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Abstract Water wave optimization algorithm(WWOQ) is a novel population-based optimization algorithm, Despite of its
advantages with few controllable parameters, simple operations,and easy implementation, it still risks slow convergence
rate and low search precision. To mitigate the aforementioned risks, firstly,a concise yet powerful theoretical analysis
was carried out to derive the convergence condition that the control algorithm parameters should satisfy. Then, an im-
proved WWO was proposed to meet the above conditions by incorporating an adaptive algorithm parameters tuning
strategy,and it’s expected 1o further enhance the capability of balancing between global exploration and local exploita-
tion via this strategy. Finally, simulation experiments and statistical comparisons between four algorithms (ApWWO,
WWO,FA,MVO) on 10 benchmark functions were conducted. The results show that ApWWO performs significantly
better than WWO and FA in terms of search accuracy,speed and robustness, as well as outperforms MVO in five test
function, Compared with PSO and GA, ApWWO can yield good performance, which can be affected by the problem’s di-
mension and population size,and ApWWO also performs well on the permutation flow shop scheduling problem.
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£ 4.43E4+01  7.74E—29 2. 70E4+04 1.70E4+02 1.49E+01 6.54E+01 4.27E—14 2.51E—15 2.74E—01 1.22E—02
70 1 1.27E+04 2.79E+00 1.00E+06 9.31E+03 5.05E+02 3.87E+02 1.11E—09 6.22E—15 2.63E+00 5.42E—02
ok #E  4.94E4+03  3.19E4+00 2.33E+05 8.93E403 4,32E+01 2.15E4+02 1.57E—09 2.51E—15 7.18E—01 6, 00E—03
100 HH 4,41E+04 3,14E+04 4.07E+07 2.49E+07 6.92E+02 7.78E+02 4.47E—01 4.00E—01 1.30E+01 1.13E+01
#E#E 6.39E+03  1.42E+04 1,30E+07 2.50E407 1.69E401 4.05E4+01 3.81E~01 3,70E—~01 1.32E4+00 3.09E-+00
af i 3 F6 F7 F8 F9 F10
#F# 3 WWO ApWWO WWO ApWWO WWO ApWWO  ApWWO WWO ApWWO WWO
10 B 2.75E+00 2,35E+00 —4.50E+02 —4.50E+02 2.68E+03 2.58E+03 —3.11E+02 —3.14E+02 —1. 79E+02 —1.79E+02
£ 4.54E—01 7.91E—01 0.00E-+00 0.00E4+00 1.87E-+03 3.65E+03 8.44E+00 2.18E+01 4.08E—01 3.49E—01
30 =il 1.04E+01 1.18E+01 1.06E+03 —4.50E+02 1.26E+06 1.20E+03 —2.63E+02 —2,65E+02 —1.45E+02 —1. 40E+02
£ 5.43E—01 4.17E—01 2.13E+03 0.00E4+00 1,17E+06 1.33E4+02 8.44E+00 4.08E+01 8.78E—01 2.66E+00
50 i 2,06E+01 2,01E+01 1.73E+04 —3.12E+02 3.14E+09 7.08E+08 --1.71E+02 —1,33E+02 5.95E+01 5.73E+01
fRAEZ  3.86E—01 1.29E—01 2.11E+04 6.64E+01 2,89E+09 1.00E4+09 8.24E-+01 6.33E+00 5.27E+01 7.34E+01
. B 3.10E+01 2.96E4+01 6.54E+04 2.88E+04 1,13E+10 1.27E+10 1.22E4+02 1.59E+02 3.85E+02 3,60E+02
¥k % 8 44E—01 2.50E—01 1.87E+404 4.84E+03 4.36E4+09 1.72E+10 1.02E+02 3.95E+01 9.66E+01 1. 11E+401
100 W 4.53E+01 4.43E+01 1.05E+05 1.04E+05 3.91E+10 1.83E+10 4.18E+02 5 07E+02 1.17E+03 1.05E+03
Fr £ 1L66E+00 6.54E—01 1,12E4+04 1.02E+04 5.92E4+09 1.55E409 1.70E+01 2,32E4+02 1,12E+02 7.93E+01
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10 18 3.85E—01 4.21E—61 1.32E+04 2.85E+02 1.00E+02 9.84E+01 2.10E—10 4.36E—05 7.10E—02 1,08E—02
FAEZE  8.25E—01 1.40E—61 5. 36E+04 4,07E+02 2.47E+01 2,34E+01 1.15E—09 2.39E—04 5.35E—02 1.21E—02
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10 1 1. 14E+01 1. 13E+01 2.41E+03 —1.96E+02 1.62E+08 2.91E+07 —2.37E+02 —2,39E+02 1.23E+01 -—4.26E+01
¥AZ  5.01E—01 8.95E—01 5.48E+03 1.11E+03 3.20E+08 7.47E+07 2.27E+01 2.16E+01 5.26E+01 4.46E+01
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WAEZ 5.89E—01  7.27E—01 1.42E+03 7.80E+00 2.90E+07 7.52E+06 2.22E+01 2.94E+01 1.35E+01 1.17E+01

