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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.
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Fig.1 Computational imaging task”
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F 1 BHEEH Zernike £ T K H 3T 5 15 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 a-tilt

3 (1,—1) 205in 0 it

4 (2,0) V3 (20°—1) Defocus

5 (2,—2) V6 p*sin(20) 45° primary astigmatism
6 (2,2) V6 p* cos (26) 0° primary astigmatism
7 (3,1) V8 (30" — 20) cos @ Primary x-coma

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

11 (4,0) V5 (60— 60°+ 1) Primary spherical
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O (z2,y)=0"(z,y)+| PSF o, (—2, —y)* (18)
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b, 8 AR R e LIAT: 55 1 R e K AL Ry H s i B, S B
SR BE TG R G0 R SRR A TR Ty )

2 HERXFRGEHINEEREAEZENA

R A PR 8 ARt o B O 2 2R G 0 s B o 00 Ak B AR T AT O Ak B B AR s AL Dun
2 AR A S €0 22 1 B 18 vl a3 B S0 A T BB o ST e Jn I SRR K A R 4% L SR T RS R
TR T, Zhou 2813 Y B AR (R IE A 00 AL HE S0 1o 1T G323 UG 0 E R GE Ak R s e 22 L A5 A
BT E S AL EE 2 S T B B -YRHRE A BB R A R IE . X BB M B T O R A S 15
B4 TR 0 P TR S S R RE S . 5 25 R IE R TR L 06 R G RS T A BIAG 25 i T 2
B8 )7 1k AR 5 2 iE it BT 5 m R S 0 T T 25 Se I8 22 n vl sham kil o R, AN i< 6 F T B ok
PR R R R L WG E 2 WM. — J7 0, 48 %08 oo M B 15 1 5 o A A e LA N 3l S AR b
BIR 223 55 o — T i, 6 F KA I AR Y A SURUS I R 52 3h A5 30 3 51 A 04 B R Il i I AR e S A A
AT G M LA S S 8 R R RO

Rk, BRI R kMR R IE AR EREE, AN EEINE 3R G ERIEH A IR E Y
5TV B P A AT A% 0 B9 AO FE R 38 338 27 1T S AR A2 I8 1) S5 30 20 A5 5 A7 5 T[] 0% 30 1 4 15 5 44 A AL
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DI, B T2 18] el SR A
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(a) An optical system for DLZAC  (d) The correction pattern (e) Architecture of the DL network

K3 DLZAC JRE ™
Fig.3 Schematic diagram of DLZAC™"
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Rotationally s etric imaging model
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Fig.4 Overview of proposed end-to-end learning""
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Fig.5 Resolution target imaging test of the single-lens harmonic diffraction computational imaging system'"!
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Fig.6 Architecture of SiSPRNet""
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Fig.7 Setup and illumination acquisition strategy of APIC™™
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Fig.8 Deep-learning-based framework for wavefront aberration sensing and correction under atmospheric turbulence

and architecture of the CNN for wavefront estimation™’
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