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Hyper-heuristic cross-entropy algorithm for green distributed
permutation flow-shop scheduling problem with fuzzy processing time
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Abstract: For dealing with the processing time uncertainty widely existing in the real-world production process, this
paper uses fuzzy number to represent each job’s processing time, and establishes a model of the green distributed
permutation flow-shop scheduling problem with fuzzy processing time (GDPFSP_FPT), whose optimization objectives
are the fuzzy maximum completion time and the fuzzy total energy consumption. The, a hyper-heuristic cross-entropy
algorithm (HHCE) is proposed for solving the GDPFSP_FPT. Firstly, the HHCE algorithm adopts a novel ranking rule of
triangular fuzzy number to reasonably calculate the objective function values of individuals, which is helpful in finding the
promsing regions more accurately during the search process. Secondly, in the upper layer, the HHCE algorithm utilizes
an evaluation method based on the contribution rate to estimate the permutations constructed by eight special neighbor
operations, and also uses the cross-entropy (CE) method to learn the information of better permutations and generate
new permutations. Then, for searching more different regions in solution space, the algorithm uses each permutation
generated in the upper layer as a heuristic to perform a series of neighbor operations on the corresponding individuals in
the lower layer. Thirdly, in order to enhence its ability of obtaining the non-dominated individuals or solutions with low
energy consumption, the algorithm utilizes an energy-saving strategy based on non-critical path to perform local search
on better individuals of each generation. Finally, simulations and comparisons demonstrate that the HHCE algorithm can
effectively solve the GDPFSP_FPT.
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BRI, A B Frade O e L 22 [ AR P B AT
WP HES.

4) LLHy: 0 L5 51 BEAUAH 4128 X34, AN T T
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F7 AR BB LB — A7, 131 3T — A2 B5 — B i) TAE s e fr
B, BRI ATAS 305 ) 5 20 3 R A MR AR 2

5) LLH;: i T3 FE 0 HE R A8 A, B LG £
ANTTAE, H A AE A AL A B3 6k 7 14758 .

6) LLHg: i T3 FEE 0 HE SR A7 ) 4 N 384, Bl AL
BN A, 75 K TAAT A I LR A2 55
N A A o R 22 A

7) LLH: i T3 B T HE S0 7 454, B ML 4 —
AT, W% TAREAS FINLEE b ) B A S8R kA7 3 7
HeF.

8) LLHg: /il T3l B 50f HE 3R SR AR HR A, B ML 35—
AT ¥ 1% TR R FINLSS 1 0 BT A B kAT 58
B
24 ETREENSERREEMSTENTGE

T 15 2 S A R AR 2 L Y 8 & 5
SR T ) RIS, ot R VTN I 45 B LA R,
FE—EFEFE b nl @ i i) A R R AT R A
S 1K — F8 b M SR W I A R M R RN S5 R E
R W A R i 2 1) o )98 R A7 AE BE AL, M DA
FH— VR AE T i v A3 A A 10 T35 155 10 o Aff K 55 s
BB R R T IR, BTN “TTmk g " M,
IV F — ol 2 F DT R 26 1 = 2 SN S A R VP T
2 HARRR IR,

step 1: — ™ 15y J2 SR W 5/ 44 6F B B8 37 9 M2
] AN AR, 068 T IS T AR WA AT YRR

step 2: 43 53l ) W A A i) L4k A 4 B F BT A5 T
5 IRMRZ MY R R, ol TiHEE 204N
RIS 5 BT TR A8 1 E A ST

step 3: T = = IRHILIE R AR 1
HIPFAT 1A
25 RXHE

A8 P 58 SCA 77 3 5 v 2 SR e 3R A R AT A A
LY = (Y1, - - - » Yg) NFAEZR 2 0] 1 — AN BEHL
) B, A SR Y R 2 S I ) — AN AN BE LR
yi(i = 1,2,...,10) RN FEWE IR 5 0 A7 F2 8
P = (pu,piz,...,pig)EE/I\LLHsEPJ‘i%E‘J*/I\

e, FLA AR P A S p = 1
1=1
55 2.4 71 T 1 2 SR IS A4 1) P o T S5 A
TR
SY*)=~"= r}r}gr)](S(Y). (16)

Forpron R SRS AR I S [, Y A2 e AN, 2
H1 H AR 4 S B 5E 1R e D0 A8 B Xk 2 £ oA 4L 4

