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Figure 2. Schematic diagram of wavelet transform and pooling operations. (a)
Original image; (b) Schematic of max pooling and average pooling; (c) Results

after pooling operation; (d) Schematic of two—dimensional discrete wavelet



transform (DWT) and inverse DWT (IDWT): (e) Results after wavelet

decomposition.
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enlarged views corresponding the white boxed regions;(e) normalized
intensity profiles along the horizontal line;(f) - (h) quantitative

comparisons of SSIM, PSNR, and contrast for different methods.
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Figure 4. Reconstruction results and SSIM comparison under different
illumination intensity conditions. (a) Input images under varying
brightness levels; (b) Reconstruction results by PINN method; (c)
Reconstruction results by PIWNN method; (d) SSIM comparison of the

PINN method under different brightness levels; (e) SSIM comparison of

the PIWNN method under different brightness levels.
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Figure 5. Reconstruction results and PSNR comparison under different
levels of Gaussian noise. (a) Input images with Gaussian noise at
various levels; (b) Reconstruction results using PINN method; (c)

Reconstruction results using PIWNN method; (d) PSNR comparison of the

PINN method under different noise levels; (e) PSNR comparison of the

PIWNN method under different noise levels.
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Figure 6. Reconstruction results under different structured
illumination conditions. (a—c) Fringe patterns, reconstruction
results, and magnified views under standard, 5% frequency—shifted,
and 1° direction-rotated conditions, respectively. (d) Normalized
intensity profiles of the three fringe patterns. (e) Magnified wide—
field image. (f) Normalized intensity profiles of the SIM

reconstruction and wide—field image.
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FERLREAT S5RGBT o A dh i A5 - 22 BB P M2 (10X, BE L2 N 0. 25)

WAE S, AREHEEFEG (TL) 64, & CMOS ( DMK 33UX183, R &K IAIFE N 2. 4
ek, RME AL 1920%1080) FAMLICSK . JBIETE SLM - In#AS A 1) 1E A2 4544 26 4
B Z I AR R AR RS 4 ], R R RE 5 56 s SCAS MG R 73 1% 2 g i 75 1 22 i 1]
GREE

FEIE TS0, f USAF 1951 23 #E sk AT A (B 7 (b)), R85 BRI
BEAP IS )\ B TL B VUL nd, 10 PIWNN J7 vk RES TR BV 52 58 JL AR T 8 = 412k 0t
SEILZ 1. 6 53R RAR T (SLBZBR T 0 W B i 20) o TBOK B K iR i 5 77 1)
HIH— R T 2R R, FE BB K SR SUR AT 52, ML H izt , M
PIWNN REWETE T 70 & 2 AN STIEAE,  IF HAVHOMUL S8 STM R Aie 22 2 AUS A AH A7
flitt, FRAKT RGERZEHURME.

HGAIE PIWNN 7E BLSE AV SRR T IR RS, A SO il R AHEAT T S 58
(B 7(c)) . BB T, AL FRANTIEE I ATEW; 171 PIWNN 3= &R, A
GULERTEIEMW, WRAHIE R, RIS SER TG B 5E . HRR R T HR
HH— AR 2R R, TE S AR IEE ALY 22, 17T PIWNN = 45 2R (I 23 45 4y
SETET, 2SI L R R SN, R MZ T VRAE S AR UG K Ll

T EA AR

17



B 7 B AR R G LA E N BIR AR . (a) SERALERE R (b) R
RAGEE R (b)) ATEIHARSEH;  (b2) A PIWNN LR (b3) AR E 1A
FRBE)H— AR Ze: (o) ITHARER IR AR () ATIHEERER;  (c2)
9 PIWNN EEEEZEAR: (c3) iibras e R A — b o Hh 2k
Fig. 7. Experimental setup and imaging results of the transmission
imaging system. (a) Schematic of the experimental setup. (b) Imaging
results of the resolution target: (bl) wide—field imaging result,
(b2) PIWNN reconstruction result, and (b3) normalized intensity
profile extracted along the indicated direction. (c) Imaging results
of the lung tissue sample: (cl) wide-field imaging result, (c2) PIWNN
reconstruction result, and (c3) normalized intensity profile

extracted along the marked line.
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4.2 J4$aRsn 3 B SR 45 R

e BT H 1 PIWNN o] 28 R FF 35 - 4 g B B 194 SO QO U R B o Pl
HAE R R BAG R G P PERE, ASCHE T it 20 4 4 R B R g 1 &
FEBEAT T RIR CIR/NER GARREIER R AR SESG . LI B K g a5 SR &l 8 Ffior.

