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Abstract: Pellet ore is a crucial raw material for modern blast furnace ironmaking, and an appropriate particle size
distribution (PSD) is one of the key factors affecting its quality. Currently, the detection of the PSD in pellet ore
production mainly relies on offline manual sieving, which is inefficient, provides delayed results, and cannot meet the
real-time requirements of industrial production sites. Existing image processing-based particle size detection methods
have limitations in accurately detecting the edges and contours of densely packed pellets, often leading to missed
detections or over-segmentation. In light of this, a dense pellet size measurement model integrating dual attention
mechanisms and multi-scale cascaded networks, termed light multi-residual attention dual-UNet (LMAD-UNet), is
proposed. The proposed method concatenates two UNet architectures in a parallel cascading manner to form the
backbone network, thereby increasing network width and reducing feature loss during downsampling. Subsequently, a
lightweight multi-scale fusion module, referred to as the lightweight multi-residual block (LMuti-Res Block), is
designed to facilitate multi-scale feature extraction, minimize model parameters, and consequently enhance inference
speed, while a dual attention mechanism is introduced to enhance contour feature extraction. The loss function is also
improved to strengthen the learning of imbalanced contour point data. Experimental results show that the proposed
method can accurately segment densely packed pellets, achieving an Fj-score of 96.85%, outperforming other
comparison methods, and meeting the real-time requirements of the production process.
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B2y, 75 2R F - Bos P AT 455, W
7, By or BBk S, AR S P R

Precision x Recall

F,=2x — . (12)
Precision + Recall

P-R i £ BE % T 00 3t A DA A (1) Bp IR AR 2, -
R T ABOR, A DR 22 8 e, PR R AT

............................................................................

(a) JFEHEIE (b) PR&& (¢) U-Net

(d) U-Net++

32 DHISEREXTH

MY M LMAD-UNet #5551 43 #1 Bk [ 8 71 1) =
B, AR SR 5 B H 020 B SRR AE AR [R] SR %
PERNIIN 255008 T HEAT 6 LS 56.  7 AN [R) SRR A
BAEICRE, B 7() NEGEIE, B 7(b) N E G R
ZEIAE, B 7(c) ~ B 7(g) 4374 U-Net. U-Net++,
PSPNet. LadderNet #1 i £ H 5595 1) 7 %1 45 R ER.
EH P 7 AT L, G A AR AR S R AR B 114 43 1 B
24, BORIBLG, T AT B BV BRI 1 AR R B
1| Jth 5 A Af R R BT, SR A M R . o U-
Net, U-Net++F1 PSPNet JG %43 Rl # B ek ] 12 2 15
BB o3 (G BR, HL 52 3 M 75 TP B 25 1 1 3
B B4R B ) 7 10 AR B 5 Ak 1) 3 B 5 R
0w W

............................................................................

(e) PSPNet (f) LadderNet (g) proposed

E7 TEBEERE SR

& 7 38 7] LA H: U-Net. U-Net++#51 PSPNet
o E s R, 2R R S SO LTV 2
7, R BRRZ R4y 21 BCBR B 56 50 23 1, 3 ik 1 e AR
BHE. X 2 KON AR G U-Net R 51 5 15 7F %5 52 0k 17
RRIZIR, R FEFERGHE: 1) 55— U B4 K
52 07 e, A LLIE B8 ~ 16 mm ok 5 R 4 A ;
2) e KA 5 B9 GARHAE 0%, Wil 7(c)
2L 15 P s T 2R X3 3) ik = v LA A B 5
TR A . AT &, LadderNet AT 42 H 5095 )

Bsr U 1O T PO TR RIS, R
W T 2 4t 2 ROERAIE RS 1A k. 25 Bk o)
B, P SVA AR BRI 2 1 B BE SRR R I X )
SRR, B 2 ST I HIRCR, [
I, BES AR 4 3 ] D't R TR 75 1) T30 A SR B i 25
FEERRIVEANGE 2. B 8 DM FI AN [R] S92 5 R 14 4%
BEAT 73 1 )5 15 21 Al X T AL g . ] 8 AT
J: ZER A RURLRS B B 2> IR, 10 25 H DL 3¢
I, 3 3 BUAN [RIBURL 3% 38 DX IRl & 78—, 18 ek
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BEAT VELEXT L. B 9 SAS [FIASE Y 43 51 25 SR 40 4 X L,
&7~ T LMAD-UNet 5 H %t bb 3 B 55005 1) 40 B 40715
B8 B 9(a) MR EIE, B 9(b) MG AR B 5L,
9(c) ~ Kl 9(g) 7l A U-Net. U-Net++, PSPNet.
LadderNet 1T H 5L 1 o E1 45 R EE. B 9w
WL FERC BRIL G405 Ak, H ALY LE 73 F1) 1% L5 1h 77 I
SR N NE P Aol Y kT S S i vl
N, TR AT LIRS B AR I B A 4y, X
& T8 2 R R B BB B 6 05 3145 T 22 2 51
VAT (5 5, X VR & AL BE 6% 58 i3k — 20 3R
AL TS S, i 1 B LA A )R

FIT 3Rt S92 40 0 030 S 6 B L S T i L P
B, BH RS AVBOR 1 2 b 4 5 5 2R A7 5 47, R IF
I UNet 45 14 Re % A1 208> SOHAS B AERFAE A% 138 1
TR . 45 AR 0, @ i FH R 6 UNet 45449 9F 51
N7 5 20 N il A LR 00 B 9 2 AR, R e
By ENBR B HCBR, SR AT bE A X L S50V BE A 1 43
gER.
3.3 HEREOHT

FE3% 2 NIRRT P g L s b SR T BRI 4
PEEETEA R B (PR B R . A [R5, Fy 0 B0 AR
I 25 M BB T8 b 0 LA 45 1. 0 L2 3R B, LMAD-
UNet 5i% 5 HAL R A7 L, B2 A 5 & R HER =R,
AT DK By RS 00 285 4 X 3 g Bk (AT . e R 2 AT L
LMAD-UNet 5iE7E A Bl %, Fi-scoret:fgfatr L&
L H A B R 10%, BV AR B AR T A %
EE, 7F PG A I F 33 % 1 5 546 UNet M EL, BT

I VE R AL AL BRI, B T SR B
I 18], (EL 6 B R LA 2 1 0%, BRI,
PER T AL e A S HR B/ 1) LMultiRes # 5k
BEAT AR, WL AR A8 AT I 18], DASR e B 2R R A 8,
AT DL S G i 7 A X IBONIAN [R] AL A5 #7331
1E55.

