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OPTIMIZATION DESIGN STUDY OF PIEZOELECTRIC BI-
DIRECTIONAL FUNCTIONALLY GRADED PLATES BASED
ON ISOGEOMETRIC ANALYSIS AND MOTH FLAME

ALGORITHM

ABSTRACT

Isogeometric analysis (IGA) is based on the concept of the equipotential
unit of finite elements, utilizing the spline basis functions from CAD to
directly represent the geometric model as shape functions. This approach
enables the seamless integration of CAD and CAE. In comparison to the
traditional finite element method, IGA offers several advantages, including
high geometric accuracy, superior computational precision, better higher-
order continuity, enhanced robustness, and the elimination of the need for
traditional meshing. In comparison to traditional gradient-based
optimization algorithms, the moth flame optimization algorithm simplifies
the process by removing the need for complex sensitivity derivations. Its
structure 1s straightforward, easy to integrate, and less reliant on initial values.
This paper investigates the mechanical behavior of a piezoelectric bi-
directional functionally graded plate using isogeometric analysis and the
moth flame optimization algorithm. The main contributions are as follows:

(1) The improved moth flame optimization algorithm is developed

based on a scale-free network mechanism and an adaptive weighting strategy,
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significantly enhancing the algorithm's ability to explore and exploit large-
scale global optimization problems. Additionally, the algorithm is extended
to a multi-objective optimization version using the non-dominated sorting
method and reference point strategy. The effectiveness and practicality of the
algorithm are verified through standard test functions and engineering
examples.

(2) An isogeometric material optimization model for piezoelectric bi-
directional functionally graded plates is developed using the third-order
shear deformation theory and an improved single-objective moth flame
optimization algorithm. Two-dimensional B-spline basis functions are
employed to represent the distribution of ceramic volume fractions, with the
volume fractions and applied voltages at control points along the plate set as
design variables. Optimizing material configurations in piezoelectric bi-
directional functionally graded plates provides enhanced design flexibility,
relevant numerical examples demonstrate the effectiveness and distinct
advantages of the proposed optimization framework.

(3) An isogeometric analytical model for a four-variable piezoelectric
bi-directional functionally graded plate is developed using the quasi-three-
dimensional shear deformation theory to analyze its free vibration and
bending behavior. The quasi-3D plate theory accounts for shear deformation
and thickness stretching effects, eliminates the need for shear correction
factors, and involves only four unknown quantities. The higher-order

v
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continuity of nonuniform rational B-spline curves (NURBS) meets the C1
continuity requirement of the quasi-3D theory. The effects of plate size,
material distribution, voltage, and various loads on the mechanical properties
of piezoelectric bi-directional functionally graded plates are discussed in
detail.

(4) An isogeometric shape control optimization model for piezoelectric
bi-directional functionally graded plates is developed based on the quasi-3D
shear deformation theory and the improved multi-objective moth flame
optimization algorithm. In the optimization design problem, the material
layout of the piezoelectric bi-directional functionally graded plate, as well as
the control voltage and thickness of the piezoelectric layer, are
simultaneously optimized under the conditions of minimum static shape
error and maximum first-order intrinsic frequency. The effectiveness and
applicability of the improved multi-objective moth flame optimization
algorithm are verified through various numerical examples of square, skew,

and complex-shaped piezoelectric bi-directional functionally graded plates.

Keywords: Piezoelectric bi-directional functionally graded plate;
isogeometric analysis; moth flame algorithm; shape optimization; material

distribution optimization



TR R A 185

Hax

B LB BB e 1
11 BFFERT TG Y e 1
1.2 FE T8 LA 23 BT (0 R B S R FERE R oo, 2
1.2.1 FEEIHEEREEEBAEIE oo 2

1.2.2 2 JUAT 3 B BEAB I T oo 2

1.2.3 FET U BT IR GEFIBLF ovvoiee s 3

1.2.4 BT UM 3 BT H ARG AL oo 4

1.3 KERKIETE AT FEHERE oo 5
1.3.1 BB TEIE oo 6

1.3.2 KERKIETLIE (oo 6

1.3.3 JRHAREERRALIIT FEERE oo 8

1.4 A SCHFTEHIETEIZR oo 8
28 ETRETARE MR RIS 10
2.1 KERKIEFVERIFEATE IR e 10
2.2 BUETTIE oot s 10
2.2.1 JRATEFRIERILE: oo 11

2.2.2 BRI I T oo 12

2.3 MFESZIR oo 13
2.3.1 E4EE CEC2010 FEAERR AT .ocooos 13

232 m4EE CEC2013 FAERREIR ..o 17

233 BLHBMEAL TREEB] oo 19

2.4 BHERIZ FAR IR KIETIE (oo 27
P ALE B 1 i OO UN 27

2.4.2 BEHLHT oo 28

2.4.3 FEIEA VIR TT oo 29

2.4.4 2 HARMBAL TREEB oo 33

2.5 AREE/INGE oo 37
3 R HBUA T BERE FEARA ML BT 38



TR R A 185

3.0 TR EBUAI DI HEBE IR cvovveeveeceeeceeeee e 38
3.2 ZEBIUIAETEEEAE oo 39
3.3 S JUAT T EIFE AR T oo 42
3.4 T TSDT B IGA BB TTFE cooveeeeeeeece et 44
3.5 AALTETE HFR cooeoeceeeeeeeee e 45
3.6 WSESHEITERE TT oo 46
3.6.1 JEHL 2D-FGP {1 ARSI HT oo 46
3.6.2 &L FGP HIZHI 7 HT oo 48
3.7 BTN oot 50
3.7.0 FTTEIEH 2D-FGP...ooooiiiieeereie e 50
3.7.2 BHEJEHL 2D-FGP ..ot 53
3.7.3 KEETEIEHL 2D-FGP ..o 56
3.8 AREE/INGG oo 60
54 T ST E = ARV IR N D REAR BERREE 15 T e, 61
4.1 YESZHERIETE oo 61
4.2 T quasi-3D B IGA FEHITTHE (oo, 62
4.3 BB TN oo 66
4.3.1 PAEWCELPEIRAE covocvvcvveeece e 66
432 FHIRBNIZIE oo 68
433 BHHIRAIE oo 70
434 FHTRFIIIHT oo 70
435 BT IIIHT oo 75
B4 TRFEIINGE (oo 79
55 5w AR R He R D RERE BEBR TEARFEFIRAL oo 80
ST I A7 7 = OO 80
5.2 BABEIE] oo HiRIRE NP,
5.2.1 A JEFETFLIEHL 2D-FGP oo BiRIRE NP
5.2.2 AFJEFERIEE L 2D-FGP....oovviiccesieseee e 84
52.3 ARJEFEE FIEARE HL 2D-FGP ..o 86
5.3 ARFL/INGE oo 89



TR R A 185

H 6T ZEIR G e 90
6.1 BETL oo 90
6.2 TEEBHT L oo 91
6.3 AEIGIEEE Lo 91

BEZETLRR wovvoeveveeeee et 93

B AF 0 AR BT BRSO AR oo 108

BB oo 109



TR R A 185

F1E 4P
11 AREE5EX

i B D e FE AR S S Y (B S A A, E AT T R T AR,
MLAE AR, g BN e WA TRR . 76 T 17 %2 e FL D e i FEAR Y 25 W 1 T
TR, WM R RN RN R H IR RS GE R R
TR, Wit TR R AR AR U IEL . 1A St Bt
RLBCERERY . 8 S H BT OB SR AR U RS SR BSRITARE 1
HEGHUE I E T, R R, NIEE. REESARAL T, RAANLER
PACEE, SO 45 M E 45 58 BTN I s R A BT, DASRASERAR I 7 5 M e A
EERIRRE . 5 B TR E T BB FEARCRE L, L) s R I B FEE AR FE AN T T b S
MOEHEREROBEBE 23 AT, REfE S @ RO BN Ty, AR R R B, BRI 4
AR E S Ty kR, JCHIE T 28 L0 P LR FR K. J1% 0
FELE BT A, T BUE TR 5 IR TR AN 22 AR A BRI 5 A R i L
H2Z—. HAIRYICEIEATET TR 0] B, 25 5y 18 B A% [ JRE Tl 1 e Wi A% 45
LG JC R IRV A B v 05 5 e R S Sk AR, E R T 45— s
FRAAM YN, MDY Ul R BAGTE P . ik, 38 Hughes 2037 2
7 U T (Isogeometric Analysis, IGA) 61, IGA EA JUMTKSHI . K5 &
TS . BARTELE . BRI R A AR AR ST

G S TTVE— R B TR AR, Wbk BE R Beik, ARtk
FOFEHOBE FEVESE . XRENESCH IR, SRS AR, (BN QBT
HHRBENHESERTENT . SHEEEM, ENBER R LR Rk
KIAFE (Moth flame optimization, MFO) BIEA UL FILH: OXFHMFEEE,
A ROBTT T 2R AN RBUERME B S . OMYEIE N s BOY B RAGHH R 5
R RER AL S, ARG R AIAAE ORI OFEL M E e, 5 T5%
A o AR SO JUARI A3 BT AR AR T 5 40 A i) R, DL Rk @ AR A A 7
V2, W I HORU ) Dy B BE AR R IR AR RL 2 A R AL o



TR R A 185

1.2 ETF/LAS R ERRGAM TR

1.2.1 ErRIhREH ERLIA

TENE ARSI, SIREBEE ARl (Functionally Graded Material, FGM)
OVRINE o e ) i R 25 R R oK 28 R Z LR # 47 iel Bf $2 ) . FGML 2 —
MURFER IS G APRE, 32 SRR RURAEAOR A S 2E 23 14 T (P A8 4T o XA ik
THEAE LRI 2V B4 LTI I . 5 R SR LG, FGM MU
TSRS AL SRR, I BRI IR R R Ry LU R A, SRAF AR GEA R TE
B E AR, fER AR, TREIMARYE e bR i Rie R B A g RE =
SR Z R R, ERA GRS TS, AR R R IR RE,
G T A GobRE b DR B S TR e R, T R R ) A s M R I
H R

JE HAP R —Fh et (R REATRE . IXSbPRL BT H s, RIFE A2 1R
TP AERAZE QERHEAN), BEETERAIER TP AU ) CGER B .
BT AR R R Ve RE, EAE & R TR RGP R T 2N,
BN, BEe RGP R S HATHA . IRSIDH] SRR ER, AR ST AR
RN T 0219, FE SRR F o, He HOPDIREIE 4R U 7 SRR 25 1 1 BN SR
TERME R BIR BN R E . I X BETE, FT LA s 2 IR BN A AS . SR,
XFNERAATE — L B R IR . ok e o R (0 5 A Tl 2 s ST I, R E
X el g 7= A e E Y R B s TIE iR BUR IR A T, R L R A 2 (R T e 22
ML, HE SRR BRI, X8 ) ] fE 2> 55U R RELE A 10 18 F 77
AR, JFRARICATEENE. ik, WRRN AR T R DR EE A KL (Functionally
Graded Piezoelectric Material, PFGMs) U6, %207 CEEEEHEAMED FIPELREH:
FE—NJ7 B A7 ) b RESEME AR AN . IXFP AR (0 ffe 34 75 T L 4 B A M B 1
FRESARA, AR RS RS SRR B S, AT
CE A AN TR vt L BV Ve AN A E- S 2% S 2 i) £

I
1.2.2 FJLASHIEIL AR



TR R A 185

FETAVATIER, THENUAHBI LT (Computer Aided Design, CAD) Flit S ML 4H 1)
T (Computer Aided Engineering, CAE)& /I £ J¢ B E (AR . Tk i+l
i#IE CAD THRAIEWIE BT, He 4 X B B 3 g 1 A AT A BR 76 4y
B LRI R RAS, SR IE R I SN BIE R C i fbh, DAEAT G iR
LRGS0 B . XA FE A A R B 2%, TR A B KA B 2k I T
PRI, B BR BN — AN EE B T CAD Al CAE T84 31—
G—MIMEZE, Hughes 542 T L[ 7341 (Isogeometric analysis, IGA) [HIA%E:,
20 AR A ] NURBS (Non-Uniform Rational B-Splines) 3 b B 4%
VERIE SR BCEAT 2500 0, AT SEIR BT 5 0 W Z [ (M e eide 4 . AR TR 4
AT, IR BRAVEZS, BInaes REF LM RBAY M moks B SEBl
TGRS, FRAE AR 4H 4 1 R AR SR AR B A 1 S BRI

NURBS ¥ 5% A H 5 e £ Ve AN 7E 50 0l S AL DR RO T BLAE MR, fEAE
FH R AR 3 I AR A T W SR BN S E AN EE ¥ 1) 8. Hughes 2507 H,
TR e AR 02 7% LR oy s R D B SR i —, FESR P R B,
DAY SRR R AR . Wang U H T — AT NURBS 192 LT 5
P SOE AT, I8 I B B 5 R s S i B AT S AR, AT SR T B
NURBS #& il st i S5 AR P 2R R 22, 3 48 1 WG St 3 A At 1 A ik
A. Karatarakis S5 H T —Fh GPU I v 556 LT 20 M NI BERE R 1 575 Yu 45
ROMR T — i T U E R I A 5 LT 7k, VAR S 78 70 R R i Ak
(98 7, R ORAE SR AR TURT TR RS 1, /R R 8. REPIRA T 3R
B 5 A 7 S R B v BOR FE
1.2.3 EFZFLA ORGSR A

A [R] AR 25 4 R FH 3 FE 45 M R A (R AR 7 B N DA 2B o A 56 200 R AR
i, HYeiRH 7T Kirchoff-Love ik 4 LA B 22) (Classical plate theory,
CPT). T 2m TR BIUIAS A, IR AOE T AR i 5 ) 4 HT - Reissner!>3 11
Mindlin®*452 {1 5 BT 28 ) — BT )AL TR 3L (First-order shear deformation
theory, FSDT). fE FSDT &Ik, T RH 7 #RET AL EA B, 153
(B U) R AR 3 A FANUERf,  BIGVE R ARG TG A2 5] i i 5k Rk,
FEEE I 5| ABIYMEIER T (Shear Correction Factors, SCF) &S IEASELSE I 8T 1)

3



TR R A 185

LAZRe 43 o SCF WMELEVF 2 nl J b AH 4 70 8, vl Re e DL E . AT il
FSDT MR MR, #FATHRE T 2 M & 87 1) 2 7% 21121261 (Higher-order shear
deformation theory, HSDT), A iEA 2T K@, 40 = 85 )42 2 iR
27281 (TSDT). =1 BY V)3 182300 $5 40 8T V) 31805152 (ESDT) Ak
AR ELIR 334 (RPT) %

FEMRGE IR T, BT NURBS 58 R 308 A (1 m e 2k, Bes il e i e 3
WA SR BCE SRR . Yu U T —MET IGA K—M BT HE,
T DIRERB AR B J LT AR A T i o BEAL IGA T5ik&s S EOR, N H T 584
BHEENLIE R D ERE BEAR B PR320 Hr0). Huang SFPHRH 1 —FhEE LR TC A% T
PRI E R E GBI TR, BERRR TP AR, s TSR E S
KEPE. Guo ZEUSHRH [ HIHI BT U Bl E AR D Re 4y AR o T AL, 455 1 =B
BIYRE S 1GA J7i%. Yin ST S 8 PR L B8 5 IGA X XA T RERH
WA 3N 5 JE B 1 BEEAT 7 M. Lieu Z5HOEF =R BY DI AR B8 5 25 TL R B
IIAT T B N ThRERR EEAR 1) /I # 4T . Nguyen SEHIIET IGA Ik = 4EHR
AR R 2T L FGM BUEAT B R34, TRARBTI 1 B R AR . BORJE L
AL T SFAE R AR AT A BRI FEN o

FESSH LA TT T, NURBS AJ BLSEI i 250 JU AR 428 ) A3 38 5 . FuBeder
G T AN EE TS TUA 0 SR LA AR AE 2, LR AT AR RS AN
FEHIARIET B FE4Ek NURBS B EUfL. Wall Z5430K NURBS B BRI T ff vk —
YL AL M R B LA IR R . Tsiptsis S5 T-48 LA 73 B o) 7K 52 2 BRI 7K1 3
FIMTHAMHE LB AT RSF L TR AL o NortoftShKE 25 LA IR A 4k B T3 44 /)
¥, KA B FERAE N SN A AL, SEE T LR 5 A TR R
Gi—, RIS T S3JUTHRSERR SR FEIERL. Weeger SFHR A% )1
RS . B IR, JEZME =42 MR
1.2.4 ETF AR EBRSHENA

S LA 43 A R0 RS B K TUARTF R e 70 5 i P SRt I 3, I AP oRAE IR HLAR
GERE AT DT TR T I H AR B S PV 0o BT s FARC ) 2 SR8 S AR Gt i) AL
W F BT R RS IGA 55l 1 B HE S, RGIRME T 501 IRtk AE L
MZHA . YRR Lt ARSI RR. BfEmE, HIkeasm

4



TR R A 185

RPN =AY (R R, B SR R BB S T R I8
il N HLARS SN A AL FESh 1 5A U, KFE NURBS 2 s £ =B ot
TVEA RSETE 7 IR S T BT SRR Mo T AN E PR AL R, T
WA R T 555 R 2 INANERINE T IGA I ARG M. XEEnTFuetfE
SEIRIAE 7 NI E PR 0 M BURE AL . Itk b 2 HE LR AT 9. NS AT 2
BT 12 TOUR AR 28, 9 RE AR S R I BETT SR IR T R G EUE
LA,

Phung-Van 55171455 IGA A SCBY U AL T B 0 8 R T FL D BEh FEE AT RLARGE
ITARLRMEBRS Mo XSRS PR 7 — b T DU AR & — [ 8T U) A 2R 1 25 LA
ot (IGAD TRk ARGt st 13RS R IR 45 T Fl D RERE FEAR B 5 25 il S 3R
SR R, PRI AT T F D RERR BERRAE AR B AR 2R 22 AT O, R EOR
UL 50 Ar O HAE - AU T AR A A R AT AR ZR MR S B 20 . Hasim 55
POy IS R G 2 T il NURBS e J LTS 3h A2 B AL S, 72T H)Z
JEEEW I LBl T INEERIG - SRS R, A NURBS 2 b
BB R 1 B R E, B IR LEIGAE 1R AR S i
AT, DGR B AU SHL RS2 5, K5 [F— NURBS
SHAE R Y 2 B H/32 8RS LR R 5, —H ILEER T IZERAE A
PR BURTE . R TH A B S A 7 T A& PR R, TR T NER S RIS 4
TR BERARAE T AREECIRM T — Mk T 5205 DRI 5 T LA REN LA BR 7T
%, MTEAE BRI IRS) 2 A E L. EiZ057ET, @i IGA IR1GH
A RFIEAE 1A AR o] A A0

1.3 kBB ER IR ER

fegith AR SFRIE M T H e s BT R PE (D 8, wIBtE) AN
AU S5 R Camt k), FERW B . 2k B FE 1o j R LA 7, {5
X ARZENE . 2 2R B 4R L K R 2 7 s N ORI - i R e e A Sk I i A
MERFRBALRIT N A ENLUR B B AU, BB X bR o8 ZUid A
PERR B, SRRV R 5 BENALS], B EsmnieRE RS, BER
A I 2 ) o 3 P el B LA



TR R A 185

131 S EE

PR, FRERAL I — B AR TR — R UL, B ATAT LLKEL
SRZH BB R, ETYESER AR R, ERTAYRREET,
AR FIEBR — P Tk R SO A SR BRI e a R U SRR, T DU A A A
(AL FE R IR AT i) R B AR . A2 ISR B AT AR &, SO 2 —
ol FH A 52 2% B A 1) R P R SR AR R R D7V o N W SRV O — g0
W 8B AT NI R T . BT REILAL (Particle swarm optimization,. PSO) 7]
Fe— PR T AR 2K B B BHA R AR B . m K UEVEDYR Yang BT K
(G B I PR B R AL S . FERE T B BlAL 2 S5, Kirkpatrick 55
TERFSE T & JER K R 5 2 G R0 ) RE AL f5, $RH T — PR K B,
BT NEIEEZ B NRBAE AT AME K. Hd, SCREOOE 0 Ntk
2 D5 AL IS FE AL S Bk . [FIRE, AR EIESN . H R EES A
BRI, Wi AR BRI R R A ORI SO A A
FERRALSVEIT, g SO0 il 3 SR dR R . XSS AR AL AL
BOE DU BB R R, ReRSTE A I B I SE TS R I AT T T R R
FUASE, AT BE v 8 A A ) 70,
1.3.2 X AIEEE

RIBKIE TR R SR> . T SR SRR SR B AR R S, fEAR
2 SEBRi) TRRAL I B s an S TR . XURE . PID &bl HIEE . UG AR T
Hlas2: R B AR e tEfe. B 1-1 441 T MFO £ Web of Science i LR
WICKERE, TLLEH, MFO H 2018 4 LISRFFE: AR 7t H sk

N E IR RRAIERE, TR, FEATY MFO RFEANLHIZEAT 1 2 Wik
. Kaur S5 51 NTFG 50 A0 s B 58 TR R RE DT, IR Stk @R sE T
F 7 MFO B A PERE. Xu S5 S s . Wl a8 A Lévy 48 %51 X MFO &
2, BRH T — RIUHI MFO A4k, EERTH T MFO £ 8 BTSSR ZE A
FRAEST. EEPERRTEBUR AT R RIAa 1L, i 4R350 >0 A iR Bt KA B
PRTPEVEA R AR, FERIN S UARE R R B, DR S ) R
HREE ). Xu STE MFO N T SO SIHLHL S m i AR S, g —5 ik
THEIEMERE. JEAh, Li FPUE SRR TSI Lévy KAT 5B 4EPPG5ens, LY

6



TR R A 185

SRA AR AE ST WAEEZFEPEM R, A TSI T 2 R R iz il 1
EPEBCENLEITO, BExF MFO HEAE R TR — PR R, F 2t Fude il 1 oot
J7 % . Sharmal”7R I 9% By SR 26 5 At iR e 2k, DASE o oz 3h (1 2 FE
Taher!$ 1 5] A\ R e R AL A L B B #2 . BEAh, SinghHRH T —FiR &
RN, SRR ELA R, DS FIEAE AR BB LN R VR
REEOHAT A E 7 MFO Sk IR S, e 1 HOE N PERI LR . BR Tk
AT, MFO BIEE7E e 4 in) @REOVRD — i3k 1) 4 6 B VS S A5 21 T 3 — D I
ANRLH o

250

200

150

100 [

bl 0t 5 RE

so— M UL (SN NN N N o

0= T T T T T T -1
2024 2023 2022 2021 2020 2019 2018

REEE

K 1-1 Web of Science =T MFO F @it X K E i

%2 H AL MR ok R 2 TRE BN B B2, g RN 17 2 S R
b, ARFERMEZ R TT S . Savsani S5 T4 55 PR B9V AR S ST
HEFPAIR I T BRI 2 B bR iR U AR SRS Wk KB 55 o Sapre SEPHR S 17—
P FRAUN L 12 H AR IR JOE SR, Horh ki o7 B ARYE & — Ak Z Tl
JEA 55 S BEAT BB . Zhang SEME R SCECHEF ik AN 2 His Wk B, A
ROk T v A 1) v PRI 2R R AR 2 1) e DARE B ST 5 BRI 56 2 i 2 i) e
HAr, 2 At esis SR T 52br TRAEDUAL i . Taher 91 32} 1 —Fihk
BER) 2 H s KBRS, A R0R O T S ). Wang SEPOMEH] 2 B AR 2
HIC MFO R AR AZ M 2% F g2 3 i KA RUREAR . Khan 55087 4545 2 H AR IR FE 5
55 4 R JR AR AL, R T IR A N BEATL IR X 2 5 A7 A 1R ) A
MR R . Alazab 250%° ¥ MFO FI/EER SR, 46 RN SEIL,
NI R Ge A i RS AE T4, T e 17 0 6k e



TR R A 185

1.3.3 ERIRGHMACHATER

LA R LT AL 5 7 I AL S A, RS HTRL, fedalol
HUBE AN R TRECHE QU & Z N o G5 AL B 2l et s v bt
BHOSNE S A, i s AL BEATR/NARSE R SE R M PERE, M0k 2D b
S AR EE AR S NI R B 8, 10146 e AR AR BEAT R
LRI R, AR IR AR,

B BEDIE A SR S AT 46 e AR 7S PR A i P K L T AR 5 A I A Y To 8 8 A
SHE T TZ I FEE . Nguyen 58 NP5 T —Fiogril AL L, H il ok
A 3 5 L EEh A HR BE R A A A 5 A A R TR i 1) . X 50T Ay
SHAE I il 5 AL FLE T R LA IS AR S A ¥h 41 . RSl AT R R Az 24, seal 1

==N

25 G A IR TCIE(FEM) T J& 1 D e bl BE AU UG Fr B TR B 0 F 98 . SCIR® 290k —
N O R AR B B T R A RSO R AR AL B T 4535 . Kang H1BAI01G)
TV b oKE s P RS B O 22 A X 5k, @ A0 TG A T Y M R A Y EEL R
JEFF A AGAT A VT, A7 T T RE I F R T I S TR AR B 2K
VESEUONEL T = [y BY U] AR T8 A0 f 7 7 —Mh s R T RR AR BE AR 0 25 AT 9 K A L AR
SRR, FER/NERAS TR IR ZE AR R — B A SR M4 T, R T
Ty REMH FER AR = N U (42 il S o Zhang 55102 H B 89 ) BR80T 71
19 HE FUS e A Th BB FE S A AR SR AT TR I A4, R FH 8% SR AR AL FR B s 28
S, FRER T MR AT S S S HOS ORI . 22550915 T Hamilton
JRBEA Rayleigh-Ritz 54T T FGPM iz 3 77 #E, R # S i5ids il 77 %487
T REA BE i F AR A4 BEBR BE AT . ARAR 70 B % A B R A5 S 400 £ B R B)
PRI SR . SRTAT, DL b DG T e B D B R BERR (M F 7T AR R T AR
JEBEJ5 A (R SR —BR P oA, TIAE TR SRR, 8 75 SRR I i — 4 Bl 2 1 B
B Ao Nk, ARSCEEF AR LA A0 A AN e AR AR B, S N 0 P H T R AR
IEIIRCEYREA LR

N

1.4 AXHARHWEEAR

IGA H 2K H CAD R4+ ) NURBS 15N 122 T B B B3 s 8. X Fh vk
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MR SARBUAE PN T : 25—, U 5 SRR A R e i, B & %
G IRTIR R A A RS, BRI TSGR %, NURBS [FEBiES:
PER] DURS B iR B Ak gl T 7, e 7SR EUNE R B U E R E &, IR
WEE L, MFO J& T MR Rk AR, JLRRE R . WSO P,
R ) BRARAENR i ASCHETTLL IGA TE AR, 456 R KA SEE RS T B X ]
THRERE BERR AR AR T TT,  H R BTN

(1) FETFTobn BE I 8 ML AN B 38 NS SRS T K 1 B0t 1 R O 0%
T ARSI AN S5 fU kg, RS RN 2 B b AR

(2) T =Fref P12 B AN Wk O SR, S7 s 0L ) e R EE AR Y
S LA R A . 3 A S S RAIE B A R

(3) FETHE=JEBTPIAIL I,  E 7 VU AR 8 X I D) BEAR AR AR 45 J L AT
SRR, b s F A SRR FEAR B B E RS AN ES il R, AR A BRI K
SH BRRGE S BB s DURAS [ i 805 0 s P XL ] B RE AR BE AR 77 2 1 g
U5 o

(4) T =4I ER M S 1 2 B AR Wk O 5%, 57 T F X
[ D e FEAR A 5 J LT AL IR I AR AR, I 5 A Rk IO B0 A At A Ak 7
RHEAT TR R

i EIRW ST, AT A ORBOR R Ze A 1-2 o

* BMERIBE v
o ) <> [HRAEERESWRE LA HTREL
B IR B RAL B YT & ‘

r———i———7 L R
BB R MR 5T 23T

' |
' [
|
Fhwim eoaseml | w0
e RERE | | B T T e — |
| RMEERE | B — — |
EREHRE | |

B |
_ N i3 '
% Bir LRGSR ) | EFTSDTHY FTFquasi-3D
_________ 2 I <t ) L4°] 73+ % WEIIR G
| # I m m
th I
|

|

EXEHFE  SHERRR

B 1-2 HiREKL
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28 ETRGTIREMEZE VBT A
RFYR T R TR A TORRIE R IE SRR Tk, LU TR B
T YR AR AR AR . %S R T TR 4D R Db, B3
W3R T RILAL S, SEICAEA ORI AREE DR R k. SbAb, L SR
R T LA 30 A SR, L0 T 03 5 0 25 1 5
A

2.1 KECA BRI E KR

IR KA (MFO) 5% 1 H RS RIS ) 2 2 S AL . QAR R [a]
WATEE, BUmARM A SOAZ Y, i T OR O ATOE, WRET AR S S
LRI A LRI E AT T Mo 2 RkBaE JOant, B 5 KGR —2 M T,
Kl 2-1 Prox. BT RIS KA B EE B AR AR, R 27 i — 2R AR
FRE RAT B . e T —ATHFAE, MFO SFEIHLHI & a0 T -

M, = D,e" cos(27t) + F, (2-1)
A, My25 i WRIALE, FA2% 7 DM RENAE. 5 A URSEE R TR
PTHERS § AN KIE Ko TR b g SUANBURIRTEAR, 142 0 3 1 Z A FEHLE
D, %o M, B F ERES, HARARWT:

Dij =] Fj -M; | (2-2)

B 2-1 AGRUDGIRHERE AT B/ AR

2.2 WiHFE

MFO KB fay f, Sl PR R o B SERS 1, B 2 A — il
10
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MR EE, G TR U sebr i) . (R, REIZ R0 R T SR 4
At (Large-scale global optimization, LSGO) [l @i, TEF2HERE /177 1H Al G4
BE| A, XA RS SO URIEN RS RIRES, SRSOEERRE, I
VBRI T . ik, XA B SR AL AR R S i, AR R R
BE -
221 BRETIEMLE

FEMFOMLIF, A G YE E— A& CRIaRsERE) R E S
B FA A —ANTUE UM T, IFIRIE AR KA s BE AT R, DA
BEHRAT IR SR, Il — 30— R LS ATL A 050 45 1 42 AR I R B 2 1) i
IR eI AT X RN RVENLEIAR > AR LRI L TR B K B RIS
AL, AT T EE T IORR AN 5 S IR SO L A T I B
Fro 5 B AR 23 8] HR oA B2 W0 25 1R P 4k AHSGHG, B R, ook o

argmindis(M),) ={M), | vMI :dis(M],,) <dis(M’)} (2-4)

o, dis(MJ) s M AT Fy 2 1 H L A3

MALFE MR 5 T FCAE S04 0 24 o B AT 4 BRI RE MY eh RIS MY,
AN LR F R e 307 AT, W h R

o fit (M)

s (2-5)

Z o fit(M])
i=1

A, nsOURMEEEHL ENZRREL fit(M) KRR

P(M) =

max {y(M)} - y(M;)
max { y(M)} —min{y(M)}

FHOCHIBLEI AN ] 2-2 B, AR BN xiOx2 F1,  BARZE AN y e iz
[ EL RN EAMEE N E T RN R R ATRUEH, B Flame#l fif ) Gk
5& Moth#1, B IR R B TCAR LM 25 Moth#1 BT $R)E . R )5 18
Ee AR R, ARIE 2-5 135 Moth& 1.

