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Abstract

To address the challenge of accurately identifying well contours in Enzyme-Linked Immunospot
(ELISPOT) images under various interfering factors, a well detection method is proposed by inte-
grating an improved Canny edge detection algorithm, arc segment screening, and RANSAC-based
circle fitting. In the edge detection stage, a structure-aware adaptive Gaussian filtering strategy is
introduced, together with a gradient magnitude-based dynamic double-threshold scheme, which
enables the method to adapt to complex imaging conditions while preventing true edges from being
suppressed; Subsequently, candidate arc segments are filtered by imposing constraints on arc
length and directional consistency. This step effectively suppresses interference caused by spots
and noise, thereby improving the reliability of contour extraction. In the circle fitting stage, a RAN-
SAC model with radius clustering constraints is established. By integrating radius consistency fil-
tering and an inner-circle priority selection strategy, the method achieves robust fitting under con-
centric circle conditions. Using 524 images of ELISPOT well positions from various scenarios as test
data, and set the center and radius error thresholds to 5px and 10px, respectively. Experimental
results show that the proposed method achieves a detection accuracy of 95.42% for well center de-
tection and 88.93% for radius detection, maintaining stable detection performance under complex
imaging conditions.
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Figure 1. Schematic illustration of the structural tensor response

for different local structures
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Figure 2. ELISpot well image
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Figure 3. Comparison of grayscale values after traditional gaussian filtering and im-
proved Gaussian filtering
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Figure 4. Curve showing the variation of the amplitude of the hole
profile gradient with pixel position
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SO SAE A LB PSR AR BE AT S5

N TR YOLOVIT BRI ZRTR S ASCEIR I ERE 4T, Rk B AEA] Labelme T HBEATF T
PRE, CRALHIBL . FIRESEL

(a) BT M (b) BLAZLE (c) ERNEES

@) ALY (e) FLEERRY (f) FLAr AR

Figure 6. Representative images of different scenarios in the dataset

6. HBEPARIAR THIRKRE R

Table 1. Dataset division situation

F 1. BEENSHER

Yt RS 5 UATIEE (6 MR 1 MR 2
BE MR B 477 94 94 —
B 213 43 40 —

[ [ 225 4 268 58 56 —
SRR — — — 190
FLEERIRE — — — 96
FLA B — — — 48

it 958 195 190 334

KYGIZAT T Windows 11 64 i #IER S, THRIERN Qt6, HFEiH /& CHHil s, JFAMELR Visual
Studio 2022, [AH {5 OpenCV 4.9.0 4T EG b . AEFFELE A Intel Core i5-1135G7 k¥4 8GB 1
.

4.2. it Canny DS MIBIR 53 4

VPR Canny SUIETEFLALIAGA I T HEHYE, XS SR 5164 Canny LSRN HIERISL

BR[12] P A A BB L o SRBRAE R G ik B 3 Sk R MM ALAL I AT IR, B & AR AT

Pov AFRICIEEAF LA R R . 45800 sl 7 Bros .
HRIERT LT R I, AR5t Canny ISR SE L ERMER MR P IORE 0 22, LG Rl 8 57 T30
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3k

i

%

SCHR[ 125 FH A SRR 06T T ER R 75 1) K B R, (BN SR 2% T S5t v (AR 75 i ) 2 R A AR LR i fR
FLALIAGARHN G W0 ASTAE R 532 LT A SEAER MR 75 AR, A AR AL A R B i R AL AR O TR 5
LG T, FUALHE B N TE st .

(a) R E (b) f£4iCanny (c) SCHR[12] (d) &LHE
Figure 7. Comparison chart of results from different Canny edge detection methods

B 7. F[E Canny A% 5 AL R L E

N T EEMGRER AR A R, ASCRAAZIESNE BCLL 1Z05E M RE PE ELS AE AT I 18] 1
NVEHRFR . Hrhi G S, ECT Fon il g5 R rpiEs:. e BMAL A% S A ia gty A

I
N
L=31L (23)
i=1
N
L=>L-1(L=>L,,) (24)
i=1
Eci=2o (25)

t

Aef, L FRITLGN KR LS i RUGOENRESY: L NERLGKE; L, FR0E
SRR NAGAKTE s 1R R R FRIOIUE TG E A0, 17, (A, Forhaill s Rk se i
ORI o UK, 0T LR 0 M A D B R

e KR s e BLS Foril e i BEd 7 1 s (R R . SBIE_EAE £ AN ATy T i
WRAT)R, AR g, = (—sin6,cos ), IR FIRH R D L4AE T EL T4 B 1 L 1R 9
fho FEVELTTIL L, DA% (x.p,) AR, ABIEETE. SUSMIr & R —MRE S, BEI R E
BB B (L S P O RS i, A S R
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g, =G(x+n) (26)
8- :G(xi_ni) (27)
5=—0t"8 (28)

"og g g te

X, G() FoarkhEEIRE IR g, MIEVEZTT MR EIRE: g ATGERETT MR EEIRIE; g, MO S b iR
H; o RoBEPLMBEE; ¢ MPTIED BT RMR/NE S B GAGER, BRI Z MM
AEBXFR, |6, (BIETE: RZ, |5 WEMK. Iaihsebifae it 5o Fis.

