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Interpolation-Zernike moments collaborative optical slit-pinhole
sub-pixel measurement method

Yi Yong' Wang Daigiang'”®  Yi Zhong'
(1. School of Big Data and Information Engineering,Guizhou University,Guiyang 550025, China;
2. School of Physics and Mechatronic Engineering, Guizhou Minzu University, Guiyang 550025, China)

Abstract: To address the challenges of low manual efficiency and surface damage risks in contact-based measurement
for precision optical slits and pinhole lenses, this paper proposes an interpolation-Zernike collaborative subpixel
detection method. By enhancing edge resolution through bicubic interpolation, reducing discrete sampling errors via
reconstructed orthogonal basis templates, and correcting subpixel offsets with an asymmetric Gaussian model, the
method improves anti-interference capabilities through dynamic thresholding and small connected-domain denoising.
Simulation and experimental results demonstrate that the improved algorithm achieves a maximum detection error of
0.098 7 pixel (1.401 5 pm) for slit width and stabilizes pinhole diameter errors within 0. 12 pixel (1.704 pm),
representing a 62.3% accuracy improvement over traditional Zernike moment methods. Under pixel-aligned
conditions, the method achieves nanoscale resolution of 0. 000 2 pixel (2. 84 nm), surpassing conventional micron-level
limitations. The algorithm exhibits a linear positive correlation between accuracy and camera resolution, meets
industrial detection standards within 3 pm under the experimental conditions, and demonstrates potential for
nanometer-scale applications. This work provides an innovative solution for high-efficiency, non-destructive inspection
of optical components.
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Fig. 4 Flow chart of the detection algorithm
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TR K TR,

H T VAR SR AR T — R T
G AW ER LA ik SRk O -4 (R B a2
BL L i 3 BT 22 A I S T A S I I 2k R
YA L AT B LG 45 B 25 0 2 09 4 3 0 58 2, b T
FETE B LN 4 TR A 1) AR 3R 05 1T 58 19 5 i), 7E DRIE
R BE B[R] B S A BT TS AR

LG 6T 3046 7 1 (A Hough 75 3 5% 42 )5 e /N — 9k
B w3 I A NG s TR E R ON) , X T % %
AR s WA B RCRIAG S e Ah e 2 TS AL WAR R A1
YA Gy S T, SR A S R A R . A i
LT 1) H 36 N 01 5% 45 25 38 5 Ak AR B 28 14T 23 1) 43 AR
2 FR T A A0 3 B L T TS T 2 J R 30 2 5 Sk A2
fLUF 42 DI HEBR T A5 F 3 .

e 8 From , A B I 25 B o v] DL Y, 3 4 O -
25 A1 Bk A 29 AR AR 02 05 06 B0 25 R 3 A 301X 38 AR 1 b 31 ok
TN T4 B T 4258 Hough 72846 75 %5 4 30 2 rh (%
VE T (7] 3, 43 2 6 223K 99. 5% .

Sy ZAF R WAR B 2k s R BT R K E L
B W,

K J# . L = mean(right) — mean(left) (26)
96 & ;W = mean(top) — mean( bottom) 27)

6 LWHERKDH

6.1 fAEMR
AHFFE I F A : Windows10, MATLAB 2023b . 4b 3
%4 13th Gen Intel(R) Core(TM) i7-13620H.16 G NFE.
i R SR AR PR R DN R ORI I A A A
TF 5% XoF A %5 Bk &% 9 15 AN 4 FL B AR K JE S (30.40.50., 70,
100,200.,350.550.800 1 1 000 pm) A 4% H £ 47 07 B I3t
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(a) Edge classification points are displayed separately

(b) BLIHAH)E K WA A

(b) Subpixels after constrained classification

(c) L3R5 2K G LR R K407 Bom

(c) Constrained sub-pixel detail display after classification

8 Wik i AR R 2 IT Ik

Improved subpixel classification method

Fig. 8

HRYFAS SCTL I S5 TR R M 2N 14. 2 pm/pixel (K iR
i 2.11.2.82.3.52.4.93.,7. 04,14. 08,24. 65,38. 73,56. 34
N 70. 42 pixeD) . 32K E N 9 mm (633. 80 pixeD) .5 H H
%18 mmUEEH 1 270 pixeD) , B R 2 000 pixel %,
#4305 I E N & 9 BTR
6.2 HWNEESH

B ET Tl i 38 o A O S bk e 5 A LB (k4
i d FMEFLER w) FIRZEEFE K30 pm<d . w<
50 pm B, e =+ 3 um; 50 pm<d.w =<1 000 pm A},
e==+5 pum,