®2 NEHREAIMEREELE
BRI H0 4

el —
Precision/% Recall/% F)-score/% AUC/% ¢/ms
U-Net 83.45 81.72 77.02 97.59  12.79
U-Net++ 86.33 82.10 80.54 98.21  30.11
PSPNet 78.12 76.82 83.41 96.57 2538
LadderNet 90.61 90.32 92.02 98.26  17.61
LMAD-UNet 96.77 92.67 96.85 99.37  15.65

10 FE 11 43531 A I SR 745 25 A P-R
2. K 10 AR 11 B L BT ORI AR R R
35T, Loss W EEAIG; 1 UNet 1 Loss BAAFH UK

— L, (HARRBR, AT, RV PR T iR
B, AT B AE.

— LMAD-Net
— LadderNet
— PSPNet
— U-Net++
— U-Net

0.6
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[e)
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S
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E10 INZRInKEhLk
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0.98F

0.96

Precision

0.94+
—— area under the curve (AUC=0.9937)

0 02 04 06 08 1.0
Recall

E11 P-R fhzk

P-R #h £k T (T AL (AUC-PR) {F g 14k 455 74 1
R B SR bR, FEUEBOR, BAYAERS 28 (Precision)
5 A% (Recall) BB R R IERE 5. 4ol 11 fr
7, JITHE AR A () AUC-PR {8 ik 5] 0.993 7, i@ ifr 3
WHECKAA 1(0.983 +£0.008, BIF X 95%), IX— B &4k
SEEE T AR AYLE 5 A 37 55 B A8 0 1Y) 1 2R 1R R
JIRRFN NG BE 7). SL56 R I, B i AR R AR A A (B
BIME (Recall < 0.2) N BIRTZERF 0.98 DA_E A #ERE,
Y E EREF R 0.9 BHIIR AR IR EFE 0.96 HIFEHA 7K
S, RIS T OO0 0 R S T 2 AN S Al
(EFAEA LR T 12 50) FIAR a4 i, B4R
4EFF 0.9937 1) AUC-PR 18, 331F T Hom K17z L pg
1. g R 75y R W, P th 2 RBERHIERL & 4244
FNBNZS A TR BALHIG BT 7R 2R A TR RE.
3.4 VHRLBEAL

Nt — 0 R W AR AR R A o, o AT
TH ARSI, DAArHT AN [ AREER A R, H T P H A
42 L UNet JA Baseline #E47 O S03E, Z< SCVH Rl =256
% FH UNet NEEE, 75 R UG 454 _F T IR D s A B
BEAT R, 38 3 9T RS E o A, Forb oRLAE
NAGFR K EARAE; M, (Baseline-UNet) &y U-Net 3££;;
M, (+ Dual-UNet) &K P> UNet #H47FEER, 758
AT )% B 0 RO 2 4 I N Bk 5 82, M5 ( + LMulti-
Res) KR T M, MABUH ) 2 REERG LG M,
(+ DualAttention) & 7~7E M, HP I ANy & AL
M (+ DepthWiseConv) K7~ 1E M, H 5] NIRFE T 73
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BT HE B8 1A 2 T 3 H B0 AT R o E I A
M, 9 FFRL UNet &5, & T RE4RIR A B3 BT,
{2 55 Y 2 B4 RN AHE LIS [R] 3 39 0 1, X2 PR o 9F
HREE R (1) UNet 3800 1 2 245 B, 800 T HHIE(S B
fRid i B A 2k, IS Tt 7 o EkE B2, tH T A
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FUF 2 5RTET 2.08% A1 1.40%, 2 ¥ 2 FE1IK,
KPR ELZ REME I & R S0P RN
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TEIINIREERT 53 BB RS TR T B4 H 1) e A5 2,
SO TR RLTE A R 2R AR DL, R
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=3 HRRSCIE R
BEAY i & Acc/% Recall/% Fy-score/% AUC/% Param/M t/ms
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M, (+ Dual-UNet) 90.61 90.32 86.44 98.36 1251 26.31
M, (+LMulti-Res) 91.21 90.94 88.36 98.41 256 20.03
M, (+ DualAttention) 94.88 91.42 97.05 99.86 358 18.41
93.94 92.67 96.85 99.37 126 15.65

My (+ DepthWiseConv)

N T S EDW b L 4 S A v A, AR S
FEAL T VH R R R XS B, ARl 12 P, Ho 206
PRIC BRI IR AT 72 BUE S A7 16 ms,
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= o
% 15k .Ms(ours)

10 L L
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E12 ERMRBIRERITLE

AR SCIEREAT T RS2 B8 0T 9 45 2% R B R
BEAT 34, I CASSIE DS R 5 453 2 bR B0 A R, S
W aE RANK 4 P,
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PN F-score/% Precision/% ZH /M
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SEEG R, R — R R R ERR
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DRIBE B AN F e 5] R I SR . — 3 il & 5 7= AR B [
XU, BCE + Dice A ESHEAL KM TR T
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