RS BB AL RO W) _ LR, E & DA SRR AL (2-1) oy,

fit(M,) = (2-6)

&P

11
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M, = @D, e" cos(2rt) + F; (2-7)
_ t
Di,nest =| I:j _MJ | Fi ;éMj’ @=¢ Q(l_T J (2'8)
N dim
> S 0m,-w)
i=1

(2-9)

e= dim
N\/;(ubj—lbj)z
X, dim FoRUARRENEE. 58 j AYEEF, M 25 @ A RERIE, 1
M, R IR AE. RAEK (2-8), fEF MM, AT F L E R,
Wik ML e R RIRYE. R, RARAT OV RN
M;; =rand()x(ub; —Ib;) +1b;, if data<0.3 (2-10)

BeAh, Oy 7t bR R KR RIRR R RE ST, B IIN T — E BN AL
M, IRz RAR M A A R E /N T 0.1 FIBERLEL

Y KL K2 X1
2-2 St R s B R =
222 KUHEEHE 2 E i

FT FaRAUH], Sodk i Rk kOB 5E (Improved Moth Flame Algorithm, IMFO)
M T PRZR AR SRR B ST e e O FE X 2% [ B AL o] DA RO 7E K el
SRAT Y BT A O AR 7 36 A T4 )N, I R S R s i SR A AL DU
THRBER RN, IR E R Sk R A

12
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AL BT R B R VAL AR A RE I B AR bR, 2 A s AT I Al Y
KPR ZE . IMFO WA T2 % B 32 EH e T i ROE AR S (M)« RURE
(ns)v ZEE (dim) WG HEF . OAREEFRFLH] L B WA E S R R AR
Pl IMFO HTHE 28 B RoR -

(IMFO) = O(#J#54k) + O (PRI HF ) + O(Joh B 4 ML)

+O(Z A E) + O (2 ML) =
=0(nsxdim)+O(M,, xns*)+O(M
=0(M,, (ns® +ns x dim))

(2-11)

iter iter an)+o(Miter xnsxdim)+O(Miter an)

iter

2.3 HESE

A5 H CEC'2010 F1 CEC'2013 Z 41 ki £ 1 KA M SE 04T 1 15 Sk
BeAb, BRI DA KRB TREARAL I B AT MK A T VRS BT SR R, K
5 MFO. R4 R Rik5y%k (CMFO) ROSIFIIL T Léyy ®ATH) K5y (LMFO)
071 R FREREYE (PSO) RO 2ok by (DEY DO ZRAMRfib#: (GWO)
MOVEI ST ARAR AL % (AOA) BYUIGHAT T LA . AT SR Z M AP, fER—
8 S AT BEEAT TR . MATLAB #(44E/E Windows 7 R48 LA, %A%
FLAIBAT AR N 3.2 GHz ISERE /R B AL 2% . AOE A TS (maxFES)
PRS2 50 B B 3X10° A1 500 AFFh B AR MU o 25 B A7 AL 30 IR
PAE FIbR A 22 S50 G 80 F Tl X S A vk i ke o B4, IETIN T
fE 1 Wilcoxon FF 5 kA5, AT AEREASA BRAUIE L B PR PIA LRI 5. AH
RIRFS “+7, “7 M “~7 BRIFRPHRENVEN T & TS T HAR . b,
“gm” FKoR 47 FCL” R ZE(E .

2.3.1 S4EE CEC2010 Hoff iR #umiz

7E CEC2010 H1, 7E 20 4™ 1000 419k %0 IMFO VA% T LR A&NE, B
J&7~ IMFO 7£ LSGO Il fl_F Rt Re . ERHT T 30 RMALIZAT 5, LARKSIE G H
TSR s R, AFEME. 7 E. ¢ HA Wilcoxon FFE K. B 2-3 AT
IMFO H1H At 5325 B WA St 26

M 2-1 AT LA, 5 HAB-ER SR, IMFO £ —2FLL B/ CEC2010 B
B PRI REICR . W THE (R FI-F3), Guil g R R AR
LR T DE. PSO. GWO. AOA Fl MFO. Xf T2 2% G/ ml 43 5 ok 5L

13
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F4-F18), IMFO 7ER%{ F4. F5. F7. F8. F9. F12. F13. F14 fIF18 L3kf4 T Ik
HoAh PL R SRE T AE R - XT3 F6. F10. F11. F15. F16 f1 F17, IMFO
45 1AL T PSO. GWO. AOA. MFO fil CMFO. # 2-1 &R, IMFO N—3Ll E
(IR 20 1T 20 B8 SR B L T I . W 2-3 BoR, BETEGIF KA,
IMFO HAFFERIRSUNRE /7, WSl 2 AR T HAb 777 X T8 =28 CAn] 4
B4 F19-F20), IMFO f£B# F20 LRI T HoAh 5002

This paper

—E— AOA —&r— LMFO
—O—E MFO
—— PS50 —F—CMFO
—— GWO —— This paper

—o—n
- e X
N & (‘Wl)

—8—A0A —&A—LMFO
MFO
CMFO

S—G—d—da a4
d—<—«

0 1 2 3

FEs w' FEs o FEs 0
(a) F1
10"t —B—AOA —A— LMFO
* DE MFO
—g—rs0 CMFO
'S - —O— GWO “This paper

= 14
=

"

flz)

—E5— 04 —&— LMFO
MFO

—<—Ps0 :2: CMFO
W, —E&— GWO This paper

FEs xiot

(H Fo

—E—A0a —A—LMFO

0 1 2 X a7 U5 T
FEs 10*
(h) F8 (i) F9
28 10*
o —B—A0A —A— LMFO
moRl o w DE MFO
! —<—rso CMFO

——
——rs0
O GWO :i:m paper

—&— GWO This paper

0 1 2 3 4 5 6
FEs <ot

(k) F11

& 2-3 CEC' 2010 ik B8 Fo e Sl

14
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8 W YN U RE DA

—E— ADA —&— LMFO
MFO

12 —8—A0A —&— LMFO
DE MFQ
PSO  —SF— CMFO 2.4

o GWO —=f— This paper

o X

—8—ADA —A—LMFO

MFO

CMFO
This paper

2 3 4 5 6
FEs

(m) F13

5
25 2 — R

—&—DE MEO
—<— PSSO —SF— CMFO

(n) F14

—E—A0A —&— LMFO
—&—nE MFO
—<}—PSO  —FF— CMFO

3 4

—— GWO —Fr— This paper

MNT YT

MFO
CMFO
This paper

—=#r— This paper

0 1 2 3 4 5 6
FEs

(s) F19

o 1 2 3 4 5 6
FEs

(t) F20

& 2-3 (4: &) CEC' 2010 ik ok Heiie s &

2% 2-1 CEC’2010 I3 R $ 45

R DE PSO GWO AOA MFO CMFO LMFO gi
P 7.60E+09  3.10E+10 4.73E+10 156E+11 1.24E+11 6.59E+09 3.72E+08 1.34E+08
J7¥  224E+08 8.36E+09 5.01E+09 7.17E+09 2.58E+10 2.49E+09 2.07E+08 1.72E+07
F t{H 7.13E-46  1.22E-18 4.40E-30 1.34E-40 8.11E-22 1.39E-14 6.28E-07 NAN
wilcoxon + + + + + + =
TP 1.40E+04  1.13E+04 1.30E+04 165E+04 1.33E+04 1.27E+04 5.40E+03 8.24E+03
J7#  9.01E+01 2.96E+02 2.61E+02 6.88E+01 4.15E+02 1.92E+02 2.05E+02 3.35E+02
F2 t{H 2.19E-37  4.65E-25  2.69E-32 4.02E-42 3.10E-32 2.77E-33  3.07E-25 NAN
wilcoxon + + + + + + =
SPEIME 2.02E+01  2.08E+01 2.05E+01 2.09E+01 2.07E+01 1.98E+01 1.95E+01 2.01E+01
Ji#%  3.95E-02  2.90E-02  456E-02 7.53E-03 254E-02 5.53E-02 1.28E-01 5.04E-02
F t1H 440E-08  7.17E-31 1.00E-23 3.26E-36 8.55E-32 5.72E-19  3.96E-21 NAN
wilcoxon = = = = = = =
THE 3.19E+14  4.07E+13 5.14E+13 8.26E+14 1.24E+14 3.22E+13 3.30E+12 1.89E+12
J7#%  400E+13 2.75E+13 2.69E+13 2.48E+14 1.42E+14 7.09E+12 7.40E+11 7.40E+11
F t{H 6.44E-28  1.70E-08  5.60E-11 2.06E-17 527E-05 9.06E-21  1.03E-07 NAN
wilcoxon + + + + + + =

15
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F 2-1 (8:3%) CEC2010 I pR H 45

e DE PSO GWO AOA MFO CMFO LMFO gi
Ty 3.55E+08 3.75E+08 2.21E+08 5.21E+08 3.30E+08 4.02E+08 3.12E+08 1.17E+08
J5#  1.39E+07 5.12E+07 7.44E+07 4.11E+07 5.08E+07 3.99E+07 7.17E+07  2.39E+07
F t 18 1.24E-27  1.45E-19  1.24E-07 2.24E-28 228E-19 3.01E-26 1.44E-14 NAN
wilcoxon = = = = = = -
SEE 2.07E+01  1.05E+07 1.02E+07 1.95E+07 1.78E+07 1.87E+07 5.21E+06 2.27E+06
H#%  427E-02 2.42E+06 1.75E+06 2.71E+05 9.32E+05 4.84E+05 2.42E+06  1.49E+06
Fo t 18 3.28E-09 1.31E-16 2.45E-17 154E-31 2.68E-29 2.37E-31 6.15E-08 NAN
wilcoxon - + + + + + =
FYJE 2.05E+10 1.17E+11 2.57E+10 5.44E+11 9.96E+10 4.65E+09 1.31E+07 9.78E+06
J5#  3.5E+09 6.01E+10 7.47E+09 2.38E+11 3.04E+10 2.98E+09 3.73E+06  5.09E+05
F7 t 18 1.56E-25 ~ 1.43E-11  8.03E-18 3.16E-13 2.98E-17 2.22E-09 4.67E-05 NAN
wilcoxon + + + + + + +
SE3H 4.58E+07  1.67E+15 3.03E+14 1.78E+16 1.42E+16 1.93E+09 5.25E+08 4.01E+07
J7#  2.68E+06 2.05E+15 2.74E+14 3.49E+15 1.10E+16 2.96E+09 1.96E+09  4.06E+07
ke tfE 439E-01 1.18E-04 1.35E-06 169E-22 8.41E-08 1.58E-03 1.87E-01 NAN
wilcoxon = + + + + + +
THE  1.10E+11 250E+10 4.78E+10 1.83E+11 1.00E+11 2.60E+09 1.26E+09 8.28E+08
J5#  3.74E+09 5.43E+09 4.46E+09 6.17E+09 2.10E+10 2.08E+08 1.67E+08  7.11E+07
P t 18 2.98E-44  7.42E-21 174E-31 2.31E-44 126E-21 2.64E-28 2.81E-13 NAN
wilcoxon + + + + + + +
SE3E 1.53E+04 1.37E+04 1.27E+04 1.66E+04 1.57E+04 1.22E+04 6.80E+03  1.10E+04
J7#  145E+02 7.17E+02 3.62E+02 9.90E+01 3.81E+02 1.94E+02 1.85E+02  3.45E+02
F10 tfE 2.83E-32  1.25E-18 147E-16 1.26E-37 5.38E-28 5.89E-17 3.05E-31 NAN
wilcoxon = = = = = = -
FHME 1.95E+02  2.16E+02  2.16E+02 2.29E+02 2.25E+02 2.18E+02 2.14E+02  2.08E+02
c11 J7#  6.06E+00 5.63E+00 2.56E+00 3.06E-01 5.37E-01 5.97E-01 4.39E-01  1.76E+00
tfH 407E-12  9.28E-08 2.67E-14 2.89E-33 4.87E-30 6.55E-22  4.49E-17 NAN
wilcoxon = = = = = = -
SE¥ME 1.19E+07  3.73E+06  3.01E+06 1.07E+07 5.89E+06 2.63E+06 5.71E+05 3.67E+05
J#%  3.49E+05 5.77E+05 1.59E+05 7.79E+05 1.13E+06 1.16E+05 2.76E+04  3.00E+04
F12 t 18 1.61E-45  2.79E-24  7.99E-37 2.79E-34 4.75E-22 9.76E-39  2.70E-22 NAN
wilcoxon + + + + + + =
PHME 1.23E+11  5.28E+10 2.49E+11 6.19E+11 7.59E+11 8.71E+07 1.00E+10 2.51E+06
J5%  832E+09 3.66E+10 1.80E+10 1.17E+10 1.39E+11 1.71E+07 4.95E+09  1.54E+05
F13 tfH 1.00E-35  1.02E-08 6.48E-35 1.00E-51 2.54E-23 3.95E-22  6.37E-12 NAN
wilcoxon + + + + + + +
P 1.66E+11  1.30E+10 4.14E+10 1.99E+11 7.05E+10 7.30E+09 2.67E+09  1.74E+09
%  4T74E+09 1.32E+09 3.11E+09 8.84E+09 2.55E+10 4.04E+08 2.18E+08  1.26E+08
P t 18 2.00E-46  1.37E-28  8.31E-34 6.65E-41 5.15E-15 5.04E-34 5.13E-19 NAN
wilcoxon + + + + + = =
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F 2-1 (8:3%) CEC2010 I pR H 45

e DE PSO GWO AOA MFO CMFO LMFO gi
T 1.62E+04  1.45E+04 1.20E+04 1.64E+04 1.75E+04 1.11E+04 7.91E+03  1.35E+04
J5#%  148E+02 7.76E+02 4.91E+02 1.56E+02 4.33E+02 2.02E+02 9.43E+01  7.16E+02
F15 t 18 1.90E-18  2.64E-05 2.99E-10 1.21E-19 5.69E-21 7.21E-18 2.61E-27 NAN
wilcoxon = = = = = = -
SEE 4.29E+02  4.16E+02  4.02E+02 4.16E+02 4.11E+02 4.00E+02 3.88E+02  3.92E+02
Ji#%  3.99E-01 1.54E+00 2.50E+00 2.70E-01 5.35E-01 1.12E+00 3.89E-01  4.32E+00
F1e t 18 2.01E-28  1.86E-24 874E-11 1.20E-23 162E-20 2.16E-10  9.39E-05 NAN
wilcoxon = = = = = = =
FIJE  2.49E+07  4.42E+06  4.16E+06 2.82E+07 7.62E+06 2.09E+06 1.14E+06  1.47E+06
c17 J5#%  6.39E+05 5.76E+05 2.92E+05 2.59E+06 1.69E+06 8.42E+04 4.53E+04  5.69E+04
t 18 7.30E-47  1.21E-22  145E-29 3.34E-31 2.12E-18 2.31E-23 6.44E-21 NAN
wilcoxon + = = + = = =
SFiE 8.83E+11  1.04E+11 8.38E+11 1.38E+12 1.87E+12 6.06E+09 1.25E+11 5.19E+04
J7#  378E+10 4.28E+10 2.28E+10 1.43E+10 2.38E+11 7.67E+08 2.50E+10 2.50E+04
F18 t 18 1.73E-41  6.75E-14  3.35E-47 2.12E-59 7.81E-28 6.54E-28  3.07E-22 NAN
wilcoxon + + + + + + +
FIJE  4.10E+07 9.41E+06  6.14E+06 4.90E+07 8.10E+06 1.47E+07 3.03E+06  4.43E+06
F10 J7#%  2.26E+06 2.05E+06 6.50E+05 8.34E+06 1.62E+06 1.39E+06 1.59E+05 1.75E+05
t 18 1.01E-36  4.56E-14  2.01E-13 4.14E-23 1.02E-12 9.76E-27 2.31E-24 NAN
wilcoxon + = = + = + =
SEiE 8.84E+11  1.38E+11 9.79E+11 1.56E+12 2.05E+12 2.85E+11 1.46E+11  7.90E+03
J7#  3.70E+10 7.68E+10 3.44E+10 1.24E+10 2.96E+11 2.34E+10 3.40E+10 1.73E+03
F20 t 18 9.66E-42  9.70E-11  5.94E-44 1.27E-62 2.79E-26 2.66E-33  1.90E-20 NAN
wilcoxon + + + + + + +
+-/=/gm  80/3/57/77

2.3.2 BHEE CEC2013 E R Bunit

AT PV IMFO 7Efif i LSGO W) /8 _E R, k# 7 CEC'2013 KR

FHELE, CEC2013 I T —USHH4RE, nFoaE KANAYE . ESRFoE N
LA oA B AR S . R, CEC'2013 MIE M8 7 CEC'2010, f#45 [n) i
TnF

T2 7 \FEEREEALEE R, 1 2-4 BoR T IMFO AN AR S B IS Sl

2k, R4 CEC2013 fdEYE, BBk mvERE N =R T 8. A —38 (5e4nT
E R F1-F3) 1, IMFO o H A0, 7ER % F1 AT F2 5 1 BB T Hoth
JURh LB . Ak, 7ZER#E F3 J71H, IMFO B&i# T LMFO, {HY5 DE. PSO.

17
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GWO. AOA Al MFO #Lt, IMFO 1538BLH BRI PERE . X 158 — KR (&>
AR FA-F1D), AFHEIEIE— UL LR A LRI B AR . Rl R TE R
HFS A F9 b, AFHEERIEE, WSCEEHENR, ke iR, SRR
Y, Bt LR A IREIRE, AABARSE. T8 =8 (ESR
, XYL T A AR
AR R AR e 1 . X TR DU SRR B (SBT3 RIREO, 5 A HoAdh S0t
b, AT ERIE SRR T s AR
# 2-2 CEC’2013 ik ok 2 4%

F12-F14), ARFEFFHWRZHBEIEAGENT I 045

EEd DE PSO GWO AOA MFO CMFO LMFO gi
EiE 7.81E+09  3.05E+10 4.67E+10 1.66E+11 1.40E+11 6.49E+09 2.95E+08 1.65E+08
i 7 2.49E+08 6.82E+09 4.46E+09 5.53E+09 2.17E+10 2.70E+09  1.30E+08 2.43E+07
F t 18 3.70E-45  7.52E-21 2.30E-31 1.23E-44 242E-25  1.69E-13  5.84E-06 NAN
wilcoxon + + + + + + =
P 2.72E+04  2.92E+04  2.96E+04 4.47E+04 4.96E+04  2.64E+04  1.01E+04 1.35E+04
J#  3.74E+02 1.28E+03 7.04E+02 6.26E+02 3.56E+03  1.12E+03  5.79E+02 6.98E+02
F2 t1E 7.77E-37  4.25E-33  6.51E-38 1.81E-45 157E-30  1.29E-34  6.53E-18 NAN
wilcoxon = = = = = = =
FiH 2.02E+01 2.08E+01 2.05E+01 2.10E+01 2.07E+01 2.01E+01 1.96E+01 2.02E+01
Ji % 3.92E-02  4.46E-02 3.68E-02 8.51E-03 5.25E-02 5.71E-02  9.94E-02  6.05E-02
P t 18 1.01E-01  5.74E-32 1.24E-24 1.19E-34 6.30E-26  2.22E-09  4.33E-22 NAN
wilcoxon = = = = = = =
P 1.78E+12  6.26E+11 6.47E+11 3.17E+12 1.36E+12  1.38E+11  9.14E+10 3.33E+10
J#%  156E+11 2.71E+11 2.65E+11 1.31E+12 6.52E+11 553E+10 2.12E+10 1.50E+10
i t1E 2.65E-32  1.28E-12  3.16E-13 9.48E-14 573E-12  5.12E-11  2.80E-12 NAN
wilcoxon + + + + + + =
FHIME 1.04E+07  1.24E+07  6.47E+11 3.04E+07 2.28E+07 2.71E+07  1.31E+07 4.95E+06
i 7 3.39E+05 1.72E+06 2.65E+11 2.33E+06 3.37E+06 2.55E+06  2.55E+06 7.86E+05
P t{H 2.10E-24  6.58E-20 1.29E-13 1.13E-32 1.05E-22  1.53E-28  9.47E-17 NAN
wilcoxon + + + + + + +
P 2.69E+01 6.10E+05 6.86E+05 1.01E+06 9.89E+05 9.49E+05  6.64E+05 4.47E+05
o T % 6.50E-01 9.80E+04 598E+04 7.55E+03 6.57E+03 9.46E+03  1.86E+05 7.85E+04
tfE 7.25E-24  8.37E-07 3.94E-14 1.95E-26 4.69E-26  1.89E-25  1.28E-05 NAN
wilcoxon - = = + = = =
P 2.50E+10  8.41E+09 8.70E+09 2.19E+13 1.28E+12  1.08E+09  5.13E+08 5.49E+08
Ji 7 433E+09 1.03E+10 3.97E+09 1.06E+13 150E+12 5.25E+08 1.71E+08 1.39E+08
i t{E 7.40E-24  253E-04 4.37E-12 3.95E-12 593E-05 7.70E-06  4.36E-01 NAN
wilcoxon + + + + + + =
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# 2-2 (8:3%) CEC2013 Ik ok H 45

ke DE PSO GWO AOA MFO CMFO LMFO gi
P 2.32E+16  1.35E+16 8.95E+15 1.02E+17 2.38E+16  3.19E+15 4.08E+14 3.10E+14
J#%  ATAE+15  145E+16 6.62E+15 5.92E+16 3.30E+16 1.78E+15 1.77E+14 1.64E+14
e t1E 1.16E-21  2.69E-05 6.16E-08 2.47E-10 5.17E-04 1.22E-09  3.49E-02 NAN
wilcoxon + + + + + + =
EiH 8.89E+08  1.12E+09 6.62E+08 2.39E+09 1.77E+09 1.97E+09 9.71E+08 4.93E+08
i 7 1.99E+07 1.21E+08 6.76E+07 2.78E+08 2.81E+08 2.44E+08 1.56E+08 5.86E+07
P t 18 252E-24  1.19E-22 3.97E-10 1.23E-25 355E-21  7.72E-25  1.40E-15 NAN
wilcoxon + + + + + + =
P 1.15E+03  3.28E+07 2.09E+07 8.57E+07 4.57E+07  7.86E+07  1.06E+07 2.00E+06
J#%  168E+01 1.24E+07 1.11E+07 2.66E+06 1.7LE+07 7.44E+06  3.78E+06 2.24E+06
F10 t1E 3.35E-05 5.67E-14  3.32E-10 1.42E-41 150E-14  1.06E-29  6.25E-10 NAN
wilcoxon - + + + + + +
EiH 4.31E+13  5.28E+11 2.66E+12 1.07E+15 7.71E+13 1.72E+11 3.24E+10 4.47E+09
i 7 8.84E+12 3.18E+11 9.88E+11 3.88E+14 137E+14 8.40E+10 2.58E+10 7.39E+08
i t 18 5.91E-22  9.11E-11 5.98E-13 2.94E-15 437E-03  7.92E-12  1.87E-06 NAN
wilcoxon + + + + + + +
P 8.84E+11  1.22E+11 1.01E+12 1.60E+12 2.01E+12 2.65E+11 1.49E+11 8.25E+03
J#%  299E+10 8.08E+10 3.64E+10 1.94E+10 2.06E+11 4.92E+10 2.23E+10 2.85E+03
F12 t1E 1.91E-44  4.16E-09 1.25E-43 2.39E-57 1.55E-30  3.57E-23  8.23E-26 NAN
wilcoxon + + + + + + +
Fi 2.10E+13  1.09E+11 7.35E+11 1.80E+15 2.34E+13 1.63E+10 9.91E+09 1.88E+10
F13 i 7 5.32E+12 5.11E+10 4.59E+11 9.12E+14 3.36E+13 4.06E+09  2.33E+09 4.15E+09
t{E 1.93E-19  1.59E-10 1.93E-09 1.08E-11 6.77E-04  3.13E-02  4.22E-11 NAN
wilcoxon + + + + + = -
P 1.00E+14 9.86E+11 2.51E+12 2.08E+15 6.33E+13  2.58E+11 9.24E+10 1.04E+11
TiE 3.10E+13 3.83E+11 6.01E+11 1.03E+15 1.28E+14 1.03E+11 2.85E+10 5.92E+10
P t1E 403E-17  216E-13  1.74E-19 6.82E-12 1.11E-02  3.53E-07  2.57E-01 NAN
wilcoxon + = + + + = -
SEYME 6.14E+08  1.28E+13 5.77E+13  9.64E+14 4.84E+16  2.19E+09  7.41E+07 2.03E+07
Ji 7 7.98E+07 2.41E+13 1.58E+13 1.17E+14 4.97E+16 7.06E+09 1.14E+08 1.35E+06
P15 t{H 4,03E-27 7.00E-03 1.67E-18 2.11E-28 9.92E-06  1.02E-01  1.45E-02 NAN
wilcoxon + + + + + + =
5 NE51%F5/gm 73/4/28/69

2.3.3 BEHIRMEICITIZES

N TPl IMFO HTERE, 3RATE R A TRE BT ) L3 Fedb AT 1 Ik,

RS (DE). R FHEE (PSO). KIRFEE (GWO). AL
% (AOA). Rk K IEFE (MFO). TR ST RikE L (CMFO) AT Léy
AT H RIS (LMFO) #4777 He& . 55 = AN TR A 1) VE RS 7T LA T 8%
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FZ3RHL:  https://github.com/VrushabhMistry/942 Bar_Truss.

m'; ,".}

o * Y ===
=g E o A
= Zmw A
A
£
Wop B oA —A—L 10°F —B—AOA —A— LMF A,
DE MFO DE MFO
—<—ps0 CMFO —<&—rso CMFO
—&— GWO0 This paper o —&— GWO ‘This paper
Wy 1 2 3 s B 6 "y 1 2 3 4 5 ]
FEs <10* FEs ot
(a) F1 (b) F2
' 10
] —8— A0A —A— LMFO | —B— A0A —A— LMFO
; —O—DE MFO DE MFO
" —<—rps0 CMFO 4 —d— 50 CMFO
10 —&—Gwo This paper —&— GWO This paper

