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ABSTRACT

DEVELOPMENT OF COMPUTER CODE FOR SHIP
DESIGN OPTIMIZATION BASED ON VISCOUS FLOW
THEORY AND ITS APPLICATIONS

ABSTRACT

Ship design optimization for hydrodynamic performance is a complex and large
practical engineering application issue. Random marine environmental problems, many
hydrodynamic performance requirements and ships and marine structures with different
configurations have brought huge challenges to ship design optimization. With the
development of computer technology, Computational Fluid Dynamics (CFD) based on
viscous flow theory has been widely applied in hydrodynamic problems of ships and marine
structures, and has become a significant tool for predicting hydrodynamic performance.
Through the viscous CFD numerical evaluation, global ship hydrodynamic performance
such as the resistance, motion, propulsion efficiency, seakeeping and maneuverability, as
well as detailed local flow field information such as bow wave height, wake performance
and local flow pressure can be obtained, which indicates CFD can be a very good numerical
tool for comprehensively evaluating the hydrodynamic performance of a ship in ship design
optimization. Therefore, it is very important to study and develop a fine and fast ship design
optimization technology based on viscous CFD numerical simulations.

Based on the viscous CFD simulation solver naoe-FOAM-SJTU, which is specially
designed for ship and ocean engineering hydrodynamics problems, this thesis further
develops and extends the functional modules of the existing ship design optimization solver
OPTShip-SJTU 1.0 based on potential flow theory. As a result, viscous CFD technology
has been applied to ship fine and fast design optimization and OPTShip-SJTU 1.0 has been
upgraded to the solver OPTShip-SJTU 2.0. The solver has good versatility, which is applied
to the optimization problem of the total resistance of a mono ship, the multi-objective
optimization problem of the total resistance of the high-speed catamaran, the comprehensive
optimization problem of the total resistance and stern wake performance of the low-speed
full ship and the configuration optimization problem of an underwater submarine, etc.
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The solver consists of four main functional modules: ship hull modification module,
hydrodynamic performance evaluation module, approximate model construction module
and optimization solution module. For the solver OPTShip-SJTU 2.0 based on viscous flow
theory, the main changes are as follows: In the ship hull modification module, the NURBS-
based ship hull semi-parametric deformation module is further developed and improved.
The FFD method and the shifting method are added. Combined with the exsiting RBF
method, a flexible and diverse ship hull modification function is formed, which can realize
a ship hull’s global or local fine deformation and can directly obtain the 3D model for
industrial building. In order to realize the viscous CFD solver naoe-FOAM-SJTU as the
hydrodynamic performance evaluation tool, the hull surface mesh generation module based
on the mapping method is added to realize the rapid and automatic regeneration of any new
ship hull surface mesh. Combined with OpenFOAM’s own volume mesh generation tool
snappyHexMesh, the computational grid of the fluid domain for CFD numerical simulations
is automatically regenerated. The hydrodynamic performance evaluation module directly
calls the CFD solver naoe-FOAM-SJTU for numerical simulations. Sobol sampling method
is added and existing Latin hypercube sampling (LHS) method is modified in the
approximate model construction module to realize flexible sampling according to the actual
demand for the number of sample ships. Optimization solution module uses a single
objective and multi-objective genetic algorithms and further develops a Kriging-based
global optimization algorithm (Efficient Global Optimization, EGO), to quickly and
accurately achieve the global solution for a ship design optimization problem. In order to
meet the automation requirement of ship design optimization, each module of the solver is
written in C++ language of object-oriented design, which makes the solver with modularity
and integration features, and has a strong extendibility for solving practical problems.

The thesis has conducted a series of application verification for OPTShip-SJTU 2.0.
Firstly, the single-objective optimization design of the total resistance for a standard mono
ship is carried out. NURBS-based ship hull semi-parametric deformation is adopted to
modify the ship and any sample ship hull’s mesh is automatically regenerated based on the
mapping method. The resistance of sample ships is calculated by RANS method. The
optimized ship is finally obtained by the EGO method. The whole optimization design
process by the viscous flow theory-based solver OPTShip-SJTU 2.0 is shown and its
feasibility and reliability are validated. Next, the total resistance and wake performance at
stern of the submarine are optimized. The FFD method is used to deform the overall shape
of the hull, and the Sobol method is selected for progressive sampling. The DES method
with overset grid technique is applied to solve the flow field, which indicates that the solver
is also suitable for the shape optimization of the underwater submarines. Then, the total
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resistance at two speeds for the catamaran considering the demihulls’ separation is
optimized by the multi-objective algorithm. Sobol method is adaptively used to select
sample ships. The FFD method is applied to deform the demihulls’ bow surface. The
separation between demihulls is considered as one of the deformation parameters and the
RANS method is adopted to evaluate the resistance of sample ships, in order to consider the
complex flow interference between the demihulls. This case has proved the huge advantage
of viscous CFD-based ship design optimization. Finally, the total resistance and wake
performance at the disk of the low-speed full ship are comprehensively optimized. The FFD
method is used to simultaneously deform the hull bow and stern. The hydrodynamic
performance is evaluated by the RANS method. EGO is applied to find the optimal solution.
It turns out the EGO method is effective in ship design optimization process based on the
viscous flow theory.

In summary, the thesis upgrades the exsiting ship design optimization solver OPTShip-
SJTU 1.0 to OPTShip-SJTU 2.0, which realizes the automatic ship design optimization
based on the viscous flow theory. It is successfully applied to the comprehessive
optimization problems for both global hydrodynamic characteristics and local flow field
details of the mono ship, the high-speed catamaran, the low-speed fat ship and the
underwater submarine. The solver can be used by ship designers to design the actual
configuration of various surface ships and underwater marine structures for the optimization
of their hydrodynamic performance. And it even can be extended to the hydrodynamics
optimization of a series of floating marine structures such as wind turbines and platforms.

Keywords: ship design optimization, viscous flow theory, OPTShip-SJTU 2.0 solver,
EGO, NURBS-based semi-parametric deformation
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DES T NN £ 532 Q=R RSO i L0 ) 1 i A AL ) A e < P 9 -
HET CFD Hi AR AE AR AL AT F 52 -
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Fig.1-1 The basic framework of ship design optimization method

A, BERT 2005 AR S 1 AP AR 0 LIRSS Kt VIRTUR (The
Virtual Tank Utility in Europe) i1, ZitRIst 24 et CFD BUE /i TR, #
at “CRERKM” , AN ARTE R BT S BB BEROR SRR, AL B AR IR
KB 11 RE R A= B AR AL I R, AR I H by FiE R 2 07 RRIIE SR, FRAEA SR
AR BT

T AR — Le By E M AR K B ) PR RE ATV ) 2 44 [ PR 2 G# i ONRL ITTC LK
ISOPE 53 A # M AL A B AH ¢ B 32 A o W) — A LR . WL, AR
Tt 232 2 BRI .

TR A B BT ) DS BER R H R TR ) IR [ P 4 22 3 AE I B LAk B 4
355 ) B B TR

1.2.1 BRBIRIA R TR R B R

AR AR IA S AR Y 2 R AR T R B E BT 2 —, WA AR T 1
B . ML RIAHR B OCHAE T REE A . HETR H BRI RIS ETIR, AR
15 77 I I B 2 e i R A e b R I s MBS M R O R AT AR T T
VEREMS AT ROGRAF I B SEBREIRE Y, SR AR AR T 7 VA RERS SRAG ORI AR T 27 A], R
FRART AP AR T 77 15 RE A0 1S AR AR | S 808D 45 0], X 62 M B AR e 1R 1 H AR,
JeXE RUITE o MR AR HHOR (R AR T S E0 B € e T AL AL BTt Il @ A
Rt A 1Al

YRR Tk E A BUE R . = MR ECE DY TE MR 2k L MBS 8030 B &
NURBS #1527 . BUE F & 738 (Peri, D., etal., 2001; Zhang, B. J. etal., 2009;
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ZSpER, 4%, 2013; Kandasamy, M. et al., 2014; Zhang, B. J. et al.,2018) J&ifid (g
RRIA AR HE TR, AR RE S AT LR i M R T A A K G, P TR
AR BI AR  TEZAR, AT WX Fh 2 as 7 AR S E T @ AR IS 2 A dh hr, 7E
FIARAR R BT A s = MR s DY g 2148 77 e 18 B 3w 1%
BIGRIAMYARRTE (Peri, D., Campana, E. F., 2003; ZEiEiE, X%, 2011; ZEfkE,

2012; ZERESL, ¥ BT, 2013) , XFhRIETTNAEH EM, —mnT LB M T 281E 0
B, AH YT RASTE I B RERE IR R o0t o 5, S B0fE 0 s R, AT sz AR fb 25
Ry MM HERE T BRI T 5O — RIINFHES 4 Fribde, . K
. W RE. BRI IR 2 STk, gk, TS, JER BRI T
R AR ST AE, (B BB A, NURBS BH&iA 5 X (UFR CAD i) it
— FrE# £ NURBS TR ik =4 il i, mhimyem, Jofs sEprdsd, nTEEH
Tk, XA A R IA T A A 43 CAD 5 CAE @il — 1 ik &5 T Bl i it

TR LR &S . AR Tahara #%5F (2003) #H 7 RKE
CAD/CFD — LI BUR AL 548 Tahara #2455 (2008) 5T DTMB 5415 [k
NURBS it 47 7L ivh 645 210 7O AL NURBS i s 58 4% 5t 2% 1 A
X T T 2FIF R TAE (Kim, H., etal., 2008; Kim, H., etal., 2009; Kim, H., Yang.
C.,2013; Huang, F. X., etal.,2014; Wang, L.J.,2015) , f13Hi1A& NURBS Hii i % «

Ins UL K Hh T A% B 2h 2 AR e R S5 [ iS4 miE - (2011) 78 i soH
/r4d 7 NURBS HEIZIA T2 SFHESE (2016) SKH NURBS £k 3 ik 3 Y 22 -
JUfAT

LHTAT LA BT I B AR AR e TV B . Lackenby U5k, SIS
75 3T NURBS(Non-Uniform Rational B-Splines) i T £ #2228 JE 325 . ~F-#%32% ( Shifting
Method)  H HIZEH 5% (Free-Form Deformation, FFD) . 42 A3k %05 (Radial
Basis Function, RBF) . 1EAZ K% 7577% (Orthogonal Basis Functions) 4%

HL7E 1950 4, Lackenby (1950) #2 i /3 T48 18 R EHIALTE, B 1-Cp J5ikEi#

“Lackenby” J51%, 1% 772K FH 1R 2 TR Dy A2 # oR KoK A 46 BERL A A0 A 351 1D it 2k
H Rt &b, B2k, Reefs 25 BRI AE R, HF HIJoiEsL
LA T ) S 3R AR T, DRI S AR R 0/ (Veldhuis, 2016) .

B INRNE AT I A I R A B P 2% SO 2 SR AT AR MR B kAT 4 & m, JEad
HUR A R FOR LA AR e, et Tt A &b, 5 TS0, 43302 B (Tahara,
T., etal, 2006; Kandasamy, M., et al., 2009; Feng, B.W., et al., 2009; &1 )&, ZF,
2009; {BiFjE, 2011; AR, %%, 2012; Kandasamy, M., etal., 2014) . Tahara %

5 T



SG00EE26e

(2006) K H & hnfhG T7 20 s A A 2R34T 142 )E; Kandasamy 55 (2009) %f X
e 18 B B S VAT XU R ] = Ak BRI B I Rl S AR T AT T AR AR s T A B
(201D - SCH R A B INRLE R SL L T AR LA A8 4 o %5 iR AT AR Y AR 4 —
AR ZE S N TAB OB A DRI A AR Y e, I BTG AR TY N R BRI 57, BLER
TEE RG2S AT IR 2 ek, B LAt S m] R 2 R, IF HRAETCiRis 2
i A T Je) AR T R R 4 42

VR E TR Bezier $2H: 7 DIZE/R (Bezier) HiZE % phim iR J UM AMNE . fEMY
Ry, 207 VERAENIIENN AL BN — B3 £ v Bezier M, i i % i Y
AL E R ATRL, KA 37 A B A DRI AN [F AR, IR A B E A E
Wit . BT W ERD I R moR, B2 N TR Jm 38 LT A2
(Peri, D. et al., 2001; Peri, D., Campana, E. F., 2003; Valorani, M. et al., 2003; Z=/I
A, ORI, 2011, ZERERE, 2012; Kandasamy, M., etal., 2014) . Peri % (2003) ¥
H Bezier Bl E N7 iE5 P i #0347 1A AL Peri 1 Campana (2003) K H
ZJ7TIEXS DTMB 5415 AT 1 A INEEAR I 2R BRI IE (2011) Xf KCS & &R #EAT
TN FHEE (2012) KT Bezier & MK J7i%% DTMB 5415 fii L i iy =
DL BB R e 50 R AT T AR AR e o 1T VRIS ST R AT A, 49 3 R A
AR 2%, IR T Tk fxE LA 1Y, anlE 1-2 O Peri 55 (2001) R H] Bezier
EE%Wﬁ&ﬁ%ﬂ%%%éﬁﬁi%%%ﬁﬂ%%%%i,M@ﬁTuﬁﬁﬁﬁ
AR BR E M R PORE, KRB R A, A Hil1E SRR R IR PR

B i

C UAmS A S NN SIS

& 1-2 Bezier T A pr#F LA A5 AL (Peri, D. et al., 2001)
Fig.1-2 The optimized hull by Bezier patch method (Peri, D. et al., 2001)
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VL AEAE Lackenby J7VA A B H, 2 MRS LSS, il oo
R T O DN T 7 B R A U IR TE R B V7 0o\l 7 B DA R SPAT AR K o 0732 mT
PAFEL D IR REAE 2 H000 2 M B R EAT AR TR, 9D 1 LAk el @8 e i K )
WA AR AN S A RE T 4 RIS HURE 4 S SO 2, R ik - 288 T AR 1)
HEKE M. W Edz K 1% 5165 S60. HEaiZ 4 DAL, DTMB 5415 Z5it47
TRRRAR S (Kim, H., etal., 2009; Kim, H., Yang, C.,2013; Jeong, S., Kim, H., 2013;
Huang, F. X., Yang, C., 2016) ; =2l K% CMHL WO X753 4T 7 RER
HHRERMH (Wu, J. W, etal., 2015; R&EHEL, 4%, 2015; Liu, X. Y., etal., 2016; Wu,
J. W, etal, 2017; SR, 2017; XIE X, 2017; /DA, 2019; FRZRSC., 2019) .

H A8 771 (FFD) J2 1 Sederberg A Parry T 1986 £E4% Hi i) —Fh i 4 J AT 2
RITFBe o 1T — A RIER S WTEBRPAT S TR MR TR T2 dh i, At 45
SPAT SRS 1 R A TR, MRS A 2l KA TR . FFD 77320 L& A
AT UG EH T R R, I HEA REOESNE; A S W AN
HEER 200, ZRAEIEJLTAS, AR URLAS, i aEs g, JEA
X AR B IX 35 R /N ST B A T, TR T R AZ T VR T2 N T AR L AR AR
(Tahara, Y., etal., 2011; Z=MEE, 2012; ZEfEME, %5, 2013; He, W., et al., 2013;
Wu, J. W., etal., 2015; Chen, X., etal.,2015; Diez, M., etal.,2015; =&, %, 2015;
Diez, M., etal., 2016; Miao, A.Q.,etal.,2016; Wu,J. W, etal.,2017; Miao, A.Q., Wan,
D.C.,2017; Miao, A.Q.,etal., 2017; &% %5, 45, 2018; Demo, N., etal., 2018; Tezzele,
M., etal., 2018; Miao, A. Q., etal., 2020) . TaharaZ§ (2011) %} DTMB 5415 fifi %43t
17T MBS, 35 AT SR EL 50 AN 2RSS (2012) SRA FRD J73235% e i A
DTMB 5415 BRE AT 1 AL AR 6 DL B A R B A o R0 b AT 1 A AL AR 46t
Kandasamy 5§ (2013) RH] FFD J7 &0 K 4 Delft XUAMTEAT 7RG AL AR 4t

1#1mFE R $71: (Radial Basis Function, RBF) J&H de Boer 45 2007 4F42 H ) —
FhR MRS ARSI Jivd. Kim 5§ (2012) X KCS RARdAT TSR ; Huang %5
(2012) S H =AM A0 AR RBF 5 VEREIT 7 248 ; Huang 2 (2014)
¥ RBF J7iExT Wigley. S60 LLK Model 5279 & #4774/  Yang Al Huang
(2016) fEHgrik & dxt S60 KM T =H AR K RBF 5 o gk T &, A4
JRi M /A TE; EAZRK CMHL Hut RERGE (2015) KA RBF J7iEA4 Wigley it
17T &R B (2018) X S60 R RBF JJiEHEAT T RI#EARIL . HT42mHE
BRECAR G I “JREmg” FetE, BEIEA T AR T RGN, H RBF HiEE S
Hh AT O KR B AR D A, & TR R R B R S

T W
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JURITAR JRI B A 20, A ORFR /K 2R T A AR | IR 2R A7 B P AN A L BRI
[ 7 AL
1F A2 Hk R B V2 A AR AR R T S — N B TR 2 A B Rt i, 107

KT Bezier fiiZ ik, REZMMEAARmMD. FrHIERERERZ,
A Ok, (H R B AR R B2 . Mcallister 2 (2015) R T 2 MIEARCHH
¥ork DTMB 5415 #E47 17 4128 J; Campana 25 (2015) R T 6 AN 1EAS 5 ok B0
DTMB 5415 M RBEAT AR AR 4, R 2 N IEASIE RO H Ay B gk AT 7282 ; Diez
2 (2015) KA T 4 N IERRH K6 DTMB 5415 AMAREAT AR AR e, K 2 MIEAS
e ok O LAWY B AT T AT, I HoRA T AR B VG EIEE AT LG Diez &%

(2016) K 9 M IERT Rk #tt DTMB 5415 3T 7 425 ; Serani 25 (2016) X
F 27 AN IEAS 06T DTMB 5415 3E47 7 & AR .

1.2.2 kB g E AR R R

IK BN I3 REPEAG B S N B A BT ir] R b B A bR i CRRosU I | iR P AT 3 0
PEFEARSE) SR UEPPA TR, MR Bt in) @ ST TR 2 1 o /K BN I3 PR REPEAG 4
ARIVTEEE . 23 DL A A M B A T i DGV | — DR EE ORI A 1

G R Tk R AR A0 BALRL . Kim 28 (2010) %F DTMB 5415 F &R0
JIRAMN P REAT T 2xE 004k, et M2 R FH 1 Bales BT i M 2256 2 AT A
HHY; Feng &5 (2011) AL AELE R NGB I R T AHIRI B 777 Vakilabadi
A1 Motahari (2017) {4k DTMB 5115 FfAHELBE VT4 /2 Holtrop 511540
FHITUL S ITTC AR RS AT EEEBEH ). SR A5 o U 7 VR RS BEAR HEAE
&, MALE AR PR: AT B A, AARES I 2 F s, G, DRI A HE LA FH
R RasK Bl 751t se B LAk e @ b, HE — ek H R S E BUE AL L S Ak 45 ST
£ (Peri, D., etal., 2001; Peri, D., Campana, E. F., 2003; Tahara, Y., etal., 2011; Z
MR, 2012; Kandasamy, M., et al., 2013; Kim, H., Yang, C., 2013; Chen, J. P, et al.,
2016; Chen, X.D.,etal.,2018) . Tahara % (2008) X} DTMB 5415 1T T & &Lk,
IR RIS AR Y B B HEAT T AN € VRS E 73 ;. Diez 4% (2015) K3
T KT DTMB 5415 Mt 3C &, fERALZHTX DTMB 5415 4T | #U{E B,
FE5 T B RIS A R b, DA UE S RN 1 BE B AT SE 1

WEETHEMN AR K e, BUEN HOTEEE S8 T ERKRE, HHCET ZM
F T REARZK B A3 M BE VPAl AR o — 22 5 T A B M EUE 75 A 73, Tvh 0%
BH 7769 Michell 34375 (3T Neumann-Michell FE i) NMShip-SJTU K fi# 2% LA

%8 i
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SSF sRfi##s) .« Neumann-Kelvin 7775 (WARP Rfi##5) . Dawson /73 (ITU-Dawson
KEH)  FET Kelvin & Rankine JHZ5 1tk (SWAN22002) , THECR D)
HE (SMP KfE#) « Motk (FreDOM KRFEHS) 55, THHEERHMERE K AAREE S |
T GRS

A Z AT MRS B T BT X AL s 5K 4 (2009) X SRR AE AT
TEIAA, ERE TR T Michell B33 SREUCAIEBE /7, HxF AR AL 7%
Rankine Y21t & 1 243 FH 1 USSR AL 2R, s Zhang 56 (2009, 2015) % S60 #4T 1
Ak gt A FE A B iR A 2 Rankine JR75HEL; Tk HSE (2011) Xk
WREREAT KB vERE AL, R Rankine VEIRiHELFH /y; ZE B ALEXIE (2011) Xt
KCS Bk Akt #2d, KA T SHIPFLOW HEAT M BH 1115 A RiiESE (2012) X
BAE AT BRI R, SR Rankine TH 7oyt 5240 B 11; Wei £ (2016) %t
KCS [T T T 1% 3 B R BGHAT A A4k, 3L A M BE 7 el 34 4 1
SHIPFLOW Kfi#; Liu &8 (2017) FERFFLBBURIE 73 Hr )71k L KCS ML R, 7
AR H % I8 BHL ) 2R FH 3 4 SHIPFLOW KA

TEMPRARAL BETT R, QSR B AR B O B T, — M A5 FH 2 38t BEL ) N JEE 5 BH 77 2 A
I ARE, o PP S T, BEEE R A 1957ITTC At 5. %77
BT R ISR IO A, R et e R . Kandasamy % (2013) X
IKHEE Delft XUANTEAT 1A FE 1A, A DR R A T B RR RS WARP 2
ITEUE VY ; Wang (2015) fEH L C Xt Wigley. DTMB 5415, DTRC5279.
Series 60, Wedge hull A1 JHSS Series 3t 6 &M i) sk BE 771 HE4T e A0 s 24 9% BEL /7340 5%
SSF AWK AR TS, BRI 15K 1957ITTC AxUiH5; Serani 25 (2016) Xt
DTMB 5415 [ /K BELJAAL, K F WARP SR A %% B /7 Huang AT Yang (2016)
= =ARARHEAT TR BE Ak, oA X BE 77 1SR A )2 Neumann-Michell (NMD
PRI, FEEPH /R 19571TTC Ax0itH5; Yang 1 Huang (2016) fEH4iA
= DAL S60 e FH T AEI A T BT AR, Hod R 18 - NM R o
S, BEBRH IR KA 1957ITTC A5 Wu 55 (2017) % DTMB 5415 =il
R B AT 2 bRk, HoAdr S B A U E R ) NMShip-SITU #4397tk
filt, PEYEFHJIRA 1957ITTC AT H . MR WA D HUE FI DI ) B T 5 1
RGBS 2 FAR B (Miao, A. Q., Wan, D. C., 2020) .

ST M AT IR Pk B AR A, 308 0 2 ks 5 FH J RIIF LAk« Peri 55 (2003) % DTMB
5415 AT 7 FHATAI PR A, Ho R T A B A I I LA ECR A T U
SRR FE AT TEA, . Tahara 25 (2007) %F DTMB 5415 34T 7 FH A A s
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graeAl, HAmpRtERe R 7O R ER TR Kim %5 (2009) %f DTMB 5415
W R E ) R BT e PEEAT A, Ferh X ) RECKR A NM BR#HT 15
M3 1SR ) Bales AT, wAE A (2011) 78 HAH 30 e rhoxd it 422 A A 1)
A FE T, R SRR SHIPFLOW 8024350 77, % E FIT R ikt
SO s BRIEBRAE (2011) Sf K M 2R AT BE A O M — AR AL A s, SR
SHIPFLOW 151243 BH 77 LA S R VI i E itk 4% ; Diez %5 (2015) % DTMB 5415
I BH A AR P RE LR S D04, IR — 0 SCRR 2 M B A Qs 1 B AR I A2 25 1
(ROt FE, DU S A BA A0 (] — A R T AS [B B K 30 0 YRR VP AL SR i #8471 Ak
Horp INSEAN/UI BIBA R WARP KA FHL 1 AT SMP K fige & T i i, 1TU [4]
B B EIF R AR R ARES ITU-Dawson SRAEDSIEBE AT B 327 K& ) iR iR
#% ITU-SHIPMO SKAZM i, NTUA HIBAK 5T Rankine [y idk B Mk F#m E At
SWAN2 2002 3K fif %% FH 77 DL R 8 T U1 s i 38R SR i o SPP-86 SR i5% 124

HUEAT L, H AT T A RE MR AL B T A O AR IR 2, %R AR RN
B, O6F TR o fR L) ) @R 5 R R A — B W EEE, S BN BRI T B AR
Ko (HH T 28 7RG ERZI, A B O R IR TY LU A A %% o LU G i T B s (1) 3
AR E ] (B 1-2) PLAE] 1-3 Frosi Delft SUANTILAL R E], Aok H br i
BH 73R FH B A& Ze M A 7 ik B L ) 5 PR EE A S B3I BE 45 L 2 A AL,
DAL 1 3 B Ak B A 2 2 52 i VR TR 1) — 1 D DR AT e A2 VA 28 B A PR sz, AT 20
T ATRERIIR SN 77 B IR, DRITARAL 45 SR 75 Bt — B I 3R IE .

