Modeling and Simulation E 515K, 2024, 13(5), 5226-5237 Hans XM
Published Online September 2024 in Hans. https://www.hanspub.org/journal/mos

https://doi.org/10.12677/mos.2024.135473

ETEHHEMENERENARGE T

TRRK, 22T, #2E
EEER TR BERL S S TR R, b

Weks . 20244F8 HaH; #HHEM: 20244F9H2H; &kAHM: 2024/F9H9H

HE

AT BV G S BRI REZ = MR W T RRER. MU REFER, BUARKERNE, X CETS
EZ BB MEME, BE—FEHTSBERNKMD-netEFHH 2 M R BR, &t TET %S
REBMESBRINERS . ZREH TANUFPGANE D, LU T E&RESHNENTLE. PCEAYAE
WindowsRAFIE T, LI T £BE S HRHMERIERMEME K =015 RIS RERH, B
TERRZ BN T, SHTPERBRL ) B/ MRS ~N1.2 mm, KIAERHEIX98.92%, ZREN &
B R B B MRl R A R AR e

K
SRIW, BHWEMLG, 5N

Design of Metal Detection System Based on
Convolutional Neural Network

Moran Ding, Piding Li, Songlin Xie

School of Health Sciences and Engineering, University of Shanghai for Science and Technology, Shanghai

Received: Aug. 4%, 2024; accepted: Sep. 2", 2024; published: Sep. 9t", 2024

Abstract

In order to solve the problems of traditional metal detection systems such as high false alarm rate,
low detection sensitivity, and detection failure due to product effects, this paper proposes an MD-net
convolutional neural network dedicated to metal detection by referring to the classic convolutional
neural network. Based on the MD-net binary classification model, this paper designs a metal detection
system for detecting metal foreign objects in food. The lower computer of this system uses FPGA as
the core to realize the measurement and preprocessing of metal signals. The PC host computer
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realizes the feature extraction of metal signals and the two-class recognition of convolutional neu-
ral networks in the Windows system environment. The test results show that even under the influ-
ence of strong product effects, the minimum detection accuracy for iron particles is 1.2 mm, and the
detection accuracy can reach 98.92%. The system has high detection sensitivity and good detection
performance for metal foreign matter.
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1. 518

B A AR AR TE R R DL AN K, & BRI BRI 2. Tolkfilig . FEEfR
. RN 2 A SR AU 3 R S R B TR ORI S AT, A 3L i i) 22 A ]
FETARMATERE . &R NEE R IINLIL] [2]. &8 PR 7 3 20 A i A X 5t
LA R3] FEB S A0, AHECT BB, X St & /K & m i fh A e e = oA
GFRIRE I RE (4], RILEAE S, BX ANEAERIGE. Ml ARRA RBUE . TR R
RBRSERR A, T2 B T W & s S A A 5] -

154 8 S RS I 4 R 4538, Ehsan Najafi 25 A$2 H—Fh T 245 Chirp 55 (MLC)¥ 7 AL N F
i R AR ES , $&T 7R FE R [R] BFad mT BAIX 23 463 J&8 250311 [6] . Jakub Svato$ %5 N A F 218 - &tk 5ifE
RS S W, TEAEYERE 50 £ 1000 kHz ZR1GH Z WA 205 B, MM K 7T IR E[7]. Hernan
Haimovich & NAEASFE O BEAF AR OL T, S T —Fh ARSI 25 FRA IS 5 AT AR R4 i 4 Jm Al
REPEREE, A TRIRFE[8]. (E4 R PRl B &A=k, EIMOE RS &B o kt, %
[l Thermo Fisher 24 ] ()B4 SEIL 1 R B SE BT Dh g H A Anritsu 2 =AU A, 425
SRR NAEEE . S5 [E Mettler Toledo 2 R FH Z AR AL RHIHAR, BY5R 7 5& 07 i 5 5 I AE
T 1 P9 ORI B A 22 0 T sl i R, LR AWUMAR B 2, R EDE S IIEE (S SadkT b3,
R fRE 5 B Mg 4 22 BRAR K

P DR 24— 52 N 2K 41 28 T3 AR 1T JE R AT AR 2R 191, 3@ RS i o 428 G P i B N 2 21 T
AT EAR AT A2, TR T EARE S A GRS B SRR [10]. A B AERT T —
P T B A 2 (CNN) & SR AT R 50, J0 I B & ek TR 2 2 S L S I SR A R it
TR 465 e RS 0 2 e R P 2R

