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A, SCHR (71 R [ELBT GP S35 4 A% 4 W7 4480
DA AR B P15 43 2 0 ok 0 25 i 1 . SR
[8JIEII T #45 GP Sk AE B 15 43 1 45035k Fry 1% ).
SRR R AT B 2 %3 e4F GP 43 1 7E 154>
7B B0 IS A T I SR GG T8 e T 0, 45 6 Bt
GP SEVEAE A BT b i S FREAT — ANk AT 11
LR, 250 L AT AR OIS N B3 0 G i 1
FOEARL S kA (K155

1=}

1 HARE=

1.1 GP BZEKRE

GP A7 31 L — b 3 T ol B 1) b A T 57 5
i Z R AR S A W A R R A A R
ICWYTERFE, W AT IR N B B AR AT LA R
SRR )R U LR . B4R I, GP Sk B ML AE
B AN RIGE R, BhORE op B RS R AT — AN I
JEAH. 6 A B, 2 95 B0 4 40 6 b 3E 1
( tournament selection) i 4y FH >f¢ 3% £ 3 M & {8 4%
BF A TEAT S AT SmlAR S B AR 7 2 3T K b
T 9T A AR AR AN A A SCHE BT B0 Y 5 ek BT A
AT N LA, kAR £, R e &k
P th e LBV SRR P (4520 .

5 H At EC S5k kL 7 B 5 3% ( particle
swarm optimisation , PSO) 45X 2< & 2w 15 7 A
[F], GP S A i i 77 X0 v SEHLRE P %
vHEEHURE AT BA ] BREIR 45 0 3o, o il &
1EFF( terminals) 4 f8 , o TR] S 55 HH pR 25 44
F( functions) #4 B¢, & 1 45 th T — AN HL GP
B IL R B AR A N (F1 + F2) #
((F3 +0.55) % F4). H 1 F1.F2. F3. F4 7
0.55 JE it i (£ U 4F) M H b B N B 4 Ak
(AR ) BRERLA B R B ™ TR+ T ]
W, TR A, RO R R R AT X
U gy K A A A I P TP R AR R AR AT,
AR A LA ) R B E

Wt AB I GP S5 s N H] GP S figt vk
HLAR RN, TR B B LU 5 AR E .

1 —AfE 8 GP &Y
Fig.1 An example of GP tree
(1) & XZIEFFHEA (terminal set) . %4 &
W EH AR BRI R E
T AE AR AR I BEHLAE
(2) & X HRHBUE A (function set) . iZHEE5 1]
DA R AN [7] £ R B30 il 3K 16 pR) 38060, 975 55 R 32 5 R
B+« = 7 RGN % B TF, =
HA PR sinscos A5 0 52 A% 8RR E B ) @, VF 2
APUOAH 9% (1 B A 51t T BE T O bR 2L

(3) Wt id BV BE pf £ ( fitness function) . I Y
J5E R B AL i R b F R PEAS AR LS5, I 51
SR AP IE L SO e e 18 oM AN LIPS
58 SC, FERInS 53 2 i e, HL 3 7 R B0 AT Ay 73 2K
TR 2 B R .

(4) % Fiz 17T 2 $( parameter settings) . GP
RIS AT S B B RARKEL PR K/ A8 S
AR P FR IR SR TT IR U B A E e GP R
PR B R e /N R JEE 45

(5) e 2 1k 45 ( terminations) . 2% 11 454
TR E SR IS b3 AT A A e 5 R, fnik 3 5K
AE A R B B AR 5
1.2 GP B ARMEELZR

HFe i LIk, GP SERAT T2 R0, R
IBRCIR 45 7 GP 5532 ( ree-based GP, BRI\ 4y GP)
AN VE 2 R R, AR S 1 GP Sk
(linear GP, LGP) R $9 ( cartesian
GP, CGP) "™'; #2711 GP 4 7%:( strongly typed GP,
STGP) (14] s HETEVEIR) GP 8592 ( grammatically-based
GP &} grammar guided GP, GGGP) ""~'; JLfa[ i X
GP % ¥ ( geometric semantic GP, GSGP) (17] ey
SEILGP Sk mT LU B ik T AN [ 4 #2485 1Y) GP
SR PR, 4L 45 56 T JAVA [ ECTTY L3 T
Python ) DEAP" | Jt F MATLAB [f) GPLAB™ .
JET C ++ 9 RMIT-GP?Y J¢ JE T- TensorFlow ]
KarooGP oy

FUHT, A7 9% GP SR 90 R S 2F Jig AR
P [ R 2% R £ 1AL $5: European Conference on Ge—
netic Programming( EuroGP) .The Genetic and Evo-

]
=)
==X
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lutionary Computation Conference ( GECCO) | IEEE
Congress on Evolutionary Computation ( CEC) | Ge—
netic Programming Theory & Practice. International
Conference on Simulated Evolution and Learning
( SEAL) . International Conference on Parallel Prob—
lem Solving from Nature ( PPSN) 2. 03R4 &
¥&: IEEE Transactions on Evolutionary Computation-
Evolutionary Computation ( MIT Press) . Genetic Pro—
gramming and Fvolvable Machines Sofi Computing
S5 ML, GP Sk B B 5 N HTOE 5T [ B L1
WFFTN BB BN HE 44 55 A 2 A Tl 2o (99 3 heep: //
www. cs. bham. ac. uk/ ~wbl/biblio 472 1A.

AR, GP S T I T %A 4ok LA i
YN EVERTHIRNA SN NS S Y S WAy
i) @ Poli Z57ESCHR [11 ] shPEg A4 T GP B2
(RFEA R & L S B S 25 AR 2R N7 A B A i
()] J 4%, Chen 45 ™ BF 9T T o 2 B0 40 10 75 5
VAT L, 48 A A R A [ ISR R A S oK
B GP SLHHIZ AL ). Haeri 452 B3} T—A
GEvl GP SR AT 5 B ) i . % 05 kR 48
THE B AT W A B R RE AT AR A, JF P T R T
AHORPE RS S AR e 48 A N JE T 22 3 () GP B 95
BH SRS

Bhowan 45 % 51 T GP S35 A F i 2 4
e LRI, Wk T ANMERRE H bR GP U5k
10> KA, AT LLAE R R A /N R 3k 45 S 4T 1)
PERE. Bhowan 252§/ T — Wb GP Jy ik fift vk
AEPHG R s 20 28, 2 H bs GP Skl — 41
Pareto Fiffy LA , JF2% T IX S8 A% 1] GP 5Lt
532 %%, Nag Ml Pal ™ B3t T —AN4E K Z H bz GP
SEoy s vT LLRI N BEAT AR AR B FE M 23 28, 1% 5
s 2 03 R B Ry AR oy e R 4y
FAC R X6 53 S B Espejo 46 ™ Xt GP §13%%
FEI3 I L NIRRT T VR I 2538 , B4R AL
S S Afa AN RICh Vi N 5 RICE Y

Nguyen 252 71 5tb GP A3k A2 Fi U 00 0 A
WA A R RUEAT TR RGBT AT SCHR
(30 )it T A2 Hbrth Ak GP 550395, 7]
LA [ IR Aff e 22 A 8 B v 5 1) R SCik (31 ] %4 GP
FEAE L W L N AT T 8O R 8
MERR AT WK GP AL N T 42 7™ 1 JEE
I S FLOR B A, IS L T Al N T e AT
G T AR T A AR R PR

Lensen 25 % 4 GP 8% I T 18 4 i T
AR F R VR AF 2 PR KR 4. Tran 25 % F 51

T CP SEAEASE R H 72 K LI, Sy 1
AT GP LR R A A 7 TR OR BN R (R 1L
K AN 58 4 Bodls e A0 O e A AU BEAT 70 2. ST
(34 JBeit T ARERS AL BEIX [MIAE 1K) GP VAR A4
AL, T LLE O A 78 i AT 02K,

2 GP BEXAEEGS T LRERAGRIE

PG AIE 4 O B A5 0 i b A g ) —
W, VEZEE T BRI BT AT 55t AR 3 R 55 AR
T TSR IR RAAE . BRI SR I , e ik 1% £ Ry
U A 2 9 T R 5 R e AT A 4 2 110
BEEFRL LA, GP Bk O i N TR R
Wb B0 GP SV A R AR 4 W R AR PR A
FLAEHEAT TG, JF0T GP SEAE -G 2K 1 %
Rl AR g b i AR B ST AR 23l AT
2.1 ERFHERE

PR AL B U 45 IS Hidls Hh 32 B I
15 R EME 58 ks 78 AT 55 JF SEL R 4. X T
K5 73 R 5 R AR 5, 2 8 Hos AR R AR RE A%
B IEE R e SR RIER . 5L T GP SRR AL
PRIk me 8 F B A e ) G AR 5

Shao %5 42t — A~ % H 45 GP ikl ok 5%
WAL 2% 21, T I SR ) 5 HL( support vector
machine , SVM) BEAT B8 7328, T $2 S92 HE 48 o
N JE DB B KA 2 R RIB A8 . Fer , 9
PR — ZR 9 BG5S D B 5
KA 2R T 4 FhAS ] 1) de Rt A # 5
1S B A G U 4 W 45 ( convolutional
neural networks, CNNs) 3L, i i3 J& 3% F0 b 4k >k
O EERRE. (R 2 GP SR RE 1 Bk £ 5 1)
PEWHRAE ST SO 7, I A2 5 38 1 15 A
Fre. A% 7 1030 03 FEE A FR AR AL S 2% BE I AN H bk
BAT T 0F9T. 546 e i R B3R 551 i HOG
SIFT.LBP Jz CNN ALt i% 7516 3 A 40 KRR
& EIAS T A PR RE, B A %7 VR TR U
B AIE 2 B BOK. Liu 255 44 SCik [35 1 107 vk 9
B AR 27 S R A (R sV 3 2, A uEU
RV P 51 DB B A v B A AR Dl GP RRi
Kb 1 3D WA 1% 7k PR REAE LA SR 432K
AR AR EAR 3 T U0 UE , H AR BRI AR A I A R AR
PR S AT L (R PR e

Price F1 Anderson " ¥ GP H N T Az
A B AR BT KR M T Harris #5080 I (i
JEWE BT BT EAE N GP ek B AT R AR I,
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R AU TR M PE R — A G Bt B EdEAT
T R

Lam "™ W5 T 3 PR R E RIS 25 B 07 14
FUG AT EAE R SN GP 5k, IF HEAT SU B R
e B, K Ak T 48 2 7% ( k-nearest neighbours
with k =1,INN) KRBT /328, s2me 45 WL 0], prde
T3V RS BB I REAE LA o S HER 2R

Al-Sahaf 25 ™ 4% GP 135N ] T H 8 4k 4
PR IR 52 7, JE ) INN Sk g 4T 803 B 4% 43
JE. %7V R EEAR L FRE G X sk 1 B 4
e KA P IE R MEAE N %GR 5
TP B R AE LA i B RN AR M, S AR R
LBP 0, AR R T GP 3% [ 3 A7 5 AiE $2 X
AL, 78 LA SCEE BG4y R 4 b T vk
AERAFLL LBP K I AR 7Y 5 g 1)y JS Uk Al 6. Al-
Sahaf 25 5 Sk [39 17 75 ¥LBEAT T itk 32
T —ANREM RN B A K B 1 SO AR AE 7 vk 5 R
JTEALG VR T S R, e S T i A B AL
HURFAE AT 4325,

Igbal &5 Y 2T 3Cik [40 ] 10 5 T B 2% 2]
FIN GP ik op, 3 v L AERFAE 2 >) R g0 4y 2%
RO BE R ISRk R TR RE GP VLA HE
PR rp R AR BUR 22 /B, IX S R HL o TR
S USRS B AR 25 5 38 i i A8 2% ) N 3
b AR DA EAT 25 Hh . SCHR (41 1K 2 H 1 A e T
15 GP SR BE) 4h 1 RN AR S48 4 b % 7 i AE
ARGy FH R A LR AG T B TR AR 2 1 YO AT
B2 251N GP Sikvhok LU i HAE B8 40 i b
(27 > 3 R0 1 e

GP SyAR B [ 3h Hh M P45 o JE PR 4 o
F) D 35 35 By 95 77 ¥ B U AiF . Al-Sahaf 25
FUT RSN GP 530 K % b | 2k % 3
DI, I A3 6 1) X8 £ B D7 B R AE L SR T
INN AT ECHE B 5 O3 25 1% 7 vl o X3 sk %
A LLAT 250 Hh B AL T 4 IR FIE (% 4 B RO A
Zi
2.2 EBHZE

P 5 43 2 AR 4 AR 10 P 28 TR 28N
I — A AR N AN ], GP A ik
FE MG A 25 TIf I FH AT R B8040y b W5 2 38 1
FERFIE I GP 29 28 7 B AL T 18 K 1) GP 4y 2%
k.

T FrREIE I GP 2327 1032 LATISE T4
HPREAEAE S S5 N 8 GP VL /4y
BRIy 0 R AL R 4 AR I, GP T

EEELY N PN R (e iBv e S S N (UL S e
TR 1) GP 4» 27 75 2 L RS A% A N
AL A A B PR R JEAT 70 28, RS v X
A0 53 R PR SRR A GP SRR 2R s
S TR IS AT 5 A $2 H S AR AE ) 3 58 58 — A T GP
SEVEAT R AESEE, F 5 IR 432K 07 vk n SVM iE
ATor 2. i AR YE TAE O FE 2. 1 /N1 EAT
TP, R A /N SO0 2 T T SRR AR 1Y) GP
DRTTIFERIE TR EN GP 43I 28— Fh 3
2.2.1 ARTHRAFIES GP K7k

Nandi %5 ¥ GP S ] TR v 3L 53 5 2%
IG5 %518 e N B — 2L B R 11 X
ARG X IR R L 4 AN TSR AE 4 AN TR AR
FEAT 14 /> GLCM FfAE. IR F AL ek 1k 1% 45 7772
KB B IR E , 2 T IR B RRAE, I GP kR
Jor %, S A TR W, %7 1R RE IR R
.

Zhang %% Beit T —MET GP SLILM £ %
53 AR b 23 288 T 9. 2 7 90 D T o X sk i i 2%
BRI 7 ZE R, SR 5 K GP By AR oy 2848
Ab 38 22 0 3 I ) 8, 1% 7 R T R X
G w2 B N BUR X s i 2800, F R B R
BE& 119 48 S48 2R 7 ¥ g A I GP B 14 2R I A 1)
HWHSH.

Zhang % Vg1 X) GP S 1E 2 K B E% H
FrRarE BN, st TP RS T o A
3TN BR B GP S vk b5 3 ol 1) 3 7 JE R A A
3 R PE SR B HE N R £ ds B3R T B
HEMH 2.

Ul-Ain %5 GP 5730 81 v e Joi 141
2K IR T T1 A BUHRF HE AN A ¢
FRIEVE NN, FIH GP 513k A8t H iy B2
(IRFHE A 2 4 25 2% . 5 S 43 28 7 v INN fb
& DU 0T R e SR b S5 A LE, T 4 T VR SRAS T R
(45 5 AR & VPR B A R e o 2 Jodn 45 bt
AT IRAIE.

Ryan %7 BEi 7 —ANJET GP SIS —
I BT KO R 5. 12 R A — AR M e 7
S BEAG o0 i e ARSI R A0 328 8 A 145 40
J. 1% R G S R B BN 43 F ) X 88K 4
Ay GLCM R AEAE A GP Sk A A2 il oy 2K
A S gE AR PR T AR L R 4y Kb AR
T ik 100% [HERL 2.

Almeida F1 Torres 8] Wik T—AN%EF PCA Al
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GP 5L( PCA + GP) )73 KR GER MR vk 2 260 H
BR3P AZITEE e R 3 MRRAE 4 B 7 v A
BRI T B SCE RN R R AE, B2 45 R
PCA XPRFAEREAT B 4, o5 J5 K FH GP Sk 4y
2525, 5 PCA + SVM F1 PCA + C4.5 JiiMH L,
PCA + GP 3R1G T AL 5e 4 JI a5 R, HAE ) 73
KA HAT LT AR 7).

SCHR [43 - 48 ] Pt 7 1L 38 o G b 4R
IR 8 IREE AR 5 R GP Skt AT R 4 28,
PR ) GP S5k B ] PRI oR 250, T SR
RORIX STy TR B A N, RIS B AT e ik 42
HUFVREAE B 6 45 , L AR v M R AR B st T T 44 HiX
(RRFAE.

2.2.2 EAFHFNGCP LTk

BETREM GP 4 2K Tk Bk LR B %= 4F
N, A B AT R AR S I R A AL 2 45 Atkins
ORI T A SR G GP 7 ki v —
I RGO K. L B BB IR R R A E A
A Horh, R UEBE R R T H IR D 2% a0
IAH e RKAE DB B Z5E AR O GP R O i A B 5
ATAEEE; PGSR G 2 DAL B ) S T IR A 0 1
D5, I A BT A2 DX Ja i IS ~ g KB SRR
I3 2 M2 DT B AIE rh R 2 — AN B AR AR FH oK
ST . ZIT AR NI B 5 2K K AT Ny K h
AT TR U855, 2 IRAE GP Bk gl A
CNNs 5 R B2 ) JOAR, B3 AR 35 b 2% 2I R AE
JEHEAT 43 28 T, B 2 7 SRR ok, IR
TERL T T GP SL IR 5 2] (evolutionary
deep learning) W57 4) <.

HET 13k = 245110 GP J5 ik, Al-Sahaf 45
FEHT =D 2E N GP Uik ki v K15 5y
Fla i, B EHE R A ER K2 SR iR
J2 AN TR BB b R R 0 I X B, SR R 4
THERHIE , KRR TR SE B> 8. 4 A0 R E i 4R
SRR, 5 =R GP A, 2
S5 GP 7k 3 R o - HL S B

Lensen %[5]] T4 GP i + HOG J5
12 FH A ST B DX 3 00 AR A0 44 B AR A Ay S A P51 45
G TEIET Bk TR GP ik, B
HOG 5.1 Wit by e B URHAE L IF vt 17 H 7
FUEE B B M e . 5 2S5 ) GP
VAR LG T IR R AR AT (0 4) R 4E B Bi A5
WL T — VU2 Z5 1 GP J7 % F DA SR I IX 35k
DR AR S 0 SR 1R AL A0 5 0 2K 2 T VR AE R
AEFZI)ZE R L H 1 PR AR 8 A B3 oy B0 B

7%~ Sobel S A AR IGSREFIE SR SIR 45 KT,
7L RE 3RS L HoAth GP AN AE GP )y v B 4 1)
g0

Agapitos 25 Y it T —ANIY JZ 45 H ) GP Ty
PR FE5HCF AT /025 40 B R 1) AR IR
g PR AL E AR e 2 P B AL E R KR 1%
TPERF T PSRN G, e 40 R 2R A
Quasi-Newton LAY, 77 72 K I 25 1 WAk 1) 22 T 1]
SrRE. 5 ILRbRUE GP i b TR FE
B oy 2 kA T R kg 5 STk [53 ] 284U,
Suganuma %Y Bt T AP R LK GP 7k,
FAE S IER AT SVM JEAT UG 5325, SR, 3 P e
JNEAR T B0 HAR G5/ b AT Be vt I H 21 GP
FEE ) RIE L Hs HaX P 5 v #85 CNNs [
SERIRESEARRL  AH I3 5 CNNs g7 EE.