K 8 (a) NS A4 M ] RAUSRE R BB B RGURA 532 nm 0
RN BOLSY HAEE R4 (Beam Expander Collimation, BEC) 5K

SIFETHDGTR, BEJE NS S8 s 2544 (DMD, F6500 TYPE A 1060P VIS), DMD F

INER TR 54 2% SCRI SR DA SE DL M AL B B . 28 DMD 18 1 £ e ARl i — i %
(Dichroic Mirror, DM) S, HI#BE MO BEARIRS SAE LRI, WAIILE S,
FEM AR TS MUREE, & s iE d 55 (Tube Lens, TL) KjEN
A 2(Filter 2)J5, HICMOS (DMK 33UX183) MHlids%. K 8(a) £ EAMGEE R
T BfRIRIEN A I RIR A, FE 00 R 90° Wik wdR 7, FH T SuIig
PR S MR o 8 7E DMD _F NS [F) 7 [ R 45 0 S SOt A A A R A T
SRAF PIWNN 4% 3 6 BT i 1 2 i R

NG PTWNN J7VETE SO 3SR R G (15 HE 3038 588 /), ASCEM 1 um
[R5 I /INERVE R AR FEAS . SEB 25 AN EE 8 (b) Bz . B 8(b1) 9 9E 1 G 45
R, AW NER XA TE B SR, AR AR /NI T AIX 43, S Y R G S A )
R R (RGEEIR IR PR 1. 745 um) o P 8(b2) Jy PTWNN H 45
R, WOR/ANEREC R R TEM, AT NERIF LI R RS . B T (b3) i E gt
LRBURIU IH — R R, ARG IS AR, WEE X A ERUR, AR
[543 HERE 1A PR s T PIWNN 2 2 2k UL B0 sl, FAR/INER () J5 3 b 45
AT 2385, WAL X B S0 2% . PTLAASHE PIWNN J VRN AHBUR 46 58 4 AR

RIHL) 1. 745 {5, FE0 R RAE R SURE R g8 rh ] B35 158 0 R IR R
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WUNERIE R . BeAh, X H R IR A N ERIEAT T RGINE, 1523 H AR

N 1.2 um, SHEEER (L um) BOVEGE, il PIWNN fE8 BHEm KR H br R

b, IR R SR R 2 HEEE T .

ONYSAIE PIWNN J5 AL JE A MRE i R B 3E IR, A SO AR AR A BEAT
T AR, R 8 (c) Fin. B 8(cl) NSLM RAEM FMEEIG, HrhIEHErrE
REEX I, SAEARE B AR X SR X T RS I A 25 R IR B 2R 80, TS
BXHRA RS, B 8(c2) NWMELIR, BoRFEARRARRER, EHRAEN
S SACK RN GERER, AE EAE . B 8(c3) 2y PIWNN B4R, WK
AT A AER US5[S -, B R ROET) B RCR -
B 8 (c4) Ry R IBOR B i A B 2R BUR B s L i 2k, XL e iR 5 PTWNN B
AR, SREIR, TR NI RIS A SRR, SR /AT 2% T PIWNN
AR P GIE, SRR, BE DI 7% VR SRR i R AT Rk X

DERESBEEGE, LIV RERCR, RN I HE B WEREN
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Sample pr % CMOS
Filter2

(aﬁ

()

— WF —PIWNN

50 60 70 80 90 100
Position (pixels)