2. ERAMRMARZ S HHT R

SREN ARG ST R WE 1 PR, TSR RGNS R m AR R AT IR N, B SRR
P& AT IR 753K, 4% Xilink A ff) K7-UltraScale &1 FPGA fE N RGBS H . ARG L EA,
PR RIS . (5 Sty AT BBy . AID KRB By BUE UK B2y« PC AT
HL5 MD-net 22K SFAL B A . SR Yol SR LS, PEPIRES N 22 18] F R A
5h, I RGN R AR T IR E A ALAE BT T, SR R R IAR I .
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Figure 1. Overall scheme of metal detection system
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Figure 2. Balance coil sensor
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Figure 3. Schematic diagram of conditioning circuit
3. FIEH R R IEE

3.2. BIEMKEE

B TE ORAR )2 N T 5 5 R I [14], 7648 Rl b 32 228 T 4085 6 R A5 5 I B, AR
e kn I R RS SR R . A S BB O SRl i R E I 2B A, FIH— NS EE T S
G, HASR AR R, IS MR E S . (ER BB E UK AR 5 52 IR TR0 o 14 (1
FEIE AR M AR VR S R 2R R, AR AR T R GE A IURG o A ST A F B 80 RO AR [15] %
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Figure 4. Digital lock-in amplifier
4. BFHEMKR

BRI 5 X (1) 5 38 Asin(at+) . sinat A cosat LRI T ERZ%E55, HIAMES5E
SE B A BT BRIt 4 B ¢ (1) A, (1)
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DL R < A U e (ARSI 5 VR A WA S B IR T R, AR S R R AR BN, 1%
THEXHE SR KA B ARG, SEARIARTRE. N 7R IZ — L, AR GUR G A M4 (CNN) 5
SRAAMMEE &, WL REREALSE, ARG SHE, SHMEM. M eRRN[L6].

SEGITEAFRRE, ARGAMUEEGE S EEGER, SR CNN =B HrE 5 R ALEE
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Figure 5. Flow chart of metal detection algorithm
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Figure 6. Fitting chart of Metal free duck paw product data
E 6. TERIMSE~REEUSE

FEAE A bR SR 2 AT, T ZERUEAROL B fi I, I A BEARAIE A IR il AT S8 AR R 8E
Ho W20 o )E s KIS S I EE , A e R A R S d I ARAL, A B 6
PR o

Bel/h IR A B2 ELON:

Yo =aX+b (7)
DU AT AT S RS A S R RFAE AR A2 A -
9, =tan"'(a,) (8)
WRIERAFHVRAEANL @, AU Z(9) FT LR RFAS I AR 7™ i 5 5 HEAT AR AR e, e Je A3 2 Y,
Y, =YT 9)
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Figure 7. Duck paw product (+& = 1.5 Fe) (Before coordinate rotation)
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Figure 8. Duck paw product (+2 = 1.5 Fe) (After coordinate rotation)
8. PBE = RiEA 1.5 mm A Fe BRI (A FRIELE fR)

FPGA X (5 5 M HE Ry 400 Hz, EAF™ i 21 G @ Kl L RS I 1208 1.0's, Jr UK
KR 400 Ml A, Kb S T E S AL EHUE T 158 MEEE S5 300 ASREE A, T 200 M4
P LG SO S S BRFAE, B T RIINE S IR E SRR R, AR AR s AT RS . P
DA I8 K 30 5 ' R T SR BEAT FUN AL, 4B R 200 AN SRAE AT, b AR 0 2T (il 45

4.2. BT EFRMEMEE MD-net 53 345H

ALLNG M BT W18 LeNet-5 [L7T A2, 4GRS S MAHKRE, &t 7T THT
&R YR K Metal Detection-net %% (MD-net), MD-net P28 45K U115 9 Fion. 1% 28 A7 i Y />4
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Figure 9. MD-net structure
B 9. MD-net £5#4
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() BRR: At E MR I T ZERRBHI, BN ERZE BN N B R E 5 i
ITRAESREL, XA By T OR B A DN B0 B35 K7 . MD-net St IUANERUZE, 205000 ¢l 2, ¢2 2. ¢3 2.
c4 7, BEMBBRZANBIKION 16, 32, 32, 64, WUANEIRR G HHME ] 1 30 B Eo0 6 8= 1% gt
ATAREE AR, SESRMI I RIBRE ST 47 ] DERILECE J AR FRFAE L, R

X = f (ZieMj X W +b;‘) (11)

Horp, XS FORE KZ M5 MFIER, W RRBRUZ, M| FoREHER, bl Ak, () RBEEH.

