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Cooperative memetic optimization for flowshop scheduling with peak
power consumption constraint

WANG Ling®, WANG Jing-jing
(Department of Automation, Tsinghua University, Beijing 100084, China)

Abstract: With the increasing energy costs and the serious environmental issue, peak power consumption attracts much
attention by manufacturing industries. It requires that the real-time power consumption cannot exceed a given peak
power at any time during manufacturing process. Aiming at the permutation flowshop scheduling problem with peak
power consumption constraint (PFSPP), a cooperative memetic algorithm is proposed. First, multiple decoding methods
are collaborated to generate diverse and feasible schedules, and a heuristic and random method are fused to initialize
population. Second, two problem-specific search operators are designed according to the characteristics of the problem
for adjusting the job sequence and speed selection, respectively. Furthermore, according to distribution of individuals in
the objective space, a cooperation scheme is designed. Different search operators are used for the individuals in different
regions. In addition, a local intensification is performed on the elite individual to further improve the performance.
Numerical tests are conducted by using extensive instances. Finally, the effectiveness of the designed cooperation
mechanisms is demonstrated. Moreover, the comparisons with the math solver and the existing algorithms show that the
proposed algorithm is more effective in solving the PESPP.

Keywords: flowshop scheduling; energy saving; peak power consumption constraint; cooperative memetic optimization
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(8,4) 4.82 13944 0.26 2.34 1.49 2.92 8.16 4.18 3.30 5.02 1.01
(12,2) 0.63 1421.6 2.02 431 1.84 4.12 8.31 3.69 3.78 5.68 1.70
(12,4) 12.18 1761.9 0.09 2.25 222 2.36 6.87 5.21 4.18 5.99 1.59
(16,2) 1.72 1596.1 1.70 3.65 2.08 3.46 7.11 4.19 3.55 5.33 2.14
(16,4) 43.74 1838.1 0.14 2.13 2.64 1.68 5.74 6.22 4.56 6.22 1.94
(20,2) 3.35 1642.7 1.44 3.29 245 2.95 6.48 4.80 3.15 5.16 2.76
(20,4) 49.02 1834.5 0.11 2.33 3.70 1.83 5.38 6.86 4.93 6.71 2.51
ave 14.44 1520.5 1.04 3.13 2.21 2.98 7.19 4.74 3.87 5.69 1.87
F2 NUEEBIE Qo JIZHIRPD ExT L

o TR SK At CMA DDE 1G
e RPD time/s min mean std min mean std min mean std
Q1 9.46 1409.8 2.85 491 4.57 3.64 7.88 10.85 1.58 3.48 3.69
Q2 20.73 1658.7 2.90 6.54 4.64 6.10 12.34 8.12 3.25 6.06 3.58
Q3 22.76 1781.8 1.79 4.96 3.36 4.29 9.61 6.13 6.33 8.74 2.74
Qu 21.74 1715.9 0.73 3.01 2.02 2.87 7.23 4.09 5.28 7.22 1.82
Qs 15.59 1713.3 0.70 3.36 2.18 2.64 7.43 4.15 7.16 9.68 2.05
Qs 16.06 1761.3 0.49 2.73 1.71 2.89 6.98 3.50 6.19 8.02 1.38
Q7 14.76 1658.1 0.41 223 1.39 2.34 6.43 323 4.14 5.99 1.27
Qs 10.98 1550.8 0.28 1.94 1.19 2.51 6.72 3.36 2.73 4.19 1.05
Qo 9.87 1282.1 0.22 1.51 0.98 2.29 5.80 2.74 1.92 3.32 0.95
Q1o 2.41 673.2 0.01 0.09 0.10 0.24 1.53 1.26 0.07 0.25 0.20
ave 14.44 1520.5 1.04 3.13 2.21 2.98 7.19 4.74 3.87 5.69 1.87
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12 1A O, RO e N = 8 Fllm = 2
() 515 SR AT B A0 A, AELE AT ) [R5z K T e vk, X
T K EB 43 7 A ], CMA HJ min 1 mean J1 P4
TR T 45 780 SR fi# UL 2 DDE 5 IG, std {8 A% T [7] J9
TR e DDE. 382 1 W, 2420 3 f S el A
I, RS R SR AT VU A 1 ) ) 2 o, AL A7z K T 8 g
5. CMA VERE (1A 345 B 5, 0 2 29 SR 1 1
M. & 8 B M AT L, CMA 1 4L T DDE F1G.
I, CMA F T 3R fift 28 . 1G #11 DDE Rg % 55 im w2k HL
A XK AE /N FUAE PESPP.
33 AKHREGAELLER

Xof T K RIS AR08 A Y SR gt (1 BT ] 3 L A 32, TR
IR R AR BN R A ) SR T B 3 R ELVE I RPDAE
o (n,m) AW S5 R0 3 FTR, F 4T Quax 1HHE
[45 T4 4 7, RPD [ & B A 1 9 Fis.

