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Research on Copper Ore Sorting Using Dual-Energy X-Ray Technique
Based on Curve Fitting of 7-value by Segmented Straight Lines
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Abstract; Copper ore sorting by dual-energy X-ray technique basded on traditional algorithms by curve fitting of T-value
always results in great deviation. In view of this problem, a curve fitting of T-value by segmented straight lines was
proposed. This method divides thickness into several segments, and performs a T-value curve fitting in each segment for
copper ore sorting, which can more accurately reflect the changing trend of T-value with different thicknesses and also
reduce impact of thickness on sorting. High-energy and low-energy rays are adopted to fit the T-value curve, and then
the residual between the T-value and the curve-fitting mapping value is calculated in each segment, showing different
residuals for different substances, which can be used to achieve copper ore sorting. In a verification experiment, two
types of copper ores with different grades were sorted by this method. The ore images fitted with T-value curves by
segmented straight lines were put into ResNetl8 neural network for training, and the trained model was then used for
testing. The test results show that an accuracy rate can reach 88.67%.

Key words: copper ore; dual-energy X-ray; T-value curve; X-ray sorting; segment division; residual

A BEIRN Tolk  REMAIBHE QR P2 4t 7S A HOX ey A WA AEAR 22 (R, AN B AL 5 A T 1
iy, U HAGEF OO A T s, HATE WAOH e SRR R 2 HA R AN | R ) i
INEA R PR WERETE GRIEIRRIE AT OIS ISR . fEARZ T ik R XURE X EE

O WFEEH: 2024-04-12
E£TH. EXRARFAES (11865002, U2067202) ; TLPGE EZ LR EARME AN e A5 37114 (20225BCJ22004 ) 3 71VG 44 T 5 0 & 1141
(20203BBG73069)
TEE BN RIEW(1999—) , 5 VEFE M AL oA, EZIS W e X 4 IFEAUSE . E-mail ;yjs-31@ foxmail.com
WIS MEIEE(1977—) B TP ZRIE A 1, 202, W 0o A SO, S8 Mo 5 o S e s BB i ARG &,
E-mail ; hjf_10@ yeah.net



555 W

AVEI A FET oM B TR ZR LG BOXLRE X SR AR A 7 s F 5T 67

FOREA SR KT | AEB IRV IA R 45 4 1, HLOOURE
X LB AR Z Y FORAR R RO

XLAE X 2635 G 4 R 32 22 o A R 9 5 =22 A 1Y)
AR TR RIS AR BEE X 5t
B AR XY T4 2500 7 kiR 22 (0K 242
DL RAE A SEa e th iy, an. SCHk[ 6-7 ] 42 il it R-1,
AU E XTI 4 Jm AT NSO LU A8 A R SE 50 X 42
HEATYIE, SCHR[ 8 ] EARREAR = FIALAE R (H LA [ 42
T DX g3 B ok ) I 4 T AT U, SCRK[ 9 ] Sk
T o MIZAEH o FRAETR A, SCHR[ 10-11 ] 78 R B LA
LRI R AE B HEATREDT A28, SCHER [ 12 ] 48 R R R
KB M AN E A XM L Wi, k5 ik AR
BGUE T XCRE X SR AE W B Oy T A A Rk (A A JE
JE KRBT S RAF R RAm 22, TEHB R
SRIE R AAEBRIRAEY B LSRG i (B e ) o e ik
R SA AR R 7oK, A SCHE T (A 26 Al
BT g B il G LA 0 T, SO A K AN
[ RET Y0 T ER/N SRR K