Optimized
g 2
e 1
E I
°
e ]
inner side
Inner side
e
T
z

B 1-3 A T %97 7 ik 49 Delft 3L A5 48 4L 2& £ (Campana, E.F., et al., 2015)
Fig.1-3 Optimal results of Delft catamaran hull lines based on potential flow theory(Campana, E.F., et al.,

2015)
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WAk, SF SERR A R 2 ik, THRRE B — e R SRR ER, TR R B TR
(KR Ian T, R AR M M LEE L] 2 RE A ROR AT S . He i, Huang 1 Yang
(2016) XF S60 fEAIHEAT =/ MiiE (Fr=0.22,0.27,0.32) FHIEBH 12 BAstitl, F
T NM J7iEi S 240 BH A ITTC1957 THEEERREH /1, etk 518 2B H b —AMi
TR ALAE Fr=0.22 ffi3& T S FH J7 80 0.92%, 7£ Fr=0.27 fi T & FH /7 (408 14.21%L)
JAE Fr=0.32 i T e FH 7B IE 13.48%. A Tt — DAL Lss R eT5EdE, Bk
SR T ORGSR A8 28 GE 0 A A 2R R0 B 2R G B3 AT BUE AL, 15 BB FE 528 4k +3.8%
(Fr=0.22) . -8.07% (Fr=0.27) #1-14.5% (Fr=0.32) #5331 & s b & 1-
4 flzx, AT WAE Fr=0.22 I B3 H I E G, R WS BE A B in,  tbak, &
BH 7748 Jn ) 57 — AN JEU IR BT e R 7E Fr=0.22 i, RGPEBH 7 5 EE K, T34 T K 2% FE kG
EFZA o B o SO AR T G BN B AT 1AL, BRI FE /1284 +5.93%
(Fr=0.22) . -6.42% (Fr=0.27) A1-13.10% (Fr=0.32) , it A ., iZMRALMERLAE Fr=0.22
AU N R BE It RE IR AR 2, AT DL A MR A8 T H B s BE ) 1 45 R 5 i B L

H1-4 T NM 75 k89 S60 =Mtk T a9 & A #e£s R (Huang, F. X, Yang, C., 2016)

Fig.1-4 Optimal results of S60’s resistance for three speeds based on NM method (Huang, F. X., Yang, C.,

2016)

F R T R E R FBUE T 5, a7 ORIt 1 T T S g 4 R e
77 F2 (Reynolds Average Navier-Stokes, RANS) , 43 B i %! ( Detached Eddy Simulation,
DES) , HFEHEMBAL (Direct Numerical Simulation, DNS) %%, 7EMAYARAL Fokh P sk
fif a5 — MK P RANS B 5T 2 K 2 75 oK o RV CFD 7 v IS 501 45 SRS FE 1
B, FEH AR RR 2 VEAM AT . BEE MR T BRI K fE, A
it CFD BORMGRNZ N MO A Se, HnT SEFE AR RS UEAA T AH ELEBAR
AU, BANEUE, PR AT DAES 2 B AR s D A Y B

H AT E N ANER T — RPN AT —Fh & B b B2 4 A CRX,
Fluent. Star-CCM++55; IR AL BTt rp R FH I S M A A 1EAT 7K B g P e A R AT
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FEZ: M (2012) EHAE RS0 X SRZEAL DTMB 5415, 6600DWT # B it LA
J% 44600DWT BB ARIEAT /K BN JJ R BAARAL LTI, BB T R38R RANS 5
EIHE, Hb R T S EHE, AR B Z Fluent. Zhang 55 (2018) X
DTMB 5415 A7 &4k, K RANS J7Eit & e Bl ). anf 1-5 Fros 2 e g
1%+ 6600DWT BB A3 T ARt A A Ja 5 3L, T DUR IR A AR S iR
FEI5Y, J sl ERERUME/N, GX R DA R A B R, e BERY A 0 HE
BEPERE, PRIHGIX 78 70 PRI 7RG B VR 7E 0 A0 SR S i S e P AT AR B B B 77
KB ER B ARAET KB IR 7 AR B, THE SR AN &, (H— MR 2 ik
TER, ASE A N 5 B ERANE], il 5 WA RAHE, BRI ZIRIT R EE &
R, B,

B i

Optimized

E1-5 RN AENRERFERGRLLER (T, 2012)

Fig.1-5 The optimal result of the wake performance at disk for a bulk carrier

T —Fh e E N A&7 LS T C++. Fortran B matlab 15 = 27 1 & B8
TR ARMEAOK S S e ) @ 1) AE 7 FH SRk #s  (CFDSHIP-lowa Kfi##% . MGShip K fi#
#%. naoe-FOAM-SJTU Rfi##%) . TaharaZ: (2008) X [E FrbrifkfbiAl DTMB 5415 5K
Tt T B KSR T %, XAET B TAAHE, 25 WEH TR
[¥) RANS R fi##s CFDSHIP-IOWA A1 MGShip; Tahara 25 (2011) X} Delft XA )
A FE R RIS SR 7 AR 2 WARP FURE K 25 CFDSHIP-IOWA 4 B A
EPH T, BTSSR RN G LA L I B PR SR BE AL Kandasamy 45 (2013) %}
Delft XUAMTEAT S8 2 HERIUAGIT, 23 501k FH A 0 K i 28 WARP FiT URANS 3K fig
#% CFDShip-IOWA K fi#; Kandasamy %% (2014) % DTMB 5415 47 /K 5h v Aetlik
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B, KRS ffE#s CFDShip v4.5 SKfEAFH 775 Chen %8 (2015) X Delft XS (1)
SBEATEAT AL, AU I AR R E TR ARG R A4S CFDShip-IOWA THE; R EEE
(2015) X} KCS kAT 1 S BH AR AR im e Regr &k, Horbum BH g A i 4
RH 772K FH AR 73L&, TR, 14 BE 77 80 2 30 28 45 T AE 70 14 B R FH A VL SR A 4% naoe-
FOAM-SJTU X &K 45 5); Miao A1 Wan (2017) % DTMB 5415 (1] 15 BE 7 A 5
YEREEAT R G, AT R R ARG AR i 28 naoe-FOAM-SITU 3K fi# 77 Al %
.

1.2.3 IR LRAREFARIER

BT AR R AR B 2R A0 BT ) A BEF B . e A A AT AR LR A 1
XA TFAEGE ) “ ik ” #aX, mat BeE B 7o i SR AR 2 E R Bl - 4o
0] 5 4% PRV A 1t AE B BT 2R B A A R A AR A BT A R i —

AR, EMN AL BT IS, AR 2 38 N F AN TR B A BE2008 % Al AL ik
17 T o B BTG SEE T E 0 B R s B R IR B AN LAE R A
%R, 2017) , &l 1-6 FioR.

-
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MUHEZE
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BRI St 1 A:ﬁwhkﬁf
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Fig.1-6 The main optimization algorithms used in ship design optimization at present
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L

BRI RIER : ol R, ARk, JEHORE B vk P A i
RIJ71E . BT IR RE R R B, ARl THRRCREGE . A Rk,
R AE TR R CE A/ KERII N, R &S R AT M B 1 T 1
S, AHIX R EVE I TR 2 #0408 JeRe s Sk H B AR BREIBE B o« A /b 2238 i 25
WEIRAE MR BT U B FH #E4T 74K % . Tahara 55 (1999a, 1999b, 2000) K
F 730 — R R M A AT KB J1 it e A4t s Peri &5 (2001) 4370k A T =M
W GERERE RS Beist 2 DA RT 90— GRRIED XS AR EAT T e i B R Ak 1%
THs Kim & (2009) XA 751 — OMEIIEXT KCS HEHAT TR A 7k 5 5 %% (2009)
K ARZME R R0 AR SRR AT T i S B4k K A1 D dh (20100 SRAHE
A0 mr K T A AT AR AT A Bt s sk 5 5% (2010) SR AR %M
RIVEST Wigley #E47 1 AL AL 11 Diez 28 (2015) KA 74 I HkIi% % DTMB
5415 34T BE A3 AR BE AR AL SR B Zhang AT Miao (2015) % S60 SiH 1 AR £k
FRNERAT SBE ARk XIe L& (2016) RAF A ORI E VLS S60 MRt fr
T Zhang 55 (2018) R H AEZEPERKRIIERT DTMB 5415 (1) B /3 #E4T 748
1.

baE LA IR R R R BENLIE R FE & 2B H o % WL BENIE = 04
AT B H BRI AL S (Genetic Algorithm, GA) « £ H bRt A% 535 K Bk & (Non-
dominated Sorting Genetic Algorithm, NSGA L& NSGA-ID ki T B (L5 12 (Particle
Swarm Optimization, PSO) . AN THH %L (Artificial Bee Colony, ABC) . il
K% (Simulated Annealing, SA) . #E{L% % (Evolutionary Algorithm, EA) 4.
JFH SRR AN D SR i H bR ek A BR B2, T R 7R EEAE LA R b SR g H s iR EUE
TORT GV SR B b ek 5080 B (4] 1) LR A {5 i 1) FH M A AR A 1k o 16k, B AT 2R AR
L REE T INA R R B 4 R E LR, AT 8 Ao )= 3B sk

Peri 2 (2003) XML E LN DTMB 5415 HHT 1 S A I fiAk: Pinto
5 (2004) I T & RMAEIEEMBRAG R IR, I & /A BT & A
Tahara 25 (2006) 43 5IS%F SQP A1 MOGA % 3yl B4 B k474 4k; Tahara 4%
(2008) K H GA X} DTMB 5415 #3471 BH 7y At i 4 F4 4L s Kandasamy %5 (2009)
SR ARG S S A M EEAT I 2 B AsAl; Kim 4§ (20100 X DTMB
5415 M BACR FH B H AR AT 2 H AR B AR AT Tk st B AR (2011) K]
T8 SR FH B B AR A 2 B AR 8L Sk 58 B T T SRR AR S AR A LTI A5
TKE TS (2011) SR EHE B0 m O AT 1S BE A sk EF (2012)
W 1B AL FIE AR EIL S ST R T iR G AL, FRR N H T Wigley
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R DSIE R A A ROESE (2012) R SHE 525 1300TEU 4R34/ MEAT 1 FH
J14k; Tahara %5 (2012) % RC-MOGA %%} Delft SUAMHEAT T2 H AL
W REEZ (2015) X KCS KH T NSGA-Il Fikit4r 7 /K3 fifitdk; Zhang 25

(2016) R | 2 B AL k0 SRR AR NN EEAT T B B ARAL , 2B o as A B
sdE, e 7 2 A AER D BN R AR A, Wu 55 (2017) SRA T NSGA-II %
DTMB 5415 ) =AMiid s PR 3647 1Ak .

Campana 55 (2009) *f PSO ByERAT T R4 FUAI%0E; Campana 55 (2009,
2010) %} FILLED, DDFPSO, DIRECT AL LT 75T, LASELEAEMT S175 TR
AT I B 3 R AE i B2 BT 94 B Aw, SRAT FILLED SHAiE BEGHAT T 320 K
Bk BEARALL, 177K F) DDFPSO LA & DIRECT A Skt B Ak sk A AL, 34 B 46 [
AR AT T 600 R RS BERUE R, IMERIE T FILLED BiEA & A KA
TR IN R T A R A R L .

Tahara % (2011) XA PSO X Delft XUAARHEAT T 5 H b FH 1AL LR 2 H b
(R BEL T R e e AL 28 R ADEX g (2011) K PSO X KCS #4717 24U BH 11k
s ZEMERE (2012) fEHAE LR SO E SE ST T PSO FREEH T st 1 IPSO 50325,
HMNH T2 &Mt A (2013) SR MOPSO M H AR K 2 i 2 340
T2 BAstib#il; Diez 2 (2012) KA PSO XHMLMT K34 T T Ak .

Kandasamy % (2013) 735K 7 PSO Al MOGA i w3 SUA M AT Fy AR Ak 5
Kandasamy 25 (2014) XM PSO Hi%%t DTMB 5415 fI7K 5 J1 A1 45 ¥ 47 2 S RHE
k; Mecallister %5 (2015) % PSO %t DTMB 5415 347 5 fH 144k Diez 2 (2015)
SKH 7 DPSO X Delft XU H 147 17404k Chen Hl Diez  (2015) AT A4
MACHS, KA T HAMRACEE: fE MR FRESVE (DPSO) MBEAL IR T REH L

(SPSO), 451t R 1Ek 2IAH F FIPERE TR MR 45 5 T, DPSO At 1T 5 A4 SPSO
fi%.

Diez %% (2016a; 2016b) %F DPSO #1 LS-DF_PSO % DTMB 5415 i#4T 7 £ H
FREIAZ AN L ;  Campana 55 (2016) 437lRH 72" E % DIRECT. DIRMIN
P S DIRMIN-2 % DTMB 5415 [#¥FH 1474k, &3 DIRMIN HI DIRMIN-2 Y8k
BeMR; Serani 5§ (2016) X PSO HIAMSHUEFMAT T, 4t T SH AR
B, R R B S AR AR I BE ARk e s Serani &8 (20160 SRA T PURREAL
5i%: DIRECT. DPSO. DIRMIN-2 DL LS-DF_PSO %} DTMB 5415 #4T 7 #4744
1k, I N4 R R IR A 532 DIRMIN-2 H DIRECT W85 Bk, 1fi LS-DF_PSO Et DPSO
WS B AL B 4, Campana 25 (2018) *F DIRECT kT Tk — B0t 5t
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N T J&#AE# 8y MODIR #%; Diez % (2017) XH T £ H#r[HJ DPSO HiZ%}
REALEAT T AL o

Huang 45 (2014) KM N TG E S (ABC) LUK Bk i N\ TR : (JABC)
% DTMB 5415 347 T R4k, IABC HiL ABC BiLIMN 5, BUGERMH T 24
FFRIILT A, R 7RSSR, AU s, IF HAS 25 R B FE 77 BE: Huang
(2015) 3% IABC Sl ATk — 2 ot I U i IABC 5% (NIABC) , fE4d L
BRI RIS 7 — N PRsh sk, R SicE . [F4RH £ Bix IABC &
TR IR AR T T =AM N AR ERESE &4k Huang F1 Yang (2016)
K Z BN TGS L (MOABC) X =ARME I w0 F AR BEAT T 04k 1.

1.2.4 IR AR B R R

A, BRI AR A BAR BRI A, — Mt gfiir oy “ B , FERER
A 3BT 2 i @ AR P A ) AR R (RIS S 40 5 B ARk 4L
CRPSCEEIK B I PEREFEAR ) Z (AP R i it AR i (EPARBL RS 40 52 (—
RN TR ZEL A Z A1 BB 0 &, AT DU O H RTE AR AL HERE o B Sk
[ CFD J7iE vl AMA CRESEHAD) Bk it Re (BRI EBRERED BT id B e v S I (8]
K, tMEFRHESER S, M CFD FRMNH T BT ] A BOS 42
VAP AR 3 A FEAR IS BT SR N AU R G PR AN 50 o A I AR R 1 e 75 22
KA B ELE W25 18] SR FE . iRE& Wit (Design of Experiment, DOE) 1F/&—
FIA R B G SR A 77, TS WIS BT ROz R FEAR SR BTSN “R
W57 RN RIS MERNIE A M, et R R AR AR s 2, AT AR BB T S I T B
[ R R AR

H AT 32 AR 1572 1E A8 56 KA 77 (Orthogonal Experimental Sampling)
% (Optimized Latin Hypercube Sampling, OLHS) . 415 % FE )53 (Uniform
Experimental Sampling) . Sobol J5:4% . Tahara 5 (2008) ¥H] T IEACIRIG KAE 7%
% DTMB5415 BT [ARAF; Tahara 28 (2011) KH T IEATIRERT7VENS Delft fit
RURALHEAT RFE; ZERERE (2012) % DTMB 5415 ERE MR ALIS SR T LHS J7i2:
KFE; WIS (2013) X OLHS DA IS W ATII T, R SR8 it
SKAFFE ST I RS BE 5 ;. Volpi 25 (2015) SR T il Vorono ML RFE 5
14T Delft B AL BEAT WA FRE: Wang (2015) 78 H i 416 50 dr i i A0 4k 21 5%
[ LHS J5ik: RS (2015) XF KCS AT AL LTI K F 2 OLHS SR,
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HR U (2015) 7EXT KCS HHATARRAYZR Wity R 135058 5 1T 777 Huang
A Yang (2016) Xf =ARAEHEAT 0 AR R T LHS J7E#HTRFE: Wu 55
(2017) X DTMB 5415 #ATALAL BT R A 7 OLHS R#¥: Liu &8 (2017) 2T
X el Z R 7 SR Sobol SREE TR, BN ISobol 7i, R
N 2] KCS Fir A2t veitf: Diez %% (2018) 7EX Delft sozﬁiﬁﬂlﬁﬁﬁmm‘
K SR RIS KA L AT I 06 K
PRI B R 1 7 13 S A S5 S5 At T DA ST DU R, H RTIRAT MRS i R
1 (Response Surface Model, RSM) . 5t B4R (Kriging Model) . 128 [ 25 45
7Y ( Artificial Neural Network, ANN) . 4% [ 3 % £0# Y (Radial Basis Function, RBF) .
Y HREmEHNL (Support Vector Machine, SVM) o EACALBERE A B Fr o8 B0 34N e AL
BARACE R kS B2 CFD VPAY, PR fE . DRItL, U MBE Y ik i BE DG N B 22, ]
DL A2 XGAE (Cross Validation, CV)  BRIRIEAL T Z 553 mnl S k. Bah, — &
REEA R TS e T T REAR S n, 15 n AMEEA S “T3 7 @itk 2fal, HREHE
H br pR £ (PERRD R BT R0 22 57, Bt DU B AN B LR UE A 2R 7E &) 350 A TIARORG 2
IS — & I A P s TR A A ( ttﬁniﬁ'@%%i&m;@ﬁ%%ﬁ&) GAFEATIESS VY
A (DRBF. DKG) A A R Jm ks B, $& miln AUV 2 ik B2
Tahara 5 (2011) X Delft R’Xfﬂ-‘%lﬁﬁ?ﬁt%ﬁ#xﬁﬁ? Kriging MRS 218

(2012) fEARAK DTMB 5415 SLBH 7 SR 1 =N 1e B2 S RS A4 — A H Fr i fH 5
ALY, H R (2013) FE0AL KCS I SR 7 420 W 4 B 0 g 2 43 B /)
ITDUERL, FER U1 (2015) RH 1 W28 B it KCS 1 FH 7 A1 AEI 1 e AL
RS HEAT AL B Volpi 2% (2015) %} Delft XUARATEAT OL AL 23 5% T DRBF
A1 DKG J7 i@ 7, Chen %5 (2015) LA Delft SUAMT AL 4, KA 71U
FRIE AR : RBF #1428 51k Kriging 7715 SCRFmENL T 7% L 2 B BE 46
15, 5 RBF ALK 754 %1 Leotardi 2% (2015) K T RBF J5iktb @i ol
R4k DTMB 5415; Campana 25 (2015) 7E4LAL Delft SUARE SEH 1 shAS AL
7 (DRBF) ; Diez 2% (2015) 7E4t4k DTMB 5415 It 5% FH 7 #2259 (ANND
PR, Wang (2015) 78 H A 10 ST MR L = b R F T Kriging 732
PR RS; Serani 25 (2016) KA 7 RBF 7@ in AL f /L DTMB 5415;
Zhang 5§ (2016) fEXT KCS MRALARALIN K T RBF & M4l ; Huang A
Yang (2016) 7EXT =ARATREAT UL KA T RBF J7 M 2 gAY s Wu 4§ (2017)
KT Kriging J7 ik g A4 DTMB 5415; Liu 25 (2017) 7EX%F KCS 47
AR AE I SR A T Kriging Un B A,

#O17T W



SG00EE26e

1.2.5 iRt REEGRR

gReokE, EWAMFEE TR BT TS 2 B R TR AT TIRA
W COBREE, 20200 « 1) MEALAR i DB 4 S N Rl 07325 318 T A& S os 115
5 R L i T NURBS AR AR B Rl RBF . FFD. T #%92: PA K IF 28 5 B0 B0 R 1%
R IAR Y i, v A (A5 IR BAR B AR R S e 2 2D ARk B AR VRS 77
A A B AR S EREYE R RANS (87 URANS) 52 3) KA HE AR A
B A TR B AR R B ) SRS BE VPN, ORI A, Inti b it e, Mrp—
1) Kriging. RBF S5 AERAR AL 4 [m) ARG B ARTRAR A . B REEEAY, DR AR vl g/l
IREAS SRR R AT RE ERS R OB AL, 4) DAL AEAN IR A R A B3, M faT
WAL SR R REEE . WO SRR B R B 4 = e iR & U Rk, RS
REM PRSI B, MR T B H b bR A 08 DA R AT e IA 31 42 R s L - it
bk, IEKF KLE J77% (Diez, M., et. al., 2015; Chen, X, et. al., 2015; Diez, M., et. al.,
2016) 0T 57 44 AR B AL A0 T 11 2% [R] 1) e 4 1) R AT [ 4

TIANMSEBR IS B AR RS, MBS AATET SRR Wigley. S60. DTMB 5415,
KCS #m s AT HU A . SE2EFIMT . B9 DAL, SUARRE . =A% B K3l
JIE BB AR AT B ) BN LI T R 3 BHL D 21 22 A0 R 1926 B T (BRURBE DD ik
B[R 25 FEBE S 1 G, kP e a1 R 255 /K B 1R RE s BIF LA AN 2
AR N ER KRR 7, W6 25 RE MR AOAE B IR IR 00 T B 52 BE. 7 LA B2 3l 1 Do

SFHORE S AT E AL, B 3T RS AR B AL B IE A IR R AR M
Bo T P BT SRIR AR ) AR R TR ARG LU, TR 3 R i E e AR AL AR A AT
HERKRER . g E WAL & R T I A R . — 2[R TR CFD %
EARRCR RS, BT EREr M, W Fluent, Star-CCM+, Shipflow %5, &2k
B EMERAT I ST s R TR I AR B AR 07 1, R AR TR SR ]
e/l AR AT RER, AR W RE A — RN MR I B AR 0L T B ) A
FRAK S, B 7 AREE ST SN, 75 B TN A T v S TR IR B A A AR
et X 23 TR IR I BUE AU M 255 /K 3h Tt RE AT MR L 2 H ARl it
VT F () S ) 51 DA B B KM Az — 5 DU XA 45 A /K Bt Re kAT AR Ak 2 — TR
TR TR SR e @, AT Al i BRI SR A AR, IR maBEL Ve RE L TR MERE |
BRAVERE S S A R R S S B E Nt AR B — O A oAt
P b SR TR B R IR R, G0 e 5 45 5 A5 e TR 08 A 0L A L S HAE AR O
.
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1.3.1 ESMOER B %

1) ISIGHT V&

ISIGHT #2& i MIT f91# 4 Siu S.Tong 7E_ /M40 80 AR A 3 HA S I K 58
R, BB T35 [E Engineous A, {H 2008 4Ei%A F Ik EIE R A FWIH . Bk
B b —MERE &, BREUATIREEE (LK 1-7) « e BAR A& ) E
7] R AR A ER TS e S s SR A Ia) AR 0 R — AN R mT DAd I A R R R
el B g ok, EANTHR AR E R R AR s I A — AN SR AN S I 7 A
WA SRR A R, B RS A [l e SUIEE . R A s bl DA R SR fig i
AR AEAT 55 EBLH 4 5 V0 N 5 o ISIGHT ©& ) Z B TV £ SLbr T
FEAIIR, AT BiR. IRZE. 288 YA, PFLBESE. MR i i Bh T
ISIGHT “F- 5733 % & (Feng, B.W., etal., 2009; Feng, B. W., etal., 2011; Wei, X., et
al., 2016; Zhang, B. J., etal., 2018) .

[EREIBRR

: : !
SRERES | | EEELRR | | RS

B 1-7 ISIGHT £ & T &
Fig.1-7 ISIGHT integrated platform

2) CAESES #ff

CAESES 174 [E FRIENDSHIP SYSTEMS A®WEAk, &8N T %At
U BN TREEE RS, a2 — 3 & S8 LA A8 A e 07 B B AR A B vk 3 (AL
Kl 1-8) « HRETEMAA. MR VA MRS &SR 27 s h B vk
R TAE R 2 R o Hr a2 — & BA R & 4« th i S B i i o se, mr LA
5 H AT R4 ORE o R A TS AR ER B 3T K CFD K #4555
FTERME; iz 2 BA ZMAa i GEIEET R B2 Bism iRk i#. CFD
=k LA AR 35 4E CAESES A i A3 B i KRR E R 4%, I TAERAE & 2 H
ik, BRI, FEAAR] T TRESHE (Bolbot, V., etal., 2016; Berrini,

%019 W
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E., etal, 2017) . HAJ CAESES 7&[H N H = RKIRE R AT, CEEEp-—Lik
FEAAREFCAT . W B AR 2 N A .

‘ CAESES J
|

! v v v v '
(s (mrmmsr) (mEesmss] | oonmss | (weokess]

[£1-8 CAESES ALK it 4k 44
Fig.1-8 CAESES optimization design software

3) OPTIMUS V&

OPTIMUS #& LI Noesis Solutions A =] (/)3 44 S AL AL . B HA 258}
07 BT RE, BUREWEAE RO ' 1) 22 2R LR IR AT B sk o i, X Bt -
Be-Hotrm B Bl WO RGBT EOR GRIG BT BUREE A i B
AR SCILR SN B st 2 5RH8 K UME R 8589 70t TRk
15 &l 3005 b R B R R 5T SR RE S AL UM G CADICAE
PR P EH R PR RS . H BT OPTIMUS 78 24> Tl AUs S 2N H : Al
FR MEAA. FrEeli. R4 PMUREE.