H1 5 3 1] L, CMA SR K 2 £ 549 1 14 e s AR,

* jﬁf’\ £36%
¥
30 i
$
Ezo * |
a |
10f
ot i Q L
CMA DDE IG

9 CMA,DDEMIGREBAMEEFHEE

en > 60 5. 5t mean Ml std ] 5, CMA £ 3LHY
ERETETLF. R4 0] I, M2 R R A I, CMA
IR AR, B9 R 2 HE ML T CMA K M
TR S5 ) A A 1 .

VAN 5, Bt SR AR B SR Al 28 B A A K
AR I PR v 25, AR AR e SRR LA A At A
PR, 2 SR AR WEAEL R AR 20 SR PR KRS 7K 25 1 52
i) 230 P vy RV

R®3 KHAEEBFILL (n, m)YTEHARPDEXTEE

CMA DDE 1G
(n,m)
min mean std min mean std min mean std
(20,4) 0.42 2.95 17.12 1.22 5.07 30.19 5.82 9.89 24.76
(20,8) 1.13 4.11 22.75 0.51 5.15 38.39 12.86 19.03 42.89
(20, 16) 1.27 4.38 28.55 1.03 5.10 44.07 11.91 15.85 37.33
(40,4) 0.93 2.85 25.79 0.25 3.90 66.86 11.03 16.27 64.78
(40,8) 1.00 3.47 33.04 2.75 6.54 60.50 13.22 17.16 55.27
(40, 16) 0.57 2.80 37.57 2.04 5.06 53.74 5.52 8.51 49.11
(60,4) 0.55 2.37 39.16 1.63 5.89 128.51 13.72 17.82 75.09
(60, 8) 0.25 2.43 44.46 4.46 7.47 74.06 10.21 13.52 69.59
(60, 16) 0.11 2.07 45.61 2.13 4.36 54.61 3.26 5.86 65.23
(80,4) 0.10 2.06 63.42 4.14 8.79 180.76 13.79 17.21 81.49
(80,8) 0.10 2.46 59.68 5.55 8.07 75.61 9.63 12.61 79.77
(80, 16) 0.13 1.94 51.24 2.12 4.07 57.65 2.82 5.52 77.86
(100, 4) 0.06 2.36 94.39 5.90 10.12 189.30 13.33 16.69 94.99
(100, 8) 0.10 1.92 58.81 4.78 6.85 70.57 7.48 10.12 91.27
(100, 16) 0.16 1.76 54.20 1.34 3.47 67.81 2.20 5.00 97.26
ave 0.46 2.66 45.05 2.66 5.99 79.51 9.12 12.74 67.11
x4 KIRBEBIA Quax YFFEHIRPD EFTEE
CMA DDE 1G
Qmax
min mean std min mean std min mean std
Q1 1.38 3.85 104.95 1.77 5.95 235.78 11.51 15.60 158.95
Q2 0.49 2.63 62.64 1.61 535 121.42 8.57 11.17 65.49
Q3 0.45 2.27 40.91 0.65 3.62 83.72 6.81 9.10 47.69
Qa 0.64 2.60 38.30 0.40 2.82 49.60 5.38 7.57 40.41
Qs 0.65 2.81 38.10 0.49 3.28 50.03 4.87 7.41 43.69
Qs 0.50 2.70 33.29 1.33 4.47 46.57 5.57 8.84 54.66
Q7 0.23 2.45 31.76 2.69 5.94 47.57 7.46 11.47 59.02
Qs 0.13 2.36 32.75 4.49 8.05 51.86 10.94 15.73 67.45
Qo 0.09 2.55 33.75 5.88 9.46 51.80 13.59 18.61 66.65
Q10 0.03 2.38 34.07 7.27 10.99 56.75 16.51 21.88 67.11
ave 0.46 2.66 45.05 2.66 5.99 79.51 9.12 12.74 67.11
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34 EHABMTEYMEIE

IS UE BT B LA A 8, B ST AR 0 T
[F) FRRd b IE] S 454 B IF) B2 J s 3 a4 R A, R
KI5 CMA AR g YRR b, A F
FEC WL, A o 509K FH A ) ) e K As AT I TR DRy 25 1k 4
MBI T = 0.1 X X mFb.

1) CMA WA AR5 AR FH BE WL 46 4 77 ¥ (i
79 CMAnN), {¥ 3% F§ NEHFF #]#4 4k (ic. )y CMAnR),
R AN NG R CEEAINESRVGES

2) CMA fi Rt Iy B8 BL A 46 5 M RS 2 — AT (id
N CMAND), FH T 56 31E B3 [F) AR 1 251k

3) CMA FEALIEFE3 P REBIEZ —HATH R
(It CMANC), FH T 58 E B4 Bl [ 1A R0

4) CMA AR F J=y 0 38 3 4% % (id y CMANLS),
FH T30 0F J5) S 1 5 48 28 A i

545 7 CMA 5 522l 5% T 453 RPDAH, 45
Bt (n, m) AK, R 6 4% Quax AL AR, B 10 1)
75 H T RPDE R & .