20 Wy 1.16E+01 1,15E+01 —3.42E+02 —4,50E+02 6.01E+06 1.59E+03 —2.51E+02 —2.43E+02 —1. 36E+02 —1.36E+02
PR 6.50E—~01 5,62E—01 5,20E4+02 3.97E—02 1.84E+07 1,78E+03 2. 17E+01 2.20E+01 9.39E-+00 1,82E+01
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it makespan, % { IBITHERIZNC .

EX 3 b5 & I M 3T iR £ (Best Relative Error,
BRE) . 518 22 (Average Relative Error, ARE) . B 3F 4
SR %= (Worst Relative Error, WRE)1

- . G

BRE= min =
ARE=L 3 G C as

n=1 C

_ C

£ 8 ApWWO R B i k& P8 E MBS RICE

s 5] & C* BRE ARE WRE
carl_11_5 7038 0 0 0
car2_13_4 7166 0 0 0
car3_12_5 7312 0 0 0
card_14_4 8003 0 0 0
car5_10_6 7720 0 0 0
car6_8 9 8505 0 0 0
car?_7_7 6590 [} o} [}
car8_8_8 8366 0 0 0

rec01_20_5 1247 0. 002 0. 002 0. 002
rec03_20_5 1109 0. 002 0. 002 0. 003
rec05_20_5 1242 0.012 0.012 0.021
rec07_20_10 1566 0.011 0.011 0. 011
rec09_20_10 1537 0. 013 0. 013 0.014
recll_20_10 1431 0.029 0. 029 0. 041
rec13_20_15 1930 0.018 0. 018 0. 022
recl5_20_15 1950 0,019 0. 019 0. 027
recl7_20_15 1902 0.027 0. 027 0. 036
recl9_30_10 2093 0.044 0. 044 0. 059
rec21_30_10 2017 0..070 0. 070 0. 066
rec23_30_10 2011 0. 031 0. 031 0. 037
rec25_30_15 2513 0. 055 0. 055 0. 052
rec27_30_15 2373 0. 027 0. 027 0. 027
rec29_30_15 2287 0. 064 0. 064 0. 060
rec31_50_10 3045 0.062 0. 062 0.072
rec33_50_10 3114 0.034 0.034 0.034
rec35_50_10 3277 0.021 0. 021 0. 022
rec37_75_20 4951 0. 092 0. 092 0. 093
rec39_75_20 5087 0. 084 0. 084 0. 087
recdl_75_20 4960 0. 096 0. 096 0. 097

MFESALIEH, ApWWO FE carl —car8 F I EER BN H
AR 7 recOl—recd]l FHIRAFHF BB, BIFHITIRE
AT 0. 01, UL RYIEIIE T ApWWO KELFR TR
R AR ORI E Y s dy e

