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A genetic algorithm for multi-stage parallel machines scheduling
problems — A case study for solar Cell industry

Student: Min-Chih Chuang Advisor: Dr. Chen-Yang Cheng
Dr. Li-Chih Wang

Department of Industrial Engineering and Enterprise Information
Tunghai University

ABSTRACT

In recent years, a lot of outstanding research on hybrid flow shop, HFS has been done.
There is one common hypothesis among the research, that is one-job-on-one-machine pattern.
Under the hypothesis, one order cannot be carried out by numerous machines simultaneously.
Therefore, Multiprocessor task and scheduling were advocated by scholars. When hybrid
flow shops is adopted, the allocation of machine resources for each order should be scheduled
in advance. By conducting several types of algorithms of scheduling to generate the
allocation of machine resources, the best production sequence can be created. In that case,
better performance can be achieved. However, allocation of machine resources and
production sequence are highly interactive. If allocation of machine resources has been
determined, adjustment on production sequence is unable to contribute to the best production
scheduling. This study is going to explore the issue about hybrid flow shop for order splitting.
The final purpose is minimum makespan. In multi-stage manufacturing process, several
identical parallel machines are involved in each manufacturing process. In order to shorten
the makespan, the method of splitting order into numerous manufacture orders, scheduling
production sequence for manufacture orders, and allocate manufacture orders to assigned
machines are concerned. In terms of solar cell production, the type of this production is
classified as hybrid flow shop. To find solution to order splitting on hybrid flow shop, four
characteristics of solar cell production will be discussed by genetic algorithms. At the end of
this study, the result of this research and mixed integer linear programming from optimization
method will be compared. The methodology of this study can be applied to clarify both
quality problem and effects for small problem size as well as large problem size. In addition,
the result is also proved to be more effective than case study's production scheduling. The
finding of this study can provide a better solution for order splitting and machine scheduling.
It also can be referred by solar cell industry for strategy making.

Keywords: Solar cells, Production scheduling, Parallel-machine scheduling, Genetic
algorithm
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. No. of No. of | No. of No. of
.| Problem Problem Size . . . No. of
Data Size . continuous | binary integer total .
Number | (orders, machines, stages) . . . . constraints
variables | variables | variables | variables
1 (3,3,4) 36 180 37 253 770
2 (3,5,4) 60 420 61 541 1604
Small 3 (3,8,4) 60 360 61 481 1522
4 (5, 5, 6) 150 1200 151 1501 4632
5 (5, 8, 6) 240 2640 241 3121 9431
6 (10, 8, 6) 480 6480 481 7441 23662
7 (10, 10, 6) 600 9300 601 10501 32962
Large 8 (20, 10, 8) 1600 31280 1601 34481 117322
9 (20, 15, 8) 2400 61200 2401 66001 214962
10 (50, 15, 8) 6000 24300 6001 255001 | 699626
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412 AFiRE 2 54

AFIFE 2SI BA S e BING > A R4 MEp - T3S
B2 Qpeenid s R R LA M2 REPPB T2 ER K - ATIR
B3 L BSER LA 2 B ke d 43

% 4.3 AFIFE 2 SR T

The GA parameters Value
Population size 700
Crossover rate 0.8
Mutation rate 0.1
Selection Strategy Tournament selection

42 }F Y LN PR FER BRI R
KAL R &R EPFIHRBE R 2 FE 2 S8 BT 4 42
Poendt g BRE A B4R B~ * CPLEX ]‘»ﬁ&’m—' RN = ;,j’f ;5 * Visual
C++ %44 {7 o CPLEX Ff2enipah i o £z 5 dfd» R E 52 ¢ 3] 2F
7 2 P48 > 5 NP-Complete 17 38 » & P %\‘mfﬁﬁs,_ﬁﬂ/\ ’ i&;;; A B R
Rfrh B ik o A §RIERE R AE LERAEAKE 0 T A
TERERTIEFERE 414 £ R b1 BALEE chRjamE
B0 % JE % 4] 5 A CPLEX fojw & pF > Tl » A 4 R 22
(Branch-and-Bound; B&B)==3 ;% » 11 2 & @ % oA L s R T
;%g%ﬁﬁ@ﬁ’w%ﬁ+,%%ﬁ%%ﬁi@4$ﬁ%’ﬁ%ﬁ%%
& _pF > CPLEX B g %t 3& & (Runs out of memory) > 82 & ;2 £ 7 5 EfE >
- Ehaip b FE w TR Ft > B A SRR A R
BB EE ST R (T P HARER RS
Voo AP TR FIERY AT 2 om AR ATIR R 2 RN AR
B R E T EARRE > AT AE - BRAT BHGEFLR 0 Ak
TRk PFNLRFEP A BB BEETHE BFE ARG RS
w o @ e iR s fA S 2 ch L §E AR 3 % Chen -~ Lin £ Fang(2010)
S H s e R (4T) R