FERY T Z R M2 S HOR p 2504, X (16)
XY R PR SR A T 55 AR T Ae] A 5 5 0N 2R o0 A
FOY5 ) B — AR 2R A o i) 8

I(v)=Pu(SY)=27) =
Y Iisvysay - f(Vip) = Bulisrysyy. (U7

Hor: P, AVE,, 53 5l 5& X534 f(Y5 ) FORE 28 FE 2 0
WY Lis(v)ysyy X T EAFEAAE (v 2.4 15 step 3
8 o) (7 P B 2, BT ()5 S REAC LA
T BT EAZEAE. X B TH R B R 5 v, R
Wi E AT LA S (Y) Bl B 50 A g AT RAE:
A
= i;f{sm»v}f%}:)' (18)
T AR M T e MR S AT f
55 g W50 0 A g™ 22 BE B /0N, 17 B PR AN WE 28 40 AT 1)
Kullback-Leible(K-L) £ 25 LA Wi fth A7 1] (14 AH AL,
B /MU K-LFE & S R B /M 58 RS2, 70 A p Xt g
(A X RE SN q 53 A ) BB BT p o3 A (RS EE
H(p,q) = Eyop[~Inq(y)] = - [ p(y) Inq(y)dy.
(19)
XA — R ) Bl i AN SRR S 5w ik B
FEARAG (Y5 ) WAFE D 10 g 5 F(Y5 p) FAE X
S/ IMAG S T

u*:a@n§1ﬁ—fgﬂyﬂnfﬁﬁmdﬂ- (20)
¥ 3 (18) 1R (20) T 15AE 28 S H0 I HE Wy
p= max EuIis(yvyzyy In f(Y5 ). 21
HTREARY M M & P AR, A0 f(Y 5 p) 7T
A AT IR
10 8

Fvip) =[] [t~ (22)

1=11=1
Hoh R R {ys = 5} B MR MR R T
AR TARIE R R ARAE 5, pl 07 FR M A 1A
5 R AT E B 0 SRR § HORER. 5 MR P, i
8
Y p = 13k @ B F e TR %

=1

max [ min
p W1,W2,...,Wn

| EpListvysay nf(Yi )+

10

Zwi(gm—l)]]. 3)

=1
WAL= 1,2,...,8 M @23) A4
Eplisoyzyy =i
Dit
2 —w; = EpI{S(Y)y,},XﬂL%T/I\ﬁ%lﬁzl—‘iﬁﬁ
BIEUL AR S, AT s s R pa

+w; = 0. (24)
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ZI{S(YU)>’Y}I{ZJW:J}
_ Eplisovy=n{yi=j} _ v=l

Pit =
Eplisiyyzyy

> sy
v=1

(25)

S sy T AT FAREHLT 19

P M R BT, 2 R R h
AR i e S IEFRE B R HRAE 5.

T8 X (25) B e R E 2R S RN BT B R o 2 R R
WM, AR AW T

step 10 255 e {CIE AR Hp S5 0 455 A A G A A 32 90
M A p(k — 1), 38150 5 0 R A 7 B HLAE
J— 2 R ) AN, F AR B A — L BE AL A
(Y1, Ys,...,Y,}.

step 2: HH step 1 #1777 A2 (1 BENLFE A 4% 3K (25) 1 2
ARUIER IR S E (k). B EEAR (Y], Y, ...,
Y, I ERREUE {S (Y1), S(Ya), ... .S(Ya) Y{S(Y7):
1,2,...,n} XN 2.4 755 step 3H 1 o) HEFF, T AEA
(1 p L EL 1 P(S(Y)) < v = p.

step 3: XT38 k + 1 IRIEACHEIE 38044 Gt A 11 1R
KRR, 5N R o BT SRS, 4 R Fros:

p(k) = ap(k) + (1 — a)p(k — 1). (26)

2.6 HETIEXHBIREAITIRERES

XfT GDPFSP_FPT Ht ({5 — L) MM &, MR 1
GBI TTHLE TG T35 5 — G L8 78 T K%
18, PR RER B AR, RBR R AR T e 1 20T 1) AR
K58 LIS 1) (B C ), 55 2.1 4 v B 56 491 £ o B
QB 5 . @ DR R DG B R AT B A
ANAZ G HE S B R AR b R A B b0 T B AT 1A Y, AT
SEELAE AR i K 58 LI AN AR R A 2 R AT e PG
ORI S REFEN B 1.