Kl 8 Je it AT e a5 i M BAMSR R s gn g R . (o) SEgn e B Kl (b) BR
LIG/NERSER AR, D) TEmMAER AR, (b2) PINNN HE LR, (b3) Rtk B
SR — R I 2k (o) REAER SR EE R, (e ) SRR RN R LA KK,
(c2) TIHMBREE R, (c3)PIWNN HAELER, (c4) JmHBisOk Bl Mt A g Bz i
98 52 HH 2K o
Fig. 8. Reflective fluorescence structured illumination microscopy
system and experimental results. (a) Schematic of the experimental
setup. (b) Experimental results of polystyrene microspheres: (bl)
wide—field imaging result, (b2) reconstruction result by PIWNN, and
(b3) normalized intensity profile extracted along the green line. (c)
Experimental results of hibiscus pollen: (cl) experimentally acquired

raw image, (c2) wide—field imaging result, (c3) PIWNN reconstruction
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result, and (c4) locally enlarged view together with the intensity

profile extracted along the white line.

54 W

ARSCHRE BRI T —FhoRE Ty B IR A (14 /N e 22 I 4% (PTWNN) 1958 X 4540
FEA R E VR . VR ARG SIM FE 2 WURAE . SR LA KR S s A O
TR, KA ES T A 72 (B A5 (158 XA SR T %, TEAL
7 5 MEJFAG BRI A AF ™ SEI T HEUER 53 % = g 5 15 S R SR . PTWNN
¥ SIM AT B UG A AL 5 N B, 76 T8 F AR I R0 5 0 75 HR A S 400k
B MRTHR T e AE XAk SIM B, IR T X B 4 5 R Gobm s IR I R4
THT E@EEENE, B0, NSRBI SRR, R IREMR T2
REESrffRe)), HRANTT IR RE S, TS T EUGRT FRE IR a5 . 15 58
e RFH, ATTEEEEN RGP LIL 1.6 5 HERiert, fERIAR
G sl 1,75 5 HERIETE, IR B s AR I H AR BRI %
TR REAR R R I SR R L RS e L o A, TER R 4& 1R B 0 R
5 A SR S 1 SE SR R PIWNN S5 230 R AT (40542 T RE 0 15 15 Sl BUR,
BAUE T HAES RGN & v SR e . A S S 2kt e S ALK

GAE &, SCIAR GO i 1 PR, 33— 4 e FLAE AR ) B A P 8

H, ARRTAEHG D S5 & W 42 & B SR A SRR SRR, W R 5 =4E3)
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Physics—Informed Wavelet Neural Network for
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Abstract

Structured Illumination Microscopy (SIM) has been widely used in
super-resolution imaging owing to its low phototoxicity and wide-
field imaging capability. However, traditional SIM requires three
phase-shifted images for each illumination direction and relies on

accurate phase-shift estimation. Meanwhile, for samples with a certain
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thickness, reconstruction artifacts are easily introduced and image
contrast 1s reduced due to out-of-focus effects. To address these issues,
this paper proposes a physics-informed wavelet neural network
(PIWNN) for super-resolution reconstruction based on crossed
structured illumination. Crossed structured illumination enables high-
frequency information from two directions to be simultaneously
encoded into Moir¢ fringes, thereby improving data acquisition speed
while effectively suppressing the influence of the zero-order spectrum
under different illumination conditions on the reconstruction results.
PIWNN combines the SIM physical model with wavelet network. The
physical model is used to constrain reconstruction process and
enhance high-frequency information of sample, while wavelet
transform is employed to replace pooling operation for upsampling
and downsampling, thereby information loss can be reduced and the
receptive field can be enlarged. The proposed method can complete
crossed-illumination SIM reconstruction using only five raw images
with random phase shifts, without prior system parameters and
pretraining datasets, imaging speed and reconstruction robustness can
be improved significantly. Simulation and experimental results
demonstrate that the proposed method effectively improves resolution
and maintains high structural similarity and signal-to-noise ratio under
low-illumination and noisy conditions.

Keywords: Structured illumination, Super-resolution imaging, Deep earning, Wavelet
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