FRYGAS SCI 0 5 AR R &0 14. 2 pm/pixel , K il
RE KT 0. 21 pixel Bl ARG,

1)K 2 B FLAG I 1 58 23

HE % BT LR L B TR R AIE S0 K B2 Ar A RS AR . 5
B BTN AR EAN R, LR AL ER RS A
B ZE X A INRS B2 B2 i 448 /1N (IR 22 9 8 <C0. 02 pixeD) . HiR
26 F BRI T HE XS FRAEM 2 BAli T (R 2) KW A T4k
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(a) BREEFEFE=50 nn PR
(a) Slit width = 50 pm test diagram

(b) $FLERZ=50 pm A
(b) Pinhole diameter = 50 um
test chart

Ko &R B &l

Fig. 9 Part of the simulation test chart

M 3 PR A5 Zernike SEH B XN HEFFL (AR
2.11 ~ 3.52 pixel) B & W = 22 38 B £ 0.552 ~
0. 6725 pixel, B 3 #8 H Tl A5 i (<20. 21 pixe), M2
T AR SO B PR R 25 R R E 0. 113 6 pixel LAY (AN
3.52 pixel £ fLIRZEAL 0. 113 6 pixel) , FEHRIA 79. 4% . ELIF
A M R SF (2. 11~ 70. 42 pixel) (15 22 Y936 2 Tolb B 1 .
SEUR R A FR i WA A IE A S TG S
A LA N R RS 5 A AL (B AR <7 04 pixeD) K H
K B T i 2 (R 22<C0. 05 pixel).

R3 RBEHIANELER

Table 3 Precision pinhole measurement results

KEEEFLR ST 58 Zernike JE G I AR ST A
HAR/pixel | BpiRZE | /pixel | BINBR2E | /pixel
2.11 0.672 5 0.0119
2.82 0.663 1 0.098 4
3.52 0.552 0 0.113 6
4.93 0.473 6 0.087 3
7.04 0.425 3 0.002 0
14. 08 0.395 3 0.050 1
24. 65 0. 386 6 0.061 8
38.73 0.379 2 0.066 0
56. 34 0.3250 0.017 9
70.42 0.322 1 0.023 1

2 5 B B G I 1 RE 43T

W 4.5 PR, 76 2 24 BR (5 s AEST AR 5 B
FOBEH MRS KR 2O T, 5 48 Zernike 55 X B 4% 52
BE(2.11 ~ 70. 42 pixel) F 46 I 5% 22 ¥ 88 8 bx i BR 4
(0. 21 pixeD) , fx KR 223K 0. 862 2 pixel, 7 3CH 23 i3 i
{li-Zernike W [F]Z8H9 K iR 22 FEARE 0. 098 7 pixel AT, &
At 88.6%, HAEW B PRI E, IR E W h <
0. 02 pixel,

T4 BEREVNEER

Table 4 Precision pinhole measurement result

2 e 2 R f& 455 Zernike JH 5 $ (- Zernike P [5) 383 4
KB /pixel  FESE /pixel | KPEEIRZE | /pixel | FEEEIRZE | /pixel | KEIRZE | /pixel | WERZE | /pixel
633. 8 2.11 0.623 5 0.862 2 0.062 4 0.006 8
633.8 2.82 0.610 2 0.812 1 0.037 0 0.008 7
633.8 3.52 0.556 1 0.762 0 0.005 5 0.018 1
633. 8 4.93 0.458 1 0.742 5 0.036 5 0.004 0
633.8 7.04 0.425 3 0.539 0 0.013 0 0.027 1
633.8 14.08 0.427 3 0. 368 2 0.0819 0.011 6
633.8 24. 65 0.402 5 0.331 8 0.076 5 0.097 6
633.8 38.73 0.388 0 0.3350 0.076 0 0.096 7
633.8 56. 34 0.394 6 0.332 1 0.094 3 0.098 1
633. 8 70. 42 0.356 5 0.312 0 0.098 4 0.098 7

YK G BE R AIE - Mo bk FE B =>4 pixel HMM RN % 5
G 55 I (R ARUASE Y, OBk &% i B R 4 B0 B VA A iR 2
BT F R G AR R (14. 2 pm/pixeD) , 4 4 pixel T¢ 1R 22
{2 0.000 2 pixel (X} [ 2.84 nm). 5% B 44 oK 4% 4% ¥ %
(3% 5) . 580k 1A% 58 RMG AL B 7 15 I ROK O 33
6.3 SEIE LK

R T AT P A AR 3OS vk AR R TR R SE L PSR 1

B, B AR B AR S B N v RE T I 45l R H R 2 2
JCAE RN T 5K L AHI I 40 2k 1 T B 4 TR FE AT FLELAR R
40,100 1 550 pm FORG 2 P i 5 6 FLAR BT A B4 SE bRl
i, R S T /N 30 o A 3] A RS % S on R
)N e N 51 7 e e Ml S I o