4) PHX Model Center

PHX Model Center J&3%[E Phoenix Integration 2 &) B J& B — 20 75 1O 72 i & 22 R}
vttt Ar . e itk ot e E AT, B T RESE dEER. 2598
AR 53 A7 N FFATHHHEBE JJ. 1H ModelCenter 75 M5 A0 A0 4388 7 T v R #5820 o

5) H¥EIFK (In-house) AT K fiF s

R INSEAN 7Kt i) Campana #i4% 2 FLHIBAFESE T SBD HoAR ARk %
THT T 7 RERP RSN, WA RS WARP. 2 T-U) 5 i B i v
KA SMP 55, ARAYARHoR fig TH . iU A py it T 1A%

FETE MR R BEZ AN B F IR TR B A G e, 2
454 NURBS Ml RBF. ~FREIEHIATEL J LT RA M B RE 4] B B AR R 4% SSF

(HAR ] Neumann-Michell PGSR IJ AR ITTC1957 2 7SR BEHIH
73~ FET VIR VLB 1 R i s SMPL BRALSK fif 2% FEFLO 4.
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1.3.2 ERNEREH %

HiEE (201D BFEIFKR TS HEMARETET (V 1.00 PLAHREKS) PR
ZERHE AT G 2488 (SHIPMDO VL1.0) ;5 i (2014) HEFFR T RFIMHAA
DA AE IR RS 5 2 ) PR SRR S RO BORE e+ 2R 4 2 4004 2 ] 1 R
FEA IR IR 7 B T 0B L (R MR B 2 AR AL et AT« IR AL AR AL S AL 2 DL e B A
ARG UL RN IS BN TRk R4t

MRS (2012) FEENEXRIFR T —EMRKEh I8 | a4 e SR
) B AR E A B AR T AR, DO T A AR AR ARG R 2R AL AL
WA, HAZBAE FRA S (B 1-9) o ZHRAE A EZEI e A
& U S H Rk 5 BRI . WA B AR s L MR A ZK Zh 7718 e TPEA AR R DL & A4k
HESALR, I C 1B FEMIRE . Hrh, Mk U S8 Ris 5 EBRECR A
matlab &S %5 PR E A B ELE B gambit @Mk #EE, il g S ar A IR S E
H i MK SD M RE VR A EOE A Fluent RV ERAESEEL, 75 ZHT —IRIF
R AR, AR CIEEHRS . i i3k T ARk 3h Jik
BB AR IFAT U

Hassmmar vt v1.0

anns

< iBras
L it eia R
}

4

3 RETREH |
4

4. BN

an

ATV e LR RIS MLl
EOTHRE R OTrER3ABE
ST FF SRMOCFOIT RIS S
%R T HEEISBOSimulation
Based Design 11 iR rnR R eE
@IHNNRRLITH T HeRE ZmE
ERESRTrasIIg T mEn=s

=Fanta

e
—_ O PJmi s

B 1-9 ABARAE S & AR T R E (S8, 2012)
Fig.1-9 GUI of ship bulb lines optimization software (2%, 2012)
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LI

R CMHL #FFE 0 H EFF R TR T RS AR AR 48 OPTShip-
SITU 1.0, I 3R1G E T EAER o 12 R85 35 ELELFE I T A o0 5 (140 A 284 A A
B, T AR KB PR REE A AL . TSR AR B, SEEL T R AL E B
WAL, BT ORI A T8 H b CRGUE IR 68D AR T DL A %
Hir (ZHUE T IERE B S5k siE M) MAURAb et (0 32 BLA 2 0
PP PH TR R AR BLALAL,, i PR RE S EER A B R A58 A 3 Rk BT AR AL B
SVE AT AR RS SR AR U B /1 5 ITTC1957 A 2R gt BEHERH ) 2 AR AR s

1.3.3 AR HEF%

HAT, EPN TRk 32 R A A R A AT A AL B, AR — ik

R EH LR T & BRI RR 7, HRER A F A HET TR 2
AE AR AR P e A it — D R

FE] A 40 J (PTI98 K 0 A 2 T v W R A SRl AT R B AR AL 15 T B T 2013 4
KITUEZ BINR IR CAESES 4b, HoAth s Mk A 2 @ FaceE,  FRAEER AR AL
il R A, BEAR N TR B AL ), — MR TR B AT IR R, TR
P A AR A 2 48 0 T R R B DA B R AT

AR HE TR 8 Neumann-Michell H EF & T Hus dEff R AR D05 FH 11 &
B AR EAE NMShip-SITU, Tk, 2015 SR H FIF R T FEA 0 M BE )
PEREDAL AR B AL KR i 2% OPTShip-SITU 1.0, 344 s Th R FH 31 7 R 51R AL (S60,
Wigley, KCS, DTMB5415 %) (2% it (2R, 2017; XIi% S, 2017; FA%R
3, 2018; B/MAE, 2018) o KAWL TR AR e (AL LT E A D) AR
IKBNFTPHERE TGS . UMY R A R S AL SR i e . O T AL BE g 1 fE, R
F 7 NMShip-SITU SREU 3 BH A ATiEE 1ITTC1957 7 AOR iR BE 4 BH ) 22 i A&
SR IAE, AN 58 F ek BEL g 1 REARAL .

{H A KRS OPTShip-SITU 1.0 fENH FIBAEE— R RYE: &, MY
A i S LD S TR A it T XA AR T, AT AN RiE, BRI AT Be S BUR B %
MR il T A, oV B TEUE VB, AR RR B T T8uE; AR5, R
iEIE NMShip-SITU R XK T 5250, A H Bz, Kk, fii B s R Ee
B B — 6B B B I AR A B e AR S . T ERARAE T 2012 SEFRAE YR CFD ~F
£ OpenFOAM %:fitli b H F K 1 % [ IR UM A 5 M TR [l R =k BE 7K 3 g PR
Pl L3R 1 naoe-FOAM-SITU, FE5I N T Ab3E 2 WA ) 1) B S AR EOR, BT
FENRRAZK SN 77 0] @R fif D EAS A DI FL R (Shen, Z., et al., 2014; Zha, R., et al.,

22 0
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2016; Wang,J.,etal., 2016) . {KFERGFLKEL naoe-FOAM-SITU IPLH, At —
W R JE T B TR EE R A B AR A SR i 2s KA BY AR AL 34 OPTShip-SJTU
1.0 etk F+ 44 OPTShip-SITU 2.0, PASEHILIE TR 14 3t 32 BB ALK 31 7 VR o
RIRAC LT, B I AR R SEBR AR AR 256 7K 30 71t RE vt 7]

1.4 AXHEERARTIEFEIFS

1.4.1 KXHWEERRTIE

AR SR T REE N M ET CFD HR IR B T B B i Tt e . 2R
MR S 7T T B S L AR A b, g AR B0 ) S B ROR i)
Tt LB A S (A R T v, AR TR IR B AR AL BT SR A28 - Bl S, KEoR
fire 2% 32 LN FH 27K V5 REE AN A T A A 1) BEL 7 0 RE AN PRI PR BE AL AL im) s, FEIGIESR
fige 2% ] FEPE LR b, AR = BT AR DA S T RN AT 78 70 AT o 183
FETAEWTF:

F-mREENA T ENAMNET CFD HAR PR E LA 70 & DL AR BRI K
PEFF ARG, BT H AT AL R A R ) ] A

B R R EVER T R T AR (IR AR S A, AR T TR NURBS
A1 )2 S A A R A R SORCSEINE Y, FRE TR NURBS i 1 61k 548 # )T
KT AR 53 E AN T A .

FomFEANY TR ISR R DL AR R I, R T EefiAb
BT BT RFE TN Sobol AL, FAR 1 & kAR sk S, RN A28 7 5 Hbr
M2 Bbrgt 5L, R T RTINS SR (EGO) . HRH &
FIFFHEDLAL IR R HEAT 7 AH R BSHIE .

S R A T ALK 2 OPTShip-SITU 2.0 [ Thietbe . AL
MEZE A ST TR I LA AR P 25 1, JF45 T hrfE S60 M E Bt iiis
(B A7 B HARRAL,  PABLEGIESK i 28 OPTShip-SJTU 2.0 [ AT AT M AN AT & . %
TPREA RBF AHES G 177 UL 1 MR EE A4 LRG0 =348 %, K T RANS 75
VA S 1 RE, I 24T BIRAGATRY, FRR AL AR AL 5 BRI AT 1 VR4 L4y
o

EHETEAY T T OPTShip-SITU 2.0 S2HL T 7K T 18 28 i s B A Ak i o
REFARAGA BRI T o 7K TR T 28 OB A AR F SAH Y DES #4404k B brgi& %
& T ERRAMIERE CRBAAMED ARSI CREm RS « SRR

#0238 W
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T FFD J7iZ5 A RE RS T T SO ERL R e . I KB SPAT IR EE DL &L
Bl B, KA EGO Hikit AT Sk, &R T B AR e A et e
TERERY

EANEFEANYETIHT OPTShip-SITU 2.0 S 1 s XU A 22 i 38 4 BHL /7
Ak X EiE S60 XSUAMRTE R AMITE T A BE T T 2 BAsidh, CRA T FFD
X AR RIEAT TS, AR REEE A — AT, i 82—, A
THERRETHE, KT RANS FiEdtAT mks B AU VAL S P M8, s &SR0
AT, FEXALRR Y (S 40 T AT T VEAN b o> B, BOE T 25T RGBS AR 2 A
AAE D20 FERE 1 52 i RO 37 R T T B A 5K A 35 o

b B IET OPTShip-SITU 2.0 SEHL 1 i3 AL A AL i) s B A A P g
oAb o ARTEATFR R T RPERZ I LS T RS ma R tE, hRE IBC HEAT T
BH ARSI MR SR S A . 1 Je X BREBYAR I BE ) . B BT, AFEAE N F
T PRI T2 DA B AS TR 7 L PR PR IR PR HEAT 7RSI ) CFD U T B S5 AR IS AT T
AEXTEE, SRJERHA FFD 7 IR i A BT, KA EGO ks & 33 [
ALAREY, X HRIH AT T X5 LT

1.4.2 KK BIHFT =

A8 AR B R TR 3R iR 28 naoce-FOAM-SITU, 1EC A IR AL SR fige o
OPTShip-SJTU 1.0 Al AT HF & Bl LA 58 35 DhRe AT, TR 1 TR
WEB AR TR AL SR i 28 OPTShip-SITU 2.0, FEH FH %R Mg 285 7K T 785 2% MIAS [ £
AT AIEAT T AR BT o RSB HT AR ELAE :

(L BRAMFFRTETHE NURBS MK LS HT TS, DLRAA& i
P ESEARMES, SEILT M CAD/CFD — 4L ¥t

He, BT EAR RBF ik, IMAFRIER FFD 77i%, #Mk NURBS JLfi#
K5 =R WA A, TERCT ZE TR NURBS i TH 2 S 540 AR T 72, il
RRIEENINRIG 2 A SR, WEFCRITE T 56T W SRH vk (0 il T A% A B 1%, 1R U 1
fl R 7 T M AL AR 1] R K B A AR S v S A A R ) R, 3 S T R
MR A REAT Hb B A R B IR I R IR B, 4325 T NURBS (AR AL LA E544)
L5 CFD =k FEVTAS AT LU D S T AR AL AR AL e vt 1) f e

(2) RHTHBERNZ HHRBRAAHRRERANFELE (EGO) , A
SEIL T ARBUORA T T i) R A R AR A U R SR A
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9 T 3k T DU A ) SR RS FEAS S B AR AR BN SR SRR I IR 4, BN
TR R TR TR R I B AR A SR A BB R R ORI IR R, R AR R S I AU Y
dit, BT R EE, b RS EGO BYAR M El sEum KN A
HENSEIUARALIEIR, 12 HAx EGO HF R ARR G 2 EIM #ENSEOURALIEER,
LS T PR AR A R A AR B AL Bt I R A R AR AR, IR KARE B T
AR IF B BRAK T EROA .

(3) JERTEEETENETRERER AR RARESE OPTShip-SITU
2.0, FISEIAEAHARG PUEERAL .

EeHEF R T 3T AR NURBS HIE S8 b, SEEL T AR M A B, &R
AR T Z R, FFR T MR NURBS i1 kS [ 2 58 A4 i b, SeBl 7 ik
CAD/CFD — {4k #it; Rk 75 T BB (A A O A R st , bk 7 4R el
ARSI 2, B2 TR AT e VI RIS AL AR, SEBL T BhAS LA
BT R I RE

(4)  BAERRARAESE OPTShip-SITU 2.0 BRI E F7K T 3R /K AR Al
rIR RGBT

SRAFAS 75T 5 RSBk 52 e, BRI AR 2R & KB it Re, 2RI
BEL 7714 R AN =y 50 A S B T AR I I e s RE S DAL AR B 4, RS X R TR ik
it BEREWSO ALK Fg et By, SCRENS 5 FE [ F T M pe A0 /K T AP AP 2L 28
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— I AR NURBS HHEIRESH U TR 7 EWR

2.1 BB LT RIA B BB T 75 S iR

R AR B JUAAT Rk B AR T R AR AR B AR BT R B R BRI R 2 —, 2l
RURALBE T A EE — 3000 o CEAR LR AL I A, AR T LA 0K S AR TR B 42 v e 1%
THE AN A 2 A3 DU R KN o AT 5 AU AR NURBS il AR TE A
BT FCRITT A, SRR AR K R SRS A AR T 7 v, Ak, IEXHI A NURBS Hif T
(T RS B B B AR B IHEAT TR AR A, R AR SR IR S S SR RUE T A T 4
BT, SZBLT CADICFD (f)— R4k it B .

1991 4, NURBS L&A N SCTL = & U TR e — $2E 07, IREE,
NURBS S [ B b 10 25 23 U3 90 2180 5 Al 37 - 18 45 1428 T W TR R 2 11 1) [l B
AT REZ IR HEE 24 (PHIGS) H1, #7781 PHIGS Plus. Ut4h, Bezier. A #
Bezier. %] B #£ 5 MIHES) B FERHHAE ARG, SIS NURBS H1. [Hlit,
KECSHEAE CAD AT e Tkl AT &R NURBS 1 [ 225 M A = 4E 40 58 A Ak
%, "E R TN R s o A A 2 i o R, DT A5 380 B I ey b i (LI 2-10
AR TR AL 2235 FHA AR NURBS AR T i , dl i B2 3 NURBS #% fiik
AR, DAy s A B B AR AR R, (RO AR A 2N, B
NURBS HifiRIAM BN E 44, WilRERZ; [N NURBS i 48 5 f 347 1%
REVPAl AT — M 5 ELE T AR AL, IRIEANIE F TR it

g2-1 S60 A&7k NURBS # &
Fig.2-1 NURBS surface for S60 hull

FERRLOCACBETE TP 53— R )2 O R LA R GA T3 i R Ak = i B 1Y
WM T ik EILRIEIEA b, EH R AR CPBTA. BRI THE. 12
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SR BOTVR IR EE RO XA R BT B L TSR . IXIRTTIR AN
iy HLME— . AR5 32 SO D, BemT DASEILAG A SR AR T8t m] DLS B )= 3
RIRS R AR, 45 20 008 AR R ol AR Oy Ja Ve RE VAL IO BUEAR Y, 1205 R
EHF AR B, SRR (2012) EIRFF R —EMAKSh T H
NP BTHAEZE CRAR) AR XS A R AR T (G A8 - o M A A% A i T 2 N Bezier i
T B XS A% R FED R4S 2058 I AR WS il T, 285 75 258 A% 5 2\ CAD
AR, EHHES2IMA NURBS it (HLE 2-2) ; EAZK CMHL v B 3=
FFK ) OPTShip-SITU 1.0 CREER, 2017) H (7Y AR S AL HR 2 B 55 s A Do s
T AN T F2 PR AR, A2 1 5 pR A DL K B AR bR B e O

#2-2 DTMB 5415 &4k & T Bezier Patch 7% &%/ (e, 2012)
Fig.2-2 Deformation of DTMB 5415 hull based on Bezier Patch method (%%, 2012)

BE T MRS T A ()AL T 5 iR AR B BRI B, BT AR M B mT B T 4B 0 ]
SRAR, — M T TR AT WA BRI A B o AR AEAE — [ 1) s AT BRI AR A T I
A R AR XS T B P Re A 22, W] 2-3 Firzs oy OPTShip-SITU 1.0 SR A5 5 T RBF
JIERT S60 HEERALTY, R RRRIMRA 1R RIS, (HMNREBCRE 2-4 Hin]
DUE AR TE 5 B 0 I A R i 22, ek BB T AUE T . Rk, o A1 T oK
ARTET, MRS A 22, AT Be TGV AR EIREE SR, X fa e v B2 i A%
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FARLH R 2, I HARMEAS 2R A0 T3 A A i =4 J LAY, ikl gt

S—

17—

A2-3 AT RBF 7 %49 S60 AB4k M 4& & 3 %
Fig.2-3 Deformation of surface mesh of S60 based on RBF method
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Fig.2-4 Local perspective of S60 bow deformation

PRI, 25T DL AR AR T 5L AR AE B Rl @, A SCAE OPTShip-SITU 1.0 &4l b

FH CiE ST & M4A& NURBS (Non-Uniform Rational B-Splines) ]S ¥ iv A5 )7
o EEXF NURBS #5 il 5, 205K APRSIE . B AT 738 DL R AR 101 5 R B0 VR
AT BNHAT SR Ja I e SR A S B i T 6 507 B A5 28T B JE IR M8 NURBS
i, SCHLMEAR NURBS i1 i) 8 R B8R 38 LTS T o« 4R 1 e SR 8UE v UL 3 3
Ak, A NURBS i i /A% H 2l PRk 3 AR i g
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2.2 & NURBS HhERIL 5 %
fE u J5 1 p ¥k~ v 5 IR g YR NURBS Bi T, A LLGE SCA IR WS o BEA FLR
EERE
ZZNi,p(U)NJq(V)a’i,j i
S(u,v)="% ,  0<uyv<1 (2-1)
i Nl p(u) vaq (V)a)l i
frh, {p,,} 9 NURBS #5ifil1, {w,, ) WARIHORE T, N, (U),N,, (v) 585 X
AR UM RRE V R B AAERE. WAKRE UNTARE V 7 alE
A
U ={0 ..... 0,up+l,...,urp1,1,...,1} (2-2)
p+1 p+1
\Y {O ..... O,vqﬂ,...,vsql,l,...,l} (2-3)
q+1 q+1

HAEWMTFRR: r=n+p+ls=m+q+l. EXFTBAMERER (U,v) H:
Ni,p(u)Nj,q(V)a)i,j

Ri,j(u,v)= —
>N, WN,,W)a,, (2-4)
M= (2-1) ATLLFIE 5
S(u,v)=> >R ;(uVv)R, 2:5)
i=0 j=0

MMEE u ZH, B4R R B v 14 k2R, NURBS iR A5
NURBS A IAR S LR E, X A — B8 filan, KT REeorE, wi 2-
5 % —5K NURBS i i i 7 4 1 i i AT M sh A, 2 sl 18 rh e o 1) DU A2 ) i 2108
A, NURBS HimifAAR K LA, (HERERESARR, HAME IR A%, X5
X AR AR AR B, ] DL SE 4 ST AR i T F) SR A RO A 4
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S5 Ak NURBS [ i (11 2 5 e 221 7 i30T 7T

#2-5 NURBS # & #% 3 45 %1 &
Fig.2-5 Moving control points on a NURBS surface

N T B A T O, A A e RSO X3, A wTA
A FEXT NURBS AT N AL . AT T NURBS HITH 15 s fli A T fE
K] 2-6 FIE] 2-7 J7R T 4 S60 Ml &6 HEAT 15 sidl A5 I NURBS #21 mi Xt LL I, oA
K 2-6 AR Inswr, B 2-7 RFEMEHG GEE LSRRI NURBS ##55) .

B2-6 J2 45 S60 A5 A5 3R 42%) &0 A

Fig.2-6 Distribution of NURBS control points of Wigley before knot insert method

31 W



SG00EE26e

95 MR NURBS i (1 2 B0 38 % 7 ikt /¢

B2-7 7 £ A% G S60 A6 A 44345 4] S A
Fig.2-7 Distribution of NURBS control points of Wigley after knot insert method

— MM R 22 DA B ) NURBS T4 R, AHABITE 7 NURBS i i 75 2275 5%
AR F A EA M R B se T gd a4, RIULA I FRZEX NURBS it AT FHBY
R AL EE . K] 2-8 AN 2-9 JROR T AR SCSEIL k. iy Thae. B 2-8 & —%
NURBS M4t =2 0UFr, A W ZIRRAAE; Kl 2-9 /2 —7K NURBS Hiffi £ U
A= FHEVUEY, e LA EIET S NURBS BRI AR AAS, 1 NURBS 41 %
WRAERAE TS,

E2-8 NURBS ¥y & ) =k At AW AT &

Fig.2-8 Ascending degree for a NURBS curve based on elevation algorithm.
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E2-9NURBS i ) =k M- AW Ak T &R

Fig.2-9 Ascending degree for a NURBS surface based on elevation algorithm.

FERRLRAL BT b, 02 BRI /2 HY IGES S48 th = 4ERT /& NURBS Hifffi .
IGES (The Initial Graphics Exchange Specification) it #& H fif vk 7 095 76 A [ i)
CAD/CAM R Gi[aI#EAT IR A, EE X T —ES —#EKRx CAD/ICAM HiHH
FHIS LT AN TUART it 1 UL A B () SO S5 . a0y, IGES Bl Brds i £E S f Tolk
RKRGHERZ N, IGES S FAE L $ CADICAM B A:hARBERR A, &R viE
EIE SO 4% e ASCET CHHEF IR T AE IGES Ui 5, FE IR RN
AR IGES S0, $REUH H MR NURBS JEIR1E B, AN — DA R (IR 4
AN HFREBE FRIR LA IGES U 4% 05 AT — A B A B SO A

FrA IGES SRR A& A B E SR RE: BL S AbRRIFFIEE. Bl G HHsiH
WA REBL LD NFRRFITCRZR G B DL P AR S EER B GRAZR P UL
KL T NARRIIEE R B 2 F R IGES ST N, WA 1 R A 21

1) JF4RBt (Start Section)

| A simulation-based design solver OPTShip-SJTU V2.0 IGES converter S 1 |

THRBARMA S SCHF AT 55 B U, Irfa Ul W =/ B A - S0 28 1~72 91,
ATLL AT, AR . BB GZ SO F R A2 -

2) ZJ5B (Global Section)

2 Bt 7 A BRSO T R A B, WS R S E R AT sk
RRRF XA BIENZCCHF RIS . TR BRALL IGES RRASEE R . filhn:
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=

1H,,1H; , 7HUnknown, 7HUnknown , 18HIGES converter 1.1,3H1.1,32,38,6,308,15,7G
HUnknown,1,2,2HMM,1,0.01,13H800101.120000,0.01,1,14HUnknown author,26HShip
Optimization Design from CMHL,SJTU,8,0,13H800101.120000, ; G 3

N

3) JLERZETIB (Direction Entry Section)

IGES XXM h—Fhnza Kk H — &G, —DRIITEICR THRXSHEER, 709
RICR RS . ZHERE CGZURNSEAERE N RS HEIR B RIE1T5) | IGES
AT &, BZE. 8003 G2t R IS HESEEE B IR S1T750 | Bl
FEEIL 20 O, HF-TY 8 MR, AT, AR HREICRRA T B
REF SEOCFE. Bln:

314 1 0 0 0 0 0 000000000D 1
3140.000000 0 1 0 colour oD 2
128 2 0 1 0 0 0 000000001D 3
1280.000000 -1 20555 0 nurbs eD 4
128 20557 0 1 0 0 0 000000001D 5
1280.000000 -1 7199 0 nurbs oD 6

IR 34TEE 1 M 128 SRR A HE B MRSk, 2B 2 N RIZ IR ES
BBIE BN 2 17108 38 4 1758 4 MEURRIZT RS BB Y 20555 17 [
L, 54T 1 A4 128 RN B FEaki, 2B 2 MR ZIT RS T
B NG 20557 77T 06, 5 6 1758 4 MR R T RAES BRI B L 7199 17. Bz
AR TS NURBS H i -

4) ZHHHEEL (Parameter Data Section)

TCRRI BT IR A oER, #aESEEE B 25 o NI VR 1) LA £k
PEidsk, HAAEARE e, hr b, 1IGES S/ m LLkiss T B MAUTE R B EN TR,
PR Ju a3 5 A 2R BRI o AT 98 rp 32 B dh A AT i T i LT oo 3R, 2k
bR RS TS HEY 100~199, w1 100 & X [FE K (Circular Arc) 104 & XL IR it £

(Conic Arc) . 108 & X FTf (Plane) . 126 & XA ¥ B #£4¢ 12k (Rational B-Spline
Curve) ULJ 128 & A HE B #44iMiTil (Rational B-Spline Surface)

i IGES S5 FE 2 E S 28 1) IGES SCAFH SR A NURBS T AH SC K JLART
IR Gl SR, WA mE. SHEFD , RJERKIXEE B NIRRT DL
T A AR AR B N B 55 2 IR AR ¥ S, AT — R AR P DL IGES #% X5
I RAE. Bk, R A Al AT n R 128 Fiost B S H i Bk N5 &
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128,252,75,3,3,0,0,1,0,0, 3p 2
0,0,0,0,0.011905,0.011905,0.011905,0.02381,0.02381,0.02381, 3p 3
0.035714,0.035714,0.035714,0.047619,0.047619,0.047619,0.059524, 3p 4
0.059524,0.059524,0.071429,0.071429,0.071429,0.083333,0.083333, 3p 5
0.083333,0.095238,0.095238,0.095238,0.107143,0.107143,0.107143, 3p 6
0.119048,0.119048,0.119048,0.130952,0.130952,0.130952,0.142857, 3p 7
0.142857,0.142857,0.154762,0.154762,0.154762,0.166667,0.166667, 3p 8
0.166667,0.178571,0.178571,0.178571,0.190476,0.190476,0.190476, 3p 9
0.202381,0.202381,0.202381,0.214286,0.214286,0.214286,0.22619, 3p 10

1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0, 3p 1321
1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0, 3P 1322
1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0, 3P 1323
1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0, 3p 1324
1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0, 3P 1325
1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0, 3P 1326
-0.464175146045, -1.188610351063E-16, -0.05256368906, 3P 1327
-0.4621961070281,-1.186186727266E-16, -0.05256368906, 3p 1328
-0.4602144881982, -1.183759944109E-16, -0.05256368906, 3P 1329
-0.4583131942997,-1.181431530622E-16, -0.05256368906, 3P 1330
-0.4564119004012,-1.179103117135E-16, -0.05256368906, 3p 1331
-0.4545909314342,-1.176873073318E-16, -0.05256368906, 3P 1332
-0.4528337635577,-1.174721163302E-16, -0.05256368906, 3P 1333
-0.4510767432804, -1.172569434044E-16, -0.05256368906, 3p 1334
-0.4493835133757, -1.170495825461E-16, -0.05256368906, 3p 1335

128 AR LM IE =AY NURBS i ; 252 83 u 7 =i s 3 (252+1),
75 R v kS EE (75+1) 5 JETRIPIAS 3 RIARTE us v 7] B FEZRIE R %L
AR 3; PR TR 5 M4 (0,0,1,0,0) 43 714R3& NURBS HITHIZE u. v J5 [ A3 A
S HH BRI, us v 7 ERAEAERANE; 5 ——324E 7% NURBS #ifi u.
vV 7 B AR R B T DL R S AR AR E . 1 AREY IGES U S S EEAL I
XK MR NURBS #iTHI{E E (128) , AFEAHE ERA, NFEESH.

