5544 5 6 IR 204 D
2025 4F 12 A

W64
Hydrometallurgy of China

Vol. 44 No. 6(Sum. 204)
Dec. 2025

MR ik G St o 2t Kk
Pi BT Bk o
T Fh A #E, SRt W 4E%
CRTIRRL B 2 {5 BRHY 15 TR b0 BT E/R ) 841000)

WE IR T — R PR T I R RS SRR Z R, SRR 2 280, B TR 2k
g BE . 78 T B AI# 51 A Transformer $70, # 37 Y96 15 i & 48 b (9 3F 2k 2k e S B0 RY, DL B /N9
J BRI TP 240, 7 #2008 51 A DDPG Rk 8RR AR it SU I & R & U 328 e Rk . Be4t,
LA A BT 4 (GAND A AR AL RE A ilE— 25 32 T+ PR AL B 2 (Y 5 e P . 3 F Transformer 9P b 45 2 52 i
PR TG AR R AN N B L A Y R E L RL I FE BUA S A s O 8 R R A L L 2R B AL
B 15%~20%  RIBEMEL RSN 2% ~4% . ZERAE LB T 2R M B AR Phd v g N
05 W4 T A% GE R BE 2 2 Ok s AT MR A A AT A RE T A PR R A — R iR AR

KB WL 4 s Transformer £28 ; GAN; DDPG 83 5UEH (i B

FESES TF803. 2 X HEARIRAG A
DOI:10. 13355/]. cnki. sfyj. 2025. 06. 015

WG 4 T AT Z I T AR S AL v
Wt 4w AR A A R E S Y AR
A P AR AN B0 1 AL e — TR AL 7
2 M DLl BLAR Tl 0 R s ARAE R e Ak AR
SR, oy AR AL BETE T 2 X G 8 T ¥
(9 57 46 bR AT JR ARG AL o TR) i 7 i R = S B 4
TR AR B A A R Ak AT AT S50 9 4 T
Z A RS O 2R L 4 T 4 i R 1 B ORI T R RN &2
TERlL A

UTSEAE W I 4 4 U AR U0 A 4 1 Y AH DG BT
FROEMG T — e R EA G 2 Pk, A
WFFE N D1 220092 B 4 i B 19 00 A 4 ] L (B4 K g
AR ) 2 RO 0 G PR B TR i A
— SRS RSB TR R R 4 1 o3 X ] 5 R {H X
TR E Ze Ml R BRI A DL B4, e
A AT 30 X g s EAE HE AT O 1B ) 42 4 12X
ot 2% 18 47 S BORBR AR AR A0 A 808 (B =22 T 1 B
DN, {EL [ A R BB A 280007 XoF 2 B0 1 o Pk A ke 1 A
R, Rk, #F — B R AR R & 2

W B #A:2024-11-27

XEHS:1009-2617(2025)06-0824-09

PR AL ) A B L

BT T — B By A TR R A ) R
Ba RS Z AR, oo T% )2 046 fnidt
FIZAEPIR 5. 15 TIP3, TRk R &4 X
TR ML @B, 18T 51 AT Transformer 5
RALSL ST W HE 5 BT R AR bR 1 AR 2 M e S AR, LA
T/ NOFER B EAL 2 LY S 8GAEd B2 it
AR TP B bR . BT 1A T R BE 3R Ak 2 ) B0k
DDPG(Deep Deterministic Policy Gradient) ) % %%
BRAEAS G . DR IO A IR S AN e ) et A5 Y
BIF 51 A T BCXT B 2% (GAN, Generative
Adversarial Network) ™" A4 s AL EEAS

1 BRAEERBEMNSEEHRE

BEXT IR IA 1 4 2B 7 A R A A 2 P LN R E TR
Lo 22 TP ARG AL R 23 J2 P A Y 4 A
O3 R TR )AL B2 AR 4) . AHIESY LA 4 S i
R S B o3 SR R R AT A 4

TE TP 2 d s AL RS 5 TR 2 o) L ST

EEWAB Hlg T /R QIR X A RBE &R H (2023D01B23) .
FE—EHB N ATFH1988—) & Wi+, YFIF , EEHEIE )y o KB A S5 A TR e
BEEEE N W H 1980, F W+, @l #4Z , FZEWF5E il W A T RE. E-mail: hehel728@126. com,