FEs w10t FEs <10t

(d) F4 (e) F5 (f) F6

18 1
10 10 10
—8—A0A —A—LMFO —8—A0A —A—LMFO —5—A0A —A—LMFO
. DE MFO E | DE MFO DE MFO
10 —g—rs0 :Z': CMFO 10 —<—rso CMFO p —g—rs0 CMFO
S GWO This paper / —E— GWO This paper

flz)

FEs <ot

(h) F8

—B8—A0a —A—LMFO

DE MFO
—<—PsoO CMFO
—— GWO This paper

This paper

—#c— This paper

3 N

0 1 2 3 4 5 6 [] 1 2 3 4 5 6 0 1 2 3 4 5 6
FEs <1t FEs <10t FEs <1t

() F10 (k) F11 () F12

10’ 1 10
—E— AOA —E— GWO CMFO
l —E— A0A —E&— LMFO —&—A0A —&— LMFO —5—nE —A—1Mr0 i

! ) y This paper
DE MFO I3 —6— e MFO b —<G—rso MFO
—<—rs0 CMFO 10 5 —<—rs0 CMFO 9
—E— GWO This paper —E— GWO This paper s
]ule o

&t 0
"1 S—0—0—0—0—0o— 0t —
Ees===
10 S A A P i 5
0 1 2 3 4 g 6 v 1 2 3 4 B [ " 1 2 3 s B 6
FEs xiot FEs <ot FEs xiot

(m) F13 (n) F14 (0) F15
Kl 2-4 CEC' 2013 Wi ek Hdbe S
(1) ZEApa ) o w4 15 1
S A i 4R FE AR BT ) R 2R O T o) ), i) 2-5 BoR . i)
HH B B/AMEIRERI E R, B BN xav BAEINSRIR xoo MU MIAR R X3\
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https://github.com/VrushabhMistry/942_Bar_Truss

TR R A 185

RORESE xas ETTRIEE xs oI 1L xoo A THARESE xn BAEAR xe-
AR AR A R} xo BEAGH R P xao MIPREAG R ol (67 B xare DUAK ) FEURR AL AT
fie/ME H b R L
f(x) =1.98+4.90x, +6.67X, +6.98x, +4.01x, +1.78x, + 2.73X, (2-12)

AP TR
0,(x) =1.16-0.3717x,x, —0.00931x,X,, —0.484x,%, +0.01343x,%,,<0 (2-13a)

0,(X) =46.36-9.9x, —12.9x,%, +0.1107 x,X,,<0 (2-13b)
0;(X) =33.86+2.95x%, +0.1792x,, —5.057x,X, —11X,X, 513
—0.0215%, X, —9.98X X, + 22%,X, —32<0 (2-130)

g,(x) =28.98+3.818x, —4.2x,x, +0.0207x.X,, (2-13d)

+6.63X Xy — 7.7X, %5 +0.32X, %, —4<0

05 (x) =0.261—-0.0159x x, —0.188x, X, —0.019x, X,
+0.0144x,x, +0.00008757 X X,, +0.08045x, X, (2-13e)
+0.00139x%,X,, +0.00001575x,,X,, —0.32<0

0¢(X) =0.214+0.00817x; —0.131x,X; —0.0704 X, X,
+0.03099x, X, —0.018X,x, +0.0208X,X; +0.121X,X,

2-13
—0.00364x.X, +0.000715x,X,, —0.0005354 X, X, (2-130)
+0.00121x,X,, +0.00184x,x,, —0.02x —0.32<0
g,(x) =0.74-0.61x, —0.163x,%, + 0.001232x,X,,, (2-139)
~0.166Xx,X, +0.227x2 —0.32<0 o8
0g(X) =4.72-0.5x, — 0.19x22x3 —-0.0122x,x,, (2-13h)
+0.009325x%,x,, +0.000191x;, —4<0
0y(X) =10.58—-0.674x,x, —1.95X,X, +0.02054X,X,, 5 13i
~0.0198, X, +0.028x,%,, — 9.9<0 (2131
0,0 (X) =16.45—-0.489x,x, —0.843x, X, +0.0432X, X, ‘
(2-13j)

~0.0556X,,, —0.000786X —15.7<0
iVEIERENEER
0.5<x <15,045<x,<1.3505<x,<1.5,05<x, <1.50.875< x, < 2.625,

0.4<x,<1.2,04<x,<1.20.192<x, <0.345,0.192 < X, < 0.345,
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05<x,<1505<x, <15
x 2-3 B T ITETTEHE RS BRI R T R . GREW, FRMELE N
f(x)=23.5616, 1T %L 7k,

2R 2-3 R vl ) LA 2 R

A5

ik PSO BBO GWO AOA EO MFO CMFO LMFO o

X1 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
X2 12785 1.2471 12292 12292 12291 12286 1.3282 1.2341 1.2341
X3 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000  0.5000
Xa 1.1939 1.1897 11995 1.3555 1.1989 1.2002 1.1815 1.1875 1.1872
X5 0.8750 0.8750 0.8750 0.8750 0.8750 0.8750 0.8750 0.8750 0.8750
X6 1.0423 0.8956 09512 1.2000 0.8831 0.8811 0.8823 0.8794 0.8935
X7 0.4000 0.4000 0.4000 0.4000 0.4000 0.4000 0.4000 0.4000 0.4000
Xg 0.3450 0.3221 0.3450 0.3450 0.3450 0.3450 0.1920  0.3450  0.3450
X9 0.1920 0.3450 0.2317 0.3450 0.3450 0.3450 0.1920 0.1920 0.1920
X10 15000 1.1260 0.6152 0.5000 0.6030 0.5051 0.5000 1.5000 1.4999
X11 15000 0.8681 0.6696 15000 0.5000 0.5000 0.5000 1.5000 0.5023
wi{E 23.5664 23.6587 23.5784 24.2038 23.5750 23.5767 24.1667 23.5631 23.5616

Bl 2-5 A=A 0] Tl v ) s e ] 1
(2) P BT i)

PR AR LA R A ] 2-6 firos,  BIURGE 88 R R/ ME. iR KA it
Ak, QIR b(x) B m(r2) INAFEREL 2(x3) Bl IE) 26— B BE 11(xa)
FHAR A ZE K D(xs) BE—HIEAR di(xe)FIEE HIELAR da(xr). BEAL, TEIXANA]
BRI R 11 NLREAT, AHE 7 DM EHEERMEL AR 4 DL R KA
PUAL ) RS R R

f /MU H b ki 2
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f (x) =0.7854x,x; (3.3333x; +14.9334x, — 43.0934)

(2-14)
—~1.508x, (X¢ + X )+0.7854(X,X; + XX’ )
AP S U
27
X)= -1<0 -
9 (X) X, (2-15a)
3975
X)= -1<0 -
9.(X) X (2-15b)
1.937;
X)= -1<0 -
9s(X) i (2-15¢)
0, (x)=18% 10 2-15d
¢ XXX, (2-15d)
| (745(x, 1 %,,))’ +16.9 10° ]
X, | X,%;)) +16.9% }
95 (x)= 110%] =0 o
6
| (745(% %))’ +157.5 10° ]
X / X,%;)) +157.5x }
g5 (x) = . ~1<0 (2-15D
3
g, (X) = ’%3 ~1<0 (2-15g)
5X
gg(X)=f—1so (2-15h)
Xy .
gy(x) = -1<0 2-15i
? 12x, (2-15D
1.5%, +1.9
0y (X) =—">—-1<0 (2-15j)
4
1.1x, +1.9
9y (¥) =——=-1<0 (2-15k)
5
HUAE Y5 [ :

2.6<x <3.6,0.7<X,<0.817<x, <28,

50<X, <55,73<X,<8373<x<8329<x <39,
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BEFEFIFE RGO E R R 2-4 Fin. R EW, IMFO ST f(x) =
2967.8487 Hifilt, MINHIZIHRAE 5N gi(x) = -0.0739, g2(x) = -0.1980, ga(x) = -
0.4991, g4(x) =-0.9033, gs(x) =0, gs(x) =0, g7(x) =-0.7025, gs(x) =0, go(x) = -
0.7958, gio(x) =-0.0514, gu1(x) =-0.0003, il /& A B ] A1 20 o BR 4

R 2-4 JFOEAS BT A LA 2

Bk X1 Xo X3 Xa X5 X6 X7 B

PSO 3.6000 0.7000 17.0000 7.3000 7.7597 3.3504 5.2450 3007.9505

GWO 3.5024 0.7000 17.0000 7.8154 7.7714 3.3622 5.2467 2979.0361

CSA 3.5000 0.7000 17.0000 7.3000 7.8000 3.3502 5.2867 2996.3482

AOA 3.6000 0.7000 17.0000 8.3000 8.3000 3.5235 5.2730 3093.9088

GBO 3.4999 0.7000 17.0000 7.3000 7.8000 3.3502 5.2866 2996.3481

MFO 3.5000 0.7000 17.0000 7.3000 7.6704 3.3502 5.2458 2967.7555

CMFO 3.5000 0.7000 17.2051 7.3000 7.6705 3.3501 5.2458 3003.3582

LMFO 3.5000 0.7000 17.0000 7.3000 8.3000 3.3502 5.2460 2981.5016
AEgyE 35001 0.7000 17.0000 7.3007 7.6724 3.3503 5.2458 2967.8487

xa: /NS L | #%s,
Xo: Ui %
28

D) - 2 ] l

~ K 2

\ I |

55
=

| [ 1
WFM/ D) iﬂaﬁuy o1
e 2-6 s A B A R

(3) 942 FF73 [T A LS R LA it

il 2-7 FioR, %P B 26 AR EIHTAEES, HY 942 MRS AR, #
PS5 T 68947572.93 kKN/m?, APRLEF Ry 27.144 kKN/m® . R ZERNSFRIE, &
XY 59 NSRBI AR EAE 0.000064516 £ 0.0129032 m? )45
SETLHENIESE. £ 2-5 FIH TR SRE MR, Y] IMFO Refig 4 3] H)
AR aii, i HS HAR TS EIE AR L A TR
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21.95m

29.26m

48.89m

>— Section1 —<

>——— Section2 ——<

Section 3

x >

2-7 942 FF53 (AT 5L EE

PR

e

R 2-5 942 A2 [MT AR IE AL 4

7N

N

)V

i DE PSO GWO AOA MFO CMFO LMFO ;i
X1 2.52E-03 1.15E-02  1.00E-04  7.11E-03  6.45E-05 6.48E-04 8.41E-03 6.45E-05
X2 7.40E-05 1.02E-02 1.00E-04  7.25E-03 6.45E-05 6.45E-05 6.45E-05 6.45E-05
X3 6.45E-05 1.89E-03 1.00E-04  2.12E-03 1.33E-04 3.41E-03 3.31E-03 6.45E-05
X4 2.17E-04  6.45E-05 1.00E-04 2.51E-03 6.45E-05 6.45E-05 6.45E-05 6.46E-05
X5 1.97E-04 6.45E-05 1.00E-04 2.83E-03 6.45E-05 1.10E-04 6.45E-05 6.45E-05
X6 1.76E-03  6.45E-05  6.00E-04  1.15E-03 6.69E-04 7.68E-04 9.25E-03 5.73E-04
X7 1.00E-03  3.79E-03  1.00E-04  1.11E-02 1.67E-04 1.96E-04 6.01E-03 1.65E-04
X8 3.94E-03 7.08E-03  1.00E-04  5.69E-03 4.72E-04 3.78E-04 7.96E-03  6.45E-05
X9 1.21E-03  2.36E-03  3.00E-04  1.27E-02 5.86E-04 5.59E-04 8.94E-03 1.54E-04
X10 2.41E-03  5.80E-03  8.00E-04  2.00E-03  6.45E-05 1.20E-03 6.36E-03 5.42E-04
X11 1.83E-03  1.29E-02  3.00E-04  1.09E-02 1.29E-02 3.12E-04 3.45E-03 3.47E-04
X12 2.42E-03 6.45E-05 3.00E-04 1.03E-02 9.44E-04 2.22E-04 4.08E-03 3.22E-04
X13 1.37E-04 4.37E-03  7.00E-04 2.61E-03 6.45E-05 7.37E-04 7.78E-03 6.04E-04
X14 1.91E-03 6.43E-04 2.00E-04 6.19E-03 6.88E-04 3.10E-04 1.10E-03 2.20E-04
X15 2.99E-03 6.45E-05 7.00E-04  3.06E-03 6.45E-05 2.81E-04 6.45E-05 1.02E-03
X16 2.87E-03  2.03E-03  1.00E-04  3.28E-04 5.07E-04 2.20E-03 2.61E-03 6.48E-05
X17 1.07E-03  2.28E-03  9.00E-04  9.49E-03 9.11E-04 3.09E-03 6.45E-05 1.05E-03
X18 8.77E-04 2.71E-04 2.00E-04  8.40E-03 2.31E-04 9.37E-04 7.67E-03 2.19E-04

25



U S VATIS'E

R 2-5 (B:3K) 942 M2 [RMT SR AL 45 1

A7 DE PSO GWO AOA MFO CMFO LMFO AE
Bk
X19 391E-03 6.45E-05 1.40E-03  1.02E-02 1.45E-03 6.45E-05 6.45E-05 2.05E-03
X20 1.24E-03 8.86E-04 2.00E-04 6.32E-03 6.45E-05 7.86E-04 9.17E-04 1.65E-04
Xo1 2.38E-03 5.58E-03  1.50E-03  1.19E-03  1.73E-03 9.16E-04 7.12E-03  1.48E-03
X22 430E-04 1.20E-03 3.00E-04 2.84E-04 2.80E-04 4.00E-04 5.62E-03 2.78E-04
X23 7.32E-04 1.83E-03  1.90E-03  1.17E-02  1.29E-02 1.70E-03  1.90E-03  1.92E-03
X4 1.17E-03  6.45E-05 2.90E-03  9.76E-03  3.08E-03 1.44E-03 1.48E-03 3.00E-03
X25 3.28E-03 5.88E-04 2.80E-03  3.91E-03 1.29E-02 4.67E-03 7.32E-03  3.22E-03
Xa6 3.30E-03 6.91E-04 2.30E-03  7.68E-03 291E-03 6.45E-05 4.92E-03 2.11E-03
X7 6.45E-05  3.65E-03  2.00E-04  9.97E-03  6.45E-05 1.60E-03 4.17E-03  1.08E-04
X28 4.50E-04 3.48E-03 1.00E-03  1.43E-03 6.45E-05 2.66E-03 247E-04 9.13E-04
X29 3.95E-03  5.69E-03  2.80E-03  7.68E-03  3.07E-03 2.75E-03  7.09E-03 2.83E-03
X30 331E-03 1.20E-02 3.20E-03  845E-03 3.32E-03 3.13E-03 5.96E-03 3.17E-03
Xa1 7.04E-03  7.64E-03  2.00E-03  2.27E-04 1.53E-03 5.90E-03 1.47E-04 2.13E-03
X32 6.74E-04  6.45E-05 4.00E-04  6.41E-04 4.56E-04 121E-03 4.58E-03 4.39E-04
Xa3 2.17E-03  3.55E-03  1.20E-03  1.12E-02 1.20E-03 1.96E-03 1.06E-03  1.10E-03
Xa4 1.84E-04 1.08E-03  1.00E-04  6.17E-03 8.81E-05 1.18E-04 6.51E-04 6.61E-05
X35 331E-04 6.45E-05 1.00E-04 1.01E-02 129E-02 4.98E-04 3.25E-03 7.57E-05
Xa6 276E-04 6.45E-05 1.00E-04 6.11E-03  6.45E-05 1.25E-04 2.06E-03 6.88E-05
Xa7 3.87E-03  2.69E-03  2.90E-03  3.33E-03  1.72E-03 1.94E-03 2.26E-04 2.96E-03
X3 4.56E-04 6.45E-05 4.00E-04 3.77E-03 3.86E-04 2.64E-04 1.10E-03 3.62E-04
X30 1.54E-03  7.37E-03  2.50E-03  1.20E-03  2.75E-03 1.72E-03  1.11E-03  2.61E-03
Xa0 4.52E-04 5.18E-04 1.00E-04  3.74E-04 127E-04 1.06E-04 1.07E-03 1.36E-04
Xa1 1.69E-04 247E-03 1.00E-04  9.62E-03 6.45E-05 6.45E-05 8.32E-03 6.61E-05
Xa2 6.11E-04 3.16E-04 2.00E-04  7.46E-03 129E-02 1.00E-04 1.38E-03 1.05E-04
Xa3 2.58E-03 6.45E-05 3.30E-03  1.06E-02 1.64E-03 3.35E-03 6.06E-03 3.31E-03
X4 9.18E-04 3.34E-03  3.00E-04  3.29E-03 4.70E-04 3.99E-04 1.61E-03 3.37E-04
Xs5 5.66E-03  6.02E-03  3.80E-03  6.31E-03  4.12E-03 3.04E-03 3.63E-03 3.83E-03
X4 3.03E-04 6.45E-05 2.00E-04  1.13E-02 2.01E-04 1.67E-04 4.92E-03 2.41E-04
Xa7 6.77E-04  6.45E-05  4.00E-04  9.60E-03 9.91E-04 5.65E-04 2.88E-03 3.80E-04
Xag 7.11E-04 129E-02  1.00E-04  3.48E-03 1.10E-04 2.30E-04 3.27E-03 1.07E-04
Xa9 3.11E-03  6.45E-05 2.20E-03  1.03E-02 6.45E-05 1.80E-03 1.42E-03 2.02E-03
Xs0 9.19E-04  6.45E-05 5.00E-04  4.43E-03 5.61E-04 7.65E-04 521E-04 5.01E-04
Xs1 6.98E-03  3.69E-03  5.10E-03  2.81E-03 5.73E-03 5.24E-03 8.27E-03 5.08E-03
Xs2 9.51E-04 2.19E-03  3.00E-04 2.51E-03 2.85E-04 4.05E-04 3.54E-04 2.77E-04
Xs3 9.76E-03  1.22E-02  1.15E-02  5.95E-03 129E-02 1.23E-02 6.26E-03 1.11E-02
Xsa 5.16E-03  5.29E-03  3.80E-03  6.13E-03  1.29E-02 4.88E-03 7.11E-03  4.00E-03
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2 2-5 (823 942 FFA M 288 AL 45

A7 DE PSO GWO AOA MFO CMFO LMFO AE

AT
Xs5 473E-03 2.14E-04 4.00E-03  6.46E-04 5.12E-03 1.91E-03 4.54E-03 3.52E-03
Xs6 2.15E-03 6.46E-05 1.00E-04 5.36E-04 6.45E-05 5.22E-03 1.08E-03 6.46E-05
Xs7 1.07E-02  1.29E-02  1.19E-02  828E-03 1.29E-02 1.21E-02 9.25E-03  1.29E-02
Xsg 5.79E-03  7.57E-04 3.30E-03  8.02E-03 3.73E-03 1.47E-03 3.89E-03  3.38E-03
Xso 8.65E-03 129E-02 127E-02  9.09E-03 1.29E-02 1.13E-02 3.82E-03  1.28E-02
BIUE  242E+02 3.22E+02 1.96E+02  7.11E+02 2.99E+02 2.30E+02 5.05E+02 1.96E+02

2.4 Wi % BiR CEBECE

2.4.1 % HEfRiEEEE
58— F b i) B AR R T R HERAYE AR, 2 F AR iR AR AL 32 2 RN LA

R, AAFEME— BRI 2 B ARIUA R RURAR S LA T 28 QAT A
ERNCEAE

IR SAT

F(x)={f fo,..., fn}

0i(x)=0,i=12,...,0

hi(X)=0, j=12,..,p

Ibi <X SUbi, i1=12,...,9

B A

7E 5

(2-16)

(2-17a)

(2-17b)

(2-17¢)

m N EEREREL g0 h(x) 5 ) &

AFELRI RS, TRARNES o M p —ATHELRMATHFELR M EETT
R AR B R, b A ubi R R TT S ]_EER i RS R HIL S
2 BAsiAe i ey, SO —A B drt i ife & T 805 HoAt B Ar i A A,

M H LR FR R AT AN IE & L AR T 5

Bk, SIAT 2 bsESRs

ZHMM RIS R AT IS, — ki, £ Hn AR E—RVEHERS M, M
M RAE SO N IX S FR 4L 7 A EE VAL . A BiE, A RFE e ] AR IR R -
Viefl....M}: (%) < fi(x) and 3 j e{L,....M}: (%) < f(%)

Arf, m R ARRBIEE, x b EIWA o< B, B2

27
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2.4.2 BUHHLH

W TR A Tobm BE I 285 11 R K R R BSOS R 2 H AR IO BE . SO pL ) A
FEEET A HE P AR 27 fURES . FERSEFHEN T 51 2% 51,
DABURHH B E B A HEF TS5 . DRI TR, 2% 5 m] AR &P
HbIBE G oA B BEANY B LT E B A R AR A v 4 2 ] b R AR I A Bk
1 451 7 IMOMFO ) 3 EHESE,

2% il TIRFER I 70 A, W LA S ox AT AE 1 b, ] DR oS 1
fiF . A5 KA Das 1 Dennis 77725k 4 22 SU0), BART U0

[m+p—1j

W = (2-19a)

p
01

o e{——. .. B (2-19b)

pp P

i=1

>a;=1j=12..,N (2-19¢)

b, m ZEHRE, p R ERLEBE, wRSHE SIS, o ZR% i MHRR
UNESN RS e

NI RS 2% AR, R Tk, B HER S 25 A
ZIE Lt s, AN S RAE Y S A B2 . SRR TR EER R, o
BMARN BB S 1, IPRIRS 255 SRR . BEAk, IE5IN T niche, &
REHENSH SRR ECE, TP XA S . BB RN
niche MM Z% fE 6, IS ZEGMRIIBITT Rz B mBF AT . 3%
kPR E AT, BERRESE LW L. MR RN Kl 2-8 s

Ha S HEAR A
A AR AR A

T

- — SIHAR YT
FBEEGE — R — G e O IO

D y ST bR MR 4iniche3k 15
ST T e

| &

+«—— {}%niche «—

K 2-8 MBIk PR
28
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S 1 ORI 2 B bR R ESE

BN BORIEAIREL Tinax, 4EPE dim, FIEFRUEL N, TobR 2R 25 (1 48 ERE FE . AL & ub AT
Ib il 5t
VAL R M 4 B R 2
WItE t <0
FIFH AR 2-19 A KNS 55
SGIBRUEZN T BriEE T A A
While t < Tpaxdo
FHANX 2-9 TR ERE o
M Fii oc kg PEEREAS M LETCHR R 2% E AL E
AR 2-7 2 2-9 B My AL B RE
If rand() <0.1 do
a2 2-10 538 My AL E R &
end if
A A S L HE 72 58 A7 i e
B0 H T BR ) A A
f—t+1
end while

Bt AEE

2.4.3 EEBYMWIEMR

AFIEH] 4 A ZDT 4R BRI IMOMFO [PERE. IAh, AT RAEFTR
TR R, 3R = a4 B 2 Bk 7 UL BVE (MOoPSO)!el, £ H
P AR (MOGWO)Y!M T IRI 22 H Bk Rk K JF (MOMFO)!MSIZE BA E A & )%k
ERWAER . R, ATHRIER AT, PR 50, SOOERREIREN
500, FITA S AR S HO0 A0 R SCER — B HAE AN HUE 529 EISLIEAT 30
KBTS .

NT RS ER, RAREERRE MR, Kb HV f85F S
TabR R T TR . PEREVPALFEAR I ECE A I R AR

(D &IAHAREER JGD)

X2 BRI LA T bn . BT NS ik 21 5l 5% A Y KR
BEAREEES, DU AU R A S E A 2R ), IGD R, R TERE LT

I,,f e
|GD=—%£;L (2-20)

Ny

(2) BEMR (HV) &
HV $8Frdtid 7L PF 1 S 523 i 22 8] B ) 25 (8] 57 5 A AR R, 2 A

29
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TUPAL A A US S AN 23 A (AR AR BV I B TE Ry
HV =6(U%8) (2-21)
(3) ZREEER (S

S R MEE O T IESR BB KIARHEZ, T PP SR AR 7341 (1
BAPETE, S AR 0N
1
\n,-1%

> (d, -0y (2-22)

(4) ZRETERR (A
A T RIEMAERNY BARE, MmlE 2RI AEBAK,
RO R TT 0 A0 1 22 FE PR ERGT

n,—1 _
df+de+;‘dp—d‘ 02

" d, +d,+(n,-Dd

PSP i FRAEAG B2 e RICH AR5 BT /S 2 i 2 R AR : , B3Rk dn
T
CR
PSP = ) (2-24)
A, CRF/RRES ML PS 542/ PS 2 RIFIES LR, TR, PSPHMK

PN

2% 2-6 ZDT R ek %

EAY N /N

o1t () =%, f,(x) = g(x)| 1- ;((X))Jst g(x) = l+—Zx

zDT2  f(x)=x, f,(X)=g(x)|1 (f( )J J st.g(x) = 1+—Zx

(X)
ot £.00 =% £(0=g(0 1- %_%sin(mnﬁ(x))}g(x):1+n%§xi

R09 =%, 00 =900 (L~ / 9())

s.t.g(x) =1+10(n-1) + Zn: (x> —10cos(47x,))

i=2

ZDT4
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1.5 T 1.2 T T
v MOPSO ¢ MOGWO
—— PF 1 — PF
1 0.8
BN <2 0.6
0.5¢ 04t
Vv 0.2
0 : : : : 0 ‘
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
fi h
1 1
+ MOMFO *x  IMOMFO
0.8 PF 0.8 PF
0.6 - 0.6
= o
0.4 0471
0.2+ 0.2}
0 ‘ : - ‘ 0 :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
fi fi
(a) ZDT1
1 16654 - .
v ¢ MOGWO
0.8 %‘W 0.8 — PF
0.6 1 0.6 -
2 2
0.4 0.4
vV MOPSO
0.2 PF 02+
0 ‘ ‘ ‘ : 0 ‘
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
h fi
1+ : : 1 : :
+ MOMFO x  IMOMFO
0.8 PF ] 0.8 PF
0.6 0.6
2 2
0.4 0.4
0.2+ 0.2}
0 : : : ‘ 0 ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
h h
(b) ZDT2

2-9 P BLEAE ZDT Mk ek % E 155 i PF
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1 : : 1
\ v MOPSO \ 6 MOGWO
o]
0.5 \ PF 0.5} \ o PF
“ \ a o \
-0.5 g % -0.5 ‘ %
-1 : - - : -1 : : : :
0 02 04 06 08 1 0 02 04 06 08
bl fi
1 1 : ‘
\ + MOMFO \ o MOMEO
05! \ o PF 051 \
BN AR
-0.5 ‘ ‘ 0.5 ‘ ‘
-1 - : - - -1 - ‘ ' *
0 02 04 06 08 1 0 02 04 06 08
f h
(c) ZDT3
3 - 1
25} L""‘,?ESO 1 08| ¢ MOGWO
- . —— PF
2 |8
VVW 0.6
™1 v (2}
&5t v ]
0.4+
1
0.5¢ 0.2}
0 ' * * ' 0 : - : :
0 02 04 06 08 1 0 02 04 06 08
f1 fi
11 : 1 : :
+ MOMFO *x  IMOMFO
0.8 PF 0.8+ PF
0.6 0.6 |
= &
041 0.4+
0.2 0.2
0 : : - : 0 : : - -
0 02 04 06 08 1 0 02 04 06 08
fi bi
(d) ZDT4

2-9 (BLEl) B BIELE ZDT MK ek £ 115 201 PF
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R 2-7 FRAE ZDT S Uk R H A F FEAR 1 B

R febn MOPSO MOGWO MOMFO IMOMFO
1GD 0.4097 0.3670 0.5002 0.0086

(0.1067) (0.0554) (0.0006) (0.0003)
HY 0.2748 0.0003 0.3455 0.0024

2DT1 (0.1928) (0.0009) (0.0012) (0.0007)
A 0.6883 0.9998 0.6975 0.2965

(0.1057) (0.0005) (0.0611) (0.0086)

PSP 0.9900 0.0134 0.0025 116.3259

(0.3606) (0.0057) (0.0017) (4.4990)
1GD 0.4401 0.6075 0.4278 0.0131

(0.0776) (0.0046) (0.0592) (0.0015)
HY 0.2110 0.0009 0.0669 0.3017

ZDT2 (0.0711) (0.0001) (0.0023) (0.0004)
A 0.7833 1.0000 0.6963 0.2728

(0.1170) (0.0098) (0.0731) (0.0484)

PSP 0.6041 0.0001 1.2874 75.9161

(0.3991) (0.0005) (0.4878) (9.0220)
1GD 0.5334 0.6690 0.3698 0.0110

(0.0810) (0.0321) (0.0001) (0.0006)
HY 0.2256 0.0003 0.0320 0.6378

2073 (0.1119) (0.0001) (0.0035) (0.0006)
A 0.7632 0.9999 0.7493 0.5310

(0.0727) (0.0001) (0.0635) (0.0357)

PSP 0.7007 0.0008 0.0395 91.4546

(0.3005) (0.0403) (0.0292) (4.9263)
1GD 0.4565 0.4745 0.4510 0.3227

(0.1025) (0.0032) (0.1040) (0.4153)
HY 1.5031 0.0023 0.0444 2.0609

2074 (0.3901) (0.0013) (0.0055) (0.0002)
A 0.5469 0.9997 0.7614 0.7831

(0.0371) (0,0001) (0.0895) (0.3519)

PSP 1.5234 0.0040 0.4382 39.1749

(0.2580) (0.0064) (0.9818) (3.6464)

244 ZBERMHIIEZS

Z Hn AL BRSO TR I SE TAER TR E 28 M@, H%E MOIMO
EWIRZE S M, ARNTIER 3 NEAPERMER TR %R (Engineering
design problems, EDPs) 1E MR ZM] . X IS ] il 3 52 2 42 20 o 25 A FR 1) Bl A7 72
Z AR AE AR, S ECEIEME LIS FLSE Pareto FHITVE (PF). HH T TR ) @ 4k DA
SKEURE T i, AR R AR 5 (IGD) . ZFEMER R (A A1 PSP AEN
PEREVEAT B 45 -

(1D ¥t (Hatch Cover Design Problem) [1231: % |n jAL &5 YA
IR (gi-go) FIHADRITERE ax), UMOZRER () MZQREHL SR

() VERAE Pt E . KA RAR T

ERINTEAE

f,(x) = x, +120x, (2-25a)
33
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£,00 = > maxd=g,(x). 0}

LIR AT

gl(x):l' O-b
b,max
g,() =1-—
5
X)=1-——2"
0,(x) 5
9,00=1-2
Oy

(2-25h)

(2-26a)

(2-26b)

(2-26c)

(2-26d)

K HF s Opmax =700 kg/em?, 7, =450 kg/em?, S =1.5 cm, 6, =7¢’ X’ /100 kg/cm?,

o, =4500/x1x2 kg/em?, =1800/x2 kg/cm?, §=5.62¢%/(7¢° X X2 ) cm, H 745 & 1

0.5<x,<4, 4<x,<50.