2.3 RN

TG e — T A D B AR AR R S B A
HEELARAIEOR , Ge b KIS T B AR i 5, 3
i SR e S O 5 2 1. 56T GP RLVE )il &
AL A A T i) B 5 28 R AR A T 3 A, 1) 2
G FAR 25 I GAE D 2 i MEET
HAth EC Sk nisif% 5% genetic algorithms, GAs)
S T HEAE SR GP SBVLAE I GG W b1 B 352>,
ANFRRERAREME BT T TAE AT 2504

Golonek 4% ™" 4 GP SL3AL N I T 11 8 4 il
G 7 2RI TN R R 4 x 4 1)
5l 11, A i 64-biv [R50 2 Ak bR Bk AT 11 2
Kol , I 5 Sobel J5¥LHEAT T % Lb. Kadar 25 4
T —ANE T GP BRI SRl U7 . % 5
DLEAN EURAE A BN, 6 R B & R A T 20
Pof 55 % SA S A A B o Bk AR B S A I A
S S5 AR S LA LR A% 48 T v 1)
AeSE4f.

Ross 2557 LI T — AN GP J7 3k B 44 45
FUG T IR 3 Sk 1% T71ETE SEK 9 MAS (] (1 98
AR RAR (R R AT Ab B, AR 5 #4453 21 1) ]
BAE R GP Bk N A A SR M+ 5 N T
PG AR L, 5T GP L 1R 30 Sk i 5 1 3%
R

Fu %5 ik 7 —A GP J7 ik A 8 WX 48 h
i tg 2 i, I AL Tk PR 3 SR i ks
S AERR RO A ) S 25 AR W, BT Uy v
REME SRAF R U IR PR . X R A% 7 Vb 1 4k
W PR R AU 2 AT 3R W, TR D7 VL e S ik
HE B AR 28 b g e 1k B B DB I A AT S
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FESCHR [59 ], Fu S84 T —ANEF 40 A 1)
GP J7 V23R K @R AE SE I A . % 7510 R
H BRI e T B T U — A bR M 2 R0 L PR
FERFAE, KGR A GP R HURFAIE , % T A4 2 )
TEA VA G AR D G458 25 2 o A, T 5 AR %0
B AT oy 2. SERG 25 AR 5 L BRI A A
LA T e A0 T 1 R A0E I 3R 43 58 e 1100 300 G A il
Mg,

Fu 5P T AT T U 5% 1 GP
TFRA B GRS 7 & IR LR RS
SR T R T i T R R D s s TR, A
EAETF PR T B AR RIS 5 R B RS E R
K. S S5 WAL, BT 5 G L ¥ B
L s T 55 B AR 30 G ) S92 B A, H i g
i BEAE TR VI SR I 1) A i SR A A8 (1320 A
-

2.4 E&HE

UG o3 2 F R B 03 0 /s X 3 DL 7 4L
BG M IA R A F A5 2. 78 EC 5k, GAs
FERG 5 %) B g 2™, w T
GAs Fl PSO 1) UG 43 81 77 10 % 0 3 T AL 1% 7
VEHET B K R TR Y
X LE T AR, GP AT G oy 11 8 5
) T A B R 43 B AT UG o ). X e
A I B o ) 1 512 B o B R R A A5
AT R

Song Fll Ciesielski U GP R N T R
Gr AL PGB - G oy . BT 7 AR B
FTHG AN Ao R NG R 2K,
155 B 2 MR 43 B 4 1. Szt 4 R WY, BT 7 v
ety RIS GG 2 2 T K &R L JF 3k 19 i i
(1 53 B 5 L% 7 AN AT LA R AR g — 43 2K 1)
PG sk ) J8, 1T L AT AFH SR AR vk 22 43 2K 1 45
3] ]

Liang %5 ' $ 1 T 38 T UGB AIE 10 GP J5 3%
Qb B UG A E L T T BN [R) R R AE AR
b GP Sy N, A4 B U7 EIRHAE \LBP ¢4k - GLCM %
HE2E. #5120 | DL Gabor BEAEAE i N 105 11k
RERF. SCHR [63 142t T W Rl LT Gabor HEAE ()
Z Hir GP Hykse il G /3. Frig ke & T
AR (RO R SRR 1R B2 2 A H b, 20 30 36 T
T CAT 92 H br HE RN NSGA-IT A1 SPEA2 KX}
AL CBCARHEST , - 4K Pareto FivE. g5 R KW, £ H
P 515 R 8 3R AE /N (R ABE 28 R B e 1) 4 B P .

Liang % % | \EAIE 3 4 JH AR 5 GP §79%
TEEMG oy #) G PEfRE. & T Gabor ¢4 LBP 4§
IEB # Gl & A SRR R B R IR S, ik T
—/NEHbR GP EIERNAS 2 H bx GP HkH K
SCIVRFIE IR B, SIe 45 R, £ HbRFknetg it
P AT 10 TR IE AR SR A3 SE AL 16 1 g SCiik (62,
64 | H 1) T 7 0 e T4 B BOAS [R5 4iE , SR R 1iE
R A URRAIE 8 8 AR A A 2 >k 3R B Jot & 1) SR AIE
KAETE G 53 B e AR, X 8T VA I T e
WA T BT URRAE , HLIX 26 75 v HUAEAR /N 16 £ 4
£ EFATIAIE.

Perlin Fll Lopes[“] YT —NMEETHEEN GP
J7iE R RS A o . %R — RV )
R 7N PR 30 2 G R s 4 22 A5 RN B R G2 05 vR 4
KB G HE . Ay BRAR T B RA 1% 7 R 4
B TP BT R R ) 52 2% VT A R 38 I FEE o 2
SR 4 IR, 53 SR R B8 I N R i A2 2
(A T Re e T GP AL fid R fig
2.5 Hfit

BRFFIE LI BE 28 i Gk U 145 23 31
A, GP SLVEAR N T H bR U0 S AR 0 45 451 35
Barlow Fl Song " # i1 7 — 4 GP Jy vk K il 3%
SCEME T B RE A 3 RAS () HME ) B 4R (L
TG G IS A5 DA SRR ) b 1 SE 5
S5 RR W, P J7 R AR 1 B s AR B e g SR
BT (e 2. Bai 7 GP SR T 1 8)
P P A% EAT PR % AR B Bianco 45 4% A 1Y
PARAS AL RS I S5 vt o GP ek 8, SR GP Bk
oK B B IE RN A5 30X 28 ek 4, AT 3R A B L )
TAAR e AL AL A P, Wang Al Tan' ¥ 3t T
— A GP J7 iR A T A AR P 41 R A e —
Yk [R5 23 47 R B 1) 1. Torres 25 7 R 10T —A>
GP Jj ik e 5 T N A 1 Bk 2 . P 7 i
Ref% 1 3 A2 AT BV R 2, JF AR b R S
N B BAIAL R A

3 OEERE

EJLAE GP SIAAERFAE SR R 5 2R K&
I BN LGAT I A5 ) 7B AT T RO ). R
B CLpoh GP Sk 4> 2N T 4. GP &Y
EHA ARG R AR, B0 5 I 1R
KEBEAN G AT B S AR R G, AT SR A SE 4 (K 4
IEVERE. 5 1% ST ER ARE AL S IO iR AR B
GP SLikfie A S R AU, AT N A 5
fib EC SEIEANLL, GP SEIE AU AT AR 5 AN TH] b



55 6 3]

YR, A5 GP ARG it LN I 2xid 9

H, 7803 MUHT 250 TR, 3 B ARG I fPERe e
J3. Hir GP SLAAE BB 3 #r £ B A B I WE 5T
i, (Bl T R AR K 2 A e 2R R

LIt GP Sk A A 2 — 20 IT . AN AV Il 1L ) 4
EATWFILTAE R R K GP Sk A B B i B

(1) HATCA #2058 TAERT- CNNs i
B RURIBAL AR i GP 9k, SO EMGHRAE
24 3]l @1%%%[35736,49,52754] ) %${7¢—RE CNNs 7
R R RN TR ES ISP NS A IRV S T 3
ARSI GP S rh bR 8 — D2 4 GP Sk AE
PG o R . AER , T ) O F B 1531
B RGeS, R A WA e GP 5
IR G MESR, e 38 6 3 AR 45 A 57 T i i
FMALSEAE N GP e G Ao I 5 g 4% BOA 5%
SHREE A, BT Fr D IRAEST SRS, H T
AR IT AN T G AS AESR BN 23 26 B, ) 1
LAt e e 3 G s U P AR o3 5 0 1 YA AR 3k
B WFIE. ARSI 5 AR AT [ S8 28 [, T R
FUHATIR LS5 HII GP 53k S AR R 2 Hr L 11
I ), R ik T GP Sk R B 2 ) BE iR
MRS 5.

(2) HATH R ES 73 W78 TAR# LR GP 553%
A5 R AN = A B S 3 i T T
O OIS e K TR A 0 2 A
BRI EMR 3BT 3 R AT B IR T GP Y
Jrid P . B BOA (R RE 17 I BE B 7 R
e 1 PR BOAOBA 53 3R A5, B 2R B B 23 B
ST ST 5T s BT 7 VEAE HEAT IR 2K
B3 T INAEAE SR IO 1 Bt 47 i ik BE ) J 925, 2
K% B B8ORS 4 5F ok w o KRR
AN A0TSR S 4 Ty 1 T R G B AR 4
IR0 L AT 5 ) i 4 45 R LT ] T
JOFECR BB BT i e & GP kA Rk — 20
TR AIEFT . AR M T A 2T B G 1 e o i) 2, 20k
—BIRR GP HLAAE KB Hr L 1K N ¥
T T A A DCIRGI  oR E B2 X R AIE
A

(3) T IR MK L 18 4T GP SEILIN By
B P L R 22— B A IR R A
SR, B EUE VAL IN TR 1 B2 AK U 45 £ 2k
PRI RE AR GP AR A 2% J 1 in (H G4 8 O VAT 3
ey H T MG i 2 BEPE ML 20 1, o GP B3k
YT G 93 B TG 25 8 S X S A 1) AL H T AT
P AR HORs i ) B2 % B2 2 5 1) 5 H b GP 55

VRGN BE R B B D A — A Bk ikih 2 H
bR GP Sk B ) GP AR A e g 1ot
b 2 1 R B A S R i o GP R 8, 71
WG OLS , ey PR B R 52 2% BE A A alE— 2B RN
T, AL, FLABEE A W48 3848 2 550 il o R
G N R GP BT 2 B AL 1 502 B ke
I 52 2 BE . AR I A 1] [ S8 P A i)t
TEORUE GP ByE Ik RE AT 48 N 32 th A R 7 ik 1%
RV 52 2% P RN T 5T R

(4) GP FEAE G A BN 2 00 I &
2L W A A FRAE B ground truth 1) 554
A2 Il R AT A AL B A R R S ) . GP Bk
FEAE RN SR n 48 T 3RS B4 Pk B, 70 DK £ 4
45 g BN AR, B I #L45 ( overfitting) . i
YL flA 1) g GP 9232 A ( generalisation)
fe ) — AN EEMIT A . H A SA T TAER
H 2 PRI G 5 GP SV iz AL e 0, Wi e iR vk
225 [ H IR0 N A5 ZE 26 4% L JE T VC~dimension
BBV GP Sk A58 22 R SR 06 58 7= 2 [A) 1) 22
i Y A SRR VR AR TS I
F. BT BA, UG A il s ok R, o8 S s %
SERESTE O 5 2%, il £ vy GP B A7E B8 4%
Mr Bz AR ) @k — IR AW, M4, GP &
VEHLR T ANRE A BUGI Zh B 4R B2 0 )
B AR R 4 b, e 2 AR e g
WO S X e LR, WU 3 RGP VY
ZACRE DK B A Bk M. R SR AT AR AT [ %
GP 53570 G 43 v 1) 86, 46 /N K A I 25 50 40 4
Rl A0 P 45 116 )3 0 a5OAF 5 i e ot 4
B A E R GP HyRZ ALRE 1 M SR s, 2E— 20
$ETt GP Eyk ke S i GP Sy N 4.

(5) iITH % > ( transfer learning) 1E ky HL 5% 2%
W —ANEES 3L, eI LA RIS TR
FER) GP Sk AE M4 1 72 b BB A AR 2 /N B
XSG/ NS T TR AU B B 2 Bl B R
Fk R 5m GP SEAT At AH OGS B AT 55 | 1 2%
IR FPE RS AH H AT ER T R R R >, B
AT TAE A J5) B AR A s 1 23 n S0
AR A SR EROR 43 265 Y TR T A 2 20
RN TR . Ry PE iy GP BLAE G 2 B in) it |-
PIPERE , 3 T R S A 3 AT B 2% 3 7. R
K TAE T B ST A A i % T i i 7%
EIRTT.

4 ZERIE

LR, GP SR N B B 5y



10

N K 2 R (L

7 FR) 2018 4

B L

VEFNS GP SLIAAE R 20 Hr Ukt 475 B 15

AL AR 70 2R L kil R 3 ) H ARk
WA ARYEDE S TARREAT Tt M Liid. oA
BT TARHE— 20 3R, GP HL BAT RIE I 45k

HESE

FFAT VB AT N A N (0 AR e

AL SR, GP SLILAE R 20 At LT3 AR A7 AE
TR AR R L. 2B R A5 9 O AT

TAE
Hh

ASPARNY

SR T RK GP S A R 0 Mt B kST
AR, 08 2 H AT SN DR 5%

SE Rk

(1]

(2]

3]

(6]

(7]

[10]

SONKA M, HLAVAC V, BOYLE R.
processing, analysis, and machine vision [M]. Pacific
Grove, CA: PWS, 1999.

CHAN T F, SHEN J H.
analysis: variational, PDE, wavelet, and stochastic

methods [M ]. Philadelphia, PA,USA: SIAM, 2005.
HASSABALLAH M, ABDELMGEID A A, ALSHAZLY H

Image

Image processing and

A. Image features detection, description and matching
[C]//Image Feature Detectors and Descriptors.
Berlin: Springer, 2016: 11 -45.

AL-SAHAF H. Genetic programming for automatically
synthesising robust image descriptors with a small
number of instances [D]. New Zealand: School of
Engineering and Compater Science, Victoria University
of Wellington, 2017.

e, X BRI, A RS KR A i)
B RL gk ] N K (¥
2018, 39(3) : 15 -21.

ST I, AT A2 ] 8 2
PR V206 L R it [0 ). O MR R (L)
2018, 39( 3) : 34 - 39.

XUE B, ZHANG M J. Evolutionary feature manipula—
tion in data mining/big data [J]. ACM SIGEVOlution,
2017, 10( 1) : 4 -11.

LIANG Y, ZHANG M J, BROWNE W N. Image seg—
mentation: A survey of methods based on evolutionary
computation [ C ] //Proceedings of the 10th linterna—
tional Conference on Simulated Evolution and Learn—
ing. Berlin: Springer, 2014: 847 —859.

KRAWIEC K, HOWARD D, ZHANG M J. Overview
of object detection and image analysis by means of ge—
netic programming techniques [C ] //Proceedings of the
2007 International Conference Frontiers in the Conver—
gence of Bioscience and Information Technologies.
Washington, DC, USA: IEEE, 2007: 779 -784.
KOZA ] R. Genetic programming: on the programming

of computers by means of natural selection [M]. Cam-

(11]

[16]

(17]

(18]

[20]

(21]

[22]

23]

bridge, MA: MIT Press, 1992.
POLI R, LANGDON W B, MCPHEE N F. A field
guide to genetic programming [M/OL]. [SL. J: Lulu,
2008:229. [2018 - 01 —12]. http: //lulu. com and
freely available at http: //www. gp-field-guide. org. uk,
2008.

BRAMEIER M F, BANZHAF W. Linear genetic
programming [M]. Berlin: Springer, 2007.

MILLER J F, THOMOSON P. Cartesian genetic
programming [ C ] //Proceedings of European Confer—
ence on Genetic Programming. Berlin:

2000: 121 -132.

Springer,

MONTANA D J. Strongly typed genetic programming
J]l. Evolutionary computation, 1995,3(2): 199 -230.
MCKAY R I, HOAI N X, WHIGHAM P A, et al.
Grammar-based genetic programming: a survey [J].
Genetic programming and evolvable machines, 2010,
11(3/4) :365 —396.

WHIGHAM P A. Grammatically-based genetic pro—
gramming [C ] // Proceedings of the Workshop on Ge-
netic Programming: from Theory to Real-world Appli—
cations. Rochester: University of Rochester, 1995, 16
(3): 33-41.

MORAGLIO A, KRAWIEC K, JOHNSON C G. Geo—
metric semantic genetic programming [C]// Proceed—
ings of International Conference on Parallel Problem
Solving from Nature. Berlin: Springer,2012:21 -31.
LUKE S, PANAIT L, BALAN G, et al. ECJ: A java-
based evolutionary computation research system [EB/
OL]. [2017 =12 -25]. http: //cs. gmu. edu/eclab/
projects/ecj. 2007.

FORTIN F A, RAINVILLE F M, GARDNER M A, et
al. DEAP: evolutionary algorithms made easy [J].
Journal of machine learning research, 2012,13(1):
2171 -2175.

SILVA S, ALMEIDA J. GPLAB-a genetic program—
ming toolbox for MATLAB (clu// Proceedings of the
Nordic MATLAB Conference. Nordic: MATLAB Inc,
2003: 273 -278.

CIESIELKI V. The rmit-gp genetic programming sys—
tem [EB/OL]. [2018 =05 —11].
rmit. edu. au/ ~ ve/rmitgp.

STAATS K, PANTRIDGE E, CAVAGLIA M, et al.

http: //goanna. cs.

Tensor flow enabled genetic programming [C]// Pro-
ceedings of the Genetic and Evolutionary Computation
Conference Companion. New York, NY: ACM, 2017:
1872 - 1879.

CHEN Q, ZHANG M J, XUE B. Feature selection to

improve generalization of genetic programming for high—



55 6 3]

YR, A5 GP ARG it LN I 2xid 11

[24]

(25]

(26 ]

(27]

(28]

(31]

(32]

(33]

(34]

dimensional symbolic regression [J]. IEEE transactions
on evolutionary computation, 2017, 21(5) : 792 —806.
HAERI M A, EBADZADEH M M, FOLINO G. Sta—
tistical genetic programming for symbolic regression
[1]. Applied soft computing, 2017, 60: 447 —469.

BHOWAN U, JOHNSTON M, ZHANG M J, et al.
Evolving diverse ensembles using genetic programming
IEEE
2013,

for classification with unbalanced data [J].
transactions  on

17(3) : 368 —386.
BHOWAN U, JOHNSTON M, ZHANG M ], et al.

evolutionary ~ computation,

Reusing genetic programming for ensemble selection in
classification of unbalanced data [J]. TEEE transac—
tions on evolutionary computation, 2014, 18 ( 6):
893 -908.

NAG K, PAL N R. A multiobjective genetic program—
ming-based ensemble for simultaneous feature selection
and classification [J]. IEEE transactions on cybernet—
ics, 2016, 46(2) : 499 -510.

ESPEJO P G, VENTURA S, HERRERA F. A survey
on the application of genetic programming to classifica—
tion [J].
cybernetics, Part C ( applications and reviews) ,
2010, 40(2) : 121 - 144.

NGUYEN S, ZHANG M J, JOHNSTON M, et al. A

IEEE transactions on systems, man, and

computational study of representations in genetic pro—
gramming to evolve dispatching rules for the job shop
scheduling problem [J]. IEEE transactions on evolu—
tionary computation, 2013, 17(5) : 621 -639.
NGUYEN S, ZHANG M J, JOHNSTON M, et al. Au-
tomatic design of scheduling policies for dynamic multi—
objective job shop scheduling via cooperative coevolu—
tion genetic programming [J]. IEEE transactions on ev—
olutionary computation, 2014, 18(2): 193 —208.
NGUYEN S, MEI Y, ZHANG M J. Genetic program—
ming for production scheduling: a survey with a unified
framework [J]. Complex & intelligent systems, 2017,
3(1): 41 -66.