(3) Mk Z: EERE cl IRINERHESS, FIHMACEIAT FREE, (RE TESRHERFER, &5
THEE,

(4) 2 BRI R PR B SR S, AE R — AT s, {6 Sigmoid BRI IS
PR, f e A5 R B 0~1 2 ). SRR T 0.5 B RIS Y “17, HE RN B 4 JE S
AR NTET 05 bridh “07 , HENESEE R .

4.3. MD-net #8534

ASCHTRETT I ME-net [N 28 AH XS 500055 1 o, BB IIZR7E Windows10 Lk #(E &40 bk
17, CPU %454 AMD Ryzen-52600, iz17 47 32GB, GPU A RTX 3060, i#id Python I PyTorch &
S OINESR S o HHE R R T B AL 2 i RS 5, FEASZS E D 3000, H Al ZRE A 1500 (77
i R+ BB 50%), MIHAEAEAEA Y 1500 (AL 7 + &8 &b 50%).

Table 1. MD-net network model parameters

%% 1. MD-net (4ZE RIS

JEHRM A R PN H i H
MAZ — — — — 200 x 2
HRUE 1 16 1x3 1 Same 200 x 2 x 16
ReLU_1 — — — — 200 x 2 x 16
WiZE 1 — 1x2 2 — 100 x 1 x 16
LRE_2 32 1x3 1 Same 100 x 1 x 32
RelLU_2 — — — — 100 x 1 x 32
HBRE_3 32 1x3 1 Same 100 x 1 x 32
ReLU_3 — — — — 100 x 1 x 32
HE_4 64 1x3 1 Same 100 x 1 x 64
ReLU_4 — — — — 100 x 1 x 64
AEE — — — — 1
2 — — — — 1

I AR 2 (Ace) . A FlZE (Recall) . i (Precision) Ml F1 2> $ VUM FR, % MD-net [’ 284570 iy ik
17

REREAT VAL, HAtE AR W .
Acc=— 2 TTn L1000 (12)
To+Fy +F +Ty
Recall = T x100% (13)
pthy
. To
Precision = x100% (14)
To+F
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F1o 2 x Recall x PFE‘-CI-SIOH «100% (15)
Recall + Precision

b, T, RORIEBR TN & B A HIREARL, T R BB &R A MREAL, R, Rz
T e JEw YIRS, Ry Ron R T A 2 s S R AR S

10 AR AR R - SR ESIERRECZ IR K, MK 58 K95, £ MD-net X145
R RE R, BUREZL TR, #ERRELD EIt, EIRUT 45 IRBUE, $URAE LA B R
B 75 50 YA, WSBRAGETIE, HaRMaERE, TSGR HHL.
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Figure 10. Relationship curve of accuracy-loss value-iteration times

B 10. MERE - BRE - XX R

T34k, HeF MD-net BR, FATSCIINGR 1 HAl ™ wh RN B A, 153 1 W3k 2 Frosit) MD-net A5 7
PEREVAL 28 MR R B W AR, ASEIRD SR B Il 25 i MD-net [IZ%, Xt < J@ S ) 70 R34
RAEMMZER. BTMESEEL 3K, LRSS HES, MRANIK, Rk RRCR b 12
B, F1OHOEE] T 95.00%. SRR, iZAAE B A s o 1O AT RE

Table 2. MD-net model performance evaluation parameters
< 2. MD-net B! 4 BEITME S5

PP HERIZ Acc. A % Recall ¥ Precision F1

Ky 92.00% 91.45% 92.38% 91.91%
[indile 93.75% 93.96% 93.50% 93.73%
FHA 95.00% 95.47% 94.52% 95.33%

5. RGOt

R4 L &R A I 2R G0 5 3 SE BRI FEL G, I HLAE PC S EAIHLSEEL & R A il Sk s 28 . &)
R AL 2R 1 RSE D 470 mm x 225 mm (B8 x =), A5 58U Jy 300 kHz; 7= it Bk E T Lifg
SR TR R AR, L1653 )y 22 m/min; PC U c & & e mi sk, B2 4 R 459 Windows 10 64 £z
TR, 5 12 AESE i7 CPU, W17 32GB; WG4 E WA, HEE-RA 8 T H%% 0.8~3.0mm
(R (Fe) kL. 1.2~3.0 mm HIAEEAN(SUS) BRI AT 1.0~3.0 mm (LA 4 (No-Fe), B T &M LR
PR LS8 T 1RGN Z AT, &= ST RIS, YIZFEA RS2 &0 3000, HAilZk
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HiA 1500 (77 dh 77k + SR AL 50%), MKEHEFEAY 1500 (4 L + )RS 50%), Ik
BMBHER L

51. ZTmiRMmEEEA

X I i (R P 28 S AR I R 58 P R B AE PC B HL o W SEEEAT AN I DL R B Al e
77 A RO RE I, T DAL SR T R GRS e o FOAS I R ABRE o AN IR S RO B e AR A% 14T 13
SIERL 100 U0, R AERG AR A0 3 PR .

