%43 % HAMm W5 b Vol. 43 No. 4
2024 4% 11 A URANIUM MINING AND METALLURGY Nov. 2024

E F SPEA2 04§ 4% TOPSIS & X7 M
Z BRI T iE
JAL B AR AR SO S AR

LS PR A LA R LR 3% B 4715005
2. 1% BAZR AR £ P By A BR 22 /] L T g 3% BH 4715005
3. R U B B A BR A w] LT K 410221

TR LU bh A I 22 e/ o iR AS B RO AL B R L X BR KT 2 6 RO AR A0 T BT ) A AT A AL R
BHFBIT SN T AR O AR R B R A TR RO AR S LA OR A
ZMMARFM R THERT ZE R AR 2 BRI RCEBER LRI T —F & F SPEA2 145 i
BTOPSIS s Ko™ Z &ML B 6™ 2 Hbn LA 77 & . 0 % 0 ik A T B B s o e o 4 fe .
SRR 5 R AR L A R R B O R L I 2 AR T 73, 6000 . 38 B BUAS B AR T

20.99%,

KW B E1L s SPEA2; AL TOPSIS; Z HARifb: #0; Z & @ o~
FESEKE: TD672 XEIREM: A XZE4HS: 1000-8063(2024)04-0025-08

DOI: 10. 13426/j. cnki. yky. 2024. 04. 04

040 b AL B AR B E BT A B 2 T (L ol 0 T
7 R R AN TR b AL AN TR 20 0 B 7 A0 2R AT 5 B - AT
PRI AL RIS E AT & 007 T2 SR B0 41 7= b
i Ao A T AR o B DA R b B R B
N A QU N U EES 3 € R R P =t 1 WN
TE S R 2R A A o FBOR 3l i e 47 Al A
DA A7 32 i 75 58+ 9802 A A B 14 3 i B 5 A BIE
Yo DT AR A 7 Al 8 2 7 JAS o TR 3 R
B A 0 A 1) R — L J2: 88 K T R 4008 B F 5 A
SHIPUR SR I U] NI Y SR R SRR AN 28 A
LR MR B i SIS AR Al B T R 2
K

AT 8% X8 B e 0 o A ik e E =L A
PROEAE N F o B ST Ll 1 25 R T 4
P e S H b R R, ST 2 R R R R 5 1 T 1B
U LUR AT FZ AR AR SR R A AL E R
A 5% R A 7 R M T R R R 5 A A AE L
a7 K S AL AE B B . 2 kT H bR R R B
KA B AT 22 F K 2R AT LA

Y FE HE: 2024-04-05

D7k IEAT R A Rk A AR AL B R H AR A1
5] L, X 24 5 Ak 3 A7 A BRI S i 75 3200k 1
Az

Wi 2 B AR RE U010 58 1 i A e N e B L
SR & F 58 dor T 2 HAREE R By i
PRASERY By A A5 R T LA i T RN 6
M 22 Je /N B AR R A 22 H BRI EC T B, O R
FH LSOk (A 7 B SR A T R A 5 B AR 26 Ay
MR 2E A0 A M ) HAR 25 L R 2 I 25 FR B
B A AL H AR A f T T ORI AR £
&8 Z HFR I AL B 7, 42 1 —Fh B S
IO 38 A% v IR AT SR it s MR LR LT A 7 D
gy R A 38 i A LA O Ak B AR T
% HARKE AL B 9 B2 R, IR ] Matlab o i B
TE N 38 15 SRk HE AT SR A . H X 28 BF 5E R AR R
FH AT v B B A &S v (TOPSIS) ¥ £ B bR i 1k
B E AS R S R 7 A o L =y o A E <
AUTE B E R A A A5 LTI RE S 80E IR i

