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Collaborative optimization of interval number reentrant hybrid flow shop
scheduling and preventive maintenance

DONG Jun'?, YE Chun—ming1T

(1. Business School, University of Shanghai for Science and Technology, Shanghai 200093, China; 2. College of
Management, Henan Institute of Technology, Xinxiang 453000, China)

Abstract: Aiming at the collaborative optimization problem of interval number reentrant hybrid flow shop scheduling
and preventive maintenance (PM), an integrated scheduling model is constructed, which takes the interval makespan, total
carbon emissions and total PM costs as the optimization objectives. For this problem characteristics, the Pareto relation
of solution in interval sense is defined by designing the improved possibility calculation method. Besides, an improved
discrete whale swarm algorithm is proposed, which designs a synchronous scheduling and maintenance strategy to realize
the joint optimization of manufacturing and maintenance. Also, a distance calculation strategy between individuals to
find the "nearest better individual”, and an individual position movement strategy and a multi-neighbourhood search
strategy are designed to effectively balance the global and local search in order to improve the convergence accuracy.
Simulation results and statistical comparison with extensive experiments show the effectiveness and feasibility of the
proposed algorithm for solving the collaborative optimization problem of interval number reentrant hybrid flow shop
scheduling and preventive maintenance.

Keywords: interval processing time; preventive maintenance; reentrant hybrid flow shop; whale swarm algorithm;
collaborative optimization
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JCRIEA, WK S AR,

ol ¢ [312] T [5] [E#imset=[6,1,4] |
olc [3]2[8] [5] [#wiEse=l6.1] |
ofc [3]2]4]6]s] [ #Frimset,=[1] |
@[c[3[z|a[e[s T Ehimser -1 ]

5 i MFRRIEEE
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2.5 ZAPEIEERRAR

N T SR H AR AR R IR R B 0, 0T LA
G5 T A, BE AL £ 0 S AS R AL o R0 b, K FH B
MLIZE B (4R 48538 2% 77 =X, A2 e — AN [0, 1] 22 18] (1 BE AL
rand, Hrand < 1/3 8, K H swap 7 208 AL
BT R IAT B, A2 B AN B B AR TR A 4
1/3 < rand < 2/3 0, K insert J7 ol HE 1L 5
= JC RN BIHFERT G R A B, R R K
WG, H A 1500 5% FH liple 77 28, H4 W5 AN 6. B 22 (8] )
JC R BT RS, ORI FE R B 2.4 FN 2.5
HH T IR ARAN R TR R B AN 1R B 9, IR IEAT R
TR SCECHE AT B R 0 H L Bk RS AE AT
1) N ANAMEE AR UGER IV R EE.
3 ESER

T A S0 8 VKR T X MIRHESPM [ 3 () 8F 7T,
SIE5G B B % B IMSSA %R VNCRO HiE Al
NSGA-IT FiE28 3E 47 L 0 #r. IMSSA 1% CL ik
B 2R 3K fil RHFS [0] 71 4 2% 532, VNCRO #.32: &
B AIE B 6 1 A7 2kcHb ot X JR) AT 26N U A gk AT R

fift, NSGA-I1 V5 & K 2 H b vl /A 20 B4 3811
gz —, ks 3 B 5 MIRHFSPM ] B3 4T 3R
fiR. B S A0 R 2 3 Akt b S92k R R SR AR ST HE
(A X 8] 7 SCR B A A 26 &R B RE B T3 VR LK SR
LD 55 s R [ 25 38 58 A4 SR s, BN R0 R B U 1
BEAMl 4 A 50 23 2R AT AR, 41145 H 5 % % MIRHFSPM
e R AT SR AR %) TR ) DR BE 45 PR R, LT 3 L A B
HEZ I EIR .
3.1 MAEGIFMESHEE

AR S MESCHR (6, 15] AN [FRUAR S48 A 1 7 2, 1
B R LS 3 A EohR i (10, 50, 100) 24 T
REEFRAE (3,4) 3N EHENIRERHE(1,2,3). £ 184%
B G, HRSHEHBEMRI RS x sx L
FoRBEMLFE A sE ). Ak, R T EBL, DD
FEBOVFN C W BEBE A PEAr 45 A5 IDWSA H (1) 558 2
$ B NP N, B IE AT, it £ ks
B0 M, M N = 50 HIT = 50 I RERSE(RE S Eia
AT I TR] it 3R 15 f AR ) &5 SR, HLAth SRy b 8 K 3
S50y BB E N SCER (2, 7, 28] H I EUE.