Table 3. Accuracy of individual metal testing

F 3. B ERNKAERR

PR (mm) 0.8 1.0 1.2 1.5 2 2.5 3.0
T )m 100% 100% 100% 100% 100% 100% 100%
2k (Fe) 97% 99% 100% 100% 100% 100% 100%
AFEN(SUS) — — 96% 98% 100% 100% 100%
T8k 4 (No-Fe) — 96% 99% 100% 100% 100% 100%

MRAEZE 3 BT 7 R Sk <5 Je DM HE R 8 T o, A R G BT S B < JR A I SR BE 75 5 [E AR GB/T25345-
2010 ZR, Rl RBUZ S EAR L& 4 Fros

Table 4. Single metal detection sensitivity

*4 BERENRHYE

AU Bl b B SR AR U R ~F ARG /N RS zEig
Fe 1.2 mm 0.8 mm EH%
SUS 1.5 mm 1.2 mm A
No-Fe 1.5 mm 1.0 mm i

5.2. T mEEREMN

< AL R P SR X T AE SRR BRI R L, R AR TIHEJLEAE K,
Ttk BRIESCE KB, bR WRAMU AR RRUN . R  AL 1 ™ N i s kK gk
W& s R, R R, B, PRI RN i

IATHEA R it B SRV 205 RO ) Sl fEAE PC AL, ARG TF RN ANIR] 7 i 0 <5 Ja A ) SR A
BEREATIN, VAT 4RAS 2R G BEReE AL 21 (10 B/ B JB UL RS o AN i AN R4 (1K O Hc s BR
300 ko AN il 4 s R AL A S R % 5 B

Table 5. Sensitivity of metal detection for different types of products

#* 5. TRIFEHERENRHE

LV AU S Fe Sus No-Fe
Fifa 7=0.8 mm Z=15mm Z=12mm
[indilie Z=12mm 7=2.0mm Z=15mm

ik 7=15mm 7=3.0mm 7=3.0mm
i 7K Y 7=15mm g=25mm 7=25mm

WA 5 ATEUGH DUR S50 T ™ N e, AR B femy s ORI M,
R AR B RN SR R, R R SR 2 BR L R RE, AR R Gont ik (Fe) 7 ke il
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ROt AT AN (SUS) FAEEL 48 (No-Fe) IR M AR AT 22 . [RA Fe UL 33/, ML G E
AN, R B RIBE AR, AR AR R B P NS SRS, BT DA IR ARG R A A . TR
P, No-Fe AN R BUE ZAL T SUS. RIS TE NG, 15 2] MD-net R4S A [F A2 4 & i1 2 1R v Af R
W 6 frm.

Table 6. The average recognition rate of different types of metals in each product

#* 6. FEEmARMEEBHTFIRAE

FEdh/ G R Fe SUS No-Fe
Fifa 99.74% 99.12% 99.45%
TR M=% 98.92% 95.33% 96.71%
B 90.76% 83.45% 89.92%
7K B 92.66% 89.73% 90.84%
6. it

LG IR < JR AGL I 75 3 A2 PUWTAS DN A5 5 (R0 MR P2 B o (L, (E SR T VA RBUZ AR . R R
xR IR ARG, EBL R, ARGERMG RS RAIRE, RERMHEMES e85
RSG5 Bt T MD-net AU G @IS 5 SEBL A B0 02K, SCHLE R 7 VI ks AR I - s
GERRM, T MANEGL T, ARG Fe. SUS. No-Fe BRI /NEA L5518 0.8 mm. 1.5
mm. 1.2 mm; 56 558 G RON A SIS <) R iR MG AR O 1.2 mm, U HERR R ATIA 98.92%,
RILH 7R AT TERE . MD-net AR 22 N 2 AL 5 2 3] e A5 5 IO BB SR SRHFAE, 18
RGN 5 S MERE S HEET T THoh, ARG R0 G859 S0k <6 J e, HL™ il 28OS
SEMAMRIFAR R, 0 TReR ™ b (I & A R IR AR O BOG . & A B SR TS ) P 2 U0 R A s, Il REG0E
i Bt P AR AN e, DU I 2 A i <) S s N

SE MK
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