*w
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Solution Gap(%) = % x 100 (47)

255(47)¢ > sl %F"‘ﬁ_'\ “r ff22 %% 1Bid CPLEX 32 &
* i Eaodg A2 r%,%*"m B PR TR Y ik o 51 47 3N
ﬁ?ﬁ’%%&%ipﬂw**&i%7Wmiﬂ’%Jﬁﬁﬁ@ﬁ&?
» RfRZ R 4 R AR HRAER £ R o

421 Bk

244 5 AF et R R AT 1 22 R0 8E 2 % v 1548 CPLEX $.42
N EfE a AT ENDEATIRE > AR L e > B2 &)
fEFE R ERLFE TP AR A7 A3 A REFZ RS LT 5
Ef2 > 2010 S ehT ok % lﬂ’*ﬁJWwﬂéE§00%%6“ﬂ#mf

T

T TR B A LR 4 A 05%p ke B EfER AL 2
#P”wéﬂit B ﬁ’lﬁ%ﬁi%powm%u_ﬁ@ PR
@R AL 3 2 5 » CPLEX A RjfziEfd » % &2 RiF &k ’Eﬁijﬁu@

—

]
B o ded 44 TR AEF 22 E b’L’r,ﬁ%gi:@;% » Fag BRI R
B R e (W Rl AL 6 218 0 & CPLEX &f37 » 355
Runs out of memory s » » i KIF - 370 fE > B AP Y 8 A KT
IT0LfE o

% 44 *F7 3 502 CPLEX 2 % % &2 £ §F

Data Size Problem Problem Size CPLEX Optimizer Genetic Algorithm
Number (orders, machines, stages) Solution Min. Solution (Gap %)  Awverage Solution (Gap %)  Max. Solution (Gap %)

1 (3,3,4) 76,500 76,500 (0) 76,530 (0.0392) 76,800 (0.3922)
2 (3,5, 4) 25,200 25,200 (0) 25,260 (0.2381) 25,800 (2.3810)

Small 3 (3,8, 4) 103,500* 99,300 -(4.0580) 102,210 (-1.2464) 103,500 (0)
4 (5,5, 6) 64,800* 60,570 (-6.5278) 63,645 (-1.7824) 66,480 (2.5926)
5 (5, 8, 6) 98,100* 45,900 (-53.211) 49,439.2 (-49.603) 55,285 (-43.644)
6 (10, 8, 6) - 69,750 77,286 79,650
7 (10, 10, 6) - 59,640 71,386.9 74,031

Large 8 (20, 10, 8) - 115,200 129,192.5 135,540
9 (20, 15, 8) - 150,701 155,553.1 165,954
10 (50, 15, 8) - 360,000 367,008 374,400

* CPLEX runs out of memory

%245 5@ T e RAPF T odk 2 CPLEX 2 & » F & "5 4] 1 F
BeikfE TF R D RfEF PR F LR ILE S 0 Pl € & T=Runs out
of memory z_ ;= > e & ¥ B~17 Runs out of memory = ejf & pFRF > ATy
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PRIV EFIELEGNERYGE ) AR HS 0 ok 2 2 ElE
T e REEY > (7 10 9 % 7 Min. CPU Time ~ Average CPU Time £
Max. CPU Time > j€# 45+ 5 » &R 1 HR AL 2 i3 ™ > CPLEX
) ;Ixx;ﬂﬂ*g_-\—“’lzp KB RPFRT 0 AT RN TE 2 M’apﬂi‘ﬁ&

F Y CPLEX enffiz= 3% 5 @ A3 R 457 » B4 4424 45
TRl gm A A RfENETE R ApRor CPLEX T 0 % 5 7 45 chlg ok o

% 45 KA F Ho#2 CPLEX 2 ffaps fF

CPLEX Optimizer Genetic Algorithm
Data Size Problem Problem Size CPU Time Min. CPU Time Average CPU Time Max. CPU Time

Number (orders, machines, stages) (second) (second) (second) (second)

1 (3,3,4) 58.00 6.49 6.70 6.90

2 (3,5,4) 1257.00 9.47 9.79 10.06

Small 3 (3,8,4) >2334.69* 75.27 79.28 81.49
4 (5,5, 6) >5140.52* 351.79 367.46 384.60