1 WEE X TR B T Ak

BAREG X MEAEES Y BE RE T S Y EUR ARGH
Y ANE SR TN IR | IR Y AN % E2 ¢ vt n s TR
SIS b e SRR - LR
I=1,e"" (1)
o1 o X S LGB PR AR S RE R 1, o X O3
LR A S RE R s e, ) BT 1Y 3T 2 I R EL, m/ kg
p PR kg/m® 51 O X SRS W) B A RUR
J¥,m,
XURE X 2 28 2 1) g, 4 i 45 ) s B L I RE
RS RERMEAAI (D) EIES R (H:
In(lyy/1) o
:hl(lno/ln) :l‘l’mH (2)
L1 I A AR RE S 4205 S W BT | 115 5 g
THE 3y 230000 5 BT 25 S W) BT i LS 0 155 g
T 5 a0 2300 R A BE M WA 2R AT v RE I M FR 5K
HIC(2) AR, X S SREIE RS R (H 55 )5
JETK, HAEBLS T X B Z L RERG, ZRETk I
BT ERRE UMW B ) S s 2 2 BB EE S, A
TR TEU 45 58 A B R
THES 2, E X S &E S Y R 1R iR
B

IO
T=p,p=ln— (3)

HeRURE X S fie ARBE(S S EMAR () A
FRVAS B T EHFRBA

Iy x Iy

T=T -T, = - =1 4
L Ho= My P = J Pl n]L 1, (4)

M (4) TR, TEHBE AR B T AR R
HYARE X S 205 53 [/l — Wy i, T {5 5 ) B8 B o
R X (3) B, YK BE B 4R Gt T A
T, =, pt, M4 X 5435 5t 7] — 4 o2 1 ) — £
Mo p MEME, BUES T, (HBEE R ¢ (AR b AR 4L
2 B T{EMMZAE b

SEIG R FHPRURE X G128, X SR IR HL R 150 kV
FEHL 1 mASEE R HIAEE R T2 2540

W24 JE B 4 T, (E AT IX IR 43 8 T, (E A
0.4~ 1.9 3153 B 10 A~ DX ], FFX5F R~ X 0] 1) £ 48 4 7
RGBSR 1,

®1 ARSEE T, ENESESTE

Ty, {HA Iy 1, Ty, T
45372 39593 0.4157 0.136 2
45 685 38 696 0.4386 0.166 0
0.4-0.5 45711 38419 0.4458 0.173 8
44 831 37 052 0.4820 0.190 6
44 077 35988 0.5112 0.202 8
41953 33314 0.588 4 0.2306
0.5-0.6 42720 34014 0.567 6 0.2279
43136 34324 0.558 5 0.228 5
41 164 32 881 0.601 4 0.2247
38751 31434 0.6415 0.209 3
0.6~07 38 160 30 205 0.686 3 0.2338
38 517 31 067 0.658 2 0.2150
38 635 29 408 0.708 1 0.2289
35149 27078 0.7956 0.260 9
0.7-08 35720 28278 0.752 3 0.2336
36 078 28 625 0.740 1 0.2314
34 836 26 704 0.809 5 0.265 8
34 306 26 011 0.8358 0.276 8
0.8~0.9 35013 25019 0.874 7 0.336 1
34765 25303 0.863 4 0.3177
32682 23622 0.9322 0.3246
31942 22 802 0.967 3 0.3371
0-9~1.0 32 848 23991 0.916 7 0.3142
31351 22211 0.993 8 0.344 7
30316 21652 1.0192 0.3366
29 570 20 883 1.055 4 0.347 8
1.0~11 30223 20284 1.084 5 0.398 8
30599 20 145 1.091 4 0.4180
29 840 19 474 1.1253 0.426 8
26759 17 252 1.246 4 0.4389
LI-15 22 586 14 117 1.4470 0.4700
24 682 15770 1.3362 0.448 0




68 7owm TR o 44 %
gx 0.9955.0.998 3.0.997 0.0.9952.0.999 8.0.995 3 .0.9827 .,
T, Iy I T, T 0.999 2, M Z A& AH S HE 4R L
20 620 13 074 1.5237 0.4556 TR RENS TS AR T, {EX R #Zk FiY
15-1.9 19 422 11714 1.6356 0.505 6 ly%ﬁifﬁﬂ’ﬂﬁf%
17 640 10 401 17524 0.528 6
16701 9530 1.839 9 0.5610 S = ‘71‘ yo| (=1,2,3,---,10)  (15)
132?2 jjjz ;gzij 82;; Ay, AR T, AR E B, S TS
>1.9 12415 6523 2.2190 0.6435 B E 72
10571 5227 2.4405 0.704 2