5) 5% EX (Terminate Section)

ARG AT NG REB, BTN S (B 32 MR lid s T R TUAN B
BRI B AT, 5 33~T2 MERAE A, a8 MNMFRINGS R B B F4T
Ho -

| 3 1G 3D 6P 27755 T 1 |

FT IGES UG R, K C++iE 5 ARSI N IR AZ I GA/NE, 2018)
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D BB RBEAR, SRS B BB 475

2) RGP ITCRRGIBAHRELR, OFcRBE. HAESHHIEBORIRIT S
PALFir o5 AT R (LT 2-100 , B0 M 24 E B N B IR R 78] CilEs
LRI

3) TEMLER2) , HBIA TR GEE,

|
IRIEESHBERERNE
B 128 @—e— s g v mJeooeeem
TEESIE
| L 1280.000000 -1 nurbs a
—3ikNURBS

BT FmﬂmnmlJE§§WE§ﬁﬁﬁﬁﬁ£ﬁ% k———Téjiiy

e,e,e,e,e.enses,0.911965,9.911995,6.0238| DR ETER RS |
©.035714,0.035714,0.035714,0.047619,0.047619,0.047619}Q.059524, 3p 4
SMBIEE  — e
= \—_’_‘
0.5038590351409, 0. 00080490164352,0. 2368687516886, 37 | 20553
—3KNURBS |/ || e.5e6398861,0,0.02368687516886, 3p | 20554
i ipE 24 0,1, 3p| 20555
BER
la,1; 3p 20556

F2-10 NURBS & (128) L& % 3|85 SR HMHBH I X &
Fig.2-10 Corresponding relation between the direction entry section and parameter data section for NURBS

surface entry (128)

2.3 fR{E NURBS HHHEIRIF S B TR 5%

2.3.1 FHBENARAE NURBS ghEm &2

*F#9% (Shifting Method) J& —MESHACERVE (RER, 2017). BT 1950
- HH Lackenby B XIRH, FEWEZFF MR SR %07 208 i SCL I 1)
YN B RAB N B T REL I DN B DL CPAT PR . 120 T AR K
A, BRI E , A8 5 B R A0 A ) T TR 2 e 2 R B B AR 2 2 100D
WAL, 352 5 55 3 RO A 1] Aoy % e AR 127 0 A 50 T TR 2 A A B T 5 o 7K R AT
5 T L LR AR R 3R 9

N T A MM ST DLE S AR, I AB RS (x):
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f®

.......

0.5 - ]

g2(x)

~ —ox

E2-11 AT P& aaRdR Tk

Fig.2-11 Changes of sectional area curve for shifting method

0.5
a{O.S(l—cosZn X=X )} . X <x<a,

a,

0.5
9= —al{O.S(l—cos Y )} oy XX, (2-6)
a, =X
0, elsewhere
oA, x %, 70 A M i AR TS AR A AL, o ROARMHRAS T ] K

WEE s o, 71 P S pH T A8 Y TR P [ AN A R I T 7 EL

2-11 v, F()ZR oo 3 T T AR A 2 R, O (o) s AR i FR A 1) i i AR e 2k
(EFRREEL) )RR BRI A 2 (B aR s , 4Em
B R A g (x) (BETPLEEL) , WA ESHx . xv ars ap, RIELRK (2-

6) , H MR AR AT da O\ 7 B R AT SRASAH ST RS B

AR RIE 2-12 fn: E/GiEE readIGESwriteGO bR AU BT BE AL AR
IGES ¢, FREUNHAAR i BT NURBS $21] si 048 FR, ARG EEECT- ik S 507
SO VPR R AT S [ sl A DA A AR TR AE - ARYEAZ SR B A 2K (2-6)
RSN PR MEER, KGHA NURBS il 551 % 9 m) A4 b5, 138 i
readGoWriteIGES & %if i AL IGES SCAFs
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readlGESwriteGO

‘ EREGSI P /B FF ANURBSIE
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[EREREE. &
| R RE

il AT AL AR

AR GSIT i % T+ E T ANURBSIE

n readGoWritelGES

A2-12 % -F NURBS & 89 -F 4 & &5 K 5%
Fig.2-12 The basic steps of Shifting method based on the NURBS surfaces

P 2-13 S SR F T BB Wigley FRTELFRO BT 4 sk 47 W (hAS T , PP 41 528 gk
v, TEEMNPHILE, GELAKE, BT BME SR o, — MR 0.02500, [
SR BT 02415, HEMASTZ JEHAEAHIL (B k4 SRHIL (B
Fey RS BT LA H Wigley FRTE 0.24Lop DARTER 3 354528, T 7E 0.24Lpp LhJS B
o EASHE, T R A s T A A A

o0 ™

B2-13 A F-FA4% %89 Wigley a7 A5 % 7
Fig.2-13 Deformation of the first half of Wigley based on Shifting method

2.3.2 FFD %%k NURBS R T/

H AR )5 (FFD) &/ Sederberg £ Parry - 1986 £E4% HY i — Fi g 45 ) L4 12
REIF-Beo XF FFD J5iE B iR v DU — /N 28 Lk (B — MRS — ARG mT 8

38 W



SG00EE26e

55 iR NURBS i ()2 S B 7 30T 7T

[PAT S ARG, X ANPE AN 2 vl 28I, (i 45 P AT /S AR SN A h J 148 H &
ATEAR, MIXAE A 2B 2 R AETEAR .

FFD JiEHA R BRI TUFIE R, T2 R T A iR A — AN el AR
KIS, IR TTIRTER KA A, MR R A TEAE . @A 2-14 Fros i
JfALbR & O’-STU:

'y Z
APijk
:
Y = s Xfrd
0o’ - (s, t,u)
0 X

F2-14 FFD 7 ik &9 2447 &
Fig.2-14 Coordinate systems in FFD method

e, O AR R EBALAR R E AT, S, T, U 2R 5 BRARAR 2T i = A bl R il O
UL AT, HRRAAR 2R O-XYZ R IR — 5l X FEJRABARAR R AP AR AR s, t, W)
Ay LLRIA T
X=X, +sS+tT+uu (2-7)
Hof, Xo NJRAAbR AP IUI AL AR REAAS (s, t, u) ATEIBA R 7 RER R
_TxUAX-X) . _SxU-(X-Xp _SxT-(X-Xp
S= , U= y US ————————
TxU-S SxU-T SxT-U
Hrf, s, 6o u HUES T 0 AL 22 ]
TR EATEEBITAPR, |\« ASCKRHPFATT O'TU, O’SU, O'ST [H )55
| S, TU =T ¥ 0°S, O'T, O°U &4y, Ta¥srilil, mn, WP,
REZIVSE

(2-8)

Pk :X0+ES+iT+EU
i Il m n (2-9)
1=0,1---,1;J=0,1---,mk=0,1,---,n
AR LR AL B2 R KITENATR R ARE R /R ARFR X AT RAR 2] 15

RARTR N
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Xt =33 3B (5)B, 1B, (WP, (2-10)

i=0 j=0 k=0
Hrp, BAFRMAENEE (Bernstein) %Iﬁﬁﬁ ¥, EH:
B,(u)= ( ), u'(1-u)™ (2-11)
H (2-10) AT A1, RS TEYE b s AL bR o] DR IR A 56T B 45 i T s A B 1
A PR AL, TS AR TR B LA s S KT A B R T A 2 (B SR &R, B
AR TR AL, R TR 0 U sUAr B A kAR A, AT e A T
o BBFERKTTRN B — /L X R BAAR N (s, 6w FEHITH AP, IO B AR

G BF TR P, U X AR EN BRI E, B Xy -

X :iiiBiyJ'(S)Bj,m(t)Bk,n(u)Pi‘,j,k (2-12)

i=0 j=0 k=0
AR TR B AT AN K T AR S, A AR IR T 45 B R B AR .
2R E B readIGESWriteGO pf Kb £F LT IGES SCAF, ZREUIT A h i
Fif NURBS il £ IR A b, S8 5 520 FFD J5 151 507 S04 FRD i AEE B
PR AT BRI RARE T [ KA Eh . IRYE AN (2-8) 15 FFD 42 & 1 R
FRAR, ARIETTE) FRD 26 nif 2R AL &, A2 (2-12) K13 NURBS £l £
[ 4 R Ak AR, PRI readGoWriteIGES efi %t #AR AL IGES Uit (K 2-15)
readIGESwriteGO |

---------------------------------------------------------

" | ﬁillﬁﬁﬁNURBs?I A ZEFFDITHIERNIE
‘ mmicssr A2 AL }— HIEHT
{BEIFBNURBSEE | | 8
HEREBeE |8
n , ﬁﬁﬁEﬁNURBs#I EM%FFD%MEJZ%’SB
MREICSIHE 1 ) mtoaBats | plab2 et

| readGoWritelGES H

B2-15 & F NURBS # & &9 FFD 7 ik & K % %
Fig.2-15 The basic steps of FFD method based on the NURBS surfaces
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Fig.2-16 FFD control nodes and the NURBS control points displacement of a ship hull under the FFD
method, based on the NURBS geometric expression for a ship hull (upper: before deformation; lower:

after deformation)

E2-17 % F NURBS & FFD A% & 32 & A

Fig.2-17 The application of FFD method for ship deformation

K] 2-16 A1 2-17 JE R/ S60 FIfHA NURBS Hi IR F FFD J5 kAT 1 & AR
¥, R n) FED 24 S s, BHEK T m#s), @ik A (2-7) i+HEH
A& NURBS #2561 S (K38 7 B 0 1 2-16 s, FHiE IS NURBS Je R i b 1 s Ak br,
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ABRNNE 2-17 B2 T G AR, &) 2-18 2% FH FFD J5 %% KCS 1) NURBS B
R AT AT, T R KCS BR EAE TR o

B2-18 &£ F FFD 7 ik 69 KCS #3105 th A
Fig.2-18 Bending deformation of KCS bow based on FFD

2.3.3 RBF A& #{k NURBS BHE R
R m Rk ¥ (Radial Basis Function, RBF) #& i1 de Boer 2% 2007 4E4#2 Hi i) —
TR XA AR T35 o A% ) 2 BRI ABUAS B S — AN 25 Oy B 28 ) SR BRI K, Y
BFSTRR, Bk ONZS T AT R — s X B3t 1 X 2 (A RR IREE B, @] E
N
p(IX=X[), =120 (2-13)
FEXT A T AR 4y, DGR RO -

5(X) =j§_l)ﬂ,-¢(HX—><,-H)+ p(X) (2-14)
Horpr, s(X)s2 At ek 8, RonMiiasRTm Baslm X MRS R, B Z FsRAS
N MRS — D2 IR E: N 2SR EG X =(%,Y,,2;) MR
)RR AR Gy, A NN R =40 AR FE R ¢ R A — i X 50 X;
FRYIRR E B2 28 ) R
A Z Ak R Ao T 2 AR W BIE AR, AT I A s M SO AR ) i R 2
(Compact Support Radial Basis Function, CSRBF) (¥&/N}, 2018) ,Wendland J&
B =4E

PR
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(@ x])*(alx]+2)  o=|x|<t

#(IX|)= (2-15)
[X]1>1
P o AR A 2 T, ASCH ) p ATROR N
P(X)=c,+C,X+Cy+C,2 (2-16)
A AR AT AN, REA, 1 p ARSI K AT E
s(X;)="1, , j=12...,N (2-17)

Hrp, f, OEUFEH SRR, N7 RBIEERB R AL, EFIIA
BB B AR N % A2 i e BT R USSR MU FT R IR IEAZ 2R 56 A

24 =A% =AYy =) A2, =0 (2-18)
1= = j=1 j=1
RIFEEL)
N
Zﬂjp(xj)zo ) j=1,2 ..... N (2_19)
=
ZRe N TR A
R 2-20
0/ q" 0)\c (2-20)
Hhf:
A=[ 2y 2] (2-21)
C= [Cl’CZ G ’C4]T (2-22)
f=[ f,f,f, f4]T (2-23)
My =g(|X =]}, ii=12n (2-24)
1 1 .17
q- X, X e X 225
Yoo Y2 - Yy
Zl 22 Zn
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KA (2-20) , B2FEE KBRS R, FAFRTER T b RARFR A
ZAGE R, RS2 P RN A ARG DL, B E AT A S, TR IR 5
SERENGHTTPIA NS
FERG Y AR SR P b SEBL 38 B O VER, SR i il B BT i s kil oy e =
x:
D BEEHR: BEASRE A, — B IARRRIEL, itk d, |
2k, HREEILR AT BRI AL DA E MRS R 2L ;
2) BahdEdl sl A SGRARDT BT s, AE it 24
3) BESNEH A B SR AR B MRS B B HAR Y A
SR AR RBF 22 78 iR A AR I . RBF 779200 IR a4 il s A A% A v i
vt AefE, I J A4 ) ik R A AR A 7 92 SR FL At it B 428 ) ) B RS
W 2-19 FioR, ZEE GBI readIGESwriteGO B £ fiEbT BERUMT IGES L
1, SREUNE AR B T BT NURBS #2461 s AL B, SR 5 32 H RBF 7V 1K 2 8 5 M ST A
RBF "3, Ffizh M [ 120 fl . Al sl g sh i i & . KA (2-20) 15
ﬁ%ﬁ?ﬁ1@%&ﬁ@4®ﬁﬁ%ﬁNwms%%ﬁm%ﬁﬁ%JNﬁ%ﬁNwms
Pt S AR bR AL B, BT readGoWriteIGES R EUM H AR A IGES 1.
readIGESwriteGO

---------------------------------------------------------

n iﬁﬂﬁﬁwm%h EEAED. RERIR
‘ RERERIGSSH ) sy }_ Bl
EEASEEEE | |
BAEMAN | | @
. | [ HEFANURESIE | | RIIEE TS
spmcssrr o O RIS e

| readGoWritelGES H

E2-19 & F NURBS # & #9 RBF 7 i& & & & 3%
Fig.2-19 The basic steps of RBF method based on the NURBS surfaces
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Fig.2-20 The application of RBF method for ship deformation

K] 2-20 JE7x 1 S60 ik NURBS i) RBF A8 N A, R T —ANAT3)
i (D, MR Mg, Mo E IR B 2 s i 2 A
NURBS %l siA2 a1 0L, A s R AR dh i AR T AR B0, P LA G Al o,
Hb, EEACKH SN BN, JF HEE AN T7 83, vl B QAR #2355
A LAMS B A A FERD IR E KA T, HIX PR32 AT BUR K

2.4 ik NURBS pHE P RIR A R )5 3%

2.4.1 MBERGE

FAT, i AR B 2R 2 B T % 51 2T Delaunay 2.
MR . 9500 RS A7 RS IR SR o AR SOR FH T SR B s, LIRS JELAR . WA i
— Z RV T RS A — 20 8] i T XA A e TR, AR P4 it T 2 P T 2 8k B
HOREIR, EHIESHCER ULV 5 [ BT 55 ) BEEE AN SERIEE R 7, 15328 R 9IS 80
s (u,v) , SRJEFHIEE NURBS i sRAE SR #i i ) U = 4B (x, y,2)
BRIk o, AT A5 21 T B0 R A

X =Xx(u,v)
y=y(u,v) (2-26)
z=12(u,v)

PRI, R SRPIR e s = A o T %) XA A i P 4 381 — A4E 28502 [A) A= B T R A
1R RIS HARKR (u, v) HIELTT S WS 3 = 2 = (1] ol T 45 28] ol T P DA ) = 2 AR
BETTAS 21 i i B ARl o (LT 2-21) .
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Fig.2-21 Schematic diagram of mesh generation based on the mapping method

ZESROLE L, HonT DURYE 75 ZLEd N S8 8 U Vo7 R S (8] R e
TR NS . G0 2-22 RABLEHEXST DTMB 5415 1 #5537 A R 2, 82
HG3 ) K 73 18] BE DT I8 RRAK, 224 Bk P A 5 mT DA HE M A O s T 5 D0 3% £
UE TG SEHEAT TH R R K 23 B A ottt T PR E A . B BRI IR A S
JE SR VB A B, RO AR SO R R R 7 iR AT =R UE T, FRER R =
YETTH AR A o

UV F RIS 30 x40 UV 7R MRS S 8. 100 x 100 PRSI (S RA% 25D

B 2-22 etk M A& o F = & B

Fig.2-22 Schematic diagram of mesh refined based on the mapping method

FE R FH SRR BEAT RS R 20 I, G R A NURBS i b U 25 2R RS, D SRS
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2.4.2 PIRESCHRR

KAFE S OPTShip-SITU 2.0 HHfiH A NURBS i T 9 4% A 1 i 42 A 3 b i kg S 4%
At : —MjE UCD #30, mTHFHAIFE; —Fise STLAS, ATHFRMRTHE.
1) .ucd RS SRS R
UCD s Unstructured Cell Data f&i#R, J&—FraAESE MG BAr B s 454, i
AVS/Express B ESZ FEAEIEZE 1 ASCIH U2, Hart el | it #IR R, AT
TG R ZUHEY R4S “ucd” .
A AT LA “# R, (B R BRARAE SIS
AN =5
B G ATES AME: AL B BT RBER TN . AN
TCHARIUNEH . B (J5 =TEARSCN AT L2 0, Bftsh) ;
AN A S, B ATEE AT R g T DUARE (X)Y,Z)
=P a o, BT EE MRS BIoE (—REAE 0.
BInRA (=T, W% PLRM RO TG R R
# solid ascii io exported from OPTShip-SJTU 2.0
72197 144390 0 0 ©
1  -0.4644285559539301 0.04908898234263444 ©.05017637205008573
-0.4615245308194912 ©.0501799176368345 0.05144177396658837
-0.4804908710326093 0.0004025276363626829 -0.05095198052005438

2

3

4 -0.4780621236873855 ©0.0004216798349849997 -0.0532

5 0.5150973798447765 0.00111960788246592 0.05163512058020616

10 tri 1 2 51862

20 tri 3 25420 4

30 tri 51503 51533 5
4 0 tri 6 7 8

50 tri 25376 9 10

2) stl W SRS R

STL SCHEAREE “stereolithography ” , FRaIX N SCHE#E 2RI AR B H 2 iR = 4k
SRR R TERR=ZAEMG, St SRR AR —Fi2 it
HA R, P 3 ENE B bR AR (ASCID #% 0. ARSCHTE R H ASCIH #%5X
E

ASCII ARSI STL SUHHATIRIRGG T =M MG BT HRRE B, 81T
UG 1 AN e 2 Doef s A

#OAT W
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#E STL B BT facet AR — MMl RETT M =AM ERIT, I XFf
() = A A% BT SR T STL —4ER A .

HEAS STL SCAFBA “solid” Arid FFURiesrk, B 1T AL & SRk i 44 7 AR O B
HAEEE, 3 H “endsolid” AricZhH .

= =MW R IC L, “facet” Frididsk, FFLL “endfacet” Friddil, &—14
facet EIEIE B 5 7 1T

outer loop JHE TG —AT45 h =AM RT3 AN AKR, & 3 17, FELL
“vertex” Fricics, =ANTSARIT R AR SN RE R A S L & AT

facet normal &5 Hi = X & B IC 5 7] SEAR SN R R 0] AL

solid ascii io exported from OPTShip-SJTU 2.0
facet normal 1.261762529e-16 1 1.193109125e-17
outer loop
vertex 0.0167375 5.920054568e-17 -0.0524895
vertex 0.01527859443 5.936024077e-17 -0.05065499974

vertex 0.01767733079 -9.180112033e-05 -0.05066389434
endloop
endfacet

facet normal ©.038252825550.9988172932 0.03001226757
outer loop
vertex 0.0167375 5.920054568e-17 -0.0524895
vertex 0.01767733079 -9.180112033e-05 -0.05066389434
vertex 9.01913675505 5.889961778e-17 -0.0524895
endloop
endfacet

facet normal 0.07412797549 0.9961625473 0.04653195168
outer loop
vertex 0.01527859443 5.936024077e-17 -0.05065499974
vertex 0.01393378851 5.950301095e-17 -0.04878128131
vertex 0.01633174425 -0.000178010449 -0.04879825287
endloop
endfacet

endsolid ascii io exported from OPTShip-SJTU 2.0

A 3o e 925 45 38 1 WA A% T DA R Bued A% X, AT AT DL B B N AR R R A
NMShip-SITU FIRFAA R kG AN SCHE; ] LR R stl k3, Ao ml L EL#E1E R
OpenFOAM [ AR X 48 il 43 SR it 2% snappyHexMesh B4 WA S NS4, 304 Ak
T3 X A% 3 17 SR RS R SR R 2% naoe-FOAM-SJTU #£47 CFD Hufisk . 1| 2-23 %
] 2-24 7RI I8 I WU B Bl AR B T T S MR B T R A, T DL R A DX A

JRE R
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Fig.2-23 Mesh for S60 initial hull
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Fig.2-24 Mesh for S60 modified hull
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= AR E bR REIT A AL L AR AR T 20T 7T

F=E MREFE R R R R KRR ERR

3.1 REMRALHT R B E TR EE X

AR A Bt T b, DUACI RN TSR B B B A K BB T 5 A

— 7, XTSRRI AR RS (BURRRSPE CFD J7iR) KN
SRR . e, MR BT A A 2 R KB A PERE (BRI i
PECLR RN, A B EA N R AR R e CHet s AT ik i . R e
WL SIREE VA SR i K I JE S5 AT AeAE, ok, A R R i tetl, anfi
ALK (1 B DA 25025 FERE LA, 22 AR (AR A6 555 B8 Fr AR T TS, 2
TR L R ST T RERUTCIA VR P4l F PR PERE, DR AT 6 SR A veihs P R R
Y CFD J7ik 0PN B ARTERE. TRl TE CFD 3R AR UL 350 BB T 53 S 7 A X %
KT SR TR AR SR B TSR BE R b, SRS R IR VAl — SR AR E B TR
THUT P2 R EROK BB T e EARAE D NTFENLE— 0 P A B e B TR ARG
CFD BUEAR AT 22 LA/, R R 2R v 14 5 ZER B I MRS AT T 5, U
AR A R, Fein LA A BE5E K

7, AR BT, F bR PR RE S MR A SR TR) A IR 1 B K
KA, NBLREE B SR JURTZ R DAL 75 2255 8 K3l S PERESR bR, fLfeik
A RE A 75 22 EL I oA B RG E CFD BUETHSE B A 2 AR R I G, EE A i Ay
Ko oAb, MERLARAL BT XS B ARERE VTl AR B tHAA BOR, A ZUEAT G h 7 7
Y, AR YL, HUE MR A, e A ARTERE L AR B ITAL, IRZR AT RED,
75 AT BE T BB VR AR AE TOVE VPP B R ) A e (A A B A PR e S 15 e
BIE R A B P RE T SN LBEAT AT THAR, AR RS IR BR M A L DL A L0
)2 B SE R TR AR A — 52 IR

H T 2 A AN 2238 R AT AR 50 v O AL B0 P DR D e A et TR A o
BT T EOR A I R A ALLE AR B A S B gl 2 2 it il B R 22 AR 1 T4 ]
WA IR AR, SRJ5 0 XL MR BEAT R 1 CFD B A0S 21X 2 F) H A
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=5 A E bR AL AR A 1 A SR AR T i 7T

PERE, R REE B TR AL S S AR TERERIIL O R, AR NI
A, RGBT AIAACRI R, R U AR Al B — AN AR AL B H AR RE . X
FERORHPRAR 7RI Ko B I A BE2: 02 Fia e 8 BE DR S8 4 = e LA O A
WEL, A SO SR RN BAT 2 R R AR L RGeS, S X R
R AT AR REAT AR TS5 5 . N I A SRR RO AR E Fn
RE I LI AL AA S T 1k A S A SR AR PR 3038

3.2 AR B AR REIE (VIR BU A& 750K

PR b PR BEAADURSE TR ) i o S R AR AR A8 () (BOFR 2 et 48] BT
KAE, RLAFEARADEEAMT, SRS RX L AN AT R I CFD BB R, 153
PR REARGRL R B AR TERE, AME R C ISR E: &S (A%RE X UL
XERZHT A ARTERE (NAZE YD) o A7 1 RN EE P 3 T Rl X X S a7 o iy, R
IR B2 T IR R Y ~F (X) « R R T AT AE I AN E R R &
PO H RS PERE,  JF HOR LAV A ) 05 92t RE 3t S e v [R) (RO B M 7=

3.2.1 REEFE

e B TR ISR AE 7 VAR R AR 7 B U SR ) A R B R () — RO . iR Wi
(Design of Experiment, DOE) , XAHEFRNSELIR K. BREBEFESG N~ 13 E
MR AEZ LT THE EREG B HEAE . DOE /B A8 72 1 R.A. Fisher 7£ 20
g 20 FFARHEH, H THFAIM K. BEEE/K PR H BREE B T R AEY) F= 2 52 . 20
{20 40 4E4R, HARIEZK Taguchi # H2 3R AT, ¥ DOE AN T,
R RRAS 5 0 172 o e 1 2 B SRR T N\ e HE A I 1 5250 7 ok
B0 b ) S5 45 ST 2 T

RGBT HIEERZ, #lnaE it (Full Factorial Design)  1EAZASG 1T
(Orthogonal Arrays) « H.0E G511 (Central Composite Design) iz T #3777
Hypercube Sampling, OLHS) LA Sobol KA. ARETFEBEANAMALE T I 7k K
Sobol KAE I 5T 5 5L .