e

[
0. 3.2 0
2.2 6,2
; /02\1 ygﬂ/%\
jl
02[ 03,1 0( 1

5 KBHE

T RE SRS BRI A IR

step 1: F WriZ B AE 000 T3 B 2 75 55 T A IRy
AL . A5 55T AN O Sl B 3R A7 YA, A 24 i n T
U IR AAEPERE S WHEAT T 5

step 2: K 4 HT AR AR N T B BRI — AT,
F I W 2 5 52 i S B B AR A7 5 T D B ) AR R R
BT I0 O B, FR 2 0838, 75 M % 2 step 1.
27 BEERIE

FRARE O SR 4 A, A Bk B R A
.

step 1: FIUG 1k 51 2 SR i 5k 5100 2 1) s P

step 2: X [ AU HEREAT VT A

step 3: X0 ] AR AN 1 SCIE 0% R EAT B, I
SRS I 1 S TG S5 2 5 AR % B T ] A 3
HEFF G, 381 popsize x 15 % AN A 75414
B IR TE MR G MR AT PR,

step 4: 5 I HERE IAN A AFE — R0 LI Z B K
TCRRAE AR K BB X6 I ) AN . A 04T 58 —MIK
J2 JE R A, WA 1 5 B PASREAT EUR.
S g ST NP1, DA FH e A R T AR 4k b AT ) AR I
J2 8 I A A, A — 5 Rk ER A0 T A A B T i,
TR SEAT R RACZ 5 R R A, SEILGE ) 2 s o
HEAT SR

step 5: K 517 5 1) ) USRS AR TS NSRS
A9, HEF J5 1% 3 51 popsize 4NN ZH 3HT ) AU Fh
B

steo 6: X S WS SR BEAT VPANY, I 28 SUR T
ENT SRR B AT B R

step 7: 7 FH H i R MR 45 28] 1) S SIC Aid E BE
Hr Pareto £ S 4E.

step 8: FI BT 2 751 2 2 1 J5 2, 25 AN 2 ) e 3]
step 2, 75 | 2% (EfE 4.

3 SERWIHS AT

i T H B % A & & GDPESP_FPT [ by v 5451,
2SR IR i) S o TR TR A4 E SRR [2] AR
DPFSP [ #5545 () E: it E A2 i
3.1 BHRE

M8 23 3 1 B 47 BE FE < ¥ B~ 1. HHCE A i)
ISP A 25 B popsize ¥ B A 100, 7] 38, HHORS 94
I o LG 0, B N 0.2, 112 8 Rk U AR I 2 i %
O BB N 0.3, GETHREA ] p 7 A E S SR MG S A RS
(LGB 6, W B 0.8, B A 5 W 384> 44 B ) R 3 A
R O BN S, P R & E N0.3.
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MEZER5SHER
X AN [R] 16 A, 2 B A B B 3B AT I TR 25
1.5 x N s. Jr s i A REAT 20 (OB S S2 56, B4
[ T L e I 485 SR A AR
NP & SRR, SR 2N VRO HR b0 AN [R5
AR AR SCRCAREE S HEATPROT. BB 1 MR BRI T
S —{xe S|Py e Sy <a}
B |55 ’
(27
HATER RSP S, KA BTE: 552 MER N
NDS_NUM(S;) =|S; —{x € S;|Fy € S : y < x}|.
(28)
Foti & iR SRR IR SCRC AR A BE 0. B8R, X A
TRPRERROR, S; SRy
FEXQ27) R 28) S Ron BT Sk A B AR S
FEMFEERIEE B,y < o RN a ey SCHC, |1S;| Tk
SCHCAREE A A B

<2 HERHE (HHGA 5HCE)

3.2

R_NDS(S;)

HHGA HHCE

N x M x F

R_N N_N R_N N_N
20 X 5 x 2 5.8 0.389 27.2 0.972
20 x 5 x 3 9.2 0.369 33.0 0.969
20 x 5 x 4 2.4 0.115 34.0 0.945
20 x 10 x 2 5.0 0.243 26.2 0.874
20 x 10 x 3 4.2 0.361 22.8 0.915
20 x 10 x 4 4.6 0.248 28.0 0.880
20 x 20 x 2 6.4 0.246 29.6 0.819
20 x 20 x 3 4.0 0.131 334 0.891
20 x 20 x 4 2.8 0.181 28.2 0.936
50 X 5 x 2 4.0 0.627 20.2 0.873
50 X 5 x 3 32 0.276 23.0 0.917
50 X 5 x 4 44 0.283 29.0 0.948
50 x 10 x 2 4.8 0.143 31.2 0.930
50 x 10 x 3 2.6 0.157 25.8 0.907
50 x 10 x 4 32 0.132 332 0.944
50 x 20 x 2 34 0.165 33.0 0.911
50 x 20 x 3 24 0.094 30.0 0.882
50 x 20 x 4 3.6 0.103 31.6 0.941
100 X 5 x 2 2.2 0.127 34.0 0.974
100 X 5 x 3 4.0 0.147 38.0 0.940
100 x 5 x 4 2.8 0.123 352 0.948
100 x 10 x 2 5.0 0.168 24.5 0.863
100 x 10 x 3 2.0 0.061 328 0.940
100 x 10 x 4 3.0 0.109 28.0 0.896
100 x 20 x 2 1.6 0.064 29.0 0.975
100 x 20 x 3 4.2 0.154 30.2 0.896
100 x 20 x 4 6.6 0.238 19.6 0.752

