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Abstract: In this paper, a hybrid hyper-heuristic genetic algorithm (HHGA) is proposed to minimize the maximum
fuzzy completion time (i.e., makespan) for the fuzzy flexible job shop scheduling problem (FFJSP), in which the job’s
processing time is represented by using triangular fuzzy number. Firstly, after analyzing the properties of the existing
sorting rules on triangular fuzzy number in detail, and fully considering the approximate error and the ambiguity of the
operation of taking the bigger, a more accurate triangular fuzzy number sorting rule is designed, which can reasonably
calculate the objective function values of the solutions for FFJSP and other various scheduling problems. Secondly, to
realize the effective search in different regions of FFISP’s solution space, HHGA divides the solving process into two
layers. The upper layer uses the genetic algorithm with adaptive mutation operator to optimize the permutation of six
special operations, i.e., six effective neighbor operations. The lower layer uses each permutation obtained from the upper
layer as a heuristic to perform operations on the corresponding individual of the lower layer for executing a compact
variable neighborhood local search and generating new individual, and meanwhile adds the simulated annealing mechanism
to overcome the local-optimality trap. Finally, simulation experiments and algorithm comparisons verify the effectiveness
of the proposed sorting rules and HHGA.
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AN TE PRI 8], T 32 ST AR SR At A b 246 [ 3 i
] #(fuzzy flexible job shop scheduling problem, FFJ-
SP)FR A, A B 7 0 Hh AR SE P AR e AR R, T AT
FFISPA 1R i I BS FI S B AL

FETH SRR AL 78 B2 I RS [R) A HE 5 Bfdexe
() H bR eR BB, 7547 ) U AL AT AR Al (R DD T
[N, 98 BURIS S FINE A R,
i R B AR R R U AT B BE SE. JHerh, BRI
bLB s ST B B e SR L. TN s B
PR, CA AT FUAR R RO B A AR 5 2 LB HEIA
17 AR, BRI BONE A, AFAEZ FANR I HER
AHE ). D0 B35 A ROR AR RSO 1 52 il A, AN SR
SOEA S A BORE R G ), Wl vt seR & R
I HE DU LA B S50 2 110 o e DX sk, 3o T 1 Ll
R[] 25 BE DR WE T, B st ILAEREAISP B, H
HOCERE P HE AN SR AR b A — i IR TR 100,
Sakawa %5 LR KA /INEE i 0 RE D H bR ek 8, H
kA | e TR Bl N 1B S RS2 3
SHUE ) = AR B e v, IR R AR
FEAS B IR AL 5L R R Sakawa 5 BIZE SCHR (7117 1]
FELHR TR I DA KA B /N3 7 i 75 BN F- 2425 7 i A
FE /M B R ABERY) 578 I 18] 2 B AR bR 4, I £ STk
(71 DU ) 2Rl Bt = 2P HE R EE S 1 E
BRI e ORISR FH AL SR [ 7] ) A Bk
SRAFE. Lei FESCHR [ 71 I oI AL FT TR, SR
JH SR (817 Py 74 D0 -2k B GG T SR (7] o4 U
BET 5 BE LA 8% SR BEAT SR AR, TsujimuraZ ')
DUt /MU BRSNS 58 LI 18]y B bR ek B, BRI B0k
IR ], SR FH SCHR (81 A HE FP#E I, JF ¥t g 5
I3 B AT SRS SR A, TR H AL SRR A

XFTFFISP, IUA H 5 H b 1] @it 7e 3 A ME B
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HR s F B = ARSI S P I 5, 78 4325 RE UK
BAERE AR ZE MBI, Boit —Fh B N HERA I =
BRI ECHE P U, 7T -5 3 S FRISPAT HoAth %% 251 52
(e R H A R . IR, K ) R g S50 R Z,
5 J2 M R FH A AR S B PR B AR SRR AR
H6F K= B & AR AE (RI 6P 2548 5 1) i HE 41,
2 Il IR 51 2 BT A5 R A R RSy —Fh A
RS, F T SRR A RAMA AT B8 38 (1 AR AR IR
B R, LUK [a) R fige 2 T) PR AN [ X AT A7 280
. (AT AR 20 B A i AASEAELIR AL, AR
B R B AR B SR (FE SR 8 e DL PR 3 DA — €
RE R FE ) K A RN RN, &5, TR
SEIG AR EUBIRAIE T BT = A AR B8R e 44 D A
HHGA A 24
2 BRI ZE R B ) R
2.1 )R

BT A R E IR 2 AT E TN &,
A TTA B A 1) SRR E o — AN KRR G, BRIk
FERDRI) 1 Ml 25 ] 8 52 i)t e, 3 A FH = A ASH)
#( (triangular fuzzy number, TFN) SR E£ /R EA T 7K
T ETEN = (¢, to, t3), 38 & B £ B & an
F7s.