I T E A U A ARG

1 ¥ (Factors) fR[12& RGN E, EMEOL R B8 12 A A AR

TS HH B BT
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2) JKF (Levels) 45 B2 1E B v H 6T BBl (1A [F] BB

3) MR (Response) : 1R RGN H A E, EMADLILR TR s
PRI Oy 1) H K sh it ReD B LT 203 CBR I FEK B BE R RS
YA -

3211 MR T B REFE
P T RI T 1979 A McKay $2H, J&—F “Feiiicitasn 7 B H B
Jitke 1T T AREG BT B B AN BEN LA R, U T T RERE, AER B A
KT HIKFAAE S . PR, R — MRt A d M1, p SRR, 3R
T E B R x A X=[X, X,... X, T, HEFEhaE—FE AN T, Wi —
17 % =0 P OV AR S A MR T2 R p AT I K
A — MR AL
P TN R AL IR -
(A BITAR T EAESR p DX, FFORIEREA X A SR GE
WA XEK AR, BRS04
(B) FEFTA A 71 pr AT X 8] BEA L 3 — AR i MIBrE R 5 #0F p A
B ;
(C) FMFrERFHLAmE (B) iRk AL HENEmEY . &
FEIEFE p AL p MR X=[X, X, X T o
IR R BB R AL T R, AR OYBEALRL T S vt AR A
HIREAS )0 25 R JE T P AR IREAS )5 0 BA TR B e H 8 AL fR AN E DR AR R
. FCEAN AR AR ERREA S A (B3-1 (b)), FREMZE.
EEXSREALRL T 7R A R B sk, KJE T it LHS. XFK LHS. FIIESE
LHS SEBudt ik, eAT#Rpi e b R — i ek W AT stk . LR /M43 OLHS
3 R FH B A A ESGEEHAE D
D e KIIFHRRZEL O
MR Tang MSCH, HERE X=[X, X, X T FUAHSCHE M B TH 5 45 BURIREAR s 2 TR E
IER YIS, B, Cippa il id i KAAZFE FE 28500 PR I FAH G, e 15 2111
P TR IEAS B EAS . FERE X ATRIZI X AT X AR S AT 45 B DL 2 3 feT B it
B
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>[04 - %) %)

pIJ - n . . n . .
SRS -y
BCHRT IR RH p —max{l p, [+ FHCARATIHIERH, (R BB
PIPRERPE,  RERS IONAEAS R RE X AR IEACE, A 120 R AE 3T S AH % A HmT
DA A AR s R 10 P A B A DR
2) BRALRMEBEN o,
B d (X, X ;) s P FEAS i 2 B RO 1 -

(3-1)

d (Xi ' Xj) = dij = [Z| Xi(k) - ng) Hm (3-2)
k=L

Hr, t=1802. 8% R—R R TR, THEAEEREAR SR EEES, K iXLeph
BHEATHE, 1930 B s e B % (d,, d,, ., 1) AR R 5131 (3, ,,.0,) » d
R, 1 I AR EE B AL A A X AN, s AR TR BE BB AN
W 5 /) e B HE U] o 7€ UM
@,=min[>_° J,d P’ (3-3)

Hr, pa— N IEREEL AHFAAEL 2,

T HE B T REAR I S, KAk @, PRUEFEA i AEBETE 22 18] TR R 2 70 A1
I 7 K EROE RS, JF HIGF RS

P T IR SR Bt 77 (OLHS) R IEZ HEEUF IWISEFEA S, 1l /)
A P AR KA @, AL T J7 RERE R IESSPEAI 2], [t OLHS 73 Pizb . HIa6H:
A S EE IR AR T O R AR A IS R . IR KPR A LA BB ML AL T R S T
ARG p A RHIHIEE DOE WitHE M (IR ACHAUMEE — 0O« XHZIghE
BEATL B TR R AT DA A ZE R B 1 81 rh A8 4 AN R 1 KPS A2 BEHT R RE R
I B Al dpe K BUAH R SR B LA Sdse /PR B HE N o AR I R ) B B Bevt— AN RE, fR
UEREAS SR BT 23 18] F AN R - R AT R3S S b 70 AT
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X, Ry X,

# *r® EryEELAE T Ter L
® )
® K 4
[ ® L 4 ®
o .
o o ——0—x, | ,_‘—' X1 e o X1
(a) 3-level orthogonal array (b) Random Latin hypercube (c) Optimal Latin hypercube

A3-1 5 T T idon e Bl CGREE, 2017)
Fig.3-1 Sketch of Latin Hypercube method

Bl 3-1 KR A F KRR #E (REEEL 2017) o B () BRpE—14
PRER) =K T IEAS RS . BARIXANERESE 9 AT, EETAKF R RS 7 =
AR (b) /REMRRENA T %, RAET, 9 Mgk, REWRAD
P SR T HAKT, ERERER (b TR S HAYE), EPRERTN
(4 BRI R A (o) WNERRRAR T H, BAET, 9 M, HFH
PIAN R TR 2% FE 31 9 AN/KSF, Wit SUSEIl T 195104 . Bk, OLHS 77k A E K
e .

OLHS JiE B AZLE R IR s S0 38 WA Z0 35 S0 ff e FE A A SR — IR B R A
BN 2 DR 35 2R 1 T AU 7R ) 35 5 9 T AN B3R A T A 0 BB R
—fcHh, KR SCER (Jones, etal, 1998) , SKkE A Hp = 10d.

3.2.1.2 Sobol R#F.

Sobol 751 -5 ik 2 Wi 524 5% llya M. Sobol 7E 1967 4E4% H 5K fl R RE 712
B HEECH 2 1 radical inversion #E%, TE— A radical
inversion & B A AR 7] A A2 AR RS C

X = (q)z,q (i)’-"’q)z,cn (i) (3-4)
B2 KA N HA E Y radical inversion &2k,
i= Mfa, (i)' (3-5)
1=0
D, (i) = (b7"..b™)[C(ay(i)..ay 4 (i)'] (3-6)

o, bR AR, WP — AN e Ros Al b HEHI G AR SIS BB R
Fia i Erser a () HEPE R — AN s, B e M — AN e RS (generator matrix)
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C HHTRMF R — NI, HBEEXASE ERG RN A%, el — M
FIZE [0,1) %y, X2l b NEE, LLC AR radical inversion 1z %,
CAE Dy (i) -

TESEPRFR ST SEIT, 25 [EBR— AN T4 2 DL 2 IRE, MV BB bit A3
SZIA radical inversion iz 5, MIME1S Sobol 751 (A= A 24 %% . Sobol 51 143 A
AEH 5], MR SEON 2 R EIKCER, 76 [0,1)° XL 2 MR MR 3IG
R B RAG —A s, AR ER G (WK 3-2) , BeAh e 55— ML
T AN TE EE A B R AR R B E A A g ATk, BS B rT DR 75 A sOE PR
ANFEA, AEHIE AW (BEIE) RFE. XM f#75 Sobol SRAEAEIR £ i 4 25 5] %
FEFRT M 2 N, LB, 1E Y DL 4 A .

16 FEAR S | = | 16H8MMEAR AL [T | 16+8+8 M REA A

7 3-2 Sobol 77 & #f it KA
Fig.3-2 Progressive sampling by Sobol method

MEEAR IR IRATA A0 Sobol J7 4177 A28 [ B — AN i FERE C, T HLET A 4EFE #S LA

2 MK A TR WS R E S AR A RHE C, Quasi Monte Carlo )% & 104

fe 7 M 2 KR R Th B AT B X M AR B, AR S0 R AE X AN MR

(https://web.maths.unsw.edu.au/~fkuo/sobol/) %k 7T PAAE ik 21201 4% 1 Sobol J¥1)
[RIHERE,  HAE LT BN S
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3.2.2 Kriging iE{\ {5 EY

A SE A R IR R, A AR N TR MR bR PR e S AT S R TE 1)
AR F, BRI AR H AR PR RERIE A . 2572 —HARIESH, WS E T — %8
M, REG I AR RS B T2 1 H b PERE . A ST d Kriging Tk R SEHUMT
GIENS RN K= OpUR Y ity af e 8

Kriging 77k HFAER D.G.Krige T+ 1951 “FE5et, JEOREZMH T it &
WS, RHEGF AR EENEZ —. NGtz B, Kriging T2 T2 8
FNEANAR S 1k FRE ) AE A BIR 2 ) DX 3 N X IX S AR A SR T i Ot T 1A
A PORAL, 27 R R 2 8] o A IR S B Bt AT 2R M et e A il ot

3.2.2.1 EARJRIE
KA Kriging 77 &M @R USRS AT UG B —FHBENLE RS, Rk T
y(x®) = 1 +e(x®) (i=1---,n) (3-7)
Horr, p RN RERIIE, e(xD) IR R w2 R, A2 — Ry
&, WRMIESDA6(0,02), HhITEAN 0. ImZERIAHRME AT LR W

Cov[e(x?), e(x")] = a®R([Corr[e(x"), e(x")]]) (3-8)
Corr[e(x?), e(x)] = exp[—-d (X, x)] (3-9)
d(x¥,x7) = iﬁh ¢ - xrﬁ”\ph (6, 20, p, <[12]) (3-10)

He, R ) nxn 4E5EFE, HAPSG)7nEREEZ Corr[e(x?V),e(x)] s 2% pand o2
5 BRI AR T, AT I SIS E SR (6,70 p, ) FIAHEL
bk, XEHHA k2D DRIBEE 1,6%,60,,6, Fpy,-o, P AT LI
KACREAR SR BB BOR A BB T T e y =y, y™) FE7 B RSB {8 5
LR L n 4EFTE; | F05R n G A AR R BRI T
1 1exp[_(y—lu)'R‘;(y—lu)}
(27)"* ()" |R[2 2o
REMIKIES R0 M p, (=L KD, FMTAT LU KA AL B8 R M e 1 o
A

(3-11)

(3-12)
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&2 — (y_ Iﬂ)R_l(y_ I/[l) (3_13)

n
XPFAR R A x*, B or BRI AR ZE IS A A S IR Z DU n 4E4H
KM E: r(X)=Corr[e(X),e(x")], HAI (3-10) A (3-11) KfiF. ik, AILA

T AR Wi N AR T 22

YO) = a+rR(y—12) (3-14)
s%%}=olﬂ—fR1r+gﬁ%§%Qi] (3-15)

AR (3-15) R AR X RIVRE S 5 FRUAR 6 4tk Sk (0 TR 352 22 /N &
WIS RIZEME, =0, AT AN 0. (-1RM)? /IR ik 7 T IRA AR Ak
AT AL, EL 0 5 SRR A A R A M8 A P 0 e PR S 1

Kriging FE 7 EA B0 138 BE P, BT LAT 32 T SRR I R0 e <l e e i R g 0045

3222 EEHML A
1. RRXHAE

A XS UE ) R B A A 52 PR 2H s — Y I SR SR A AR, )
—HIAE MRS R VT T AR (L] 3-3) .

AL SCHUE RV AT () FiAboRS B, = B A I 4 ) A AU TR A R S
R IER A, v AE— e R R AeE LG 1 n] DL R A A S R o3 b
B 2 RS B

Yk T HEERET A, %% (Leave One Out) SLfr Lrf LA k #7
2 AR — AN X R ERFAE T k-1 MREARENINGEEATIR N 1 ANFREA
VERBAEREAS, SR )5 IR a7 £ 48
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Samples ‘

2" iteration

1% iteration ‘ ‘ sss ‘ ‘ ‘ ‘ ‘
rd + .
3" iteration

K" iteration ‘ | cee ‘ ‘ ‘ ‘ ‘

H3-3 k T X LI & B

Fig.3-3 The scheme of k-fold cross-validation

2. ZMRERRIT
i AT A B RS B SR W] LR DL R =AM R ZfR bR o i e R 40 iR %
(Maximum absolute error, Max ABS(error)) , “FI4axtiRz (Average absolute error,
Avg ABS(error)) LK 75H8 % (Root mean square error, root MSE) . A Z05E X403l
LU

Max ABS(error)=max (¥, — ;) (3-16)
Avg ABS(error) = %zn] ¥ = Vil (3-17)
i=1

(3-18)
root MSE =

3223 EXRERIZEFZ]M

Kriging AR AR AN 3-4, 55— BRI NZ5 € BIREAS RO E A2 S AT S A CRP
AU T ZHUA UL RO L H AR /KB I RE CFD 455 + 35 P e IX BOpE A
BT H—1k, BRGENR S AR E BB AR —HXIE RN, —&EN
[0,1]3[—1,1]; = b iHEACHMERE R, RIEHREE; BIUP T Kriging £
M ZENG, @l R KR RSB ZH w0, 0,0, F p,,-, p FIRAERUE; 28
VU35 ) AR SR ) ) 7 R 35) 75 26 FUATR R 5
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RAASEE
Sex, --x)

=y 3,7
v

1§ s, - x, ) YAk

v

THEMAXMIERER

v

v

RAWUARE

v

Mt RMESHE

v
MR A R OO
RAEEH

7R

[43-4 Kriging A M X KA R

Fig.3-4 Basic flowchart of Kriging model construction

PP SEIL AN 3-5 s, B R B2 F Z R YRR L weight_distance() ki %k
XRLAT (3-11) ; correlation() RN B2 A0 (3-10) ;5 build R() & HER R IE A O
PEFERE R; mu_hat() & HO6 A (3-13) ;5 sigma_squared_hat() & 06 A (3-
14) ; likelihood()pRET M AF (3-12) ; builldDACE() R EEXT AN (3-12) FILISA
BREGHEATIL, RIS HUYE; predict y(O R EUE I AR (3-15) TR A KA
Wi S AH s2) B A 1l A0 (3-16) 25 AR A AU MNAl THE) J7 %2 error_analysis() e
Foimid AR (3-17) 1 (3-18) J (3-19) 45 T M AL K B2 VPl cross_validation()
PRI 25 H AT (1) A8 IR UE 45 S
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' DACE::weight_distance

/ DACE::correlation
' DACE:build R
DACE::mu_hat

: DACE::sigma_squared_hat

' Kriging " DACE::likelihood

' DACE::buildDACE

DACE::predict v

j DACE::s2

DACE::error_analysis

1 DACE::cross_validation

43-5 OPTShip-SJTU 2.0 K& % ¥+ Kriging A 4E 5
Fig.3-5 Kriging model framework in OPTShip-SJTU 2.0

3.2.3 NASWHIE

3.2.3.1 F R A

Branin R $I0E 5 FH KA 25 S AU Y (1) FUoRs B I il 2 —, R Ak iR
Mz —, HEE=A2RuiiE. KxREnF:

f (x)=a(x, —bx +cx, —r)* +s(l—t)cos(x) +s (3-19)
He, a=Lb=51/(4z%),c=5/x,r=6,5s=10,t=1/(87).

B, AN HISRA OLHS 75941 Sobol 77450 kE, 4i—RAEAN 30 4, 4R
JEt s Kriging IR, Frf3in hki = K5 Branin BREH SE =BG He & 3-6.
M AR L, PR SRAE 7515 2 (030 (S A R A U B T B R AL, (HAE =4
Je B /IME X I, 25T Sobol KA1 2 FIE B R4 SE G B sl = |, ] DUSL &G
TEZARSE B R A b, R 7 7245 31 AU VB BY 7 Ji5 2 5K A ok B0/ MELRT
Sobol SKAF 1T fE T INAER .
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350
14
300
12
250
10
200
~ 8
x
6 150
4 100
2 50
0 0
-4 -2 0 2 4 6 8 10
X1
350
14
300
12
250
10
o8 209 Branin|Olhs
x
6 150
Sobol
4 100
2 50
0 0
-4 -2 0 2 4 6 8 10
X1

[ 3-6 Branin # 57 o £ R L AR = B 5t kb

Fig.3-6 The comparison of the real function contour and the approximation models’ contours

FLUR, RAEHCE AR () RS 2 B 22 o0 B B, 78 AL URE A ri Bl REAS 218
TR B, B 3-7 J2JE T ANA) Sobol SRAEEEE H) Branin bR B AY Ky 22,
FATT LA, T Sobol J5 92K 20 4> s AT AL, & by 2= B ATA
AR X I R 22, REEANIN 10 MR AL, A IIA o) R U A, AR A
CLME LR B = EEEAR 207, BN 10 MR fif g an i d) b i sy,
AR O A SR BGE W £, T RATE 7008 TSI B 00 CFE S R S o B ) B
RIEAMATHET) o Bk, X% T Sobol KA 30 4> ri RIAT L& Hi 45 & T4
H EE ALY
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-4 -2 0 2 4 6 8 10

a) Branin gk £ b) Sobol KA£204™ =

X1 X1

¢) Sobol EH£30 = d) SobolSZ#E40/ =

B 3-7 K A Sobol #f it K44 2] Kriging 424!
Fig.3-7 Kriging model by Sobol progressive sampling

3.2.3.2 S60 FH N 5T RS AL MREN) I 2 41

A/NTRERT S60 EMRILAIsEs], ZAniES Ik BBz IS E (Huang
and Yang, 2016) : Ak HArAE Fr=0.22,0.27,0.32 =AM K AR /ME . X S60 fr)
NURBS i [fi % H ()72 PR i AT MR T, BRI SCRRE BN M HEK &= o A fs oL, DL
PSRBT EAT IR AR R KA, a7 MRS S (AP
), 43HIRFA Sobol BEA OLHS BikA s aIFEA s, S 64 NHTA,
Frid it CFD Kf##} nace-FOAM-SITU HUE THEAA RS BE A . SN E M = M iE T
SR E T AR Y AR e S B A AR TR, R RS 56 R A SRR T VA5 B T AU R
AEMR T (il 3-8 #19) o M 3-8 F13-9 il LIE H, 2T CFD iHE M =AMiiE ~
ISYUEWALIERED S PRl (VY Sk AiuD SN AR EIE | et/ e = N AT BN P S e BT (V)
BT () FIARORE BE AR AR s X ARIE T ISR N F T O BTt B AT AT PR AT AT SEPE
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5.8 -

5.6

54

R/N

52

a8

46

44

6

NM —=

10

Fr=0.22 Kiging —o— | ol Fr=0.27 Kigng —— |
1 92t
= 9 o ! )
R/N & / -
I “h| [\ i)
11 86
B 84 - )
S
82 +
A A . A . i . .
20 30 40 50 60 70 0 10 20 30 40 50 60
Number of Samples Number of Samples
155 T T 1o
Fr=0.32 R
15
) 1
Rr/N 145 ’ ,
\
14 [
135
13 2
0 10 20 30 40 S0 60 70

Number of Samples

E3-8 & F Sobol 7 %13 5] &9 = A~ B A7 f £ 69 5 AL R 34

Fig.3-8 Validation of approximation models of three objective functions based on Sobol sampling

Fr=0.22

T
NM ——
Kriging —&— |

70

NM ——
Kriging —&—

Fr=0.27

L L
20 30 40 50 60

Number of Samples

L L
70 0 10 20 30 40 50 60

Number of Samples

T
NM —*—
Kriging —8—

Number of Samples

B3-9 2 T OLHS 7 i£43 2] 89 =/~ B 475 3L 89 L AL A 30 E

70

Fig.3-9 Validation of approximation models of three objective functions based on OLHS sampling
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3.3 AERA B R RE BV IL R IR 7535

PLF5 BIMEAR B bs PERE AL SR S VA BR e PRIE S S T Rl AU vERE A, SCRER
AR H AR BE P AL

3.3.1 BEEHEE

WAL SR TSR 1 PR, RIE IR R SCE IR 1 ¢ B AR
R RS, BEFIEE RO R e RS, 1R 2 TR AL 1A
b O R R AR DAL R F b e B2 20 o B E it AN 2 H it A%
AP

3.3.1.1 BRMMEEE X

BRI A N B A AR I, A E S
minimize f(x)
subject to g,(x)<0, i=1..,p (3-20)

gt
<
=)
]

Horp, X=(X,00 X,) BB E; f(x) 2 REEG 0;(X) SORRARG XL &
h,(X) = 0F RS RAH KM p=0 Flg20.

M4, X={x|xeR™,g,(x)=0,h()=0,i=12,..,p, j=12,..,q} M &K
AT, B TE A (A .

Wi p Al g #BET 0, WRZALAL IR REFR 2 R T2 sRALAL 1] 7
—. EBAXRFELES

BAEH (Whitley, 1994) &Pt “iEF 447" M “fRELIK” HIRLE
Pio BEARFFHEE: MG T¥ RIS RIR D) QR ) R, mi R

A AL SR ARARA WA, B3 WSR3 di 3 IS B (AR AR, AT SRASH i PR e
i . L, B R EIRAT . BENLA B SR AL

FES I AL FIR R IEAOL TR AT, Se N 4 T FIRA R LA B2
1D QL Gethdk (MR AR
FATTE e B I R B K — B 1), 3K (3-20) , RI“Hsa g s,
I R A 2% “ etk B A MR o s, MR E A TR
T, IR EE—ATu s M MR B — A “FED7 o MR 2 SR R
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2) Ymtd

B IR A, B CREAR” B A YR SRR, RS TR
TS . SEERED .

R g A A T BT S B {0, 1), BT R B A AR R R R S — A o G B
5 o 12T VE DR AR H R AR LU ] R, T HL AR H 7 58 XN AR S o (H RN T
TSR pR DA I R, R DR R M PR B 2 1] — i B 2 ) AR K bt 63 AT 64
o 07 ) — 3B 43 )& 0111111 A1 1000000, AL, i SRAR R 5z & i i, AR
HR B TR E, BRI R 2.

S AR 2 0 e 2 5 R Y ) — A SEBOGRAMAR EE TR, G R P 25 T B AR E
N ZFREE R, ST RS, THEERER, FRE. BB
o AR H )2 S8 i o

2) IR E AL

A SR PO N T R A o H PR BR B, B R RV — MR IR, Ref e E
HAE TS AR EHLIEIR 2 Sh A4

B U2, X LA ISR R EUR X B bR R AT 7 — SR BT bs e (1, b
MR, R, WSS . XM R EA A 1D WA e — e
AT L ER) H A bR 0 TRIAEDRE 22 501 AT REAN RO, XISk tH IR E A 2, 3308
FERERE T Re g9k, AW Re A RerS 2 REIUE: 2> an R B AR B R AE X 22 5]
K, WX DIRes Al , e A K. DRI, 38 S R 28R 3 AN R AZ KK
B —E M2
. EXRPRERE

BAE LR A D B

1) VIGEAFEE: HRAESE = F AR A R T i, AERCE A N A MR

F— AR P={X,, . X} 5 BT MAZ S G 5 5 A A e A ) R T 46
2) THEIE AR : ARYE TR E I8 B R A SRR N AR RE NAE AT A
I H BB RHATHES o 38 NAE RN AN AR T 5

3) BHlGEEE: WFEE LI R K MA B RS A S 45T —, &
SR Z TR R R R IR Tk B A, SR A AR I S R,
B MEENT —AK

4) XA (EBE IR —IRIE R 2R “HE” , BRI REAE
FCHTHAMA, BT MR I 7= A e R 2 MR E N “ACBE” i “A2
B 38 1 T A e B A N — AR B R R R SRS R LTS A
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i, RGN FAEPRARE AR . AR X T AR R T
RSB R A X RAE:  https://www.bbsmax.com/A/D854ep7pdE/

5) A RiE. A XIEAR @S A AL R H AT, 2% 7R A AR E A
PRI R R IR AR KA AR, RAMRIEIF AR IE R R “JE” , B
ATRERE N R L) “1ER 7, A EERISRG e R g, T gk
XA BT, Bl R AR AR N B SO AR M AT
TR AL EE TR, RSBV IE O R B R, A5 2438 1
A BT BRI B A SR R A . X R R A S IR R AR R e
AT EIRAA R 2 R R

PRI, 18A% B I AR AR AR ] 3-10 P

( A )

PR TEE

WHEME R «

,';‘\_
IEE /’/x’/ \\\_\\
BHRER —— RERELLEH?
( #® )

P — B

B 3-10 4% ik A A RAE
Fig.3-10 The basic flowchart of genetic algorithm

3.3.1.2 ZHIFEEREA: NSGA-I
HARBRNMNAT Z Bisfifbi i, HEEw LT
minimize f. (), r=1..,n
subject to g;(x)<0, i=1..p (3-21)
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b, X= (X0 X)) R E: (X)) 2% r MHREEG 0 (X) <OR—RAERLH K
fr: hy(X) =025 XL H KM p=0, q=0/In22.

M2, X={x|xeR"g,(x)20,h(x)=0,i=12,..,p, j=12,..,q} FA L&A XK
AT, BT (A .

Wi p Mg #5E T 0, WRZARAK IR AR 2 R To 2 sRARAL 7] 7

% H bR ARAL 0] R ) g 308 S AN R ME— 1) o A5 ZER I H bR R B8R 2, — AR
M, UHAEUEN HARREB AT JER . 2 BAsRIMREMR AR BCaTE, XY
Pareto fif4E .

NSGA-I1 Bk —MPlidi i i o5 500 1) 2 H bR 5%, e 5T NSGA Hik
(Srinivas et al., 1995; Deb et al., 2000) #— St R BN K. EEXHITET NSGA-1I
ALK T AR e A T, A I AL F5 R4S LAORAE T oK. 14 Deb

(2000) Z&x5 TAHLARKZ BARIAG R RE, SCRCR RBEAT 1 ik — it

%Z HAri AL Bk 5 5 B AR AL A B F B XA G B4, Mse S AR i 2
AMIE. THEBENA NG SCEM S .

—. REME

1) ¥R59EZRCR A& (Pareto Dominance)

MECEERIA L, XA (3-20) , ARG ENDNRITRE X, X, (R F
ISF 3 2 LA AN 264, TUIPR X, SZE X
a) WTviel2..,n, #H fi(x)<fi(X);
b) 3iel2,...n, {5 f.(x,)<f(X,) kT
AN, FRX X, 2N ESCEC R R &R
2) Pareto s fiLfi# (Pareto Optimal Solution)
R —ME X AP ARSI, Eigi kA Pareto FALE .

3) Pareto 4 (Pareto Set)

U SR — ZH A AR AR A T P R A LR R AR SR R &R, XA RER Y Pareto
.