W T A5 B A Origin 2022 #07F AT 220 335 =
LG SRR 1 R,

0.70

0.60

0.50
Z 040
0.30

0.20

0.10
0.4 0.8 1.2 1.6 2.0 24
T8

REEE 7, EH TEMNE S

B 1

Horp T, {HAE 0.4~0.5 Z[EAY T{EITZ 2B .
y, == 11.52x + 11.16x - 2.514 (5)
T, fE7E 0.5~0.6 Z Al T{E M LRk .
y, == 5.433x + 6.329x — 1.613
T, {H7E 0.6~0.7 Z[E 1Y T AL RSB N,
yy = 10.53x - 13.45x + 4.506
T, {H7E 0.7~0.8 Z [ T A ZREA N .
y, =5.638x" — 8.114x + 3.148
T, {H7F 0.8~0.9 Z[E Y T AL RSB N,
ys = 15.88x7 — 25.64x + 10.61
T, {HAE 0.9~ 1.0 Z[a]fY) T {H MRk,
yo == 2.76x% + 5.657x — 2.551
T, {H7E 1.0~ 1.1 Z[E i T2 REN .
y, =22.73x" — 46.86x + 24.48
T, AE7E 1.1~1.5 Z[E Y T A& RSB N .
yg = 0.233 8x% - 0.469 6x + 0.659 6
T, {67E 1.5~1.9 Z [ T{EMMZREAN .
y, == 0.271 12® + 1.229x - 0.786 2
T AEKRT 1.9 19 T FRAN .
yio = 0.351 627 — 1.367x + 1.945 (14)
DL £ A4 RH G 28 %03 00 0.999 8.,0.993 6,

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

3 SEEG IR

XUAE X SRR IR AT 1) i s 22 B i s e PR AR i
K&, s R s BEST A B P A, 5 5 e
By, AT LS gt ™ ) S5 b o B R e ) M T 5 AR RE A
B RREN LB W FOE I (5 5 RERHE AR, T LY
W R B A K RE R REIRTR — R A
ATLIGRBCE 4w i 5 8 . AR SCHEHDIEE X M EFTIE
A E ARRERIE 20 Be T (RN ZHEA TS50 70T

MAEXH B BB, — BT, — e,
P2 S kEsT e e AR BERIR, T 3 O B AT Y i E MK
RERIE,

(a) WREENMER; (b) 1RBEEH
B2 By BE%g

(a) EREIR; (b) fRAERIE
B3 EvE%



555 W

AVEI A FET oM B TR ZR LG BOXLRE X SR AR A 7 s F 5T 69

Bks o MRS F o e AR (4) B3 T
{ELSERG .
[LO X 111(0,0) ILO X [11(0,,') ]
IL(O,O) X IHO [L(O,j) X IHO
T(x,y) = : (16)
ILO X I ILO X ]II(i,j)
L IL(i,O) ><IHo IL(i,j) XIHO_
T (o, y) S TAERERE , 56 5 9 04 A A (BRI IZ 05,
9 T A8 3y ) Ty 230000 BE AR BE GRS B i 15
SHEEE,

¥ T EM MR REA TESXNE T, EHSA
3 (5) ~ (14) FFA DX A1 S5 A4 I AH R 1h 22 rpoat 53 il 2 e
SHE B RGR2ZH I S (x,y)

T(% 0,0y 57 (0,0)) ~ ¥(0,0)

S(x,y) =

T(xi0) Y60 ) = ¥i0)

H(i,0)