Hren(E)

L, «x
Bl 1 =Sk e i s 4

Fig. 1 Membership function of triangular fuzzy number
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Table 1 Processing times of the operations in fuzzy fl-
exible job shop

TH  TF My Mo M3
7 011 6,7,10 810,11  9,11,14
O2.1 1,2,4 6,8,9 *
I 02,1 6,7,9 5,6,8 7,10, 12
O22  7,9,11 5,9,12 4,7,9
O3 18,21,24 & 16, 19, 22
J3 O3z * 10, 14,17 7,10, 11
Os3 7,10,13 4,6,9 4,5,7
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Fig. 3 Three cases where each function of taking bigger fuzzy number is an irregular polygon
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Fig. 4 Comparison of membership function and approximate membership functions of taking bigger fuzzy number in the case of
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{90, {FL IR B P A SR 5 ) BRI ALk % 22 i AH 25, Y
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B LI TEN S48 50 10E AR ST AT $2 44 D) 10 A 35k
PR OLS 2. 3P vH R BRI L 22 I TEN () R &
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%3 REHATAMIBIR KLttt

Table 3 Comparison of the results of taking bigger fuzzy number in difference cases

B E TORAEL ORGSR BUOKRaRZE  HURGER* BOR Rz

5(1,3,6), 12, 4,7) i 0 7 0
L=8, 6=, 4=8; 5(4,6,9), 5,7, 12) i 0 i 0
R { 32,7, 10), i(4, 8, 13) 7 0 i 0
% 5(11, 14, 17), i(12, 16, 19) i 0 i 0
5(13, 19, 21), i(14, 20, 21) 7 0 7 0

St bt s, 8.9, 11), 75,10, 12) i 0.47 5 0.41

57 57,8, 12), i(1, 11, 13) 7 0.5 5 0.46

54,6, 11),i(1,7, 12) 7 0.26 5 0.24

A 5(13, 16, 19), (8, 17, 21) 7 0.45 5 0.34

35, 6,11), i(2, 7, 16) i 0.19 7 0.19

5(1,3,9), #1,4,7) 7 0.18 5 0.15

SISt 6,>85, 1<, 51,3, 8), (2, 4, 5) 7 0.43 5 0.37

S 57,9, 14), &8, 11, 13) 7 0.06 7 0.06

/\ 33,6, 11), (4,7, 8) i 0.36 3 0.03

52,5,8),1(3,6,7) 7 0.11 7 0.11

52,7,10), i(1,8,9) 7 0.13 5 0.1

$.>1,, 1,>5,, 1,<S, 55, 8, 11), i(4, 9, 10) 7 0.17 5 0.13
$ 1 35, 6, 11), i(3, 8,9) 7 0.33 5 0.2

513, 14, 19), (10, 15, 17) 5 0.06 5 0.06

3(35, 42, 59), (30, 45, 58) i 0.13 3 0.11
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Fig. 8 Flow chart of hybrid hyper-heuristic genetic algorithm
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Table 4 Main parameters and levels

KPE
1 2 3 4
TXHETCO 06 07 08 09
AR R o 20 15 12 10
MR ZEHn 085 09 095 098

B0 S SRR B, [ IESC R L (34) i
19288, A 16 R S AR IALA. A
SAGI3REAT S, X REAIAS [F 2 4L &5 FHHG AT
SLIBAT20K, BEAAS 2020 DR f K 58 LI ), X
EATH T EIE AR D1 0 N AL ARV, ~F- 25 Wi B AE
ARV BN EWRAE R HBHCT ML LRSI, S5
BEE M IEASRWRS PR,

k5 SHOREMIER R
Table 5 Orthogonal table of parameter settings

e K
PEHT o o ARV
1 11 1 296,438,579
2 1 2 2 289,440,583
3 13 3 302,440,578
4 1 4 4 311,437,577
5 2 1 2 301,439,574
6 22 1 292,437,583
7 2 3 4 303,439,580
8 2 4 3 309,436,57.6
9 31 3 303,439,575
10 32 4 300,437,583
11 33 1 294,438,58.1
12 34 2 301,437,57.6
13 4 1 4 299,441,580
14 4 2 3 305,436,578
15 4 3 2 309,439,569
16 4 4 1 303,435,574

MR LIRS, 132034 EES AR T2 i S AE
AN F) 5 Nk 6, Horh s 7] — MR %S
s 7 R, 3555 A A SRR HEY
HEN R, % ZHAFEDKT R S i A HE A4, T8

* ST ELSERG T R A5 B 549 73 M8 T #E https://pan.baidu.com/s/160jUp8WncOUAIE Y4001 Yeg T #, & Tk N 8Tk