4) Pareto Hify (Pareto Front)

Pareto 48 Hr g — /Mg B B A bR EE 7] 2 2H R R 8RB R 2 Pareto R
=, RBEPBRERE
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Deb 7£ 2000 “EHEH 7% T NSGA HIERIckdt J5ik: — i b 9o e ng i Pk 4k
YECHE AL 5L (NSGA-ID , ABFRH T = J5 T [ 5 K it :
D I T Pl AE S ECHE T 775, sk SR R R B PR
2) Gl T ARG E R E T, KON TR S RO, (1S Pareto
RO LT hi 1B E B
3) FINTHEIEHNE, I KT REEEM, W SARFBEFI T AP BES Il i B b
B, RIS 577 E T AR, WM ARAF R EAME, IR .
R, TR A R IR
(DI VSVE IS A e Ik
Y EFIRER/ANA P, TR A EBESE PR p SR AMA
AN FHZAME LI MRS S,
RRERINEZ 3
a) THEAMEE T A MARPIANEESH N FS

b) KA SN, =0 AMEIINSE S o, BEI AT DLRZ AR & A AN AR Y
Pareto 252015 AN 1;
c) XTEE R FRIATEME L HATSCR R MAE SIS, TS
AN, AT N =0 =1, anifn =0 MRk AN | RAF RN E F, s
d) P& o) EIMEA F, IFTA MR Pareto BN 2; REXEES F, 1
I MAE G DR ©), MKIUSEHER B B MA SR 28R 5
Ht,  FRATIA IR SCRC S B B BRI
2) BRI
WRZNAFRAMEEGHEFRAESCACE S (CURARFEED , W RS R B Toik
FREIX NG, BEI NSGA-I FERH T — A “AMEIEEHET 7 150K
FE—AMAE RIS GRIBFEE RS R H AP M FHARMALE T A + H br sk £ BRI EE
B A, WIRREER S | AR ET R 2 T

Di = ZI:( fi+1yJ' - fi—l,j) / ( fmax,j - fmin,j):' (3'22)
-1

Horp, £ OGRS +1 DAMERRES | A BARREUE,; RS -1 MRS A H
PREAEE s o ARRER J A B AR B AE 2 BT AR A B KA i ARRES | S H bR
HAE ZHU R P 1 B IME
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ERiliRantc ¥ &

a) WA R AMAIER, 2 L] =0 G, Li]jgne FREAE I
FHRET IR

b) Kt [FE AR S | A H AR & BB T HES

Q) NTHFLG EMAMEREAWIEENN, & DM RE W, %
L i tance = LM gisnee =W (BRI ZZBILH r MAMED

d) THELHERE A ) BRI R

Uiliistance = Ll isance + (LI +20; — LI =10,) / (£ = £™) (3-23)

o, L[i+1] FORH L AMRINES | BARREE, TR £ RO RES | A

ERANZEA GRS oNGIE = 2N (E R

e) XFTA 1 H bR R B — — & IRUP IR b)~d) P4 4E, tHE AR | MME R BT IR
B W igtance » A% BRIABFHE B MR B/INHEY, A0 S B0 5 R R s R A
A, T ERAIE T B ANAAE BETH 23 0] LA S A A s CAYE R RIRE I 22 FE 1

458 NSGA-1 FVEIR R TR 5 , oA 145 BN SRR I EE AR, 48] 3-11.:

D BENAIIEAGEE — R By, 0 By BT IR BCHE T R, 15 20 BT A AMA R EE
A s

2) WFPHER 2B t IR FREE) JEREAME (ARSCRA bR ,
HEAT 2 RIS 4, A5 23— AR Q, «

3 EIHPMQ A AEMAAMER =RUQ, Fxt R #H4T A B HE P31

4) WFREE R I IR AN RIS N N, MR —RFEER,,

5) EELTE2) ~4) , HENH L HEKMES
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_ffr;;f_Ei<§@%KHWK%3>+_j:::L___
Cwm ) ~ R
(L 7 ~ IE‘ LA RRFT ALK
— HEMEEMET
R T— P
etk B OTNEL -
FiE <r1|’|\’l‘14‘) iR L EOHE
QNANME)

B3-11 NSGA-II H- & & R iz
Fig.3-11 The basic flowchart of NSGA-II algorithm

3.3.1.3 FRAEL AL BR B 36 E

N T AT K B H B A 2 H bRt AR BOERE e R AT SRR, SRH TR LA
DA R B3 AT B6IE

L HHRLA A

H5E — RV H B AR AL 0] R DL B G i A SR g s ) B H A a0 A% A5 B AL
il RPN R TEAIE B LA S AR AR Ag AR 3-1 P . 1% LR 1 AH [A] a4 5
ECE : FPEEAMAECN 100, BRI 0.8, WX FE N 0.2, BHFHEN0.35, HKAIEN
BB Y 400, WERHATLAE e 438 04 R 250 X ORI IAE LR AN D7 T et 1]
YL . BRI 20 RREINEN 2, BERNE . [ERFEER: HTRERE
ERES R EGREAE, B, R e AT 10 - 5E.  GF: £
R A SRR 1] f Pt 2t 2 OSE AR IEAR, RSB . ) BRIt S &
SEREHAT TR EE (R 3-2) o X TR4ER R Z LN 0, JEHAFUREE: M
4k ek % Hartmann-6D . Michalewicz-5D LL & Michalewicz-10D 15 3] {45 5% 22 #H % 4%
K, FFHERWARE Fr#EZEAN R, HEAERERVFTEEN .

#O71W
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I ACMSE R ey S 2 (AN SR A D5 VT 7

#3-1 & T SOGA H k475049 7 5| by Fom 7

Table 3-1 The optimal solutions of a series of functions based on SOGA

R4 ik Y FiE aspesilil! AR
. _ x1€[-5,10]
- Y R NN =
Branin-Hoo & =44 i/ ME 2 X2 [0.15] 0.397887
Ackley A iEZ 2 [-32.768,32.768] 0
Cross-in-Tray 52N RR/ME 2 [-10,10] -2.06261
Rotated Hyper- SUR LN vt 2 [-65.536,65.536] 0
ellipsoid
. w x1€[-1.5, 4]
HSPAE B A — N R -1.
Mccormick JEE AR RE — N4 R E/ME 2 x2€[-3, 4] 1.9133
Hartmann-3D B AN R EIME, 2R 3 [0,1]° -3.86278
Hartmann-6D HE 6 N RElE/IME, ZUEREL 6 [0,1]° -3.32237
L~ 9 N 75 3 T
Michalewicz-2D > 21 md‘% f EHANRE [0, 7P -1.8013
. . AL 120 MR/ME, ZIEREL, 17
-5D N \ 5 , m]P -4.687658
Michalewicz E R B AL, [0, m]
. . BE 100 AMR/ME, Z0EREL
- N 10 , m]P -9.66015
Michalewicz-10D e B R A AL, [0, 7]
#3-2 27 B A T SOGA H X358 09 R AR £
Table 3-2 Error analysis of optimal results of a series of functions based on SOGA
X THEAE
7t RE AT A — 1% 72 (%
PRE i3 LA Wi e %2 (%)
Branin-Hoo 2 0.397887 0.397887 1.11E-10 /
Ackley 2 0 8.63E-06 6.21E-06 /
Cross-in-Tray 2 -2.06261 -2.062612 2.52E-11 /
Rotated Hyper-ellipsoid 2 0 9.27E-11  1.72E-10 /
Mccormick 2 -1.9133 -1.913223 1.52E-10 -0.0040
Hartmann-3D 3 -3.86278 -3.86278  4.64E-09 /
Hartmann-6D 6 -3.32237 -3.242897 0.056194 -2.3920
Michalewicz-2D 2 -1.8013 -1.801303 1.41E-09 /
Michalewicz-5D 5 -4.687658 -4.628131 0.067363 -1.2699
Michalewicz-10D 10 -9.66015 -0.388282  0.157446 -2.8143
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2) Z Hirfifb ) i
AFTRA TR E 2 B AR AL 2R 2
a) Zitzler—Deb—Thiele's function N.3:

min

fl(X) =X
f,(x) = g () (f,(x), 9(x))

30

9
g(x) :1+2—92i=2xi

h(f,(x), g () =1 [ (L ginag 1, (x)
9 9

Hr, 0<x<11<i<30
b) Osyczka and Kundu function:

min

s.t. =

{n(x):—25<x1—2)2—(x2—2)2—(x3 ~1)2 —(x, —4)* — (% —~1)?

=Y, X
0,(X)=x,+x,-220
g,(x)=6-x,—x,>0
95(X)=2-x%,+x 20
9,(x)=2-x,+3%x,2>0
0s(X)=4-(x,—3)*—x, >0
9 (X)=(X;, —3)* + X%, —4>0

Horr, 0<x,%,% <10,1<X,, % <50<X, <6

(3-24)

(3-25)

(3-26)

10 T T T 1 T
: : i [® e Pareto front
] B v S o] 08 |
06 06 -
0.4 94T
0.2
0.2 ~
)
~ 0F
0.0 W

; : ; ; 02
\ : i -04 -

T T
Pareto front X

A

: : i : : 06
06} SVOTOOOUS NRRRORIOS URRRRIES JOTRUMNS SOOI SNSRIV SNOROINE . i

¢ H 2 9 £ 0.8 1 L i 1
=i i i i i ; H ; ; 0 01 02 03 04

2
0.0 0.1 0.2 03 04 05 0.6 0.7 08

0.7 08 0.9

) fi®)
(a) ZDT3 H.5C Pareto e (b) AKfe#s AT 1S Pareto fi4E
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" [+_=_Pactonon] o P
e o 0
......................... 60
............................ 50
)
a0
S
............................ 30 [
20 |-
10 - X
........................................................................ . bk "
® come » 0 I 1 1 i I
O350 ;an éun 1’)0 1iuu i=.n i -300 230 200 =150 100 50 0
hi(x) fi(x)
(c) OSY K5 Pareto fift4E (d) ARSAEAR TS Pareto fift 4

E3-12 MK A T MOPSO ik i i3 AR AL iR 5 AR 4 AR 3T 1L

Fig.3-12 The comparison of the Pareto solution based on MOPSO and the real Pareto solution

FEULE T SR, SR AR TP 25 BRI A SV T AR 0, 0 LA T Rt 1
it

3.3.2 BEFEMRENSHE/RNHLEZE

PR AIE A 1) R M 22— 2 T B A UL A BRI 8], i T A U AL ) v
R SR A S AT LUK FARAR I I I AL B i3S JE AR SR e itk
B, BEMIRYIE — NIRRT R, SRS R BT IS AN L, SRS E
PUf. Tl MBE=S B& 1 H AR R B/ IME, SRS T TR R bR e 22 e K IX
s, P DL E ShAE A R R AR E R . A EGO L% R AE Kriging I
R EERl EAR

3.3.2.1 BHFREGO HiE

ASCHRAE Jones 55 A\ H H 1 JT 22 o5 R U AR T R 1Y) EGO fRAKEIE . B A
G )& T Hhr s, 01EE BGE eR A ME 2 i 2 Y Mockus 7E 1978 4R, R
ME /A EE S BN ”  (Expected Improvement, ED) .

R UEFRE SN EGE n, 73 f L =min(y®,..,y™) A 4wt umAME . 75
TRATRRER RS X I, HSE R BE yx) RAFE M. 458, EREEME 1, R
FETATAINIE . HIRATAT DU y(x) AT E AR N AR B NN EZ — M EIES
SATHIBENLE R Y ~N(9,8%), by 2 Kriging BB FIRAGME, s? 2 Kriging Hi%
77 %
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20 T T T T 30

Real function.
15/ ™ 25

.\\‘
10} Kri&‘-’ai“g 20
ictor
predictor g

~ 2 \\

> 5 YNG9 T s

Standard error

10

B3-13 — 2 By $ A9 L AAE AL o 8 09 TR A 2 PE AT
Fig.3-13 Kriging model for a function and its uncertainty

LLan A 3-13 1, X TREAR i = 0.77, FRATI X sl i) s BB =2 — AN B AR
=Y, G THIESSMY-N(Y,S) BRI, BadEmW, e=&A LHmM
B/ME f BN REER, DR % R @%%L@%E%y—%@F AR L
SRR L Y = f,, FRRREES (B0 B i MERR L) A EEXR.
IRILATCL A EIX LT B IR i, JRATHUAT DAS 3] “IE NG .

W 1 IE e S, B AERE AR A x o d e [=max(f Ly, =Y, 0) o XA~ 1
—ANBENIAR R, KR Y RN E CEAERE X S RBUE AR EN) . AT
AT WENEE” , AR TR RE K

E[1(x)] = E[max(f.;, —Y,0)] (3-27)
E¢,ﬁm%ﬁ%ﬂ§%WNW5%,ﬂWEﬂmeﬁﬂﬁﬁm%,Smemg
BB TR i) 7 22 o # B AR AR I R, il — R8T e 5 AT LA
LA B AR

EL1 (0] = (fy — ) fmms‘ Yy 4 s fm"'s‘ J) (3-28)

Forfr, p() AT () A2 v 1A B B HE I 25 70 A1 R 5

%75 W
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L
P 3-13 Lo fal BN —E s B R G i B 2 N, e PN IR AE,
MRIEX=28, 71— PRAEX=83, JFHMIEEER, FrABAMEA IR . 2852
TR UGEAL R R e, WK 3-13 o, X, SR N EROE
£ x=8.8, RXIFANERALINR, A WX DR R,
W R, W EGE R A2 s b, GRS
AME D9 0, JF AT RE AR IEEL ORE MR MRN) o XSRS

B R AT BN X -
aE(AI) — —(1)[ fmin — yj <0 (3_29)
oy S
aE(” ¢(f >A’]>o (3-30)

HM%@M%Eﬁ%memﬁMSMAﬂﬁ$5 MR Kriging B,
FET B BRBI N S5 U 5 I % 18 T 4 2% o B AL R TR A TR 2 . 24 5 A T
AR/, (fn = JOO) BAR K, bl 55— 30, BME R & & Sk, 51 % EGO
B TIME AR AL ISR T . S SRR, ERRE S T, 5%
EGO HikFI TR ZE R/ NEIER T T Bl REZEIE, EGO BRI Hikk
S A 2L TR R AT O KUK, 325 30 7] I 3 -0 R A4 ) AR IR - 45,
A1 R 5t S T o R A AT AOURE R Fr RS

5] 3-14 77 fA7 B 11— 2 B B 908 30 B2 003 R KO T VR I R RE S R . [
Sk FOR SR BRI R, BOXIMER y+s, A0S RRIGREA
L GO SRR OHTRIOREAR S, W SRR IR A 5. JIRAI, SRRE A
PEAS M3 T IOV, W] DA T A 5 B S B B AR — E 0, 2
VBRI, TTAE x=2.5 I, EN AR, M 7E RN MREAR 5, BT U7
(K 3-14 (a) B ; B LUGERR, El i B HEE x=17.4 2 AR, TZE R
IV REA 5 B M B OB, 411 3-14 (b) WO 3 DURSETRY pH 26 15 20 52 B 5
Ze e T3 M T N A AR, 4 N A E AR SR A S TR T 228 kA
M 35 FLUCN s EN SR R A AE § B/ME AL, IXEW] EGO 77k EL% i T i ol
TR0 JE R P 6 R, (I SOAE AR T LR SR 4 R B D 1
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400 —'-"/;P—y=xcos(x)+x25in‘{x) ° 400 —’—'YD—yl=xcos(x)+x25inl(x) ¢ ini ?EQ A
200f |
1
> DM -
1
-200 !
1
1
-400 : . . :
1 5 10 15 20
u.b :
1
g04r :
:
Wo.2 ]
1
1
A RANE | | |
0 H 5 10 15 20 % s 10 15
1 X X
400 —-—*%D—y::xcos(x#xzsin'(x) . 00 ----yp—y:xcos(x}+x25/'nl(x) o ini seq !
1
200 : 400
> 0-—-—:\.._.’,—/‘\ 200}
1 >
-200 ' o /\
1 -200
R ! . . )
4000 5 10 15 20 -4000 s 1‘0 15
a) AR kAN A b) Z TLUGEAIN AL
a) 2" jteration for one additional sample b) 5™ iteration for one additional sample

[3-14 AT EGO ik — L HF R TER

Fig.3-14 Optimization for a one-dimensional function based on EGO method

W IR, ATK IR SCGE RS 2R Fok b, R SGE R
FEFEAR FUARME Y 0, FF H A 7 PEH 2 8 OREWRASRND o XM A1
X BRSBTS AR T RS BE AT 2 R SR

EGO 4 /@Ay 3 B 4R80T, Kriging FAL R @ AUR] A El 28 % S48 b
SUEATARAIER =8B o AR EGO HIE AR T -

1) RIFAARL T MBS 7 Jr IR B 25 (R SR IR A i, AR BT 23 (B IR A A AR

MER, RFESE (11k-1)
2) THEBTAFEA S B bR R EUE
3) AR AT AR s TR A AN H bR R EUE R 2 Kriging B
4) fgt El K%L, 185d83.3.1 B HARIBE FIEK A EN eREs KR B 1) vt
e

5) FHZB T RN IIAFEA fUAE

6) B E T AU A A& 759 RS SR I e 4 1EE I Cmax Bl <0.1%) . #5732
AT b s BUREIZPEIR 2)

#O77T W
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33.2.2 ZB#rEGO &

L H b5 EGO SVEAE M v 5 B AR LA 1] #_E KK BRAR T BB A RE I KA T 55 %
PRFETR R I8, TS bR TAEN P IR 2 2 BAn AL a8, R ks EGO 50y
e 2% HERUAL 108 _E B ) TR R M. sz, EGO HikhiE
BRI EL s N, 10K H bR EGO BEHE 22 H ks EGO &k, BEAFILHEL
IR IAARAS, REER AN L BAR Bl MEN, TR e sl =max(f,,;, —Y,0)
AN AT fAT R — AR RE RS, TR AR 2 4R A E R E L. SIRA N (2018) 118
SRR, ASCRAAM TS AR R B EIM #EN RS £ H Fx EGO Fik.

fEZ HbstA @y, R —, — B2 A ARl Pareto FITVH

XHEACH:
_fll fl ...fnf'
f2f2 ... f?2
s=| .’ (3-31)
_flk f2k ...fn‘]‘_

Horpr, S FRARME M AT AR AR BT L Pareto FiIVE, m Fox HARBREIAN 4, K
R4 Pareto AT B AEIAN . 2 HARIIEALL Pareto AV S KR A H AR ME—
FB frnin AT T ¥R REODNEON LA T KA MRRZERUN 1 46738/ T m 4.
I, ARFEXANEAR, 450 El EUA RN 48 El FFE (Expected Improvement
Matrix, EIM) :

(EL() EL(X) - ELX) |

ci=| B0 EEC) - EIL (0 -
|EIF(X) EI5(X) - El5(X) |
HE— N umilE AR (3-28) EM%-
E1100 = (£ =, 6)p (=5 09) ¢ =509 (3-33)

5 (X) 51 (X)
f; FEIEAU Pareto BTVE S AEFEHER jATH i FURITCER, RIES j D AKIEE | A HiR
oy, M09 (X) A s (X) R ER i A H AR AU Kriging T {BUERY (T S b e 22
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f2

® Y jiParctoRT V5

® Kriging Fiil{&
Kriging TRl 5 2=

- EIRR#{E

RS k rk
~~__(fA 1)
.
1

h

H3-15 % El & E (EKH, 2018)
Fig.3-15 2-D example of the EI matrix

HRAE & 3-15 Ffrom AT LASE N EDWER AR A 30 (3-32) BRI — A4k BN AERE. JE
B H (R — T 2 30 B R A2 xS Pareto BTVY 85— MR A K A
MbR A B FLE £ B RR DT ) R ENE: BN ORI x5 Pareto BT 25—k
S B AR B AR £, BRSO T B0 ELE, BD ElAERERAT— EI (x) Rl
fol Pareto RIVSHOSE | AN AUIKIES | AN B AR IS4 R 8. BRI, B 4E R AT LR A AT
— BRI Pareto BTWSFERTA B AR7 1A _EROHIEE S m, X IE A% Hbf EGO
VRO A, H R BN AR TR SR S B, DA TRRI EL R,
A — AN BB R B AT — R A O ATl Pareto ATHY ALK AR B, i
TiAE A% AR EL -0

ARSCRFARKECHE B EIM N, FoRtn T

EIMe(x):rrJ)k_iP /Zm:(Elij (x)) (3-34)

% Hbs EN NS 0 BAEHURE EIM BRI AN, AW g s, A
Wi WL AEL Pareto HiIWY, % EIM #ENBATUSANE, HA& 2 Wesis) 2 A AR AL 1)

#79 W
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AR FIEAGREER . H br EGO A AR B F, RN sk M E SOy EIM #E
e

3.3.2.3 AR AL BR 255 iE
T SRR H AR Z HAs EGO FARI AT FEME, SR 1 H FH I I ek 2803k AT
I3 e
D HHREA R
AT HbRAE Branin-Hoo pRECMNR, 1% eR 20 F ok 25 820 S 1Y [ RS 15 DL K
EGO HynfEtt. RixnA0 (3-35) , HAJRHiMmM: 0397887,
f (x)=a(x, —bx +cx, —r)* +s(—t)cos(x,) +$ (3-35)

He, a=Lb=51/(4z%),c=5/xr=6,5s=10,t=1/(87).

WM EET B HR EGO FIEXNZRE N, & TR 1 RHME RIS
FEAR R LR HARAH R S 3 E, 1817 =Rk EGO Hi% (KA El s IR B
FIEAAAERENUE) ARG REN: 2) RAARIMYIEFEA &, HAbLRHAHE T
BB, BEMRIMEREI. RIEE 3-16 W& RER, KHEZMYIMGEFEA L, EGO
FAESSICE PR, X MAFE PR WIIAFEA RBZ , VIR ISR Rk OBk R, EGO B
VERENS BEARAE A R R A 2R AR, RV IIREA i, SR B AR R BOT Y
RBHHEA R AR 2 FIFEAR S HZ, ik, R T EGO HiEAUK I 46 ik
MR RS 5 [RTIS) XA 58 2 MR 4 PR I ALLBSE 2R PR RS B2 AR 1] 3-17 U4 SR o,
Z WEAT EGO FRBEANERNSCI RS AR, K& TAEEN EI #4ENIN R H 15
Sy, TstfE Sk A BEHLME: . (HRIME ANt St AR b s B A 7= A .

3 , :
) —e— 31 initial samples
> 5L # 21 initial samples| |
' 15 initial samples
————— Ymin
2t
*
wn
215/
> *
1+
0.5] <
L et - PP W N =
0

2 4 6 8 10
Number of iterations

A3-16 £ F B ds B A S 40932 B 4 EGO H ik FHhit K4

Fig.3-16 Iteration results by single-objective EGO based on different initial numbers of samples
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5 + . :
—s—1st run

+
# 2nd run
4t 3th run | 4
————— Ymin
3t
ul
O
=%
—
2r
'-\\\ X
1 +
| *
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Fig.3-17 Three iteration results by single-objective EGO based on the same initial numbers of samples

2) % BRI
AN AT E BRI (Zhan, D, etal, 2017) , AHILRAZE B 47

EGO FikT, JFR TR RS Sk & KON I L S R EEAT X LE 0 H o PRSI

ESEIGRIDAE
a) Zitzler—Deb-Thiele's function N.1:
fl(X) =X
f,(x) = g(x)h(f,(x), 9(x))
(3-36)

30

. 9
min {g(x) :1+2—92i=2xi
f.(X)

h(f,(x),9(x)) =1~
g(x)

Hr, 0<x<11<i<30
b) Zitzler—Deb-Thiele's function N.2:

fl(x):Xl

£,(x) = gOON(f,(), g (X))

min 9(><)=1+%Zflxi Hrp, 0<x<11<i<30 (3-37)

huxx»gu»=1—(ﬂ99j
a(x)

BRI BN AR R 2L, 754K EIM U S OB R 7 A R (g% S0k S 4000
B, EGO BiEVIIBHIFEA s ECA 11k-1(k AT EAE, X B2 30). A 3-18 Al
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1.2 ' Real Pareto front
Result by Zhan(2017) O
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Fig.3-18 Comparison of Pareto fronts of ZDT1
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Fig.3-19 Comparison of Pareto fronts of ZDT2
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S|PYE SRR OPTShip-SJITU 2.0

BU TN 2 AR R A BT FE P B L = AN R IR B R L A
AR I EMAFAREAT T VEAHER NI TE, EHEARATT ) A i 2 A 5t AR DA K
RIFHEE. 8%, MR ERTHRAE P IEE — IR G E 2 An ZAMEAR: K3k
REVEASHIAR o ST A SR 28 R FLRG I 7 V23T /KB I PERE VAL, B3R A R
HETFR KB IPEERG IR CFD SR f# 4% nace-FOAM-SITU. 1ZRfif 2% 2 B R 4L 7E
FFI5 OpenFOAM “F- &5 b B FFJk B & T AR MG AR 5 g3 S5 M 7K 3 77 14 B 1n] /v =k
fifeds, AR IYERE. MHEMERE . NI REE TR T R 2] 2 R . A fE
AR b, B K overset B E MRS R 51 N OpenFOAM, JEK, T naoe-FOAM-SITU-
os Kff#y, RESLILZ RYMAREFITCL NS, B R T MRS i AR A
2 FEAH B A LA REAE IR B ORIE B2 75 B B2 3 3h 4% ) ) R i CFD 1 5. Shen,
2014; ThEZR, 2014; T4, 2018) o (Ht, ASCHEBAELZNA, HAER
A LA AT S AR AR ALK i %% OPTShip-SITU 2.0 #HATHES, SeldE TR5A
IR AR A BT

BT RGBS IO AR TR A BT SR B8 (1) S 6 20038 B 31K 1% DY KRB AR RN 32
TR SR . CMHL A0 7K Bl M RE SR g 45 B0 45 F oK i 4% NMShip-
SITU FURSFLR i 45 naoe-FOAM-SITU &2 T C++iEF S, A O AR 13
T AR AL AL SR iR 2% OPTShip-SJTU 1.0, A8 H br 2 ¥ OPTShip-
SITU 1.0 AN TR B KA AR AL K i 28 OPTShip-SJTU 2.0, FF4—KH
C++iiE 'S, BHEHETHA NURBS AR TR . I U AR R4k B2 A
Bl e A PR B, SRR E Bh— Rk it .