5 5, 8, 6) >977.22* 263.17 272.99 283.90

6 (10, 8, 6) >2087.50* 385.25 397.68 408.74

7 (10, 10, 6) >1531.16* 476.65 498.59 526.70
Large 8 (20, 10, 8) >3107.84* 1393.76 1424.00 1469.74
9 (20, 15, 8) >2098.42* 1806.99 1853.44 1913.32
10 (50, 15, 8) - 2338.27 2438.58 2600.66

* CPLEX runs out of memory

DR 4l TR T A B2 A REER L SR Ay 2 2o
FfRPER > o ) AR RED] X R AT 0 H R R S R s e 0 P
*rsgjg i3> CPLEX » 7 ¢ ) § W ADRBER 0%« o AT 7 05V 977 chf iz
PR 0 K3 R R b (TP RO SR S R B 2

6000

—o—GA Average
CPU Time

5000 (second)
/ -#-CPLEX
Optimizer CPU

4000 / Time (second)

3000

CPU Time

J /

1000 /

Prab[em Number

B 41 5 467 % ch i japh 454
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% 4.6 ¥4 F)F & R

Level
Control Factor Level 1| Level 2
1 |Orders A 3 50
2 |Machines B 3 15
3 |Stages C 4 8
AT F R4
Orders 3 50
tage
Machines 4 S : i
, (5)** (]_]_) (1) (2)
9 13 10 6
SRR F Y TR S I Yy

4.3.2 Makespan #&¥g + 17
BETFREP'GE - 2 F i 2FTEHEZ BRI HER
Makespan 182 5538 7 % £ #ics 17 (ANOVA) » ¢ * MINITAB R14 # g8zt &
#1718 2. ANOVA % 4r# 4.8 #751 » 2 ¢ F]3 Orders ~ ¥]3 Machines £ F]+
Stages ¥+ Makespan 325 5 B ¥ B8 FIP 7 @Y AT 7 ATPE 0TS P
Rl 2@ Makespan 25 4p g £ & 0 @ M p BB 43 fro 0 2P FF
Orders ¥** Makespan = £ 7 # ~ @ 42 & > H & £ %5 Machines; @ %
Fl+ B en< 3 8% > 11 F]3F Orders & ¥]3 Machines 2 %]+ Orders & F]+
Stages 3 B F @ RA LT IR I ARG MM ER AT

R
YOI P PE B FF hE B o
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# 4.8 Makespan 2. ANOVA % {7 4

Source DF Seq SS Adj SS Adj MS F P

Orders (A) 1 8.74E+11 8.74E+11 8.74E+11  10754.13 0*
Machines (B) 1 85717493400 85717493400 85717493400 1055.17 0*
Stages (C) 1 3854050561 3854050561 3854050561  47.44 0*
Orders*Machines (A*B) 1 64402004400 64402004400 64402004400 792.78 0*
Orders™ Stages (A*C) 1 2377635121 2377635121 2377635121  29.27  0.001*
Machines*Stages (B*C) 1 308669761 308669761 308669761 3.8 0.087
Orders*Machines*Stages (A*B*C) 1 20151121 20151121 20151121 0.25 0.632
Error 8 649883305 649883305 81235413

Total 15 1.03E+12

*p <0.05

Pareto Chart of the Standardized Effects
(response is v, Alpha = .05)

2.3
L Factor  Mame
& A Orders
B Tachines
c Stages
B4
AB 4
-
AC
B
ABC
T T T T T
u] 20 40 60 80 100

Standardized Effect

Bl 4.3 Makespan ANOVA 4 45 2_ 44 1= ]

4.3.3 CPU Time #&z 4 7

BT RIER S 27 SRBcipts 0 A AHZ B TS 3 CPU
Time e 5838 7 % 2 #ics 17 (ANOVA) » ¢ * MINITAB R14 szt & #1{¥
2. ANOVA % 4r# 4.9 #1571 » H # F]3 Orders~ 13 Machines ¥2 513 Stages
20 CPU Time 325 3 BFHF > rtAp £ BIK 44 #r7 - # ¢ 5 Orders
23 B e A2 R 0 F]F Machines stz ; @ & Fl+ BFen 3 0T
AHEEFIFAZFIF 08 4 HEF RS 20§ CPUTime > 7]
+ Orders ~ Machines £7 Stages » ' ¥ 3. B B 7 & 47 % o
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% 4.9 CPU Time 2. ANOVA % 37 4

