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Abstract: This paper proposes a novel multi-objective root growth algorithm (MORGA) based on self-adaptive behavior
of plant root growth. It can solve job scheduling optimization problem in the smelting process of high-precision copper
ingot. At first, a job scheduling model for optimization is established on the existing production capacity and melting
technology of smelting production line for copper ingot. The model is formulated with two objectives of minimizing
production time and penalty value for the plans not containing some orders, which can meet clients’ delivery date and
reduce production cost. Then, MORGA is formulated based on mathematical simulation model for plant root growth
behavior with multi-objective strategy. A new encoding rule for the algorithm is designed to solve the job scheduling model
effectively. The experiment results using the actual data in production show that MORGA is robust and effective. MORGA
can obtain better solutions compared to NSGA Il and MOPSO when solving the model.
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2.1 WRIKAEE (Decision variable)
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TEABEEE P I R A, 7 70 R s Ml A
A 7, A AR P B TR) B e DA SR = = ) s KAk, AR e
SV TR) T AR A R B TR R I e b B 1] I by
BEd st [A) AT DL SRR AR RS M ERIT B Bl o0 AS [F) 5 2
HIYEIR AR, FEA =i R R, Al b 2 e R R AR
P2 JE AN AR PP AE S5 FEA — B R/ 6 SEbr A P s O, 75
SRR 2B 7= 4 S B 2B 72 e 77 DA = it R e g ) 2
SR |7 A = I EA N S Ak A HER = B AT Ay, At
FEALSS R e 2 mr A= B, SO =, 2T iR
FE, @I LL A B AR AL

B R R (]

Ti(X) = lz:l;]; Liji%iji, €))

ﬁ\:‘:fj: tijl(i;j = 1,2, e, N, = 1,2,' s 7m)%/j—‘_\‘7£
KRR R, e B, 5 Z BB BEIP I EE I R ¢ £ 5.
AN T[]
nn=£ 5

3 t
1
;E\:E'jtzl(2:1727 N, l:1727

TEESE IR T A 25 sk ).

P S TR) 35l 1 AR [ A e Ion T B ) 2

[HXY)=T(X)+To(Y) =
Y2 > timi + Y Y tava- )
1=1i=1j=1 =1i=1
HE= ARG A VTR 52 2 SIS SE
fo(Y) = Z:lﬁi(l_;yil)> (6)
Hor R H = Bk gm AEML RIS SHE, TRoR
HEF= B 1 MR EE SR T S R BB TR
2.3 ZJH %A (Constraint condition)

Z e FIEHE R P A R T2, tERIEA N R
JEYE( A B AL T A M EE AR 561 2 TR &K,
SEUN R 2R

1) S Rz A B RA— Mg

Z Lijl = Yil,s )
J=0,i#j
Hr:i=0,1,2,--- ,n, 1=1,2,--- ,m.
2) IR R 2 iR H A AN R
Y T = Y, ®)

i=0,i7j

iYils 4

oo m) RN



1

I T2 HAMR R KRR mos S A el 2 123

He:j=0,1,2-,n, 1=1,2-,m.
3) —MHEE B A B HER — B A R EGE AN
AT

=1

;H\:EF‘Z: ]_’2’... M.
4) BRI A RS — A R

> Yo =m. (10)
=1

5) T REAT AR R HE B R ANE R AR
72 L AR R A = e
C'fnin < i GiYil < Crlnax7 (11)
=1

He:1=1,2,--- ,m, g FonH™ B854 TR
i L I IR A7 i A B 65 i iy 22

&, C!

FERE I LR,
6) JHER TR
S S @ <R -1, (12)
i€R jER
He: RC{1,2,---,n}, 1=1,2,--- ,m.

2.4 w23 (Final formula)
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multi-objective root growth algorithm)
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END IF
END FOR
T=T+1

END WHILE
3.2 HIEM KM (Self-adaptive strategy)
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for job scheduling model)
4.1 %miS ¥ E (Encoding settings)
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4.3 EAKEP IR (Steps of solving model)

Step 1 245 Pk g A HL N, A= Bl ] 25 52 5 R %K
FER LANAEE A HABEER T, I ek Z A A
T

Step 2 EHVERIETHE. tFE B R EUE, T
LA A AL BT VA8 o B AR BB X BT Ak
ATAESCIECHER , BRI HIE N (2 0) N SCRC JE L.

