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Efficient Estimation of Distribution for Flexible Hybrid Flow Shop Scheduling

WANG Fang'? TANG Qiu-Hua?® RAO Yun-Qing? ZHANG Chao-Yong? ZHANG Li-Ping®

Abstract For flexible flow shop scheduling which minimizes the maximum completion time, a 0-1 mixed integer linear
programming model is established by using event modeling method, and small-scale scheduling problems can be accurately
solved through any linear solver. At the same time, an efficient estimation of distribution algorithm is designed to solve
large-scale problems. A novel decoding way with random probability and rules is adopted by the new algorithm, and
workpiece sequencing is based on rule while assignment of machines is based on random probability. Since the original
probability model does not automatically adjust sampling probability, an improved probability model is put forward.
And local search and restart mechanism are designed and adopted to improve the ability of local search and to avoid
falling into local optimum. Finally, optimal combination of parameters is decided by using experimental design method,
and experimental results show that the new algorithm outperforms genetic algorithm, gravitational search algorithm, and

classical estimation of distribution algorithm in terms of quality and stability.
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Table 1 Pseudo-code and complexity for decoding method

Algorithm 1. Template of decoding

O(max{Snlog(n), nMlog(m)})

(
Input: 7 as the coding, and 7; as the ¢t-th processed job number, P_m as the probability, o(C)
j =1 (j is the index of the stages); 0(1)
Repeat O(max{Snlog(n),nM log(m)})
t=1,; 0(1)

Repeat O(nm;log(m;))
Randomly generating a number of [0, 1] which is noted as P™; O(1)
Calculating the completion time of 7, processed on each machine (T, ; x) O(m;)

according to equation (12);
If P™ < P_m, the machine of the minimum T, ;  is chosen and is noted as k*; O(m;log(m;))
Else, a machine is randomly chosen and is noted as k*; O(mjlog(m,;))
Setting Er, ; = T, 5.6, Brys = Trp g — Pryokxs 0(1)
o+ o)
Until t=n 0(1)
Reorganizing the sequence of jobs according to the ascending order of E, ;; O(nlog(n))
Updating 7 as the sequence of jobs; O(n)
Jj++ 0(1)
Until j = S 0(1)
Output: Final solution found. o(C)




2 aoo#H K ¥ R 1B
2.2 HIBEFHE FCHTRIEE: 5) IR 2R, W I,
BUBERIERT I S Pom 20w, Ravg g PIEBI 3).

W73 BEALA A BE L2 B ML g A 20 P, X — AR
{68 1 i, e SCHR [17] B ry plas g sy oL 3X
— R, XSRS R A
M, SR E AR SRAEL, FRATTM I SR (28] f5K
i, RAHEAN EDA FEP 1, bk 5s, Wl
LA 6 iR /K (0.50, 0.65, 0.75, 0.85, 0.90,
0.95). £7KF FERMALIZAT 20 K, REREIR(E
13 WIREr 518 0, 5, 13, 19, 15, 12, {1 ZisfT
20 YORTGHFIIES T 2.

ML A, 3 Pom = 0.85 I, 20 KisfT3k
T LA PSR TT 2802 f/ Y. DRI, R
BEA AR5 BUNTR & R ERD J5 3%, &iEr) Pom 52N
0.85.

1391 — T
— e Wil

o
=]
Ft =

IRARAE R P K 5 72

2
}_._l._..|

ool
o=

-
|
T
i

T
-+
1

0.‘50 0.I65 0.I75 0..80 0..85 0..90 0.95
KEEIKAF
K1 AEZKPE T -9 5052
Fig.1 Mean values and variances of levels
3 =% EDA &gt
EDA 2 —Fl AR B R BRI RIR, %

AR MG 22 PR DR A R 11, 2R )5
A AL KRR A AR AL R A 7 A P, S8 IR R 0
k. RERBRUZ 0 EDA B4k 75 1) R FE A0,
AR BB B XA [R] 1) A 3d Y P A 2.
FE SRS SR T K AR TR, 4R T
i AR AR AR SO RZ AR AR AR AU A SR A I
ANBE A SR TR R Al R AR SR EORFEE A HEAT
AR AL, St T O E R AR AR BB R A, I
X EDA 5T HLAARIRS L Bt 1 Bt B
3.1 =¥ EDA EAiES

fRifE EDART257200 4y 5 35 1) W1t AL AR
2) BEREOLIHFIRE; 3) M BARAAY; 4) BENLRAEA

BUA SRR T 2 1 e R A, B e
RFERFEDE, BRI . ik EDA rysl
P, ARG T — RSP R A SRR B, Y
K EDA BRI SR RGeS . B Ik SR AR
IR, ARSGABT T R R 3 M 5 P A e 4 A