1 ¥ —\2
ELS = /ﬁg(ﬁi—(s) (29)

1 M
M5

X, M ARG RAS RS % ELS /N, SRR i e 1L 2 07 ) B RRIBR FE AR A0 FR, - kil 45
PN S AHE

A8 BB PO 8 A3 o0 P AN ISR [R] I EAT VP AL, I DA B VRAN &5 BRI BB AR e 4 45 AT
XPEE, e 2 fow.

5 (30)

Table 2. Algorithm performance comparison

2. ERMEREXTEE

Hik ECI ELS BAT (A
145 Canny 5715 0.52 0.13 0.11s
SCHR[12]509% 0.69 0.17 0.16s

NSRS 0.90 0.09 0.69s

PR Xof bl 5 SR ] %, A SCEVE ) ECT B A 55 i3y T4% 88 Canny SV F0SCHR[ 1217 5%, 20 il 73.08%
F1130.43%; ELS FMESB/NTFHRFAGE L, BT ER ST HRPMEL, EEEEZEHEAN, &
SO SEIS MR . 45 b, ARG 1) Canny B0 BEEXHE s FL AT 50 BE AT ROR BEAR, Aefp S BT
S OBRUMIAL, R RT AR S A T

4.3. B SEERR S

ARSI B AL ISR R & REAE RO e AR B 58 AT RCR DT T BOTERE, Dy Ja SRR AT w1 B 37
TG HTIER DR LT Ao 5E (K FE 5 A AT I TR P AN FZ BT S B. KE2E T YOLOvIL fRfRL
SENLTT I A48 RANSAC [ & 7775 SCHR[151771% FTH6EEI Hough A8 4 5 A ST th i i85 2R
BEATRIEL, SERWE 8 Fraw. AIPISKOMIAER 1 iy Fr, JEPISKOSIAER 2 g T

AR LA XS B AT PLE AR I, YOLOvIT BERUZ ALRE 172, SO IIZRL i3 s A I BOR G 0 TR
IR SRR Z 5K . ARS8 RANSAC 71k 5 3 P s 5 S BUR Z 1K, JF B TS 0™ £ H
RS EALA K, EREPURFEE R R 5 MU IE = S AR B A — B A 50, A0S B B
o %S T BN Hough AR HAESU & I 72 38 TR B 3G FRERFLAL . SCHR[ LS THTHE H (1 SRt
TR TR AT IR FLAL A I RCR LY, (EAE R AR T BTN S MA R BB . mA
SCERAE VLB DU N BRI O i i AR RO R4S 2R L, BB A TR =005k
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(b) YOLOvVI1  (c) 44t RANSAC  (d) Hough &t (e) SCHR[151H4E (D AXEE

Figure 8. Comparison of different methods for detection

El 8. RRF ARSI L E

S8 H Labelme ARy 45 21 json Hai /E Ay B SAA S A0 00 H R (5O AR FR HEAT X EE o Sl 5] 0 5 5
SEIR 2 (A BR BQBR 25/ T Spx BFUCR RSN IERf s R85 B S 2 i a0 iR 2/ T 10px
B AR IE R . 35 3 ZEP NI (Testl A1 Test2) bl id i Ih 46 M £ (Successful Detections, SD).
445 00 1% % (Center Error, CE). “F33J}:121% Z(Radius Error, RE). [F/0#EHf % (Center Accuracy, CA). ¥
A YER % (Radius Accuracy, RA) 5 FIJFERT (Average Time, AT)/N ANV FaAR, BT LE T o R 875 114
fEo