£S5 ATRICMAsEL(n, m)YAZAIRPDERTEL

(n,m) CMA CMAnN CMAnR CMAnD CMAnC CMAnNLS

(20,4)  0.09 3.08 2.78 3.06 2.33 6.99
(20,8)  0.19 4.59 4.50 4.28 1.15 19.38
(20,16) 0.47 5.76 6.32 6.30 0.72 17.99
(40,4)  0.16 2.98 3.19 2.87 1.05 11.05
(40,8)  0.64 5.03 5.26 4.93 0.81 18.22
(40,16) 047 3.68 4.30 434 0.56 12.22
(60,4) 0.18 2.84 3.84 2.73 0.89 12.31
(60,8) 0.34 4.55 5.02 4.73 0.47 15.44
(60,16)  0.27 3.09 3.46 3.29 0.50 9.02
(80,4) 035 2.87 591 3.22 0.55 12.98
(80,8) 0.51 4.31 5.43 4.56 0.35 13.22
(80,16)  0.27 2.75 2.83 2.63 0.65 6.76
(100,4) 0.32 3.12 7.20 4.14 0.68 13.08
(100,8) 0.61 3.43 5.12 3.90 0.29 11.18
(100,16) 0.23 2.46 2.26 2.09 0.59 5.45
ave 0.34 3.64 4.50 3.80 0.77 12.35

6 A[ECMAS LA Quax VAR RPD EXILE

Qmax CMA CMANN CMAnR CMAnD CMAnC CMANLS

Q1 0.60 5.24 7.41 5.30 0.44 13.99
Q2 0.30 3.14 5.67 3.43 0.74 9.41
Q3 0.10 222 3.84 2.58 1.00 6.65
Qa 0.15 2.35 2.62 242 1.22 5.98
Qs 0.24 2.60 2.52 291 1.47 6.91
Qs 0.26 3.32 3.13 3.14 0.94 9.55
Q7 0.31 3.43 3.54 3.55 091 12.46

Qs 033 413 4.47 4.19 0.50 16.65
Qo 051 479 5.67 5.26 0.33 19.47
Q1o 061 5.15 6.08 5.27 0.18 22.45
ave 034  3.64 4.50 3.80 0.77 12.35
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& 10 7] I, CMANLS [ 4 §¢ £ 2, 17 CMA 1)
PERE B AL, B3R 5 AR 6 mI I, n) AR A RO, JH
R 3 T7 1248 3 D 4 A 1Y) I 1) R G, CMARN B T
CMAnRR. B Bl 3% #5 f# 59 77 7% 1) CMAnD ¥ e 95 T
CMA, iX 38 B fife i 77 v i o [ AE FH BLA A 35. CMA
1ERZ BH L HERER T CMANC, 75 16 {E REFE LI R
i AN I CMANC B AL, 1 38 B >4 24 00 LG B0 R i
I} =5 R& H A 73 18] 23 A1 F R AR B [ AL R 0 e AT R0OK
FEIH 2 H. CMANLS 7E £ AU S AN A B P e B 22,
X B S 8 48 R 4 2R 0T T SR A DR RIASE i) R A% B £
IR R AR LA EE A L DR, X % e AR o B
R EUE &5 FxF L] W, S VR A WA Ak P R AR |
VEBEI LA S RN S 38 ni 4 R A0, B R A 25 T
HIERIVERE.

4 & ®

ST X0 iy VS AL R PR 20 SRR AL 7K 2 1 i i A
7 R e S e K A SRR ) LR
B BT 5 W B SRS A Bh T4+ SR M e, B i 4R
TR REAR T 0% R i 43 A0 HoAth 29 e 5532, S o+
AR 1] . SRR 1 1 e 32 B2 T T o R AT
PEB T 2 Pl RS B G S L B 25 U B A2 A AR Bl B
B R BE; 2 PRl aa AR B A (R AP EE B
Z FENE; 2 M R AR AR 1 B 5] DL A H A X 3 i
7 U AR A R A FH P A 2 SR A R I R A
A AR Ve RR 3 — P BGE. i — PR IR
R 5 T 6 2 T, 25 e U R RE L R I et AR
7 R RE AN A AR 7R R B F bR SR T B R Ak B AR bR
()3 & UL S 5 2 50 8 AR 11 45 6, BV 2 TH, 75 & 0]
R B0 AT 5 FR AR E DL S 5 Ak 2% ST S5, it
BB B R A 2= 07
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