50 T 50
v MOPSO
40t PF . 40}
30+ 30+
2 2

207 20+
10 ¢ 10

0 N V=TT 0

0 100 200 300 400 500 0
fi
50
+ MOMFO *x  IMOMFO

40 ¢ PF ] 40 1 PF

30 307

G “2

20 ] 201

°l \‘_.‘; | °| k\‘;‘_’A

0 : Ty . 0 : -

100 200 300 400 500 0 100 200 300 400 500
fi bi!

(2) IR R E (Welded beam design problem) [124: 3% [r] #iiH
WitZE (axo) LI ERAK, BERN&MOEIESRAE (D) 5

K 2-10 P BOEAERG 1 55 0t i) JE 75 311 PF

34
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() HECABARAE AR (gi-ge), HATTRELT:

ERANESEAE
f,(x) =1.10471x’x, +0.04811x,X, (14 +X, )
4PL°
f,(X)=
/() EXX,
YR KA

gl(x): - (§_§max)
gz(x): _(e_emax)
03(X) =~ (% —X,)

9,(x) == (P-w)

(2-27a)

(2-27b)

(2-28a)
(2-28b)
(2-28c)

(2-28d)

if, w=(4.013EExE 136 / L2)(1—((x, / 2L)VET4G)), 6 =1/Q7 +QQ%, /R+Q}

O=6PL/x)E, o =P(L+%,/2), R=[(¢/4)+((x+x)/2)° . P=6000 Ib, L-14

in, 3 =2x(2x% (0 112) + (% + %)/ 2)?) » G=12x10° psi, E=30x10° psi, Gmax =

13600 psi, 0mar=30000 psi, AR 0.1<x), x4<2, 0.1x,, x3<10, Hrhvg > 0.

0.015

y 0.012 ‘
v MOPSO : ¢ MOGWO
v - PF 0011 g - PF
v )
0.01+ : | ‘
v 0.008
S v <2 0.006 f %
0.005 + 0.004 )
0002 \o\ |
0 J ‘ 0
0 10 20 30 40 0 10 20 30 40
fi h
0.015 % - 0.012 ‘
+ MOMFO ’; x  IMOMFO
PF 0.01 : PF
& x
0.01F & 0.008 .
% »*
+ .
= % <2 0.006 [ %
0.005 0.004
0.002
0 : : 0 : : :
0 10 20 30 40 0 10 20 30 40
h h

K 2-11 Firf AR R IR R B v v i 7L A5 2 () PF
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(3) JE IR ¥Eit @ (Pressure vessel design problem) [12%1: % ja] @i & =A%)
WA (gi-gy) MDA E (axe), DUEEBIEEEISFRSRA (f A
FARERAS LS B IR A ) FIA RSRAR S () ARV H Frfiifb s, 3L
Bep AR AR R

ERANZEAE
f,(X) = 0.6224x XX, +1.7781x, %> +3.1661x’x, +19.84%’x, (2-29a)

3
f,(x) =Y max{-g;(x),0} (2-29b)
i=1
YR KA
g,(x) =% —0.0193%,>0 (2-30a)
g,(x) =x,—0.00954x, >0 (2-30b)
05 (X) = XX, + g x5 —1296000 > 0 (2-30c)

K, %, %l 100}, x,€[10,200], x, €[10,240], xi Al x2 /& 0:0625 (1%KLl

xiv x2 oM xaRoRAMRIEEE . R JIERERE . RS IE k. WA AR
RN

Kl 2-10 2 2-12 J&7R T BT A BIEE =M TR TH i & 15 201 PF B4
T E RS, IMOMFO 24t 751 7 A it 75 5, IR DU 8 A~ B bx
AT T %, HARBI) PF oA 558 PR X TIRE4E A @, IMOMFO #2
T R A Z R R X TR AR, IMOMFO 73 314 56 2 55
TR RFERE R, a7 ER G H A RIFMBOT TR R 2-12 R T
TR R ST 45 5, 28] IMOMFO BEW R L REAL T T & .

x10°

15 : : 15 X107

v MOPSO
S

0 0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
h f

2-12 P SRAE IS DA a8t e 15 201 PF
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x10°

15

+ MOMFO

15

x10

5

*x  IMOMFO

PF PF
10 ¢ 10 |
2 Xy
5 5t
OI] 10‘00 20100 301(]0 40?]0 5(;00 6000 0 o ;003 " ﬁﬂ " %6000
h h
Kl 2-12 (8:) Frfa AL IR i ds it il @l A3 201 PR
#* 2-8 TAEWIT RSt 2
Bk IGD A PSP
' P51 ik “FHME % FHME %

i 1 55 BT [
MOPSO 9.4148 1.4214 1.0953 0.0313 0.0508 0.0286
MOGWO 11.9752 6.2579 0.9959 0.0689 0.0861 0.0414
MOMFO 14.1758 0.1299 0.8693 0.0278 0.0705 0.0165
IMOMFO 2.7743 0.1252 0.9123 0.0007 0.3612 0.0006
SRR T )
MOPSO 1.1688 0.0030 0.9020 0.0327 0.7230 0.3052
MOGWO 1.9707 1.2226 1.0241 0.0406 0.5592 0.3792
MOMFO 0.6745 0.0196 0.8821 0.0282 1.4908 0.4507
IMOMFO 0.2649 0.1135 0.6897 0.0129 3.4508 0.2495
JE 14548 T n)
MOPSO  1.5673E+04 2.4323E+03 1.0158E+00 5.4428E-02 6.4076E-05 9.4865E-06
MOGWO 2.4170E+04 6.9143E+03 1.0959E+00 4.9207E-02 4.1444E-05 1.2224E-05
MOMFO 1.3167E+04 8.4855E+02 1.0138E+00 3.0238E-02 1.8279E-05 4.8422E-06
IMOMFO 9.9427E+03 1.4026E+03 1.0038E+00 2.6989E-02 7.6246E-05 1.1298E-05

2.5 KRB/

AR T R IRKESE S OMFO), T T KR 4 Rk ]
RRISRARIERE o« 12015 R T JO AR B 0 28 25 46 NI 4 SR e, 51 N /N 26 5 AR Al
[ 38 A SRS DA SRR 2R e . 83 20 4~ CEC'2010 S $. 15 4> CEC'2013
FEHERE A S 3 A SEBR AR i) O VA BE HEAT VR4S, SR 2R R bR T B 2 5
#r. 5 DE. PSO. GWO &-tFfEIEMLL, IMFO EILH BEMHA . tat, @il
JECHCHEF S fURIEH IMFO /R 8% BFsIRA (IMOMFO). 7£ ZDT i

PR 3 A TRE BT ) A g s8R W], IMOMFO HAT R84+t %
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£ 3F EBEXNEINEEHERM R

BEXEH HBLA DY RERR BEAR. (2D-FGP) APEMEAL B v 1), A &4t —Fh i 2%
B . BT =B (TSDT), RAEXAIE T B4 (NURBS)
& U2 i 7 (IGAD SRR HLTh RERR BEAR I )40 i R 4 B FES%
LR RN M BEARAR - B A, N LT W B AR AR 2 JBORT A1 Ha s PR T4 )
BRI IR, SINFETIRG TOhR FE M 2% 0 R K M Bk, A RO 5
MIRZR SIF RS, BT RHEATKEER 2D-FGPs 1) 40 508 5451 7 #r ok
IO AT H 7 A A

3.1 EHEXNEINRERER

J& HLXUA] D Resh FE O = A B 3-1 Fros. SRS ZR 2R 10 73 0l 2 s FLEE))

an EAEIKER R, R K Dy RERh 2 2 B B A < B A R . D RERE B2 B ML R
BRI R AS [F A R AARFR 0 $d8 4. 2D-FGP [ KK & E FI % p /37N :

E(X, ) =EVN (X ¥)+EV, (X, Y) (3-1a)

p%Y) = p N (% Y)+ oV, (X Y) (3-1b)

A4 JEAH .

N -

3-1 s UL Th BB BEAR R i
IR 2D-FGP P e <oz J AR 7 B A 1) DUAS RS B 358 00 1) 22 300 ek 25200, XL
[F1 e B 2RO 4 KR Y A A I N T
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i j
Ve y) =207 (Ifj D (%J (3-2a)
i=1 X j=1 y
VA(X,y) = (Ii)kx (Il)kv (3-2b)
ax+py
V3(X,y) = eew Z (3-2¢)

X, n A m 53508 x My Tr S R yi A1 g NEERIZEG LA L 505008
BRAE x 0y IR LE, kv ky v o BT B XS RLFIRA RLH FE a4
3.2 ZMesER IR

M85 1A L FE8 (Third-order shear deformation theory, TSDT) REMS HERf A
B 1) B AR NN ) ) A4k, e BT BT D)RGEN S, £E TSDT #igr, HhIEE
— R HIBLRE E A

u(x,y,z) =uy (X, ¥)+28,(x, y)+clzs(ﬂx+%j (3-3a)
3 oW,

V(X Y,2) =V (X, Y)+ 28, (X y)+cz (ﬂyJFEOJ (3-3b)

W(X,Y,2) =W, (X, y) (3-3¢)

A, wos vo T wo X HIFEMR (z=0) # xv y Az TR LA Sx A1 By 5351
FEFRTIH y-z 1 x-z IEs%, ci=-4/(3h?). NASTHEANR .

9 0 0
oX
0 9 0
v u(x,y.2)
_|f]-| 2 9 0 || v(x,y,2) 3-4
Ty > G4
w(X, Y, z)
0 0
- 0 -
0z OX
0 9 90
L 0z oy |
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&= [gx,gy,yxy ]T =g, + 2K, + LK, (3-5a)
7=[rer,] =6 +2% (3-5b)
X,
&6 =[Uy 41 VoysUg,y +Vorl (3-62)
k=B By By + By 1" (3-6b)
Ky = LB +Wo s By y +Wopy Bry +Wo + By +2Wo 1" (3-6¢)
& =B, + W, B, +Wo 1" (3-6d)
K, =3¢ [B, + Wy, B, + w0|y]T (3-6¢)

FL 3 AN S 4 22 T R 2 P s P 5 ] s e T 3 B R DA B Ay RSG5 %
FRE o RS SCHTEEHE, 0 Z4E-FGM ERIAREN 1R RERN

o=D¢ (3-7a)
=D,y (3-7b)
A, GZ[GX,O'y,TXy]T y T :[z'xz,z'yz]T )
1 v(X,Y) 0
b = E(ZX ) vix,y) 1 0 (3-8a)
1-v(X,Y) 1-v(x,y)
0 o V&Y
L 2
__E(xy |10
S 21+ v(x,y)) {o 1} (3-8b)
PN S L Z N AR 5E 2N
o=D,&— e'E, (3-9a)
= Dsp7 (3'9b)
D= e(g0 +z28'+ 236‘3)+ PE, (3-9¢)

A,
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e 1 v, 0
Dy, = —25|V, 1 0 (3-10a)
1—vp
1-v
0 0 2"
D - Ep 10
" 2(1+v,)[0 1 (3-10b)

5 1D-FGPs fHEL, WIERE Dy A1 Do 75 x F y 7] EXHFIAFE . HRIEE %
s, 2D-FGP izsh T2 n 2N

t
L (U —5K)dt=0 (3-11a)
Kb, & RANE T, SUNBRIAER, SHEDRE. RS Ml FAR N
A B E|¢g sTre
SU = IQ 56,0k, 0x,]| B D F ||k, |+[5e,,0x,] C}[Kjdxdy (3-12)
E F Hixk,
X,
1 1
A 1
B ’ Z ,
Z2 22 ,
D _(hi2 D 3l g —hi2 D 2l g h/2+h, 7z d
E _J-—hlz b2 Z+J-_hs_h/2 bp | Z Z+ h/2 bp 73 z (3-13a)
z° 74 A
F 4 4 z
yA z 6
H ZG ZG YA
2 ) ~hi2 ) h/2+h, )
S _I_h/zDS z dz—i_.[-hs—h/zDSp z dZJ.h/z Dsp z” oz (3-13b)
C 24 Z Z4
FEILBIRESK 2 N
5K =—[_su'mudxdy (3-14)

A u:[ul,uz,u3]T, ulz[UO’ﬂx’ﬂx-i_WO,x]’ u, =[Vy, B 'ﬂy"‘Wo,y]a u; =[w,,0,0],
(e w5

= Ifh/fzp(x, y)z'dz, ie{0,1,2,3,4,6} (3-15a)
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m, 0 0 I, I, cl,
=/ 0 m, 0 |, m, = |1 Iz Cl|4 (3-15b)

0 0 m, cl, cl, c lg

Bl (3-12) A (3-14) ARA (3-11), F5HERRIRN

A B Els o sTe
[|[65,05,05,] B D F| +[5gs,5z<s]{s C}L{} xdy +[_su'miidxdy =0
E F Hlx

(3-16)
FAelth, BRAEHUAE BT qo T IF5TE AN

A B Elle o <
gS
.[Q [6¢,,6K,,0x,]| B D F | & +[5gs,5zcs][s C}L{j dxdy—quoéwdxdyzo
E F Hlx

(3-17)
3.3 F/LASHEKRRIE
5 — LB 42 0 KO 6 72 S — N AR 9 OB B 503 1) & e [0,0] 7,
—of 2 85 ] B R R k(§)={§1,§2,...,§n+p+l}T & RTE A A
i=12,...n+p+1; nflp il ATE BB 2% B i 3 o0 B0 20 B AR e 2B k. 4B

FERBLRR BT IR p B LUG, 15 RUR R ANBAE S R B 2 — — XTI K R
LETT MR EK(E) R BREZAIEREIN, (£), HRHECox-de Boori# & ik g XA -

_ 1 If é:l -3 é: < é:i+l
Niole) = {O otherwise p=0 (3-182)
f 5 §i+p+1 _5
N, = N, >1 -
(8= Eo-e Nip1(8)+ R iapa(8) P (3-18b)

X, MR ER, MR E .
e B FREERACE S ATRURILH R ST D)8 SOy, 5

BHN,, (£)20: 2EAAHE, WVE, SN, (£)=L 3) g BEE K

I, p B EERREAETT S AL E p-K IKIELET] 3. 4) ARG EX[E, &,) WA
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p+1/l\%l%lﬁz:y‘j 0’ EI] Nifp,p’Niprrl,p“'N' H 5)%&%&&1[ éj% llﬂi%;%7

Lp

Zn:aiNiyp(é):Ocai =0, i=12,--n.
i=1

NURBS H: B # R, (2) 7 LA B B SE B SOMBCT 973 5), B

N. A
R, (€)= e (E)

Z Ni,p (f)Wj

j=1

(3-19)

KA, WA T B 3-2 BoR¥AT s ® E2=[0,0,0,1/4,2/5,3/5,4/5111] #4

FEI K B Rk R R B

1
B B
0.9 1.2 7
0.8 B
B4.2
0.7
Bl.-

0.6
05
04r
0.3
0.2
; \ N\

0 . .

0 02 0.4 0.6 0.8 1

K 3-2 fisiENE=[0,0,01/4,2/53/54/5111] =k B FEAIEER
A, 4EAN =4 NURBS & 50n] tH—4Ef) B A 2% 5 o0 B0 I 5Kk B e
A G/HE], B

Nip ()M q ()W,

2 2N, (M (M) w

Nip (E)M;q () L ($) W
Z?:lz?ﬂz:(‘:l Nf,p (é:) M ia (77) LlZ,r (g)vvljk

Xt w HEHERE, M, )L, (o) A n Mg g M r (i B R IERR

Rek (&.11) = (3-20a)

R (&m.¢)= (3-20b)

A, AT PA 3R (3.18a) I3 18b)HHE T A 21, AHRLE n M g 1 R E N K (n)

k() X k(&) HE SCREL, m AT 535 n Al g 77 18] B A 5% 35 bR AR N4
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3.4 EF TSDT HJ IGA #5558

N TR T IR A LA IRoEA, BRI XA u Ko

[129]
mxn

u(&m)=2 R (&n)a, (3-21)

1=1

A, R &30 (3-202) IR EL, g B3 Tl mAL i B R &,
mxn=(p+1)(q+1) REANITRMER FE

mxn

{e0. k15, 6,53 =) {B] B} B*, B}, B} q, (3-22)
1=1
A,
'R, 0 000
B/={ 0 R, 000 (3-23a)
R, R, 000
000 R, O
B'=|0 00 0 R, (3-23b)
000 R, N,
e [0 0 R RO
"“loo R, 0 R (3-23¢)
g2 _ge |0 O R N O
| Cl 0 0 RI’y 0 RI (3—23(1)
00 R, R, O
Bi’=c|0 0 R, 0 R, (3-23¢)
00 2R, R, R,
[ B4R 2 i) 2 1 A 20AE
(K-ao*M)u=0 (3-24)

A, KZRBARRIEZIER, MEFRERME, TR e MITER m & LN

A B ET[B" o s BS
k.= |, Z By.B).B”}|B D F |B! +{B,51,B,SZ}{ } BS2 ! | dxdy
B E F H||B > Cllgs
|

(3-25a)
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NC
m, =jQ > N'mNdxdy (3-25b)
A

A, N={N,N,,N.}', HikN

R, 0 0 0 0
N,=| 0 0 0 R, 0 (3-26a)
0 0 R, R, 0
0 , 0 0 0
N, =0 0 0 0 R, (3-26b)
0 0 R, 0 R,
00R 00
N,={0 0 0 0 O (3-26¢)
00 000
2D-FGP #2 v /AT A IR
Kd=F (3-27a)
NC
F= IQZ{O 0 R 0 O)g,dxdy (3-27b)
1=1

A, d RBELERE, FRBAEINTEMmRE.

S5 LAY 3 A D7 2 FH T A DR D e AR 5T 1 R 2 ) 00, FERCRPG OL R, T
B FER A BURFIE i NURBS A5, AT RUAE A R 42 ] R G AR o] R 2% F AT e
orAnFeER N, S, fE 2D-FGP HIFT R A iR A 2R e A, BRI A0

n m

V(&n)=2 2 Ri(&mV, (3-28)

i=1 j=1

A, Vig e (i, ) 2R 91 AR e B AR 7 B
3.5 LIt BAR

JH LX) Ty BE AP 52 S TR AR 2 1) e e aed ook s v 2 e 0 A8 A R 2SR SE IR, BA
KIS 251 P R Wy 8 ORI AR, S B St SR 2 1]

IR Z NN H AR R 2L
PN AERNEAE
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m

Z(Wi _Wdi)2
F(V,,U,) =" (3-29)
myE,
AP YU

Nu
D US -E: <0 (3-30a)

i=1
0<V)<1, je{l2...,Nj} (3-30b)
Ugo Uy U, ie{l2. N} (3-30c)
o —-o>0,,k=2,3 (3-30d)
é/c - gmax <0 (3-30¢)

MAZHRIECE ;W AT Wy 0 BN ER §ASRAE R TSR AU mp JeRAE
E, NEIESH, HAESAAREA R B AR R AME: U,y MU,
I3 s LR U (Y BRI R w R 7 B AT AR, wy R INIR 2 G
R PR B B K SR VHE,  { Ron R B 2k G- E . i 3-3

JE7R T & HL 2D-FGP 47 IGA R4k IMFO i fE A .
3.6 WS EMIEMR

AT FEM TS TSDT B IGA J7iEK A& e HE 1K) 2D-FGP ] gt (iU St
ARG . MRS HNER 3-1 B,
3.6.1 [£H 2D-FGP BB HIREN 4

A/NFTEAELL 400 mm X400 mm & FLDIRERR AR NG, Ja ik AT ER 7 WSk
PERIE AP . AR HRIALZ B Ti-6A1-4V REAKARAL, FEEE N 5 mm, EEE
B, HIIREHEEE n = 0 I, HEZHA N Ti6Al-4V MR . 24 n =
1000 i, a2 i AR K. B4 PZT-G1195N [EHL 2, &ZEF N 0.1 mm,
Wz A, sEeE TR R R RE . R TR 0 R A AR,
HUAZER IR 32 Fivn. £ 3-3 45 T A ERL S N I7 AR TG /S B [ 4
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J& FL.2D-FGPf A TR 12 il B 7

v

HAreR BONE, GHEAR 51t 50
RZIAFREZ) , FHAHIRRRAE

B AR T

y

HIHEALAS B VX H Uy

v

WHIMFOZH |

v

TR TE NMARIERE -

v

| H Freocky THEEMTE TS AR EEM 25 L
| AL E ISR E AR R IR Mpes:

Y

T B ERAUE w

AL R E, AR SE

Ve Al Uy

MR AR B2 B L 2 AT 1
TR B R AR i A TR S A

Kl 3-3 2D-FGP #EMEAL B THET IMFO i f2 &

*3-1 et
i Fi B2 DIREBEE
PZT-G1195N Ti-6Al-4V Aluminum oxide Al Al,Os
Ry
E11/GPa 63 105.7 320.24 70 380
Ex»/GPa 63 105.7 320.24 70 380
Ess/GPa 63 105.7 320.24 70 380
G1/GPa 24.2 - - - -
GlslGPa 24.2 - - - -
G23/GPa 24.2 - - - -
JRTALE
Vi2 0.3 0.2981 0.26 0.3 0.3
Vi3 0.3 0.2981 0.26 0.3 0.3
Va3 0.3 0.2981 0.26 0.3 0.3
R
pl(kg m3) 7600 4429 3750 2702 3800
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R 3-1(8:3%) MebeEtt

ik JEHLZE DIREREE 2
PZT-G1195N Ti-6Al-4V Aluminum oxide Al Al,O3
JEHL R B
day/(m V1) 2.54E-12 - - - -
dao/(m V1) 2.54E-12 - - - -
PIEEN- £
ku/(F m™) 1.53E-08 - - - -
kool (F M) 1.53E-08 - - - -
kaa/(F m?) 1.53E-08 - - - -
2% 3-2 JEHL SSSS FGP f)[H A #iZ
n=0 n = 1000
Mode I - N 7 7
VNN IGA T Y N s N IGA fA AT it
1 147.868  145.355  145.350 265.594 263.695 265.114
2 369.333  363.064  363.050 663.425 658.684 662.201
4 590.387  580.375  580.350  1060.564 1052.989 1058.589
6 737.607  725.108  725.000  1325.099 1315.640 1322.461
8 957.967  941.948  941.640  1721.071 1708.790 1717.694
% 3-3 AL LAY R L 2D-FGM BRI B 7S o [ A A
. n=0 n =1000
g Mode =y Ny
Stk b IGA FEM4 h IGA FEM™
8 ik i

25.928 25.546 25.580 46.803 46.499 46.550
62.814 63.522 62.750 115.955 115.618 116.000
158.218  156.530 157.200 288.051 286.538 287.600

CFFF 202.729  199.967 200.190 366.958 364.763 365.000
229.091 227.264 228.200 419.822 418.066 419.550
400.750  397.308 397.580 733.613 730.416 730.590
546.782  537.533 533.830 982.777 975.695 970.640
ceee 546.782  537.533 533.830 982.777 975.695 970.640

804.729  791.172 774.200 1446.623  1436.256  1411.850
978.024  961.440 957.320 1758.275 1745442  1740.150

1
2
3
4
5
6
1 268.565  264.015 262.530 482.638 479.163 477.140
2
3
4
5
6 982.845 966.167 963.040 1766.913  1754.001 1750.090

3.6.2 BEEREH FGP WS th
K 3-4 Fiom N— AN RSN 0.4X0.4 m 1) CFFF 2% & H FGP, ThRERSEEE
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FEN h=5.0X10"m. | FARHETHE AT AR AR E S TR, B RHE

't
X

0.lm 0.1mO0.1m0.1m

& 3-4 B UK H FGP 7R354 518 far AU R 3N B R R T 1l i

Q.

>

0.0052 m

i 3-4 CFFF B FGP /=K

s q =100

" X ke oV 20V 40V
01 CiHR[134] -2.7344E-05 -2.1078E-05 -1.4812E-05
A -2 .6566E-05 -2.0503E-05 -1.4439E-05
0.2 CHR[134] -9.0702E-05 -6.2375E-05 -3.4047E-05
NS -8.8058E-05 -6.0773E-05 -3.3488E-05
n=0 03 CHk[134] -1.7038E-04 -1.0357E-04 -3.6765E-05
N T -1.6541E-04 -1.0124E-04 -3.7063E-05
CHR[134] -2.5509E-04 -1.3417E-04 -1.3251E-05
0.4 CHR[135] -2.5460E-04 -1.3346E-04 -1.2320E-05
ARE TV -2.4773E-04 -1.3178E-04 -1.5844E-05
01 SCHR[134] -1.2052E-05 -9.1555E-06 -6.4145E-06
AT -1.1897E-05 -9.1325E-06 -6.4074E-06
0 CHR[134] -4.0033E-05 -2.7084E-05 -1.4665E-05
KT -3.9502E-05 -2.7135E-05 -1.4588E-05
n=5 03 CHk[134] -7.5215E-05 -4.4882E-05 -1.5548E-05
ZNCATRGN -7.4216E-05 -4.4743E-05 -1.5468E-05
SCHR[134] -1.1284E-04 -5.8490E-05 -4.1400E-06
0.4 CiHR[135] -1.1266E-04 -5.8200E-05 -3.7500E-06
KRBT T -1.1110E-04 -5.7948E-05 -4.7944E-06
01 HR[134] -9.5938E-06 -2.1078E-05 -1.4812E-05
BT E -9.4948E-06 -7.3085E-06 -5.1221E-06
0.2 WHR[134] -3.1862E-05 -2.6375E-05 -3.4047E-05
N T -3.1524E-05 -2.1589E-05 -1.1654E-05
n=1000 0.3 SCR[134] -5.9857E-05 -1.0357E-04 -3.6765E-05
NN -5.9220E-05 -3.5718E-05 -1.2215E-05
SCHR[134] -8.9581E-05 -1.3417E-04 -1.3251E-05
0.4 SCHR[135] -8.9470E-05 -4.6090E-05 -2.7100E-06
AT Ik -8.8636E-05 -4.6009E-05 -3.3820E-06
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JEEEEN 0.1 mm. &JEH Ti-6A1-4V FEALEEMRIE L, EHZEHE PZT-G1195N
M. WA RHERENER 3-1 . 2 3-4 451 7 28 UK i FGP 1EX &) i Al
ANFH N RS FFRE . vTLEH, AR5 SCER[134-1351E A& .

3.7 HEEH

AT = A E A RAEA SRR H T TSDT BIEHE 2D-FGP ] 1GA flift
ik, A 2D-FGP. #HE 2D-FGP f1 KEJE 2D-FGP. PSO1D #11 PSO2D 4y
HlFa 18 PSO 124 IDFGP #1 2D-FGP (AL #%. [, IMFO1D 1 IMFO2D $5 g
FASCHE H ) IMFO {£ 4 1D-FGP F1 2D-FGP [ fk 2% . IMFO Al PSO 51124k
BB Nkmax =200, N =50, NURBS ZERHNHEE N p=g=1, EHITHEZSH
n 3-1.