#30 EDA 73 8 25 1) WIda b M 2) R R
77 RARAFAK HARME; 3) MR HAE I PR
FIRIRE, TS SRR A, 4) AR g
JEBNAEARR, RAEA SRR 5) AREERIT R A T
AR HARME; 6) Wit AT RRIRE; 7)
HIB R IR B EF A0, RMEE, F4 8); 8) F
W2 5 2 2R 0F, WML, A 2R 3).
HAAE AR n] ILIA 2.

stk

¥
PP R
¥
JEFER BRI v FLML A BIRL

¥
UM AR AR R R P AT
¥

P
v
TERE AR AT AW R

o

E
&R

B2 K FFSP &% EDA iR
Fig.2 Flow chart of efficient EDA to solve FFSP

3.2 WAt SMBMEERE

W T g i 7 2R e TAHE, BT ARG Ak b
B, EEAT A 1 2 TA% n 9N B SR
— MK AE Matlab 1, H 298 randperm (R
o — PR BT R ERAE. WK ZE R TR, &
I E &g NEHO | Palmer 4301 CDS
#3021 F1 BFH (Bottleneck focused heuristic)®?).
H e PA BFH #il NEH 2058 b HREETEE
Z=2 B b, SCAk [35] HIEW] BFH 2tk T NEH.
WA SCAE ) I AL oA v R T 25 4 ) 1Y) e
X, HEF B RAEN R/ WEERT), ZET
BFH J5mid AR IR —kiEL T, NEH &
FRBEH O(n?), WA SR Y & N &2 A4
O(nlog(n)). N Pyi.e FRRFIEEAEL, WAL RS
BAIEH O(nlog(n) Pz )-



24 T SRA AL TR A1 ) R v 28 A A 285

w2 AR S R R e Db QRIS 2

Table 2 Pseudo-code and complexity for constructing probability matrix and updating population

Algorithm 2. Template of construction probability matrix and updating population O(GPsize(n? —m)/2)

Input: Sp as dominant population, P; ;(g) as the probability matrix; O(n?)

g as the index evolutional generation, g = 0; O(1)

Repeat O(GPs;.e(n? —n)/2)
Determining the values of IS} ;(g) according to Sp; O(n?|Sp|)
Calculating P; ;(g + 1) by equation (13) and setting P?,(g + 1) = Pi (g9 + 1); O(n?)
l=1; 0(1)

Setting I as the sequence of jobs in the individual [; O(n)
Repeat O(Psize(n® —n)/2)

t=1, O(1)

Updating the job of individual I which is arranged at position ¢ according to P?,;(g + 1) O(n —1)
by the roulette approach;
Noting the job as i*; 0(1)

Repeat O((n? —n)/2)
I'={i,iel/i*} O(n—1t)
Calculating P/ ;(g + 1) by equation (14). O(n—t)
Dynamically updating P,/ ;(g + 1), as Pt/,yi(g +1), O(n —1t)
4+ o)

I=[lI=1I4 O(n —1t)
Updating the job of individual [ which is arranged at position ¢ according to O(n —1)
P, ;(g + 1) by the roulette approach;
Until t==n 0(1)
I+ + 0(1)
Until | == P,;.. O(1)
Calculating the target values for all of updated individuals by decoding method; O(Ps;zesnlog(n))
Sequencing the individuals in ascending order of target values; O(Ps;zesnlog(n))
Selecting the top 1 % of individuals as Sp; O(|Sp|)

g++ 0(1)

Until the termination criteria are achieved O(1)

Output: Final solution found. o(C)
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KwhoE LA @ AEMEE ¢ W E, R
A (13) HEEHMEREE, Kb oa hydE
{IER S N A R I = B L £ O e v G < =
S PL0) = LV 3 6,50 1St(9)/1Spl =
L vi, t, 4 Zz Ptl,i(l) =1, Vt,i, %K R,
> Ptl)i(g +1)=1,Vg, 1l t,i. X (13) 2HEHVLHRE.