R IE HHCE H 3 3% CE J5 VA AE N & J2 SR 1
B2, ¥ HHCE 5 5% i 18t 4% 15 (genetic algorithm,
GA) 1k Jy /& J= 5 & 1) 8 5 & 21 4% 5% (hyper-
heuristic genetic algorithm, HHGA) #F17 EL . 1X P4
S = 2 SRS AN [R] 2 Ak, FAR S 7 S A [R]. bLA A
FWR 2R,

H1 2% 2 7] 1, HHCE 75 28 K3 43 1n) 75 b 1k 485
FARU AR T HHGA, X 3G AE T CE 77 AE N 5 K
KB R R A G Rk, Sibr B, CETr
AR L T MRS AR (1) 7 3, o] — s R B FE e GA
X A G334 T 3253 3 A7 AE () ST A A R AR 11 1)
R M TTG fiE B 4 i OR B AR AR B IR S S S 4
RI7IA].

R B UE B 2.6 7 I 4 YT RE SRR (1 G R,
HHCE 5 A7 1 i 5% % () HHCE (HHCE_noES) # 17
AR, LS SR AN 3 .

%3 E3RHE%(HHCE noES 5 HHCE)

HHCE_noES HHCE

N X M x F
R_N N_N R_N N_N
20 x 5 x 2 22.6 0.679 30.6 0.931
20 x 5 x 3 26.0 0.863 29.2 0.889
20 x 5 x 4 25.6 0.664 28.2 0.889
20 X 10 x 2 22.6 0.767 28.2 0.951
20 x 10 x 3 23.6 0.692 26.0 0.901
20 x 10 x 4 22.8 0.704 28.0 0.902
20 x 20 x 2 224 0.747 34.8 0.943
20 x 20 x 3 22.6 0.720 33.0 0.923
20 x 20 x 4 13.6 0.612 334 0.908
50 X 5 x 2 21.0 0.722 30.4 0.975
50 x 5 x 3 23.6 0.832 24.6 0.953
50 X 5 x 4 22.4 0.918 23.0 0.892
50 x 10 x 2 17.8 0.714 284 0.925
50 x 10 x 3 14.2 0.643 28.2 0.926
50 x 10 x 4 13.0 0.595 26.2 0.858
50 x 20 x 2 14.8 0.624 29.0 0.886
50 x 20 x 3 12.8 0.568 304 0.958
50 x 20 x 4 10.0 0.424 28.8 0.922
100 x 5 x 2 20.2 0.749 338 0.921
100 x 5 x 3 16.2 0.624 34.8 0.937
100 X 5 x 4 17.6 0.610 31.8 0.934
100 x 10 x 2 14.4 0.560 354 0.908
100 x 10 x 3 134 0.516 34.2 0.949
100 x 10 x 4 13.4 0.569 31.0 0.926
100 x 20 x 2 15.2 0.557 30.2 0.898
100 x 20 x 3 16.2 0.617 31.0 0.945
100 x 20 x 4 13.4 0.662 28.4 0.942
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P 2 3 ] 01, HHCE 75 48 K3 43 1n] &b 1 K 45
AR A8 F HHCE_noES, B iiE 7 A S pr 9 T4k
SR R AT IR R WS IR R

R 5 E HHCE [ 45 241, ¥ HHCE 5 SPEA21%41
MOBSO!"3 HE 4T EL 5. SPEA2 & —Fh |32 N F 3R
fift 22 ol 4 1R) U FEE 1n) L 1) 2 i 2 H FR H L. MOBSO
& IR SR AT QIR K 2R S (001 B 1) ) A R
. F RS R R 4 FR.