LENSEN A, XUE B, ZHANG M J. Generating redun—
dant features with unsupervised multi-iree genetic
programming [ C ] //Proceedings of European Confer—
ence on Genetic Programming. Berlin:
2018: 84 -100.

TRAN C T, ZHANG M J, ANDREAE P, et al. An

Springer,

effective and efficient approach to classification with
incomplete data [1]. Knowledge based systems, 2018,
154:1 - 16.

TRAN CT, ZHANG M J, ANDREAE P, et al. Direct—

ly constructing multiple features for classification with

(35]

[37]

(39]

[40]

(41]

[42]

[43]

(44]

45]

missing data using genetic programming with interval
functions [C1// Proceedings of the 2016 on Genetic
and Evolutionary Computation Conference Companion.
New York, NY: ACM, 2016: 69 -70.

SHAO L, LIU L, LI X. Feature learning for image
classification via multiobjective genetic programming
[J]. IEEE
learning systems, 2014, 25(7) : 1359 - 1371.

LIU L, SHAO L, LI X, et al. Learning spatio-tempo—

transactions on neural networks and

ral representations for action recognition: A genetic
programming approach [J]. IEEE transactions on
cybernetics, 2016, 46( 1) : 158 —170.

PRICE S R, ANDERSON D T. Genetic programming
for image feature descriptor learning [C ] //Proceedings
of the 2017 IEEE Congress on Evolutionary Computa—
tion. San Sebastian, Spain: IEEE, 2017: 854 -860.
LAM B. Discovery of texture features using genetic
programming [M]. Melbourne, Victoria, Australia:
School of Computer Science and Inform Technolog,
RMIT University, 2012.

AL-SAHAF H, AL-SAHAF A, XUE B, et al. Auto-
evolving rotation-invariant texture

matically image

descriptors by genetic programming [J]. IEEE transac—
tions on evolutionary computation, 2017, 21 (1):
83 -101.

AL-SAHAF H, ZHANG M J, AL-SAHAF A, et al.
Keypoints detection and feature extraction: a dynamic
genetic programming approach for evolving rotation-in—
variant texture image descriptors [J].TEEE transactions
on evolutionary computation, 2017, 21(6) : 825 —844.
IQBAL M, XUE B, AL-SAHAF H, et al. Cross-do—
main reuse of extracted knowledge in genetic program—
ming for image classification [J]. TEEE transactions on
evolutionary computation, 2017, 21(4) : 569 —587.
AL-SAHAF H, ZHANG M J, JOHNSTON M. Binary
image classification: A genetic programming approach
to the problem of limited training instances [J]. Evolu-
tionary computation, 2016, 24( 1) : 143 - 182.
NANDI R, NANDI A K, RANGAYYAN R M, et al.
Classification of breast masses in mammograms using
genetic programming and feature selection [J]. Medical
and biological engineering and computing, 2006, 44
(8): 683 —694.

ZHANG M J, SMART W. Genetic programming with gra—
dient descent search for multiclass object classification
[C]//Proceedings of the 7th European Conference on
Genetic Programming. Berlin: Springer, 2004: 399 —408.
ZHANG M J, SMART W. Using Gaussian distribution

to construct fitness functions in genetic programming



12 RN IPNE O o S QNNE 1Y) 2018 4F:
for multiclass object classification [J]. Pattern recogni- sign [J]. IEEE international symposium on circuits and
tion letters, 2006, 27( 11) : 1266 - 1274. systems, 2006,20( 2) : 4683 —4686.

[46] UL-AIN Q, XUE B, AL-SAHAF H, et al. Genetic [56] KADAR I, BEN-SHAHAR O, SIPPER M. Evolution
programming for skin cancer detection in dermoscopic of a local boundary detector for natural images via ge—
images [C ]/ /Proceedings of the 2017 IEEE Congress netic programming and texture cues [C ] //Proceedings
on Evolutionary Computation. San Sebastin, Spain: of the 11th Annual Conference on Genetic and Evolu—
IEEE, 2017: 2420 -2427. tionary Computation. New York, NY: ACM, 2009:

[47] RYAN C, FITZGERALD J, KRAWIEC K, et al. Im- 1887 - 1888.
age classification with genetic programming: Building a [57] ROSS B J, FUETEN F, YASHKIR D Y. Edge detec—
stage 1 computer aided detector for breast cancer [C ] tion of petrographic images using genetic programming
//Handbook of Genetic Programming Applications. [C] //Proceedings of the 2nd Annual Conference on
Berlin: Springer, 2015: 245 —287. Genetic and Evolutionary Computation. San Francisco,

(48] ALMEIDA A E, TORRES R D S. Remote sensing im— CA, USA: Morgan Kaufmann Publishers Inc, 2000:
age classification using genetic-programming-based time 658 - 665.
series similarity functions [J]. IEEE geoscience and re— [58] FU W, JOHNSTON M, ZHANG M J. Lowevel fea—
mote sensing letters, 2017, 14(9) : 1499 - 1503. ture extraction for edge detection using genetic pro—

[49] ATKINS D, NESHATIAN K, ZHANG M J. A domain gramming [J ]. TEEE transactions on cybernetics,
independent genetic programming approach to automatic 2014, 44(8) : 1459 - 1472.
feature extraction for image classification [C]// Proceed— (59] FU W, JOHNSTON M, ZHANG M J. Distribution—
ings of the 2011 IEEE Congress on Evolutionary Compu— based invariant feature construction using genetic pro—
tation. New Orleans, LA: IEEE, 2011: 238 —245. gramming for edge detection [J]. Soft computing,

[S0] AL-SAHAF H, SONG A, NESHATIAN K, et al. 2015, 19(8) : 2371 —2389.

Two-tier genetic programming: Towards raw pixel- [60] FU W, JOHNSTON M, ZHANG M J. Genetic pro-
based image classification [J]. Expert systems with gramming for edge detection: a Gaussian-based ap-—
applications, 2012, 39(16) : 12291 —12301. proach [J]. Soft computing, 2016, 20 ( 3): 1231

[51] LENSEN A, AL-SAHAF H, ZHANG M J, et al. Ge- - 1248.
netic programming for region detection, feature extrac— [61] SONG A, CIESIELSKI V. Texture segmentation by
tion, feature construction and classification in image genetic programming [J]. Evolutionary computation,
data [C]// Proceedings of the 19th European Confer— 2008, 16(4) : 461 —481.
ence on Genetic Programming. Berlin: Springer, [62] LIANG Y, ZHANG M J, BROWNE W N. Genetic
2016: 51 -67. programming for evolving figure—ground segmentors

[52] BI' Y, XUE B, ZHANG M J. An automatic feature ex— from multiple features [J]. Applied soft computing,
traction approach to image classification using genetic 2017, 51: 83 -95.
programming [C ] //Proceedings of the 21st European [63] LIANG Y, ZHANG M J, BROWNE W N. Figure-
Conference on the Applications of Evolutionary Compu-— ground image segmentation using feature-based multi—
tation. Berlin: Springer, 2018: 421 —438. objective genetic programming techniques [J]. Neural

[53] AGAPITOS A, O’ NEILL M J, NICOLAU M, et al. computing and applications, 2017( 12) : 1 -20.

Deep evolution of image representations for handwritten [64] LIANG Y, ZHANG M J, BROWNE W N. Image fea—
digit recognition [C ] //Proceedings of the 2015 TEEE ture selection using genetic programming for figure—
Congress on Evolutionary Computation. Sendai, Ja— ground segmentation [J]. Engineering applications of
pan: 1IEEE, 2015: 2452 -2459. artificial intelligence, 2017, 62: 96 —108.

[54] SUGANUMA M, TSUCHIYA D, SHIRAKAWA S, et [65] PERLIN H A, LOPES H S. A Genetic programming
al. Hierarchical feature construction for image classifi— approach for image segmentation [G ] //Computational
cation using Genetic Programming [C] //Proceedings of intelligence in image processing. Berlin: Springer,
the 2016 TEEE International Conference on Systems, 2013: 71 -90.

Man, and Cybernetics. Budapest, Hungary: IEEE, [66] BARLOW B, SONG A. Towards scene text recognition
2016: 1423 -1428. with genetic programming [ C ]//Proceedings of the
[55] GOLONEK T, GRZECHCA D, RUTKOWSKI J. Ap- 2013 IEEE Congress on Evolutionary Computation.

plication of genetic programming to edge detector de—

Cancun, Mexico: IEEE, 2013: 1310 -1317.



26 1 He &g 45 GP SRR B B L N 23k 13
[67] BAI H, YATA N, NAGAO T. Efficient evolutionary ceedings of the 12th Annual Conference on Genetic and

image processing using genetic programming: Reduc—

ing computation time for generating feature images of

New York, NY: ACM,

Evolutionary Computation.

2010: 979 -980.

the Automatically Construction of Tree-Structural Image [70] TORRES R D S, FALCAO A X, GONCALVES M A,
Transformation ( ACTIT) [ C]//Proceedings of the et al. A genetic programming framework for content—
10th International Conference on Intelligent Systems based image retrieval [J]. Pattern recognition, 2009,
Design and Applications. Cairo, Egypt: IEEE, 2010: 42(2): 283 —292.
302 -307. [71] CHEN Q, XUE B, SHANG L, et al. Improving gener—
[68] BIANCO S, CIOCCA G, SCHETTINI R. Combination alisation of genetic programming for symbolic regres—
of video change detection algorithms by genetic pro— sion with structural risk minimisation [C]// Proceed-
gramming [J]. TEEE transactions on evolutionary com- ings of the 2016 Genetic and Evolutionary Computation
putation, 2017, 21(6) : 914 -928. Conference Companion. New York, NY: ACM, 2016:
[69] WANG J, TAN Y. A novel genetic programming based 709 —716.

morphological image analysis algorithm [C]// Pro—

A Survey on Genetic Programming to Image Analysis

BI Ying, XUE Bing, ZHANG Mengjie

(' School of Engineering and Computer Science, Victoria University of Wellington, Wellington 6140, New Zealand)

Abstract: As an evolutionary computation ( EC) technique, Genetic programming ( GP) has been widely ap—
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WSA 5 35 JLAF 42 11 3k i X2 A 4k ( brain
storm optimization, BSO) $1v:" ™ fE 75 £ A1
Ak P A 78 0 R IR REAN R R A o3 A 5 9 | 3
AR R, HFZEXE T 5577, WSA &
B AN ) B Hoame a7 it £ 8% ) 2 A R
WSk 4 S e BSO LT i A AiF A0 ik 25040 1) 90
BT R BB 5 | 3 FEAE R AR

4 & REIRRYSEHE

4.1 WSA ERH 0 By i it

e WSA vh 240 BB B L, (BB
FEUE I R BEAE K AN S L Bl =0, 1) py e
e TN =2 Mt X fF B AR HER T (i fn Y
(1512 FRENLE BN, 47 X FY 535047 T A 7] (1)
S SR AR AR A, i Pl 3 BT, X AR ] g B T B I
S LA BT AE DR 3, B AR T S92 10 ey i R e )
Uk, 5 WSA rp g oy 1) {07 B S BT RO 3R AT R ek
HE: g g AR i A (B IE A AR — AN A,
A BIATE Bl Hool " i i 5] 3 N AL
NV T IEA AL & W IE A 2 B A Fr fr A7 &
15 M E A AR SR AN S, X FEE] 3 TPl X 2%
DUAR K MR AR R S AN B, i 51 oAt /> 4
1F1) A0 B ) e P e 8. T AL, sk )i PR
BT 2R 3E T m =0 & B, 1] BLYEA 5] AT
F/NERE SN T8 N, A RRUE 2 S TR
TE R, e e BRI R i A 2R e ) X AR A R T3k
it 22 >4 e B AL A
4.2 fTEEAIREPIRZFBE SHRBMRES

AL WSA ZE AR REFE A7 AU Bk 2
RN A R FIE M A R R ), 9N



16 MR 2 A (L R 2018 4
o g T o TTH o 6 fori=1to 1421 do
x4 o 7: D 0, 10 B LR et Y
E O\ O ! 8 if Y f#4F then
° io & 9. e, A X
o* | g 10: X7E Y 319 FARE AR (1) B3
9 o o~ |0 11: TS XIS A A X ) ;
I o %« 12: if (X)) <f(2) then
13: 9. =X
3 Zy=08, B RMNARIE"HEE 5| SR 14 Q. c=0;
Fig.3 Random movement under the guidance of the 1s: else
‘ “better and nearest” whale when 7 =0 ‘ 16: Koty . A e
ROETERME T, MG N B T WA S8 BRE end if
VEBIE T, A B SRR AR, R s, e
Wr— kgl fr o2 15 O B PR B A A, 38 1o A, AR K%
PIREIRAS. N SEHL R B Wy, A A it el — 20 end if
BT EES o, Ll sz i oK SR A7 Bk 210 end for
ARUCE G B T, FH T3R8 4 4 i de . 22: end while
23 JMT O IR RE SR AL R TR 2 T 4 R R AL

fift. AEREUGEARTE FE v, 6 R A TR 1 i
X, F A A AT A A X Rk B AR e R
SO X eT,) UIHERTHER A 1 k2,
WA T; A fgbest — [T X) 11 K/IN( fgbest Ny 24 i
4 JRy e 0 B s X)X YRR, ) bR
17 5B 24 00 4 R B D0 4R &, 3255 0 4R A 12 B
£, T Bk H O 20 4K B0 I A (e AL BT R X
WSA St T 58, okt WSA e Bk 2k i ik AT
B 2% ) WSA ( WSA with iterative counter,
WSA-C) .
4.3 WSAC BEARyATE

W46 A i e A0 ) 06 A it £ A7 B DL A
figi o1 (R IR AR E A8 & 0.

WSAIC Fyk AT,
i Hbr R, e Q.
i UET A RS GloOpt.
o A
WIS E
HIUE A
RS RBRNAEE R
while £ 1R L do

—

W\ AW N

24: i&[8] GloOpt;

25: 45
4.4 WSAHC B84 E RIS
4.4.1 BB,

WSAHC SV IR ) 52 2% B 73 B W3 1, Mg
FUASTRN b o0 B 4E B2 73 500 4 men. B 5% T2 f vy
T, B 22 figt e £ 37 A 0 I AL AT A IR O N R
SEAR AR HAR AR TH B a8 B BIH T, , 58t £
AMATFHAT 4n + 1 TINE2n IRIVEFI 2n +m +
2 WREE . TR L, WSAHC S5k R I ) AT 2y
S5 0(n?).

4.4.2 KM

A1) & WSAHC Sk Oy AR ul 1, WSA-
1C SVEW 5 et g
o {Axi + By, flAx; + By)) < flx):

i, flAx; + By)) = flx)).
HH:4=1-rand(0, 2) ,B =rand(0, 2).

D] 3l 1 7H 5K A3 E(A) =0, E(B) =1,

D(A) =D(B) =-E(AB) =1/3.

(2)

F1 WSAICEHASREDH
Tab.1 Analysis of the algorithm complexity for WSAIC

L WEES  FRE W REGER
(1) T4 “Beh FLEOE i 0 0 el 0
fig g2 (07 B AT M 2n n 0 0
e N B A& IE 0 0 2n 0
S =) \ﬁ L
(3 "BV LB MOBRAAFLE S i g o v 0 0 0 |
b5 e 0y o 3 1 L e 0 0 1 o
o FIEH T, A 1 0 0 0
3 4 W e s
( )ﬁﬁﬁﬁﬁéﬁz%ﬁﬁaﬁ{ﬁﬁ r . ’ ; ;
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TEHUER] WSAHC Syl , A f i 2) 1k
S, BRI & R R 28K A A R
E(x") = E(Ax} + By) , (3)
E(2)? = E(Ax; + By} ", (4)
¥ AB 5yt MIE STy, o] DL B2 52
(#5,20(3) (4) WAEM R
E(x") = E(A) E(x) +E(B)y;, (5

l t+1

WE(% ) —WE(%) =y, (6)
E(x")? = E(A)E(x)* + N
2E(AB) E(x) yi + E(B?) (y)°
mﬁ -%:o% E(x!) HOBEHEE
A = E(A) =0 < 1, E(x) 1.
H=(S5) (7) HE
D () = E(«)? - E(a") =
E(A*)E (x)® - E*(A) E*(x)) +
2E(AB) E(x;) y; = 2E(A) E(B) E(x;) y; +
(E(B*) -E*(B)) (y)" (8)
D (x") - E(A®) D(x}) =
D(A) E*(«) +2E(AB) E(x})y! -
2E(A) E(B) E(x) y; + D(B) (y)* =
D(A) (E*(x) —2E(x)yi + () 7). (9)
[FF A E D(«) W8k, lﬁt,%é WSAHC 5k,

Mgy WS T B HL A3 R A
4.5 WSAHIC HixmEsHRE

WSAHC HIEWE 4 NS H R P il
po~ TEIRAR KL p REEVE B T, LA B3 W B

To. Hob,po A 23 S ABEE g 2 A1 05 T, 30 3 A

9525 A E N SR VR 2 ( BIORS J5E) AHSE 0K R
S I, T RCE S 1.0 x 10 7% BT K R S g 45
R T, R — BB R B4R E 1 100 15
4.6 HIERK

KR 6 A2 W AU SEVEAE g 0 LSk
locally informed PSO( LIPS)
tance ratio PSO ( FERPSO) ory speciation-based DE
( SDE) " crowding DE ( CDE) " | speciation-based
PSO( SPSO) "' DL WSA. i 540 J&-E Microsoft
Visual Studio 2015 1 C + + ZwfEiE 5 SEHL, AEAHF]
IR N IEAT 4 1B 45T CPU TSR],
4.6.1 MK FHH

WM& HCR ] 15 4> CEC2015 20 U Fe v Ui
BRES, AT B 2 Pros. R nvo, o, 233
BT PR B JEE 4 Je) e 0 A A B0 e S e O A A

- fitness-euclidean dis—

O TR EN M IRP SR € P o SN A LT IS el ]
¥4 [ =100, 100]".

%2 CEC2015 2 &N & £
Tab.2 CEC2015 multimodal functions for the experiment

o o K44 i noo o
A1
F1  Expanded Two-Peak Trap 5 1 15
F2  Expanded Five-Uneven-Peak Trap 5 32 0
F3  Expanded Equal Minima 4 625 0
F4 Expanded Decreasing Minima 5 1 15
F5 Expanded Uneven Minima 3 125 0
F6 Expanded Himmelblau’ s Function 4 16 0
F7  Expanded Six-Hump Camel Back 6 8 0
F8 Modified Vincent Function 3 216 0
F9  Composition Function 1 10 10 0
F10 Composition Function 2 10 1 9
F11  Composition Function 3 10 10 0
F12  Composition Function 4 10 10 0
F13  Composition Function 5 10 10 0
F14 Composition Function 6 10 1 19
F15 Composition Function 7 10 1 19

4.6.2 HHRE

BN EESHCEWNR 3K 4 Pon. fER
3 my /my ok WSAHC B3 (R FRE K /N 7 oA
SRR RN, CPU TSI T BL s S BRf7. i
WSA-C FEAEIEAGE AL AT DA ORI F Bk
2R B B AR 23, PRI T Bz B AT R /0N F il
RERURE, AR SVA T R L

%3 CEC2015 Z gk R BHE XS MR E
Tab.3 Setting of parameters associated with

CEC2015 multimodal functions for the experiment

REOT S AR m, /m, CPU/s
F1 OF - 08 40/200 6
F2 0E -08 60/200 200
F3 0E -08 50/2 000 1 500
F4 0E -08 30/100 180
F5 0E -08 40/800 80
F6 0E -08 40/200 20
F7 0E -06 30/100 30
F8 0E -04 100/1 000 1 500
F9 0E -08 500/3 000 1 800
F10 0E -08 500/1 000 500
F11 0E -08 100/800 800
F12 OF - 08 400/600 800
F13 0E -08 50/300 260
F14 OF - 08 400/2 000 500
F15 0E -08 100/600 1 000
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Tab.4 Setting of main parameters of seven algorithms

ok ZH
LIPS w =0.729 844 ,nsize =2 ~5
FERPSO x=0.729 844 ,p .. =4.1
SDE CR=0.9,F=0.5,m=10
CDE CR=0.9,F=0.5,CF=m
SPSO x =0.729 844 ,¢p, =2.05,¢p, =2.05
WSA po =2
WSA-C po=2,m=0,T, =100°n,T, = ¢,

T o NEBUE; nsize Jg 48 A HG v 4R IR T

O A FEL CR N IS SRR F G598 A 15 n IR0 /N CF

FINBFH T o) vy HREL.