Ptl,i(g +1)=(1—a)x Ptl,i(g) +ax
Z ISé,i(g)

leSp

|Sp|

BB 3. T REFATNSHEME, XA
R Rt W07 SOR R FRE. KNS 1 5 n (18
SRR BE A, ek R T ARt = 1
fr B BEPERE T A 0, R (14) R T T
TEH AL B AR, b P SNER ¢ B G 0
MR, I' = {i,i € I\i'} NS AR W&
THEG EHIHEa LI AT, Py NP, )5,
Ak R A S S B E LA, HEE 0 ALE
SENL. BEAE AL E SR 8, AT ORAE AR RO DD,
'fgj‘j ZiE]Pt’,i = (Zie]' Pt’,i)“’Rf’,i* = 1, ])_lIJ
Zie]’ Pt//,ith/ >t R 1 (WAEW), BEARIE)E
SUL—RLE AT A TARRMERANCN 1, P2 REL
ECE

/
Py = Pui+

Vg, l,t,1 (13)

Py i X Py
1— Py

SERR. 4t = 1, HBEE 2 WA Y, P =
LVt > 1, Fi I = {1,2,---,n} = I' +i*,
I)_Iu Zié] Pt’,i = Zie]/ Ptﬂi + Pt',i* =1 ﬂZ‘ﬁEmea
P, 1 — Zie]’ Pt',i = Pt',i*‘ ) ey =X (14) f:
Zie]ﬁ Pli=>er Prit (Qicp Poi) X Poi- /(1
Py i) = 1.

AL E R W] BE TAEARREA R 1, FFARaAL
WEREAAE. Mt > 1 I =1, Pyy = P, MY
UM VA 2 vy £ O 11| M X 1 RS SO A i = Iy

O

V> i £ (14)

— YA, BEAMESALE TR E, W]
Ve TR ZEWIE NN, &2 n —t YORFER L& T
1, ZARBER O(Pyize(n? —n)/2), & T AR AR
(1 O(Pyizen®), 1t BH 3N 251 B3RS S0 B 4T,
3 2RM 20 TE. 5 B, HATHIEL 3 3 3 3 3],
PS4 [1, 60] HREATLEEESE G, FEHLIEL 30 ¥k
IORSSEAT N UESE ARG Fe L sy Rt o g 3
EDA_W #75%3CHk [3,22] ) EDA %53, EDAI [
T RIHRRERSN, HAx 5 EDA —E

# 3 R R L RE
Table 3 The performance of improved probability model

EDA_1

Wl ZHEE N (s)
10 ft 2490 0.83 0.93

EDA_W
RUE SRR WA (s)
251.0  0.89 0.97

R¥

50 & 237.1 0.35 4.78 241.2 0.60 4.80
100 1t 230.0 0.09 9.71 239.8 0.23 10.02
200 1 226.7 0.01 19.38 235.5 0.03 20.72
500 f& 2234 0.00 48.31 230.9 0.00 52.60

3.4 BEpEE

ST K ZE T B, B T4 AR 1 AR 418 &
R AR R A R AR RO P, DB TR A
PRVE S T HEF AR b B — R RO . X
Bk [36] BFFTLSHAER, SRR S AT X i
T ARAEAT IR B, TR 30 IR HAAT 48 A SR I 18 R —
P RO . (5% 1B F) TP K 26 1) 3475 [a] i 5
HLEARTY, BT DA SCHR WU SR B I R B, 45— )2
FAHRI AR5 75 =R A ARS8 R TAHHEY, 4
TR RS TR, U2k i L B
IR, 182 EMINLAE S BRI S, 7] =% FE )4 A
AR Z N AR G B R 2 R O(Mn?), fs| A
s 2 22 55 11 0[] — AL ) T 5 8 R ) A AR A O 2
JE.