5544 B 6 W) TP, A TR AR T IR NG & 2R R0 K AR TR - 825 -

JoT i A8 bR (R M R R 5 W RE 1] Y A 4k
KFR LU/ NI FE R R & 355 88 a5 o H AR A6 ¢
WTF S8, 2, AT TRZENIE R,
BT I AR B 5 4k 2 2] 53 DDPG X 4 il 72 #
VA8 e CnsUA B R BB 5 ) AT B AR R
SCI AR A TR AL AR MR R A . R X Rk
SEAHE Ve B AL R 51 A A X BT W 4% GAN
A AR A 38 5 X 57 ) i — 20 e A A A
AU B,

2 ETF Transformer BB Y T FEEM® K

= il
2.1 HWEWET

e, A TP 38 b AL BRI )
RIS A RE A% 3 FE . AR Y
H G I i o R T A Rl SR R T R

rae = ks (Wi, —wi,) o pen o (1
Ko, — W HEE kg/hiw,, w1, — 4T
I — 20 A [ AR 4 i 07 » kg /1 pon — B B8 F ot i
W ,mmol/Lsk, o— N HELh ',

Z 7 AT TR R T b By B AL
EARRE ST /42 L b & 2R iy FR 1T 0 .
I BB IREE 22 AR, 0 2 )2 AL (MLP) 5%
Transformer ., iff — 25 #E4T BRI AL .

FEURBE 27 2] JE AT eh ¥ B A T 1 AR
R TR AP A W KA, g AR A K
75 NS o v 1| RN | = e R e I o) B R VA
o B 2, A R 45 T B BT iR AR
ANz # p B o WBHHFE) . B
H b 2 38 2 2 2 T o A8 o i i A i b 8 L 42
X e g 2 M AL E G R

fle ik i s e P 46 An Caniz th % ) S
A Z AR JE R R RN

n= fa 22 2352,
S R R 2 S AR L (U0 Transformer) 22 3 (1)
A 2 e Wt S5F PR, e R i Py S B I 2 Y 2 A
A, GRS AL B 2L 2 e e Z R B & X R LA
UK B 1) T 2%

B FL -2 TR S 8. Rk
H b o fi /MU W 8 IF fie KA 48 T 2l as Dt A H A
Al RIRN -

n}in], = E:Zl cr Tp + Chixea (2)

S — P A B 7 B AL B ) 5 ¢ —

YRHH AL R EG Criea— [BE A . FEDLALT FE
M TE DL AR A Rk T AR R IR A R
4 B 1 -
g(x;) < 0,h(z;) =0, (3)
Kb gCa) oh () — A% E F A0 i
B RIVER AR TS I AN R O A I SR R AL R AR D)
H T ARACE T e - H b ek B G AR IR 55
AR, A7 i Ga AR
Grn =Q cwy s [1—=U—p)«A—p)« A—01,
4
Kb :Q—# Ui it kg/hs w1 & W 1A
m i kg/t g g —— IR R TR, V0
EAE
G H S 25 IAR Pay + Gaus W4
BHATBEFE BUAS Cln 30 88 0B 3 T8 #8) X B AR
Cowieria P AEFZA . ARALEY B b5 A e KA Z TE RS -
m]ax] ol = Pau * Gaw — Cruaterial o 5

2.2 £ F Transformer B2 & K 2

1) &4l o b 38 55 A £, T B AR
Paih Ak 7 AR v OB e A B AR A A
WIS AL U B R S R AL X
SRR AE N Transformer #5588 1 % A, H T i
I T o i 4R A

2)# 7 Transformer # | Transformer 1%
A58 I H R ST ALH (Self-Attention) 4b PR &y A
W) 2 e s A S R AR RO R
R H Ar 2 2% > M A 8 5 3] T 6 48 by
R CEHRFO BB, Transformer B9 A 1 &
FIHLHIH A AT
Attention(Q,K,V) = softmax( oK~
K. Q— Al I, i iy A B 28 0 4 1k R 15
B K— AR b A BOE 28 0 e v e A5 B
V5 B, AR 2 RS B d,—
R o ) 4

ik C6) TH A AT A A RS 2 1] A A
JIE CAE B IACER ) 5 AT AT T A A B0 %o B ¢ B i
B2 . 385 Il 2% Transformer %%, #5352 6%
AR EZBE RN AELE R,

DAL 5 S 42>, i Dy s 8 okt
Transformer BRI HEAT I 25, D0 AL AU 2 %0 (R
F D LA /IME T B 5 B 58 T 7 T dE AR 2
] A % 25, Bk pR B AT DLk B Ey 7 iR %