4.6.3 IFH4EAT
N PRAUE LEAZ K 2> IEAE , AN SR AR REAS MK

R NI AT ST UK, JF I s A Al i e A A
Jo i WS B = 7 THI R S R BV I R e
4.6.4 IR 504t

(1) St iy B i S A e At ity T 1)
LR IE I ) A RS B ( average number of opti—
ma found , ANOF) # 5. 575 ) ANOF {8 } . 3% Pk
JKA-20 0. 05 IS 1) Z KB a5 R LR 5. K, avg £sd
FORFNENATI) ANOF B{H = Frifk2z; 8 KR Z K
WER, HAF5 “+7 (0 "=7) R WSAHC 5L
SR T(AT) NILHEZEHEREE /5 “="7
Fon WSAHC BEFIX LA S RN E R AL,
SRE R TS = 7R H AT LA, B RN
FES, £ “+ T EGR S 28 B WSAHC
AT AR BRI b T oA S

F5 THEARENREE LIRSHY ANOF H5 Z RIEER
Tab.5 ANOF of seven algorithms on test functions and results of Z-test

R WSAHC LIPS FERPSO SPSO SDE CDE WSA
5 avg+sd avg+xsd &  avgxsd 5§ avgxsd § avg +sd ) avg +sd 5 avgxsd
F1 1+0 0.22+0.41 + 0.67+0.47 + 0=+0 + 1+0 = 0=+0 + 0.12+0.32
2 320 21.02+1.80 + 7.43+1.42 + 0=+0 + 1377155 + 0=+0 + 1.96+0.74
F3 6250 257.98 £8.81 + 148.14 £7.32 + 0+0 + 163.73 £212.52 + 1.94=x1.31 + 10.06£1.42
¥4 1+0 0.33+£0.47 + 0.43+£0.50 + 0.33+£0.47 + 0.80+0.40 + 1+0 = 0+0
FS  125+0 82.82+4.21 + 84.29+4.36 + 0=+0 + 15.65+£1.54 + 00 + 6.22+0.89
Fo6 16 =0 14.16 £0.85 + 11.39+1.36 + 0.20+0.40 + 4.37+0.48 + 16 +0 = 2.73+0.79
K7 8§+0 5.24+0.92 + 2.73x1.07 + 0.24+0.42 + 7.47+£0.70 + 80 = 0.51+0.50
F8 216 +0 86.28 £5.51 + 70.29+4.23 + 11.31+3.54 + 23.53+1.67 + 204.59+3.86 + 10.84+1.41
9 4.22+1.13 1.04+0.82 + 3.5+1.05 + 00 + 00 + 0=+0 + 2.59+0.69
F10 00 00 = 00 = 00 = 00 = 00 = 00
F11 0.80+0.40 0.16+0.36 + 0.10+0.30 + 0.35+0.48 + 0.67+0.46 = 0+0 + 0.39+0.49
F12 0.14+0.34 0.20+0.40 = 0.02x0.14 = 0+0 = 0.82x0.38 - 0+0 = 0+0
F13 0.94+0.24 0.77+0.42 = 0.96+0.19 = 0+0 + 10 = 1+0 = 0.04+0.19
F14 00 00 = 00 = 00 = 00 = 00 = 00
F15 1+0 10 = 1+0 = 0+0 + 098+0.14 = 0.12+0.32 + 0.06+0.24
(2) S AU Ak 0 5T S K B505 AT 10 e A A 1> FERPSO H1 WSA fFfRE ] i 23 i - Wi 4

I N E AR Rk 25 100 55 AH N bR K 5 1 R AR, i
OG0 A e DA 35 B A v 22) B Z R 5 &
W& 6 Prox, 53 5 avg(sd) M6 Kok Wk,
Fig = TIOBCRIZE D TAF S+ T = T
R, YW WSAHC SLVE A T B I e L iR
R

(3) LS JEE . A EU B S IR SRR I, LA
SEEAENNA o6 5 F14 1 oW S5ith 2 o0 1 32847 o3
B, Wil 4 o, BAR bR PR ORI, AR bR O 5
V520 R SR R B 1 24 i 4 ) e 0 AR 1 R B4

15 AR X LA A BT IX AN 5. KT 4 1)
DLA A EE T LA 57, WSAHC Bk 7E F14 |
DA BE 10 3k A S0 21 B A P .

gi BTk , WSAHC 577 it vy &k h 44 2% 31 5
2 FARIOAR X T 245 55 T WSA P J5 T (1) 24
b Ho—, SO A, AF WSAC B3 A fR Ik
ZATFORE Y B [F) B OR 5 o) S48 &R g s
T AR AR R UM I Bkt O 2 4R B A
AU I WSAHC 53 ) 4 ey e AR e 85, S v]
e ML SV 1 A SR R g
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Tab.6 Quality of optima found by seven algorithms on test functions and results of Z-test

H¥  WSAAC LIPS FERPSO SPSO SDE CDE WSA
75 avg( sd) avg( sd) 8  avg(sd) 5  avg(sd) &  avg(sd) 8  avg(sd) S avg( sd) )
g ®OE+00  539E+00 - L3BE+0l - 3.66E-02  3.6E-10 _ 4.32£-01 5.73E +01
(0.00E +00) ( 1.30E +01) (1.89E +01) (7.61E -02) (1.80E -09) ~ (2.95E-01) (3. 19E +01)
p L¥E-16 S58E-12 _ 61IE-14  260E-01  SSIE-10 _ 240E-04 _ 675E-01
(9.85E-16) (3.28E-11) ~ (6.71E-14) ~ (2.71E-01) (4.50E-10) ~ (3.04E-04) ~ (4.77E +00)
- 325E-14  1L12E-10  241E-12  3.57E-03 _ 252E-10 _ 1L10E-08 _  0.00E+00
(L.83E-13) (4.36E-11) ~ (9.77E-12) =~ (1.88E-03) ~ (5.00E-10) ~ (3.29E-09) ~ (0.00E +00)
gy FME-IS 25IE-02  723E-02 0 239E-01 _ 21IE-02  _ L4SE-14 _ L29E400
(L.75E-14) (3.47E-02) ~ (8.17E-02) (9.09E-01) =~ (4.59E-02) ~ (248E-14) ~ (5.35E-01)
' 212E-15 1.35E-10  258E-12  549E-04  3.26E-10  8.58E-05 _  0.00E+00
(9.89E-15) (8.79E-11) ~ (L5IE-11) ~ (3.72E-04) ~ (3.66E-10) ~ (5.74E-05) ~ (0.00E +00)
o 255E-14 6.71IE-12  469E-14  237E-02  3.56E-10 _ 3.3R2E-11 _ 2.69E-11
(529E-14) (3.52E-11) = (6.00E-14) ~ (2.84E-02) ~ (7.27E-10) ~ (L15E-10) = (LI3E-10)
m  SSE-07  SGE-07 _ 5S8E-07 _ 1L2E-02 _ 6ISE-07 _ SS8E-07 _  L79E+00
(3.4E-15) (2.59E-08) ~ (6.06E-14) = (1.61E-02) ~ (6.42E-08) ~ (L.29E-14) ~ (1.97E +00)
- 2.36E-08 3.85E-06 2 12E-07 _ 638E-05 _ 59E-06 _ L31E-06 _ 3.02E-06
(6.89E -08) (1.61E-06) ~ (3.95E-07) ~ (9.64E-06)  (4.10E-06) ~ (5.85E-07) ~ (3.47TE-06)
" 6.8E-14 1.12E-07 _ L47E-10 _ LS3E+00  LS3E+00  LS3E+00  S2IE-10 _
(5.99E -14) (3.98E-07) ~ (4.23E-10) ~ (3.57E-09) (7.90E -14) ~ (2.31E -09) (1.OOE -09)
F10 3.71E+01  3.00E +01 4.05E+03 L26E+04 3.41E+01 SI0E+01 9.30E+03
(L.27E+01) (3.58E-02)  (6.63E +03) (4. 06E +03) (L.LO3E+01)  (1.13E +01) (6.54E +03)
pry AUE-02 68TE-05 _ 265E-02 _ 42E-02 _ 1LGE-01 _ 655E-02 _ 31E-03 _
(8.79E-02) (3.05E-04) ~ (6.26E-02) ~ (5.74E-02) ~ (2.89E-01) =~ (2.64E-02) =~ (8.68E-03)
prp A2E-0L 398E+00 - 1.66E -0l 5.4E+01 1.28E-04 1. 36E -01 1. 49E +01 .\
(2.59E -01) (1.74E +01) (5.91E -02) (7.69E +01) = (3.43E-04)  (2.08E-02) (5. 66E +01)
FI3 L19E +01  3.54E +00 8. 03E +00 4.98E+01 1.78E-13 4.50E - 13 3.25E +02 .
(4.76E +01) (2.21E +01) (4. 17E +01) (L.3IE+01) ~ (L93E-13)  (9.54E-14) (7.85E +01)
plg GE40L 223E402 - LOSE+02 - 3.07E402 - 1.39E+02 . 6.51E +02 . 4. 59E +02 .
(2.88E +01) (1.99E +02) (9.29E +01) (2.38E+01)  (4.01E +01) (3. 16E +01) (1.79E +02)
FIS 0.0E+00  6.05E-12 _ 446E-14 _ 492E+01  3.73E+00 . LOGE-06 _ 237E+02
(0.00E +00) (3.26E-11) ~ (9.03E-14) ~ (L.34E+01) = (2 64E +01) (2.25E -06) (7.19E +01)
1800 —e— LIPS AL ANOF fH. DAt , % T JLF B A B 24 AL
—=— SPSO N N \
1500 & =op )@, T, $)n] LA E 2 100n.
1200 v— CDE

—®— WSA-IC

900

&R REH

600

300

5.0E+07

(||

L
0.0E+00 2. 5E+07

RIR7 13
4 HEEAERY F14 R aER

Fig.4 Convergence rate of algorithms on F14

(4) ZHME . g M BIE T, & WSAHC
S d o B (K 25 500, A 7 AR A 100 A 1m0 7L (1 5
RBUE. STANR] T, (61 WSAHC HkEAT T 5%
R AR WAL T Pron. R T WA, 2 T, = 1000
I, WSAC S92 78 K 70 I e 501 #4812 B A5

5 HEREIENNA

iy iyt 03 559 O FF 28 TR AR AR A (
To B AR Ik 38 W 2% Be ik ) 3RAS T e ) N .
I THT AN 5 A e i Ay 48] A e e S
HARNH.
5.1 KENESHAE QR

DASEAN 1R T 20 R 401 A 2 A 2 5 A 2
] an e S Bras, A N AR TR, &5,
o B H MR, % [\ — T2 % 2 ( EAF-
AOD-LF1-LF2-CC) HEAT I 12, R AR ORAIE 3% 75 By
B 408 8 I TR A% I ), ) — B8 IR P I
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F*7 WSAIC HAERRER T, BUE T 3%15H) ANOF &
Tab.7 ANOF of WSA-C with different values of 7',

WEFE T.=20n T.=40n T.=60n T.=80n T.=100n T.=120n T.=140n T.=160n T. =180n T.=200n

F1 1 1 1 1 1 1 1 1 1 1
F2 32 32 32 32 32 32 32 32 31.98 32
F3 472.94  586.94 622.20  624.92 625 625 625 624.96  624.90  624.96
F4 0. 69 0.92 0. 96 0.98 1 1 1 1 1 1

F5 125 125 125 125 125 125 125 124.94 124.94 124.90
F6 16 16 16 16 16 15.98 15. 94 15. 94 15. 96 15. 96
F7 8 8 8 8 8 8 8 8 7.98 8
F8 216 215.98 216 216 216 215.92 215. 88 215. 88 215. 88 215. 82
F9 5.69 4.69 4.24 3.71 4.22 3.84 3.86 4.04 4.06 3.7
F10 0 0 0 0 0 0 0 0 0 0
F11 0. 82 0.76 0.63 0. 65 0. 80 0.73 0. 67 0.73 0.73 0. 67
F12 0. 08 0.02 0. 06 0. 06 0.14 0. 08 0. 08 0. 08 0. 04 0. 06
F13 0. 69 0.82 0. 63 0. 67 0.94 0.61 0.69 0. 49 0.51 0. 49
F14 0 0 0 0 0 0 0 0 0 0
F15 0. 94 0. 80 0.92 0. 88 1 0.92 0. 65 0. 67 0.71 0.55

___________________ FLT WSAC RIS S S Dy RS R

; | AT EMIR, R R
oy o e A e <:= s R He B 2, 9 L Gt %
6

e ——————— I ittt é%ﬁ(ﬁtﬁg Illgﬁ}ﬁ}g{ﬁfgheﬂ‘
7 8 9 Wit B AR

Es5 MgEFEIZRER 1: JFiR

Fig.5 Flow chart of the steel production process 2: MRk ZH
SEINTIATHE L B VR GE LA ORI 3 WAt
TR FFRAIS 1A J 4 i ], DU Mk e T 4 IS BRniiG e £
I RSk T B — e M i e R g 5 while BUESARAIL do
b AT DRI I T b Y dop, gy O Presteleld
PR BB G N 1 ATy PR I LR Y
IZEAF I 132 B 0 T8 X Bl T .0, HIIK X
WA R BRI RS2 R K E 3k, TR T B
TR Y EAR T B IR, 11: W XIE R A X 5
BB IRIE W BETE 2 GOMTHLINS I B 1. X)) <) then
SRR N T L O R PR By, WIS FTRE 13: 0 -x;
IR VR BE D RS O S O M B RS 14 Q. c=0;
27K 2 16 T o . 15: else
5.2 EF WSAIC MERES AEE % 16: if 42;. 7T, then

T R 0 (1 BORE P, WA kR 1T 2-c=fd. c+1;
HE LB TR KU 5 L BB B .
4 AJFIH WSAHLC SEIHT T itk D%t 17— N —
RSB A A g SRS U7 % ORI e
B B SN IR (1 BE s DBk T Bt M AR o, ond if
P DB T — R0 BN AR o3 else
M. H T %A T AR AR AR AR R AR 24 R €2, WK X
2N R ERINE, T ZFEEATE T, 25: X AT G AR R
ZH. 26: if f{X) <f(42;) then
27: 0. =X;
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%5 6 10
28: 0.c=0;
29: else
30: if 2,. ¢#T, then
31: 0D.c=0.c+1;
32: else
33: if f(42;) <[, then
34: Jaen =S(42) 5
35: GBest = ().
36: end if
37: HIVIIRIL 2
38: T O, 1R N R
39: end if
40: end if
41: end if
42:  end for

43: end while
44 B e AR T L GBest I (Rt e, A7 U4

# GBest;
45: &AL GBest;
46: 4R
5.2.1 AMRG AL gL

SRIE T T AE B A7 2 4, RIVRE 58 0K 9 5 1Y
FEFPAE S Gt A 5 R B SOk (14 ] 4 07 725, 4R
B 2 B 7 < B2 I A1), LA B Ik AL 2 HE AR
vh R 3L b I B L R S T A e L PR L A G
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Tab.8 Experimental results of WSA-IC and other algorithms
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3.2 JFMIEER
3.2.1 GD #4%

A G 25 ( generational distance, GD) 2OmT
VR BT SR 453 1) I ABL Pareto | HT Py, AT - 2L 5K
Pareto §i¥H P, FUEUTFELE i F0bR 1052 LR

1 -
GD = N 21 d, (7)
A Nyp O P, AR d, K P, PR
AR H Ax ) & 2 P, o 5 A R R R R
25; GD BN R W] Py, BUEIT P, , WS EGT
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F1 MikEHFRIERX
Tab.1 Description of test functions
IRES ERINEIR A - s
M . /\E/‘ n
PR3 min F(x) = (fi(x) ,f2(%)) 0 Hl
{minfl(x) =24+ (x, =27 +(x, - 1) {x$+x§szzs -20 <, <20
SRN
min f,(x) =9x - (x, = 1)° x —3x, +10 <0 i=1,2
) —x —x 1+
min f,(x) = x, Osx <7
TNK { o 0. 1cos( 16arctan( x,/x,) ) <O
min f,( %) = x, 5 5 1 =1,2
(%, -0.5)% +(x,-0.52<0.5
M +%»-2=0
Eb—xl—xZBO 0« <10
min f,(x) = 4x] + 4x} (P +x —-x, =0 i=1,2,6
0SYy {
min f,(x) = (x, =5)% + (x, =5)° %-xl+3xz>0 I <05 <5
Eh—(x3—3)2—x4>0 0<=x,<6
Uag -3)2 4+, -4=0

3.2.2 SP#84F

Schott 7 1995 4EHL H T Spacing & k5 "™, H
et SKAS 1) fif B0 H bR 2 () E IR 43 A 245
P, A K R pR:

1
S ‘/N,,F—L

Z; (d"=d)”

A dy = ming, e 30 (2~ filx) |
FORBE LR /N H bR R R 4 o T
A od, WA Nop N TR AR S s S
/N TR TSR A I i B A AT I I 4], 24 S 2l
0 I, 27 JT KA 5 v 18 BT A e 8 et A5 R 40
A1 1.

2 A2 MO IR 3 i e £ SP.
GD geit4i . vl LLE Y, A SCE % TSDA A2
A £ TNK. OSY L[5 GD {1 B W/ T 5% bb 5
——FRNSGA-Il 3%, v B 28 38 T e LR A
(1% S W G T R AR B N R RS B U S R T i i Sl )
Pareto [ i 4 B E K E . 75 SP ()7 10, 5Lk
G 5 B S R A B4, 3 8 B i B () o0 A PR B
U, ORAE T FOREIR 2 FE 1

(8)

3.3 AE4&R

K21 4. & 6 A A SCHE TSDA I sk 45 1
Pareto F#T, ¥ 3 S 7 2 1 mr A7 4 K00 )
NSGAIE VLB K43 1) Pareto Fif . 8k LA E ¥ %)
L AT BAFE H: 6T SRN R 55, PR A7k B AR 104k 2]
T 5L Pareto Fif ¥, {H FRNSGA ST 1= (1) 43 Aii 1k
FR I 225 T TNK 3R B8 %0, A S0 80y TS—
DA A T3 ISR, F DR R 14 20 A ks % T
OSY PR B8 %, FRNSGAHIS v i 75 21 /) fiit A2 (2
i 25 LS . R b ] BLAS Y 2B 9 32 HH 1K) TSDA
SFEAE 3 NI ) L, AL Pareto IV TE
T A AP A S T FRNSGAAL

4 25t

BEXT AR SR AL AT T Pareto 10 2 [ i
5 bR BB B 2 PR PR P R 1) 0 SR A 45 -
SR ZE (R ) L, 4 L B B = A B AR A A
S AP AR AR K 0007 30 AR G 3t e
BT BRI AR SR~ 5. I HL i 5 A 55
VEAE 3 I e B B IR L R, A S B AL
LY 2 H AR LA ) RN, 23 A1 1 e e Stk 1

R2 2 MBUEEKBRIREN R PSR GD.SP &

Tab.2 GD and SP values obtained by two evolutionary algorithms for solving standard test functions

- GD SP

MIE7N - - -

3 TSDA FRNSGA-II TSDA FRNSGA-II
T Ty 7%= FIE HZE T %= T %=

SRN 2.8346E -04 2.5521E -03 0.022 3 0.528 6 0.093 2 0.001 4 1.176 2 0.972 3

TNK 1. 137E -04 8. 1149E -03 7.499 5 7.042 7 0.134 8 7. 865E - 04 2.4357 3.0715

OSY 0.612 5 0.304 0 2.178 5 0.718 6 3.246 8 1.559 7 8.523 6 2.461 8
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P T FRNSGA-IT 853, 8 F R 50K 30
T n] BT B89 1R W) T8) A2 % BB R A SC ARV ) SE Bk

NAGER
Sk
(1] Z=85,8EE, B0k, 5 QR RE b H vk g2k

(2]

(3]

(4]

(5]

(J]. #Af2%4R,2017,28( 6) - 1529 - 1546.
e, XA BRI, 4. BB A B A R AL AL i)
R R gk ] KK 2 A (T
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0 XURE AR 22 43 BEAR S (D). T SEHLA% 4R, 2008,
31(2):228 -235.