Table 3. Comparison of effects of different algorithms

3. TEIEEMRILE

Hik Datast SD CE RE CA RA AT
YOLOvI1 Testl 190 1.66px 1.14px 100% 100% 0.63s
45 RANSAC Testl 190 110.05px 70.55px 21.58% 4.05% 0.93s
SCRR[ 1515 Test1 146 2.70px 4.52px 67.89% 66.31% 1.69s
Hough ZZF# Test1 190 2.60px 4.67px 96.13% 88.21% 8.51s
AL Test1 190 1.80px 4.52px 96.31% 88.42% 1.45s
YOLOvV11 Test2 334 17.05px 13.40px 67.06% 81.44% 0.62s
145 RANSAC Test2 334 165.16px 111.34px 10.78% 29.04% 0.89s
SCHR[ 15759 Test2 228 11.30px 13.62px 51.80% 55.69% 1.58s
Hough A&t Test2 334 17.92px 19.45px 78.44% 78.74% 7.79s
AL Test2 334 2.35px 3.88px 94.31% 89.22% 1.53s
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SKIREE AR, IREEE I FRAE N R I 5 TR IR ZE, RO R 5 AR R R Y RE ik 3
100%, (EAEARUIZRIL K137 5P fEmh 3 KRR TR L5 RANSAC Sk BAR X FLAL BB UL & (0T 4
I8, (HAER AR, Joidi R FLALIE IR TR 1S SR HER RN iR Z A P I, (HiZ5E
ZRATYHR, XT8R2 MGG RIS BUR IS R/ 2T A Hough 285 %5
ERTFEMLLEAER A T, B TR B B R AE BE I (ARG, ANIE T SE PR R 0 T AR
ARG T X RANSAC HEREAT ot M ZHRAE RO A ERILR G, PNl AR A e S 1 7
95%7e A7, I HLRg LA HH AR R B AT BB . PSRRI 290 1.5, 8 BRI 6 A2 B IR AT s 0 $5E
FERI PR R

4.4. SYHRME S

N ZR G VPG G5 AL IR B 3 L et i 8 45 5 T i RO P ML 1 3 I O R A S 42 i 2 0T Bl A
KL 510G GRS REIIIREM, A SCE XTI BOL A E BE R WS EFEERIE 7. WS HERESH
o, ~ WERIRESH o, UL KRR EHoEHT T RGERBUBED T, HBUEEIRM RIS R RE ) 5%
A AL

SRR Az AR R TT i, fERE ERSHIRE LT SR RS A TRES O R E
P, IR 1 5RE 2 SRR G — R BT A, JFAE 4 E4Eit CE. RE. CA 5 RA
VTR bR AT 25 R . & S HOPUE R 85 R A 4 Fos

Table 4. Experimental results of each parameter with different values

4. BV SRETRRERLTHSKIELER

Il 2 24 R CE (px) RE (px) CA (%) RA (%)
0.10 2.28 432 94.47 88.17
T'=045 0.15 2.12 4.17 95.42 88.74
0, =20
0.20 2.08 4.06 95.42 88.93
o,=0.15
2=022 0.25 2.08 4.07 94.85 88.74
0.30 2.20 4.24 95.04 87.98
T
0.30 2.24 4.25 94.27 87.40
R=020 0.35 2.28 4.20 94.46 88.17
0,=20
0.40 2.30 4.33 94.66 87.79
o, =0.15
0=022 0.45 2.08 4.06 95.42 88.93
0.50 2.30 4.20 94.85 87.59
0.55 2.20 423 94.08 88.36
0,
1.0 2.48 4.61 92.75 86.45
R=0.20
T =0.45 1.5 2.25 4.16 93.89 87.78
o, =0.15 2.0 2.08 4.06 95.42 88.93
=022
2.5 221 4.26 94.85 88.17
3.0 227 4.45 95.04 87.98

DOI: 10.12677/csa.2026.166207 47 HEHUR 5 R


https://doi.org/10.12677/csa.2026.166207

a3k
Ue
0.05 2.26 421 94.46 88.74
R=0.20 0.10 2.15 4.15 94.66 88.55
T=045
B 0.15 2.08 4.06 95.42 88.93
0, =20
=022 0.20 2.11 4.14 95.22 88.93
0.25 2.14 4.14 95.42 88.74
0.30 2.4 4.07 95.22 88.36
a
0.20 2.8 439 94.08 87.59
k=020 0.22 2.08 4.06 95.42 88.93
T =045
5. =0.15 0.24 2.14 4.18 94.84 88.16
o, =2.0 0.26 221 4.19 94.46 88.74
0.28 2.88 4.82 92.93 87.78
0.30 2.93 4.83 93.51 87.59

AT, TEAELX L A S B BUE N AT R R s N, R R S E A — R
B, AR TRMRS . R E L, YSHAENIR, T, o,, o,, a)=(0.20, 0.45, 2.0,
0.15, 0.22)Bf, [FLiRZESHER IR R, Ui SRR 5P 5L &R 2 RS T B
fiir, BEREWE A BOMEI S A0 5t s, R R R B ALA AR B 45 MM 2, 37 B0 e ARG FE

TESEIG I FE A, BRI AUALAL Z5 46 E T FLEBE K R B 52 T &= 2R A O B 454, 006 B i 9 P 5 51
HMBIFEAT LG BT DU E A AR I, DRIPE 3B 46 S b [0 R 72 5 E 1 26 B R RS 1 S S A LA S O, 1T
AR 72 1 BB VP S FLAL R BRI A& 2R . Rk, Bk E S BAAR, T, o,, o,, a)=(0.20,
0.45, 2.0, 0.15, 0.2 NHLEM RS HALE .