3.7.1 FHEHE 2D-FGP

B & — AN A R B Z 77 2D-FGP, A SSSS. BRI FE R 0.4
m, DIReBEEEIIEE N 5%10°m, B FEABZMEREN 1.5 % 10° m, W& 3-5 fif
TNo Wamend= 240, Eamena = 1.0 X 10, Guax = 0.7, ATFEIEH SR 2 %4 300 Hz,
B O\ LR SRR R BRI N Er = 3x10° Jo FT R MR ST RIIA N X = 104
sin(tx0.4) sin(my0.4).

B 3-6 AT 16 x 16 BT 3 B NURBS #it- i, TR iar e, i
T AR BRI, WA AP R R E R, B U« Ui
Uvs Ml Uve o XTHOLES AR RRSESE, NFREHFRNGz—, Hb-tAX
ST DU X3 AL R O R AR B PR AR 3R A

K 3-7 NS AL 2E%F 1D-FGP A1 2D-FGP FIEACHZE (AR AR EE R T
W AR 5 IRAR 2 W iR ZEr) . HF 2D-FGP # B L1 LMFO A
DMFO!'%I55IFx y LMFO2D Al DMFO2D. H4h, N7 HHATILE, &R T CHk
[127,139] 7 38 B BE AR AR 73 B0 70 A 0 J7 V2R AT UL IMFO £E 2D-FGP F3R45 [
BARAER, WITIRES 20 4%, 25 100 AR ANEE 200 AR AR B AT LA . 7]
LAEH, J7E 2D-FGP WUANfi b BAEAE M B Re i, T 0o 4 2 th 4 SR AL ik
K 3-8 NERSTEARIE . AR BRI 3-5 fius. J7 R 2D-FGP IR /NFr
PP 3-9 iR
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X

3-5 SSSS £ HL 2D-FGP [ 45 f iy

[
N
[
[
[
[ )
/]
[ )

e
e
[ L]
1d0d
o4
4]
L 4/
) ¢

{¢

o0
[ L)
a6
[ ]
8%
/L)
[ L)
3 § ¢

o0
3888888888 % &

0 0.1 0.2 0.3 0.4

=y

] 3-6 SSSS JE HL 2D-FGP it . ¥ 585 X4 P 1 T 25 42 81
O SRIRER E T AR A, O R RS I A
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——PSOID ——IMFO2D

™ —A—PSO02D —P— LMFO2D
Lgts ! IMFOID —€— DMFO2D &%
N ‘ 0.7
@ - 0.6
S 05
0.4
0.3
% ir 0.2
- % 0.1
107! ; ‘ ; : ) ! 0
0 20 40 60 80 100 120 140 160 180 200
Iteration
3-7 SSSS JE Hi 2D-FGP 1% il £&
x10*
0.4 1.0
0.35 L
0.8
0.3
0.7
0.25 0.6
0.2 0.5
0.15 oA
0.3
0.1
0.2
0.05 0.1
0 0
0 0.1 0.2 0.3 0.4
K 3-8 J5 I 2D-FGP W IR K
# 3-5 REMAL 755 SSSS K i, 2D-FGP iR 45 H
i
PSO1D IMFO1D PSO2D LMFO2D DMFO2D IMFO2D
Atk B A
KR
f 0.4880 0.3464 0.2033 0.3781 0.3420 0.1327
A 359.5129 359.5030 352.0706 359.5030 355.9415 328.7613
w1 240.0067 240.0001 240.0070 240.0001 240.0474 240.0099
Cirue 0.6308 0.6307 0.4988 0.6307 0.5281 0.5382
Uv? 299997.0780 299997.6209 299989.4804 299993.5984 299963.5152 299923.2782
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K 3-5 (8:3R) AFEMRALTTEEXT SSSS K HL 2D-FGP i 25 R

WARrS
PSO1D IMFO1D PS0O2D LMFO2D DMFO2D IMFO2D
RS
1,4,13,16 37.6785 38.0719 27.3742 63.1960 118.9267 35.3166
2,3,14,15 177.7933 97.4592 90.7896 90.0064 110.8611 81.2875
509,812 71.6105 91.4501 106.7567 128.9619 81.6301 78.8272
6,7,10,11 191.9403 235.9842 233.6841 215.1101 204.6794 246.8039
0.4 0.4
-0.02
Py ' 0.05 . 0.05
-0.06 0.2 0.2
-0.08 . .
-0.1 -0.05 -0.05
-0.12
0
0 0.2 0.4 0 0.2 0.4
(a) Mode 1 (b) Mode 2 (c) Mode 3
0.4
0.04 0 02 . 0.04
0 02 0.02
LI = N
: -O 04 20.06 -0.04
0 0.2 0.4 O 0.2 0.4
(d) Mode 4 (e) Mode 5 (f) Mode 6
K1 3-9 SSSS i H Hi 2D-FGP 1 AT 7S 4R 2

3.7.2 R IEHE 2D-FGP

S5 AT T CFFF #UE & B 2D-FGP AR TF . AR A RS E AR G 1]
3-10 s . HHUERERI A 14 DNAKH 0.02 m RS2 LR X8, 6T Uy B HLE
AT 300 V 2 300 V, KRG KIBA I B . Wamena= 400, Eamend = 8.0 %
107, Cnax=0.70. HIPIBT[EAAIZ 2 25 1000 Hz. Hi A H %
=5x10°J, HESHS LOl—5. FG BRI TES FHIHE, B8R

81 A, WIS KB SRR X = 10°(1.562x> — 0.849xy). [k HLJZ PN H

B s T S TR U
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8 W YN U RE DA

A, U, BIU RS R, (6 0 F0R SIS R TR, 9= 1.0 x 108 497k
KSH.

K 3-11 Jean 1R 19X 19 tHE Rk, & 3-12 75 PSO A IMFO fEBA [
HLZ ) 1D-FGP Al 2D-FGP R Zk . e B35 20, 100 A1 200 R FHE 2D-
FGP WIEFR 3B Ai . nTLAE H AL 2D-FGP 7Rl 2 Ab B A B BB &Rl 4
JRIETAER IR Bl 3-13 JEoR T IERESTRE . I AREMA RN 3-6
No RHE L 2D-FGP BRI /SEREL AN 3-14 Bos.

0.007 m

0.003m

0.02m

doh oA oAb bR VLA A L A

¥
P
[
-
*
>
[
P
]
*
]
>
-
)
r

.02 0.04 0.06  0.08

& 3-11 #F & 52 CFFF &3 2D-FGP it A,
BRI BN AT AR A, @ F RIS R
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% 3-6 AEMEATTEET CFFF JE H 2D-FGP Mk 45 5

WARES
PSO1D SMFO1D PSO2D SMFO2D
etk H s K2R
f 0.6858 0.6588 0.7355 0.4638
WA 943.4881 949.1299 966.5630 773.2758
™1 682.4425 686.2299 673.1362 652.2943
Ctrue 0.6353 0.6748 0.5244 0.4188
Uv? 14967.9892 32893.8211 53928.7439 9050.5662
SRR S
1 0 0 -102.9817 0
2 0 -77.5148 79.7148 0
3 0 120.4080 -1.6929 0
4 46.1245 0 -14.4356 29.3636
5 -17.0090 0 170.4649 0
6 0 0 0 0
7 0 0 0 0
8 89.2050 0 -50.2945 0
9 0 0 0 0
10 0 71.5030 0 51'7515582
11 25.0424 0 -0.1615 42.79632974
12 0 3.4633 0 0
13 -62.9806 0 33.41373718 0
14 0 -85.2204 -63.6670 -60.6485
HA, R FHARIE R B 43 Sl =& VA Hze
A T 1.0
L - ——non | M
4 . £ »

~
T
—

—a

L | L
0 20 40 60 80 100
Iteration

120 140 160 180

;ﬂo

3-12 CFFF /% H 2D-FGP [kt £
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x107
12

10

3-13 #}¥ 2D-FGP i AR &

0.1 i D04 1 ' 0.02
0.02 0.02

-0.040,05 O 005 ¢
0.06 -0.02
' : -0.04 :
0 0 0.02
0 0.05 0 0.05 0 0.05
(a) Mode 1 (b) Mode 2 (c) Mode 3
i 0.01 0.1 kamur™™™ 00 O il 002
0 0.0l 0.01
0.05 'g'g; 0.05 o 005 0
B -0.01
. 20.03 ﬂ -0.01 A ’
0 0.05 0 0.05
(d) Mode 4 (e) Mode 5 () Mode 6

i 3-14 CFFF £HEJEH 2D-FGP [HT 7S R
3.7.3 XKEFEH 2D-FGP

WEAEREE T BAEEER CCCC 2 2D-FGP IR R Bt . K
3.15 JE/n T AL Z BTHY 2D-FGP ViR B, 3 3-7, 3-8 45t AR 2 i
B, A P ARE . & 3-16 TR R IF 19%19 [ IGA 5l A%, il
IR TIGA MRS HEAT 4 B h A0AGAR 21N . G5Bl 3-17 R R HLZ H
16 > NURBS Jo& A . Up; HHEZRLTEEN —300 V 2 300 Vo wamend = 240,
Eamena = 1.0 X 107%, Gnax=0.7. R PHT A R 2 2 (=300 Hzo FA KSR
IR PRGN Er=3 x 10° T, HASHS F6l—5. WZEIHEIETT o= 10 Nm? .
H AT T R IR R A
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x2+y?

X =10 xsin(x* + y*)xe 2 xcos(x—y)
Kl 3-18 &7 7 PSO H1 IMFO X} HA7 HHLE ) 1D-FGP Al 2D-FGP (Ji%kARHT £
WK, BRERE FEAE AR CERIE 2D-FGP M b 3-19 Won T ORERE
2D-FGP HITEARE . 3£ 3-9 B IR R ML R, KEDIE E L 2D-FGP 1 H{T75Bir
PRI 3-20 Fiom o

(3-32)

K 3-15 K4EETE FGP (K IGA 4k

% 3-7 CEEE FGP ikl IGA 4k i) 2 W aClr EOr 1 i )

77 IF] i1 RRE
g p=2 {0,0,0,1,1,1}
n q=2 {0,0,0,1,1,1}

* 3-8 KEE FGP ficfl IGA ik 142 i 2
i ] Bij Wij
1 1 (-2 110,42 /10) 1
1 2 (—/2120,0) 1/\2
1 3 (-2 15,2 110) 1
2 1 (0,—/2 1 20) 1/2
2 2 (0,0 1
2 3 (0,+/2 1 20) 1/42
3 1 (3v2 1 40,-3/2 1 40) 1
3 2 (\2120,0) 1/42
4 3 (2 110,+/2 110) 1
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JQ!

5] 3-16 KHEIK 2D-FGP ¥4, 4655 [ 45 A ) T A8 1 45,
O SRR E AR, O R A

0.1 <005 0 005 01 015 02 025

K 3-17 CCCC KA K 2D-FGP 45 fa i /i

0.23 T T T T T T T T T 1.0
> i
0.8

0.21 - s ’ @ b ;
02 A . 1 07
»

0.22

=

0 0.6
019 ! ]
" : D 05
1
018 : o
: 0.4
:
' %
0.17 q e 1 0.3
I
—e—PSOID ] / -
016 —A— PSO2D ; 1 '
5 IMFOID \ i
—— IMFO2D £| -
0.15 0

s L L s L s L L s
0 20 40 60 80 100 120 140 160 180 200
Iteration

3-18 CCCC KEEZE . 2D-FGP ik h £k
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% 3-9 AFEMALTT 4 CCCC JE H 2D-FGP il 45 5

i
PSO1D SMFO1D PSO2D SMFO2D
B F bR 205K
f 0.19 0.17 0.18 0.15
WA 792.59 685.26 814.14 753.91
w1 924.87 801.56 940.49 806.21
Cirue 0.32 0.09 0.52 0.47
U\% 402017.19 598093.01 308647.54 513701.63
T H B
1,16 155.74 298.90 42.99 7.41
2,12 -69.39 158.97 182.18 195.60
3,8 -277.52 -107.55 -68.13 -177.24
4 -118.48 -20.64 49.55 -58.09
5,15 169.24 299.92 248.79 298.97
6, 11 84.48 163.70 142.14 51.40
7 -95.45 105.61 89.28 74.33
9,14 -14.99 42.03 -60.18 -213.64
10 -68.50 84.41 62.61 1.66
13 -300.00 -299.99 -208.55 -300.00

R R AR ) BN 0 9l 2 VT Hz.

1.5

| r
i

‘ "
0.2
. 0.1
-0.5 0 0.5 1 1.5 2 25 3

0.5

0.4

-0.1

-1.5 -1

K 3-19 K4 2D-FGP ISR K
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0.1 0.1 0.1
008 - ‘ 0.04
0 ‘ 006 0 0.02 0 . 0.02
0.1 0.04 0.1 ‘ 0 0. 0
0.2 0.02 5 0.02 0 $os
0 -0.04 -0.04
0.1 0 0.1 02 0.1 0 0.1 0.2 0.1 0 0.1 0.2
(a) Mode 1 (b) Mode 2 (c) Mode 3
0.1 0.1 0.1
of L D 002 0 .‘ 2 g '.‘ 0.02
0.1 e 0o -0.1 ‘ ‘ R 0
0.2 0.020:2 -0.02-0.2 -0.02
0.1 0 0.1 0.2 0.1 0 0.1 02 0.1 0 0.1 02
(d) Mode 4 (e) Mode 5 (f) Mode 6

3-20 CCCC KiEJE [k H 2D-FGP HI T /SEr R
3.8 KRB/

AR T AR SRR DI RERS AR (2D-FGP) B & RS T i
KA =W 8 OIS BB 155 T UM AT 7 i, SRAG I 0] Zh REBE FEAR 1) /7 5
8. ERABLT R AET, SRAH 4k B #E 2k IEH] U TR G TR 2D-FGP (1)
B B AR 7 o3 AT AT I s B B AR R R B TR 22 . Tl by
Jitts R R SR 2D-FGP MM BUE R B, Boiik 1 o A 2R A7 2k
A& FH T
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£ 4EF ETHEZ4HRMNERNEIEHEREENFED T

AP — R e = 4R8I AR S T LR e R, TR 4RI
HLIIREREERR (2D-FGP) X B HiRzh5 725 i 1n) . 256 s AT REAS K O RE AT
WALy SR, AL TR 2D-FGP IZahfE i e . AL #E=4Er e, il
PRV = 4E AR AR B 2 D TR R R AR . ARSI B BAES. (NURBS) [
PV SRR R AL T = 4EPR IS CTESVEEOR . B A MBS, RGIRTT T
fif s LI AN XS 2D-FGP A 25 it AR AN B b IR sh 4 ML R i R

4.1 EZHRIED

T = 4EAR T BT ) B, BY U AR W0 R e A% S a8 e 67 7% 3 (1) v B TR
FAE. Senthilnathan 51407 Reddy B AR AR F SR 3EAE B, $2H 1 =4k
WRELEIS, ZERMA AR . RN TR RN

u(x, Y, z) =U, — 2w, , + 9 ()W, , (4-1a)
v(x,y,z)==v0——zmgy-+g(z)mgy (4-1b)
W(X, Y) =W, + W, (4-1¢)

KR, wo, vo, we , we RBRPERBIA KA, 9@2)=—(42°130%) . BELE
IR A T 2 TE I BE AR R R A A, 50 T2 L 375 A A 8 ) A = 2
PR A LL, TFEIN TR R AR A P ol T LS B AR UL
(TR AR 43 A7 SR AR PR P U B e A L1421,

é—{g} 4-2
y 4-2)

.
E= {ex g, }/Xy} =g, +125 +0(2)s, (4-3a)

JLAT RIS & T DA RN

ﬁl:P’

y={re 7.} =f(De (4-3b)
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auy 0w, oW,
OX OX? Ox?
Ny _o'w, 0%Ww, éy
g, = dy c g =1 Oy b og,=1 oy ,&=a$ (4-3d)
0 0 0 ays
v, U, o’w, o°w,
_— _2 b 2 S
ox oy OXoy OXoy
f'(2)=9'(z2)+1 (4-3e)
INVARSINE RN SFSE Y|
Oy _Qll Q, O 0 0 Exx
o, Q, Q, O 0 0 Ey
Txy =l 0 0 Q66 0 0 yxy (4‘4)
Tyz 0 0 0 Q55 0 7/yz
Ty L 0 0 0 0 Q44_ Vxa
~ _ E@® _~ _V(2)E(2) ~ ~ _ E@®
ﬁq:" Qll - Q22 - 1—V(Z)2 ’ QlZ - QZl - 1_V(Z)2 ’ Q44 _Q55 - QGG - 2(1+V(Z))

4.2 EF quasi-3D Y IGA £HI 51
RIS KRR, JEH 2D-FGP AR AT KRN
o| |c —e'|&
D| |e g ||E (4-5)
Hor e NERRE, o=[¢ y', E=l[o, 0, 0, 1, 7,, 7,1 7 HIHRSIFINAE
K. D AMNTNE, EANRYRERE, ¢ NIEHRIIIMHER, ¢ AN,

0 0 0 0 e p, 0 O
e={0 0 0 e O0}9=0 p, O (4-6)
e31 e32 e33 O O 0 O p33
IR z P F R B, AN F i BE R B E
E=-B\V, (4-7)

Reb, VRWE R R A, B, AR
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0 (4-8)

0

0

1 1
h, ]

A, hAh oy by NIERZEERE. RIEU DT, BNy N

20
Usain = %J.VoTédv = %IQ{(gO )T (gl )T (82 )T (gs )T }c 2 dQ (4-9)
gS
A
A B E O
C:[Dm O}: B D F O @-10)
0 D, E FH O
0 0 0 D

S

A.ByCy Dy E R H, = [ 02,2°,0(2),20(2), 07(@)xQz (] =12.6)
D; =% [ @FQz (i.j=4.5)

AP e s AR o S ERU ), B g5 1 AT s

S[*w +U -T)t=0 (4-11)
FAVE
W = [ (Fo—E'D)IV (4-12a)
U=[ Plujds—| afg.ads _Soy
~Js, s o SEqE 3 'qE_h v (4-12b)
p
T=| 1 a"adV + 1 aadV + L arudv (4-12¢)
“h P v, 2" v 2" e

A, W UR T 73 RIORACRE . SNIFAEShAIBIRE. Sp AT Se 3 Ml ZRos K1 /1 Ps
IR P AR T AT S qee g IR HURRIMHEAL, & NN E. Ur Nt
fERAE BRI Vi Vo 1 Ve 3R BRE R . B RURATT B2 AR
pa Ml ps 73R by R HZ RV . w70 5l A R R

K H NURBS % b8 SO0 R (A2 42 37 w BEAT LA,
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mxn

uh(f,n)=§R. (&.m)d, (4-13)

Kb, dy = [ Vo Wy W, | ARSI T ARG B, R R (4-19) i
SCEIFEAR R
B 4-23) AR @-5)F 4-7) b, TN NS FIBT R AR F RN

mxn

[e60 656, 17 = I(B)) (B)) (B))'(B})'I'q, (4-14)
A=1
v
R, 0 00
B/l=[ 0 R, 00 (4-15a)
R, Ry, 00
_0 |:el,xx 0_
Bl=-10 0 R, O (4-15b)
0 0 2R, 0]
0 0 0 R,
Bf=-l0 0 0 R, (4-15c¢)
0 0 0 2R, |
. 000 R,
Bi=1y o o R (4-15d)
L Wy

Bl (4-100. (4-12). (3-19) AR (4-17), BF|EH 2D-FGP Hjizshis

HTREN
ol <leHe o
0 0yl [Ku Kull®| [a
A
BY B"
K, =] BicB'dQ=] [Bi}'D,1B" +BD,B} |dV (4-17a)
B B
K, = [,Ble'BdO=], [(B?)Te;B(ﬁ+z(B%)Te;B¢+g(z)(Bf)T erB, +(B3)' eIBJdV

(4-17b)
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Ky =Kl Ky = ,[Q B;9B,dQ, (4-17¢)
T _
M,, = [ N mNdQ,f = | g,RdQ, (4-17d)
0 0 0 0 e,
e,=| 0 0 Ole=|e; O (4-17e)
€, €, O 0 O

A, M, NBTEAERE, K, AEH 2D-FGP INIBEARRE, K, A AR &
RERIEERERE, K, AT, AR SRR . £ U, g 9k iR RN

FEL A T 2 79 Al FEL T
R B BRI
, O 0 T N
m=l0 1,  Oll,=[1, 1, I (4-18)
0 0o 1, A P
v
h/2 2 2
(10 1 s 1) = [ p(2)(L2,2%,9(2),20(2), 9°(2))dz (4-192)
N R, 0 0 0
N={N;:N'=[ 0 0 -R,, O | (4-19b)
N? 00 0 R,
OR, 0O 0 00 R, R,
N/={0 0 -R,, O [[Nf=|0 0 0 O (4-19¢)
0 0 0 R, 00 0 0

5K, IR (4-5), JFIBRIES ¢ MIT TR

M, d+ (K, + K KK, )d=f+K KIQ < Md+Kd=F (4-20)

ug” “dg" Tgu ug’ “ g
A
M=M,, (4-21)
K=K, + K KK, (4-22)

775 B RS )@ AT DA IR N
Kd=F (4-23)
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(K-w?M)d =0 (4-24)

R, on N 0 G IRER, KR M 2351 9 2 R0 20 e R
4.3 BEFEH

AR SR FH T DY A o = 4k BT U T B F A5 T LT 2 T 7 vk, BT R B R

THREREFEN (2D-FGP) (15T . R MHRRA S (R3O, € (JHE) M F
(HH). =4k NURBS BRHMEEE N p=9=3.

ST I SRR b Ok T LR A D Re R FEAR B AR ED S5 75 A et A
AT A OC SCHR[39,127, 14410 B BORBEAT LLH, WESE VTR A Rk [H
I, JEE T SSSS I A NI UT TR I RERE IR (FGP) [ A 4%, #—F
IR T % 7 2 BUS SBUE
4.3.1 MIABU S I3 IE

AN — MR N a=b=400 mm. hr =5 mm Fl A, = 0.1 mm )5 IEIE
HL T Re B BE AR o ThRe B BE 2 A0 2 IO M LS i) D Ti-6 A4V AL FR A PZT-
G1195N. HIXMRIMSEANE 3-1 FiR. B 4-1 BoR 7 PURRAS R ) 25 500 L)
IGA THEMH . K 4-1 IR T UFASEEHIEE (9X9, 13X13, 19X19 121X
21 TR (SSSS) T FGP WA AR fHH 19X 19 FfilPt%
T [ G 400 5 SR 145 T AT A LA BE W Sk

N T RE BTG T = AR PR 5 ] SRR AR AR SEARORT SR 23T IR A
BIE—MNKEN av BN hTTEA, S22 A8 P =1 No FrHME
SO IR E = 1.092X10° N/mm?® FVAFALL v = 0.3, f&] SR 00 R4 1R

100w, Eh®

EAER . PSRRI W —OOWEN
R LB W=

HERT IR — {01,

nEk 4-2 pon, KT =4ERR AN B FSDT B IGA H i  — kA =ik
NURBS Z o #0551 3 — A BRI S b i AT 1 EE . AR AT LA
(i) 24 NURBS #5830 R HE a/h> 1000 B, 3EF FSDT ) IGA £ HBLBI DI85 .
(i) & T =4ER IR 1) IGA 582 AZ BV BUE M . (iii) 518 5/ FSDT ML,
SETUE = 4EEE 1) IGA T LA R0 fif v HAT AN () 98 J52 LU (A R il 7
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QBN YN T el VA749'S
0.400 © 0.4
00 &6 6 o 0o 0o
0.3 0.3
E 0.200 o __E; 0.2
=
0.1 0.1
Q0 © © 9 00

oo O 0

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

x/m x/m
(a) 9X9 (b) 13X 13
0.4 0.4
0.3 0.3
E 0.2 E. 0.2
= =

0.1 0.1
0 0

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

x/m x/m
(c) 19X19 (d) 21X21

2 4-1 AR ) SSSS &, FGP HIRT L E A 4% (Hz)

4-1 SSSS s HL FGP ) VU Ff A [ 42 il R A%

WAReS
Mode n

IGA(9>9)  IGA(13x13) IGA(19%19)  IGA(21X1) ik [145]

) 0 147.018 147.015 147.014 147.014 145.350

1000 264.842 264.835 264.835 264.835 265.114

) 0 367.691 367.476 367.452 367.451 363.050

1000 662.370 661.983 661.940 661.937 662.201

A 0 588.096 587.814 587.784 587.782 580.350
1000 1059.418 1058.910 1058.856 1058.853 1058.589

0 738.408 734.999 734.661 734.641 725.000

6

1000 1059.418 1324.059 1323.451 1323.414 1322.461

g 0 957.959 955.082 954.808 954.791 941.640
1000 1725.717 1720.534 1720.040 1720.010 1717.694
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R 42 AN[FITT AR AL O i 2 7D LA

a’h J7ik w w2 (%) ah J7ik w w2 (%)
SSSS
20 FSDT-quadratic 0.4114 0.1461 100  FSDT-quadratic 0.4048 0.3937
FSDT-cubic 0.4115 0.1704 FSDT-cubic 0.4064 0
quasi-3D-quadratic  0.4110 0.0487 quasi-3D-quadratic ~ 0.4061 0.0738
quasi-3D-cubic 0.4115 0.1704 quasi-3D-cubic 0.4064 0
Exact 0.4108 Exact 0.4064
108 FSDT-quadratic 0.3654 10.0443 104 FSDT-quadratic 0.3552 12.5554
FSDT-cubic 0.4069 0.1723 FSDT-cubic 0.4056 0.1477
quasi-3D-quadratic ~ 0.4058 0.0985 quasi-3D-quadratic ~ 0.4058 0.0985
quasi-3D-cubic 0.4062 0 quasi-3D-cubic 0.4062 0
Exact 0.4062 Exact 0.4062
10° FSDT-quadratic 0.3551 12.58 108 FSDT-quadratic 0.3551 12.58
FSDT-cubic 0.4056 0.1477 FSDT-cubic 0.3551 12.58
quasi-3D-quadratic ~ 0.4058 0.0985 quasi-3D-quadratic ~ 0.4058 0.0985
quasi-3D-cubic 0.4062 0 quasi-3D-cubic 0.4062 0
Exact 0.4062 Exact 0.4062
CCccC
100 FSDT-quadratic 0.1213 41107  10° FSDT-quadratic 0.0252 80.0791
FSDT-cubic 0.1268 0.2372 FSDT-cubic 0.1268 0.2372
quasi-3D-quadratic ~ 0.1246 1.5020 quasi-3D-quadratic ~ 0.1248 1.3439
quasi-3D-cubic 0.1266 0.0791 quasi-3D-cubic 0.1265 0
Exact 0.1265 Exact 0.1265
10*  FSDT-quadratic 3.1 x10* 99.75 10° FSDT-quadratic 3.2 <10 100
FSDT-cubic 0.0674 46.7194 FSDT-cubic 0.0014 98.8933
quasi-3D-quadratic ~ 0.1248 1.3439 quasi-3D-quadratic ~ 0.1248 1.3439
quasi-3D-cubic 0.1265 0 quasi-3D-cubic 0.1265 0
Exact 0.1265 Exact 0.1265

4.3.2 BHRENINIE

G —FRE—AN RPN IxIm B TR R ShRERS R (2D-FGP). 2D-FGP H
ANEFAN (SUS304) FIEALAE (Si3N4 ) 4. SUS304 HI# IRFEE: (F). JARALL (v) Al
JREZE (p) 43 BN En=201.04 GPay vm=0.3262. pm = 8166 kg/m* Fll Si3N4 [{] E.
=348.43 GPa. ve=0.2400. p.=2370 kgm®. B EFF RS 1 PRFR 43 BULE~FTH 77 W)

FEST, FAREEN G, V=(x/a)(y/b)Y . NTETE, LENmEE
N Had=w@l 7). fph, /D, , KD =Eh_ /(120-V?), o REilEEE
IR . R 4-3 I TAFEBEREE b AR F4MK BRI — N EH
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H 2R PZT-G1195N Al Ti-6A1-4V/%A LRI )5 X IR B FGP. AR R
SHAF: a=b=04m, hy=5mm, hy=0.1 mm. REIMESHEIE 3-1 P, &
4-4 FIH TAEH 19X 19 $2I RS 715 H ) CFFF 1 CCCC & i FGP 1T\ o
PPN . BRI TCENIEERE o R INTE N, 25505 SCBk[148] 7 rk 5 46 e

En@é\o
% 4-3 ANEIBLEIRE ke DR ZMMKER (a/h) BI—M EENMERLLE
i N (ke k=0)
ah Fik
* M 0 05 1 2 5 10

HR[39] 1.9973 1.3958 1.1847 1.0197 0.9008 -
50  SCEA[127] 1.9974 1.3939 1.1848 1.0210 0.9026 0.8672
AZJEE 1.9973 1.3958 1.1847 1.0197 0.9008 0.8652

HR[39]  1.9994 1.3974 1.1861 1.0209 0.9018 -
SSSS 100 C#k[127] 1.9993 1.3954 1.1861 1.0221 0.9035 0.8681
A&7 1.9993 1.3974 1.1861 1.0208 0.9018 0.8661

HA[39] 2.0040 1.4014 1.1898 1.0241 0.9043 -
1000 CER[127] 2.0000 1.3959 1.1865 1.0224 0.9039 0.8684
A&7y 2.0000 1.3979 1.1865 1.0212 0.9021 0.8665

CHR[39] 3.6278 2.5322 2.1425 1.8369 1.6230 -
50  CHR[127] 3.6311 2.5297 2.1445 1.8408 1.6274 1.5729
AL 3.6333 25361 2.1461 1.8399 1.6257 1.5711

HR[39] 3.6423 25432 2.1520 1.8449 1.6300 -
CCCC 100 CHk[127] 3.6423 2.5381 2.1518 1.8471 1.6330 1.5783
AZJE 3.6430 25433 21523 1.8453 1.6305 1.5758

SCHR[39] 37131 2.6032 2.2020 1.8832 1.6593 -
1000 CHR[127] 3.6461 25409 2.1543 1.8492 1.6348 1.5801
AEmEJE 3.6462 2.5457 21544 1.8471 1.6321 15774

R 4-4 AFILFFAT TR FGP BT\ B i A 4

. n=0 n = 1000
AR Mode FEM [148] AZEJjik FEM [148]  A#&EJjik
1 25.58 25.85 46.55 46.73
2 62.75 63.34 116.00 116.36
3 157.20 158.49 287.60 288.13
— 4 200.19 202.50 365.00 366.85
5 228.22 230.46 419.55 421.08
6 397.58 403.32 730.59 736.41
7 452.26 456.03 821.68 823.25
8 472.76 477.31 864.00 866.99
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F 4-4 (B:3R) RIATL LA T K FGP [IRT )P EH 5%

. n=0 n=1000
WIS Mode ol kmoaE FEM[48] A
1 262.53 268.00 477.14 482.79
2 533.83 546.47 970.64 984.45
3 533.83 546.47 970.64 984.45
4 774.20 805.56 1411.85 1451.19
CCCC
5 957.32 979.41 1740.15 1764.38
6 963.04 984.05 1750.09 1772.76
7 1172.70 1227.84 2140.36 2211.96
8 1172.70 1227.84 2140.36 2211.96
4.3.3 THRIEIE

H =% &t SUS304 1 Si3N4 4 %) 2D-FGP, R~} A a=b=1m. M=
B %M 5 Efl— 5. 2D-FGP & % Ak ¥y 2] # faf

q =g, sin(zx/a)sin(zy /b)N/m?, Hr qo WEN -1 N/ m? . N7 T ERE,

2
%%EE*%%W:%@%WO%45%%%&T2DKW*KES$sﬁcam

AFFAE b ko F /e I ARAR O TH B SR SCRR127, 144] 4 25 (R 65 SR 5 2
W&

A VYR FH R T RERR BERR. (FGP) RS FIADRES S5 — i (AR ] . 3 5 2% A
N CFEF, MUK 80 qo= 100 N/m?. % 4-6 H1|H T A[aE] o R AN ) i m F&
BRI I AP RE . BB MR 1T R B REAE o HISEINT RN . IX e EY
R 5CHR[134,135]H R S R &

4.3.4 BEREITH

AN TR 7 S 2D-FGP (a=b=1m) HHRSImMN 4. &
H, 2D-FGP e (U862 2 M BHE Ti-6A1-4V FIEALES, b, NIEHEMEN PZT-
G1195N. SR HIH— WS H 5 5 —— 3.