4.1 3RRZE OPTShip-SJTU 2.0 1R iAA

HAkHh, T B AR AR A AR RS H sh A B, CFD &I ™
¥ B B AR BB SR W TR KB PR RE VP A AR R L U (DU R A AR R A AR A
SRIGAEEL A, AR 2 [R] ) AE B e R NP 4-1:
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Fig.4-1 Modules of solver
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Aol TG T AR P 2855 o DX 3 TR AR % OPTShip-SJTU 1.0, iZ#5H Bl 1 A& NURBS
HHESE AR (RS IS 2N o NS ERE R IGES X
FREC** ligs Bx**.iges) « &M 1 A8 7 vF 00 B (1) AR T 2 450 $1 SC - (FFDDict, RBFDict,
ShiftDict)  CLLn FFD J732:%F 2 45 HIAE K /N B 3%l s 20 A . RBF J5320%6) B2 (1 7] 3
Fa ) et R[] 2 4 ) R0 AT ST RS VA L ) ] 5 sl S AR AR 2D LA R T 2 5 1 1 2
€ XA (SamplelnputDict)  CELUIFT FHTFEARMT AN, BIESHH ML BTE
SHMBAES) 5 B SCPFEFEAR AT IGES XX (***.igs Bi***.iges) M I
K 51Z% (hydrostatics.dat) -

o IENBRIBHIGESSTHF | TR
BRBI TR S R o AR R 5 E »  RBF5E
— - | FFDS53E

» i T ARIGES S5

F4-2 A5 T BeAt
Fig.4-2 Ship modification module
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Wit EEE (SamplelnputDict) , P b i 7 AR it R a] £5 21 Fir G A A
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IS FED H B A s SR S R Ak A% (S5 JEARAFAE SR 92 polyMesh H1),
A% J5 R A S paraview FT A A .

PR AR X A [ 3 B A RS Je CFD TSI N A [ 2 B8 AR BOREER 1) H 28 1 7ERR
& NURBS i1 i1 2 B T DL S I TR B e 34T 7K 3l 0 M g v B3 2 [B) g S
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Fig.4-3 Automatic regeneration of hull surface and domain grid
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LRGBS ARTE AR ] 4-4 P . MEERINTEY IGES SCAfF
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EH T, PR EIRM I LIRS SRR IR F G & BRI KA M2, A2k
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B 4-4 & F CFD 7 ity A5 AL AL 9 — AL iR A2 )
Fig.4-4 General flowchart of ship design optimization based on CFD
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Fig.4-5 Flowchart of optimization based on EGO method
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Fig.4-6 Framework of OPTShip-SJTU 2.0
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A TUATT 2 50 DL R BE 773056 B4 2 SR U5 T 1IHR Clowa Institute of Hydraulic Research) .
S60 ML) =4k J U TR DL 4-7, MMRAOTEGN 3 RS B L 4-1.

47 S60 A54% 49 JUATAR A
Fig.4-7 Geometry model of S60

F24-1 S60 A 6 JUAT £ R
Table 4-1 Main particulars of S60

FRE P55 A B R
SHEERS Lyp (M) 3.048
SN LN/ By (M) 0.406

nz /K T(m) 0.163
LLPN D (m) 0.244
HEK AR v (md) 0.121
R THAR Sy (M?) 1.579

Ti e &5 Cy 0.60
NCIREAN VAR O NEE 57 0| LCB (m) 1.59

4.4.2 BHERRROPE H¥ETHE AT SE M LE

4 ITTC % CFD HUEiHE BRAEAFA T (V&V) 8 S =N (Fik,
2018) , A AN s PR A AT R AL IE BT RSSO SO TR S S R, . HABE IR
N AN 2 P A A (— M 22/ R = AN TR 8 P B AR, AL AR L o 25 585 o s T

PR SokmE, AR

(4-1)
(4-2)
(4-3)
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Hr, ™hr s, i=1,2, 3R E R . v 455 RS R RS 1 45 5 o AR R BB
AN [F] B SO K

D —HES 0<R; <1,

2) RHGE: R <0;

3) KHL Rs>1.

XfF RGN, —BUEIS, —MCR A Richardson bV (RED  (Roache,
P.J, 1998) SKiFAh MM AREE TEU, s XT3 A IRGISUITE R, PR AN & 1
sl YR R OKE s, M/ MEZ s, ZHFI31ME, R

Us =3/2(Sy =S.) (4-4)
A =AE DT, IR R RS, DRI AN 75 ZE PP A ANEA E 1 T .
Rk, X BURH RE 7 G AT VPAS A IOAS B 1 IR 8 Pl 20 X
_ InA/R;)
In(r)
Fr H MU S4F8 %0 (Grid Convergence Index, GCI) ®] L T 45 3.

(4-5)

Fs ‘p : ‘ 1 (4-6)

Hrr, FoR—A2e28, T RA=88H U LMk F =125, e;&x s, M
s, Z A HIZE], MRS YOS AT DARAEAS [F RS S SUEL S R 52, /M GCIHE R

TNEUE 45 TS AR R BB AR

HH AN B0 S60 78 Fr=0.27 T8 W& P B e/ N EAT IR ROLAL, 0 e xs
RERYPRAEZATE N IS B DB T S AT RS WS IR E , B PR B TS R AT S
AR BB TE B8R /N S oI BN K] 4-8 Fias, =B TR R/
Fma J5 sR—8, XBIE =ANJ7 ) AR R PR 2 B o2 (L 4-9) o B EIIAS
[F] W% IR 25 R 4-20 MWRAATLAE 2, BEE PR BN, H5 (B ik it 45 2R 5
RIS LI B S ey, I 4-2 hal LB, BT I BE 8 #F S B — 20l
Hor S BB R cey, (H MG A S5 FE R R (B I 22 0)) R 1.847%, JFH. cel,, ¥
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-1.0L,, <x <2.5L,, F
0.0L,,<y<15L,, atmosphere X
-1.5L,,<7<0.5L,, t

symmetry

A4-8 i HBA DA AR FARE

Fig.4-8 The size of the computational domain and boundary conditions

B 4-9 S60 ABAL Fl T M A& R4 2 M AT 8+ R A

Fig.4-9 Computational mesh of S60 model for grid uncertainty analysis

F4-2 S60 A AR Fr=0.27 T 4989 W A& 5 52 0 A7
Table 4-2 Uncertainty analysis for S60 at Fr=0.27

EFD V&YV Study
Parameters/N D)N I £1%0S; U%S; Ug%S,; Usy%S; GCli2 GClys
Grid#3 (S;) Grid#2 (S,) Grid#1 (S1)
R Value 8.672 8.242 8.369 8.447 1414 -0.933 0.048 2.608 2.608 1.847% 3.031%
T E%D / -4.958 -3.495 -2.595 / / / / / / /
Rp Value / 2.561 2.623 2.660 1414 -1.433 0.005 3.852 3.852 2.760% 4.591%
Re Value / 5.681 5.746 5.787 1414 -0.705 0.068 2.043 2.044 1.429% 2.320%
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B, AN R P RIE T IS E: xS BT B R VPR IR By, x0T
A R S i pa=ir A S 200 ) VA R = o T W R S Sl Y T P s ) A RS S 1
Wi aygs Ja =ANRITAERRE RBF FEF IS x5BT B 4-10 A5 B VEA
W7 M IRE B &, xR BT[] 4-10 H S A VSRR DT R AE B &, x, 00 T 4-10 H
MOAVRRZKTTIRI S E. B 4-11 /n & 7 2T 2 G S60 MR E Y NURBS
Hill A B S L, 4w — AR YR B UAE N (xq, X0, X3, X4, Xs, X6, X7) =
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Fig.4-10 Movable and fixed points distribution on S60 (red points: movable points; green points: all fixed

points; pink points: fixed points along the ship width)

E4-11 S60 A54& NURBS ) d &/ 37 & 69324 77 542 B T4k

Fig.4-11 The variation of control nodes after deformation for S60 NURBS hull surface
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Table 4-3 Design variables and their ranges.

BitEE 5% 57
1 (%Lypp) -0.012 0.012
x5 (%oLpp) 0.2 0.35
x3(%Lpp) -0.015 0.015
x4(%Lpp) -0.3 -0.1
x5 (%Lpp) 0.002 0.007
x6(%0Lpp) 0 0.02
x7(%Lpp) -0.012 0.012

B YR T OLHS J7RAE 1 64 MIGEFEA AL, MAEAAEAR A RANS J5i%
KRS IME, ARG/ 5 64 A B, B Kriging H @ RT4RIE AR, SR 5K EGO
T A AOR i B NI IME . 13 2R y fc R BRI AR S FR an i 4-12, A aT LA
BHAW T 13 AR C LB EMS, I B AT PASE SIS 15 215 B ) K B R
N 5.06%. {EfFER, MRIMEFTHENT EGO 72/ R e & — IR ARHT A NI sl 42 18
ik CFD #MATHUE T CRSCUCRNRAEHITTSAED , FIIX M gl SRR A 2 sl
I TSR, T2 A B gl it CFD e v BN o

-3.8 | |

MaxReduction

Reduction of Rt (%)
> b~ B~
> b N A

B
o

[
(9]

u
[N}

Iteration Number

P4-12 S60 A T EGO 77 & dg Al s i 4
Fig.4-12 Convergency curve of the optimization for S60 based on EGO method
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Fig.4-13 Cross validation results of Kriging models (left: the initial Kriging model; right: the modified

Kriging model after 13 iterations)
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Fig.4-14 Comparison of hull form between between initial and optimized hulls
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Fig.4-15 Comparison of wave pattern between initial and optimized hulls
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Fig.4-16 Comparison of wave profiles between initial and optimized hulls
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Fig.4-17 Comparison of wave profile (Solid line: initial hull; Dash line: optimized hull)
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Fig.4-18 Comparison of vorticity field between initial and optimized hulls (Q=5)
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8 5-1 Suboff #RAE A% JLATHL A
Fig.5-1 Geometry model of Suboff bare hull

#5-1 Suboff A2 &9 JLAT £ R &
Table 5-1 Main particulars of Suboff

FRE T3 AT R R
2K Loa (M) 4.356
R4 Rpmax (M) 0.254
HIKE v (md) 0.708
AR T AR Sy (M?) 5.998

5.2.2 BEEARRAUERBE D BETE

ARATX TR MEAR AT T CFD AR AE &, THE AR LE (U=3.051,
5.144, 6.096, 7.161, 8.231, 9.152m/s) I EMiFH JIME . BRI IE T A GUEI TH K,
AELZAS 7N S5 V5 FEE (1) 51 AU, 20 R P 1 A A AR T AR, i R I 488 1 T4k 36 S )
SRR A I 75 SR F G2 I SE AR LT S AT S R e A a6 4k, LAy 2 () S A £ B 8%
o B TE 2200 A MER KB TR0 BT 75 0 U BT [0 B 5 FEE A4 5 (B A 400 ] RE A%
(BRI AN IR TRV AR 6T R O BB B TR S ASAE — N R, T e A
MR NS R UETHE, BMERMEH 7S, — AR ] E TR R 2 ILR,
T A 2L A A R v 1] R TR AT BT SR R e R BB T B, XA A LAk 7]
AL RS N/ 1} 9 VA e ey U [ P

Kl 5-2 JE/R T o AR M BUE v O/ LG R AR E . TR B2
HB IR HR, BT DAL B P2 A%« 1 5 WA DL AR I HS , LI A% S 5478 202 77 .
ST S R WK 5-3 Fior, R R H T H0E 45 R -5 B AR 645 Ront
fHi, H s KiRZEH-1.86%, TENUEEMCFE SR, 4XHRZEREALE 1%HN. B
5-3 Al LLE H B T 545 R 5060 45 R & 8-
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background_grid

\

farfield

B 5-2 i H3 R DA FEHEE

Fig.5-2 The size of the computational domain and boundary conditions

K5-2 TR 1z MA&Z 65
Table 5-2 Grid distribution of each part

E S Iya) =9
T 5 % 78 LR
FHEAR P A% 124 T
Mt 202 --

#5-3 Suboff REI AL T &M HAEH H 2R

Table 5-3 The numerical results of total resistance for Suboff

RLE (m/s) FEL/7(N)/CFD R /7(N)/EFD FEXT R 72 [%]
3.051 102.4 102.3 0.14
5.144 280.5 283.8 -1.16
6.096 3825 389.2 -1.72
7.161 516.8 526.6 -1.86
8.231 669.0 675.6 -0.98
9.152 815.7 821.1 -0.66
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Fig.5-3 Comparison of resistance between numerical and test results
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IRIEATHIUGRAE, SR 5 R M EGO Jr ik AT W DR AL I S, I RS IR AT AL
BT AR RV WK 5-4, P2 Sy BE S A TR B E R AL E, ARF i
T ULV A B AR B T R S AAR A, LR S B AR AN 1% B SERH
TP FED ASEAHE (LI 5-4a) O 7o hr B AL SR A — N ASEAE,  H 2
AR RETR AR o oy KR 8] 5-4b) P £L 0 I RE T R R I A B, TR T E 1
PRI s xcp XN T 5-4c) L0 sV RE KT [ YT A Bl 6, P R eS8 AEE 147 4
KR a0 BT 5-4d1). d2). el)Fl e2)H 4Lt ni[al i B8 7 [n1 9™ e i v B By 2 (7
VUZHAR T AE R FRALHE ), FIOR A ASTE HE M e P AR x, RPN TE] 5-4F) 2068 s i E
KT ¥ s, HRSCEIRE G E A E .
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B5-4 1 F FFD 7 4y Suboff &
Fig.5-4 Shape deformation of suboff based on FFD method

T4 EEALTEH
Table 5-4 Design variables and their ranges.
BitEE TS5t 57 &
x1 (YoLpp) -0.01 0.01 P o A B AR
x5 (%L pp) -0.01 0.01 FEHIPAT AR BEAR AL
%5(%Lpp) -0.006 0.006 PR AR AL
x4(%Lpp) -0.01 0.01 ) [ e WA B T el o B AR L

F b bR 802 5B I R ANSRA T AR SV RESR AR
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fo]E)j = Rt
min 5-1
{ o (5-1)

obj —

Horb, WH CFD tHERATRT LIS 2 0037 I BAE B, SR B AL TH Ak 1) il e) 3K FE 37
Tl (5-2) [EIRRASE . WAERN, WGBS, R GT .
Woy i;(uxizu“) (5-2)
~\'M U’

Hrp, i=3,4,.., 12 R0 M2 R 45r = 0.3R, 0.4R, ..., 1.2R;

M IR — AR I 2B T A 1) b )3 B s e

Yo SR A = 0. LiR IS 1AL P | NI 47 20 T R 1603

Uss 6% 248 Ar = 0. LIRS TH A ) _E T A5 7 50 20 7 0 i P H

532 MUEGRR S

56 RH T Sobol J7VERAE T 60 MHIIEAEAMAL, XIFEANTALR A RANS J7i%
SKAR B BH I LR AR R, ARG 153 60 %k, it Kriging #4Z W] 4G 1T U
A, AR5 KH EGO ik KR ik et 4l & M 8 . 2&ad 20 kA m 1 20 4
TR i, T 2 T Sk A 43 2 S B an 1 5-5 Fiow, S BHL ) oK B ik £1) 5.127%

(B Opt3) , RS Efatn e KPR N 5.997% (EH Optl) . SRJEHRATEERF
T MEAFEARME Opt2, XTIX =4 S 7 AL AL RERY AN RERUBE ) BU 2% . S BH B 1F
TPk e DL A VR 18 BT T R EE T
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Fig.5-5 Initial samples by Sobol and new samples and Pareto front based on EGO method
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M 5-5 HR] LU Y, Xt B AT ARG DL : = 2 DEANEE (4 I B/ R FAI 17 Opt2.
Opt3 FEIRAEIA; JUALHE Opt2. Opt3 AYEEE L/  tFRAR 17 3X A1 ZERE AR NE IR R
ARG 15 T Optl (BRIEARIE K 1, IS g in 17 1.811%; %365
ok, Optd F) sk B (B A BE RS MR 4, T Opt2. Opt3 (150 BH /7 A BERL AT A 1 S P
TR IERE ARG I : = 2 DAL RE B0 F1 05 5 BE SR AR 2506 AH 2 AR, DR ik
REXIA PTECE .

25-5 HALAE R Fo A A i 49 B A7 B ST bb

Table 5-5 Comparison of objective functions between optimized and initial hulls

Ro(N)  Ri(N) R: (N) SRy% sR% sR% Wi SWi%
Initial 21236 56.386  77.622 |/ / / 0.364 /
optl 20249  57.407  77.656  -4.649 1811 0.044 0.342 -5.997
opt2 19.048  54.664  73.712  -10.305 -3.054  -5038  0.353 -3.031
Opt3 18.637 55005  73.642  -12.239  -2.448  -5127  0.346 -4.892

K1 5-6 JEs ARALRE 5 BRI A RN L, 3R 5-6 F1 M 1 LA EZY 0 B AR T 2
BIE A LR 5-7 g5 th 1 OCHREZRD G B A 28 RO o AU . Bk BT BUR HH =2%
PACRERL A BE R EAR 4. Optd Al Opt2 [ B BEX /)y ; Optl A1 Opt2 4545 & H
FeJats, 1 Opt3 MIFRE G 5SROI ;. Optl KR AFARBEIRIBEAR K, 1Ml Opt2
1 Opt3 I K42/ = 2 AR AT A I B AR 1

optl |

Ll

|

0.6

(=]

0.2 0.4

opt2 |

’

0.4 06

o

0.2

Opt3 |

i
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o
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[ 5-6 PRACAE 5 B R AL I 2T 1L

Fig.5-6 Comparison of shapes between between initial and optimized suboff
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45-6 Fr RALAL A 3¢ 3 49 1%t K &
Table 5-6 Design variables of the optimal hulls

X1 X2 X3 X4
Optl -0.0030 0.0050 0.0050 0.0050
Opt2 0.0034 0.0056 0.0031 0.0044
Opt3 0.0025 0.0042 0.0027 -0.0070

R5-T A e RACAE R 55 AR g %A A Ot b

Table 5-7 Comparison of the key parameters of the optimal hulls and the initial hull

HHKE  HSTERGAE  HOCEE AT AR RE

Initial 0.233 0.212 0.0583 0.512
Optl 0.228 0.222 0.0599 0.507
Opt2 0.230 0.222 0.0565 0.506
Opt3 0.230 0.209 0.0570 0.508

[8 5-7 Suboff £ fig 5 kAL AL A9 IR /) 5 Fp 5t bk

Fig.5-7 Comparison of pressure distribution between initial and optimized hulls

K 5-7 Jeos VARMRE S5 BERBE I SR IS TR EE . B RT DUE A i S B
FEFR) S 3 9347 B X IAE AR & B 5EPIT . Optl BBFE ) 70 A AR A W&,
RN E AL E A2, BT A RS AR R % 10 Opt2 A1 Opt3 # R R fitE
R R AR, R WY T M S DAL E A s BE 7T B A1k &) 5-8 AIA] 5-9 Jior 1 LAk fi
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HRPRGER I E R LU O, T LABH At Optl-3 il 5e4E 5 b o W R s 1)
ALK B 7080y o 1 5-10 Jar T UEAAE S BEFRENE (1 SR A8 i A O o A LR B, 0
MEE (1 A P00 7 A S SN 20, ARG X AR AT AR D8/, Optl JENWIE, X
M 5-5 FEIRYIG .

B 5-8 HALAE 5 A AL RE Ak (Q=10)
Fig.5-8 Comparison of vorticity field between initial and optimized hulls (Q=10)

[85-0 4R A b5 B i 6 L 3F X 7 1 i A b

Fig.5-9 Comparison of vorticity field along x-axis between initial and optimized hulls
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E5-10 R & m R e
Fig.5-10 Comparison of wake profile at disk

gi bortr, ittt Suboff BERUNERH 75k RE S KIRTT 5.127%, MATZEH
RBUL AT BUE I, A ZHRATE R T B AR B, JEE T 2 A
SHUE I TEREAS 2] R AR T, I HL AT LA R A B8 2ext BTk e E AL,
UL R ERAR G BE 77, 1 B2 B2 R 35 M R S AT UL, RENS A AP T o, A
T /NRE H BE 77 T T AR PR e, R B2k A ) S FL g\ 2%, SR RIS A A A
g R, HACem R e a2

5.4 HALREFN £ BUE B A HEFE T ELIE

AT AR ISR AL S5 R SEVE , RHCAL T JE B2 Cinitial, Optl, Opt2, Opt3)
AT T A0 BT B E AL, A U A an 1] 5-11, DU A ME 2 R A A [R] ) i
e A5 INSEAN E1619, Z:%1 W3 5-8.
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B5-11 Suboff 7 % &9 JLATAZ A
Fig.5-11 Geometry model of Suboff with the propeller

#5-8 INSEAN E1619 £ 243
Table 5-8 INSEAN E1619 main propeller parameters

INSEAN E1619

AL 7
B4 [mm] 485
Bt 0.226
e 1) 17 JiE

K LA A HOL P AT 6 Y8 3 e ok AR R A 6 i 5 (B AU 1Y) e 48 A T 3
WL SR I, IXFEREE 4 H T BN SERR I A A VTG IR SR AS s LA i [ i
HEBERI LB BUETHE 45 58 A R R e e i din = 7.3 rps.

U A i 2 S T (O B AR UL R FH e A R B S S A B, B T SO/ DL R
77 e THEBEE =BT SN TSR BEIRPI RS AR A% . AN [H]
) WA A% A B AN 1 5-12 AN 5-13 ffio. B 5-12 SR 78U 5 S /N L Rl
Fiokft o B 5-14 WA R AEAR RS , 8 (AR RABHEIZ A%, B (AR IR WX A%
B PR 1] 1 B 2 3 i A B T BN RS AL B 2078 503.8 T3, AL A P A
HREU W 5-9 Fis.
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Fig.5-12 The size of computational domain and the boundary conditions

B5-13 L& RNA&H A
Fig.5-13 The layout of overset grid system
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[ 5-14 Suboff A ALt ey T & F4& 53R
Fig.5-14 Details of overset grid system for self-propelled Suboff

+5-9 TR 1z MA&Z 895
Table 5-9 Grid distribution of each part

E EpESIpA) JE2%
R LS 78 &
FRRE A7 I A% 124 T
WETRE 2 PO A 301 T
Mt 503 --

R 5-10 25t T AELS E IR HESR ARG DU, DU A E TR | SO gk i A2 1 A B O
XK 5-5 o RIERBE /R 00, A LTREER: D Bk Bk g R A £r
RIRE R BHL 7 B RN AR AR LI s 2Dy 2R DIE PR ZRY 5 B ZRA O 1) 1 FEL 70 18 73 FEAIG 1Y
REPEF FITRkgs » R4 BE 7 FEAR (U RE R S A ANAE, DRI B 77 7 7 B (R R B AR A ok
59; 3) rRIIALNERY T Opt2 By 2 BERLME (1 1) B B e K, Opt3 iRz, 31X
A REATAE R S5 RS AR LA 5 SR A T AR AT K, T Optl 47 0.382% 1)1
o PRI, XCIRABRAEAR AT S A R PR e 45 A DA B sk B iE o

K 5-15 JgoR 1 R AR R TG OL, IR AT LAE H UL HE R 5 R R A ) S48t
T AR B AR EAAN K, T2 B A AT BE A AE DAL BT A o BEAAR 25 B DA K R A
RRBATAR NG, (A TR SRR A EAER], S RRAE R R & 37 DX
Ko RKATLAHEAFRARAL, W DUEAF 25 58 AL T A, OB PRI
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25-10 HALAL A Fo A AL fig B AL At TOLTF 69T A 2tk

Table 5-10 Comparison of resistance between self-propelled optimized and initial hulls

Ro(N) Ri(N) R(N) *R%  “R®% 2R %
Initial 34.049 57.110 91.158 / / /
Optl 33.413 58.093 91.507 -1.867 1.722 0.382
Opt2 31.520 55.394 86.913 -7.428 -3.005 -4.657
Opt3 31509 55.678 87.187 -7.458 -2.507 -4.356

Uz/U0
0.4 0.6 0.8 0.9 1.1

e

B5-15 hALfefe B A At e A AR TR TR R A @AY H
Fig.5-15 Wake distribution at disk between self-propelled optimized and initial hulls
5.5 KRING

AR FEATIAE T T A RO M R AR SR AR 25 A2 7K F 7 ds A BB se k. 222
XK THEME Suboff ARIEEEAT T & RRALI, MR & DA BT AR 1 A
IV RE TR A S T oeat FobRod I A8 0 B, O HFCRH T i o BEHE BE MRS
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BAE RENAMEZ VR RS B itk

BAE SRV SARAE N ERES BIR AL

6.1 5|5

FK THT A AR BEL 77 P B AR AL A2 MG AR R 28 1 1 75 258 FR I B B B K B T R Rz — .
R ARAE S iz 8 v — MR AE — U G B A AT, T AALEAS [R) AT N R BE g 1 R
AN, B, 34T 2 AU S BE PeARA SE B TRE R S &0 SR T 5
— 5T, FLFH 71 RE 32 LR AN R AR R TEAR BA K AR [RIFE A % o B R BT R B 452 5 T XL
%W%Emﬁ TP A (B R R /N ) Ak 2 [T (e 2l e T = A i sl 555 (1) i 3 1
P, KB RE ST ARG 1 B #A s S — 5T, AEANRIAUE R, SV 0 Fr 4 18] )
?%&THiﬁﬁT BYE—MUHE T s8] BE 6 SUA AR R 02 A R4, 765 —AMi
R AR AT RE R AR T

AREATUAFREE S60 XUAMS AR G, AP m ik~ Bk B i Ak B xR,
KA FFD J7¥E3E(T S60 XU Fr & NURBS HiTH AR,  [A]H =5 R k) BE AR A,
K NSGA-II BB TIRAGKAR, JFIR T S60 XU 1) & 8 R AN A [l BE (1 AL
Wil VEA AT TARALAREYRBE B BT DT MR 7390 A5 AU A
P T A8 OB A . B a A T AR T /NG .