RIBREE.
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TEZ G SER 3 EHEHSHORE M T: CO =
0.9, « = 15,n = 0.85.

k6 EHBRRKFT 09-F 3o LA FR 70 7
Table 6 Average response values and influence at dif-
ferent levels of each parameter

FESH
K
CcO @ n
1 29.9,43.9, 30.0, 43.9, 29.6, 43.7,
57.9(4) 57.7(3) 57.9(1)
) 30.1, 43.8, 29.7,43.8, 30.0,43.9,
57.8(3) 58.1(1) 57.6(2)
3 30.0, 43.8, 30.2,43.9, 30.5,43.8,
57.9(2) 57.7(4) 57.6(3)
4 30.4,43.8, 30.6,43.6, 30.3,43.9,
57.5(1) 57.6(2) 58.0(4)
W% —0.5,0.1,04 —0.4,0.1,0.5 0.7,0.2,0.1
AW 3 2 1

42 fiRGREBRS 3

NERAIE FITHR I AR R NASADIR AL A 20,
73 AE A AR IR KB L I HHGA(HHGA wit-
hout simulated annealing mechanism, HHGA-noSA)
MSEREFTHHGAREAT 17 L SL 5, R RE A 24
P PR RE— 2, AR 5B SRS IB 4T 200K, R
SRRAE200K P B SR AE S ZEAE ANV M an =R 7
7, FHURA A SRR A v B N AEL

FRAERT AT N, A8 FAADR KL FTHHGAZE A
[l FAR ) S48 o, MEREII I T B85 T HHGA-noSA,

XABIGIE T IX — ML Rt — 2P OB HHGA I B4,
PRALLIR KL 9K ) SAR P 7T DL Rt et G g MK
JZ 8 R ARAEFN SR I, 1G5 TRJZE A & R
TERI AR R AEST, ST HHGA R TERE.

F 7 BPIE KAUH] M RE I E
Table 7 Performance verification of the simulated an-

nealing mechanism

Sl Bk “FIAE I EME
HHGA  20.8,28,37.2 21,28,37 19,28,39
HHGA-noSA 20.3,28,37.7 21,28,37 19,28, 39

HHGA 35,42,59  35,42,59 35,42,59
HHGA-noSA  35,42,59  35,42,59 35,42,59
HHGA 30.5,44,57.4 29,44, 58 31,45,57

HHGA-noSA 31,43.9,57.8 29,44,58 33, 43,59

HHGA 22.2,34,48 23,33,47 22,35,48
HHGA-noSA 223, 34.1,47.9 20, 34,49 23, 35, 48

5 HHGA  37.3,54.3,73.5 37,53,73 37,56,75
HHGA-noSA 36.3, 54.9,76.4 34, 54,75 36, 56, 82

N T AR H THHGA R YEfE, FI ) SFh 5511
17T ZHLK. SR SL50 45 R 5O 1SR
Fyk3AT R, BFECGA?, TLBO!!3, HBBO!,
EDAUSIATHABCUO!, i Lk 45 B Aan £ 8w, BT 5
AR ST 15 48 FH Sakawaltk M HE AT TENHEF, R T
{RAIE b B makespan ] 1] 2 ~F 14, 45 5 HINRX V. AE
HHGA VF 51 72 A48 FH AR SCH H (0 HE 7 1 T (new
rule, NR)f3 21145 5K, ORXS B AEHHGA T it f2
1 [ SakawaflE /5 1 11 (old rule, OR)TS 2 i 45 B, %
FH B REL AR R {8 T SakawaFiF 7 18 JU) S BB () JUAh Bk
Hh i/ makespan, A, BARA “# 7 NARFRAEH A
SCHE P W 1) U 509255 /) makespan. FoHp
BFE SIS I AT 200K A5 21 1) B I, ~F 48
FR 22, XSSP EIL 45 FARIET SRk [13-14],
H FHBBO, TLBO, ABCIF i X # 41000007%,
ANFIFRA 150000 7K. HHGA R 3eRE /R #%022.6 GHz
Wb FEZE, 4 GIRAM, 4 F2 15 5 NPascal, 4 FE 38 555
JNDelphi2010. SZ%6 Hh A i £ 100, B AR50,
AR A FH SRS AN AT B AR 5 R (R 2R
I, B B AR A A TR e i 5 2K
2R R IR, BT AP D8 A 22 15 00 75 22150000
K. INFRSTH LA B, X T 5 AL 1) 545, HH-
GARR 7 #5 SHBBOREIL AL, TEiR A S HIHE
TR 38 & SakawatlE 57 HLU R, 35 T H A B A
&1 &, 5 511-2FFHBBOMHHGAY) % 3 1 [d] —
A, S22 BT IPAN HEE BT 22 9, S EURA R
TR 5 TR [R)AS[R], 72 A SCRIHEFHEN R, (35, 42,
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59) K T(30, 45, 58), At LLINAI(35, 42, 59) 4" N 72 fix
LA 56 T (8], S TH AR AT BUSGHIE (30, 45, 58)
(35, 42, SO LLERIT, JEE BURIIE LR ZETE /N, &
FAE N B KB 52 I () 58 R kR ; 1 45135
HHGAY 5% T HASFR %, 4b T35 ifr, H Hix