DEB K. An efficient constraint handling method for
genetic algorithms [J]. Computer methods in applied
mechanics & engineering, 2000, 186(2) : 311 —338.
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tive self-adaptive algorithm for highly constrained prob—
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Constraint Optimization Algorithm with Two-Stage and Three-Archive

LI Erchao, LI Jin

( School of Electrical Engineering and Information Engineering, Lanzhou University of Technology, Lanzhou 730000, China)

Abstract: Constrained optimization algorithm adopted the similav evolutionary strategy to deal with solutions
located on the Pareto edge and solutions with poor function values, which could lead to poor search results.
Aiming to solve this problem,a constrained optimization algorithm with two-stage and three-archive was pro—
posed. The algorithm was divided into two stages. In the first stage, the population was divided into three ar—
chives according to the g(t) value. These archives were non-dominated solution archives, dominant solution
archives, and non-dominated feasible solution archives, respectively. The dual optimization of hybrid strategy
is applied to the non-dominated solution archives. It could not only avoid being trapped in local optimum, but
also accelerate the convergence of solutions near the frontier. The dominant solution archives focused on the
global search, which was beneficial for the algorithm to search better feasible solution. The non-dominated so—
lution archives and the dominant solution archives were evolved using different optimization strategies to im—
prove the optimization capability of algorithm. In the second stage, non-dominated sorting was performed on in—
dividuals when the first stage reached the certain generation. These individuals were concentrated from each
generation to the non-dominated feasible solution archives. The selected N individuals were the optimal solu—
tion. Finally, the proposed algorithm was compared with other constrained multi-ebjective evolutionary algo—
rithms on the three classical constraint test functions. The simulation results showed that the proposed algo-
rithm had advantages in different kind of constraints.

Key words: constraint optimization; three-archive; hybrid strategy; two-stage; search ability
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FApR, X
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(Lo AR 7 A5 B A S TREEBE, (2R Treg 250014; 2. i ZR IV K7 (2R 48 o0 A ok SEH LA
BrEORT S0 % 2R PFrg 250358; 3. Fg v B TR g SR T, B sk 639798)

 E: ARG A TR IR (ABC) KSR IR 5 FA N B B 5 R, - — AP AL T AV 2R %)
49 % AP BEA THEBE S ik (MABC) LR F B 4 A0 ) 28 % 3ok ) A K 3948 B & J ok x o B AT 7 22

5]\
B, EFHEBEFIALTAREBZYEREE B35 Xomik R8RSR T B2 09iE g &
By BT E 0 S AR BT 6 AN HERK B A 8 R ), MABC Fikid 8 JE & Bosak Ak, £
JRT ABC Hik 5 oA m 3 RARMEF L, 2 R A RAL R AL T R IR T S 5Fe9 k.
KR ATHB AL WESE, BRAEE A, EEE R R

FE 42 S: TPIS3 XHEkFRERG: A

0 35

BERZ BE( swarm intelligence , ST) 5.7 SR JF T
H AR I AW 3 £ 47y sl AL R AL, 2 —
FOF R BEA L, T SRR R A R SR R
TEAA TR A5 B AT e L7 1R T A 2 e 00 A0 4
WSREAR AL 52725 ( ant colony optimization, ACO) [l
i 7 BE AL AL 535 ( particle swarm  optimization,
PSO) 2 I A T 04 B 44 : ( artificial bee colony,
ABC) 2k SRS SR R Rl LA A 3 i
B B SVE WSSO G, 25 5 B N R i AL, —
FRCTHT S A R I ) i FLAZ S0 25 o)t LA
WL, AR T RSB B BT SR B A
PR 3 I e U R R, TS AT BL 78 23 A
H S LRI A SOIRAE, B U2 5 5 7 A B 2l
SK, Rl L RE ) B

N T W& R 522 ( artificial bee colony, ABC) &
D. Karabogaw 1E 2005 ¥ b i S AT o N
B R HCUCAK Tr) R T 1 1R, PR B v B ] B A
TSEIL BRI R AR R I S A IR R AT B R
(AL Ve RN R TSR 2 RV IR E S RN
TR 2T Al B M A A .
LA AR BE SV —FF , ABC 7% B A7 A6 I S0
PN 5 I N R 08 o U0 e 25 1 R Tt L L

Yeks B #3:2018 - 05 - 01; 4£4T B #:2018 - 07 - 12

doi:10. 13705/j. issn. 1671 - 6833. 2018. 06. 019

B, CAT SR TR ) Sk S X e Sk
VAR R AR T SR WSSO B S SRS
B, U5 T IR R, A AR S T A Sk
LSS SR [R] I R S R SO L. B i, K2
O T ABC BEE I ek 8 2 J T P— Fh AR Y
BeAT 5 SR AE L T 20 T AR 20 ot I AR T i
UEEERFIINEIE S

B ( clustering) " S8 T A5 B Xt % %1 4
BT TR R, AT H R — D clus-
ter) , 245 T AR L SR ATAH A7 A 0 % H AT
TR 76 A 2 5B 2K 07 W K sy 5 i
e REEE BN R R AL, FE MR KE S
Bk ¥ gn e B AR 2y Bk AR, Tk & TS
e PR AR ) 5 380 OGS I 1 rhts RURR R 51
B/ A SR B B ) TSI

EH AR N T Sk i il L R H K
PIE ST AR i A X 20 O 2 A I T, $2
—Fh £ P EE N LR 575 ( multi-swarm  artificial
bee colony , MABC) . - i 4 4 Jr 38 45 1L UM JA
I A R AR 46 5, BE T J) FS A 1) 3 N 52 R
VT T7T R 2 FENE, 55T 4 JR 18 15 1 3 s A7
"B SR 7 O B WA B, ke e B BN R
. 7 Matlab 2 FE I 5T EHL 6 A AR vkl i R 2
W REAEREAT IR, F B T Ak e R 2 P ABC

HEETE : [H5 A RREIE S I H (61472232 ,61272094)
BISVEE EA(1955—) , 20, INAR TP RN LRIV R #0821 1 A2 0, B9 A0 N L4 fig S

%%, E-mail: lhsden@ 126. com.
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TSI, A5 — S T RR B AL ) AR 22 RN LR S 31

B A S AT 3RS
1 R ATuEREE % (ABC)

N g S0 ST AU e 1 R AT AR 11
— AR REIL A SR e U, A T ( 51 AE)
TR JRe AP e ( SR B A T 2T ) 3 I AN T 35 44
J RN, BIN 3 R AT g A 18 2 U5
S B YRANTET EYR. Ierb, U AL B AR 1)
FELFRY T AT i e V50 FR) JO X AP ) 2
R R R RS e, BB R
B N AU AT RRE , W) AR N BT A i
AR AT A ] It U B, R X 2
A YRR X = vy xn s ag) - VEERARON B
BRHSCARL, BEAE AN FE K KT I AR R A A
HPLLE. AT BB N,
5 1 A EUSAHRT Y 1) 5| U AR 4 30 (1) 34508 1Y
V, = X; + Ry(Xy,; - X)), (1)
Apri=1,2, N, VARG 5 &I j K
B ILERL j=1,2, - ds k AUREE 2] (B
BB k70, k) WIEREHLE R, JF H A=#5 R A
[ =1, TR BEAL AL SR B 0 SR % 8% 5% s ik 4%
YR, UL R R A SR
p; = ﬁtnessi/z;\;lﬁmessj, (2)
A p AR @ A S PRI £ A fitness, X
R AN EE N TR, BV SRR IS Y B T
AKX 3) BFross NACEAR A 4L
1
L +f /i = 0: (3)
1 +abs(f), f. <O.
AP f, 55 0 AR H bR e B0, B A S I
PRI 5 38 N R E L.
T 5| e 0 R g 205 — IR AR B R S
A7 7 B YR A TR (K KB Limit, W — N YR &
Limit RAGIR i A 75 21 250385, W12 350K 2 B
I, E PRI R 5 | A0 A ot e, Aot A e o
R(4) ARV,
V= X (0S4
A XA [0, 1] B BEALEL j AR 2 5
YL =1,2, 0, ds X[™ FX™ 53 &5 j 4t
[y _E SRR S
JEIR N LR S5 A 25 S b o 5
BT SEILAEL A, DO 2 09T K
T AH I R EEAFAE WSO S 2 5 BN JR) i

fitness, =

DA S 5, T BEAE W SIS R 3 DI RG 2 4% U T
ATt

2 ZMEEATIEREZ (MABC)

2.1 #MEELE

B, NI X, = (2,0, 0, ,0,)
BEHLEE VN VN BUCREE0) A B IRATE R 1046 58 2%
L €, 4 C = {C,Cyy,Cpue,C ) " 8RR
I 21 K B8 570 A 56 1 WK PG RE &5 1 7 Of
Tl UK o B ARSI, BRI T3«
M min{ D, (x,,C;) } BRI N iRl 3 4
INASTRIRE, D, 128 805 v, BB KL € I
5. AR HE ABC Sy JEAR, Bl 20 S0 i 1 M A U
AN KRB A S H 4y /N

FhAE o B () B D B0k

FE1 BRI VN AR,

IR 2 Y 4 O T IR TG R B 1 O VA AK
KNG BN TR Dy

W3 EPE R P Y A AP
I AF B HE N AR L

WA S ulvh S ET T U B A N SR
F ) s 22 2 A

PSS WA AATE R T 22 Y
HIAH A, S5 PR 2K, 7 2D 38 6, 15 W) 5% 21|
IR 2;

WIR 6 b AU R AR, MR R 4
i
R ALK A 300 em x 200 em [ 75 [A] 2
WA N 100, 32 BEAS ST R e 43 810 7 28 H &l
3209 10 A Fff, ForpoAd R BT i A 4 [ — A
TR R A R B 1 PR,

200
-
160 + C -
)
g 120+
WM
B os0r
40 t
0 L ., i - .‘ i
0 50 100 150 200 250 300
UJ'&«"CIH

Bl #EoRER
Fig.1 The result of population segmentation
2.2 ERMUNEEHAN
ABC SRR st 46 1 407 8 SR 2 30 1) I
51 G e Z L5 AN IR 1) A R AU AT L o, Sk
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Sy BN R B R BiRE > B2 )5, S Hh 2k 42 R T
(ELOE -4/ I0A - /AN E

Vi = X; + Ri(X,; = X)) +0,(Xe,, —X;), (5)
Lop: V AREEH G & 0, € [0,1] £2—4
BENLAL Xy, AR BURF W B d v (1 1 PR (1 2R
.

AT HBERUET B O R BN ) S d i
B EPIRN R . AX(S) T 2R
FRMAGI G T X, - X, 5] 510 5 2
BT AT T R RE TR S U0 AL AT AR B T
I 1.

2.3 BENERE

MR R ZE TR C=(C, .Gy, C,
oo, Cywy D9 FAE HEAT 51 AT (1 8 BIORT A7 (0 5 ik
(7] — Tl A AR A AT ABLRE i e 571 4000 R ot
IR FE IR A 2 2) O A 5(6) -

Dei = ﬁtnessc'i/z;: lﬁtnessj, (6)
e p,, ARES ¢ 4UER @ 4> 5 T 26 4 1 HE
e, R AR N I BRI /N A1 RIRE, T LA ¢
= {1,2,, /N}; fitness,  ACEK S c P i HNE
PRE e, BUSE e AR 5 @ AR 35 N AR ¢, AR
K ¢ AP EEMECE.

B Jey FS A A (1 3 N e At (7)) AU
ABC HEH(3) :

fitness, =

T )
S HE I H bR R B F, TS A s (8)

v
F. = ZXEC'D( X.,C) /Num,, (8)

b ¥ DUX,.C) AREBIEE C, o7 8

BRSO B Z A Nume, ARERFIE €,
A7) R Y. FE R RIS 2 B8 T 1 AR

SRIUE: B/ § =il R e RPN IUR Y e

2.4 MABC E# 5

W1 MR ABC HVEYI UG 4k i B, GLHEFh
TERURE N, fje KIEAR IR B MaxCycle , 75 N B 9 {H
Limit , 4EJ&E Dim 2%

P2 FA K BERREE I T WG
BT N T B g AT Rl 73 81, 43 28 € A7
FgE, b C={C,,Cy Gy, C 5} BT R
B oy AL IE AT

FB3 WIAX(T) 20l C A TR R
P A PR N R AR, I N R v P — A Dy g | 40

e, R A% (A Dy R .

FEA C PRI aERYE A X(S) BRE
Y MR 22 (7)) BB ROE A A5 A N A
S, DU SERT U A5 U P B B AN

PSSR ORI W A BB
WA A (6) KE#E 5|l , IR K(S) BEATAR

FER6 TP C R AR EOI 1, 5 I54Q
OB Limiat Je 7547 R SR IO B, b Ol 7 B AR
i (4) e EE A

PERT IEAREOE 2 55 KIEACKEL MaxCy-
cle I, SLIEGHG AW IR AP % 3.

3 RRHERSH

S T SR 4R AE R G0/ Windows 10, 4b B 3%
& Intel( R) Core( TM) i5-6300HQ CPU @2.30 GHz,
WAE 4 GB IHHERL, i 5 Matlab-R2016a.

S 6 AN 3 R B 5 % MABC
Sk ABC 80N e scik (151 o o3k ABC
(( CSABC) 53 [y 65 Fe Mk« WA S133 J3 R - P P 3
475 LR %
3.1 iR EE

T A A S MABC 553 75 56 04t Ak i)
LR L R 6 AN IR BR BT S R R K, A
Fo LU f, ~ fy i B R K, T SR AR B
WS B AN S s f, ~ f, FE 22 W bR B, 2
JH SHe TR S50 32 10 4 JR) 300 R g A G L 3B £
fie JJ.

1 MEH

Tab.1 Testing functions

PR3 EALS 2R (] e /ME
fi Sphere [ -100,100] 0
fr Rosenbrock [ -30,30] 0
/s Schwefel [ -100,100] 0
N Rastrigin [-5.12,5.12] 0
fs Ackley [-32,32] 0
Je Griewank [ -600,600 ] 0

MR EL S, ~ fs RIE T
flx) = X7 At
Llx) = X" 100 (2, —a)) + (%, - 1) 7]
filx) =4.1898n - 3" xsin( /Ty, ]);

fillx) = X" [xf = 10cos(2mx) +10;

fs(x) = —ZOexp(_().z Lzllx'z)_
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TSI, 45— T BR HOU A ) A 2 RN A S 33

CXP(LZZLICOS(Zﬂxj) ) +20 +exp(1);

n

2
n X X

Je(x) = 2i=l40100 —il;llcos(\ﬁf)+ 1.
3.2 MRERM LR

MABC.ABC FiI CSABC 3 # & v % 1k ik 26
SHECREW R M N =100, 2 5] 40 g
R Bt g 190 20 H 3904 50, B Kk IR 2 Max—

Cycle = 1 000, & W FF % f§ Limit = 50, 4 B
Dim =50.

3 iR A AN WA R S ) ST 3R 4T 50
ST, 49 31 0] I (14 e 0 AR~ o 22 A~ 7 Bl F
T5 28, MR G5 WA 2. Hor, S 018 0 B3 22 1 I
W SREVE IR O, T S8 S W SR 1) i e
SHUREFE L J7 72 W B30 1 A 5 Pk R B A 1) 25
HICRR JE.

F2 REMRKERIT L

Tab.2 Comparison of functions test results

B £ &S wILE RZEE B i %
ABC 9.2337 1. 150 7E +02 1. 186 OE +01 2.978 1E +02
Sphere CSABC 7.697 1E -02 7.771 3 3.124 7E - 01 1.513 3E-01
MABC 1. 985 6E - 06 4.874 42K - 04 3.744 5E - 05 6.452 3E -05
ABC 7.092 OE +04 2.147 7E +05 1.207 3E +04 4.695 3E +02
Rosenbrock CSABC 4.141 4E +03 5.702 8E +05 6.724 2E +04 1. 456 3E +02
MABC 1.691 4 3.700 7E +02 7.566 3 1.142 5E -01
ABC -7.092 OE +03 -2.1477 -1.207 3E +01 4.695 3E +03
Schwefel CSABC -4.141 4E +3.5 -5.702 8E +02 -6.724 2E +03 1.456 3E +02
MABC -1.691 4E +05 -3.700 7E +03 —-7.566 3E +04 1.142°5
ABC 1.085 7E +03 9.433 8E +06 4.736 9E +05 8.204 6K +06
Rastrigin CSABC 7.401 4E +02 3.330 6E +05 1.184 2E +04 1. 407 2E +04
MABC 1.3338 2.378 1E +02 8.166 7 7.243 8E +01
ABC 9.233 7E +01 1.150 0 1. 186 OE +01 2.978 19
Ackley CSABC 7.697 1E -01 7.771 3E +01 3.124 7 1.513 3
MABC 1. 985 6E - 04 4.874 4E -02 3.744 5E - 04 3.744 5E -03
ABC 1.480 3 1. 691 4E +01 4.0339 6.523 7E +01
Griewank CSABC 3.700 7E - 01 1.920 6 4.159 6 7.043 8
MABC 5.341 1E -05 3.588 7E -03 7.332 8E -05 2.824 3E -03

Wi 2 v UG L 25 2 H (1) MABC 032
71 FRLUEE R J5OFN 22 U R 500 3 A A 1R 30 R
J. SER B B 2 5 ABC $7.5 0 CSABC
SEAR AT B W B T, BB MABC B340 1
B s AEAH R AR ECT , MABC 50357 25l
oR A B3GR T B NS RN R /N T 2, R ILIK
SRR B R, S U0RS FE S v, PERE W] AL T ABC
BRI CSABC 43,

K 2 t4y i T MABC £ 3% ABC 5 v il
CSABCHIEMANLIZAT 50 IR ¥20 38 W 5 B 4k
k. B 2(a) .(b) AT LLE H, MABC 5iL5A
FIF € W S IR # i /T ABC 8.9 Hil CSABC
S HIE 2(c) FTLLE th, ABC 5L F1 CSABC
SRR 2O AR b BN SR AR AR, b R 2 R
AT MABC 535 70 4 S0, e Sio(E W) &b /b T 1
b P e S50 H I 2 d) BT BLE H, ABC SV
CSABC SR S i, AR IR E R D>, (i B A
it UK FE A i MABC 573%:; HIEl 2(e) (1)

ATLLE Y MABC V57038 2 i 138 0 A o 11
34,0 ABC 57 F1 CSABC 803 U 25 5 Fa N JR)
L.
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A Multi-swarm Artificial Bee Colony Algorithm for Function Optimization

WANG Shouna'?, LIU Hong'?, GAO Kaizhou®

(1. School of Information Science and Engineering, Shandong Normal University, Jinan 250014, China; 2. Shandong Provincial
Key Laboratory for Distributed Computer Software Novel Technology, Jinan 250358, China; 3. Maritime Institute, Nanyang Tech—
nological University, Singapore 639798, Singapore)

Abstract: A multi-swarm Artificial Bee Colony( MABC) algorithm based on the segmentation of population was
proposed in this paper. It was applied to function optimization to overcome the drawbacks of slow convergence
and low computational accuracy of conventional ABC algorithm. In this algorithm, K-means clustering algo—
rithm based on Euclidean distance was introduced to divide the bee colony. In the subpopulation, a method
was introduced to update the location of nectar based on global communication to accelerate the convergence of
the algorithm; and the fitness function based on local communication was introduced to expand the diversity of
the solution. The simulation results of six standard functions showed that the MABC algorithm could attain sig—
nificant improvement on convergence rate and solution accuracy, and show better performance in function opti—
mization problems when compared with the ABC algorithm.