TR K B B4 OO [36] HE#E00 5, ML R
il gB HATHIAE IR 9B, BELE R
O(Mn?). W gB' RHIEEEBFRT, 10 Bk
AABIRR, EHEATHE R RIS I &R, 50,
AP ASR I8 R IR, A TR T
gB', WHEH gB' JiHEs. 4 ASBIEI8 R Je
B O(Mn®), X4 gB' {EsE2Ffnf, AT AN
%R, EZePER O(C). FiXf gB' #4172 (Rec) Bl
PINLEAR IR IR, I R %, TH gB, MEL
JE4 O(Mnlog(n)). %5 R AILE J G RIAR
BN goE REGHEZ 9B . M EiRI R A
RB|ASE S RIGTURIBREZE R O(Mn?), BIA
B SR IGHE TR O(Mn?), (K H i
= O(Mn?).
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G Re-c REACRIR 4B RRVERE, RN
3.3 WG, BEALA K 200 AR HEAT Re_c R
PLHLAS TR IR, M/K-F-5C 5, 10, 15, 20, 30, 40,
50 LA, SR ILE 3.

MIE 3 BT RAE H, X 200 A4 /735 {8 K
ERERZEGR T, 2 Rec B 10 I, #RRZEE —5
. HAEAT 10 JEEHLALEE 35 IR 1 2R 1 S %
4 O(10Mn), /N TP 4B EIE R O(Mn?)
O(Mn?), NEMBIEIZIE.

450 |

BEW ----- PHIH R |

4001

L
W
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T
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Fig.3 The results under different levels

3.5 EBRBRE

A JEE ) A Y Al T B B S B IA B AR
BP0, i 2 R AN I U A SR SRR KR )
W SR 1 B A SR B B DL T IR, R R
2o W 114 i B B3 P 7 3R 0 T B A ) 1 7 W
BANESSL AR AR SO g 7 2, T AR eh A
PRI TAF T AR L B 22 ok Ron g W . HoT
AR 1) i I S—ét,i = Zlepﬂ.ze Oui, Vt, 0 IF
A ALE LA AR IR, K s W RFALE
PR, AN L REOIE ¢ R O, G = 1,
ﬁﬁ»”]jj 05 2) Hit P—(St,i - S—5t1/|Pszze|avtyl -ﬁ‘
FRRRE R ALE ¢ KRR 0 R 3) %
Div = 3 icqr D ier POt/ Poize| TR FRHEZ HEE
¥8¥5 Div.

BCE &M Div ART R — W/ {E Div-h
ol AR HE 2 A S R BGE B Gomax; HF 451
(Res) % J& 3 F: 1) HFEAMEE 2) fRE 10%
LM IE R AR 2 3) PR 10% me i )e &
J&, R S 2R AT B B AR A R P 5
AR IR BN max{O(Pyizelog(Piize)),
O(PsizeMn®)}. —fBIE UL T Mn® >log(Puize). BT
PASZZRIEEN O(Pyize Mn?).

Div_h %)% 0.4, 0.3. 0.2, 0.1 Pg7K~F, G_max
% 1& 50, 80 M1 100 =/KF-. B Lig(4 x 3%) 1y
IEAZ S E I S Bl & RN 3.3 a4,

AVG RS ET 30 WHEME, B4 E A
100s Z 1k, FIHBEYER DA E A EDA JlE )5
BRI, S BAER) IE AT SR 45 R a3k 4 FiR,
HARZE AR NER 5. HFEAERN =Fhsg g R
(Div_h. G_max #1 Res) 1 243 #1 (Analysis of
variance, ANOVA) L3 6 ffR.

4 HERIENIER SRS,

Table 4 Results for orthogonal test of restart operation

Syl e AVG
Div_h G_max Res
1 2 2 1 222.30
2 2 1 2 223.75
3 4 1 1 223.90
4 3 2 1 222.40
5 3 1 3 219.60
6 1 3 1 223.90
7 1 1 1 223.55
8 1 1 2 223.10
9 3 1 1 221.25
10 1 2 3 222.25
11 4 2 2 222.55
12 4 1 3 219.65
13 2 1 1 223.00
14 3 3 2 222.40
15 4 3 1 224.40
16 2 3 3 219.95
#5  HEPHRIERZER
Table 5 Rang table of restart operation
IK - Div_h G_max Res
1 223.200 222.263 223.088
2 222.150 222.375 222.950
3 221.487 222.563 220.338
4 222.625 — -
W2 1.713 0.300 2.750
3753 2 3 1