T2 ¥0,i)) = Yo

T(x(iy ¥ @) = Vaig
(17)
KW R B R AR R 4 i 22k 2 (16)
X (17) kb3S 15205 22 R, 455 T2 22440 73 A
X RS R AT B % 25 22 53 XA & R Ak A
RERIT LA 5 i AThRIC . FRRAARIC A 1Y [R5k
et s .
G(x,y) =255 x8(x,y) (18)
e et e i Jm 1Y R 4T RGB Ph R (it (4,
RIS RNIE 4 Fs

(a) K507 (b) RO
B4 LETHRERET HET hRE

1 5 000 P 1) = g ARBE R i o3 Be T
LA AL BRAS2] 5 000 TR PR, Hirb 2 500 kA
WA 2 500 sk G DR E, HEH 2 000 FKAG 6 F
2000 5K BT I ZIERHIENIZ: , B g uE . 4 rfy
G35 IR IR BRI ResNet18 #1228 M 25 Hill 5, 1|

GRESUCN 50 B, e A UE SR MERR N 87.30% , Il %k
AR RN IGIEAE 110 o ff R N8 O 25 o ) LR 5 R 6,
HoA R e 45 T AR BR R (18 2 TN 5 B S A AR —
R, B— RS,

100 Fz) AN NFm .
< < 80F
E il S W/W
£ o0r £ ol v
ssel . . 50-.‘ R
0 10 20 30 40 50 0 10 20 30 40 50
YRR/ 5 YIFIR /5
(a) ML (b) BuEE
BS5 HEWRELER
os[@ s
0.4} 3.01
K 03r X 20}
02} ®
0.1f 1oF
0k L L ) L L ol L L L L L
0 10 20 30 40 50 0 10 20 30 40 50

WIZhseik/ 5
(a) VIZEE; (b) Hilsk
Bo MKER

WERREIR/ 58

P LFrE A ] 600 5K 2855 40 Be T (8 th £&
A 5 W G D% B e A7 IR, I 2 5 0 i o)
TN 532 5K, HERH K 88.67%,

4 & i

WF9E 7T TEMZAUE L XGE X S LiE
SHRBIT S T — Rl oy Be T # &R ET7 ik, I
ezt 7 Be T {H i A0 5 B H B 18 A ResNet18
M2 P28 AT SIS IR, HE 358 88.67% , 43R AL
R BRI R AT

S 2 ik
(1] ®E). ey Fiilnmrss 1], 970 T/, 2023,43(4) .
82-84.

[2] B3CHE. HEEMER LS mERAT R R IRLE &R T[]
BRI, 2022,42(3) ;84-87.

[3] ABBASI S, MOHAMMADZADEH M, ZAMZAMIAN M. A novel dual
high-energy X-ray imaging method formaterials discrimination[ J]. Nu-
clear Instruments and Methods in Physics Research Section A Accel-
erators, Spectrometers, Detectors and Associated Equipment, 2019,
930.82-86.

(4] B, o, R, 4. JETXUGE X ST iy &R 7 S
WL L], AR, 2014,31(2) :297-301.

(FHH 74 1)



74 7R

T & 5 44

XG5 R L UL PR ERTIY , WA O A R
B 525, B £ 67 ) 3% 1 AR i 57 MIBC
B 22 KRS 2 1 B T A AN BT I 2 4
A M AR 1T AN R B R AR 5H] MIBC 550
PR B L2 390, AR A 3% 1T 5% MIBC
IR -t AN BT 9 R JS 3, 2 Aol 40 2 1T DS 5
MIBC W B 4530

3 45 g7

1) SRAMWRBOE R A, 760 PR 0.034~0.074 mm
EIF MIBC HIHE 20 g/t TREERT ] 60 s 5504 7, WA
M 76.64% , FEERW MISCRAL 19.72% , 53 T A
SRR I R

2) T AT VE kI RE T T 2 M — G Bl A
R RFEAHA I B R B2 B B R g — 2 5)
ik i

3) AR R R, R TR B B, TR
TP A A7 S TR A T, B TR 25500 AR T
AR A R R, 7Rk 60 s Ji, T 3K
HA KSR A T A B S TR AR T B S R T, R P Y
i SRR B AEREE OR W M R Y
Ve A T st 7 B2 PR R 4 b o DA e 3R 25550
Je e A R K T B AR A R, R AR R
WEEAE I 2R e 25 E D FE AR R SR T R &

(_E455 69 10)

[5] BONNIN A, DUVAUCHELLE P, KAFTANDJIAN V, et al. Concept
of effective atomic number and effective mass density in dual-energy
X-ray computed tomography[ J]. Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and At-
oms, 2014,318:223-231.