E—EERE T ABK(1981—) . B R K A E T SR LRI, TN A R 4 AR



26 4h

5

5 Fo 43 %

HET U VA A b 60 i 22 B /D 38 B AR
BALCHIAL BFR 255 B0 A g8 0 A
PR BT SR R A A TR ) S R |
EPERE D L2 BOR A 2 M 2 ) 5k T B R
TABMALECH 2 H AR AR, JF g8 iy — 2 T
SPEA2 FfE AL TOPSIS (152 K1~ £ 4 J@ k5 4i
Wl Z Hinibfb riE. ZhEE AR
SPEA2 B3kt 2 HAn AL B AL (1) Pareto AL
A, SR 5 3 A 4 AL TOPSIS 48 % H e e B o
VES
1 BEXVSEERBALET S BFRMAEL

il

1.1 B+
1L1.1 #TamiikERNh

FCA 4 R 2 B A [ o 2 A ) 44 i 0 1
PEATREIC » AR O/ it 7 il ) o AR 8 R A 5 18
LAWK OO T A IR B O R BB
VEAT AR, TR W R S LAY AR P R L&
Bt . WA w22 D S/ N R IR Ry

2 2 2 ‘ (g — Gy ‘

. - k=1 i=1 j=1
min f; = L ,

Kfea, A B2 R Wigkia. G N
W s e R AT . 0GR
R BT A ERRAL. Y.
1.1.2 TERARIE

KEERT —AHEZA L0 Mz 5,
Rl e T BN HFEEEZRBZME R,
B AR Z SRR, B o W
ANa] S R A 32 HE B A T A B 2 0
O T AR R A A AR 1B A O E
B, m i A ) AR R RN

n

Elzlbl,,]xij —5—%611,»] , (2)
=1

Ao WEBBH A, G/ (km « O d HREE
HER, e EBBHENA G/ (km » O3 L, H
WA B2 N R km,
1.2 AREH
1.2.1 H& REFENAR

8 A LU A= 72 AR Ml s BT DRAIE 4 R0R
2B % g = TR A B A A Ay ol A I TR T
B PR A Ml AR E M 27 5 %R 3 T AR A 2 O

D

min f

B SR A s 2R 4 A B R TR VR
3 8 A R /N SR VR SR 2 0]

Qunin < D005 < Qi (3
=1

s Qunin ~ Qo 2B ™ A5 ¢ W IR /N AR K AL
VFR A8t
1.2.2 HAFEAR

TR IR B 110 BT SR BT A 2 23 B

PRV T A Y H bR ™ i

i}if,_, >B 0 (4)
A B A B IR A 7 R0 H AR
i, t,

1.2.3 FAMMLAR
TEFCH 1 78, 75 250 40 2% IO R A i or
(2% 5 38 A B $8 B FITR & o (o Jee & St 1
A1 dn R A PR . WA R A T R AT BB Ak

T HAREE N
Z ZIngw

) =1
Grmin << < Grmax ¢
j

n m ~
é X
=1

(5

2

=11

T 2 Qmin ~ Qi 7390 9 R ZE0 A1 1 S ALK ity 82 11 B
A LR V0.
1.2.4 SUELHR

AR AR A RITREA A A
A AE T REAR Y &5 i B B B AR R R BN A Y
Jo i e RE A S e A i (e . PRt TE R
RATBCH SR o 250 6 4 1] A AL R B DR
AR Al 2 A K

i}‘r,j(),-

i=1

I_Z;l'u

KON 8 10 F AR, 705 R Ak
AV I KRBRE . 75
1.2.5 RBEEFRAREHYEAR

A A 77 RE ) T SE T TR AR E I 8] A AT L b
2 DR A TR e 3 A Y A5 N R A R
FRRERE . DB AE BCRT O R P 0 S 0 B B
A AR RE I B 2 0 DL AR ISC BT A B0 IR
AT

(6)

<R,

E~Ti/ <Ml‘ ’ 7
j=1



% 43

B, 5 . 5 F SPEA2 felg mA TOPSIS ¢ & X 5 B % B AL 7 ik 27

12“1‘,»] <N, , (8
i=1

AP MO S PR BE ST G N R
IR BE T -
Z B FEALECE 1 BRI L A4S 3R] R A
SN RONNER S 6 QA U R R VL[V & o
SN, <E. (9
1,2, # 0
o {o,xu =0’
KPoe, WM SR 2B W ZH M s E it
RNk
1.2.6 EMAR
AN]SR B A7 HAA AN TR R R AR R
VR A R RT 5 BE B BE R e B R BT o R bR
w7 I BE T AE LA S PIr 8 B 0 B R a2 F
e 4 5 45 0 B ORS00 Ak T BT 08 5 L A T
EO

