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A real-time prediction method of carbon content in converter steelmaking
based on DDMCN flame image feature extraction

LIU Xu-chen'2, LIU Hui'"*t, CHENFu-gang3, LI Chao'+?

(1. Faculty of Information Engineering & Automation, Kunming University of Science and Technology, Kunming
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Abstract: As an important operation at the end of converter steelmaking, the key to the end-point control is the accurate
and real-time prediction of carbon content. And the oxidation rate of carbon content in the molten pool can be reflected
in the variation of the flame texture at the furnace mouth. Therefore, the extraction of accurate characteristics of flame
texture is the key to predict end-point carbon content. However, the difficulty of flame texture feature description lies
in its multi-directional and multi-scale irregular characteristics. This paper proposes a derivative nonlinear mapping
direction weighted multilayer complex network color texture descriptor, which conforms to the multi-scale and multi-
directional characteristics of flame irregular texture. Firstly, the fire flame image under the HSI space is mapped to the
phase space to enhance spatial location-related information. Then, based on the complex network, a weighting formula of
the derivative relationship that reflects the continuous changes between the vertices of different scales is given. And the
multi-scale irregular direction weighted color texture complex network of the furnace mouth flame image is constructed
by combining the direction information. Finally, the direction weighting degree feature of the vertex is calculated to
quantify the connection mode of the complex network topology, and the color texture feature of the flame is constructed.
And the end carbon content is predicted by the KNN regression model. The results show that the algorithm meets the
real-time requirements of the actual converter steelmaking process.

Keywords: converter steelmaking; feature extraction; texture analysis; complex network; high-order local derivative
mode; color-texture
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B3 ERMEEGF GLSEEFHEREY

3 SRS
3.1 ZHRFEMBIENA

AR SCOSE U AR BE 0 R A 4 B 85N Intel (R)
Core (TM) i5-9300H CPU @ 2.40 GH, GPU : NVIDIA
GeForce GTX 1650, {1 #45 4 Python3.6.

SIS AR 4R HH 20 000 7RI 1 KO BIAR 4H R, K U
TN I A S B A o T AR AL A B A [F
FPHCT AP KRR (B 3 5 43 A T8 BN 0.01 % ~
0.23 %, A7 | 7 LL & &) 45 AT 2 s AR S A RAT:
B, K/INA 1466 %400, B 25 A 6 I IRAR 4% A %R

I RS U A I A5 (%) 4 7K e 5 AL

SIS I BEALFT FLAS R AP 2O0F LK) e BB IR,
B HLIZ 3 20 000 TR F& 7 47 11 kg B H Y 16 000 K
JKAAEEAE DI ZrEe, 4% 4 000 5KAF 9 Il 4, #E4T
G PMGRF AL PR IBURT 26 e & B T S 56, i
P82 R Ty A EO HE R LS E I P 4% i
EETME R,
3.2 Az EEE R IR & 8 TN AR SE1E

N T A R K S B AR R T AR LK 2R, I
D K KA BE LR 5 R BRI, O S SR Bk e PR
IR 2% IR R4 1R R AR, AT 5 AEXT L 4 Fhg
07 I 2 R TIN5 R, R WY AT R 6L 22 [
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Hef) b EAEANAT RN, R FRAE H S AN T Bt iE v
SRR BV + BT« ARV AN B foi 0 A oz 2 ] P13
LAZE T KOHE Foy 08 X 45 10 45 ) 22 53 R 3t K ) SR 8 6L
BEAF R, 20 A N PR, IF FRE 2K (2) kb e s
T Horb IR SR 1K R R R B A S RS 22
TP AR R TR BB S RE L, R sk 1k
FE B AR BB I R, ML Sk 1 R AR 2 s 1Al

(19)

(20)

H==3 Pplg:j)log P(p(gi;)- (1)
9i,j
K g g AR (i, ) BBV RFRAG, h A w 3 5 9 J5
Bepy A e, AN BRE, p(g:,;) ARNBR RN
Gi,j E‘J?ﬁﬁ‘/l\iﬁ,P(p(gw)) %ﬂi\‘{%%yg%,j 148 v MR
R, BN R RER, H O iHE R E.
RN R 4 B e 45 2A i J= 8 SUEE
AR & R RTINS AR