HRIE KERABERE-FFANEEERAEL,
RERFERHSES BEFTR. E5 TSRS BEREE
ERSEE BREEREALE. £TH, 5EMNER 4T
HG N TEER SRS E N &G, ABEENSH
RERUEERES FNBIELEEEMIHEL T MR
FHEMNEHSEASHKERAERE., ZBEERERERENE
BERBRRASERAT2RER MERHFHR DS
BT R R MBS, B P E T 2 RIREN B
FRE . #—H, W ¢ BEE (ApWWO, WWO, FA,
MVO)ZE 10 ANMRAEINR B ¥ 473 5 Bt Mg it L
BLEREZH, ApWWO R RIF B R AE B 5 0 ity
BERF WWO Ft FA, £ 5 MIGR B BT MVO, X 3%
HEIABENEHSECRR G THRE WWO 8168, it

— W R R G RRIRP AL ApWWO IR RER
H—EHW ., R, ASGEHRTT ApWWO 5 PSO #1 GA #
FOLHEEXT L R R R ZE RO ApWWO I T A B2 i
UK ApWWO R B BBk & R W 171, BR%
RIRW, ApWWO TERMFLAL R B 45 7T A7 YA — 2 4
Mk,

TEBEME, ADWWO EE SR L EEES T
MVO, 45 Bt rE&” e 3=, LBt —MEgA =8
EEERRRIN £ RRFIERABEN, Wik, - ERE
H—HFIAE LI RILBABRIERET ApWWO K HERE;
H—Fil, AN EEENREESERSTEIABENEHS
RS 4% ApWWO fES8 WWO B—FpAp SR ¥4 WWO iy
— SRR, AR E Ze A IR AR i — A R

H— 8 TR : DN WWO KSR it FsRE X
MR, BRABIE WWO BB IE VL, s Bt E A %
HHERVUBIFRAE D WABI R EIE S H08 WWO I ae
I 5 D BFFT WWO 55 HAty J5 848 R A TR & 19 Memetic
Bk 4 TN AT % IR) A A5 S B AR Al o,

2 & x w

[1] LIUB,WANG L,LIU Y,et al. A unified framework for popula-
tion-based metaheuristics[ J]. Annals of Operations Research,
2011,186(1):231-262.

[2] GOLDBERG D E,HOLLAND J H. Genetic algorithms and ma-
chine learning J]. Machine Learning,1988,3(2):95-99.

[3] POLI R,KENNEDY J, BLACKWELL T. Particle swarm opti-
mization[ J]. Swarm Intelligence,2007,1(1):33-57.

[4] DORIGO M,BIRATTARI M,STUTZLE T. Ant colony optimi-
zation[ ] J. Computational Intelligence Magazine, IEEE, 2006,
1(4).28-39.

[5] TIANMC,BO Y M,CHEN Z M, et al. Firefly Algorithm Intel-
ligence Optimized Particle Filter[J]. Acta Automatica Sinica,
2016,42(1):89-97. (in Chinese)

HEHE, HENH, REEL S BB R TR ]
B 3h1b24R , 2016,42(1) : 89-97.

[6] GHANBARI A,ETTEFAGH M M. Robust adaptive control of
a bio-inspired robot manipulator using bat algorithm [ J]. Expert
Systems with Applications,2016,56(c) ;:164-176.

[7] JIAY L,LIUS,SONG Y H. Cuckoo search algorithm based on
swarm feature feedback [J]. Control and Decision, 2016,31(6),
969-975. (in Chinese)

W XM, KRR ETAHBBERRNASLERAER
[J7. #2415 P 5, 2016, 31(6) . 969-975.

