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Abstract

This study proposes a refractive index sensing prediction method integrating micro-nano optical
simulations with deep learning algorithms. For traditional slit-groove interferometric structures,
interference fringe images under varying refractive index environments were generated through
theoretical modeling and numerical simulations. Principal component analysis was employed for
feature extraction and dimensionality reduction of the image data, constructing a low-dimensional
feature space to simplify input complexity. On this basis, a BP neural network model based on
Bayesian regularized backpropagation was designed, where regularization constraints were intro-
duced to optimize network parameters, effectively mitigating overfitting and achieving high-preci-
sion mapping from interference fringes to refractive indices. Simulation results demonstrated that
the model exhibits a prediction error below the order of 10-4, showcasing exceptional stability and
generalization potential. However, limited by the idealized simulation data with finite sample size,
future work should enhance the model’s adaptability to practical complex scenarios through exper-
imental data augmentation and noise embedding. This research provides a novel methodological
reference for intelligent analysis and design of optical sensing systems.
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Figure 1. Schematic diagram of the slit-groove structure
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Figure 2. The 2D model of interferometer structure in COMSOL
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Figure 3. Parameters and their meanings corresponding to the interferometer structure
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Figure 4. Variation of transmitted light intensity with different refractive indices
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Figure 5. Changes in interference fringes with different refractive indices
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Figure 6. Flowchart of refractive index identification method based on BP model
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Figure 7. PCA cumulative explained variance curve
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Figure 8. The impact of hidden layer neuron counts on MSE
8. [ EHE T EE X MSE HISM

PR A A A E UR A 0 B8 E FOBUR e s MG BGRZ e o il 2 Rt & 8l
WA, WRehg e R oKD, AT RE P B R UG, BRI TS 78 70 2 ST Ml B . ARG — B
ERBUZ T h=vVn+m +c,ce[L10], n AN ZHE T, m oA EMZ TS, h
JERJZ A2 TN AP RS 2R B R e e T N RO B 9 (1~12), AT MSE 1R NPt bR, 141 8
NAFANET BRSO, AERCEDN 3 IR b, HBRRZ # e o MGRE Y 3. BP M2 2% (1 45 1)
WEN 2-3-1, HPRANER 2 MMATT, BEA 3 Mg, MthZa 1/ &t. KA DU e )
WS (trainbr) (A M 28 I 2 ek B, 2 50EIE I 5IN IE ML 3 - AR B 20 8 SILAAS I, [ E 2
21305 0.01, LIASYHAFIBCE DA, dEFriIl g R O BUE AR E M. B ISUBIE DY H AR U5 % 22 MSE
<10°, RUPERRRZREEMME, IIZRrdks:, BRNRZE /D TIZB0EERF1E,

M2 L BRI AR ZRER . RIS IR TG, R, KiEEH]

DOI: 10.12677/mo0s.2025.145395 310 e ST TN


https://doi.org/10.12677/mos.2025.145395

MK 55

TN PP, BB, R, BHESE, Bibditla. IHSGEN R s & iR
PERERIEE, BHIRBIRNZALRE ). ASSCRE TO%II Bl S HEAT — MR 22 25 1) 1 41 3(0.7:0.15:0.15), i 4K
P AEH 3006 AT H AR -

3. Rt

B9 NIIZREE . SR UFSE AR AR AE VI ZRid F2 R R 1B L, ISR R, BEBTEIZRd /R, 56
IFEEMERER DL . IIFEEMI R MSE 7E28 18 4> epoch Hik%]9.0464x107°, WK T85E I HARE
10°%, RIFBITEIOUFSE EITRIR Z M, VEREE T . AR, BAMYT 18 4> epoch RIAIE H| f il
B, UANZGRER, SEATFERE HARE . & 52 bae i, BslZ4ESRirE
f) MSE #hZR I RFSL NI E B UG TP A8, IR R BB BT, X 3R B R Bt 4004 21
Fo HMREEMN MSE H I b g, Wt — DUk R RGR Sz AR ). EYIghid fE e e 7 1,
& epoch HUCH 24, BIRITESS 18 4> epoch Ja P REANFE R 92T, 1K e Wt 7 ASE R 7R 5 Jo B 1) P UL SN, 38k T
ASDh BT BRI R o 454 DL IE U4k (trainbr) A 52 27 1 22(0.01), X 64 B A3 R H) 1 B 53R
FE, REE T NZRRaE T .