Step 3 WEFEHRAE. MLYE AR SCRCHE P 7 VA AR B

Step 4 HRIS/r RHRAE. K 5L 558 ORI 43 L
BCAE X TTIEX TSR A A K AT 0 2L

Step 5 EK#ERAE. B A A XQo)- 1K BEAT
AMA AR E S AR R T AR e R 0, NG
FIH R (15) 0 ORAT A KR AR, 5 I R (22) % 58
B E E S AR T

Step 6 A RRAE. XA HE HAREEER LTS
FF.

Step 7 EEEARAE. R LKA BT, X B
BAEEHUHE H AR R RS S AR, SRS AT —
A H B SR, Gn SRR i FiscAE, TR 2
FEVE IR B 7T IR AT e 8. ik AR EUA 215 e AL,
147 Step 8; 75/ H & Step 3% Step 8.

Step 8 F| H :(16)M1 KX (17)it 17 Paretoid 1, %
WAL eI 44y H Pareto4E.

5 I8 K 45 R 7 B (Experiment and result
analysis)
5.1 S E (Parameter settings)

MORGA¥; 5NSGAI!' Y FIMOPSO!8I 33k 47 Eb 4.
SEIGFE RIS AT EA N L B Ni5-4210M 2.10 GHz [
ALFRERAI8 GBNAFHIAN NHLM . Sae&s BT 5
EMALIZ AT 20 KR AT ()P S 4E. 0 I K 52 4,
MORGABIERIZHE E W T : WG MION2, &
KAEK B N30, e KPIERIKEMNC = 1000.
ARZEVIEKE N, K s 2 AR S 0 RN,
RS SUREZR A 43 D R AC X224 0.85, A8 i3
0.25, ZREMEIESZER P = 90. AT NSGAIIL, FEERis .
BRI REL . 28 SUFIAE S22 439 ¢ B 930, 1000,
0.85F10.254; %FFMOPSO, FERIRR L it KAEFF K
H AR SRR H b A ) R 2 10 XA B9y 1) S 30,
1000, 0.5F1301181
5.2 SEIGEE (Experiment data)

RN T UEBIASC TRV AR DA K % H ARGk
MORGA )45 2501, LSS Al s R A AR AE 77 2R B 5
A= AR b 18 BE SR 3 AT SR, AR SR R, AR
B A En = 40, IEEV S EN = 3, &6
VR A7 RN I SR AR PR RE I R RR CL =
100000 kg, ERRCY . = 125000 kg. ¥ HRHT E]E;, HRHE
PG T SR E B g, B EE, ty = x g,/1000, £ 1
I T ASFI RS B AR 2w = B (I e
g G HZTIA e R d, BRI R ™= gi/d;.
RIBIGI LS AR 2 (R H F e b 18], OfRER
ANTE LRGN, A A P s M R LR 3.

%1 TRMS 1k
Table 1 The value of -y for different grades

s GlI G2 G3 G4 G5 G6 G7 G8

v 0.09 0.14 0.11 0.10 0.08 0.17 0.09 0.12

2 BRI

Table 2 The switching time between different grades

S Gl G2 G3 G4 G5 G6 G7 G8

Gl 0 24 3 34 4 48 51 357
G2 0 0 3 36 41 45 46 53
G3 0 12 0 33 25 31 34 40
G4 0 0 0 0 32 22 26 34
G5 0 0 0 16 0 42 36 47
Go6 0 0 0 0o 25 0 29 37
G7 0 0 0 0 0 21 0 23
G8 0 0 0 28 34 0 0 0
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Table 3 The production scheduling table
ﬁfffz g HEE G| AT e WEE MUOG | HPT e REBE OO T e R UG

w0 EEke & || B EEke % | B @EEke % | B @ike %
S1 G2 7553 S11 G7 8122 1 S21 G5 8884 1.1 S31 G4 11422 1.2
S2 G4 8376 S12  G3 5711 1 S22 G4 10788 1.2 S32 G4 10788 1.2
S3 G5 6724 S13 G5 7615 1.1 S23 G6 11422 1.2 S33  G8 7615 1.3
S4 G3 11422 S14  G3 5457 1.1 S24  GS8 10429 1.2 S34 Gl 5457 1.3
S5 G2 10429 S15  GS8 10429 1.1 S25 G2 8376 1.2 S35 G3 10429 1.3