[8] WANG H,WANG W,SUN H,et al. A new cuckoo search algo-
rithm with hybrid strategies for flow shop scheduling problems
[OL]. https://link. springer. com/artide/10. 1007/s00500-016-
2062-9,

[9] LINJ,ZHANG S. An effective hybrid biogeography-based opti-
mization algorithm for the distributed assembly permutation
flow-shop scheduling problem[J]. Computers &. Industrial En-
gineering, 2016,97.:128-136,

(F#% 250 7D



250

B LR ¥

2017 4§

1]

(2]

(3]

[4]

(5]

L6]

7]

(8]

0]

2 % XM

HO H C,FANN W J D,CHIANG H J,et al. Application of
Rough Set, GSM and MSM to Analyze Learning Qutcome-An
Example of Introduction to Education [J]. Journal of Intelligent
Learning Systems and Applications,2016,8(1):23-38.

GOTLIB D, MARCINIAK ]. Potential Application of the Rough
Set Theory in Indoor Navigation [J]. Lecture Notes in Computer
Science, 2014,8537:301-308.

CHEN C S,LIANG W Y,HSU H Y. A cloud computing plat-
form for ERP applications[J]. Applied Soft Computing,2015,27
(C);127-136.

CHEN X, WANG X M, HUANG Y, et al. Fault diagnosis for
tilt-rotor aircraft flight control system based on variable preci-
sion rough set-OMELM [J]. Control and Decision, 2015,35(3)
433-440. (in Chinese)

Bile, ERR, B, S M ERN CER A MR R -
OMELM (B2 iy 8: [ ]. & 5 5L, 2015, 35(3) : 433-440.
CHEN D, WANG C, HU Q. A new approach to attribute reduc-
tion of consistent and inconsistent covering decision systems
with covering rough sets[ ] . Information Sciences, 2007, 177
(17):3500-3518.

WU K, PAN W, WU L, et al. Incremental imputation method
for incomplete decision system[]J]. Industrial Marketing Mana-
gement, 2011,40(2) . 267-277.

YANG X P. Completing incomplete data based on maximum si-
milarity in Rough sets [ J]. Computer Engineering and Applica-
tions,2012,48(36) :164-166. (in Chinese)

B/AE METRIXAMEN AR aBEAFI] R TR
R ,2012,48(36) : 164-166.

SHU W,SHEN H. A rough-set based incremental approach for
updating attribute reduction under dynamic incomplete decision
systems[ C] // Proceedings of the 2013 IEEE International Con-
ference on Fuzzy Systems, FUZZ,2013:1-7

ZHANG Q,ZHENG X, XU Z. Efficient Attribute Reduction Al-
gorithm Based on Incomplete Decision Table[ C] /2009 Second

International Conference on Intelligent Computation Technology

[10]

[11]
f12]

[13]

{14]
[15]

[16]

[17]

and Automation, IEEE Computer Society, 2009 ;192-195.

LIU F, LI T R. Method for Attribute Reduction Based on Rough
Sets Boundary Regions{ J]. Computer Science,2016,43(3);242-
245,284. (in Chinese)

X5 ERR, BETHAREN AR EBRARBELE L]
BRI, 2016,43(3) :242-245,284,

LI R,ZHANG D,ZHAO Y, et al. Incremental Core Computing
for Incomplete Decision Tables [C] // International Symposium
on Computational Intelligence and Design. IEEE Computer Socie-
ty,2008:270-273.

QIAN W,SHU W, XIE Y, et al. Feature Selection using Com-
pact Discernibility Matrix-based Approach in Dynamic Incom-
plete Decision System [J]. Journal of Information Science & En-
gineering,2015,31(2) .509-527.

QIAN W B, YANG B R, XU Z Y, et al. Efficient Algorithm for
Computing Tolerance Classes of Incomplete Decision Table [J].
Journal of Chinese Computer Systems, 2013,34(2) :345-350. (in
Chinese)

B . BIRE. RH. 5. R TAZEREENSLELBHCR
g ] DB EPLRSE, 2013, 34(2) : 345-350.