M 4 WL 416 3 1 3] BN ERIFR AL
HI A E. B Div_h = 0.3, G_max = 50 B},
PRE AR 10 % AMEJEE R, I H 55 G W B RE
FRIGEFIIE B R 2 A S SR . 3R 5 WAl
R4 Res WM ZE 5K, Ui BH 5 4514 1) 52 1) d
K. F 6 1 Res iR )EH 0.004 < 0.050, iHHE
JEEE R EE M RE R i, SR b M E TR
3
BESBENEIREWMR 7 Por. EEHEY
IS AL, ARSI R P, Y 9B SRR P,
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Table 6 ANOVA for three factors of restart operation

Source Type III sum of squares df Mean square F Sig. Partial eta squared
Corrected model 28.553 7 4.079 4.510 0.025 0.798
Intercept 646 099.042 1 646 099.042 714 322.413 0.000 1.000
Div_h 6.324 3 2.108 2.331 0.151 0.466
G_max 0.240 2 0.120 0.133 0.877 0.032
Res 21.988 2 10.994 12.155 0.004 0.752

2 EDA 573k 8 % [ % max{O(Gn®Puze),
O(GMn®)}: 7 16 3 & % o B 10 5 2 1%
max{O(Gn?*Py;..), O(GMn?*)}.

KT FEDA FIASEAERIRE
Table 7 The complexity of efficient EDA
BAESTER HAE
HHE O(nPsize)
TR O(Psize Mnlog(n))
PEREOLAFIREI T SRR O(n*SPsi.c)
FARAR L A O(n?Psizc)
LRB R O(Mn?) 8t O(Mn?)

HE A O(Psize Mnlog(n))

4 S EDA EZERSHIRE

R Lo(3") IEAZ LB HES L, 154
HEE A K PRI Paie %% 30, 50, 80 FlI
100, EAFEELLZ 0% #4210 %. 20 %. 30% Fi
40 %, 23] % a %52 0.1, 0.2, 0.3 f10.4. K%
3.3 WHEGILE, AVG HEMAA FEEMAE
17 30 WY T-39MH, 21THAL 100s &k, % 8 &
HESHWIER LR, FSBNZE LR 9
TR, 7210 hEsk EDA [ =Fh S50 7 225547

MFE 8 nJHIZH G [3 1 3] 19 AVG &K, B
P,i.. 580. 0% 3k 10% Fl a 3k 30% HISEHE
. 29, n fa PRZERK, WX NS
XL VERER K. 2 10 o Rl o (Y EPEK
SE-30.000, 75T 0.050 38 B A~ S 500 B b
AE R d 2
5 BUAMEREMIR
5.1  BEHMK

SRR 2 TR K B ) B R O B R e RS 2
GABSA0-42] x5 37 5 1) /& GSA  (Gravitational
search algorithm)3=451 1 EDAP Y7 FRiH 2 1)
30 EDA 5 EDA H. X} Heix 4 Fho& g7 HL0 A
T A ML AL ) R R A v e, LR T 8 ZH I,

AIPRSAEAT 40 W PISCHR [17] W5 S AR 50—
#, EDA JAEECRN AR S, GA il GSA
RH 4 WIS EAGRITIE, 45k GA RS 84
BN Puize =50, EEAEA 0.75, 52 WA= 0.25, 48
MR 0.05, GSA BILSHAHEN Pz =50, 5l
JIZ K100, FARERTCN 2 X toc/Zt, toc J4Hiia
frinf|], Zt HEFEL IR St ifE. R
K8 RSB TIEAR
Table 8 Results for orthogonal test of algorithm