#=1 TEHEBAREHEIESHEIETNELR
R R R R R

i 001% M 0.02%K  003%KHN  0.04%K  0.05%
R HER R HERf 2R MR Ak

T 79.37 88.75 93.37 96.05 97.62
RER 77.17 86.86 92.30 95.48 97.32

SR {E 85.84 92.04 95.48 97.30 98.47
HHAL 88.99 94.13 96.56 97.95 98.74

H 2 1] DL, 0 AR AL 4 i e B TN HE Al =
230 e T oA 3 Ay 3 PR SR R AR L e 4 3t —
IR KBTI R 2% (25 (] AR A Jm B 52 23k I % 3
BRI T Ry IA A, AT RERLE 1 KGO L
BRRF AL (ARG E T, AT 15 5 P R B 25 Bl 25 B TN
R TR 2,
3.3 RESURFHESEX SRS ETUNERFZIMLE

AR 2 B A S 7y A 3 NG BB T RO
T3 AN 22 2 52 5% A 2% 2 € A 10 0 00 2L 4 ik 755
i FN AL J3E A 36 R A B X B 5 R TG P ) S
Wi, B 5, AN T A KA R B A X 2% R 4L
AR AME S, T KR 2 5 17 2 RUZEAS RLR ¢ S0
10 23 R A FRAT R R AL S 2 P i R LV B i
BRME AL B 54t I O B BOR2 (S 2 ) DDMCN i
RF. 22 AN % R 25 mi b & B X T 1 fE.

R2 HEMNRSETNSERNTE

B 001%M  0.02%P  0.03%K  0.04%P  0.05%H
025 61.85 77.38 86.27 91.87 95.24
0.2 69.39 82.66 89.75 93.95 96.41
0.1 75.99 86.41 91.94 95.19 97.21
0.05 82.76 90.45 94.31 96.59 97.93
0.04 83.45 90.64 94.41 96.72 98.06
0025 8651 92.63 95.79 97.47 98.44
0.02 87.14 92.93 95.82 97.53 98.50
0.01 88.99 94.13 96.56 97.95 98.74
0.005  87.70 93.57 96.29 97.89 98.67
0.004  86.89 93.06 96.20 97.81 98.77
0.0025  87.08 93.07 96.12 97.77 98.73
0.002  87.10 93.06 96.21 97.82 98.72
i SRR S5 R ARy 1 2 T 1 2 RIE AR
JUPRE € SCRE 3R A5 R AL R B R AT i 2. RV AEL LK,

o218 IR A M 28 BERFAIE — 8 R FE A 2R, BT i) i
[ K S G ST 25 ) 4% S35 J2. 480 9 v T ; T o) L Bk
/N, TSR RRAIE B e 3 Bl ) A8 4 35, g 3 1) 0
1855 75 WX 268 2 Ea AN D S s ¥ ik T O3 SR R
R, BRI RS R, RIE T SIS B SIS 1
TSR R 1 IR A 818, BB A0 IR A4 K R
Rt SUH ) DDMCN i iR 145, S8 E 1 Fr 4 5 i A
S A5 f A R AR AE K I O (0 SO R AE 3 BT
O 2% U 7K Bk 2 B PR .
34 SRIEEZEMMEELLER

AT B 7EIE DDMCN F £ SUHE 34 175 75 $2 5
B pp 2 S0 T K I R SCER R AIE T Btk 25 =B 1A
R, 43 R LU L7 AT U AR, & 58, X IR EL
B K HARFAE, T A7V 5 B =B FE B T w86 B2
H.77 i (histograms of oriented gradients, HOG)!'* i1
GRFESR RS S T B AR 22 WX 2 1015 [y 28 550
BN B 5 T 5 VAT LR AR, B R g
PO vk, 5 K AL A2 J B (gray-level co-occurrence
matrix, GLCM)!'®), Rassem 517 $& tH 11 56 55 (1) A 3
= 3k AR 7 (CLTP). Alamgir 25081 $2 H 1) /5
B 3t HE B L (local binary co-occurrence pattern,
LBCoP). Verma Z1 42 1) = 3 il A L AR X (local
extrema co-occurrence pattern, LECoP) 31T bL %5 #2
BTN 2 2% 77725, 18 5 Backes S5 12 2 H 2 T
52 2% W 25 [ U ERRAE SR BBV L Scabini 5520 4 H (1)
TR AL RN 2 2 52 % W 2 4l 18 75 (MCND)
AT LEI AT B a8 T A TR B T8 W T VR
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RbE, ik 5 2 AU SR U B 22k B — ik i 4 5 R 0
SUHRIE R 1A 777 (improved multi-trend binary coded
color texture feature expression method, IMTBCD) J&)
B4 JR R (0 SO AR AR SR BB R AR UL