(10)

m
E x;Rock,,
i=1

:gj.Tv
IR RS p R
s R R p K

(12)

S Rock,, "8 B9EE: p, BRH G R
VRIS p K0 G Er i, %
1.2.7 BAESEAX

ZHEG T T T L R4
BRI O RS IR R B R . R B B
RIESRIE A o BN T 109 BRI A - 55K
AEERKTF 10%,

< Dy » (1D)

Rock,

ix,,'f, ix,}T,

L < 10% or =L =10% ,(13)
S, S

i=1 i=1

A TS Pl A&, 0
2 BRUSEERANLET S HMRRK
HFEE
H£T SPEAZ F AL TOPSIS 57 3% ## 57 §%
KRR AL B 2 H bn 0 AR B L 3258 1 ] LA 3%
)

minF = [ £,/ ]

> >4 =B

j=1 i=1

n

m

=1 =1 i
Bhervin < ) < 8Ehrmax

~ n m
2 Z.T;]
PR
m
> 15,0,

i=1 <R

m
§ L
i=1

sty a4 <M (1D
j=1

> <N,
=1

m
g II’JROC/CI‘/)
i=1

m
§ L
=1

m

DIDIIT:

i=1 j=1

<D

m
i

Z ;T i ;T

}” < 10% or =

m

E Ljj E X
i=1 i=1

2.1 SPEA2 &%

Zitzler &% T 2001 4E %7 SPEAM (Strength
Pareto Evolutionary Algorithm) # 47 17 e #F, 76 &
L 53 TC A W AN A 3 A 1 1 VA O i LA AR S
T 7 81 R S5 T R AT 0, SR IS S IR B O
SPEA2' . SPEAZ # A Ge it Ak S vk FA 45 i i
SEPERTE &) )z 0 3 A 1 RS BRI R

Step 1. MEFWIMIL . 74— DI EEE P
[) N AR 2R Qo s

Step 2:3d N B BC . MR 4l SPEA2 Y8 [ B2
SYBCAR MG TR P Q, R BT AR Y 3 N

Step 3. IEEFE. H5 P QP BT A AR I
MLRAEE] Qoy o 7 Qe 19 RN I A R 4R
BRRA N AE BT B AR BRI /s 75
PRI Q, H i IS LA A SEL Q1

Step 4: 2 k560, 4 > T, BUHAMZ E A

= 10%




28 4h

5

5 Fo 43 %

WAL Qo Y T A E LA R AE Ryl Il 45 5 5 5
W, $h47 Step 5.

Step 5: FL AT #EPE. X Q1 FUAT — J0 H b 3§
HHE

Step 6: FFLIERAE. X Q) PAAT S X A8 S5 4
VE ¥ 25 BARAER) Porb o e=1+ 1, %% Step 2.
2.2 4 TOPSIS

T S — i 2 A S0 B e 1 5 LA 7
2 A T A 4R AR 045 SR AE B RO L R
B 2 B8 AR I BCEE L R AR i B 1 AR
S TR HEAT A . B 0% 3Rk S 3 00 TR AT ) i e
TOPSIS J&—Ff i i #0AR A HE v 1%, 38 3 11 507
WXt S E A RS R Z R, 5
PEAN XI5 5 5 00 Jr 58 0 AR 6 422 30 A B8 DA T gE 47
Hept™ . TOPSIS fg 4% 75 43 F FH I 46 B8 19 15
B AR A R I S A5 T R R R 2E R L
AL TOPSIS B8 1 32 # 1i £UE A TOPSIS ¥4 A7 45
G IR BOL B 72 45 48 b5 AL L 2R 5 AR
FF TOPSIS Wit & b A, fmel TOP-
SIS 5, B RE 78 43 7% I AU 1 2 WLA5 B, S RE
B S R A5 EAN 7 48 2Z 181 1 22 B, (A3 TEfh 45 SR 5
T AR ;s FH T4 Pareto S g 5 R A0
J7 ZE R INAL TOPSIS Bk nh

