98 B2 o 24 9 DB gl 1) 52 Dt M i vy 58 Kl T
YA 0015 W LU Al T SR 2288 R SEBR I T v, 245 5 D) 300 0K T W 75 D AR ), 4 2 i ks O T 3 O
5 MR 2 S D0 i T A R A DL MR R K

(2) 2y 5 fie /N . 3fe ik U

LSS e -3 S R N SR NSRBI S U [N PR Sk A B R R A P

min| I— H*O | + g VO P (14)

K. g R IENL R B,V B EER T LW AR, O IiF Ik Bir G, H h RGeAL B A B . itk
[F) 70 A 3 3k A B H T Bk B Ak Sl AR i

_ H (u,v) .
|H (e, 0)f + BIG (u,v)f
K G, v) BT TV B R 7R Gl H R P 780 557 0 8 B AR 4 ) o 32007 BT 55 W A IRXS
Pl B2 45 22 PR 52 D v 3R IR (et , 6B 06 A 00 ) M 75 R T DR 47 MR G5 M 15 5L R 5 2 v 1R 22 KL OE

AL T RAFRPIIG Al
1.2.2 3T ERN e R A E
XF T 5 A% Bl R AR 22 b 5 LR IR I A i R RE A BR o e, B T R Ak i 2k A AL
T R AL ) 2 SR H bR ek R, 7E % AR R e B D I AR R R R R R T R .
FEJ7 1k E B AT B KSR (Maximum likelihood , ML) /f K5 % (Maximum a posteriori, MAP) & %k 5
Richardson-Lucy (RL) 5 #: .
(1) KSR 5 85 K 3 5 1
IR KAV AR B vE B T AR MR P Y e TR B A b pR R T R O MR RS R R T  d KAR AR AR BRI KR
SN T e/ ME VLI R 5 Ak T EUR Z B i 3807 22 o Rt , 5 H bR e (4 2R R R0 i U
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77 5 32 B PSF U {8 5 3 19 FL B, Strehl H=>0.8 38 % 8 90 4 3230 AT 3 2 PR , Ginner /76 43 OC T ¥ M
I s A5 v s gt AR kA K A R 22 AE S B T AN M G B AR . T 34 O R 58 22 A I T O S EELAR T
T B BR YRR R AO R0 G PR A 5 AR . R i % 3% 9 4 (Modulation transfer function,
MTF) 2 i 22 G5 % A [ 25 6] 951 3R (14 14 388 68 11, Hardy!""'76 KX AO R G R G5 R T I MTFE $£45 K
i iR TE S 1Y 23 PR AR I A L

(2) EIM& I dE bR

PG T it 4 A G R AL IE 5 R 058 ff B0 RE 55 4540 58 B . (B {5 M Lk (Peak signal-tonoise ra-
tio, PSNR) F1 4% #4 4 L P $5 4L (Structure similarity index measure, SSIM ) J& f % F B9 & L 0F A 48 45 o
W 2500 1 A 7 4 L I A e SR X S 45 AR BT 35 N AL Gerchberg-Saxton 5. i X6 0 5 1 ) il 4k
S R K S R T A o 20 ) 4% 4% A 0 R A PR A S S e T I 5 20 Al A A R
G g B iR 22 5 BN LI T XA S A0 YK &R AR ) ) 4 T PEA .

(3) B ktERedatn

VLR REHE A & IR T B AL # o B2 0280 5 S I B R W BIG BE HOR AR % B RN S R A O B
AR SLPR R G b B B R R TR . Elser 27 kg 8 T AR ALK S A0 S AE IR A L 1 8 SCLL M G

O " (z2,y)=0"(z,y)+| PSF .. (—2, —y)* (18)
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A% BYME B 53 2, SR v AL B S VT A 5 0 He AR AR T B B

(4) T [a] N WA 55 B PE 46 AR

Bt TH DG BUR B IR 55 T A S B S B RE S g 5 R S ROE I B AR E A UUR R TR T
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mAP) 3 AT 55 1 HEIf 3 55 F -score DA e = 2 g b o AR 25 45, DL AR AR 25 I IE N R G AR
AE 1Y TTRR -
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Research Progress in Information Processing Methods for Computational Optical

Systems

SHAO Xiaopeng, DENG Yishuang, CHEN Yutong, ZHANG Yinuo, WANG Huihui,
WU Tengfei, WEI Shijie”

(Xi’an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi’an 710119, China)

Abstract: Aberration is a crucial factor that restricts the imaging performance of optical systems, leading
to degraded imaging effects such as blurred details and reduced resolution. Computational optical aberration
correction technology breaks through the limitations of traditional hardware-based correction by integrating
optical physical modeling with advanced information processing algorithms, achieving accurate and flexible
compensation for imaging degradation caused by various aberrations. This paper systematically reviews the
research progress of information processing methods for aberration correction based on computational
optical systems. First, it expounds the theoretical foundation of aberration correction, including the
wavefront aberration characterization method based on Zernike polynomials, which provides a rigorous
mathematical basis for quantifying different types of aberrations, and the aberration-dominated light field
degradation model that establishes the quantitative correlation between wavefront distortion and point
spread function (PSF) degradation. It also introduces classical restoration algorithms such as Wiener
filtering and Richardson-Lucy iteration, which lay a technical foundation for solving the imaging
degradation inverse problem. On this basis, the paper analyzes the principles and practical applications of
three mainstream aberration correction technologies from the perspectives of active adjustment, optical
coding and pure computational restoration: Adaptive optics (AO) realizes real-time dynamic compensation
of dynamic wavefront distortion through a closed-loop system of wavefront sensing and deformable mirror
adjustment; wavefront coding and coded aperture technology transform complex aberrations into
computable degradation forms via artificial phase modulation in the optical front-end, realizing collaborative
optimization of optical coding and back-end digital decoding; phase retrieval and blind deconvolution
techniques invert wavefront phase information and estimate unknown PSF only through algorithm iteration
without additional hardware intervention. Finally, the paper focuses on deep learning-driven aberration
correction methods, including data-driven end-to-end learning frameworks, physical model-embedded
hybrid architectures and unsupervised/few-shot learning methods, and discusses their typical applications
in biomedical microscopic imaging, lensless imaging, astronomical remote sensing and other frontier fields.
This study clarifies the technical characteristics, advantages and limitations of various methods, and
provides important theoretical reference and technical path guidance for the collaborative optimization
design and practical application of computational optical imaging systems.

Highlights:

1. Summarize the theoretical foundation of computational optical aberration correction, including Zernike
polynomial-based wavefront characterization, aberration-driven light field degradation modeling and
classical image restoration algorithms.

2. Analyze three mainstream aberration correction technologies from the perspectives of active adjustment,
optical coding and pure computational restoration, clarifying their technical characteristics, application
scope and performance trade-offs.

3. Elaborate on deep learning-driven aberration correction methods and their typical applications, and
discusses the current challenges and future development trends of the field.

Key words: computational optical imaging; aberration correction; wavefront coding; phase retrieval; deep
learning
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