R 47 F 49 SR TAFEN hias hp/hy RIBEEFEEL o k) XF SSSS.
CCCC 1 SCSC L H.L 2D-FGP HI /N L EWIR M . it 4 REH], M
FE=ANDFFAT TR R SRR RIEL, S5HFEMRKRL. o,
B RESREC S R AR B IEAE G o T R Aof FEE P 1 38 o2 5 S50 e A 1) DT R 2
mm%%%u&ﬁiﬁﬁoém@ﬂ@@?$ﬁ,mm%%%%ﬁoﬁ4zﬂ%
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7 SSSS JEH 2D-FGP HI7sFriRAd,

R A5 BREIREL (kA k) AT ZRAFRIKIELE (a/h) R LHe

Jﬁﬁ a/h T (ke )
R (0,00 (0,05) (0,2) (0.5,05) (0.5,2) (2,2
WHR[127] 1.4542 1.7083 2.0284  1.9046  2.1429  2.2629
50  C#R[144] 1.4514 1.7030 2.0259 1.8979  2.1388  2.2594
55SS AK&EJ7E 14470 1.6584 1.9770 1.8375  2.0916  2.2289
WHR[127] 2.9039 3.4111 4.0498 3.8028  4.2784  4.5180
100  SCHR[144] 2.9033 3.4067 4.0520 3.7964  4.2781  4.5193
AFEE L 28951 3.3182 3.9556  3.6766 41850  4.4598
SCER[127] 05199 0.6124 0.7278 0.6837  0.7673  0.8128
50  CHR[144] 0.5165 0.6075 0.7233 0.6777  0.7620  0.8075
cece A#wJEE 05138 05903 0.7041  0.6550 0.7433  0.7938
WHA[127] 1.0346 1.2185 1.4476 1.3601 15261  1.6165
100  C#R[144] 1.0328 1.2143 1.4462 1.3544 15234  1.6146
Ay 1.0286 1.1818 1.4099  1.3115 1.4884  1.5895
# 4-6 CFFF [k HLEE FGP 7E 255 #ifar AN [F) 4 A\ B R N B R i 1 52
. q =100
n Zhe oV 20V 40V
SCHR[134] -2.5509E-04 -1.3417E-04 -1.3251E-05
n=0 SCHR[L35] -2.5460E-04 -1.3346E-04 -1.2320E-05
EN RS -2.5433E-04 -1.3323E-04 -1.2117E-05
SCHR[134] -8.9581E-05 -4.6300E-05 -3.0200E-06
n=oo SCHR[135] -8.9470E-05 -4.6090E-05 -2.7100E-06
KEETT -8.9387E-05 -4.6020E-05 -2.6526E-06

R 4-7 SSSS [k H 2D-FGP BB EEFREL (ke 1 ky) FIET/SEYEAA SR (Hz)

(k. ky)
hi#a  hp/hy Mode
0,0) (0,0.5) 0, 2) (0.5, 0.5) (0.5, 2) (2,2
1 25.1093 30.0756 35.2501 33.3899 36.8999 38.5328
2 62.7700 74.5932 87.5949 82.2704 90.9920 05.1878
01 3 62.7700 75.1932 88.0104 84.1613 03.0928 07.4857
4 100.4253 120.5634  140.2092  133.7574  146.8698 153.4032
5 1255344  147.7687 174.7362 165.7700  183.1455 192.6553
0.005 6 1255344  150.3390 174.7840  165.9523  184.3924 192.8611
1 27.5191 31.3282 35.3605 33.8761 36.6130 37.8752
2 68.7921 77.9247 88.0078 83.8417 90.6118 93.8278
0.2 3 68.7921 78.3402 88.4085 85.1958 92.1786 95.5746
4 110.0567 125.5145  140.8071 135.7102 145.9208 150.9841
S 137.5710 154.9354 175.6947 168.6001  182.0430 189.3965
6 137.5710 156.6645 176.2014  168.6960 183.1602  189.5457
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K 4-7 (8:3R) SSSS [ HL 2D-FGP IR EFREL (ke 1 k) BIRTZSEY B AR (Hz)

hf/ a

holht

Mode

(kx, ky)

(0,0)

(0, 0.5)

©,2)

(0.5, 0.5)

(0.5, 2)

2.2

0.1

0.1

0.2

1
2
3
4
5
6
1
2
3
4
5
6

493.9584

1206.6216
1206.6216
1402.7884
1402.7884
1889.5509
581.2049

1410.4336
1410.4336
1417.9641
1417.9641
2005.3041

592.0182
1435.7016
1447.4974
1778.5200
1780.9227
2273.7350

704.1036
1695.3494
1710.4379
1805.3349

694.0262
1687.3321
1695.0749
2057.9424
2132.3115
2647.0539

831.5744
2008.2373
2017.2199
2094.3739

1808.2814 2171.2223

2516.6452

3133.5793

657.5050
1584.6400
1621.8689
1983.0294
2088.6867
2525.3588

786.1849
1880.8694
1928.0368
2017.0629
2126.0287
2873.5568

726.6921
1753.4573
1794.5221
2177.6354
2321.3829
2774.4860

872.6476
2090.7395
2142.3167
2218.6501
2366.9182
3291.5171

758.9279
1834.9602
1879.6384
2290.9647
2455.6215
2898.8743

913.0232
2192.4189
2248.2672
2336.2187
2506.0187
3445.3171

%% 4-8 CCCC [k Hi 2D-FGP HIBREEFEHL (kA ky) HIRT/NHMEA MR (Hz)

hf/ a

ho/ht

Mode

(kx, ky)

(©,0)

(0, 0.5)

©,2)

(0.5, 0.5)

(0.5, 2)

22

0.005

0.1

0.1

0.2

0.1

0.2

o OB WON P OO, WONEFEPE OO, WOWDNE OO, WWDN PR

45.7745
93.3557
93.3557
137.6427
167.3677
168.1605
50.1668
102.3099
102.3099
150.8394
183.4102

184.2779
892.9088

1775.2131
1775.2131
2558.8573
2686.3210
2686.3210
966.2302

1900.8696
1900.8696
2553.0157
2553.0157
2716.9317

54.7200
110.6956
112.0691
164.9805
197.3205
201.4301

57.0619
115.6945
116.7516
171.8507
206.8229

209.8753
1069.6686

2111.3984
2137.5613
3079.9019
3298.5097
3364.2376
1102.6857
2159.8504
2179.6716
3073.9349
3115.1101
3128.8190

63.9649
129.3566
131.4437
192.3558
232.2808
234.8357

64.2871
130.2602
131.9312
193.1854
233.9059

236.4280
1251.7827

2471.6851
2512.4649
3600.4328
3941.6972
3985.8309
1244.6619
2438.5231
2471.8461
3516.1428
3613.8088
3656.0388

60.8354
122.5304
125.1387
183.0737
221.2762
222.5524

61.7564
124.8377
126.7149
185.8218
224.9805

226.1928
1190.7885

2340.8961
2392.3977
3424.8477
3762.3349
3839.0043
1195.8086
2336.3030
2373.7971
3379.5244
3462.6182
3527.9276

67.1161
135.1017
138.5726
201.4268
243.8998
247.4452

66.6446
134.5906
137.2095
200.1124
242.5908

245.5922
1314.6613

2584.6009
2652.2492
3774.1030
4192.0947
4309.4898
1291.9726
2523.9729
2575.2882
3648.0783
3820.4476
3920.6985

70.3324
141.7539
145.0490
210.6097
257.3966
258.1803

69.1132
139.6804
142.1914
207.2048
252.9017

253.7787
1378.3586

2714.1862
2777.8481
3949.0829
4447.2294
4570.5866
1340.9151
2622.8710
2671.2957
3781.7472
4031.4043
4135.6148
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# 4-9 SCSC [k Hi 2D-FGP BB EEHREL (kT ky) BIRTASP A HIER (Hz)

(kx, ky)
hi#a  he/hy Mode
0,0) (0, 0.5) 0, 2) (0.5,0.5) (05,2) (2,2)
1 36.8267 44,2112 50.9311 48.9793 53.6200 56.5137
2 69.6324 82.9250 97.7571 92.3782 102.3954 106.8439
01 3 88.1825 105.9033  121.9052 116.9004  128.2263 135.3208
4 120.3036  144.2235 167.4531 160.0736 175.6213 183.6992
5 130.0125 153.7189 182.6635 172.2880 191.9383 200.1448
0.005 6 164.2051  197.1231 227.2384 216.6569 238.5725 251.7065
1 40.3608 46.0679 51.3270 49.7095 53.3295 55.5506
2 76.3126 86.5574 98.1507 93.8077 101.6273 105.0412
0.2 3 96.6409 110.3319 122.8442 118.7781  127.5655 133.0266
4 131.8396  150.2657  168.3981  162.4972  174.6149 180.8385
5 142.4781  160.8367  183.5305 174.9297  190.3080 196.5563
6 179.9445  205.3663 228.8999 220.5109 237.4181 247.5706
1 721.2642 867.0106  999.2257  961.4430 1052.8663 1110.1713
2 1335.4260 1593.0994 1879.9142 1776.7514 1970.5453 2056.8499
01 3 1402.7884 1778.5200 2057.9424 2036.1481 2227.0082 2373.4555
4 1680.2161 2023.2368 2332.4685 2237.1760 2456.7414 2594.4717
5 2249.4210 2704.9787 3146.6356 3007.1328 3303.0742 3456.8140
01 6 2410.2094 2856.9172 3400.3236 3209.5843 3578.3537 3733.1588
1 782.3767 894.8809 997.8152 966.9696 1037.9195 1081.9339
2 1331.1478 1633.6865 1855.6439 1773.5178 1923.2239 1988.9235
0.2 3 1436.4439 1650.8925 1885.3207 1866.6410 2025.3745 2147.6741
4 1801.0103 2064.9450 2304.4312 2228.8206 2397.5665 2503.2714
5 2348.3581 2742.7809 3082.7533 2973.9552 3201.0854 3318.1450
6 23949545 2865.2597 3295.7825 3165.0391 3448.4388 3564.2555

N TIEW] IGA fERS B AR 2% J L0 A RE 1, A 19K Ti-6A1-4V/
A AR K 2D-FGP [ A 3k 47 32— 20 WF 7T . 8 AR B R AR AR o B or A

V, (%, y) = (- XZF;VZ)KR, Forh R FORBININRA%, Kn 305 F0007 [0 (6 B4 4 3%

U271, ShReMe 2N he=0.1m, FFEABEZERIEEAN =0.01m. KH 9N
A7.J7 NURBS TG % I WA R R R AR 0 B A . 8] 4-3 SR T AN RIBRBE AT S %6 R
CCCC [AlJ¥ [ i 2D-FGP B B R 73 A . K 4-10 45 1 7 CCCC s Hi A 2D-FGP
FEARTE R A1 Kr TG /SBY A A 1) G vk i
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0.5
0
-0.5
0.5
(a) Mode 1 (b) Mode 2
1 I
. 0.5
0.5 | o 05
29 Ta
0 0
0 0.5 | 0 0.5 1
(d) Mode 4 (e) Mode 5 (f) Mode 6
K 4-2 SSSS i L 2D-FGP )75 FhiE 7Y
0.9 1 0.9
1 0.1 ‘l 0.1
0 . 05 . 0
(a) Kr=2 (b) Kz=10
4-3 R = 1m & H XA Ty fg 3 AR 1) B BEARAR 0 $ o A
K 4-10 BEEFREL K1) CCCC L HE AL 2D-FGP HIFT/SHE A 4% (Hz)
Mode
N2z /X K
NG R 1 2 3 4 5 6

0 260.2693  534.9319 537.9951 868.6319  873.9486  989.8864
1 329.9653  668.9423 670.6625 1096.7876 1098.4136 1202.6601

R=l 368.7401  774.8159 776.7379 1281.3090 1284.3364 1375.8148
10 382.1917  813.9042 815.9599 1332.9492 1336.8424 1433.9074

260.2693  534.9319 537.9951 868.6319  873.9486  989.8864

R=2 1 280.3938  573.4196 575.9409 933.5820 937.4984 1051.3568

323.7985  661.4013 663.3351 1085.8505 1088.1237 1192.6299
10 347.2949  715.7449 717.5948 1181.2531 1183.4443 1280.7034
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F 4-10 (8:3K) BAFEIRE Kr ) CCCC K HLURATE 2D-FGP HIHT /NP EE A% (Hz)
Mode
1 2 3 4 5 6
260.2693  534.9319 537.9951 868.6319  873.9486  989.8864
1 263.6740  541.4357 5443936 879.5739  884.6279  1000.2996
275.6976  564.5846 567.2259 918.7275  922.9661 1037.3532
10 287.9905 588.6235 591.0140 959.7360  963.3012 1075.8474

4.3.5 BASTHRI

(AN, KR AR DB SRR TS BT, St a = b= 1 m,
By =0.0005 m. iy =0.005 m. /e I HOBTEN 555 4.3.3 5kt bk —
B JEEAD Y W=

0

2 Kr

R=5

Kl 4-4 B8R T INRERRFEFREL (ke ky) X522 1E5Z %047 q, sin(zx / @) sin(zy /b) )

CFFF iR DR B IR . qo = —1 N/m? o WLEZH, B ThBERE I8 B in,
B A RPN, XS SCER[134] R R E. E 4-5 SR TERE T
A SN E LT, AR b T RS2 B B R R AR . & 4-6 '
N7 B AR FRS TR A B IR 2D-FGP (s = 4E R & . X et L5 30k
[135]H Rk 5 45 R — 5.

N TR 2D-FGP TENLHAS & TP REARAL, 4 1E 5%t AR A L[]
I N 2R iR b B 4-7 SR T HLH TR TN B OB AR
LN, L AR R R BG5OSR [134-135] R & 1 3 — 3
T4 2 412 BoR TERFRBANEIE (Uo) FIBEEFRE (ke ky) T PRI A S
(SSSS. CFFF. SCSC Al SFSF) T JE Hi 2D-FGP [ &N Aol . M 45 5
HE IS LR EE e (D BEEFRESREIE I, $REERDN: GiD XS SSSS.
SCSC A1 SFSF i1 #4564, i) dE, SRR, Gii) X7 CFFF 5t 5%
P, BRFEREA f R AIRE B AR s . B 4-8 TR T SR A R kx =
ky =2 W)L 2DFGP B AR sEm . (AR IS, R CFFF & MH-1E 7 TEAR
AR R IEPRRE, I HAh 2 R B
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x10°

r —8—Ti-6AL-4V
—w—k, =k, =0.1
——k, =k, =02
2 —A—k, =k, =05
—w—k, =k, =10

—o— Aluminum Oxide

0 0.2 0.4 0.6 0.8 1
z/ m

4-4 AR FEAE Bk, k)W IESZ AT S 5 L 2D-FGP HH Lo i 2 52

%107

—&— Ti-6AI-4V
| ——k, =k, = 0.1

——k, =k, =02

2
- —A—k, =k, =05
‘\..15_—m—kw=ky=1.0
:%i'g —6— Aluminum Oxide

0 0.2 0.4 0.6 0.8 1
z/ m

K 4-5 FRALH R HA AN R B B FE B ke, k) RIS T PR 2D-FGP ) 00 i

x10°5
3
3.5 %1075
3 2.8
-4
2.6

4.5 g 25
Py A 2.4
ﬂ'g .

N 1.5 ¢
-6 : \//'/6:’/ 1 1.8
<1075 k, 0 0 Ky
(a) A5t I 1 5% 407 26 (b) AUt b A7 L

Bl 4-6 BAAFIBE SR E ) 2 5 2D-FGP i =242 i 14
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x10° . . . A (U
- -
& ™
# &
0 0.2 0.4 ) 0.6 0.8 1 0 0.2 0.4 ) 0.6 0.8 1
J"f m J"f m
() k=0, k=0 (b) k=0.5, k,=0.5
S . 5 X107
~ £
& =
3 e
o/m x/m
(©) k=1, k=1 ) k=2, k=2

Kl 4-7 2D-FGP 7ENL LA /R T HRL 2858 AR 4L
# 4-11 SSSS il CFFF [ H 2D-FGP fEANFH i N L« # E48 B0C T I TE E 40 h O %

BREE U ks y
0 0.5 1 2
0 3.9125 2.7392 2.3536 2.0429
0 0.5 2.7392 2.2595 2.0647 1.8913
1 2.3536 2.0647 1.9393 1.8233
2 2.0429 1.8913 1.8233 1.7592
0 5.3246 3.7269 3.2106 2.7948
01 0.5 3.7269 3.0719 2.8112 2.5800
1 3.2106 2.8112 2.6420 2.4867
SSSS 2.7948 2.5800 2.4867 2.3997
0 6.7366 47147 4.0677 3.5466
02 0.5 47147 3.8842 3.5576 3.2687
1 4.0677 3.5576 3.3447 3.1501
2 3.5466 3.2687 3.1501 3.0402
0 18.0330 12.6167 10.9242 9.5617
1 0.5 12.6167 10.3830 9.5291 8.7784
1 10.9242 9.5291 8.9663 8.4572
2 9.5617 8.7784 8.4572 8.1641
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* 4-11 (4:3%) SSSS Il CFFF HHL 2D-FGP fEA A L . B BEFRE T (1 0 249 o0 e

BREN U ks ky
0 0.5 1 2
0 27.9226 19.2630 16.6209 14.5583
0 0.5 14,7912 13.5710 13.0488 12.5681
1 12.8539 13.0488 12.2471 12.0661
2 11.9972 11.9008 11.8550 11.8102
0 23.1222 16.5042 14.3867 12.7007
01 0.5 12.9478 11.9240 11.4810 11.0709
1 11.3466 10.9816 10.8137 10.6528
CEFF 12.7007 11.0709 10.6528 10.4373
0 21.4897 15.3340 13.3538 11.7747
0.2 0.5 12.0361 11.0764 10.6576 10.2687
1 10.5527 10.2033 10.0404 9.8835
2 9.8765 9.7810 9.7330 9.6849
0 8.4301 5.9720 5.0904 4.3664
1 0.5 4.7425 4.2955 4.0703 3.8509
1 4.2014 3.9772 3.8539 3.7287
2 4.3664 3.8509 3.7287 3.6658

3 4-12 SCSC 1 SFSF [k i 2D-FGP fEAFHI AL BEEFRECT MmN O %

WRENE U ks Ky
0 0.5 1 2
0 1.9870 1.3821 1.2073 1.0683
0 0.5 1.3991 1.1449 1.0557 0.9784
1 1.1907 1.0423 0.9858 0.9349
1.0209 0.9497 0.9204 0.8931
0 1.9884 1.4373 1.2722 1.1386
01 0.5 1.4555 1.2115 1.1250 1.0495
1 1.2590 1.1126 1.0568 1.0065
SCSC 1.1386 1.0495 1.0065 0.9648
0 2.2519 1.6271 1.4415 1.2916
02 0.5 1.6483 1.3713 1.2741 1.1895
1 1.4278 1.2604 1.1974 1.1408
1.2916 1.1895 1.1408 1.0938
0 4.3603 3.1453 2.7963 2.5157
1 0.5 3.1908 2.6491 2.4666 2.3094
1 2.7784 2.4427 2.3220 2.2152

2.5157 2.3094 2.2152 2.1255
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F 4-12 (8:3) SCSC 1 SFSF & L 2D-FGP fEA RIS A FL s« 6 FEFRECT e B0 O i

BREN U ks Ky
0 0.5 1 2
0 10.2555 7.1395 6.1647 5.3871
0 0.5 7.3127 5.9586 5.4454 4.9990
1 6.1795 5.3990 5.0782 4,7873
5.3871 4,9990 47873 45700
0 11.0238 7.9686 6.9666 6.1499
01 0.5 8.1402 6.7529 6.2138 5.7388
1 6.9878 6.1693 5.8273 5.5145
SESE 5.9943 5.6141 5.4445 5.2839
0 13.0105 9.4244 8.2385 7.2718
0.2 0.5 9.6281 7.9969 7.3583 6.7952
1 8.2810 7.3139 6.9073 6.5352
7.1189 6.6644 6.4609 6.2679
0 28.9039 21.0712 18.4131 16.2474
1 0.5 21.5315 17.9490 16.5144 15.2463
1 18.6269 16.4709 15.5474 14.7005

16.2474 15.2463 14.7005 14.1402

x107°

—&— CFFF (Tip node)

—&— SFSF (Central node)
6 —%—SCSC (Central node)

—#— SSS88S (Central node)

-2
R/ V
Kl 4-8 ANFHE (ke=k,=2) TFAFRFKMXSEH 2D-FGP $RJZ 520

4.4 REING

AR T —FOH R RS FEE e F L) T RE AR FE A R 5 25 40 T 5UAE 43 T 7 v
GO T W =B YIRS, #5727 R 2D-FGP M5 JLATRENTRLAL. kS
SJEHE B FEs (NURBS) MR x Al y P I A8 A0 B B AR AR o B A o #E=
YRR I8 T B YIRS A E RN, AFEYMEIER T, HRANAK
Fi . BUESE RIIE T B A Rk
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N

o

55 TR EENEINEERE R RESITAL

A BT AT H AL Bt R IR S b TRE S Rbs R R JE, A
R T R 2 B AR AR R DY B A = 4R 1 S LT RE SR, s
AR5 s HUXU R DO RERS EEAR 1 22 H AR AR AR A o 22 i AR 3 15 55 T L AT 0 A7 7 8%
52 Hbr W@, SRR EE 70 A . i r RS I B 15 45 140 J5 5 (R 7[R 9
.

5.1 fiLiit BEr

fERRERI LB, B HE AR IR IR S TR Z R R Z A D9 B Ar ek
. EAFEF, REMIFWT:

i(Wi_Wdi)z
E V=

' mD Ea

b, WA Wy 7 R AE SR AN BURE R BT S UM R B . my R

(5-1)

®; E, R MEIEZH, HAHLS5REEA R,
[ 47 M R A IR S BASAT NI E S K A BRAE N A B br ek 3
AR

= (5-2)

X, TS, o, MEIESHL, HAES BARAEATER .
b B AR B i) o A i =X 3-28 Fra e BRI SR AR AT (] B FE2 RO
HEAE AR

hEm =3 R (Emh, (5-3)

i=1 j=1

Kok, b U G ) R AAIORUE, R (E) R B HEAILRAL,

&, 2D-FGPs FE RS 5 v B ARAL in) @ m] DARERE a0 T -
B/ME B bR g
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1
F(VC,UV):[fler,fZ:—J (5-4)
(]
AP U
Nu
Y US—E <0 (5-5)
i=1
0<V/)<1 jefl2,..,Nj} (5-6)
U SUy; <U,, Te{L2,.,N} (5-7)
o, -0, >0, k=23 (5-8)
G.—Cox <0 (5-9)

ﬁqj’ Vc :{Vclivc2 ----- Vch}ﬂluv ={Uv,11Uv,2""’Uv,Nu}ygﬁﬂ“%ﬁ%‘ Nu jﬂEEﬁEé
MALRAECE; By MR RSREENRKE; Uy MU, 2508 s EEER E
BRATIER . w, A% j B EA SR, W, NERAMIRZE, L, Ron b BR800

RACVHE, ¢ RPN LR 5T EIH .

5.2 HEEH

AATIE S =N EHEGUEA SR H B3 T quasi-3D FAgHI K H 2D-FGP [ IGA
AL, BT 2D-FGP. #HF 2D-FGP ME &R 2D-FGP. IMOMFO.
MOPSO. MOMFO. MOGWO HZH & Nkmax = 200, N = 50. NURBS %%
M E p = q = 3. MM EHE R 3-1 Bs.

5.2.1 LEEHFIER 2D-FGP

SN TTTY L, 2D-FGP (S TORTE M, 1756y SSSS. B i 3
FER 0.4 m, L REHRZEERELN 1.5x10° m, ZhAEHEZEEE 0.8 ho & 1.2 ho,
ho=5x10"° mo. S 58 =5 K7 KK 2D-FGP — 3. ZHIUE N
wa=240, E~1.0x10", Cmax=0.7. HIPFI A3 29300 Hz, HA K BER )
FRAEWE AN Er=5%10°T. HARHEASIR H AL X=10"* sin(nx/0.4)sin(my/0.4) ik -
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Frat
Bt Bt
I Y
R ppeas VIR 1 IMOMFO 24
R i |

Rk #1 ik #2 woww Kk #n

KIG #1 Kip#2 www KJE#N
* b=} =1

FARFE IR AL VB B TARIR 2R

T * EESTESON
HHTIMOMFO et K fr B o

Y

Quasi-3DH # it

& TLAR 23 bt A Toha FE P 4% 2 R
I 2 * EiEMAE AR
FERIA K
ERKE
TR eRy WA de = AV b R B2 HM R AR
B #5 £, A0 f, A B ANAR B A TR 43 A1

5-1 Jir 2D-FGP FZIRFZEHI AL BE 1) IMOMFO e &

K 5-1 S TAGRKS S R LA R . B 5-2 Bor 1T AFIHES 2 RIT
AUy, UEHT T TR I AR . Ak, B 53 FROR 6 BIMREKE S M BE A R
AR A, WLAE N, J5E 2D-FGP WU B R AFER &R, mdoiay 3
T @AM, B 544 7 SSSS At 2D-FGP EARRMERG 9L L1028 — TR & .