Step 1:#4) 3% J5L I PSR A B B Pareto s fi#
. IR TR SR AR B T Rl

f‘ll f‘lZ f‘lm
F = ‘?' f% f?‘ : (15)
S Sfu o S
fll le flm
R::~§l ﬁz f?’x[Wﬂwgwn
]?nl ]?nz frmz

AR IAUE — b e S B

Step 7 MR 4 3 (22) A3 (23) #f 7& 1F FEAH i
A G EHL AR fig

R = min{W, f,;.,i =1,2,,n}, (22)

R, = max AW, f,,i =1,2,-,n}, (23)
AR AR, 4351055 5 AL H b i I 34
fiff A0 G B AR

Step 8: MR HE X (24) F =k (25) 18 & i oy
22 3] 15 FLAEL At A6 BLARL gk 14 D X s ) S

an] =

A F WG SRR, /) Pareto S (LA 4 s /) &
N ATTRTE G AR HENE =1,
2y ansj =124y,
Step 2 IRFRFEIH — 1L, N 1 BRI
B v 454 I8 2% B R AS (] 5 AR 315 5 (16) X 2R S
BEUEAT I — AR B

, (16)

Step 3. MR H BRI L. B p, WA

A7 F R § AL BAR AR %G 1L B b s
[ L T LR

_fy

S

Step 4. 3B (A AR SR . AR PE 0 (18)

N (19) 43 513504 A U AL H A 159 5 18 s 52

TR,

an

n

E/ LZPU lnpi/ ’

= T (18)

D,=1-E, , (19

[P E NS ) M AR D, £R 5 ) 4
EAL B AR Y28 SRR T

Step 5: 18 &AL H bR B9 BAL. 5 AL B

KRRz H bRl 8 2, %) Pareto Sz {L fif 5
W 5 G5 R

W D

= b (20)
2D,
W, LA L
Step 6 H i BTk o
W1 .fll WZ flz Wm flm
W1 f21 WZ ][22 Wm f‘Zm

j

, @D

Wi fuw W fo

m R{] _Rjr ’
N =1

E Ri] _R7 ’
N =1

Krbod Md: 5o i A gkJr 52 305 BLAR
fige A0 G BHAEU AR O BE S . Ry O I AA — 6 DR SRR
RS i 17505 ) FIOCER .

Step 9: 7 5 2% M Bk O S 09 A X W A K
(RC) o A U J5 58 LA XS W & B2 o Ay

di = 24)

d; = (25)



%48 Jwe

A F SPEA2 el A TOPSIS ¢4 & * 7 Be 7 % B ArtbiL 7 % 29

4%
KNS HE A0 X W A 5 558 w8 0 i D T S R B
WAL HEA T R 2 2,
. d;
Ke=ava
KA RC A @ AR5 ZE B A A 1
3 ZBmRMRUHRRE
B —MILT SPEA2 AR AL TOPSIS 1)

(26)

BRI Z e ARy 2 HAr e or ik 1T
R A ity 57 14 I8¢ 3 1 0 i A o 325 1
SPEA2 RIER e K™ Z & m s ai b i v 2 B
PRAEAE B BT, 15 B e L 1 Pareto i i i 45
I Je » 2R 2L T AL TOPSIS M Pareto f5 {ILfiff
e miLif. RT ZERMEALET ZH
PROCAL IR AR LI 1.