1
1
1
1
1
S6 G2 10429 1 S16  G8 8376 1.1 || S26 G3 6724 12 || S36 G7 10788 1.3
1
1
1
1

S7 Gl 8261 S17 G4 8122 1.1 || S27 Gl 8122 12 || S37 G6 10429 1.3
S8 G2 6714 S18  G6 7615 1.1 || S28 G7 7615 1.2 || S38 G3 8376 1.3
S9  G7 8884 S19 G2 7553 1.1 || S29 G3 5457 1.2 || S39 G4 11422 13
S10 G2 10788 520 G3 6724 1.1 || S30 G5 6724 1.2 || S40 G3 7553 1.3

5.3 453 Hr(Result analysis) 1t BAMOR G A RE % 5 4 I 1 FE AR R URCSR, IX — R
LA T 25 T MORGA B FH T M 1 A A 1 AT PAE H, MORGARE L I 84 21— Pareto Hif
HAFHI 10N B AT FE T % VT _F. 10 LOFR I B 7 R AR R IXRE, A=

R0 ERALI  HONIATH Y A S e G R v ] AR S P2 7 DL AR A Al
(5. WRIFT LA, AN T S ARA AL 2, AR

% 4 MORGAf ik K70y — R A L 7T K
Table 4 A group of optimal solutions which are obtained by MORGA

. - Her= oA P X
fE e 5
1 2 3 4 5 6 7 8 9 10 11 12

1 16 18 4 11 31 5 36 9 32 2 8 —

S1 2 1 10 19 30 38 13 17 39 22 25 7 — 0.02317
3 15 24 23 3 21 35 20 29 @ — @ — — —
1 16 18 4 11 31 2 9 14 25 5 8 —

S2 2 1 10 19 30 38 13 39 17 22 32 7 —  0.02257
3 15 24 23 3 21 3 20 29 @ — @ — @ — @ —
1 22 7 13 17 1 27 39 31 14 21 5 6

S3 2 36 11 28 10 3 4 12 24 9 2 25 8 0.02317
3 15 40 34 18 35 6 23 20 — — — —
1 16 18 4 11 31 2 9 14 25 5 8 —

S4 2 1 10 19 30 38 13 39 17 22 25 7 — 0.02161
3 15 24 23 3 21 3 20 29 @ — @ — @ — —
1 22 7 13 17 1 10 14 21 5 6 —_ —

S5 2 36 11 28 10 3 4 12 24 9 2 25 8 0.02156
3 15 40 32 18 35 39 31 16 23 20 —
1 16 18 4 11 31 2 12 9 25 5 8 —

S6 2 1 10 19 30 38 36 39 22 32 7 —  —  0.02135
3 15 24 23 3 21 13 200 29 — @ — @ — —
1 16 18 4 11 31 2 17 36 25 5 8 —

S7 2 1 10 19 30 38 12 14 22 34 7 —  —  0.02105
3 15 24 23 3 21 13 35 20 29 — — —
1 22 7 13 17 1 27 39 31 14 21 5 6

S8 2 36 11 38 10 3 4 12 24 9 2 25 8 0.02089
3 15 40 34 18 35 6 23 20 — — — —
1 16 18 4 11 31 2 17 9 5 8 —_ —

S9 2 1 10 19 30 38 13 39 22 25 7 —  —  0.02076
3 15 24 23 3 21 35 12 20 29 — —
1 22 7 13 17 1 10 14 21 5 6 —_ —

S10 2 36 11 28 3 4 12 24 9 2 25 8 — 0.02050
3 15 40 34 18 35 39 31 16 23 20 — —
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A] DATE SR A B8 /AR 7= S B[] [ (R ), 3 m i = B
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Table 5 Comparison of results obtained by NSGAIL, MOPSO and MORGA

A7 Sl S2 S3 S4 S5 FHAME T
f1 53.63 53.25 50.04 50.59 62.26 53.95 4.91
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MOPSO  f, 6843928 72848.12 59340.53 74982.12 51883.19 65498.65 9694.09
pF o 0.0864 0.0989 0.0733 0.1091 0.0827 0.0901  0.0140
f1 - 49.04 47.87 59.97 47.42 58.73 52.61 6.20
MORGA  f; 63706.10 67043.65 51933.61 70322.65 53909.63 61383.12 8100.91
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