SHU W, SHEN H. Updating attribute reduction in incomplete
decision systems with the variation of attribute set [J]. Interna-
tional Journal of Approximate Reasoning,2014,55(3) ;:867-884.
ZHANG T, YANG X, MA F. Improved algorithm for attribute
core computing based on binary discernibility matrix [C]//33rd
Chinese Control Conference(CCC). 2014:7400-7404.

GE H,YANG C J,LI L. S. An Improved Attribute Reduction
Algorithm Based on Binary Discernibility Matrix [J]. Computer
Technology and Development, 2008,18(8):12-15. (in Chinese)

B oG, 2R, — PR 00 B s T o B R R
WAL HEIEAR S KR, 2008,18(8):12-15.

SHU W H,XU Z Y,QIAN W B, et al. Quick Attribution Re-
duction Algorithm Based on Incomplete Decision Table [ ] .
Journal of Chinese Computer Systems, 2011,32(9).1867-1871.
(in Chinese)

£F3CEERE, RO F. —HIEN R RSk KR EAE
Hik[J] DRMENTEALR S, 2011,32(9):1867-1871.

(k3% 209 7O

(10]

[11]

[12]

f13]

[14]

ZHENG Y J. Water wave optimization ;
metaheuristic [J]. Computers & Operations Research, 2015,55;
1-11.

ZHANG B,ZHENG Y J. Convergence Analysis of Water Wave
Optimization Algorithm [J]. Computer Science,2016,43(4):41-
44, (in Chinese)

A BFE. KEMABE RS . SFE YR, 2016,
43(4):41-44,

ZHANG Y J,ZHANG B, XUE ] Y. Selection of Key Software
Components for Formal Development Using Water Wave Opti-
mization[ ] . Journal of Software,2016,27(4):933-942, (in Chi-
nese)

FEE,KE, RS, WL T R XEE R R K B
=[], B3R, 2016,27(4) 1 933-942.

PAN Q K,SANG H Y,DUAN J H,et al. An improved fruit fly
optimization algorithm for continuous function optimization
problems [J]. Knowledge-Based Systems,2014,62(5) ;69-83.
RUEDA J L,ERLICH 1. Testing MVMO on learning - based real-
parameter single objective benchmark optimization problems
[C1//2015 IEEE Congress on Evolutionary Computation. New
York: IEEE Press,2015:1025-1032.

a new nature-inspired

[15]

(16]

(17]

[18]

[19]

[20]

[21]

YANG X 8. Firefly algorithm, stochastic test functions and de-
sign optimisation[ ] ]. International Journal of Bio-Inspired Com-
putation,2010,2(2) . 78-84,

MIRJALILI S, MIRJALILI S M, HATAMLOU A. Multi-verse
optimizer: a nature-inspired algorithm for global optimization
[J]. Neural Computing and Applications,2015,149(3):29-38,
ZHANG H, LI B,ZHANG J, et al. Parameter estimation of non-
linear chaotic system by improved TLBO strategy{ J]. Soft Com-
puting,2016,20(12) :4965-4980.

ZHAO Z S,FENG X,LIN Y Y,et al. Improved rao blackwel-
lized particle filter by particle swarm optimization[]J]. Journal of
Applied Mathematics,2013,10(4):15-22,

ZHAO Z S,FENG X,LIN Y Y, et al. Evolved neural network
ensemble by multiple heterogeneous swarm intelligence []J].
Neurocomputing,2015,149(3) ; 29-38.

LIU B, WANG L,JIN Y H. An effective PSO-based memetic al-
gorithm for flow shop scheduling[ J]. IEEE Transactions on
Systems, Man, and Cybernetics, Part B: Cybernetics, 2007, 37
(1).18-27.

WOLPERT D H,MACREADY W G. No free lunch theorems
for optimization [J]. IEEE Transactions on Evolutionary Com-
putation,1997,1(1).67-82.