[ | ommem | omsess oo
i | mrmmx H | wemmew H i
i ek | | maessd H [ wesresms i
i vasimERs | | eErRsE H | w e - i
i mwierks | [ wowr Y smes M i
| | : @ﬁwzaﬁ;Wﬁ#ﬁﬂ : K

T e

<or>—|  waisk |

Can ) mtparcoepimse| | miwmns |

]
| et | e h

:| e | |Mﬁﬁ%ﬁﬁﬁ% Fﬂ ____________________
: | weomsmpen—t | _Tﬁ%&%ﬁé@%%F::¥¥%%£%%%%_]
i |ﬁi%%gﬁwﬁ || o || wﬁmﬁmax |i
| e e I N T o

Bl ZEXTEZEERFRALUERT SERMALATERER

Fig. 1 Flowchart of multi-objective optimization method for refined ore blending

of multiple metals in open-pit mines
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Fig. 2 Top view of Shangfanggou molybdenum mine
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Table 1 The mineral grade, lithology and distance from the receiving point of the mining site

BRI RS L/ % BRI/ 0 WAL/ % AL/ % FaRis 52y S/ km
24-1215-2-1 0.342 5.72 9.96 8.56 16 4 Bt A 1.25
24-1230-3-1 0. 240 12.22 15. 36 4.16 AR R R R 1.30
24-1230-5-1 0.081 14.78 15.49 4.95 ol 75 i TR 6 1.19
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24-1230-7-1 0.118 5.04 13.93 3.68 i A 5 1 Eh 1.15
24-1230-7-3 0.095 15.07 17. 67 3.59 i A % 1 Eh 1.20
24-1260-4 0. 089 1. 80 5. 80 10. 88 AR R R R 1.00
24-1275-3 0.113 0. 89 9.63 5.61 i 0.35
24-1335-3 0. 067 0. 80 7.98 1.77 WK 0. 80
24-1335-4 0.102 0.81 6.92 7.50 WK A 0. 85
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Table 2 Pareto-optimal set
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Table 3  Original ore blending plan and optimal ore blending plan
TR /¢
A R G
JRECH & AR B TR
24-1215-2-1 750 0
24-1230-3-1 0 331
24-1230-5-1 0 415
24-1230-6-1 0 0
24-1230-7-1 0 1 254
24-1230-7-3 0 0
24-1260-4 1 750 0
24-1275-3 1 000 3 000
24-1335-3 0 0
24-1335-4 1500 0
x4 BT ITREDUSHRE
Table 4 The values of various indicators in the ore blending plan
i H A SR 2/ % 18 Hi AR /T8 BRI/ % BRI/ % WAL/ % EARER/ Y% R lES!
SR TR 2.636 7 5797.25 0.135 7 1.909 4 7.526 3 8.464 1 SR
T A B TR 0.696 0 4 580. 28 0.120 0 3.834 0 11.574 2 4.975 2 i

M 2~F 4 AT R SPEA2 kB
BC AT ] 87 A7 b A7 D 25 2406 T BN T 4 ] 7 D
BeA ). SR AL TOPSIS % 5 i fe A i
R B A1 S A 224 0. 696 024 38 B AR Ay
4 580. 28 T ; 5 L TR AH LG B A A i 25
FEART 73.60% is B UARFEAL T 20.99%, 5 A
T 1 B EC T 31 R AH B, S5 SPEA2 RN Jin AX
TOPSIS (5 R0 Z & B My £ B ik

7 BEE D LV A A5 2 R EOR A EC AT
X BB
5 it

DE#ANL RS R Z & @Ay o £ Hiril
AR B T BRI 3L AR T A 9 48 i L
A IR A T AL B HK S, BT REET 1L AN
S ERMIIRE A £/t S NS S

2) T SPEA2 FF AL TOPSIS 53k 1 #5
KU Z 4 @AM By £ B st 5 i ek 1
Xt 22 H ARG A 5 70 R fif Y F Pareto fiff 5 1 £ M
M) &, 45 25 3 SPEA2 {55 19 500 68 J F48 in
KL TOPSIS )% WHER P 1% 07 1 Wi RO By

[ LR A 0 B B i R SR

S %k
(1] B2 FSCE. BBk LT FE 57 X5 4 L9 5

[2]

(3]

[4]

[6]

[7]

(8]

7). & RW 11,2002(11) :17-19429.

WA 50k 22 B L 20 [ 0 L & DR T BE G R 0 1K g )
B R AR RITT . b st R K228 3 . 2013,
35(4) :537-543.