W, (6)




. 826 - Bh 4

2025 4¢ 12 A

(MSE) A Sk 6 A A5 31 5000 15 552 B {8 19) i 25
=L =50 )
Kby, 5§ AFEAR R B SE Cn B SR
sy, B AHEARMBAE (H Transformer
R TR (32 R s N RE AR B, i s 1) f%
B A Ak 7 B (i Adam Ak 255 ) T 97 A
TR0, (A5 R 1) T 352 2% A /M
T Ty B He b . Y2RS5 B 18 I
Y5471 Transformer 583U FUI B ) i A B85 19 T2
J7 R G b A0 TR R
7 = [ Transformer (T1 s T2 s X5 524 ) o (8)
Aoy BB T AR R Y05 S ransiorme— I
)5 1 Transformer AU, FoR i A 72 1 5112
HR A LR i
SYMAL H bR R g S, PRk B A2 e /Mb
WIAEI e RAL PR 45 . AR H b oA B0k W) #E fix
AN R 8 PN A U R
minJ; = 23" ¢ xp + Chae (9

Ao, FFULAL I 2R & (AN AL s i Ten
BRI AN T2 00— PPRHIEAE R L, S W5 b
BN BT AL B 5 A 5 Crea— 18 € A . Z H
b RS 1T W oRH A 5 T S AR 1 I AR i
AL 2ok 52 B AE ) SV
6) ATt HAR R AL, &7 Ga, 5A TR
i H AR AH O L 4 09 1S3 A A 7=l e i o e H
PR —# 5y, it E AKX T .
Ghn = Q. rwy « [1— =)0 =90 —0)],
(10)
XA Q0 A, kg/hs w8 1 & WU
mflkg/ i — R KRB R, 0 &
R, Vo, BRI R R g o FE R D
FITFA A A 7 i, DT O 22 05 % 25 H A R B it
DA BB K A% . @ Adam LA #S
X} Transformer B AU 500 (Y 92 11 238 08 4 S8 A A7
P A R T R e e KAk, Pk BT L GE
it DA H AR R BUE X
max J o = Pau* Gao = Cosieria s (1D
K. Pa—& 05 0 ks Go—& 7 &3
Costeria —VRHSA . B4, S AL BRAE L 2 &,
S AL R i Tox FMEER BN T, K

A 22 GF R 4% 5 TRV fe /N B0 6 A A= 72 A
Transformer #8254 ANE 1 B,

R

it
18 1 !
- £y
- 77
Nt
ﬁmmﬁﬁéi:
[1& IF )
£ RS e
—-—— —-——
] /U — )
et QO o~ s
TINTIN EITIN
"IN it

1 Transformer 1B {4544
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Table 6 Evaluation indexes of processes under

conventional mode
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30 89 83 78 85
40 90 84 79 86
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Table 7 Economic benefit evaluation results based on

Transformer optimization model
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Table 8 Process evaluation indexes based on Transformer

optimization model
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Deep Learning-based Hierarchical Optimisation and Simulation Algorithm Analysis of

Whole Process of Hydrometallurgy
HE Dan,CHU Xinjian, MA Xiaoxiao,JIA Yufeng

(College of Information Science and Engineering , Xinjiang University of Science and Technology ,
Korla 841000,China)

Abstract : A layered optimization model of hydrometallurgy process based on deep learning is proposed.
The model adopts hierarchical design, including process level optimization and process level
optimization. At the process level, Transformer model is innovatively introduced to establish a
nonlinear mapping model of material consumption and quality index, and optimize each process
parameter with minimum material consumption as the goal. In the process layer,the innovative DDPG
algorithm is introduced to adjust the operating variables and maximize the economic benefits of the
whole process. In addition, generative adversarial network (GAN) is introduced to generate
optimization samples to further improve the robustness of the optimization model. After the sodium
cyanide and zinc powder additions are adjusted in real time by the Transformer optimization model, the
gold production can be significantly increased and the material consumption cost can be significantly
reduced. Compared with the benchmark test, the economic benefit increased by 15% — 20%, the
leaching rate and the replacement rate increased by 2% —4% respectively. The model is superior to
the traditional deep learning method in terms of economic benefit, process stability and uncertainty
adaptability,and can provide a new way for intelligent production in hydrometallurgical industry.

Key words: hydrometallurgy; Transformer model; GAN; DDPG algorithm;numerical simulation