*3 BEEPIESHULHNE

TR e SRR Ul
T 10\ 50\ 100 AR N ] [round(DU[10, 20]), round(DU[22, 44])]
EPN/ €1 1\2\3 HLES 1 TR 4 i) ] [round(DU([5, 10]), round(DU[11, 22])]
RA ¢ 3\ 4 L AERRHEUA T 1.8742 x 10~ 7[29]
SRR R HE A T 469129 AT 1 (L 2%k DU[2,4]\DUJ[5, 7] \DU[8, 10]
TRV A3 DU[0.2,0.4] HLES BN T2 (B H T %) DUJ10, 15](DU[1, 5])
W e IR S Hom 1.1018] UGN E 2 1100%]
TN I B RO ) DU[4, 6] RIS B E [round(DUJ[0.1, 0.2]), round(DU[0.3, 0.4])]
LS TR 1 B 72 Bl A DUJ10, 15] LS T 1 S 3 A DUJ3, 5]

VE: THE AT 9 KW /h, TV A 25008 FH 30T R0 S h, Y 3 b A5 FH B 557 9 L, Jon I B TRDRH T4 7 B 18] 55457 SR mim, Jili AR 5
37 5 RMB, H BERRFIE I R 247 9 kgCO2 /T, T Vg S A s PRl 1 B R kg CO2 / m.

32 [EIHEEYUEIFRIEERE ST

N T BRI BT B U [R] A R 4 SR A R,
Xt HL 2 PM R A AN 25 18 PR A PR O T
BRAT T IX 18] 52 K 58 IR ) RS B HETR, 45 R Ak 4 B
7. T LA SR BT Hh ) )0 1 2 4 3 S, 2% &
U AT PM ) 5 J A0 AL BE 18 A3 RO A B 4% (1 18
MBS SR RTINS TR A R B, — e R E b
AR T B R 58 LI TRL AL BRI, I HLad i [X 8] o g
BSCHE AT LUK, 2 AR RO IBBOR I, Bk 2%
SRR

3.3 EAMEELER SR

53590 FH BT A 0 B S5 32 6 0 B 48] 3 47 4 L S
5, P IMEAE N Z S B & B A 45 R, S 4
Frb g A i R R R R, + R on IDWSA vk i
T — X bk = RN IDWSA vk 5 5 — 5t th B
R AIAEAE B M 22 5. 35 3R 600 B N #5532
Z 08 T RE . DD R AT C I (1 S 06 45 5 5% LA
K Wilcoxon £ 5 FRAG 56 45 BL. v LA HY, 15X 5T P b
PR FR AR, X R84 52451, IDWSA 25 88 0 T
FLARNTLESRE, £ T, %5 T 50 <3 3.50x 4 x 2 il
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F EF RRECTENREGRAKE RAKL LMD R