FAECREM B E, T HAR R 8 K
ZUNEEH L] R R2E2ER B KB 2D .
2017,38(7):1031-1036.

PRMGRE Tk 2R E L 5 R BT B v i
R S L AMARLT] R LR R¥%IR,
2012,34(10) ; 37-40.

RIS B R R TIRA BEON AW
R HA SRR L], 8% & B2k, 2019, 27
(3):458-465.

e s R 2R R A R R T b i B
0. B2 R R 2 241, 2017, 36(2) :137-140.
A, BHua, AR 22 BBERYT Z Hi
Az PE TR A ) A R OR A Sk L], & B
2020(4) ;147-153.

JE 3 A X S A L AL BT OR R T M R



32 G R % 43 %

K Z&BEL By I/ ERT] & a1, Mathematical Problems in Engineering, 2020:1-5.
2020(3) :56-63. [13] BEHZADIAN M, KHANMOHAMMADI OTAGH-
(9]  BEMEL, k4, 52 PH A& . 28, #i A7 [ o JF 14 45 00 47 SARA S, YAZDANI M, et al. A state-of the-art
AP AN WK A AR R R =B survey of TOPSIS applications[ J]. Expert Systems
2021,41(11):193-198. with Applications, 2012,39(17):13051-13069.
[10] ZITZLER E, THIELE L. Multiobjective evolu- [14] CHEN P Y. Effects of the entropy weight on top-
tionary algorithms: a comparative case study and sis[J]. Expert Systems with Applications, 2021,
the strength pareto approach[J]. IEEE Transac- 168:114186.
tions on Evolutionary Computation, 1999, 3 (4) . [15] LIZ,LUO ZJ,WANG Y, et al. Suitability evalu-
257-271. ation system for the shallow geothermal energy im-
[11] ZITZLER E, LAUMANNS M, THIELE L. plementation in region by entropy weight method
SPEA2: improving the strength Pareto evolutionary and topsis method[ J]. Renewable Energy, 2022,
algorithm for multiobjective optimization[ C] // Pro- 184 :564-576.
ceedings of the Fifth Conference on Evolutionary [16] ALAO M A, AYODELE T R, OGUNJUYIGBE
Methods for Design, Optimization and Control with A S O, et al. Multi-criteria decision based waste to
Applications to Industrial Problems. 2001 :95-100. energy technology selection using entropy-weighted
[12] ZHU Y X,TIAN D Z.YAN F. Effectiveness of en- topsis technique: the case study of lagos, nigeria
tropy weight method in decision-making [ J J. [J]. Energy,2020,201:117675.

Multi-objective Optimization Method for Ore Blending of Open-pit Mine Based on
SPEA2 and Entropy-weighted TOPSIS
ZHOU Xiaojiang'?, LIU Pengcheng'?, WEN Lixue’, ZHAO Songyang'*
(1. Luoyang Fuchuan Mining Co., Ltd., Luoyang 471500, China;
2. China Molybdenum Group Co., Ltd., Luoyang 471500, China;
3. Changsha Dimine Co., Ltd., Changsha 410221, China)

Abstract: Aiming at the optimization problem of ore blending for multi-metal in open-pit mine, a
multi-objective optimization mathematical model for ore blending of multi-metal in open-pit mine is es-
tablished, which takes the minimum ore grade deviation and the lowest production cost as the optimi-
zation objectives, and comprehensively considers various constraints such as production capacity of ore
point, ore output, ore grade, oxidation rate, equipment production capacity and quantity, lithology
and beneficiation process requirements. A multi-objective optimization method for ore blending of
multi-metal in open-pit mine based on SPEA2 and entropy weighted TOPSIS is proposed. The method
is applied to the optimization of ore matching in Shangfanggou molybdenum mine. The results show
that compared with the original ore blending plan, the ore grade deviation of the optimized ore blend-
ing plan is reduced by 73.60%, and the production cost is reduced by 20.99%.

Key words: ore blending optimization; SPEA2; entropy-weighted TOPSIS; multi-objective optimiza-

tion; molybdenum mine; multi-metal mine