parameters
SHls o AVG
Div_h G_max Res
1 2 2 4 193.40
2 2 1 2 193.94
3 4 1 4 192.66
4 3 2 1 197.29
5 3 1 3 192.51
6 1 3 4 195.14
7 1 1 1 195.54
8 1 4 2 197.54
9 3 4 4 195.40
10 1 2 3 194.26
11 4 2 2 195.29
12 4 4 3 195.97
13 2 4 1 198.71
14 3 3 2 196.29
15 4 3 1 197.14
16 2 3 3 194.46
#9 WM EDA ZSHAINE
Table 9 Rang for the parameters of efficient EDA
IKF Div_h G_max Res
1 195.620 193.663 197.170
2 195.128 195.060 195.765
195.373 195.758 194.300
195.265 196.905 194.150
2 0.492 3.242 3.020
2773 3 1 2
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# 10 =3 EDA W =FSEN 7 20t
Table 10 ANOVA for three parameters of efficient EDA
Source Type III sum of squares df Mean square F Sig. Partial eta squared
Corrected model 46.692¢ 9 5.188 39.490 0.000 0.983
Intercept 610562.518 1 610562.518 4647478.731 0.000 1.000
Pyise 0.520 3 0.173 1.320 0.352 0.398
n 22.063 3 7.354 55.980 0.000 0.966
a 24.108 3 8.036 61.169 0.000 0.968

H Matlab R2010a gg#%, i=17F &8 2.8 GHz 11
Intel Core i5 CPU #1 4 GB 1§ RAM 4~ A5 HL.
5 3.3 T aEdl, LA Makespan YE NP AR, R
MW RIR AT Z ook g, HNEER N
GA. GSA. EDA %1 EDA_H 4 #p&¥E, HEHZ=ER
PRI R AT ARRD . 7 22T AR R TR 11~ 13
FE 4.
F A1 PURMSEIRR I S 2
Table 11 The mean and standard deviation of

these four algorithms

ATy Mean Std. deviation N

B 200.8500 13.46325 40

GA BEHLL 197.2000 13.49112 40
Total 199.0250 13.51696 80

By 198.5750 13.51331 40

GSA BEHLALI  189.7000 12.44928 40
Total 194.1375 13.66020 80

ol 199.43 13.454 40

EDA BEALELI] 193.20 12.113 40
Total 196.31 13.100 80

Fom 188.68 13.234 40

EDAH  popmn 184.42 13.042 40
Total 186.55 13.229 80

%11 NHAGET, RETR IR 4 PRRTER T H
PR A S5 SRR T IO U AR RS A 458, 5 BB
T ABORE L HARP GA SRR T 255 T AL

12

TR R J7 2%, FOR TR O Iy 221 5 U A Oy
2, VLB AR B B DL B P LR 2% 12
G S M 0.042 < 0.050 YW PRI ARAL 2 1] 771
B T, ] 4 R RE TR AR O T JEO L A
. 13 R E RN 0.050, BAH] 4 ATk
PR A 25 5, LAY S AR RS AR
AR R 5, A 4 WTEDIE i, EDAH
RERLT, R GSA, FRH IR EDA, U5 2 GA.
5.2 ST

A SR SCHR [17] ASCHR [28] 4@ Ay 3 A
FFSP 52, 735 L1, L2 71 L3 R, XFEE 4 B
SRESRIR SR BIPEREZE 5, H-5 SCIRES R UEAT R HL.
RN L AEZRAF 22T I ] 108, £55R WK 14. 8
R FIE T, EDAH ZE3Rf# 3 ASSe it 45 5 i

7
[Sa)
I~ SN
> 20000 ACYIRS
=z — ]
g — L)
S 195.00
Z
S
g
= 190.00]
El
<
=
=
2 185.007
<
£
E T T T T
CA CSA EDA EDA H
vk
B4 BT