F4 PP SCIGLE RXTEL
A2 PM R 1F 17 40V 3 e 37 S IX i et 57 S / 9
24l
Crax TCT Cmax TCT Cmax TCT
10x3x%x2 [238.05,466.24] [1.04,2.09] [178.00, 353.00] [0.76,1.53] 24.60 26.84
10x3x%x3 [284.35,596.48] [1.70,4.10] [185.00,438.00] [1.17,2.54] 29.27 36.03
10x3x4 [281.52,680.61] [1.98,4.84] [254.70, 649.00] [1.58,3.87] 29.22 20.09
10x4%x2 [269.51,590.67] [1.28,2.81] [214.00,438.00] [0.91, 1.85] 24.20 32.48
10x4x3 [274.25,821.67] [1.68,4.55] [307.00,679.00] [1.45,3.21] 10.03 25.20
10x4x4 [344.16,802.77] [3.38,7.76] [297.00, 648.72] [2.79,5.99] 17.54 21.18
50x3x2 [392.62,949.49] [3.33,7.58] [412.73,840.85] [2.91,6.22] 6.60 16.32
50x3x3 [1093.90,2280.50] [5.79,12.60] [707.60, 1 569.70] [4.09, 8.88] 32.51 29.47
50x3x4 [3410.70,7 674.60] [18.00,40.29] [1496.00,3 104.3] [7.93,17.09] 58.50 57.08
50x4x2 [647.20, 1435.30] [4.82,10.99] [514.70,1 175.00] [3.90, 8.52] 18.86 21.44
50x4x3 [1987.60, 4 543.60] [14.34,33.35] [1010.70,2407.30] [9.07,21.42] 47.67 36.07
50x4x4 [3288.60,7231.20] [25.43,56.54] [1435.00,2920.30] [13.15,27.35] 58.60 50.59
100x3x2 [3619.00,7 818.50] [12.40,27.08] [1447.90,3081.20] [6.32,13.41] 60.40 50.03
100x3x3 [9553.00,20276.00] [42.20,91.47] [2037.40,4516.20] [13.47,29.60] 78.03 67.78
100x3x4 [23280.00, 52 005.00] [110.51,243.86] [2907.20,6064.1] [16.69,35.98] 88.08 85.14
100x4x2 [3435.90,7 149.30] [19.45,42.45] [1453.40,3042.50] [9.15,19.62] 57.53 53.52
100x4x3 [9 858.00, 20 708.00] [55.21,120.77] [2087.60,4 589.60] [14.65,32.64] 78.15 73.13
100x4 x4 [23970.00, 54 746.00] [144.82,324.78] [3000.00, 6 507.10] [18.14,39.79] 87.92 87.66
#=5 BNEZEINEFMDD N EHEIRLEER
T DD
S
IDWSA NSGA-II VNCRO IMSSA IDWSA NSGA-II VNCRO IMSSA
10x3x%x2 0.1058 0.1395+ 0.157 1+ 0.166 6+ 0.0173 0.024 9+ 0.063 0+ 0.0254+
10x3x%x3 0.2004 0.273 1+ 0.265 1+ 0.282 1+ 0.0040 0.0123+ 0.0343+ 0.0165+
10x3x4 0.2119 0.347 1+ 0.3517+ 0.378 0+ 0.0055 0.0163+ 0.0162+ 0.013 14+
10x4x2 0.1216 0.1895+ 0.171 5+ 02227+ 0.0079 0.020 7+ 0.0412+ 0.0237+
10x4x3 0.2229 0.3125+ 0.308 0+ 0.388 1+ 0.0051 0.0157+ 0.0183+ 0.0137+
10x4 x4 0.2803 0.406 8+ 0.431 8+ 04182+ 0.0123 0.019 1+ 0.014 8+ 0.0175+
50x3x%x2 0.0946 0.146 74 0.1632+ 0.161 5+ 0.0098 0.0189+ 0.0373+4+ 0.0404+
50x3x3 0.1283 0.1884+ 0.1792= 0.296 5+ 0.0050 0.043 6+ 0.047 8+ 0.024 1+
50x3x4 0.1709 0.2189+ 0.3242+ 0.295 6+ 0.0075 0.0174+ 0.021 5+ 0.0204+
50x4x2 0.1392 0.2153+ 0.1997= 0.294 7+ 0.0068 0.0232+ 0.0334+ 0.023 1+
50x4x3 0.2271 0.2851+ 0.293 0+ 0.360 3+ 0.0089 0.0157= 0.016 8+ 0.017 6+
50x4x4 0.3482 0.467 7+ 0.474 64+ 0.528 7+ 0.0051 0.008 5= 0.0104= 0.0120+
100x3x2 0.1201 0.1253= 0.1456= 0.1493= 0.0103 0.0357+ 0.1152+ 0.0550+
100x3x3 0.1643 0.236 1+ 0.2152= 03167+ 0.0097 0.016 0= 0.045 0+ 0.0347+
100x3x4 0.1838 0.27044 0.2534+ 0.334 0+ 0.0051 0.0259+ 0.024 0+ 0.029 6+
100x4x2 0.1130 0.1694+ 0.170 64+ 0.3558+ 0.0046 0.034 6+ 0.041 14+ 0.022 7+
100x4x3 0.2087 0.3259+ 0.3542+ 0.464 8+ 0.0091 0.0130= 0.0151= 0.0128=
100x4 x4 0.3185 0.423 0+ 0.516 6+ 0.498 0+ 0.008 5 0.0107= 0.0158= 0.0110=
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Fz6 BNEECMEIBIRELE

IDWSA(A) vs. NSGA-II(B) IDWSA(A) vs. VNCRO(C) IDWSA(A) vs. IMSSA(D)

odil]

C(A, B) C(B, A) C(A,C) Cc(C, A) C(A, D) C(D, A)
10x3x%x2 0.9718 0.000 0+ 1.000 0 0.000 0+ 1.0000 0.000 0+
10x3x%x3 0.8958 0.0262+ 0.8346 0.006 8+ 0.9909 0.003 2+
10x3 x4 0.9288 0.0140+ 0.8747 0.030 8+ 1.0000 0.000 0+
10x4x2 0.9667 0.014 6+ 0.8307 0.0307+ 1.0000 0.000 04
10x4x%x3 0.8893 0.016 1+ 0.6070 0.056 6+ 1.0000 0.000 0+
10x4 x4 0.9048 0.003 1+ 0.5988 0.0308+ 0.9500 0.011 14
50x3x2 0.9528 0.024 7+ 0.9917 0.0343+ 1.0000 0.000 0+
50x3x3 0.7104 0.068 1+ 0.8833 0.030 1+ 1.0000 0.000 0+
50x3x4 0.6193 0.108 2+ 0.6923 0.022 7+ 1.0000 0.000 0+
50x4x2 0.766 8 0.0775+ 0.969 0 0.000 0+ 1.0000 0.000 0+
50x4x3 0.6106 0.2354+ 0.6290 0.070 0+ 1.0000 0.000 0+
50x4x4 0.5407 0.1158+ 0.6663 0.097 7+ 1.0000 0.000 0+
100x 3 x 20.6990 0.1409+ 1.0000 0.000 0+ 1.0000 0.000 0+
100x3x3 0.6757 0.168 3+ 0.9413 0.005 64+ 0.9815 0.000 04
100x3 x4 0.6857 0.087 7+ 0.7657 0.024 4+ 1.0000 0.000 0+
100x4x2 0.648 6 0.1023+ 0.8751 0.016 1+ 1.0000 0.000 0+
100x4x3 0.6006 0.092 6+ 0.7843 0.039 8+ 1.0000 0.000 0+
100x4 x4 0.9215 0.0292+ 0.8806 0.068 8+ 1.0000 0.000 04