Key words: Artificial Bee Colony algorithm; segmentation of population; nectar location updating; fitness

function; function optimization

( RH3E 22 0)

Improved Whale Swarm Algorithm and its Application in Steelmaking Continuous
Casting Scheduling

ZENG Bing, WANG Mengyu, GAO Liang, DONG Haozhen

( School of Mechanical Science and Engineering, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: A new swam intelligent optimization algorithm named whale swarm algorithm ( WSA) was studied.

The principle and essential procedures of WSA were introduced; and the characteristics of WSA were presen—
ted through comparison with other classical swam intelligent optimization algorithms. For multimodal optimiza—
tion, the iteration rule of WSA was improved, two parameters namely stability threshold and fitness threshold
were introduced, and thus WSA with iterative counter ( WSA-C) was developed. The experimental results
demonstrated that WSA-C showed good performance in terms of the number and quality of optimal solutions
and convergence speed. Then WSA-C was applied to the steelmaking continuous casting scheduling problem,

and proved to have good optimization ability and strong stability through the experiments. Finally, with the
above research results, it was summarized that WSA had much value in practice, and further research of WSA
could be carried out in theoretical study and practical application.

Key words: swam intelligent optimization algorithm; whale swarm algorithm; multimodal optimization; steel—

making continuous casting scheduling
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Tab.2 The different values of the expansion coefficient and contraction coefficient

PR hRiE y=12 y=1.5 y=2 y=2~1.2 B=0.2 B=0.5 B=0.8
Mean 1LI3E-59 1.54E-57 1.15E-55 1.28E-63 3.84E-18 1.13E-63 4.52E -65

/ Std 3.86E-59 2.18E-57 1.63E-55 1.91E-63 5.44E-18 3.86E-63 9.41E-66
Mean 2.61E-15 4.15E-15 3.67E-14 1.58E-15 6.66E-01 1.73E-14 6.42E -15

% Std 3.20E-15 2.48E-15 2.96E-14 5.42E-15 1.15E+00 2.36E-14 1.36E-15
, Mean 1.59E+00 2.87E+00 3.53E+00 8.29E-01 3.7IE+01  1.59E+00 9.79E -01
/ Std 2.15E+00 2.70E+00 1.39E+00 3.59E-01 4.90E +01 2.15E+00 3.45E -01
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Tab.3 The comparison results with ABC variants

PREL AnifE NM-PS-MEIABC PS-MEABC NMABC ABC

fi Mean(Std) 8.25E —65(3.17E —65) 1.67E -37(2.22E -37) 2.71E -=31(4.50E -31) 3.66F —16(5. 17E - 16)
f» Mean( Std) 0.00E +00(0.00E +00) 0.00E +00( 0. 00E +00) 0. 00E +00( 0. 00E +00) 0.00E +00( 0. 00E +00)
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An Improved Multi-elitist Artificial Bee Colony Algorithm Based on Nelder-Mead
Simplex Method

JIN Ye', SUN Yuehongl‘2 , WANG Jiacui', WANG Dan'

(1. School of Mathematical Sciences, Nanjing Normal University, Nanjing 210023, China; 2. Jiangsu Provincial Key Laboratory
for Numerical Simulation of Large Scale Complex Systems, Nanjing Normal University, Nanjing 210023, China)

Abstract: There were some problems in the Artificial Bee Colony ( ABC) algorithm, such as the slow conver—
gence speed, low solution precision and easy to fall in local optimum. Inspired by particle swarm optimization
algorithm , multi-elitist artificial bee colony algorithm for real-parameter optimization the with use of global best
solution and an elitist randomly selected from the elitist set were adopted to enhance the exploitation of the
global best solution. In this paper, we the elitist to guide the nectar search during the employed bee process
was introduced. And the selection probability formula of food source was reconstructed by using the quality of
food source. In the onlooker bee stage, the best food source was selected to guide the swarm to enhance the
exploitation of the global best solution, and the neighbor food source was selected to be the optimally direction—
al choice. As the same time, a simplex method was used on elitist solution set to balance the exploration and
exploitation ability of the algorithm. The numerical experiment results showed that the proposed algorithm had
higher searching precision and faster convergence speed.

Key words: Artificial Bee Colony algorithm; directional update strategy; elitist solution set; selecting proba—

bility; simplex method
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CEQKHA 4.36 x10™* 3.89 x107* 4.28 x10~*
KHA 4.93x107° 2.71x107> 3.25x107°

~ OKHA 2.40 x10™* 4.24x107° 5.13x10°*

S IKHA 3.19x107° 8.56x107° 7.25x10°*
CEQKHA 5.65x107* 1.79 x10™* 1.06 x10~*
KHA 1.78 x107° 4.27x10™* 6.54 x107*
OKHA 3.23x107° 5.18 x107° 5.94x10°°

s IKHA 4.93x107° 1.87x107° 3.24x10°°
CEQKHA 2.32x1077 6.18 x107° 1.56 x10~®
KHA 2.67x107° 4.91x107 7.76 x107°
OKHA 5.90x107* 1.52x107° 5.65x107°

S IKHA 4.43x107* 6.56x107° 5.72x107°
CEQKHA 5.17x10™* 2.83x107* 9.10 x10~°
KHA 4.25%x107° 5.97x107° 8.24x10°°
OKHA 1.90x107* 5.01x107° 5.63x10°°

fs IKHA 5.61x107° 7.25x10™" 4.56 x107’
CEQKHA 9.22x107° 5.20x10™* 6.79 x10*
KHA 3.82x10™* 9.33x107° 7.17x10°°
OKHA 2.44x107" 1.49x107° 2.82x107°

S IKHA 3.45x107* 7.61x107° 2.75x10°°
CEQKHA 7.19x10™° 5.17x107° 6.71 x10~¢

MR T Gt 4 R BES T L A5 BE I 5 24
EARYEL G P, LA Bl o5 5530 ( OKHA
IKHACEQKHA) , A bt FE A< 9 4F 5595 ( KHA) Wi
SUPEREHAT T E R IE IR | A, AR T Ik
UV, 2B R H ) CEQKHA 71K 7y b 2K
R REAE PE fE AL T I A L Rk B A SR X2
HI T2 R T W ) BE AL HE SR 45 4, OF N Y A
THYEHLH], 32T T A A B A 1 R S 0] )
TRANTT R fE J7 5 DAl it <3P0 280 SR A A 1 oAt )L
Toft CACE S5
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PR AR TR R T, e T R AR
PR RE: A SCHEEACR A T P R HEHEZE , 1
HRH T 8 amt e m 7 AR A = R = 3 i 2
REJ). JAh EARBRIFE L R T RME H . )
BATEAL 2% R AN, OKHA FI TKHA (1 TSR 7 %
AR FR T AR IR R v vk, R e T AL R
D35 MARSC ) CEQKHA L1k AR R B, e %
I A 20 1 0 AR IR B B B A e DL M PR o
2, B G827 22 FI S8 0 1 e 3 00 T I Athoxf Ll
k.

) L T
2 20p .,
N .

10 20 30 40 50 60 70 80 90 100
AR
B2 f BBIAEMILER
Fig.2 Comparison results for function f;
4.2 ZIREBHXI LS
WA SCE ) CEQKHA DL 2 W ILHE R 5L £, ~ /,

N BBEAT 07 ER L o3 A, T rp 3 A4 20 08 e 01K 4
JRE AR O, BR B AR BEE Dy 20. X LEAL I
W53 AR SEL ( KHA) 36 37 4 2L b 5
:( OKHA) LUK et iR 5590 ( TKHA) . 4 B2
GriaAT 30 Ukt LB P P B B b ofE 22 3
ATGEVERI L, [RTIN JEAT B0 ¢ Rr 6, I 00 3 A 6 ¢
ThE:

M, -M
;= 1 2 ’

(m -US +(m-1S [T T
n, n,

n, +n, -2

s ny Ml n, RORIEATIRELG S, F1S, Fomxf L TT
ZE5 M, R My gk B .

R e BB : Hy:py = o Hytpy < sy A
o B S UIIME, 45 58 W35 PRk 0. 05, R 244
J:W o= {t > ty05(n, +n, —2)}, EEER)E
toos(58) = 1.672 , it g ]ink 2 Prow.

M2 gt 45 RBEB A, X 2 Bk 4
AT A0 B, A SC 1 CEQKHA A b 3 At JL Ff

F2 ZEBEERBAENEDH
Tab.2 Comparison results for multimodal function
R Bk HAAH L] FRAEZE  lo.os
KHA 6.13x107* 2.55x107" 7.63x107* 8.73
. OKHA  587x10™* 590x10™° 2.68x107° 4.17
% IKHA  4.27x10™* 7.85x107° 2.19x107> 3.39
CEQKHA 4.43x10™* 4.52x107° 6.02x10™* —
KHA 5.45x107 3.17x107" 6.53x107* 6.84
OKHA  7.18x107° 3.10x107> 6.48x107° 2.9
% IKHA 3.55x107° 2.56x107> 8.28x107° 5.16
CEQKHA 7.91x10™* 4.23x107° 4.57x10° —
KHA 6.14x107° 5.78x107> 2.80x107° 9.74
OKHA  1L52x10™* 7.66x107° 4.25x10™* 2.62
% IKHA 3.09x107™* 7.15x107° 6.57x10™* 3.17
CEQKHA 3.73x107° 1.35x10™* 579x10° —

BEAG S FE R 20 bR B T #0 E A5 A 4 1 AL 8K
gE0. 2 B R B AR L 5 S mT LU 21, S
HEACRE T2 T 2550, 0 S 0 4 R JT R A
TR R R RIS R 2 IR R ¢ R 5 &
B EEEPE KRR 0.05 B¢ 1T g8 KT
1672, KR 4 B Hy: g =, 2 Hy: g <
o » BB AR SOV BEAR T HoAth oo LU ARV
4.3 SHRHITLLIH

I v e HE B B S ~ o 01 BEAT 417 B0
BT, Forb R B 4 203 % B A 100, 3 A 4E pR L)
A JR BB My 0. 5% LU vk AT 4R 2 3 A 1 i
L KHA) 67 38 2 i F 5925 ( OKHA) LA A 2
BEREUIR VL IKHA) . 4 FhEE 53 s 4T 30 40, %)
SEIIE AR E 22 A IS AT I R AT e vt L 45 S
23 R,

=3 BHEERRAENESH

Tab.3 Comparison results for high-dimension functions

R Hk I AUE BIMH FrifE %
KHA 7.19 x107* 4.55x107" 5.42x107"
OKHA 6.39x10™° 5.98x107 7.85x107°

fuo IKHA 5.64x107° 3.09%x107> 6.16x107°
CEQKHA 1.07 x10™* 9.81 x107° 2.08 x10~*
KHA 9.27x107* 8.32x10™" 5.57x10""
OKHA 5.43x107° 2.55x107% 4.79x107°

S IKHA 6.38x107° 6.64x107> 5.86x10°°
CEQKHA 1.78 x10™* 7.14x107° 1.35x10°°
KHA 7.24x107* 6.30x107" 2.67x107"
OKHA 3.80x107° 1.29x107* 8.15x107?

fe IKHA 5.22x107° 3.48x107% 9.41 x107?
CEQKHA 1.49 x10™* 6.37 x107° 4.25x10°°

2 bR B 2 $ 0k 21 100 eI, 6 T LR EAL
SRR, - B I DA AR 2 AR AN TR M. IR



48 N K 2 2 R (D% RR)

2018 4

3 MgEihah R B W, AR AR BE AR A P
TR R B A R L ( KHA) | pR 30T 1
fie N BRI, R B8 4 A A TG 3 Ads U A ek ) 1ol
L ZZBRAOR, B AT I e VA Sk 3 4 R e L AE
BT MBI YRR AR (R0 B n] DU Y AR SO
T5SR B AT 0y D B 1) SO RAOR S o Hh Bk
BAT B S H k. 2838 K H 00 P [R) Ak 44 =
BRI 1 BEAAT A B 5 T SRR ) 4 JR R OR )R 8
TERAET)  Ali43 CEQKHA FH EE HC A e 3df 1) B AR 5
7, 1 OKHA I IKHA , G515 35153 541 fife.
4.4 BEEHEWITAZMSH
4.4.1 BACLEM T AT
XPEER P2 ) CEQKHA, 5 AN K ] by [A) 24k
BLHII ¥ 585650 2 CEQKHA, . ( CEQKHA with—
out cooperative evolution) , ¥ KHA.CEQKHA, F
CEQKHA, FIH /15 ~ fis BRCHEAT 8 L 23 #r 5 LASS I
PRI BEAHE SRR SV EISAT G5 R 5 i, - M AR o)
SASTIZAT 30 IR, BRALAEEI 0 20, X BIE bR
HEZER- B384 T N R BEAT ST, n 3k 4 Fows.
x4 HEIFHMITEEZ M LS
Tab.4 Comparison results of cooperative evolution
e AN B brifEZE  IBATHIA /s
KHA 3.82x107° 8.97x107° 1.15
fis CEQKHA,, 7.57x10™* 3.86x107° 3.01
CEQKHA  3.16 x10™* 6.58 x10~* 4.16
KHA 5.11x107° 9.42x107? 0.94
Siu CEQKHA,, 5.06x10™* 5.23x10°° 3.17
CEQKHA  3.83x10™* 9.81x107* 4.29
KHA 5.13x107° 8.62 x1072 1.89
fis CEQKHA  7.43x10™* 7.15x107° 3.12
CEQKHA 2.74x107* 6.78 x10~* 4.28

M 4 R4 25 T LU 3, CEQKHA i1
KT 00 R A A 48 25 A A - dE AL BL A DAL ok
HIIERZRM T CEQKHA,  FI KHA, 5 48
CEQKHA, A K H th i) dE A HE 42 4544, {0 il T
PRI R p e v ge, S R e 2
PoT KHA, 8o A SO0 BAF a4 v gL A
K4 Bnr LLE B, v A HE RS A 3 1 L
AP RE AT R EF, HAH Y M 38 T 0L i Is AT I (]
DT FH 3T ) S SR AN iy i 5o ks 8 2 SR8 v )
Wt
4.4.2 132 FE ;5 XFaohr

SCHR (13 19 gl S b 44, R 48
f e 7 AR BT AE A Bk, T AT —
RAME, B8 BA KX 7 A a2k A X
(26) FI(27) HEATAMARSE BT B 28 3 K HI I R AR

AARTHTTT 5 UL fi ~ fis PR T ELN B, R AL

YEHY A 20, 530k (13 1R 55 7 AT 15

L LG B RSN IS AT 30 O, Hege ik 45 R

5 fw, Hod R A sk (13 158 9707 X 50 hs

ic iy CEQKHA,  ( CEQKHA with roulette wheel) .
*5 NEBEHARMEZZESH

Tab.5 Comparison results of position refresh

M "k ¥IE FRUEZE  IBATHFE] /s
KHA 5.78x10™* 9.23x10°° 1.70
fie CEQKHA, ., 7.13x107° 6.17x10°° 4.14

CEQKHA  6.26 x10™° 2.64 x10°° 4.87
KHA 4.28x107° 5.57x10°* 1.35
fin CEQKHA,  7.22x10™* 9.16 x10~° 2.67
CEQKHA  3.50 x10™* 3.01 x10~* 2.69
KHA 6.51x107° 6.32x107° 0.77
fis CEQKHA  1.39x107° 5.17x10°* 2.14
CEQKHA  7.68 x10™* 4.47 x10°° 2.58

MF S g8 Sl v LUE 2, 2B E S
CEQKHA 7E K8 73 b8 £ b 119 1 35 5 0 s 4 22 #8
W+ CEQKHA,  , FUZAE I [ PF fg L4k + 25
He KHA f9REA0 R BEAH 6 32 22 , (E 3L a8 47 I 7] £
i T DU Y ASCSE S PE BT B T 4R
BRI R E R R, O 1 S aiE SRR I SIUROR
AT R) S LA B G A, Sk B I LA £ 4R
T E R

5 it

EHPEWM T R A B R T AR STk
( CEQKHA) , Rt B A ol 45 K] 23 Sy =5 Foft 40 R A ok
HE R AT P L RAT 0B, K 2 AT e A
ARBEE 7 B PO, JFAE 2 R A R
KA A R 50 5 5. O BTt (¥ CEQKHA
BEAT TSR 3 A R0 R EO FL A A, S s H 4R
HY AR (R D Rk AN P TS5t (ELIR] Ity i 3
S TR SR (R P AR ACRL A, SR R BE
RE DR UE A SAOKE J32 3 B DR AR WAL S50 2 1Y) “e Al 7 B
VAR R AE R A, $ vy S R As AT 3 1 L P A1
SAAN ARG A2 LLs R T ).
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A Quantum Behaved Krill Herd Algorithm and Its Simulation Analysis

LIU Zhen, LIU Wenbiao, LU Huajie

( College of Coastal Defense Force, Naval Aviation University, Yantai 264001, China)

Abstract: Aiming at the low efficiency and easy trap into local optimum for the basic krill herd algorithm, a

new quantum behave krill herd algorithm was proposed. It was named as cooperative evolution quantum krill

herd algorithm ( CEQKHA) based on cooperative evolution and quantum computation. The population could

be divided into two parts, such as main population and sub-population, which could evolve independently and

exchange fine individuals. The position of krill herd could be updated by using quantum activity. The best po—

sition of krill herd could be set as the center of potential well of delta potential well, and the position of krill

herd in the different population could evolve in different way. The convergence of the algorithm was also de—

duced. Simulation on benchmark functions proved that CEQKHA could get better results and perform better

than other algorithms.

Key words: krill herd algorithm; cooperative evolution; quantum; multi-population; potential well
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A Novel Multi-objective Artificial Bee Colony Algorithm for
Microgrid Energy Dispatching Model

LI Jiahua', MA Lianbo', WANG Xingwei', CHENG Shi*, SHAO Yichuan®

(1. School of Software, Northeastern University, Shenyang 110169, China; 2. School of Computer Science, Shaanxi Normal Uni—

versity, Xi‘an 710119, China; 3. College of Information Engineering, Shenyang University, Shenyang 110044, China)

Abstract: Aiming at the optimization of the energy dispatching in microgrid, a bi-ebjective optimization model
for economic and environmental operations of the microgrid systems was proposed. Then this model was asses—
sed based on the evaluation results of the dispatching system. To be specific, in order to optimize this model,
a novel multi-ebjective artificial bee colony algorithm called ICABC was devised, based on crowding-distance
with performance indicators. This algorithm incorporated an external archive ( EA) to preserve non-dominated
solutions; and a novel crowding-distance method called DICC was used to maintain the diversity of solutions.