F® 5-1 fREEHEJEfRN SSSS J7 T Hi 2D-FGP 4uit 253

ERay I T fif
EERAY #1 #2 #3 #4 #5 #6
fy 1.10758 1.27827 1.38143 1.48553 1.72129 2.17445
f) 1.22293 1.06086 1.01594 0.98163 0.91113 0.84571
AP IS
oA 307.32861 302.07986  337.40299  302.10798 305.64185 309.03094
Cirue 0.64925 0.61579 0.63892 0.63173 0.65072 0.61528

Uv? 499059.57 499426.34 448883.00 49424550 490672.81 489817.32
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5.1 (9:3R) RBHEVM) SSSS T7 MK L 2D-FGP it H

H A% RFHRG LR

PR #1 #2 #3 #4 #5 #6
& HL B

75

1,4,13,16  74.15924  71.35265 34.68391 69.51697  70.79804  75.72810
2,3,14,15 97.20916 113.77791 107.03881 109.36021 111.95209 106.25812
59,8,12 140.77876 129.74988  97.77765  129.61449 122.97506 124.23545
6,7,10,11 299.99503 299.97490 300.00000 299.94866 299.99951 299.99058

BVT by IMOMFO
BCT by IMOMFO
UCT by IMOMFO
BVT by MOPSO
BVT by MOMFO
BVT by MOGWO
Representative Elites

0<% PO |

(d) Elite #4 (e) Elite #5 (f) Elite #6
K] 5-3 J77 & HL 2D-FGP fEARGRYERS e v 7 %2 ERIdHR - A
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0.4 0.2 0.4
02 0.05 0.8
0.2 04 1 0.2 0.6
0.6 0.4
-0.8 0.2
0 0 0 0
0 0.2 0.4 0 0.1 0.2 0 0.2 0.4

0
(a) Elite #1 (b) Elite #2 (c) Elite #3
0.2 0.2 0.2
3 4
0.1 2 0.1 2 01
2
1 1
0 0 0 0 0 0
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
(d) Elite #4 (e) Elite #5 (f) Elite #6

K 5-4 HIEEH 2D-FGP fEACR MR I v 7 & Lo — A &
5.2.2 TEERFIER 2D-FGP

5 ANFAIARIE B L 2D-FGP [ REEHILA, 8556 CFFF. IR
SRR EE=FFRUE R 2D-FGP 28— 3. DIt EEE 0.8 ho £ 1.2 ho,
ho=5x10"m. JHZHRI5H 14 M0K9 0.02 m FIBSLH R X, 0T U fH
AT =300V 2 300V, REI 7 XA EE . wa=400, Eq«-8.0x107,
Gmax = 0.70. AT E A 3R 2 254 1000 Hz. i\ HLUE L BE B AR BR (B NET = 5 X
105 ), HARZHE bF—8. FG EMRERIT %S LEAHE, SAZEHN 126
Ao WIERIE SRR X = 10(1.562x2 — 0.849xy). JE HLZ AN & L H A H

JETFHEUTT

1
1+e (>-10)

Uv,i :Ui

Ref, U, FIU, A, 4 0 365 H U R TAE. 9= 1.0 x 108 A7
KB

% 52 B T RFR TR B AE R . B 5-5 S TRE AR 0 R
AT P 5-6 F% 6 M RFR SR M ER 201, R 2D-FGP ZE1 440 A
B SR B B RRAE . ] 5-7 45t T CFFF R L 2D-FGP 7EARR MRS 5 L2 — T

F L

il

o
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# 5-2 AREKEILMAN) CFFF RHEJE HL 2D-FGP 4iit45 5

Hr AN TEAR
PRI #1 #2 #3 #4 #5 #6
f1 0.10087 0.10096 0.10105 0.10114 0.10125 1.08934
fa 1.01171 1.01069 1.01027 1.00982 1.00934 0.36797
21 %A
©a 552.64156  512.94920  373.71574  480.65560  460.47700  494.62963
Crue 0.65799 0.66634 0.66676 0.65603 0.69320 0.65893
Uv? 479342.01  481319.82  446452.42  455480.86  423798.57  484993.99
JE R
75
1 300 262.07178 89.48885 66.35836 107.95889 300
2 0 124.83269 0 0 0 180.10716
3 289.19663 291.90532 299.14178 297.98037 297.79896  296.72852
4 298.98443 289.01908  269.84681 263.50876 275.67055  298.15231
5 152.78442 189.40717 126.92435 158.27761 125.23015  106.52262
6 0 0 69.02428 300.00000 0 0
7 265.17997 247.35407 292.49661 296.86783 299.94557  299.29609
8 0 0 298.94069 299.31039 299.34139  253.17294
9 0 0 0 0 0 0
10 299.93431 293.89652 0 0 0 0
11 0 0 0 0 0 0
12 26.93743 110.19176 197.02519 0 218.02931  -60.36180
13 0 0 0 0 0 0
14 178.79015 180.93576  203.78465 89.01731 68.35933  130.18249

0.6

BVT by IMOMFO
BCT by IMOMFO
UCT by IMOMFO
BVT by MOPSO
BVT by MOMFO
BVT by MOGWO
Representative Elites

0.55

fa
OO
'&f
3
4
B %odxu#po

e YO

0.45 * M %
v

0.35 .
0.5 1 1.5 2

iui/@

—:—
02 04 06 08

0.15 01

02 04 06 08
(a) Elite #1 (b) Elite #2 () Elite #3

Kl 5-6 R AL 2D-FGP FEACR MRS Sl o5 58 IR R A
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o e A

x 10

0.15 Ol 0.15
_._._—._—
02 04 06 08 02 04 06 08 02 04 06 08 1
(d) Elite #4 () Elite #5 (f) Elite #6

Kl 5-6 (22 RHEHEH 2D-FGP {EARR MM S v 77 = L M Rl A

08 01 -o 2 0.1 0.8
0.6 0.6
04 0.05 0 6 0.05 0.4
0.2 02
0 0 0
0 0.05 0 0.05
(a) Elite #1 (b) Elite #2 (c) Elite #3
08 01 0g 01 0.8
0.6 0.6 0.6
04 0.05 0.4 0.05 0.4
02 02 02
0 0 0 0 0
0 0.05 0 0.05 0 0.05
(d) Elite #4 (¢) Elite #5 (f) Elite #6

5-7 RHEJEH 2D-FGP fEAX R HS
EEEZFARER 2D-FGP

e Ja N EBIRALE 7 TR ITIEAE R AR L 2D-FGP R ARLAL it (1
EHME. W 5-8 Fin, ZEH 2D-FGP B x MxRJUTHEL, T SH0y:

1=0.05 m, =0.1 m, r5=0.04 m, rs=(0.14/~/3 —0.04) m, rs=(0.07//3 —0.02) m,

LR R TT G LA AR

523 7%

r=0.04 m. EMNSEEEHN: 0:=(0.07/3, 0.07)m, 0=(0.07/+/3+0.07/3, O)m,

0:=(0.07+/3, -0.07)m, 6=30°, B=90°, IHFLHEEZIEE 0.8 ho % 1.2 hos he=5%x10"
mo JEHERRIS Ny 23 MPSLH R X (BRd Urd, & X4y 0.007 m,
HLETEFE-300 V 2 300 V, AR XIRTC BRI . L XIBIE x Bl FR o A1,
MRS HN: a=18°, y1=15°, 72=20°, 7=0.049 m, rs=0.07 m, r—=0.09 m. £
Li=0.014 m. % L.=0.04 m FIFTEHEN, 206 R X e #4700 B R . iR Bl
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KBRS R, RIEAZ AR 5] 173 A0 R s -

. X y
=500 e ;
% Sm[0.07\/§+0.o7/\/§jcos(0-1j G-1D
P E S BB NIm?, BB B S TR R
~ (x—0.07/3)7 /2 ( ynj
;(_0.0015003( 007 ]cos 02 (5-12)

ZAE AU NURBS MR B BESEMTEE S, BASHULRRE
WCHER[101]. B 5-9 IR T 28 TBAREHL 2D-FGP AL J7 oot B Mtk . B T4
RS TR FR I, ACERUE HLZE B R X (B Uvas WY x Bl B AR
WO AERBIHR R, 4G ThRerhEEA R, UM 54 MR, AWK EsE
N: ANEREEIR E=2x10°, FEMAER D BRE ra=0.7, HERE 0.
=500~ Eq=3x102, FiFFYEE % ZE Ao=800 Hz. AR SH05 E G 4L R HE .

R 53 HIH TREBREIMAERMESE R . B 5-10 Bor TARFE T IEE R R RIT
Ay & 5-11 KR 6 MARRKG LBy AR IR 2041, BRI s 2D-FGP 7
DZAE BA W BB ERHE. Bl 5-12 45 T R RTREH 2D-FGP AR MR 5
ERER S EE.

K 5-8 H AT E L 2D-FGP ()45 kil 5-9 HIIARE H 2D-FGP it k%

% 5-3 ARFEREIEM) CCCC H TR E H 2D-FGP 445 3t
RFHEHEfF

ANCAE

PRI #1 #2 #3 #4 #5 #6
f1 0.10087 0.10096 0.10105 0.10114 0.10125 1.08934
f 1.01171 1.01069 1.01027 1.00982 1.00934 0.36797
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53 (8:F) RERETEMM CCCC B TRE B 2D-FGP it 45 #

ARG e

#1 #2 #3 #4 #5 #6
2y %A
A 302.84818  303.13553  303.02440 303.09719  302.87082  302.26393
Ctrue 0.12677 0.32680 0.32580 0.48753 0.13547 0.15668

v 1547965.59 1559291.49 1549311.58 1549185.89 1561767.19 1629693.48
iRk es

1,9 258.52826  258.74259  258.82975  254.81989  258.57028  267.97283
2,8 24289344  246.71360 245.89556  246.31031  244.93662  248.06695
3,7 289.08215  289.12452  290.13625  291.37722  290.66347  299.55118
4,6 264.31477 24556715  242.54870 243.07001  256.38732  240.67868
5 240.20138  241.21025 242.43853  242.81401 249.76291  240.52347
10, 18 272.95841  267.33425 260.06967  265.77513  281.66144  272.13227
11, 17 251.55047  242.15862  243.76485  242.06459  247.29785  283.96875
12, 16 298.13726  298.69544  298.41936  298.03792  298.92211  300.43246
13,15 246.29768  249.45123  250.38966  249.29112  247.75818  247.44845
14 264.23015  259.50427  262.00145 263.56080  266.25151  247.61851
19,21 243.84363  277.33158  273.40068  267.30724  247.79320 286.81364
20, 22 290.11853  294.45831  294.82918  267.30724  290.76838  294.15080
23 241.23463  240.41329  242.85639  244.14681  240.23524  240.13428

1.014

BVT by IMOMFO
UCT by IMOMFO
BCT by IMOMFO h
BVT by MOPSO

BVT by MOMFO
1012 | BVT by MOGWO
Representative Elites

1013 -

x
xpPao

* 0

<2 1011 f %

1.01 \ *
x
1.009 - «
1.008 . ; . ; ' ; .
0.1005 0.101 0.1015 0.102 0.1025 0.103 0.1035 0.104 0.1045

S

5-10 CCCC B 4<TIR & H, 2D-FGP [ R FG TS

0. (]a 1

-0. 03

0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08
(a) Elite #1 (b) Elite #2 (c) Elite #3
5-11 B4R E H 2D-FGP EARR M T 1 7 % LM R A
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0

0.1,

}9 01 02
0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08
(d) Elite #4 (e) Elite #5 (f) Elite #6

B 5-11 (S E) SLARRIE H 2D-FGP {EARR LR SR vk 7 8 _E R4 A

0.1 0.1
0.03 -0.01 0.03
0 n 0.02 n -0.02 0 E 0.02
0.01 -0.03 0.01
0.1 -0.04 ¢ 0
0 0.1 0 0.1

(a) Elite #1 (b) Elite #2 (c) Elite #3
0.1 . 0.1 0.1 \
: 0
-0.01 5
0 002 O -0.02 0 ) z
-0.03
y 6
0.1 0 .01 004 o1 4
0 0.1 0 0.1 0 0.1 x10
(d) Elite #4 (e) Elite #5 (f) Elite #6

K 5-12 HZHR T L 2D-FGP 7EAR 32 1k T i

!
e
&
M
-
5”??
N
&r
i
e

5.3 KNE/NE

Al 2 H ARG T T A JE B e HE XU Ty RE R BE AR (R TR AL B it
P T — PR RCEE LR BT A0 2 B AR R OGR4k B FESRIE R
O FRE RS R B0 A, AN T T4 i) At (R AR o ORI JEL B v £
PR BT A T R S AR B ) A T B0 DL S B TR H A0 B R 5%
2k (NURBS) [ IGA J5 AL FE K H 2D-FGP HFINLIMAT . B b i . SR

AR HL 2D-FGP HISFHEUE S B, xR AR A ARBEAT T ik, $E
2 5L R BT TR A R AR R
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FOoE LIL5RE
6.1 5t

Ut AIGA) WA CAD #E2k %)y FEA FHE Bk G— L
(R RTT . T IGA A M mPriEsLrt, wl LU fa i 2 i C!
EGVEEOR, AR AIMNIAR R LA BA LRI R R, mPEsE.
BREIELF . KRS WA R R R, ARRE G S i . T ik
Tt IR IG TRy R OB RS, R R RBUEHES, HAEIRMS
iy 2 TR ASCRHSE Ui 5 gk B FHEAR S & R W, Xtk
FL XL ) D) RE B0 FEAR G5 A T R AL BETE T 7, EE W AN AT -

(1) ZFTo b 5 WX 48 B AR AN 3G A S I T & 17 eSCa (0l ko B0 7k
(IMFO), A58 1 SFIEA K4 RO IR IR R 5T R e ). it —b
ST ARCECHE AN S5 fURS, R SRY RO 2 B RAS, I A el
PR BN TRE e Ia ik 1 S EREMA RE S s k.

(2) BT =Ry U1 B AN J AR WKL, 57 s F XU D RE A
FERR S LT R AR R . 2 B A 2% 2k R B FH DR M e (AR 0 i) 0 A
T T 2 1) R AR 0 ORI P s e D v it AR . ARSREELAB o BT I 1 P 2
DA R T AT 1 S DA

(3) FETHE=EBT PRI ELG, H 57 VAR &k i X0 ) D) BEA AR AR 45 T L AT
ST, T I UL D BE R BEAR 1 B IR Sh AT S il (). ok = 4R IR 25 R
T BIYVAR AR EER RN, AT EBIYME RN T, HRAIARAE. R
A B FEAHIZE (NURBS) [HmifriE s 1 #E=4EBR N C' IELMEEOR,
PRI B MR IE K S 8. BRORE S MR A F s BURAS [ iy 4805550 s FEL X
[ h RE 6 BEAR 1 5k BE RN o

(4) FeTHE=ET P19 2 A bs IO S, L R HL X
[F1) Dy BE AR BE AR )55 J LA T R AR A AT o AEDRAG BT I, 7 B/ NS TR
RZEMRR BB AR AT, RN 5 B HOOUR D RERR BEAR B4 R 5
J L AP R NS RE o I AT T RHE AT IR s XA B RE AR L AR
FIE AR BAE S B, S8E 1 Bl i VA AT ARG 1

"

B
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6.2 EECFT=

AR SO s FL TR B RE A FEAR IR AR AL e vt SR 1t 7 — g iR g o, HRr s
T4its CAD 5 CAE 4i— ks FEAUE i s R B e AL 5k, 2
RN

(1) AW T —FhEE T AR IR AN R KOG 5%, B R R SA T
RAETT . ZMLEE S RE U8 5 i RO A R 18] A AT X sk Beabh, SHkad
KT /MBEAR SRARH LI AN B 3k N SR, PR AR, Bk R s, (et
fip S A R P SRR R

(2) ACARM T —FhoE R BUE 772 T s X1 D) B BEAR A T AR A2 1 o
BT =W B VI AR B 055 LA 20 At 5 A A T R XU Ty REA RE AR H) A 2 20 A
A 4 B FE 2R3 bR A R B R AR AR 0 B oA 101 2] s AR AR 23
KON B A BEE TSR . BRAh, SRR SO KO SR AR
R ] 7L

(3) ARSCHRM T — FhdE e = 4E BT ) A B (1 55 T LA 20 532 ok 20 i
FEL XL i) 3 RE A5 PEE AR Y 75 77 2 1) o M Y P A e ] A 1 AR R AR o 3 A2 7 S
B, HES s XU ShRERR AR KB s T RE . HEAT M = 4R AR B, PR
IR /D 1R RIS AN T RE B . RN AE Bt b, SR A itk i) 22
F g S0 0] A2 6 2 s FEUX ) DY e BEARCHEAT 1 TR 1) ¥ it

6.3 FTESRE

AL I T TUAT 43 e A R OGS, BT TS FLX I T B R AR 2
FATH, FEHUAR T — IR . SR, BT TRIBR G AN NREDIERIR, DA £
7 TH 75 B SUH IR ANIR R

(1) ACRH 73T NURBS HJZE U738 J7i%. X1, NURBS FERAEM
% Je AL 5 T AT AE SR PR, RO B, RRAT % &R T #£255¢ LR B ¥
SREERIR, X LETTIRAE AR SR AL B AE, Rt — R T T R ARG
Z.

(2) ARSCHFUI S5 R JUART AR (87 5, B 52 A% 45 4 1 55 T L AT 164K 1 Tt
FOHE B SEBRR N E . ST T E 4450, AT CAD AL SEFLTH SIS A A S 4

91



TR R A 185

R — A pbi, (RS HT,

(3) ASCRET IS IhRERR IR S . IR1, ESCPR LREA, [SA4ii
RS2 B Wo RKFTY W ST, ATERN 70 M7 s FL SR AT i P TR S5 25 1)
TIEAT N, DR N 75

(4) RRMIWFFCAT AE R A & 2 HSIATE, Mt 3TT Rk E S
IRRIVERE . 2 RSP SRR AR e B TR AR AR 2 R, A B TR BRI
SRR AE ST, e N R BT R IO AR I PR 5

92



TR R A 185

S22 3Rk

[1] Xiangbing Wu, Zhenyu Wu, Lulu Liang, Jieliang Zhao, Wenzhong Wang and
Shaoze Yan. Bio-inspired design and performance evaluation of a novel morphing
nose cone for aerospace vehicles[J]. Aerospace Science and Technology, 2023, 137:
108274.

[2] Cortez Ricardo, Chairez-Oria Isaac, Feliu Batll Vicente, N. Lozada-Castillo, V.
Feliu-Batlle. Multi-link endoscopic manipulator robot actuated by shape memory
alloys spring actuators controlled by a sliding mode[J]. ISA Transactions, 2020.

[3] Shuai Yang, Yang He, Jinsong Leng. Harnessing ultra-high programmability and
controllability for smart composite architecture using quadruple shape memory poly
(aryl ether ketone) s[J]. Composites Science and Technology, 2022, 220: 109246.

[4] Esmaeilnejad-Ahranjani Parvaneh, Lotfi, Marzieh. Surfactant-assisted combustion
synthesis of agglomerated-free, size-and shape-controlled magnetic iron oxide
nanoparticles for biomedical applications[J]. Ceramics International, 2023, 49(15):
25113-25120.

[5] skifE, XA, B b TEWER IS &S] 715 R, 2009, 39(01):1-36.

[6] Hughes, Thomas J.R., Cottrell, J. Austin, Bazilevs, Yuri. Isogeometric analysis:
CAD, finite elements, NURBS, exact geometry and mesh refinement[J]. Computer
Methods in Applied Mechanics and Engineering, 2005, 194(39-41): 4135-4195.

[7] Z°%, EBEAR, IV 5, 5k2%. FET Bézier — M il WA &Il 40 K 25 TLRI AR 7%
T[] DR ER, 147

[8] Mirjalili, Seyedali Jamal. Moth-flame optimization algorithm: A novel nature-
inspired heuristic paradigm[J]. Knowledge-based Systems, 2015, 89: 228-249.

[9] Koizumi, Mitsue J. FGM activities in Japan[J]. Composites Part B: Engineering,
1997, 28(1-2): 1-4.

[10] Shyang Ho Chi, Yen Ling Chung. Mechanical behavior of functionally graded
material plates under transverse load—~Part I: Analysis[J]. International Journal of
Solids and Structures, 2006, 43(13): 3657-3674.

[11] Hossein Amir Rajabi, Jaffe, Michael J, Arinzeh Treena Livingston. Piezoelectric

93



TR R A 185

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

materials for tissue regeneration: A review[J]. Acta Biomaterialia, 2015, 24: 12-23.
Jae-Hung Han, In Lee. Optimal placement of piezoelectric sensors and actuators for
vibration control of a composite plate using genetic algorithms[J]. Smart Materials
and Structures, 1999, 8(2):257-267.

Phuc Phung-Van, Nguyen-Thoi Trung, T Le-Dinh, H. Nguyen-Xuan. Static and free
vibration analyses and dynamic control of composite plates integrated with
piezoelectric sensors and actuators by the cell-based smoothed discrete shear gap
method (CS-FEM-DSG3)[J]. Smart Materials and Structures, 2013, 22(9):095026.
Phuc Phung-Van, Laura De Lorenzis, Chien H.Thai, Magd Abdel Wahab, H.
Nguyen-Xuan. Analysis of laminated composite plates integrated with piezoelectric
sensors and actuators using higher-order shear deformation theory and isogeometric
finite elements[J]. Computational Materials Science, 2015, 96:495-505.

R TS, DIRE R I I F AR ) i sh 2 e B e S A I [D]. KR P TR, 2019.
. DhRERO LIS A BHE) Hermite JERIMEIE KM D], o B A7 il K (4
%), 2022.

Thomas JR Hughes, Alessandro Reali, Giancarlo Sangalli. Efficient quadrature for
NURBS-based isogeometric analysis[J]. Computer Methods in Applied Mechanics
and Engineering, 2010, 1999:301-313.

Dongdong Wang, Junchang Xuan. An improved NURBS-based isogeometric
analysis with enhanced treatment of essential boundary conditions[J]. Computer
Methods in Applied Mechanics and Engineering, 2010, 199(37-40): 2425-2436.
Karatarakis Alexander, Karakitsios, Panagiotis L, Papadrakakis Manolis. GPU
accelerated computation of the isogeometric analysis stiffness matrix[J]. Computer
Methods in Applied Mechanics and Engineering, 2014, 269: 334-355.

Dewen Yu, Shun Wang, Yang Yaowen, Jun Hong. Shape sensing for thin-shell
spaceborne antennas with adaptive isogeometric analysis and inverse finite element
method[J]. Thin-Walled Structures, 2023, 192: 111154.

wEg, T4, RER, DEM. 5T 5 U0k R Bl AR 2 7]
THEAUA BT 5 I 22243, 2016, 28(9):1436-1442.

Ebrahimi F. Amir, Rastgo Abbas. An analytical study on the free vibration of smart
94



TR R A 185

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

circular thin FGM plate based on classical plate theory[J]. Thin-Walled Structures
46.12 (2008): 1402-1408.

Eric Reissner. The effect of transverse shear deformation on the bending of elastic
plates[J]. Journal of Applied Mechanics, 1945, A69-A77.

R. D. Mindlin. Influence of rotatory inertia and shear on flexural motions of
isotropic, elastic plates[J]. Journal of Applied Mechanics, 1951, 31-38.

Ferreira Antonio J.M, Castro Luis Manuel S.S and Bertoluzza Silvia. A high order
collocation method for the static and vibration analysis of composite plates using a
first-order theory[J]. Composite structures, 2009, 89(3): 424-432.

Shi-Rong Li, Feng Zhang and Batra, R. C. Thermoelastic damping in high
frequency resonators using higher-order shear deformation theories[J]. Thin-Walled
Structures, 2023, 188: 110778.

J. N. Reddy. A simple higher-order theory for laminated composite plates. Journal
of Applied Mechanics, Trans ASME, 1984, 51:745-52.

Vu Tan Van, Khosravifard Amir, Hematiyan M. R and Bui Tinh Quoc. A new refined
simple TSDT-based effective meshfree method for analysis of through-thickness FG
plates[J]. Applied Mathematical Modelling, 2018, 57: 514-534.

K. P. Soldatos. A transverse shear deformation theory for homogenous monoclinic
plates[J]. Acta Mechanica, 1992; 94:195-220.

Touratier Maurice. An efficient standard plate theory[J]. International Journal of
Engineering Science, 1991, 29:901-16.

Mantari José Luis, E. M. Bonilla, Guedes Soares C. G. A new tangential-exponential
higher order shear deformation theory for advanced composite plates[J].
Composites Part B: Engineering, 2014, 60: 319-328.

Khorshidi, Korosh, and Abolfazl Fallah. Buckling analysis of functionally graded
rectangular nano-plate based on nonlocal exponential shear deformation theory[J].
International Journal of Mechanical Sciences 2016, 113: 94-104.

Huu-Tai Thai and Dong-Ho Choi. A refined plate theory for functionally graded
plates resting on elastic foundation[J]. Composites Science and Technology, 2011,

71(16): 1850-1858.
95



TR R A 185

[34] Seung-Eock Kim, Seung-Eock, Huu-Tai Thai and Jachong Lee. Buckling analysis

of plates using the two variable refined plate theory[J]. Thin-Walled Structures,
2009, 47(4): 455-462.

[35] Tian Tang Yu, Shuohui Yin,Tinh Quoc Bui and Sohichi Hirose. A simple FSDT-

based isogeometric analysis for geometrically nonlinear analysis of functionally

graded plates[J]. Finite Elements in Analysis and Design, 2015, 96: 1-10.

[36] Ta Duy Hien, Hyuk-Chun Noh. Stochastic isogeometric analysis of free vibration

of functionally graded plates considering material randomness[J]. Computer

Methods in Applied Mechanics and Engineering, 2017, 318: 845-863.

[37] Jiazhao Huang , Nhon Nguyen-Thanh, Jingwen Gao, Zheng Fan, Kun Zhou. Static,

free vibration, and buckling analyses of laminated composite plates via an
isogeometric meshfree collocation approach[J]. Composite Structures, 2022, 285:

115011.

[38] Junli Guo, Zhaohong Qin, Yahui Zhang. Nonlinear aerodynamic analysis of

functional graded plates using an HSDT-based isogeometric approach[J]. Thin-
Walled Structures, 2023, 186: 110658.

[39] Shuohui Yin, Tiantang Yu, Tinh Quoc Bui, Xuejun Zheng, Satoyuki Tanaka. In-

plane material inhomogeneity of functionally graded plates: A higher-order shear
deformation plate isogeometric analysis[J]. Composites Part B: Engineering, 2016,

106: 273-284.

[40] Qui X. Lieu, Jachong Lee. Modeling and optimization of functionally graded plates

under thermo-mechanical load using isogeometric analysis and adaptive hybrid

evolutionary firefly algorithm[J]. Composite Structures, 2017, 179: 89-106.

[41] Vuong Nguyen Van Do, Chin-Hyung Lee. Free vibration analysis of FGM plates

with complex cutouts by using quasi-3D isogeometric approach[J]. International

Journal of Mechanical Sciences, 2019, 159: 213-233.

[42] FuBeder Daniela, Simeon Bernd, Vuong, Anhvu. Fundamental aspects of shape

optimization in the context of isogeometric analysis[J]. Computer Methods in

Applied Mechanics and Engineering, 2015, 286: 313-331.

[43] Wolfgang A. Wall, Moritz A. Frenzel, Christian Cyron. Isogeometric structural

96



TR R A 185

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

shape optimization[J]. Computer Methods in Applied Mechanics and Engineering,
2008, 197(33-40): 2976-2988.

Ioannis N. Tsiptsis, Lassi Liimatainen, Toni Kotnik, Jarkko Niiranen. Structural
optimization employing isogeometric tools in Particle Swarm Optimizer[J]. Journal
of Building Engineering, 2019, 24: 100761.

Peter Nortoft, Jens Gravesen. [sogeometric shape optimization in fluid mechanics[J].
Structural and Multidisciplinary Optimization, 2013, 48: 909-925.

Oliver Weeger, Bharath Narayanan, Martin L. [sogeometric shape optimization of
nonlinear, curved 3D beams and beam structures[J]. Computer Methods in Applied
Mechanics and Engineering, 2019, 345: 26-51.

P. Phung-Van, Loc V. Tran, A. J. M. Ferreira, H. Nguyen-Xuan, M. Abdel-Wahab.
Nonlinear transient isogeometric analysis of smart piezoelectric functionally graded
material plates based on generalized shear deformation theory under thermo-
electro-mechanical loads[J]. Nonlinear Dynamics, 2017, 87: 879-894.