4.5. JHRASCIE

RVEAS S BRI A R, SEE6 DA S Canny 44 5 242 it RANSAC [BEFLA1E N R UGS 7%,
Kot 433k Canny 577 BINER G %8 S M DL K BeidE RANSAC 503 =N EB40 20 BT R T B sE a6, 8058 i X IR 2 4
5 B e DARE AR B B S5 R AN AE o DA ORUEVH RS I6 AP, R G HR AN o A8 B — A
&, HRSHCHRFAE. RLO5PRIRZETER D 5 E N Spx 10px, SLEGEE R W 6 iR,

Table 5. Ablation experimental control group
5. IHRASCIE YT ERLE

RS Canny A4l i 106 MEF%
1 et + €A - 48 RANSAC + I/ 3
2 et + HdM e — %45 RANSAC + fe/h 3¢
3 SERRREN FER R + ARGt + FE N BRE - %45 RANSAC + fie/h 3¢
4 SRBRBEN S + A%al + BENRE BRI 4 RANSAC + fie/h 3¢

A3 SHEEEEN S + g + BENEE B PARH RANSAC + e/ 3
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Table 6. Experimental results
6. LWLHER

H5 Az Rl CE (px) RE (px) CA (%) RA (%) AT (s)
1 480 28.14 23.96 72.33 69.27 0.22
2 524 94.43 94.68 86.64 82.82 1.03
3 524 3.78 5.74 89.12 84.73 1.24
4 524 2.15 4.15 94.46 88.31 1.32

AL 524 2.08 4.06 95.42 88.93 1.45

Canny AZRMARAL : 558 8 BE 7 Z (20 DAL, 6 B &R SURME (A 2) 5 BARFRG iR 2 S
FARZEAH FTHER, (HEME IR R 28 524 5K, REATIN 2R e R . 5I AN WES BE
M 3)E, RS R MR 22 B R 2 3.78px 5.74px, M HIIEF] 89.12%. 84.73%,
TIE W i 5 10 592 R O BR LA AR BR (0 59 I AT, $ A DR 2 o

IRB e : 5 3)MIEL, ARIH(AL 4)5 05 2 UHERR R 2 IR TE T 5.34% (89.12% VS 94.46%) 5
3.58% (84.73% V'S 88.31%), “F-HJiR 437 T % 1.63px (3.78px VS 2.15px) 5 1.59px (5.74px VS 4.15px),
AR AT LY AN BT B X £ B A 4

AR RANSAC tAb: SINERRREINECKR ) G Reig A AR m O B S G Rz, Bos
AR HIUER 2 BB T 22 95.42% K1 88.93% . ELARF-IIFERT AT G 0, (HATY I /2 1 B HA 0 A2 (1 S 14

5. &t

AR T AT G Canny UGG IUBLRIL S 0 RANSAC [ & AH 45 & i FLAL R 77
%o WIEAETDGAT I B TINS5 K BRI [ T S R ST R, T DA T W A ) [ I O B B 2 G0 4045 3
Bk BEAT B BR-FARATT . AT I RARRINE, NJa s BEEER T 0. Hoa MR R A R
RANSAC & 5/ 345 & fT7EN W R R IL A, BERSRE R RLO RS TH0, 753 ER 9L
frl G5, IR SEIHAE A I g . SCIAIER], ACSOITR DT AR ALBE B EBOR . JEIRA T &
PR FIEREIRFMT, e siiifese . #EmRIfLAL RO SRR EA, SEGUEG DR G S
ERRMET R SE S T 23.09%F1 19.66%, FERIIIERE . A2 € 14577 1 4] i /2 S B v 75 5K

BT R LA BRI 2 AR 5 M, ZENEUE P O A 2 T R R AR AR AR T
HA SR, TR RTHE 71 AERBE SRR T, BARBENS AT R M 7 o [5 Z5 K X (5 0
SERLHI T, (PR AAEAIE N, SRR RA — RN, kg —HE Nik#
W BAME, BETT R AR R BRI 2 . AR B R SRR DL AR (BT 4, IR A B4
AR B 2 T IR RS AR Al T SR, b PR T SRR B R B R SR
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