DICC was essentially a updated version of traditional crowding-distance strategy in NSGA-]I . It aimed to avoid
the removal of elite individuals in dense areas effectively while enhance the diversity of obtained non-domina—
ted solutions. With rigor experimental evaluations on a set of benchmark problems, it showed that ICABC had
more powerful performance compared with NSGA-II and MOCLPSO. Then, ICABC was applied to resolve the
proposed model for dynamic dispatching of microgrid with multiple distributed generations. Simulation results
exhibited that the proposed method and model effectively reduced the total system cost by rationally arranging
the output of the distributed generations.

Key words: microgrid; energy dispatching; artificial bee colony algorithm; multi-ebjective problem
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Fy Oy M; M, 32,36 —

MZEMI T E e E 25, v LIV
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Fig.1 General particle swarm optimization model
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Tab.2 Results obtained by IGPSO and the comparisons

with other algorithms

e HY RAEE D OTWE TSR

SAM 342 344.6 51.20

GA 342 343.8 46.20

MPSO'" 341 341.5 34.20

IGPSO 341 341.0 16.75

SA™ 187 190. 2 46. 30

5 GA™ 187 188.5 41.10
MPSO™ 187 187.0 33.10

IGPSO 187 187.0 17.75

sAt 176 179.2 55. 80

3 GA™ 176 177.5 50. 60
MPSO!M 176 176.0 39.50

IGPSO 176 176.0 11.75

sA™ 222 222.0 70. 30

A GAM 222 222.0 45.20
MPSO™ 222 222.0 31.80

IGPSO 222 222.0 21. 80

SA™ 212 212.2 60. 70

s GA™ 212 212.0 51.30
MPSO" 212 212.0 42.50

IGPSO 212 212.0 41.55

SAM 361 363. 4 98. 10

GA 360 361. 1 83.70

MPSO'" 359 360. 5 72.30

IGPSO 358 360. 25 55. 85

%3 IGPSO REBHHERMIZMHE
Tab.3 Optimal process plans obtained by IGPSO
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(M,) 0,(M,) -0,(M,)
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(M)
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5 0,(M,) 0;,(M,) 05(M,) O5( Ms) -0y( Ms) -0,( Ms) -0,( Ms) 05(M,) -0,( M,)
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Tab.1 Experimental parameters levels and rang

K
R -a -1 0 +1 +a
X, /min 20 120 220 320 420
X, /(gL 0.4 05 06 07 0.8
X,/(mg-L™") 150 200 250 300 350
X, 1 3.5 6 8.5 11

T W BRI A S X, (min) 5 R X, (goL7Y) 5
WOREE ] Xy (mgeL™") 5 pH g X, Makdts 4 ASghsr Az, 0
Bite g (mgeg™") VE W NAE, A A 5 DKPE.

2.1.2 ARA S
W S T 2 6 TR T B R 2 28 A1 ) i 26 i [
HWE 2 Prox.
F2 LW REXF RN E
Tab.2 Experimental design and adsorption capacity

at different conditions

i Xl./ Xz/l )(3/l X, q./ |
min _ (g*L7) (mgl”) (mgeg™)
1 1200  0.50  200.00 3.50  318.5
23200 0.50  200.00 3.50 @ 345.7
3 1200  0.70  200.00 3.50  260.2
4 320.0 0.70 200.00  3.50 278.5
5 120.0 0.50 300.00  3.50 352.0
6 3200 0.50  300.00 3.50  381.8
7 1200  0.70  300.00 3.50  334.7
8 320.0 0.70 300.00 3.50 355.5
9 1200  0.50  200.00 8.50  296.0
10 3200  0.50  200.00 8.50  337.5
11 120.0 0.70 200.00  8.50 231.3
12 320.0 0.70 200.00  8.50 268. 1
13 1200  0.50  300.00 850  357.3
14 3200  0.50 300.00 8.50  397.6
15 120.0 0.70 300.00 8.50 332.2
16 3200  0.70  300.00 8.50  348.4
17 20.0 0.60  250.00 6.00  270.7
18 420.0  0.60  250.00 6.00  366.6
19 220.0 0.40 250.00  6.00 391.1
20 220.0 0. 80 250.00  6.00 292.9
21 220.0  0.60  150.00 6.00  250.0
22 220.0 0. 60 350.00  6.00 424.7
23 220.0 0. 60 250.00  1.00 309. 8
24 220.0  0.60  250.00 11.00  303.2
25 2200  0.60  250.00 6.00  348.5
26 220.0  0.60  250.00 6.00  361.0
27 220.0 0. 60 250.00  6.00 349.0
28 220.0  0.60  250.00 6.00  346.5
29 2200  0.60  250.00 6.00  350.0
30 2200 0.60  250.00 6.00  355.0

SRV VD L B 1 o 2 [ U o £ DA g T 2R
N

Y =351.68 +17.61X, —23.91X, +36.38X, —
2.99X, - 2.92X,X, - 1.05X,X, + 2.43X,X, +
8.86X,X, — 2.45X,X, + 5.09X,X, — 8.49X,* -
2.66X,” —3.82X,> — 11.53X,”. (2)

YUsE BB R T R A R 7R 5 52 565 )
HRECR 90.977 3 WARIY G & 12 W5 B 52 56 12
IEAHR R HCN 0.955 KB 95. 5% 15256 45 A4
A DA AR AR b [m] ) o 5 n] DA e W ot
FRV AL T 2554 S W B I ] 355. 3 min, W it
FI £ 0.40 gL ™' ,ENR ¥ 350 mg-L ™", pH i}
7,69 , TS 21 1) 5 KW B 52429, 4 mgeg ™' h
T ISR TR 45 S RORE A L AR AR S A T AT
T3 WHPAT SN, i 445 B R B = A
434.4 mgeg ™" G RRW] LB AT LLAER T T
ENR W B SE 56 0 700

ENR W B 5256 18 77 22 43 S n 2 3 B, P A
FUFAEAE R AW 250 W YR bs, P H/N T
0. 05 B, 2 BH 2 HO0 W B 5t 1) 5% ) 4 35 1B R
P AE/NT0.000 1, s 8 (1) 404 45 F R 2
2, ML “Lack of Fit” ] P {H 40.056 3 >
0.05, R 7R J AT AS 8 35, IS 35 1 O T 43 T s
4 ARG B R ) A e, WG B T W R 1) R R A
VA FEE T W B 1 1 52 i AR K, T pHL AL W B =
V1R 35 W PR 387N DA B ATE R, W 5] o R4
BV (M)A AR B B 2
2.1.3 3D BF a4

e iR VAT S SR NS W NN
Pl my A R a5 A 0l W o 8 6 5 i A A
B Z A HAEM. B 1(a) (b) (c) W LLE
R VD R IR B B A N ) SR8 L AR S A D
S b, XIS ] g2t T B A B s 3P
5, SORAE T AR K 1(a) (d) (e) ATLL
Bt B A R R AR S ) 8 o R 2R IS . A IS
1(b) ((d) () B, HRTaR W B 1 38 i A1
WL RE R A A2 NI T( ) (o) ((f) WTLUF HY,
YRR pH ARG IR B S () 52 i, B pHL R 3 I, W Bt
OGN g
2.2 RPHEEIRLEIRE

TE ] — W B FR v, A5 4 A 2R 2 i AR I
B L S f) TR RS LA S G 3 R 4R R A
100 ~380 mgeL ™", pH {4 7 (R B WL, 5
N 0.4 go L™ 35 MER P29 6 h &/ Wik 1)1
1, 2 %% U S AR JSERE R ot ok R R SR ). BT
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Tab.3 Analysis of variance for selected factorial model for adsorption capacity

U5 2K T o th ¥iE F g P14 K&
i) 60 160. 83 14 4297.20 44.90 <0.000 1 significant
X, 7 440. 41 1 7 440. 41 77.73 <0.000 1
X, 13 723. 68 1 13 723. 68 143.38 <0.000 1
X, 31 763. 40 1 31 763. 40 331. 85 <0. 000 1
X, 213.98 1 213.98 2.24 0.155 6
X, X, 135.96 1 135.96 1.42 0.251 8
X, X, 17. 56 1 17. 56 0.18 0.674 5
X, X, 94. 85 1 94. 85 0.99 0.3353
X, X, 1255.59 1 1 255.59 13. 12 0.002 5
X, X, 96. 35 1 96. 35 1.01 0.331 6
X, X, 415. 14 1 415.14 4.34 0.054 8
X’ 1.974. 87 1 1.974. 87 20. 63 0. 000 4
X,’ 193.76 1 193.76 2.02 0.175 3
X2 401. 05 1 401. 05 4.19 0.058 6
X’ 3 644.73 1 3 644.73 38. 08 <0.000 1
B 7 1.435.75 15 95.72 — — —
S I 1 290. 98 10 129. 10 4. 46 0.056 3 not significant
BB 61 596. 58 29 — — — —

420.00
320.00
220.00

120.00 :

() VR i B2 A R e ]

120,00 9.00 0.70 20
X 20,00 11,00 4 X, 0.80 150.00

(c) pHH @:Fﬁif_l'ﬁl () B0 BE VR B 1 B

==

- i
350 pod

300 4— e

250 === j "*250

200 7’ 50
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0.40

0.50 35000
7.00 a 30000 554 00
- 0.70 X ! -
X, 200 1100 0.80 : X, 20000 455 49~ 11.00%-%0 !’

(e) pHAIR [ FI & (f) pHAAIHAHR BE
1 WMTENZEIERILKE

Fig.1 3D Surface model graphs of adsorption capacity versus
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3 PR Z R Langmuir( & 3) . Freundlich( z{
4) F1 Koble-Corrigan( K-C) ( 2 5) %4, fff 57 B %
VPR BRI R B 3 oA 2 A AN [R] iR T A% A
AL A i LB 2 Fros.

500 -

e W
g ————=
450 | gl meem—
3 400
o
BT
= B0F A 318K
Langmuir
L Freundlich
L -~~~ Koble-Corrigan
250
1 L 1 1
0 50 100 150 200
C/(mg L")
2 IR MR 2415 8 (Langmuir, Freundlich,
Koble-Corrigan)

Fig.2 Equilibrium adsorption isotherms
(Langmuir, Freundlich, Koble-Corrigan)
qu I,Ce

Langmuir: ¢, = TK,C; (3)
Freundlich: ¢, = K,C.'"; (4)
Ac”

K-C: = 5

NI ok )

s €, SRR BT T IR JE  mge L' g, 27
WM, mgeg s g, FEERIIL T, mgeg s
K, J2 55 W B A A 95 Langmuir %%, Lemg ™';
Ky 4R RGN B f 1) Freundlich % 45 A
Bl M J& K-C B H .

1F 298.308 1318 K3 MEELAMT, HIE
ER M [R1 VA 43 AT i A4S BUAS [RUR IR (R 40LRT 2 50093 By
W 4 FizR, Langmuir 7, M1 96 R % R® 0K
1-0.97, 11 H. ¢, A1 K, B85 L5 0y Ok, 2
I 5 (PR, DR b i A 20 m] DAAR G b 47 0k R o8
YR B K-C OB o, MO R % R (K, L
AB FI M ORI i R R S A A AR Ak
I, A A B AR U Mo A BLvR Vb B . T
Freundlich 5  [¥] 41 ¢ R HURAK , BT DLAS g oK

TR AZ I A
2.3 A pH FMH TR H3E

HI R U VD 2 I B A pK, = 6.1, pK,, =
7.7, BT FEHOKE W R, Bk B A 3 R TR
BAAE. W pH (E/N T pK, I 3 h B ik v
AEE VIR 7B ENRT 74, IX 252 i
TR R 7 ERIRGIER BT 2 5
ANE Al IR HLAT . BRI BE v B S R 2 )
FEHE ENR ™ _F i e AN 1 3% T e 6 1 e 4]
(RIBH &5 1 A HOE AR . W pH KT pK,
I, BRIy 7 BRI R R LT,
AT A R b S AE P K 2 BB T X
ENR™A74E. BUI, R 0 A2 5 36 1k ok 22 ) 2 258
ENR ™ _E 25 5074 17 55 R L RIS 2 2 3 1 114
FRAE R IE TR (O B RAE . BRILZ AN, R
T 265 5 S5 AR 0T R B A5 IR A . 243 pHL i
15 pK A pK o Z T8I, i+ B3l PR s B S 47 45
BB R T Bon b b ENRC SR 0%
(ROHLEE Ly R0 A B 1 8 s RO LA 7).

S e , S50 B A IR PR R A L AR
7.5 ~8.0. % pH fEH/N T pK, I 3 P 2R 2R 1417 I
Hfr, B ENR A B0 05 HL R %, ™ B 52 i I R
BN R) A AE s BEA P pH(E 3 0, UV B
T ENRJE R IZHi4 h ENR” JE 2, # i HE
k5 = pH BRI 2K T pK o I 3 PE R 4 1
G, 5 ENR ™ A7 AE B0 1 i HE e L WY I
V& &R

3 #ig

I W 2 187 43 B 7 vk ) CCD RS 7RG i A
T 570, JES P i B A L 9 L (R e B o A A i AT
Do, 15 20 8 00 i W B A8 & e W B I )
355.3 min, W [ %) & 0.40 g+« L™', ENR ¥k Ji
350.0 mge L™, pH 7. 69, Fil I 1) 55 4 W B+ Ny
429.4 mgeg ™", LI S5 TN 45 AR 2 AE 2% LU
WL AT T B AR AN E] pH S AT TR R B AL
B R FH VR o 5k e ABE TR 0T W B o R 2R AT 40 AT

x4 BEDLERMBFRESY

Tab.4 Isotherm parameters for ENR adsorption

Langmuir 475 Freundlich 57 K-C ##Y
T/K qm/_] KL/_] e K. /( r]n/g'(_%‘ 1in R A, Bk/_] W R
(mgeg™) (Lemg™) (Lmg™) ")) (Lemg™)
298 444.2 0.770 0.973 274. 1 0.101  0.887 412.5 0. 895 0. 696 0. 996
308 462.5 1.210 0.974 301.4 0.091 0.874 595.9 1. 251 0. 708 0. 995
318 476.2 1. 960 0.973 328.9 0.080 0.833 883.7 1. 820 0.752 0. 989
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Efficient removal of tetracycline by reusable magnetic

microspheres with a high surface area [J]. Chemical

Response Surface Methodology for Optimization of Enrofloxacin Adsorption by
Using Activated Carbon Derived from the Residue of Desilicated Rice Husk

ZHANG Binpeng', HAN Xiuli"?, FANG Shuqi'”, CHANG Chun'?

(1. School of Chemical Engineering and Energy, Zhengzhou University, Zhengzhou 450001, China; 2. Engineering Laboratory of
Henan Province for Biorefinery Technology and Equipment, Zhengzhou University, Zhengzhou 450001, China)

Abstract: Activated carbon ( AC) prepared from residue of desilicated rice husk ( DRH) was investigated for
the removal of antibiotic enrofloxacin ( ENR) from aqueous solution. The operating variables including contact
time, adsorbent dosage, ENR concentration and solution pH were optimized using central composite design
( CCD) under response surface methodology ( RSM) approach. The better conditions for ENR adsorption were
found out to be 355. 3 min contact time, 0. 40 g'Lfladsorbent dosage, 350.0 mg'Lf1 ENR concentration,
pH 7. 69 with predicted adsorption uptake of 429.4 mgeg™'. The experimental equilibrium data agreed well
with the Langmuir adsorption model and Koble-Corrigan adsorption model. The maximum monolayer adsorption
capacity of AC was found to be 444.2 mgeg~' at 2908K. This study indicated that AC based on DRH was a
promising candidate because of the lower cost and larger adsorption capacity for the removal of ENR from aque—
ous solution.

Key words: enrofloxacin; active carbon; response surface methodology; adsorption mechanism; rice husk
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FI20 mm 1) 5R I 295 PR A DRI

SCEG A E A 1 s, SR A K B A e A3 0 i
5, LT R APV 4 J 1R 28V i, G220 {45 X
SR AL SR . SN 2 N IR A 18] 2
I Ty g~ Ty, 23 900 R 01 ) 173273 40400322 39 A ¥k
B3 Ty T s~ T 23 A Bl 1) 1735273 b T o

T8 2R T RHEA BRI 500 H ((14A480003)

BAEMEE B UK (1982—) , B3, T pg M, 98N R 2 DO, (e, 3 22 M Y PR B 5T, E-mail: xuebing @ zzu.

edu. cn.



70 N K 2 2 R (D% RR)

2018 4

1.2 RIIE
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WAZI) 20% ) , 53 9] b A8 R AR AR ) 1% ,4% . TG
Al JFOE B N AT e Sk A7 360 g, B AT TIEAE I
2 AR A I8 A ) A R K S TR ORIV
A NI HP TR, T4 80 °C.

S I B S A o e L K RE AT L AR S R T
PUF I AT BN N2 N . N 2 2 B e R R
FIIFRE KR %, K &% 2.2 L/h, JF 5 3L
P Ac S T Uh SR 4R % Wi o5 B0 L IR 4T TT 4
. FE AT 28V I, B 1S s R IR AR VR
S0 T DU A AR AIG B K1 o AU B DA
NI OGP RE K B Il Rk ARV R R
I 25 R R K. B S EBCHE S A O RR Bl 3R
5 5 b T I KR S5 A0 DA 5 G IR R 1)
S IKE.

BFRY

HeAkR

Bl SBRETEE
Fig.1 Schematic diagram of experimental setup
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Fig.2 Thermocouple distributions inside of packed bed
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Tab.1 The average value of steam temperature and
mass ratio under different channel diameters

D/mm T../%C mg ., /m,
0 212 0.064 4
8 235 0.073 5
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72 MK 2R (LR 2018 4
3.3 EREKATE S R R R ZE 1w XA
3~5 ,3 4H S R ZE VR B o — M
‘ EE@ EI\%” ‘HD‘%%TAJ?R /J‘}LL/T:,EH: Es — ms,(d] ms,out x 100% , ( 10)
HEIK 200 s LLJG. Ay S W 30 30 o) 2% V5 A i I TR 1) m

SO, 2 SRR IR ) ¢, 5 RN A ¢, 1 LU AR
PLZEFURT L 20 g I 200 09 FE4fE, JC I I8 8 mm
16 mm 3 & XN K 1, /e, 5> ) A 0. 447,
0. 465,0. 700.

A ELR B, A RO B OUT e, /e, BE IE
FLAR AR B[R], o I 1 G A 4, %58
ATUTCRL B BN ] 1A A6, W 6 P, e
twvfccdji)iﬂﬂ(ﬂﬁl‘ﬂ. K6 8 mm16 mm i
PR HICTE TE R A P R DAL R
I 350 O 08 KT 2 P AR BRI T 5 R
3 BT R I T FLR R T L
I FH 50 26U K ESR B m 3 6

5L .
r [ ] -
20 - = N N8
- . NA4
sl R
=
ok
5k

0.0 05 1.0
i

E 6 A[EfEFRIE T 25 R 2 hE o 2 e E 2L E
Fig.6 The mass change of steam quality in different

mass transfer channels with dimensionless time
3.4 REDM

JH i 30708 22 R BT 5 ST 06 5 R AN 1 E
N HEAL y = flx 0,205,000, ,
DG T Ry I R b v iR 2 E v SR

E(y) =
N R RER AT

e, R v, W E M EFRHEDZE.