Fig.4 The average marginal

INESENIER P

Table 12 Test results of between-subjects

Source Square sum df Mean square F Sig. Partial eta squared
Intercept 12044 296.013 1 12044 296.013 19 397.610 0.000 0.996
Decode 2645.000 1 2645.000 4.260 0.042 0.052
Error 48 431.488 78 620.917 - -
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Table 13 Test results of multivariate
Effect Value F Hypoth-esis df Error df Sig. Partial eta squared
Pillai’s trace 0.882 190.021¢ 3.000 76.000 0.000 0.882
N Wilks’ lambda 0.118 190.021¢ 3.000 76.000 0.000 0.882
ik Hotelling’s trace 7.501 190.021¢ 3.000 76.000 0.000 0.882
Roy’s largest root 7.501 190.021¢ 3.000 76.000 0.000 0.882
Pillai’s trace 0.314 11.617¢ 3.000 76.000 0.000 0.314
Wilks’ lambda 0.686 11.617* 3.000 76.000 0.000 0.314
VRN e
Hotelling’s trace 0.459 11.617* 3.000 76.000 0.000 0.314
Roy’s largest root 0.459 11.617* 3.000 76.000 0.000 0.314
F 14 =ASEIAE PR R B JEOCHR A 5 R
Table 14 Comparison for the results of three cases under these four algorithms and original documents
ol SCRRZE SR GA GSA EDA_W EDA_I
L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3
1 23 297 14 22 298 13.5 22 297 13.5 23 298 13.5 21 297 13
2 24 297 14 22 297 13.5 22 297 13.5 22 297 14 22 297 13
3 23 297 15 22 298 13.5 22 297 13.5 21 300 13.5 21 297 13
4 23 297 14 22 298 13.5 21 298 13.5 22 298 13.5 21 297 13.5
5 23 298 14 22 297 13.5 22 297 13.5 22 297 14 21 297 13
6 23 297 14.5 22 300 13.5 22 298 13.5 21 297 13.5 21 297 13
7 24 297 14 22 298 13.5 21 298 13.5 23 300 14 21 298 13
8 24 298 14.5 22 298 13.5 22 297 13.5 22 197 13.5 21 297 13.5
9 23 298 14 22 298 13.5 22 298 13.5 23 298 13.5 21 297 13
10 24 298 14 22 299 13.5 22 298 13.5 22 298 14 21 297 13

TOCHRESR, [ R 2 T Al 3 FhRE, A
TOCHR [17) RSB L1 AR, K 5 S EDAH
SRAFHY R AL H A . EDAH 38 808 ARG

W 14 WREEXTEE, Al EDAT SR 3 4
B, A 10 Wiastr i, AL—UORIFRIEE R A ZT
HABATAT—Fh AR AT R, HARAR 21T h i

Bl L3 i &R Ufe, %ME 13 5 GAMS/Cplex
SR, UEWIAS T &R R L.

Mo b [ 19 I N e e e 1)
M8t === Ji0 [ T4
M7t [T5=1 | e e 7 (v [P )
oMer i ITnl m2] [ 14T 18 ]
% mst
T M4t [@ [T J0T 2]
Coe =21
M3F_J5 [ J12 [ J6 ] "
M2 FJ7 T Ji1] 12 I 13 ]
Mgl il ol J4 T 318 1 | )
0 5 10 15 20
B[R]

Bl 5 Sl L1 Ryl
Fig.5 The optimal solution of case L1

SEPAS T AU B, EDAT SRk RE Ry, HK
fpa R iR e, HUe GSA B3k

6 HiLGRE

Fe Mk K TB) i — M R A AT A 7R B P R
IR, AESE R )T R PARRZME
Makespan 4y H AR S Hi 7K 4 ] ] 5 R, SR A
PEFUZ NP M. A SCHE FESP [ A B fit] LA
TORMELAL, JHPRH T — MR EDA B3K, %A
R JH 5 AR 05 AN Sh A R AR AR AR, [ IR 1
SRR, G I AT SR E A S R
A, i F O TR TR, AR
TEAHEI T

1) BT Plgs g @ a iAs, @57 0-1 IR H
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LPERRIBAY, R GAMS/Cplex JniFEiAA %L

2) it FESP pyBEALAL I AR 7 =X, 382 )ik
6 PR, B TR BI{E R 0.85.

3) #£i EDA FiEFN S RFE AT R Z A
AR B 1 AR AR I T RCRFE, $2H5
ESIHE N R ECR.

4) WA SRR I R A E S LS, @t
IEAZSLE, e T AEIAES AL

S50 ) K A S 5] S A 5 SRR 3 B R sk EDA
BT R M E AR EE T LT GA. GSA Al
EDA_W.

A SO AT, FeNT A EDA Sk S
B, H5 R R, 45608 8m RO BE Sk,
GSA SRAREZ MK ZE AE BEA SR & — AT IR
S FRRR S G TG, SRS, ki,
B, 4l No-idle 5§ No-wait 245 ) 2P 3% 7K 42 ]
W, DAL B Re sk HE i g FFSP £ H i B2
e il 3 AT Ml 7 R K A
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