[6] FTAME, M3Ce, AEH K, 5. AR X ST & @Y kY R Ml
LG ]. UGS S A B, 2017,46(5) :160-162.

(7] FEARBE. JETXURE X SsSB4 Jm UM 5 70 88 42 ol SR
FELD]. MRt MR AR R, 2018.

(8] B, miicte AEHHIE  AF. FETIUAE X S4B it i X 3 - P e A7
O EIRBIEIELT]. PLE S B3k, 2019,48(4) :26-29.

(9] ZEfi%k, nhscte, REHE. 26T BP MM XEE X FLBES Y
SRPUNER]. A Eam IR, 2020,10(8) :124-130.

[10]  wmfor, AL, KT 45 WAL X 4068 S0 WU R4 E &

T g, BB PR P 1 T

S 3k :

(1] SKREAR, =BOE, XK 45, R T 5 1 A 7Rk B i
[T P EG A4 R, 2016,26(4) :884-890.

(2] SEW, kR, kT, 4. 3R AR R T R 7S R A 17 ik
Trhmi[ 1], hEA LR, 2018,28(6) :1191-1195.

[3]  BRIAR, 80, XK, 5. &8 BT X A PR 17 o0 I R i &
PLERRFSE[ 1], &JE 710, 2016(4) :67-71.

(4] BhEig o, RN, 45, TR AR e S 40 o 390 R T 3 35 25 S il dic
R S AL B ()] A G4 m A (R ,
2021,31(12) :3879-3890.

[5] SKHAR. WEEHE S5 A nliF 22 s i F s [ D], SEfH . &R
LK%, 2016.

(6] Hhfig i, e lr, 2. =R HLI0HI3R) 76 0 40 B A T 1 43
B RMERILT]. hEE 482440, 2022,32(12) :3843-3851.

(7] FBALRE, bW F8, 5. PR s R 7 5 = A B AR T T
PErF R RS T]. BR TAE, 2020,40(2) ;70-72.

(81 AR, XM S, BEIHT, 6. VRl 2 m n FH 5 & e[ T].
TR S HH, 2016(4) :56-63.

(9] H&hk, e, feass | EsEESm bl J]. 96 1T

2, 2020,40(5) :33-38.

SRV AR R 0 77 5 R AE S L3 S 25 5T [ D . TT5
s E Al R, 2017.

APSCELNT A1 SRR

[10]

SIS FRWBUBL, ZRMHE, P 2% ik FAS BR L E5HEAT S A
FHR[]]. 5% LA, 2024,44(5) .70-74.

IR T]. B4R (ETH4r) L 2021(1) :101-106.
ZMBRE. B AR R ERTIR D], w3k NS R E,
2023.

BRSO . HETONEE X T MRAE 2RI SRR [ ].
WS R K224, 2020,39(3) :212-216.
X, B AE RO, X SRR A R (T, M E
TR, 2023,42(20) ;:108-110.

B A &G IS, A IS A B RS X SRR g
FIBEIFLT]. AR, 2017(6) :64-67.

T4 oM Bk, 45, LT IR AUA AR X STERE SN
SRR 1], A Ea)E TR, 2022,12(2) :85-91.

[11]

[12]

[14]

[15]

SIS : A ATE4 RS, . A T8 T8 & s 09 Wik
X & 09405 5k BER[]]. 7 6 T4, 2024,44(5) :66-69.