0 Best Validation Performance is 9.0464e-08 at epoch 18

10 ‘T
g 10—10_
é Train
- Validation
9 Test
uj 50 “ Best
-c 10 ............... Goal
5
=1
o
n
c
3 10%
=
Q™0 [
0 5 10 15 20
24 Epochs

Figure 9. Variation of loss during the training process
E 9. IZLIEMImRAR T

K10 s TRERAE N 25 BRE Bl R B AR R AR IS ROR, s TRRE A R B TR R
FIPERERIL. WZRERIMRX R R=1, RUPGAEIIZEEE FIeIl 78k mitha, BofkzE, ARG
X5 B MM A AR R T bR . BRSO A R R R = 0.99982, AR [MIAH O R KL R = 0.99998,
PR B HIRR AR R AR = 0.99997, WARHHGL T 1, XRWIRAIAE R Wit (8ot bt A s i
WMAERYE, Box MR R Gz ARE . B EdE R SIS BRI RS E A PR TR
DME 5 BB 2 8] B AR 0 — B, JLP o 22 o XM e — S R R R AU AE I SRR BRI R 4F,
T ELAE B S b B R RERS i, X AE SEBRR H] hR AR R B AR BRI . AN, REE RSB L
R RIS MBS A SR G IR, Il H R AR e A I 1 R v 75 SE08E G py i . 341

DOI: 10.12677/mo0s.2025.145395 311 5 1 A


https://doi.org/10.12677/mos.2025.145395

MK 5%

B FEREEI S LRI R, EEREE R, MRIE N ERE R TR 8, Joiddm
PR PR R KRR GEINE, ZBRREIIR. k. W SR g BRI, R A
R ARk, X R AR SERR N B RO AT AT SRR it T IS SE IS . XSRS R, ik A

3 RE 56 HEBA LA N RFAE b B0 H ARAS &, 1 RS AERT St b ORI A T g

AR AL TR ) S5 FH 37 5 0 A 28 SR LA

>

® 09}
o

S 08}
o

+ 0.7}
@06}
9 0.
® 05
8 o.

*

- 04}
1l
1 03}

o=

Q.

o=

301

o

Output ~= 0.99*Target + 0.0022
© © 9o 09 9o 9o 9o o
= N W o 00 O N 0 ©

» XX FAR AR HR T

S 02t

Training: R=1 Validation: R=0.99982
: : o . . : .
O  Data § O  Data
Fit 2 Fit
Y = © 08f |y =
Y=T + Y=T
prar)
(]
Dosl
©
=
*
[}
Q04
o
1]
1
50271
Q.
pr=)
=
L L L L o 0( L L L L
0.2 04 06 0.8 0 02 04 06 08
Target Target
Test: R=0.99998 ’ All: R=0.99997
O  Data § O  Data
Fit - Fit
Y = S 08¢ Y=
Y=T + Y=T
et
Q
So6f
|_
*
[=2)
R 04t
o
n
1
502}
Q.
whd
=
, : . . o 4 : : . .
02 04 06 08 1 0 02 04 06 08 1
Target Target

Figure 10. Correlation during the training process

10. LRI F2RIME XM

11 R IR AR BEAT IIZRI 30% IR EE 73, 2R 1 3T A 45 2R 5 FSE A b . BhRoR

TEEA 2, NZoR AT R E . BP IR ES AR IC R R B, 20 (B B AR ic R S .

PISITE LTS, S BRI TR A ks 5 . 15 11 S R TS SRIN P R 3 R? = 0.99997, X —#A
AEFHIL 1, RYIBIME 5 H A 2 [ BA s ARG, L se il & 7 R sesidle . Xt — ik
e TR ALAE AR B R R I T A e
TSR, SR HR B AR e 2 AL B AN N AE B P o XGRS T S5 B S R i 1

GaRE, IR LR PN R, RENS e

DOI: 10.12677/mos.2025.145395

312 5 1 A


https://doi.org/10.12677/mos.2025.145395

MK 55

RE PP AN DR SR ) 8 B 2R S [ 12 A TIIME S S 2 (M R 22, AR R 7B A R A A
O N RITIRZ A, KR E R PR 0 ME, RUIBR K PN 5 3 S 2 AR 22 5 BN
BATVERER T . RAEFEAR TN 3 M 7 IRENTE, Bt IR SRR T 1 FUIME RS AR F Sk
fi, TUFEARZ Gy 4 A1 8 (R ZE NI HAHXTACR, RUIEIZEEFEAR LA HIE NS & T Hef, (HE
WEERBUN, FTULE BTN AR ZELE 104 B ULN, DRI S IRAIREE .

U 4T 5 (A T 45 R0 L R? = 0.99997

1.36

TR{E
A%l

Prip 2 fE

1.335 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

TR A

Figure 11. Comparison of refractive index prediction results on the test set
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