F=4 EEHELER (SPEA2, MOBSO 5 HHCE)

SPEA2 MOBSO HHCE

N XM X F
RN N_N RN N_N RN N_N

20 x5 x 2 04 0050 208 0497 302 0.933
20 x 5 x 3 0.0 0.000 252 0614 316 0.969
20 x 5 x 4 00 0.000 28.6 0640 32.6 0.982
20 x 10 x 2 02 0033 156 0458 222 0.850
20 X 10 x 3 00 0.000 268 0.656 240 0910
20 x 10 x 4 02 0.050 214 0562 332 0.889
20 x 20 x 2 02 0.067 228 0549 37.0 0.906
20 x 20 x 3 00 0.000 182 0555 41.0 0.876
20 x 20 x 4 04 0067 158 0452 332 0.893
50 X 5 x 2 00 0.000 18.0 0.782 272 0971
50 x 5 x 3 0.0 0.000 258 0928 264 0.969
50 X 5 x 4 02 0020 172 0803 232 0.953
50 x 10 x 2 0.8 0207 142 0746 29.0 0.924
50 x 10 x 3 06 0147 11.8 0.692 298 0.921
50 x 10 x 4 04 0100 13.6 0602 31.6 0.905
50 x 20 x 2 06 0173 72 0610 308 0.889
50 x 20 x 3 04 0057 92 0557 228 0.894
50 x 20 x 4 06 0167 98 0544 298 0914
100 X 5 x 2 00 0.000 196 0949 324 0916
100 x 5 x 3 1.0 0210 94  0.657 312 0.894
100 x 5 x 4 06 0113 128 0853 278 0.903
100 x 10 x2 0.6 0162 74 0760 252 0.892
100 x 10 x 3 0.6 0.120 64 0543 30.0 0.897
100 x 10 x4 0.6 0.117 9.6 0564 21.8 0.935
100 x 20 x2 0.0 0.000 108 0.985 28.0 0.922
100 x 20 x 3 02 0050 80 0563 33.0 0.946
100 x 20 x4 04 009 64 0532 314 0935

HH 3 4 7] %N, HHCE 1 #8 K5 43 nl &2 b ()l
4 AR W BT B BRI, 3R W) HHCE 2 3K fi#
GDPFSP_FPT [ 45 %4 532,

SPEA2 FIMOBSO ixX 25 ki Ff 54 fe 515 f: 4R
J2 K AN [ 58 (A8 X A8 5 S5 AT g A A T b
T DL S AR 2R, 3K e S PR 2R IR BE RO PR, HE LA
FIIK B 5 i 3 1A) o L OEAFAE AT 1 X 35, HHCE F)

P v 2 B AR R B AR R BT B
LA BIBERAER R KA R XA T 5 FEEES
AR X IRHEAT BIRANFL R, T 53 IR
() H PRI AL 0 . DRI kG, HHCE BT 7 38 04 i 7 HY
(SRR
4 44 w

A SCAEAL Gt 53 A TR /K 28 FE ) B (distributed
permutation flow-shop scheduling problem, DPFSP)
) 2 it b, 3E — 2D 25 R S B AR v 3 A A 1 N
T TR) AN 5 i, 1 RO LR 2 A A K 2 g
61 F W] /@ (green  distributed permutation  flow-
shop scheduling problem with fuzzy processing
time, GDPFSP_FPT) ({8 145 B R Fl B $ 3
TN B 18], 5 B TR] B g /N AR 5 K 5 T I (1] AR
1 REFE VAL H #5414 GDPFSP_FPT, & SCHE H
T M A & AE SURS 5 (hyper-heuristic  cross-
entropy algorithm, HHCE) #4173k fi. HHCE R AW~
M s 1) 36 FH — Tl 58 Dy 6 BRI ASOR HicHE e R U, LA
B SVEAE A8 R AR o Bl A AR B A X3k 2) 7
3k 5 2 R FH AZ LI (cross-entropy, CE) 75 v 8l 25
SEARJE MARACRAR AT 1R R AR, T HESN 5
2B 2 B0 BT AR X 3) SR 3k T AR S B K A2
FR 1T BE SR, B 19 5 S50 72 SRR REFE AR 25 1 14 it
() 6 7. 7 3 S 56 RN ARk LR e UE T HHCE 2 3K fi#
GDPFSP_FPT (¥ A R 5 2. A SR M 504 # HHCE 4
Jee FH 1 SR A ANt 2 A AR 2 4 JEE 1) e
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