% 8 FATALN THHGA 5 54 H ik ay 3t tb 25
Table 8 Comparison of HHGA and five algorithms under two rules

FPDESSAE ] UAAS S K SE B &, T B HHHHGA
FEFFISP A RSB ZE 4 I A L, TAEHHGA
HRASE P AR SRR HE P E U A5 21 1R 45 R B B 5 28
L T AR HEN T, HHGASK M K
RIS 5 BT BB R H- .

g Sk FEME A REE

HHGA (NR) 21.0, 28.0, 37.0% 21, 28, 377 21, 28, 377
HHGA (OR) 21.0, 28.0, 37.0% 21, 28, 377 21, 28, 377

HBBO 20.8, 28.0, 37.2 21, 28, 37% 19, 28,39

1(10 x 10) TLBO 20.3,29.9, 40.9 19, 28, 39 21,32, 42
EDA 20.3,30.5, 41.6 20, 28, 40 22,32, 43

HABC 21.0, 32.0, 43.6 19, 30, 43 23, 33,46

CGA 23.1,33.1,43.4 21,29, 41 25,37, 47

HHGA (NR) 35.0, 42.0, 59.0 35,42,59 35,42,59
HHGA (OR) 30.0, 45.0, 58.07 30, 45, 587 30, 45, 587

HBBO 30.0, 45.0, 58.07 30, 45, 587 30, 45,587

2(10 x 10) TLBO 32.6,46.4,58.5 30, 45, 587 36, 49, 63
EDA 33.7,46.9,57.9 32,46, 57 34, 48, 58

HABC 33.0,47.8,62.2 33, 46, 58 36, 48, 65

CGA 35.0, 47.1, 60.6 32,47, 57 38, 49, 64
HHGA (NR) 29.7,44.1,57.7% 30,43, 577 31, 44, 57%

HHGA (OR) 29.8, 43.6, 58.6 30, 42, 60 29, 44, 60

HBBO 30.2, 43.8, 58.1 30, 42, 60 31, 45,57

3(10 x 10) TLBO 31.5,46.7,62.2 30, 45, 60 33, 50, 70
EDA 32.8,47.2,62.9 31, 46, 60 34, 49, 66

HABC 33.9,50.8, 67.3 33,47, 64 36, 54, 70

CGA 36.4, 50.8, 66.0 34,47, 63 38, 53,71

HHGA (NR) 22.6,33.6,47.7% 20, 34, 48% 24,34, 48
HHGA (OR) 22.2,34.0,48.0 24,33,47 21, 34, 507

HBBO 22.8,34.0,47.9 24, 33,47 23,35, 48

4(10 x 10) TLBO 24.9,36.5, 50.8 21, 36, 50 26, 40, 57
EDA 24.8,37.2,51.9 21, 36, 50 24,39, 57

HABC 25.5,40.0, 56.3 23, 38, 53 25, 44,59

CGA 27.4,40.4,55.0 26,37, 51 29, 42,59
HHGA (NR) 36.1,53.3, 73,6 36, 52,71 35, 55,767

HHGA (OR) 35.5,53.2, 7417 35,52, 71% 37, 54,78

HBBO 37.2,54.0,74.3 36, 54,70 37,55,75

5(15 x 10) TLBO 36.1,57.5,78.2 36, 55,72 37,61, 82
EDA 38.6,56.9, 78.3 36, 55, 73 40, 60, 81

HABC — — —
CGA 47.0, 65.4, 86.0 42,62, 82 49,70, 91
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Fig. 9 Fuzzy Gantt chart obtained by solving Case 5 via the proposed sorting rules
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ARAAE FZA L5 H 10/ R sz Br i T4
PEAE MRS, FTHHGARAT KR, &5k, %
AELAOIN TR R AT, FETHE RS
TR BB I TR R TEN = (t1, to, t3). XA
TR AR ML I T [l (WL — B ARAL T IR i
17 HE AR 84— B B ARR ), I SCRk [32]
(T VEIEAT VH B T T4 T e AT R o B
[ 2o U5 FH AT LEH = B PR R8RSRV AT

dotem
LT (13)
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