N 6 Pz A48 Zernike S0 55 ¥k 78 52 Bl 4 A Y %
W T ELGE S (AN, 550 pm &F LAY 1R 22 MK 2L
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Table 5 Detection results under the ideal slit model
W 2 B g R %5 Zernike J £l 17 (- Zernike P[] 28 44 5535 46
K /pixel  FifE/pixel | KEEERE | /pixel | FEREERZE | /pixel | KPR | /pixel | FEEEER2E | /pixel
633 2 0.457 3 0.551 8 0.074 1 0.007 5
633 3 0.442 9 0.536 0 0.026 7 0.001 3
633 4 0.445 2 0.491 7 0.004 9 0.001 7
633 5 0.421 1 0.469 3 0.002 3 0. 000 2
633 7 0.410 2 0.451 0 0.003 5 0. 000 2
633 14 0.365 5 0.3817 0.004 3 0.002 5
633 25 0.356 1 0.3219 0.002 9 0. 000 2
633 39 0.349 4 0.317 3 0.001 8 0. 000 2
633 56 0.321 5 0.310 7 0. 000 9 0.002 5
633 70 0.307 4 0.299 4 0. 000 7 0.002 5
F6 THWHMER
Table 6 Experimental test results
G % e 4k VEHFL R 1% 48 Zernike J Kl - Zernike B3 [7) 4214 53 5 K )
BesEC R/ pesEvEEE/ FHILEAR/ TRERE|/ [SEEERE]/ T HBRRE] [KERE]/ [THERE|/ [HRRE|/
pixel pixel pixel pixel pixel pixel pixel pixel pixel
9 000 40 40 9.332 6 12.571 2 9.700 2 0.639 0 0. 006 8 1.295 4
9 000 100 100 6.455 2 8.858 4 6.323 2 0.268 3 0.008 7 0.505 8
9 000 550 550 5.665 8 5. 045 2 5.469 8 1.168 6 0.018 1 1.641 5

[ 3. 72 pm BN SEFRAY 5. 47 pm) X FE R T 525G
WIS DL Je B8 R D RR A5 09 T3 r 3, A8 HaR 22 b6
RS I B8 R T 5T # (40,100 F1 550 pm £ FL AR
2Z43 5120 12.57.8. 86 Al 5. 47 pm) ARAT R KB Tl & 4
FRUE (<3 pm) .

AR Z T A B 5 2 Hh A Btk 5 3k 5 0ot 30 25 5948 R/
T 2 M N ST N B KR VA B E 164 pm
(550 pm £HFL) A0 ARG 7 L BEAR T 83. 194, I H B A I
KRR 20 R Tk 2k, Ho .4 pm AMRSHHAR
WERTI R B FEGRER 0. 71 pm, FEIEX 94.4%) .

HE—25 A W 2 B, S5 22 A9 A Ak (B AN, 550 pm AL
A% 22 )N 0. 12 pixel #EM1F] 0. 23 pixeD) FEIF F LI AL
SIS EUH ROT 48 B 22 L R 0BG B T3, £ok%
JEIE AT B A F B R 6 IR RN 2 B I Ak ok i — A IR
k. SLGFEA AR ST 4R 0 S VR AR B A IR B R AT RE AR
AR GRS BE , R Tl AG I R L 7 ] S A i e T 2

7 4 it

e

il R O PR AE 5 B LT R Y RS R AG T oK
RWFFEIF K T —Fp 3 THH (H-Zernike P [F) 4246 9 W0 4% 25 00
BT T FM = YR R T 2o B Ol S
O Zernike FEE 5 KA X B i 3 0 R AL A B e IR
T GETTIEAE B R TR 22 L AR X B AR el A 1 I A 4L
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JrT PR . SEER S5 WR % 5 S AE 5 ELORN S B A )
YR BLm @ O B b Bk 8% T8 BE AR I B AR KR 22X N
0. 098 7 pixel, £ fL E & B K R 224K T 0. 113 6 pixel, Xf
N A SCOSE IR AR B R R 2 40 i A 1,401 5 AN
1. 613 1 pm A8 TS Zernike JHSA B K E T T 60%
VL I HLAE AR SR BG4 52 J 45 44 B 75 Al fR R AR A
P, EHA RS, SRS 548 E X5, 2R %R
% 52 IR K R B e UOKG 32 (A1 n 5 4 pixel 5 B B 1R 25 (0K
0. 000 2 pixel, #124 T 2. 84 nm) , I M T 1 55 E 45 4b 58
HOAR B BORG BRI

ATFGE A 2 0 A 0 A 2 ik 2O 25 A U R A T — b
TR B i e T 28 LI FROK GR  Ae RS B (B R IR 22
1.61 pm) SERRRAE T 2 Tk & I 1 3 pm LA P Y ™ A% B2
K I HHORS FE 3R [ 23 Bl 35 AR AL 20 9 e 100 18 v T 4 M 4
Fho RFOTFTTH E E TG A IS DG I R 2 A Bl B A
B AR SR kb, ik — B R AE S 22 TR IR T
PP T HERE 1 - IR 7 T 78 3 2 8 4 24 sT A i
Wz N .
S % 3k
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