=7 3BT 0 TR H7: min
F1EINT F2RINT (EN) FEIEMT(EN)
TAF
Tfr2 Thr3 Thrl Thi2 The3 Thrl Thi2 T3
joby [220,484] [45,99] [60, 132] [0,0] [55,121] [0,0] [250, 550] [20, 44]
joby [235,517] [40, 88] [30, 66] [0,0] [60, 132] [0,0] [245,539] [40, 88]
jobg [120,264] [20,44] [65,143] [0,0] [50,110] [0,0] [200, 440] [25,55]

100x3x3 H 4, IDWSA 5 VNCRO 2 [7] ¢ & 3 1 7=
S XFF 100x3x2 545, IDWSA 5 H 43 % b S 2
B 35 ANAFAE 2 35 1 22 7, RO WS 5 AR £ DD
B, XFF 50 x4 %3 A1 100x 3 x3 545, IDWSA 5 NSGA-
11 2 [6] TG 2 35 11 22 5. %) - 50 x4 x4 54, IDWSA 5
NSGA-II.VNCRO 2 [B) J5 & 3 P 22 5. X T 100x4 %3
1 100x4 x4 H A7), IDWSA 5 H 45+ L H vk 2 (a5
FELE R 22 5, PO B A0, X C Il BE, 1
AR5, IDWSA ¥ 2 5 AL, 3R T 48 K3 4y
I 5451, IDWSA 5% 7E 3R 43 Pareto R v F 8 A4 1
AN PR AN A3 A 1 B35 8 25 T R0 L B, T
T B A R S48, IDWSA B3 1) S I 14 AT St 1)
BT H AR L B DL A A AT g, A SRR
) IDWSA %} - 3K fiff MIRHFSPM [ £ 2 45 %% H. 7 47
7).

3.4 =BS5S

e G it [ ) 1 J T ORI T BN TR SRR G
V) A 55 ) R, AR SC LAY ‘344 mini-fab S22 77 2k 4
AT S0 4 i AU B X T 3 MR A I & e, B XS
+ LAFREAT (5 FUSEL, 28 7 F3R 8 43 1) i L i) (] LA
S AR 1 R (L AN 447 B[] 1 6 D % BRI/ AR 1)
Pareto Fif V& 1 5. 7] DL H, IDWSA L3R 15 1

=8 MR RESEFILEIEETE)

WS Pk BB HEHIF (7] / min
Ma [1400, 1680] [40, 88]
Mb [1500, 1800] [70, 154]
Mc [700, 840] [120,264]
Md [800,960] [100,220]
Me [700, 840] [3.6.6]
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K& 88 B 5 g R R 2607

S 14 * IDWSA
— NSGA-II
> VNCRO
E 12 + IMSSA
S
S 10 * i +
: : &
@ 8 %o Yo Fx

10.8

10.6

5550
10.4 3300
By 102 5350

5450
e R 5E LI [A]
6 Pareto BT AR S XTEE

Pareto it I B %, 73 A1 5834 5], SCRC I BE4F, 5 oA
AL BAA — e AR 3, AT LLIRAS 500 1 A
4 & #®

AL AL T R] B NTR A K 2 (B AN E 1
JE 5 FRAE 3 iy [F) A0 A A, et 17 X T [ A2 1 2 4
3 55 W T AT BE 1Y) Pareto (5 f8 % R, 18 i AMALL
iR N N DAL i VS E A R e
W of ft 01 3 B2 AT SR, FR Y T — A ROR R %
IF) 2 1) IDWSA $vZ:. 8 K &7 B SR IG B ik | B i
H BRI R ATAT YR SE G 7. Ak ok 3 HT A
AR A5 SI oo A7 190 MR 25 401 17, ISR A3 (1) Pareto fif 5 ik
P EACIR 7 &, & B 2 e A = RO T4 AT
%5 N — R AE A SR U R A B RE A G
B, B AU R] B NR SRR 4 TR AN i 23 A N
TRAES W R Ak ) AL
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