Forp, Bigs =B #0753 3 o fiif ic Jy SKEW. 2%
B P 222 X 5% VR RE ) S D, A SCIE 3L LeNet!™) 145
H4) BE TR )V ggNet!!S) ¢ B2 5 AU 22 00 3¢ 412 K 0 ]
18 o AL BE AT 3% 4P 2% RUBR S B T A M SRR AN AR
100 000 VA7 I 25453 2% A8 7 T A 8 SRAT-I X 4R 1) il
M55 5. GLCMU® 36 £ 48 1 7 3 38 777 3052 Bk e ]
8OR th 23 [8) N SUHRRAIE; 2 T 52 2% W 2% 1) SC B RRAIE
SEBOTIEIA K A3 18), O T E TR AR 3 hfafic
JIGCN.

#*3 BIPESHREETUNERERILE

Trik 0.01% M 0.02%M 0.03%M 0.04% M 0.05% A
MR fEfRR MR MR HERRER
SKEW?! 34.03 55.64 70.34 80.75 87.72
HOG!¥ 59.22 74.18 83.73 89.82 93.60
LeNet"™! 48.72 66.08 79.55 94.42 96.15
VggNet!!] 52.36 70.58 81.70 96.01 96.87
GLcM! 52.54 67.71 77.86 85.30 90.27
cLrp!!” 72.33 77.73 83.40 86.98 89.12
LBCoP!!8] 50.49 64.27 75.98 83.55 88.62
LECopP!"”! 5291 66.68 78.56 85.57 90.29
GCNU2 52.29 70.08 79.29 84.86 88.75
MCNDEY 68.41 82.63 88.61 91.68 94.02
IMTBCD!'!  82.17 90.36 94.38 96.72 98.19
AICTTiE 88.99 94.13 96.56 97.95 98.74

SEI6 R AT 28 I IE T 32, K % T S B0
B B A, B I KB R AE 15 N AE D[] A 5 B
KNN Ak A7 IR0 38, A< 15 SR H 30 000HKS B2 (iR 2230
FEI 4 0.01 % ~ 0.05 %) 7€ R (R?) FIFE 7 MR 1R 22
(RMSE) & B K 4 P 45 40 B0 45 A0 IR 9 8 (14 °F 2 I 1)
F, A — 7k B I P Y FE I Tionn 7B R 592 0000 14
BERIVEAN FE AR, 15 T TR

N
Z(Z)z - yi)2
R=1-" (22)
Z(yz -7)°
=1
1 N
N i=1
T
F=-, (24)

T
Tinn ::fi;' (25)

Fodp: g, M SRS BTN, v NEIHUE, N N KIE
BEFE AR SR, Tr NRFIESEEUN 8], Tr A 2550
TR AR KNN (5] 28 R FER, R2 {8 s il it 48
TN 5 FCSAR B4 A F2 B2, RMSE R [ B FitiE 5
FLSCE I S O B, B s T SRR I K G MR
O SURRHIE 1) RAR:, Tioan SR 7 AN [R) 777248 F KNN
[ =1 % TN B () ~F- S50 R E

F 3 N KN TR AE 0.01 % ~ 0.05 % i % VU [l
AN 2 s 2 B T P B T B EHE . PR R vk
FERR 2 E iR 2270 N 0.01 % P AERf % 88.99 %, /&
B B i 2 Y0 [N 0.02 % PN TR 36 N 94.13 %, A%
TR b T 92 R T 25 SR 4 ¥ IMTBCD 5325 A il
RN 0.01 % N T 6.82 %, 78 T 5% 2 5 0.02 % N
FETF3.77%