W b Unr 43, BEK R 2 E R

E( mw,in) =

’ 2 (Ah, + Ahy\’

< ) 28 () o

VK IR 25 55 70 HEAS 28 VAR B B2 vh oy e
{8, TEH KA A A AR AR 223 00 1 mm,
M E(m,,,) s KIRZJEHN £2.04%. (m,,, +
m,..) RV B ER ], AR £0.01 g

s, cal

At B, AT R m, 0 B 7
YU
3 AR AT R B A IR 2 B, P22k
R T BT 4 6 IR B O 27
B IO FEI B LR B B B
WM AR RV
®2 3AXWHEARERRE

Tab.2 Steam quality and error in the three groups

of experiment
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Experimental Study on the Enhancement of Steam Generation by Utilizing Mass
Transfer Passage in a High-temperature Adsorption Heat Pump

LIU Zhoumimg1 , SHENG Zumrong1 , YE Song1 , YAO Zhimin', XUE Bing1 , WEI Xinli'*

(1. School of Chemical Engineering and Energy, Zhengzhou University, Zhengzhou 450001, China; 2. Engineering Research
Center of Energy Saving Technology and Equipment of Thermal Energy System, Ministry of Education, Zhengzhou University,
Zhengzhou 450001, China)

Abstract: Mass transfer passage was used inside the packed bed of zeolite to enhance steam generation effi—
ciency in a novel adsorption heat pump by utilizing a direct-contact heat exchange method. Ratios of the pas—
sage to inner diameter of the packed bed were 10% and 20% . Experimental results from 10% passage showed
that the maximum generated steam temperature reached 236 “C, which increased by 23 °C compared to that

/

m,) increased by 14% , and steam generation time increased by 1. 8% . Experimental results from 20% pas—

without passage. Meanwhile the mass of steam increased by 26% , mass ratio of steam to dry zeolite (m,_,
sage showed that the maximum steam temperature only increased by 11 °C; steam mass increased by 5. 6% ,
m, . /m, was almost unchanged; steam generation time increased by 25.3% . Superheated steam generation
rate was faster for large passage, while the maximum temperature and mass of generated steam were higher for
small passage.

Key words: mass transfer passage; adsorption heat pump; non-equilibrium adsorption; superheated steam;

steam generation efficiency
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Study on Performances of Blade Baffle Heat Exchanger with Different
Baffle Installation Angles

TAN Guofeng'*, WANG Ke'?, WANG Yongqing’, WANG Dan’

(1. School of Mechanics and Engineering Science, Zhengzhou University, Zhengzhou 450001, China; 2. Key Laboratory of
Process Heat Transfer and Energy Saving of Henan Provice, Zhengzhou University, Zhengzhou 450002, China)

Abstract: Three periodic models with different installation angles of the blade baffle heat exchanger were es—
tablished by the CFD analysis software Fluent. The installion angles were 30°, 45°, 60°, respectively. And
the performance of heat exchanger with different installation angles was investigated. Results showed that in
the diversion of the baffle, the shellside flow became sideling flow, which could restrain the flow induced vi-—
bration effectively. The velocity of the fluid in the near wall region was higher than that of the central region.
With the increase of the installation angle, the shell-side pressure drop decreased, the comprehensive perform—
ance and the heat transfer coefficient of the heat exchanger increased. When the installation angle was 30° the
heat transfer coefficient was larger than the other two.

Key words: blade baffle; heat exchanger; sideling flow; flow induced vibration; heat transfer performance



2018 4 11
H39% A6 W]

Journal of Zhengzhou University ( Engineering Science)

MK 2= EHR (T %R Nov. 2018

Vol. 39 No. 6

XEHS 1671 -6833(2018) 06 - 0078 - 05

B0 A K K P R B R T 5 2 0 30 75 IR P B

SIERC SN

A EL, XIMS4E, x|

e, Ji1f UL

(MK W T HR RS, W A 450001)

1§ O ABUREARE AR A AT AR 6 S ERIR A Y 2 (CIP) #ATH AR i, F R T AMAEZE.
CIP #n44 R E Fa iRk 3t F £ W &K, 49 %77, 231 A Thomas 2% . The bed-service time ( BDST) A2 &! Fo /% T AZ
Rt ) SR M F RSB 0S4 RAY MUE AR F 0938 A andb R E VA BUR R 0, iR A K R
W2 23044 g, 5 Thomas AR FAMME ¢, 28 A B, L R >0.950 0, & B Thomas AZH 4845 3414 % 2h & &
Wit A2; BDST AZA! =T vA 4 40 TR F i 0 8] Ao bt Ao i 1), 5 5 0 19) 69 FUMIME A K B0 18] 69 SR KGR 2
1.32% ; 45 AR TR 69 B3 F 5w K An IR F v R ey A H—20

KRR A B, HERIRRIY A (CIP); ShAMM; Thomas A ; BDST AL 45 f#EA

hEHES: X703 XEkFRERD: A

0 3|5

ail

ERRFR VDS ( CIP) 2 55 = AR s Vs i K 4t
P T LA AR R IR SRl e 5 L
FAE N 24, 757K JR IS Uk A5 32
IS H. T, A B CIP /K ) 7 i 25 BE A R A
B TS AR R R R
AT T — A AR TR A R B 7
2= WKk v i B0 2R 2 T E N A O SR,
Zhang 255 RFST T B4 BB AK o i 24
PR R I Hu 251 )08 A6 2R e Skl T R
F LS (R B g Ashrafi 257 SR ] NaOH 3501k
T3 T LA 28 % B K o s b AL

B DL SO Wl B A W B A R, BT 5 0 K
e CIP W VL RS, H AT, 3R 1E b 77 & L
KMl b M 44% ~54% , oA K& A 4
EZ LAY G ER R T AW R
FH NaOH P /] LUAE 336 1 B A& 41—COOCH,
KA R3—CO0—, 384 I8 5 19 St 45 F) T W% B
AR CIP. (1T 20 25 W B 2 S o B /K b B 1 3=
T AR J7 2, WO AL K A e CIP 3
AL BAT A, 43 50 2% S AT i M % CIP )8R ik
i 252 TR 2 0oF W B 110 S

Yeks B #3:2017 - 02 - 06; 1£1T H#1:2017 -07 - 10

doi:10. 13705/j. issn. 1671 —6833.2017. 06. 022

1 WER S

L1 II#HR5E

SO A B ) 4 FH 2 VR K v i R Bt TR
L0 0.45 ~0.9 mm il 732 T 0.2 mol s L™ ff
NaOH ¥ 3 h, g2 ik, b5 .

R FR 4 v B NaOH. HCL 25328 771 %4 4 4%
4.

F B EE AT W43 6 % BE T ( Shimadzu
UV-3000) ; 12 %% ( BT100-2]) .
1.2 LWAHZE

SR FH T 1 S B R W B A , 2 T eSO A
BE NI PR A T ( BB AT 1 45 em, 94200 2.2 em) ,
M BT 7K R L b, RSN 506 — e W B 1) CIP
VAR )4R pH AR 5. 30) H L1 R IR AE
)R — 5 B T EORE , 5 A0 20 Y G JE T B Kl
275.5 nm S} HBR R CIP (R FE. A6 ] SRR I 5T
W L R A A W A P O B 24 1 .
1.3 #FESH

TE— B WL RGP AT 5 KW B
IR LR VA = R BBV N TN A o

¥

040 e
qlolal - 1 000 - 1 OOOJ',:() Caddt’ ( 1)
q. = qlotal/m ’ ( 2)

E ST A LA 5 BT BRI H (162300410016)
PEZ I A8 LA 1967—) Lo, i A1 TR BN RS B 08, 32 ZE PR B 7 T BFST , E-mail: whzou@

zzu. edu. cn



55 6 3]

AR LA A Al BN K A ER R IA POV L 1 B A U M ST 79

T 10 W B IA BT BT 75 B (], ming Q 24
ARV, mLemin ™' C, Sk # W B 1Y CIP 3R B,
mgeL™"5 m bR e B L g

2 #ZR5WhE

2.1 WMESHFERZLIZIN

CIP HIEEH S A 150 mgeL ™", 3 4 5.4 mL-
min "', £E AN [A) A R 4 F R, SobE il e K A o
CIP W b iy 2 a2 h Ze &1 1 P s, W B 2 5 WL 36
L e L ny%n, BEAE KT & 0 55, St fl B2 ek CIP
(1R B S 1 K. DT R A v ) o 2 3 U R IX K
B0, VR A7) 5 R B T ) B kI TR 19 G, AT
P TR k.

1.0

08}
06}
5’ 04F
02+
0.0}
0 200 200 600 800 1000
/min
1 FRE#ESTREFEMLZS Thomas 11!
L& B 2% BY LA
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depths according to the Thomas model
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Tab.1 Adsorptive capacity of modified grapefruit peel and Thomas model parameters under various condition

Cy/ v/ Z/ Qo

q./ by, / 9/

7

(mgeL™")  (mLemin™") cm mg (mgeg™)  (mLemin'emg™")  (mgeg™')
150 5.4 6.4 195 271 0.079 269 0.980 4
150 5.4 9.5 303 281 0. 059 274 0.955 1
150 5.4 12.7 429 298 0.052 304 0.998 7
100 5.4 9.5 203 271 0. 059 270 0.995 4
200 5.4 9.5 326 302 0. 054 312 0.978 5
150 3.0 9.5 344 319 0. 035 320 0.970 8
150 8.0 9.5 299 277 0. 086 273 0.953 5
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Tab.2 The calculated constants of BDST model for the adsorption of ciprofloxacin hydrochloride
(C, =150 mg*L™", Q@ =5.4 mLmin")

k,x10°/ Ny x107%/
C,1G, . o/ _1 b./ " 0 R
( min*cm ) min (Lemg "emin~") (mg+L™")
0.2 42. 86 135.28 6. 832 9.129 0.999 7
0.4 50. 04 103. 74 2. 606 10. 659 0.977 7
0.7 61.91 86. 86 -6.598 13.197 0.999 9
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Fixed Bed Column Study for Ciprofloxacin Hydrochloride Removal from
Solution Using Modified Grapefruit Peel

70U Weihua, FU Yanzhen, LIU Penglei, LIU Xiao, WAN Yibei

( School of Chemical Engineering and Engineering, Zhengzhou University, Zhengzhou 450001, China)

Abstract: In this study, the adsorption capacity of modified grapefruit peel to ciprofloxacin hydrochloride
( CIP) was investigated in the fixed-bed column technique. The effects of initial CIP concentration, flow rate,
and column height on the breakthrough characteristics of the adsorption system were studied. With the increase
of adsorption column height or decrease of initial concentration and flow rate, the breakthrough time were in—
creased. The Thomas model was applied to the experimental data to determine the characteristic parameters of
the column that were useful for process design. The R”of Thomas model was more than 0. 950 0 and the exper—
imental values g, , was similar to theoretical values ¢,.. It was indicated that Thomas model is suitable for de—
scribe the dynamic adsorption. The bed depth service time( BDST) model was applied to predict the break—
through time and saturated time under different conditions. The results showed that BDST model could predict
breakthrough time accurately and maximum error were less than 1.32% . The theoretical breakthrough curve
according to mass transfer model was accord with experimental breakthrough curve in the column process.

Key words: modified grapefruit peel; ciprofloxacin hydrochloride; column adsorption; Thomas model; BDST

model; mass transfer model
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The Morphology and Mechanical Properties of Poly( Lactic Acid)
Stereocomplex Crystal

LIU Yanping'*, WEI Hanghang'*, LI Qian'?

( 1. School of Mechanics&Engineering Science, Zhengzhou University, Zhengzhou 450001, China; 2. Micro-nano Moulding Tech—

nology National Center for International Joint Research, Zhengzhou 450001, China)

Abstract: The surface morphology and the difference in mechanical properties between crystalline region and
amorphous region of the stereocomplex crystal were studied in this paper. The same mass ratio of Poly( Ldactic
acid) ( PLLA) and poly( D-actic acid) ( PDLA) stereocomplex was prepared by solution blending. Differen—
tial Scanning Calorimeter, Polarizing Microscope, Atomic Force Microscope, Confocal Laser Scanning Micro—
scope and Nano Indentation Tester were used to list the surface morphology of PLA stereocomplex crystal and
the diversification of mechanical properties. The result showed that a high degree of stereo—acticity of PLLA/
PDLA blend could be achieved from the mass ratio of 1/1 for sample. The research also showed that obviously
depression phenomenon on the surface of crystal was formed due to the contraction of the molecular chain.

Furthermore, the hardness and modulus of crystalline region were improved compared to the amorphous re—
gion.

Key words: poly( lactic acid) ; stereocomplex crystal; surface morphology; mechanical properties

( b3 63 70) 5 TR B ,2009.
(12] F3&E, B IR, N2E i, 5. 50 R 3 1) & e oSk i
(11] ks, 3T k) SUR T BED Ak 10 T 0k 22 1) MR F R E5R [T N K222 3R ( T2
AT (D] B AR K PR R % 2018,39(3) : 22 -28.

Research on Process Planning Problems Based on General Particle
Swarm Optimization Model

WEN Xiaoyu, LUO Guofu, LI Hao, XIAO Yangiu, QIAO Dongping, LI Xiaoke

( Henan Key Laboratory of Intelligent Manufacturing of Mechanical Equipment,Zhengzhou University of Light Industry, Zheng—
zhou 450002, China)

Abstract: An Improved General Particle Swarm Optimization ( IGPSO) algorithm was proposed for process
planning problem based on the GPSO model and the characteristics of process planning problem. Crossover op—
erations were utilized to achieve the particles to obtain updated information from individual extreme library and
population extreme library. Variable Neighborhood Search algorithm was introduced as a local search strategy
for particles. A set of instances have been conducted to examine the proposed algorithm and the comparisons
among other algorithms appeared in current literature were also presented. The experimental results showed the
proposed algorithm had higher efficiency and better stability in solving process planning problems.

Key words: general particle swarm optimization; process planning; variable neighborhood search; combina—

tion optimization
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Tab.1 Short-circuit current U, and open-circuit

voltage I, under the condition G =1 000 W/m’

T/c U, IV 1A | 17¢ UV I /A
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Tab.2 Short-circuit current U, and open-circuit
voltage I under the condition 7' =25 °C
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Tab.3 MPP under different solar irradiance levels

when T =25 °C
G/ Pyl Uyl G/ Pyl U/
(Wem™?) kW V [[(Wem™) kW Y
0 0 0 800 5.00 269
200 0.16 32 1000 6.30 270
400 0.60 63 1200 3.10 105

600 1. 40 95

A LR 8 I IR BV Y L PR IE AT IR R
TEE , ek B 31 doe Kt 2 2R 25 B A O [ ot
(R ITHE R, 2 G =1 000 W/m? i 5 K i H 2
H Py IR BB AR, ' 5 0 A AL

4 ZiR

S T RE R C AR B Z1 (¥ T e s AR B HL O
BEAT 07 ELI3 M7, 43t DA R S50 il B2 AR P fEE , BB
6 G SR (R T e, O B P TS TR T 08K, L s LU
BTG O, 240G RS EE Ay O I, 2 v s AR 2% Tl
Widh o 05 o6 i it B2 R PP AR E L B 2 17 (R T



92 MK ¥ IR (T %R 2018 4

151, JTBE FE s I8 T Rk 20 , T 46 B L, 70 308 A 43 mental, programmable, maximum power point tracking
7)‘: )ﬁ !ﬂ‘ Xﬂ- 7‘16 ,fj( 7/% HH, %\ éﬁ lj(] tl% )ﬁ‘ , 7T<|J ﬂq test bed [C ] // Photovoltaic Specialists Conference,
PSCAD/EMTDC yx,f;.l‘@j T % %; EE gr i % /i E,(J Texas: IEEE,2000: 1699 —1702.

MPPT ?E%ijﬁ*%gg i 1§< *ﬁﬂ’fﬁﬁﬁ T MPPT fl}’ﬁ: ’ [4] GHAZANFTI J, FARSANGI M. Maximum power point

TAZ IR AR fid S Ik SR R IR A BRI 5 ik . . .
- s N . .. R ray [J]. Tranian journal of electrical & electronic engi—
U B 3 2. SLT R IR b e i e 20 o186 106.
ARUIIRAOICARI I BN AIBEL T (57 gy, ples 590 51055250 MPPT 1036 9L A1 95 4

tracking using sliding mode control for photovoltaic ar—

e ATBCRIE B 2 D ROR I S BT T R R WA g [T, W i BeR ,2006,40( 2) < 30 - 32.
B 55 o0 BT 7 AN [R5 B 6T 55 K D) 26 R 52 (61 ARG, ¥ &, X FBAL, . JUR R R G5 MPPT 5
Wiy, AT 2 T D6 AR A Fi B e £ O i e VA BT H A R ek (D], L B T R, 2007 ,41
s (5):3-5.
SE L (7] HRR A A, A B it TR B B (1]
[1] MAHDI A, TANG W, WU Q. Improvement of a KFH eI, 2001,22( 4) : 409 - 412.
MPPT algorithm for PV systems and its experimental (8] M, WA 7%, AR K HL B NG M 38 AT 5 i I
validation [ C ] //International Conference on Renew— WEFE [T]. R IT5¢,2011( 1) - 48 - 54.
able Energies & Power Quality. Granada, Spain: 9]  EKu, B KRR KR AR M]. Ik
EA4EPQ, 2010: 107 - 110. e A Tl H R, 2009.
2] VR FBER SO R R R e (], (0] F# ARG MPPT #ihlr ik 5t (D). e
M A2 (T 220K ,2016,37(2) < 25 - 28. AU AR RS RS L TR AR e, 2007.
[3] HOHM D P, ROPP M E. Comparative study of maxi— (1] RAB AR, 5KF, EIRE, 25, o3 B SO (R L MPPT
mum power point tracking algorithms using an experi— WFFLik ], ridEEiAR ,2014,38( 12) : 2440 - 2444,

PV Array MPPT Simulation Based on the Conductance Increment Method

LIANG Liang', ZHAN Zhimin*, DENG Xiaolei’, YE Lei*, CHEN Genyong'

(1. School of Electrical Engineering, Zhengzhou University, Zhengzhou 450001, China; 2. Hubei Central China Technology De—
velopment of Electric Power CO. LTD, Wuhan 430077, China; 3. Yuzhou Power Supply Company, Yuzhou 461670, China)

Abstract: This paper focused on the problem of MPPT control for PV arrays. Under the solar irradiance levels
from 0 to 1 200 W/m” and the ambient temperatures from O to 100 °C, the short circuit current and open cir—
cuit voltage of PV array have been measured using PSCAD/EMTDC software. And the result showed that in
the condition of constant temperature, the open circuit voltage and short circuit current increased with the in—
crease of illumination intensity; in the condition of constant light intensity, the open circuit voltage decreased
and the short—circuit current increased with the increase of temperature. The hysteresis loop was used to gener—
ate the control pulse. The MPPT control method based on conductance increment method has been improved
from the two aspects of tracking speed and accuracy. A simulation model of system was built to achieve MPPT
control. Finally, the experimental result showed that the maximum output power of the PV array increased with
the increase of illumination intensity.

Key words: PV array; conductance increment method; maximum power point tracking; simulation model;

data analysis
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Three Classification Forearm Movement Direction Information Decoding Based on EEG
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Abstract: This study aimed to study of forearm movement direction based on non-invasive brain machine inter—

face technology. An autonomic movement experimental paradigm and was desighed, the EEG( electroencepha—

lograph) signal of two stages of autonomous motion planning and execution was anaused. Method that com—

bines the WPD ( wavelet packet decomposition) and CSP ( common spatial patterns) was used to extract char—

acteristics. The SVM ( support vector machine) was further used to classify multidimensional characteristics.

Experiment on subjects withess the average 80% accuracy of three classifications ( left, right and static) . The

results showed that the combined method could effectively resolve direction information of EEG.

Key words: EEG; Forearm; movement direction; WPD; CSP; SVM
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