Tao Liu, Yafen Jiang, Shujun Li, Qingyun Liu, Chao Wang. [sogeometric analysis
for active control of piezoelectric functionally graded plates in thermal
environment[J]. Shock and Vibration, 2021, 2021(1): 5514476.

Tao Liu, Chaodong Li, Chao Wang, Wenfeng Hu, Tinh Quoc Bui. Geometrically
nonlinear isogeometric analysis of smart piezoelectric FG plates considering
thermal effects of piezoelectric stress and dielectric constants[J]. Composite
Structures, 2021, 266: 113795.

Hasim, Kazim Ahmet, and Kefal Adnan. A novel isogeometric layerwise element
for piezoelectric analysis of laminated plates with straight/curvilinear fibers[J].
Computer Methods in Applied Mechanics and Engineering, 2022, 399: 115440.
Hasim, Kazim Ahmet, and Kefal, Adnan. Free and forced vibration analysis of
piezolaminated plates via an isogeometric layerwise finite element[J]. Mechanics of
Advanced Materials and Structures, 2024, 1-16.

Yanming Xu, Haozhi Li, Leilei Chen, Juan Zhao and Xin Zhang. Monte Carlo based
isogeometric stochastic finite element method for uncertainty quantization in

vibration analysis of piezoelectric materials[J]. Mathematics, 2022, 10(11): 1840.
97



TR R A 185

[53] Zhonggiang Ma, Guohua Wu, Ponnuthurai Nagaratnam Suganthan, Aijuan Song,
Qizhang Luo. Performance assessment and exhaustive listing of 500+ nature-
inspired metaheuristic algorithms[J]. Swarm and Evolutionary Computation, 2023,
77:101248.

[54] Seyedali Mirjalil. Genetic algorithm[J]. Evolutionary Algorithms and Neural
Networks: Theory and Applications, 2019: 43-55.

[55] Marco Dorigo, Mauro Birattari, Thomas Stutzle. Ant colony optimization[J]. IEEE
Computational Intelligence Magazine, 2006, 1(4): 28-39.

[56] Dervis Karaboga, Bahriye Akay. A comparative study of artificial bee colony
algorithm[J]. Applied Mathematics and Computation, 2009, 214(1): 108-132.

[57] J. Kennedy, R. Eberhart. Particle swarm optimization[C]. Proceedings of ICNN'95-
International Conference on Neural Networks. IEEE, 1995, 4: 1942-1948.

[58] Amir Hossein Gandomi, Xin-She Yang, Amir Hossein Alavi. Mixed variable
structural optimization using firefly algorithm[J]. Computers & Structures, 2011,
89(23-24): 2325-2336.

[59] Kirkpatrick S, Gelatt Jr C D, Vecchi M P. Optimization by simulated annealing[J].
Science, 1983, 220(4598): 671-680.

[60] Robert G Reynolds. An introduction to cultural algorithms. In Proceedings of the
Third Annual Conference on Evolutionary Programming, World Scientific
Publishing, World Scientific, 1994, 131-139.

[61] Zong Woo Geem, Joong Hoon Kim, and Gobichettipalayam Vasudevan Loganathan.
A new heuristic optimization algorithm: harmony search. Simulation, 2001,

76(2):60-68.

[62] Esmat Rashedi, Hossein Nezamabadi-Pour, and Saeid Saryazdi. GSA: a
gravitational search algorithm[J]. Information Sciences, 2009, 179(13):2232-2248.

[63] Yang Xin-She Gandomi Amir Hossein and Amir Hossein Alavi. Cuckoo search
algorithm: a metaheuristic approach to solve structural optimization problems[J].

Engineering with Computers, 2013, 29:17-35.
[64] Gandomi Amir Hossein, Xin-She Yang, Alavi Amir Hossein, and Talatahari Siamak.

Bat algorithm for constrained optimization tasks[J]. Neural Computing and
98



TR R A 185

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Applications, 2013, 22:1239-1255.

Oftadeh R, Mahjoob MJ, and Shariatpanahi M. A novel meta-heuristic optimization
algorithm inspired by group hunting of animals: Hunting search[J]. Computers &
Mathematics with Applications, 2010, 60(7):2087-2098.

Hadi Eskandar, Ali Sadollah, Ardeshir Bahreininejad, and Mohd Hamdi. Water
cycle algorithm—a novel metaheuristic optimization method for solving constrained
engineering optimization problems. Computers & Structures, 2012, 110:151-166.
Sasan Harifi, Madjid Khalilian, Javad Mohammadzadeh, and Sadoullah
Ebrahimnejad. Emperor penguins colony: a new metaheuristic algorithm for
optimization[J]. Evolutionary Intelligence, 2019, 12:211-226.

Seyedali Mirjalili. Dragonfly algorithm: a new meta-heuristic optimization
technique for solving single-objective, discrete, and multi-objective problems[J].
Neural Computing and Applications, 2016, 27:1053-1073.

Faramarzi Afshin, Heidarinejad Mohammad, Mirjalili Seyedali, and Gandomi Amir
H. Marine predators algorithm: A nature-inspired metaheuristic[J]. Expert Systems
with Applications, 2020, 152:113377.

Chao Wang, Liangliang Ma, Lei Ma, Joel Weijia Lai, Jie Zhao, Lu Wang, and Kang
Hao Cheong. Identification of influential users with cost minimization via an
improved moth flame optimization[J]. Journal of Computational Science, 2023,
67:101955.

Komalpreet Kaur, Urvinder Singh, and Rohit Salgotra. An enhanced moth flame
optimization[J]. Neural Computing and Applications, 2020, 32(7):2315-2349.
Yueting Xu, Huiling Chen, Jie Luo, Qian Zhang, Shan Jiao, and Xiaoqin Zhang.
Enhanced moth-flame optimizer with mutation strategy for global optimization[J].
Information Sciences, 2019, 492:181-203.

FRKE, FBEENN, E BRI, T AEH 51 U E R IR OE A &
GiRl 2 E ¥4, 2021, 41(05):1233-1244,

Liwu Xu, Yuanzheng Li, Kaicheng Li, Gooi Hoay Beng, Zhiqiang Jiang, Chao
Wang, and Nian Liu. Enhanced moth-flame optimization based on cultural learning

and gaussian mutation[J]. Journal of Bionic Engineering, 2018, 15(4):751-763.
99



TR R A 185

[75] Zhiming Li, Yongquan Zhou, Sen Zhang, and Junmin Song. Levy-flight moth-flame
algorithm for function optimization and engineering design problems[J].
Mathematical Problems in Engineering, 2016:1-22.

[76] Lei Ma, Chao Wang, Neng-gang Xie, Miao Shi, Ye Ye, and Lu Wang. Moth-flame
optimization algorithm based on diversity and mutation strategy[J]. Applied
Intelligence, 2021, 51:5836-5872.

[77] Rashmi Sharma, Anju Saha. Fermat Spiral-Based Moth-Flame Optimization
Algorithm for Object-Oriented Testing[C], Advances in Computing and Intelligent
Systems: Proceedings of ICACM 2019. Springer Singapore, 2020: 19-34.

[78] Mahrous A. Taher, Salah Kamel, Francisco Jurado and Mohamed Ebeed. An
improved moth-flame optimization algorithm for solving optimal power flow
problem[J]. International Transactions on Electrical Energy Systems, 2019, 29(3):
e2743.

[79] Pushpendra Singh, S.K. Bishnoi. Modified Moth-Flame optimization for strategic
integration of fuel cell in renewable active distribution network[J]. Electric Power
Systems Research, 2021, 197: 107323.

[80] Hongliang Zhang, Rong Li, Zhennao Cai, Zhiyang Gu, Ali Asghar Heidari Mingjing
Wang, Huiling Chen and Mayun Chen. Advanced orthogonal moth flame
optimization with Broyden—Fletcher—Goldfarb—Shanno algorithm: Framework and
real-world problems[J]. Expert Systems with Applications, 2020, 159: 113617.

[81] Srikanth Reddy K, Lokesh Kumar Panwar, B.K. Panigrahi and Rajesh Kumar.
Solution to unit commitment in power system operation planning using binary
coded modified moth flame optimization algorithm (BMMFOA): a flame selection
based computational technique[J]. Journal of Computational Science, 2018, 25:
298-317.

[82] Vimal Savsani, Mohamed A. Tawhid. Non-dominated sorting moth flame
optimization (NS-MFO) for multi-objective problems[J]. Engineering Applications
of Artificial Intelligence, 2017, 63: 20-32.

[83] Saunhita Sapre, Mini S. Emulous mechanism based multi-objective moth—flame

optimization algorithm[J]. Journal of Parallel and Distributed Computing, 2021, 150:
100



TR R A 185

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

15-33.

Zhendong Zhang, Hui Qin, Liqgiang Yao, Yongqi Liu, Zhiqiang Jiang, Zhongkai
Feng and Shuo Ouyang. Improved multi-objective moth-flame optimization
algorithm based on R-domination for cascade reservoirs operation[J]. Journal of
Hydrology, 2020, 581: 124431.

Mahrous A Taher, Salah Kamel, Francisco Jurado, and Mohamed Ebeed. An
improved moth-flame optimization algorithm for solving optimal power flow
problem. International Transactions on Electrical Energy Systems, 29:¢2743, 2019.
Lu Wang, Lei Ma, Chao Wang, Neng-gang Xie, Jin Ming Koh, and Kang Hao
Cheong. Identifying influential spreaders in social networks through discrete moth-
flame optimization[J]. IEEE Transactions on Evolutionary Computation,
25(6):1091-1102, 2021.

Babar Sattar Khan, Muhammad Asif Zahoor Raja, Affaq Qamar, and Naveed Ishtiaq
Chaudhary. Design of moth flame optimization heuristics for integrated power plant
system containing stochastic wind[J]. Applied Soft Computing, 2021, 104:107193.
Moutaz Alazab, Ruba Abu Khurma, Albara Awajan, and David Camacho. A new
intrusion detection system based on moth—flame optimizer algorithm[J]. Expert
Systems with Applications, 210:118439, 2022.

Jichao L1, Xiaosong Du, Joaquim R.R.A. Martins. Machine learning in aerodynamic
shape optimization[J]. Progress in Aerospace Sciences, 2022, 134: 100849.
Adriana Ciardiello, Federica Rosso, Jacopo Dell'Olmo, Virgilio Ciancio, Marco
Ferrero and Ferdinando Salata. Multi-objective approach to the optimization of
shape and envelope in building energy design[J]. Applied energy, 2020, 280: 115984.
Shaoying Li, Shangqin Yuan, Jihong Zhu, Chuang Wang, Jiang Li and Weihong
Zhang. Additive manufacturing-driven design optimization: Building direction and
structural topology[J]. Additive Manufacturing, 2020, 36: 101406.

Mohamed A. Ismail, Caitlin T. Mueller. Minimizing embodied energy of reinforced
concrete floor systems in developing countries through shape optimization[J].
Engineering Structures, 2021, 246: 112955.

Quan Nguyen, Liyong Tong, Yuanxian Gu. Evolutionary piezoelectric actuators
101



TR R A 185

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

design optimisation for static shape control of smart plates[J]. Computer Methods
in Applied Mechanics and Engineering, 2007, 197(1-4): 47-60.

Quan Nguyen, Liyong Tong. Voltage and evolutionary piezoelectric actuator design
optimisation for static shape control of smart plate structures[J]. Materials & Design,
2007, 28(2): 387-399.

Bin Xu, Jingping Ou, Jiesheng Jiang. Integrated optimization of structural topology
and control for piezoelectric smart plate based on genetic algorithm[J]. Finite
Elements in Analysis and Design, 2013, 64: 1-12.

Liew K M, He X Q, Meguid S A. Optimal shape control of functionally graded
smart plates using genetic algorithms[J]. Computational Mechanics, 2004, 33: 245-
253.

Liew K M, He X Q, Ray T. On the use of computational intelligence in the optimal
shape control of functionally graded smart plates[J]. Computer Methods in Applied
Mechanics and Engineering, 2004, 193(42-44): 4475-4492.

S Da Mota Silva, R Ribeiro, J Dias Rodrigues, M A P Vaz and J] M Monteiro. The
application of genetic algorithms for shape control with piezoelectric patches—
anexperimental comparison[J]. Smart Materials and Structures, 2004, 13(1): 220.
Khorsand A R, Akbarzadeh-T M R, Moin H. Genetic quantum algorithm for voltage
and pattern design of piezoelectric actuator[C]. 2006 IEEE International Conference
on Evolutionary Computation. IEEE, 2006: 2593-2600.

Zhan Kang, Liyong Tong. Topology optimization-based distribution design of
actuation voltage in static shape control of plates[J]. Computers & Structures, 2008,
86(19-20): 1885-1893.

Chao Wang, Tiantang Yu, Guojian Shao and Tinh Quoc Bui. Multi-objective
1sogeometric integrated optimization for shape control of piezoelectric functionally
graded plates[J]. Computer Methods in Applied Mechanics and Engineering, 2021,
377: 113698.

Luwen Zhang, Zhiguang Song, K.M. Liew. Optimal shape control of CNT
reinforced functionally graded composite plates using piezoelectric patches[J].

Composites Part B: Engineering, 2016, 85: 140-149.
102



TR R A 185

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Jingiang Li, Yu Xue, Fengming Li and Yoshihiro Narita. Active vibration control of
functionally graded piezoelectric material plate[J]. Composite Structures, 2019, 207:
509-518.

Chao Wang, Rengian Xu, Lei Ma, Jie Zhao, Lu Wang, Neng-gang Xie and Kang
Hao. An efficient salp swarm algorithm based on scale-free informed followers with
self-adaption weight[J]. Applied Intelligence, 2023, 53(2): 1759-1791.

Lei Ma, Chao Wang, Neng-gang Xie, Miao Shi,Ye Ye and Lu Wang. Moth-flame
optimization algorithm based on diversity and mutation strategy[J]. Applied
Intelligence, 2021, 51: 5836-5872.

Yueting Xu, Huiling Chen, Ali Asghar Heidari, Jie Luo, Qian Zhang, Xuehua Zhao
and Chengye Li. An efficient chaotic mutative moth-flame-inspired optimizer for
global optimization tasks[J]. Expert Systems with Applications, 2019, 129: 135-155.
Heba AbdElhamid, Ahmed Helmi, Ibrahim Ziedan. LCMFO: an improved moth-
flame algorithm for combinatorial optimization problems[J]. International Journal
of Engineering and Technology, 2019, 10: 1793-1800.

Eberhart, Yuhui Shi. Particle swarm optimization: developments, applications and
resources[C]. Proceedings of the 2001 Congress on Evolutionary Computation.
IEEE, 2001, 1: 81-86.

Qin A K, Huang V L, Suganthan P N. Differential evolution algorithm with strategy
adaptation for global numerical optimization[J]. IEEE transactions on Evolutionary
Computation, 2008, 13(2): 398-417.

Seyedali Mirjalili, Seyed Mohammad Mirjalili, and Andrew Lewis. Grey wolf
optimizer[J]. Advances in Engineering Software, 2014, 69:46-61.

Laith Abualigah, Ali Diabat, Seyedali Mirjalili, Mohamed Abd Elaziz, and Amir H
Gandomi. The arithmetic optimization algorithm[J]. Computer Methods in Applied
Mechanics and Engineering, 2021, 376:113609.

Yanhui Che, Xuhe Deng. An enhanced seagull optimization algorithm for solving
engineering optimization problems[J]. Applied Intelligence, 2022, 52(11): 13043-
13081.

Ngatchou P, Zarei A, El-Sharkawi A. Pareto multi objective optimization[C].
103



TR R A 185

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Proceedings of the 13th International Conference on Intelligent Systems
Application to Power Systems. IEEE, 2005: 84-91.

Kalyanmoy Deb, Himanshu Jain. An evolutionary many-objective optimization
algorithm using reference-point-based nondominated sorting approach, part I:
solving problems with box constraints[J]. IEEE Transactions on Evolutionary
Computation, 2013, 18(4): 577-601.

Indraneel Das, J. E. Dennis. Normal-boundary intersection: A new method for
generating the Pareto surface in nonlinear multicriteria optimization problems[J].
SIAM Journal on Optimization, 1998, 8(3): 631-657.

Mostaghim S, Teich J. Strategies for finding good local guides in multi-objective
particle swarm optimization (MOPSO)[C]. Proceedings of the 2003 IEEE Swarm
Intelligence Symposium. SIS'03 (Cat. No. 03EX706). IEEE, 2003: 26-33.

Seyedali Mirjalili, Shahrzad Saremi, Seyed Mohammad Mirjalili and Leandro dos
S. Coelho. Multi-objective grey wolf optimizer: a novel algorithm for multi-
criterion optimization[J]. Expert Systems with Applications, 2016, 47: 106-119.
Vikas, Satyasai Jagannath Nanda. Multi-objective moth flame optimization[C],
2016 International Conference on Advances in Computing, Communications and
Informatics (ICACCI). IEEE, 2016: 2470-2476.

Nery Riquelme, Christian Von Liicken, Benjamin Baran. Performance metrics in
multi-objective optimization[C], 2015 Latin American Computing Conference
(CLEI). IEEE, 2015: 1-11.

Zitzler E, Thiele L. Multiobjective evolutionary algorithms: a comparative case
study and the strength Pareto approach[J]. IEEE Transactions on Evolutionary
Computation, 1999, 3(4): 257-271.

Jason R Schott. Fault tolerant design using single and multicriteria genetic algorithm
optimization[D]. Massachusetts Institute of Technology, 1995.

Tushar Goel, Nielen Stander. A non-dominance-based online stopping criterion for
multi-objective evolutionary algorithms[J]. International Journal for Numerical
Methods in Engineering, 2010, 84(6): 661-684.

Hossain M. Amir, Takashi Hasegawa. Nonlinear mixed-discrete structural
104



TR R A 185

optimization[J]. Journal of Structural Engineering, 1989, 115(3): 626-646.

[124] Tapabrata Ray, K.M. Liew. A swarm metaphor for multiobjective design
optimization[J]. Engineering Optimization, 2002, 34(2): 141-153.

[125] Ryoji Tanabe, Hisao Ishibuchi. An easy-to-use real-world multi-objective
optimization problem suite[J]. Applied Soft Computing, 2020, 89: 106078.

[126] Omar S. Hussein, Sameer B. Mulani Mulani S B. Multi-dimensional optimization
of functionally graded material composition using polynomial expansion of the
volume fraction[J]. Structural and Multidisciplinary Optimization, 2017, 56: 271-
284.

[127] Qui X. Lieu, Seunghye Lee, Joowon Kang and Jachong Lee. Bending and free
vibration analyses of in-plane bi-directional functionally graded plates with variable
thickness using isogeometric analysis[J]. Composite Structures, 2018, 192: 434-451.

[128] Yagiang Xue, Guoyong Jin, Hu Ding and Mingfei Chen. Free vibration analysis of
in-plane functionally graded plates using a refined plate theory and isogeometric
approach[J]. Composite Structures, 2018, 192: 193-205.

[129] Qui X. Lieu, Jachong Lee. A reliability-based optimization approach for material
and thickness composition of multidirectional functionally graded plates[J].
Composites Part B: Engineering, 2019, 164: 599-611.

[130] Hassani B, Taheri A H and Moghaddam N Z. An improved isogeometrical analysis
approach to functionally graded plane elasticity problems[J]. Applied Mathematical
Modelling, 2013, 37(22): 9242-9268.

[131] Hassani B, Tavakkoli S M, Moghadam N Z. Application of isogeometric analysis in
structural shape optimization[J]. Scientia Iranica, 2011, 18(4): 846-852.

[132] Kaike Yang, Jihong Zhu, Manqgiao Wu and Weihong Zhang. Integrated optimization
of actuators and structural topology of piezoelectric composite structures for static
shape control[J]. Computer Methods in Applied Mechanics and Engineering, 2018,
334: 440-469.

[133] Chao Wang, Tiantang Yu, Guojian Shao and Tinh Quoc Bui. Multi-objective
1sogeometric integrated optimization for shape control of piezoelectric functionally

graded plates[J]. Computer Methods in Applied Mechanics and Engineering, 2021,
105



TR R A 185

377: 113698.

[134] Tao Liu, ChaoWang, Qingyun Liu, Wenfeng Hu and Xiaolei Hu. Analysis for
dynamic and active vibration control of piezoelectric functionally graded plates
based on isogeometric method[J]. Engineering Mechanics, 2020, 37(12): 228-242.

[135] K Nguyen-Quang, H Dang-Trung, V Ho-Huu, H Luong-Van, T Nguyen-Thoi,
Analysis and control of FGM plates integrated with piezoelectric sensors and
actuators using cell-based smoothed discrete shear gap method (CS-DSG3)[J].
Composite Structures. 2017, 165: 115-129.

[136] Qui X. Lieu, Jachong Lee. An isogeometric multimesh design approach for size and
shape optimization of multidirectional functionally graded plates[J]. Computer
Methods in Applied Mechanics and Engineering, 2019, 343: 407-437.

[137] Gurrola-Ramos J, Hernandez-Aguirre A, Dalmau-Cedenio O. COLSHADE for real-
world single-objective constrained optimization problems[C]. 2020 IEEE Congress
on Evolutionary Computation (CEC). IEEE, 2020: 1-8.

[138] Jie Zhao, Deyu Tang, Zhen Liu, Yongming Cai and Shoubin Dong. Spherical search
optimizer: a simple yet efficient meta-heuristic approach[J]. Neural Computing and
Applications, 2020, 32: 9777-9808.

[139] Yagiang Xue, Guoyong Jin, Hu Ding and Mingfei Chen. Free vibration analysis of
in-plane functionally graded plates using a refined plate theory and isogeometric
approach[J]. Composite Structures, 2018, 192: 193-205.

[140] Reddy Junuthula Narasimha. Mechanics of laminated composite plates and shells:
theory and analysis|[M]. Boca Raton: CRC Press, 2003.

[141] Senthilnathan N R, Lim S P, Lee K H. Buckling of shear-deformable plates[J]. AIAA
Journal, 1987, 25(9): 1268-1271.

[142] Vuong Nguyen Van Do, Chin-Hyung Lee. Quasi-3D isogeometric buckling analysis
method for advanced composite plates in thermal environments[J]. Aerospace
Science and Technology, 2019, 92: 34-54.

[143] Garrod Claude. Hamiltonian path-integral methods[J]. Reviews of Modern Physics,
1966, 38(3): 483.

[144] Chao Wang, Liangliang Ma, Yang Bu, Jie Zhao and Kang Hao Cheong. Multi-patch
106



TR R A 185

isogeometric material optimization of bi-directional functionally graded plates[J].
Composite Structures, 2023, 326: 117584-117600.

[145] Farsangi M A, Saidi A R. Levy type solution for free vibration analysis of
functionally graded rectangular plates with piezoelectric layers[J]. Smart Materials
and Structures, 2012, 21(9): 094017.

[146] Shuohui Yin, Jack S. Hale, Tiantang Yu, Tinh Quoc Bui and Stéphane P.A. Bordas.
Isogeometric locking-free plate element: a simple first order shear deformation
theory for functionally graded plates[J]. Composite Structures, 2014, 118: 121-138.

[147] Olgierd C. Zienkiewicz, Zhongnian Xu, Ling Fu Zeng, Alf Samuelsson and Nils-
Erik Wiberg. Linked interpolation for Reissner-Mindlin plate elements: Part [—A
simple quadrilateral[J]. International Journal for Numerical Methods in Engineering,
1993, 36(18): 3043-3056.

[148] Xiao Qiao He, Tengyong Ng, Sivashanker Sathiamoorthy and Liew Kim Meow.
Active control of FGM plates with integrated piezoelectric sensors and actuators[J].

International Journal of Solids and Structures, 2001, 38(9): 1641-1655.

107



TR R A 185

IS A BB BRS A9 TAE AR

BEAFRILX:

1. Liangliang Ma, Chao Wang, Yun Chong, Wenfeng Hu, Lei Zeng. Isogeometric
material optimization for shape control of bi-directional functionally graded plates with
piezoelectric layers[J]. Thin-Walled Structures, 2024: 112067.

2. Liangliang Ma, Yun Chong, Wenfeng Hu, Yongyu Yang, Chao Wang. A four-
unknown quasi-3D isogeometric approach for free vibration and bending analysis of
piezoelectric 2D-FGPs[J]. Structures, 2024, 70: 107883.

3. Chao Wang, Liangliang Ma, Yang Bu, Jie Zhao, Kang Hao Cheong. Multi-patch
isogeometric material optimization of bi-directional functionally graded plates[J].
Composite Structures, 2023, 326: 117584.

4. Chao Wang, Liangliang Ma, Lei Ma, Joel Weijia Lai, Jie Zhao, Lu Wang, Kang Hao
Cheong. Identification of influential users with cost minimization via an improved moth

flame optimization[J]. Journal of Computational Science, 2023, 67: 101955.

108



TR R A 185

B

BEARR Ly DR, AT AT, TR, RENK.

BRI S ITEE B0 8™ 10 2 35 BEARS 2t KRS I RHIT RS 18, 46
PN E RAB R, R AARE R B, AR OTET T, AR
PSS, WRSCIRSE BISCR SR, RINBIRE IR R BE T . =8FK,
A AR B, EAEAETS TIRER. ZERFAR, REgx
BRI RINYE, HIEREE S Sia &2 BT s 77,

U MR, BORZIN . 5 RIZ I . e 2 AT IR T 45 7 (1 TEAL
By, RGN L TR A T, SR IR 52 25 AT 565 A9 AR B 5K B IR 1) 55
B IR A=A, SRR EF SR =R IENIRE R, OB
TRAEI N T IRFCR -

AR A ZERAR BB 54 F. BERERE, SWHZE, FEZ
B, LR, MEAGRSEAWTRILE O, 35 OIS . PRI SCRE 5
RAERRE, T ZIIE

TR . R, EFAB R YT 25 Jeih, AREKIERTE ST AN
LONBtERE. PRI PR

R B 2 R SR B R AR TE 2R A SO, AR B Z 0, 1218 HLig 8, 8] 5
AWML, AEFATI.

e, ERTAZINE SO RMERR RSB LR ZIh, B
I, JFBOB PR I !

TR RET I

109



	第1章  绪论
	1.1  研究背景与意义
	1.2  基于等几何分析的压电板结构研究进展
	1.2.1  压电功能梯度板概述
	1.2.2  等几何分析的理论研究
	1.2.3  基于等几何分析的板结构应用
	1.2.4  基于等几何分析的压电板结构应用

	1.3  飞蛾火焰算法的研究进展
	1.3.1  智能优化算法
	1.3.2  飞蛾火焰算法
	1.3.3  压电板结构优化的研究进展

	1.4  本文研究的主要内容

	第2章  基于混合无标度网络的飞蛾火焰算法
	2.1  飞蛾火焰算法的基本原理
	2.2  改进方法
	2.2.1  混合无标度网络
	2.2.2  改进算法的复杂度分析

	2.3  仿真实验
	2.3.1  高维度CEC'2010基准函数测试
	2.3.2  高维度CEC'2013基准函数测试
	2.3.3  单目标优化工程算例

	2.4  改进的多目标飞蛾火焰算法
	2.4.1  多目标问题描述
	2.4.2  改进机制
	2.4.3  算法有效性验证研究
	2.4.4  多目标优化工程算例

	2.5 本章小结

	第3章  压电双向功能梯度板材料优化设计
	3.1  压电双向功能梯度板
	3.2  三阶剪切变形理论
	3.3  等几何分析的基本原理
	3.4  基于TSDT的IGA控制方程
	3.5  优化设计目标
	3.6  收敛性与准确性研究
	3.6.1  压电 2D-FGP的自由振动分析
	3.6.2  悬臂式压电 FGP 的弯曲分析

	3.7  数值算例
	3.7.1  方形压电 2D-FGP
	3.7.2  斜形压电 2D-FGP
	3.7.3  飞镖形压电 2D-FGP

	3.8  本章小结

	第4章  基于准三维理论的压电双向功能梯度板静力学分析
	4.1  准三维板理论
	4.2  基于quasi-3D的IGA控制方程
	4.3  数值算例
	4.3.1 网格收敛性验证
	4.3.2 自由振动验证
	4.3.3 弯曲验证
	4.3.4 自由振动分析
	4.3.5 静态弯曲分析

	4.4  本章小结

	第5章  变厚度压电双向功能梯度板的形状控制优化
	5.1  优化设计目标
	5.2  数值算例
	5.2.1  变厚度方形压电2D-FGP
	5.2.2  变厚度斜形压电2D-FGP
	5.2.3  变厚度复杂形状压电2D-FGP

	5.3  本章小结

	第6章  结论与展望
	6.1  结论
	6.2  主要创新点
	6.3  不足与展望

	参考文献
	硕士研究生期间取得的工作成果
	致谢