FR 5 2 3 S 25 kAT 70 s 1 0k, BB = 4R
IR T K IGE AR R T B AE AR A R O )
SURAE B HOG #53R 1 KJ@ G R 86 BE 7 ) 43 A
15 5 52 K K s FOBE AL 52 0 10 2 T 5 A w42
25 1 B PSR UK A B AR R AE AR 2 5 52 AN R —
U R 245 B mats iz (v 225 2R 5, GLCM
S JUPh RV &G LA, (AR B UK A A B £
RN A UG HAR b, BT a7 R g KR
A8 AS FI I 7 €0 S0 3 A1E 6 WU 5 A S 4 1 T 12
fe, B UE T ASHLI SR IR XS T KB RRAE (1) 3 2
T GCN AT MCND $& 5L 1 KA A RN SO R, {5 72
A E AR TS B, J5 & AN BUEAS B AR BT
U fl A U B B 15 B B A AR KA RRAE.
IMTBCD i £ #a# gmt 75 At 8 7 K IG 77 s 2,
AT Ho At 7 V5 RN SR B, AR 2 AN R AR 1 Hh 4 iR
KIGA KN S 2% AR A1 . TR 2k T 2 4k
LR AR BIIRT J7 1A) AN 22 J2 52 2% 9 8% K0 B R AIE 2 L
()77 ki B 2k N 4 25 B S EUE B LA T RE
SNTTRIRE @ 5 K O S CE N E AR IUE
BT B2 v TR

4 AR F XTI R2H  RMSE {8 $2 5L
K S SOEREAE R — 5K R -~ 2 FERS F .
Tinn M ELAR R 38 22 SCIRIE, BT 7 15 1 R?
& 4 0.89, RMSE 18 A 1.17 %, H5 1 #2 X °F ¥ #E i}
420.00 ms / M7, [B] )25 T35 FEHF 0.71 ms /M.

4 7] I, Bt 7 v FONAE 5 B S E A
J5E B I, 1% 22 e/, B 11 420.71 ms / i, 5 Ho A 7
TRAR L, Y8 FE ST TR AR 5 J. 17 ) R A 0 A A — o iz
AR B AR, HR SRR [21] 7 56 T 55 0 B R AG I 2 56
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IR, A2 A “P 7 B DL, AT AN KRR 15 B (e
I 2979 1 min/ 0. BT 07 i 37 BUH R G S0 B RRAIE
TR B B TN T B AOAS MR T, RE ST 2 S PRk
PR R R SIS 1 SR

*4 BIPESRESETUNMEELLER
FEAEFRHL B 5 4%
Jiik R?f  RMSE{H  “PIkemt Pk

ms / 5 ms / 5
SKEW!! 0.14 3.34 77.99 0.04
HOG! 0.51 2.66 1549.00 1.55
LeNet!™ 0.29 3.06 0.80 0.41
VggNet! 4] 0.49 2.85 0.94 1.90
GLCMU! 0.44 2.97 521.36 1.89
cLTp!!7 0.56 2.63 254.28 0.31
LBCoP!!®! 0.24 3.13 332.31 0.36
LECoP!! 0.34 293 307.79 0.36
GCN!2 0.49 2.88 2359.75 0.03
MCND2 0.65 2.50 7054.99 0.04
IMTBCD!!! 0.84 1.44 2311.84 2.78
KI5 0.89 1.17 420.00 0.71
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D SER 28w K PR AR LU vt T AR B 35 K
K PG AE LXK 73 1) 1) i, A SCHR Y 1 S BCIR R A U
T3 A INAL 22 2 2 A I 28 R (O SRR R A, LS5 0 R

1) 5 K E B I BT HS 73R A 28 AR 87 4% 1],
Foy 36 JR) FB SCBHE 1) 7 ) HLAS B, F IR K I SURE A ) AR
A, > T I IEREHLERE RO AR SR T30

2) BT H AR ML T A& mb S RO R 4 b
7 FE BTy 3 M K E B R 2 REA
FRINT7 T INASURE t SCPR 5 2% WA 5%, DLk 7 K 6 22 RUBE
ANFRIN 2 3RS . IR 2 2 9 2% 7 ORI 20 £ 5
A, BEM AT 2] K Ha BRI R 8o ik

3) Mg K R AR A B T A 2
SR 8 FAIE. VI T FINAS BE R AL, 45 & e E B
{75 28 A KA ST HRFAE B A CN HR PN K,
VB KM UG B 2 AR IR R (L SRR AL, AT S S
4 TH AR R (0 S0 22 e ik Kk R (S R

T de th 7 VAR I8 I R AL B AT R 2 m B
BT I B — 2 e, T B et 5
21 W 2% AR 85t O S AR AUUR B v AN s A 7 TR0 A
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