Source DF SeqSS AdjSS AdjMS F P
Orders (A) 1 7151285 7151285 7151285 1039.87 0.00*
Machines (B) 1 3926528 3926528 3926528 570.96 0.00*
Stages (C) 1 667824 667824 667824 97.11 0.00*
Orders*Machines (A*B) 1 2792078 2792078 2792078 406 0.00*
Orders*Stages (A*C) 1 514959 514959 514959 74.88  0.00*
Machines*Stages (B*C) 1 246173 246173 246173 358  0.00*
Orders*Machines*Stages (A*B*C) 1 200355 200355 200355 29.13 0.001*
Error 8 55017 55017 6877
Total 15 15554219
*p <0.05

Pareto Chart of the Standardized Effects
{response is v, Alpha = .09)

231
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&4 A Crders
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PR T AR BE P B RS  ERNES L
(e L2 EBPABRTr o T A9 %hE L4l

# 410 B 20 R T R

Th
e' - Number of
Orders | Quantity | Type of Silicon Due Day
Busbar
Demand
1 51000 | Polycrystalline 3 10 H 29 H

2 385000 |Monocrystalline 3 10H 14 H

3 257000 |Monocrystalline 3 10 H 29 H

4 257000 | Polycrystalline 2 10 530 H

5 128000 | Polycrystalline 2 10 H 26 H

6 58000 | Polycrystalline 3 10 H 27 H

7 51000 Polycrystalline 2 10 H11 H

8 137000 | Polycrystalline 2 10 H 8 H

9 482000 | Polycrystalline 3 10 H 25 H

4.4.1 RFECHF N RERP
AEEP RS FTIREFEF L ARREORG DN NTE R BRI
B R P4 R ARG FRER * 1L iR L (Priority-based) & & 5 )
#p p (Earliest Due Date, EDD) 5 A & sy 8 3] > 27 4.4 > 0ok &2
REEZ AT E AR TS BATE B2 ARFIARACR 45 om0 &
KEA SR EBLRE  PREREEL ARG BHR
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% 4.11 %Eﬂ HosN g w s k2 5

Data Size Problem Size Manufacturer method Genetic Algorithm
(orders, machines, stages) Solution Min. Solution ~ Average Solution Max. Solution
F;?z'b‘;:rsne (9,3 6) 5719000 5012300 5091610 5196900
412 A7 HNERRS 22 S5 LEE
Data Problem Size Min. Solution  Average Solution  Max. Solution
(orders, machines, stages) Gap (%) Gap (%) Gap (%)
Real case
oroblem (9 3,6) -12.3571 -10.9703 -9.1292

Objective value for Real case problem

7200000

6700000
6200000 |5

5700000 \
5200000 “—L"k

4700000

Object value

D W

1 51 101 151 201 251 301 351 401 451
Tteration No.

] 4.8 Real case problem 2 Jz #7 8]

2413 iy ToREER > THREERF L 9156 § 0 TV &
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B Z ARG AR S R BB K HRT L
;TE iﬁﬁ’ﬁ’fié_Stage n=aiis > i_,,_Stage N+l = FF 1 > %7535 Order &=
2,
P

= Stage #% it % i AR R 0 AP TR > S i P A E2 Makespan HAR
FE
% 4.13 ##7 7 #-;% >t Real case problem T z_ FjZpFfF
Problem Size Genetic Algorithm
Data Size : Min. CPU Time Average CPU Time Max. CPU Time
(orders, machines, stages)
(second) (second) (second)
Real case
(9 3 6) 88.56 91.56 95.61
problem
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“t4— : Makespan 2 ® 5% iy %

2 2 A B C M1 M2
1 1 1 1 44400 44400
2 1 1 2 58800 56400
3 1 2 1 31560 31320
4 1 2 2 31560 31560
5 2 1 1 622200 | 601800
6 2 1 2 668100 | 688800
7 2 2 1 345614 | 353893
8 2 2 2 384389 | 403902

@t A Orders (Al : 3> A2 : 50)

B : Machines (B1 : 3> B2 : 15)
C : Stages (C1:4-C2:8)

M1: % - =xip|2_iE&

M2 : % - X pl 2B
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k- 1 CPU Time 2 % S ¥y 4

2 % A B C T1 T2
1 1 1 1 40.695 41.914
2 1 1 2 64.199 69.461
3 1 2 1 172.747 171.91
4 1 2 2 255.925 236.878
5 2 1 1 455.066 360.785
6 2 1 2 659.383 747.51
7 2 2 1 1711.36 1813.22
8 2 2 2 2857.87 3145.29

r: A:Orders(Al: 3> A2 :50)
B : Machines (B1 : 3 » B2 : 15)
C : Stages(C1:4>C2:8)

Tl: % - P2 @&

T2: % ZpleiE

e
f
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