6.2 S60 DAY Z AR 2R D BUETTTE

6.2.1 BEMHELER

AN S60 XA, MK B SCiHk(Souto-Iglesias et al., 2012), STk
H 7 AR AE AN [ 1] BE R AR50 45 RS 25 . RERUARE N R TR BE A 0.971m
(s/Lpp = 0.3884), JRK B dr 44 S60_C3, HMMBL LB W 6-1, B /744
FREGERILE 6-1.
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P 6-1 S60_C3 IR ARAE 69 JLATAE A

Fig.6-1 Geometry model of S60_C3 catamaran

6-1 S60 Ak ABBEA 49 JLAT £ R B
Table 6-1 Main particulars of S60 monohull

FRE EREILE B R
e 2 ] K Ly (M) 2.5

SN L7 By (M) 0.333

nz 7K T(m) 0.133
k& v(md) 0.0664
BRI Sy (Md) 1.062

Ti T R4 Cgp 0.6

6.2.2 EREIRE D E T H AT S L E

6.2.2.1 HERBMITERE

TR B T 5 ELFE % S60 BARAREAN S60_C3 XUAAARTHEL, H1 T B Ad A XU
HA R T R TR PR, VBT R A BT H R385 g~ vk S50, SR AT AR ORORS B ik
DB AR ], A% AR R ] OpenFOAM H 45 B R AL BE T B blockMesh Al
snappyHexMesh 4= i, 87 & HETS SMEAE R, J5 28 WIHEAT 4 ] R A I A« g 38
I LSRN FZ 50 R THEIO /NI A S ] 6-2 AN 6-3, XU
PR AR R (R 0% XN S5 4, FRARR A5 A 2000 260 T3, RUARMG H 45 I A%
BZN 250 Ji. AFZEE 6-4 fin, RIUE y*>30, A KA ES WK 6-2 fin.
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velocity_inh
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B 6-2 i IR K DA R H AR E

Fig.6-2 The size of the computational domain and boundary conditions

#6-3 S60 £k Fr S60_C3 MAKALT 7 49 M 444 58 77 X,
Fig.6-3 The grids and refinements of the computational domain for the S60 monohull and S60_C3

catamaran models
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6.2.2.2 AU M I8 IE

B 6-4 FA&L R &

Fig.6-4 The boundary layer of grids

X} S60 FAAAMTAT S60_C3 XUARTELLE Fr=0.3~0.55 & 70 Al AT T MRS IS SICIE f2

HUEAH IR . R T ZBAREE (WEHEZV2) 1R B E o
A WA 6-2 F14 6-3. MR AT LLE
H, BUE TR 2P Bl SiE s, RS IEIHREGCTL, < GCLz AT I, WA # A

B, LA ARTSUAA M 0 0 R W S 36 UE 45

BRIk S B, BT 5EAE R A2 A% LAY

THELRR A 2 RS

=/,
o

F6-2 S60 FARAEA 0 | AN Sk 4E

Table 6-2 Grid convergence results for S60 monohull model

MaAR /N T AL i SRR A A R B

Fr RT_EFD/N I'c Rc €,1%0S, U1%0S, Uc%S, Usn%0S; GClyp, GClys
0.30 5.744 1414 0484 0506 0078 0538 0543 0.598% 1.228%
0.35 8.643 1414 0.613 0.823 0.080 2.270 2272 1.646% 2.661%
0.40 17.089 1414 0592 0.775 0.048 1.817 1818 1.414% 2.372%
0.45 27.282 1.414 0.457 0.905 0.043 1.051 1.052 0.959% 2.082%
0.50 36.375 1414 0.535 0.763 0.054 1.111 1.112 1.108% 2.053%
0.55 43.890 1414 0578 1.139 0.045 2.392 2.392 1.969% 3.370%
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#6-3 S60_C3 IUIRALAL 49 1A 464k 5k 2

Table 6-3 Grid convergence results for S60_C3 catamaran model

Fr RT_EFD/N I'c Re €21%S; U1%S; Uc%S; Usn%S; GCly GClys
0.30 12.061 1414 0.614 0.734 0.078 2.030 2.032 1468% 2.375%
0.35 17.217 1414 0.735 0.553 0.080 3.503 3504 1.931% 2.611%
0.40 43.32 1414 0.673 0.611 0.048 2.556 2.556 1.584% 2.338%
0.45 67.002 1414 0.735 0.245 0.043 1.547 1.548 0.851% 1.155%
0.50 81.635 1414 0.640 0.880 0.054 2.943 2943 1978% 3.061%
0.55 03.234 1414 0.694 0.956 0.045 4.581 4581 2.732% 3.900%

6.2.2.3 EAOMELER T

BT Rk L2y, K S60 FLiR K2 S60_C3 XUAMLE 6 AU T i S BE A 51k
WAEEAT TR, WL 6-5. M RT DUE O T S60 FRARMY, AHXTAIATTE I 52 2
TR, ATUAM LR M S A B RS ARYE SCHR (Farkas %5, 2017) , 7EIRIQMIERE, &
FHIME R AT 5e it & AT Fr=0.3, SBHJJMEIX 0.5855kg, X T-iX4/NH—AME, 1R
ANEI— AN AN E R T B T B AN KR ZE . 16 T S60_C3 XA &, HfH
TR B0 B 1% 22 B AR AR T /MR 22, 0T B L0 i 5 /S U Fr=0.4 1 0.45,
WAL 3% LA .

120 . . .
60 T T T RANB
EFD & |

RANS
EFD

—
& |

a
o
T

O 1 1 0 1 1 1
03 035 04 045 05 05 03 035 04 045 05 0!
Fr Fr

a) S60 HLiAf b) S60_C3 XUi&fH

#6-5 S60 #4k45 (a) A= S60_C3 skAs (b) 7] Feixk £ 25

Fig.6-5 The resistance values and errors of the S60 monohull (2) and S60_C3 catamaran (b) model
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6.3 S60 WARREIR VT RER 4

6.3.1 4Bl B E X

AREFEATRA FED J7i25 R R B AT AR T, FRED J7 32 B4 AR /N A4 il
WA 6-6 AR, 2R ] LRI 43 i i x, y, 2507 R8s, M elcds
R AR SRR L s Mgt SRS Bk, =M 2t R 40 A ) S
=N E. 74, BAENMREZEFMISH: K REFEAE A DA AR
o B ETGE WK 6-4. K 6-7 s & T FFD kM A R R K. Rk
Y558 —HAE (xq, X, x3) = (—0.06,—0.05,—0.03), BRI 4K, BRI &
S AR T RS ) 6-Ta) M4l th i, Ry 0.06, 192U 6-70) TR AR TE AR
i, RGBT T s 6-Th) 4t ,l, FahiEEA 0.05, 2wk 6-7c) Ar
INHIAS TR, B ENZ /KT RS sh B 6-Tc) Lt s, FahlEE N 0.03, H&E
FlanE 6-7d) AT A4k

Movable points along ‘ |Mo\'ablc points along \

| the fength of the ship the breadth of the ship

a) x KT RS b) x, : WL

\

Movable demihulls along
the breadth of the ship

Movable points along |
the draught of the ship |

C) X, : IHAIKTT A% ) d) x, @ SRR RIEEE s

B6-6 & T FFD 7 ik 0945 442 K AEHI T &0
Fig.6-6 The control points distribution in the lattice based on FFD method
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B6-7 AT FFD 7 B 7 & B
Fig.6-7 A diagram of deformation based on FFD method

#6-4 X H L EALTEE

Table 6-4 Design variables and their ranges.

BitEE 5 57
x4 (%L pp) -0.12 0
%5 (YL pp) -0.05 0
x3(%Lpp) -0.03 0.01
x4 (%L pp) 0.1 0.25

B6-8 £ 2 A5 5 AAH AR 1

Fig.6-8 A diagram of the initial catamaran and sample catamaran designs
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L
MR FFD 2208 Wit A i, A2 LA MR N 6-8 frw, Al Wiz
BEUF AT PR SR H AR A AT
R4 Farkas & (2017) IIBFFLEE R, KILBFRIMELE Fr=0.45 i N B /1K,
FrARTRI XS TP ™ . L, AR ETIESR B s 8O P4~ £E Fr=0.45 AT R
el BH A BA A AR AR Fr=0.4 HLEFHIME : XK RIEAT — 2 LR

_ fa =R, Fr=0.4 _
min ) Subject to: V >99%V,, (6-1)
fo =R, Fr=0.45

6.3.2 IL MR BE B TEA

ARETFEART R AR FER M Sobol ik, Dy 1 845 F i A3 AR AL G 58 i A 22
R FHRRERATREAN) , BRAEPET 61 MEAMEGEATEUEITE, SRECH ) B
PRELIVERE, TR 61 HMEAMITR S, FTIX 61 HREAREHRME 1P MIE R
S PH AR RE R DM, BARR ] OLHS J5ik ] 1 10 MR AS A AL 3047 36 1E ST U
PG, BOETH AT B A B0 A5 38 5 3 AL A AL 45 280 1) BEL /73 B AR 1 22 AR ik
ZHETER . KWL IRZE « T HERRTE UL ST iR FIAE 13K 6-5 o BE TR
ZEo AT, TR RAF R Z A RN, IR AR E e Rk i AR R (Y
BZHO 5 AR (AMIE T I ED TR R .

#*6-5 WML R IR Z A7

Table 6-5 Error analysis of approximation models.

Rt (Fr=0.4) Rt (Fr=0.45)
Max ABS (error) 4.05% 3.14%
Avg ABS (error) 1.61% 1.15%
root MSE 2.21% 2.03%

6.3.3 REEDH

WRYILAMER, AR ZEATHEAT T — DL UK i, RES RS MR
XS PR T B P B2, WK 6-9. AEH A& HY Fr=0.4 1 0.45 & FH
D15 A — AR AT BRI/ R, 20 16%F0 15%.  [RIR AT LA H 4 (A g ki B
TR . (£ Fr=0.4 BTEOLT, A RIEFRAGREMIA S SR AR . W] AT H
KB IN [B] BT 7T AT A T SRR R PR RE s TIAE Fr=0.45 HUTE DL, 7 AR TR]EEXS
BH 77 B RE i B AR AL, ALK, BH TR ok . BRIBER M AR b, Fofl =4
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SRBCTT AR B RAE ELAT F X B 7 B 82 2ot BB AR KIF B R IR

BAE RENAMEZ VR RS B itk

4 20
T T T r— X1 ——
. X2 e 151 A
O - Pl E— x4
~ — — L & 10 F
. -4 . ~ 5
z—<'§ N'g -
S Fol—
-5 *
a2k
-10
-16 : ‘ : -15 : ! '
] 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Design variables [-] Design variables [-]
B 6-9 &Kt T a5 5 AT
Fig.6-9 Sensitivity analysis of the design variables
6.3.4 MHEZESHIRE

EETF TSR RUERL, AR A NSGA-I L TR M IUE R 1 5/ B T
PEARIN VA SRR R 23R 6-6 .

#6-6 NSGA-Il k69 54k B
Table 6-6 The parameters setup of NSGA-I1I

ZH A

AR 50

B RIEARIREL 400

LM 0.8

AR 03

Pareto 774X 0.3
6.3.5 AR FNEFBUARRTLL 3 7

HRYE NSGA-1 FIRAF R 1A v @t 1) fe 0, Bk 2 9 Pareto it 5E (LI 6-10)
B SARK — MR, BN — M BUART . M Pareto T #FIESE 7 10 4
AR, SR 10 2l U I8 LRmmxm%mmewwnuﬁﬁX%ﬁﬁ
T HEE A A I E th S, X U8 CFD TS Bk AN T R A4S 3
Pareto Hij VA —E.
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T T

72 . ; , l
S60 C3 = Paretofront e
70 80 o o © Paretofront (CFD) - Individuals o |
.

[ 6-10 Pareto fi# & & k369 B T 3t — & 3 bb 047 89 =AML AS A

Fig.6-10 The Pareto front and the three catamaran candidates selected for further numerical simulations

NT BRI, T 10 AR AL LR AR B = 40
OPT1,0PT2,0PT3 AT /G &EVEM AT UL . =25 AL B F AR T IR AR 4 1] f25 D, P
6-11, FHK L EEREAMG S60_C3 47 1 th#e. "TLLEH, OPT1-3 #RHHA B K MIER &
fif, JFH OPT2-3 HE MY, OPTL (e bil. OPT2-3 iy v 4 m] R4 B 2R iy
S60_C3 22K, 1M OPTL FAKIAIEEHL/IN o AL ) VRS B AL 4 S 2 WK 6-8. — 2%
RALAR B R M AHK &R FITER 6-9 1, 7T LLE T AL AR PR R AN
MHEKEHIHG I T, IF His 2 Lk

=AM 3E T RANS J772: 1 naoe-FOAM-SITU R fif 2% BB AL . %
6-7 JE/n T AL ZE T CFD 1 Kriging A7 (1) fH TR 45 Fnf L. ARFE IR ZE 45 3,
BT Kriging BTk RERIET CFD MURUE TR &5 R BAR W) &80, wRNIRERN
2.695%. #* 6-8 B/~ T BEEYNE AL AL A B BH A xF EhEE R . 7F Fr=0.4 i, OPTL [
BEL 3 SR B MR 20.520%, HARPR 2 AU MGt W R FE0E (12.60%41 10.84%) ; 7
Fr=0.45 If, OPT2 A1 OPT3 Wy FH A IR FENE (4370 0y 15.00%H1 13.11%) , il
OPTL [Pk FH 1A PRI 3 K
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BE6-11 RACAER 5 ERIAS B AR R A A AR 18] 2833 b
Fig.6-11 Comparison of the initial and the optimal (OPT1, OPT2, OPT3) catamarans, including the

demihull shapes and separations

£6-7 HALAE &£ F CFD A= Kriging # 5 49 18 /7 25 B3t 1o

Table 6-7 Comparison of the resistance results for optimal hulls between CFD and Kriging

OPT1
OPT2
OPT3

Rt (Fr=0.4) Rt (Fr=0.45)
CFD Kriging  Error (%) CFD Kriging  Error (%)
35.418 35.533 0.323 69.126  68.058 -1.546
38.946 38.435 -1.311 58.661 59.807 1.953
39.730 40.434 1.771 59.965 58.349 -2.695
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26-8 P RALAS R AT 7 699% 31 = A= B AR R A

Table 6-8 Summary of the optimal results, including design variables and objective functions.

) Wit s (L RkL) Rt (Fr=0.4) Rt (Fr=0.45)
X y z s Value [N]  Af,,;(%) Value [N]  Af;(%)
S60_C3 / 44.559 / 69.011 /
OPT1 -0.102 0.000 0.010 0.100 35.418 -20.52 69.126 0.17
OPT2 -0.116 -0.024 0.002 0.233 38.946 -12.60 58.661 -15.00
OPT3 -0.093 -0.024 -0.007 0.249 39.730 -10.84 59.965 -13.11
F6-9 BT RACAB AL B B A A5 TUAT 4 R A S R M
Table 6-9 The geometrical parameters comparison.
L HK AR
B[] A E [%]  1E [-] BHE [%]
S60_C3 1.0620 / 0.0664 /
OPT1 1.0938 3.00 0.0671 1.05
OPT2 1.1006 3.64 0.0676 1.76
OPT3 1.0956 3.16 0.0674 1.57

K 6-12 MIA 6-13 Jeom 1 =2 AL BERU ML IS EIE N 14 B T e Pl
bbo B, =2 MRALMEAE P TIE  ( E AR IR AT B P, X 3 BR UON A A
PAET ANERE, BRI AR B INE BN B RCR - 1A, £ Fr=0.4 (1)
L& T, OPTL B/INIY A AR TB) B 3 B0 1 AR T X% T 0B R A 2, BRI (3 R A
RKHIZER]: OPTL A8 AR HIAT HI 99 1 R ARG, B0 475 2 8 (XU B IR AT IR #48 KRk
59. XKW OPTL Friklal L ¥ AHITHL; OPT2 A1 OPT3 My &R THUARLL: Fr ik
TR IR S — AN RIS . 7 Fr=0.45 (L& T, OPTL HI R TR LRI HAE
Fr=0.4 (Il TARML, ME— A DO E T R AR AT A2 42 . OPT2 A1 OPT3 i

AKRTIAMIS EAE Fr=0.4 BIIFHUHLL.
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B6-12 /2 Fr=0.4 FHAAA (£ L: OPTL;% E: OPT2;F¥: OPT3)5 #7448 S60_C3 34k 3 b

Fig.6-12 The wave patterns of the optimal catamarans compared to the initial catamaran at Fr=0.4

E6-13 £ Fr=0.45 T #AAEAR (£ L: OPT1;%& L: OPT2; T+ : OPT3)54&A! 5 S60_C3 % x Lk

Fig.6-13 The wave elevations of the optimal catamarans compared to the initial catamaran at Fr = 0.45
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The portside of right demihull The starboard side of right demihull

Pressure [Pa]
-700.2 -400.1 -100.0 200.1 500.2 800.3

HHI\IM

E6-14 & Fr=0.4 T #RALAR 5B R A5 45K & & & 7) 570 2T 1
Fig.6-14 The pressure field distributions of the optimal catamarans compared to those of the initial

catamaran at Fr = 0.4

The portside of right demihull The starboard side of right demihull

S60_C3

OPT1

II

OPT2

OPT3

Pressure [Pa]
-1000.5 -600.2 -199.9  200.3  600.6 1000.9

B 6-15 £ Fr=0.45 T HALAE A 5B A4Sk & & /& /) 5 A AT rb

Fig.6-15 Pressure field distribution of the optimal catamarans compared to the initial catamaran at Fr = 0.45

K 6-14 A& 6-15 JE7 1 AL XU MR BERUSE K 7 4k L A3 70 A e o RT3
WG S RAE T R M) s A3 73 ARANKERR, IX 5N TR B . fE Fr=0.4 1)1
DU AR R A4 K PO A2 1) L g 850 BE AT BE ARG AN ] OPTL AE M A — MBI
BT RE— AN EUMRE X R A — NSRRI, SRR R E A S TR
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/N, OPT2 Al OPT3 iy i AIIC e WA 5390/, H A4 A 2 (1) 2 1) s 0656 B A s T
TERACHE AR SMU, DA AR 1 786 B B AR I8 K KA 4E, OPTL (¥ & /16 B
57+, OPT2 Fl OPT3 i AL R I AEL A R 10 AT FAEAG

K 6-16 Jor T ARACAE AT BRS04 B A bl T b AR [ 22 s b . ] 6-14
FE 6-15 1% 75045 B BT LA H E AR 00 04 i g 23 A AN [A) 3 380 ok A7 AR 1)
(R FIR6EE , DRt A R A i A 7 A T A8 SR, MR AR B — 38 17 7 — 0 B
6] [ 77 1) 5 ARHE STk (Farkas et al., 2017), 58 Xt ) 2 BEL 748 7= A6 50

Fr=0.4 Fr=0.45

Uy [m/s]
-1.133 -0.709 -0.285 0.139 0.563
o oow' | on—

E6-16 £ Fr=0.4 (A£M)A= Fr=0.45 (FHM) T HRACASF= A AE K AR F 203 d 3 R b
Fig.6-16 The cross flow of the optimal catamarans (OPT1, OPT2 and OPT3) compared to the initial

catamaran (S60_C3) at two speeds

X T OPT2 Fl OPT3, R A X (R T sUR BE R AR AR — B, (H 2 RALAR )
A X R RN AR G, XK T R BT, RS It H T
B, 3 HL AT R ) 5 DAL 0K 1 2% 0 A AR A A B R AR R I v Ak TRD B « TGS T+ OPT L 7E
PN T 158 SR G AR BE R AR AR i, X 2 0F S B A R ISR, 17 78 79
BT, XA 76 Fr=0.4 I, & XORKAELEM AR E . 1ER
HRER, AR A AR AN T A, 30T R R s TEAR R R SCM R Ak P AL ]
AMI, T AR T Al e s, MK 6-12 E S| OPTL B EBu W] EI; il
Fr=0.45 i, 22 XRAURAELEMF, KM AAMUR R A, 5B RS 357~ 4E
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—NNERE, XA BRI R, IO A EIEE R R (LK 6-13) , AL,
R A X BE T (T B AR DTk

N1 TR AT AR ANy A B R S BEL g B M P B DT R R, X =AM
AR R R =AM AR Fr 4 OPT1_mono, OPT2_mono, OPT3_mono AT 7 B %5 A
L, % 6-10 X LL TR Ak A ik S RERL B4 S60_mono [FEBEAIME, =AML A AR AE R
AN T SBE A A SRR

AR RENEARZ MU RS B iniih

#6-10 £ Fr=0.4 (A£M)F= Fr=0.45 (&) TFHRALASFo B RLAG H AR K T A 3T bt

Table 6-10 Comparisons of the four monohulls’ resistances.

Rt (Fr=0.4) Rt (Fr=0.45)
& [N] TR (%) fH [N] AR (%)
S60_mono 18.191 / 27.901 /
OPT1 mono 17.069 -6.17 26.968 -3.34
OPT2_mono 16.615 -8.66 26.482 -5.09
OPT3 mono 16.694 -8.23 26.651 -4.48

B 6-17 &£ Fr=0.4 F AL FARAS 5 AR FARAS 69 3Lk 2T bk

Fig.6-17 The wave elevations of the optimal monohulls (upper left: OPT1_mono; upper right: OPT2_mono;

lower centre: OPT3_mono) compared to those of the initial S60 monohull (S60_C3) at Fr = 0.4
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#6-18 7 Fr=0.45 T LA ARAS 5 AR F 445 89 X T 1k
Fig.6-18 The wave patterns of the optimal monohulls (upper left: OPT1_mono; upper right: OPT2_mono;

lower centre: OPT3_mono) compared to those of the initial S60 monohull (S60_C3) at Fr = 0.45

4] 6-17 A1 6-18 X Eb 17 =2 LA B A R TR B A | e i o = 2% LAk B i e
P A AT S R I W ) W AR, A v S B R I A AT 2 i ) 8 e U P4 A o
%, R 7O A AT DGR B 18 T % . K 6-19 FHIE] 6-20 J@oR 1 ik sfd 5 £ 1
PR e A 3 AR L, A AN T 5 DIEP R AAR PR T v e U8 L % vy s T A 250 )
%, AR AR AT P BRI, X HB 3 BBOM L A 2 17 Fs 6 FEAT P BEAIR, X e 2 X FHL A
TREERAH MMM

# 133 T



SG00EE26e

BAE REREMZ RS B iRt

S60_mono
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F6-19 /£ Fr=0.4 T ARACEARAS 5 £ A FARABASIRE J) 9 75 3F 1L
Fig.6-19 The pressure field distribution of the optimal monohulls compared to that of the initial monohull at

Fr=0.4

S60_mono

OPT1_mono

|

OPT2_mono

|

OPT3_mono

Pressure [Pa]

-700 -325 50 425 800

o

B 6-20 £ Fr=045 T, ®AEARAE 5 EA LA AS R /) 57 3 b
Fig.6-20 The pressure field distribution of the optimal monohulls compared to that of the initial monohull at

Fr=0.45
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TP BE 70958 SCATR XU A 1R A B 77 R0 B2 B A 10 0 BEL 70 794 3% 1 22 M8
(Farkas et al., 2017). F4LT CInterference Factors, IF) WARR, & X AT
715 BRI SRR 5 1 LU AR
RT,C 'ZRT,MH

2RT,MH

Forr, Ry RXUAATHE B IIME, Ry g AR S BT BE 18

* 6-11 Je7r 7 A SUA M AN BERI A ) PR 7 IF (e IR AT LUE H, BEAY
FRAE PN IUE T B FPLR AR, eand v, B TPuRem, RERXUARRG7E P
AN T B ARG PR 5 S BB, FLEBH 10 3G 1 22.48%H1 23.67%. il i fiAL,
BRI, BRT OPTL £ Fr=0.45 FUEMIENL, HARTEH ME I IF EH
AR FENE. X T OPTL £ Fr=0.4 WA — MR IF FFiE, T2 T 3.75%, it
Ah, MWEP R LI 6-12 tH AT DA Y OPTL FEiZ Ml 4% & B B IR . AL
WM S, 1E Fr=0.45 I \F {EA BN, X2 S8 fH /738 hn ) 3= 25 A

IF = (6-2)

226-11 AL fs 5 A 4569 IF {55tk

Table 6-11 Deviation of IF values of the initial and optimal catamarans.

IF (Fr=0.4) IF (Fr=0.45)
Value [-] Variation (%)  Value [-] Variation (%)
S60_C3 0.2248 / 0.2367 /
OPT1  0.0375 -83.33 0.2816 18.97
OPT2  0.1720 -23.46 0.1076 -54.55
OPT3  0.1900 -15.49 0.1250 -47.20

6-21 &~ 1 AR XU RGN BE RS AE AT m] 38 1) CRR SO0 EE

] m € 2 3R T AR SO R B I AE T Ry = s/ 240 BN 11 D IR A5 T 2. XA
R AR T D R V)R ZE s T X% . OPTL 7£ Fr=0.4 1 0.45 I 4=
TIER KRBT, 76 Fr=0.4 iF OPTL B m, 1WA B AR X B fH =4
THARFH, MAE Fr=0.45 I OPTL HJIER =, FE—ANECRIIEIME . X T OPT2
A1 OPT3 £ PR T XA A E A R 2 1m0 30 DT PR A B BE 2R S 5 B AR 6T L
DU T8, iXEY OPT2 fl OPT3 WXy T LA AT Rk, 4k, ARALXUAMT
i e ) LU v A B AR A P PRI
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Fig.6-21 Longitudinal wave cuts for the initial and the optimised catamarans at Fr = 0.4 (left) and Fr = 0.45

(right). The two black dashed lines bracket the section of the ship which was compared.

Zx B Rk, vTUAHERT, DRALRER R TARERIAA — N, BB, 8P ERBRE
fi o IXAERITIRBEBE N BERL B A S R X (L] 6-19 FIE] 6-200 , BRI &,
PRAL ) AT IR AT Fr=0.4 F1 0.45 (1) FH 75202 — 8 (L3R 6-100 o AHX T T
IR, AERIE RS mEK, IF HAE Fr=0.4 F10.45 K560 F2miAs—2 (LA
6-9 F1E 6-11) o £FXF Fr=0.4 i} Jy 44 [A] JE AR R B AR /NG 1T BE FRAR 44 18] AR AS )
W (WK 6-9 A 6-12), 1M7E Fr=0.45 I, Fr i) A8 58 4 0] 1 BH i ae (LA
6-9 FIFE 6-13) o FRAARZRIN I E T EFEAR BRI (LK 6-14 FIE] 6-15) o MAETE
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Fig.7-1 Geometry model of JBC
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Table 7-1 Main particulars of JBC

FRE T3 AL R RUE
i Rt A 1/40
SRS Ly, (M) 7
=P By, (M) 1.125

nz 7K T(m) 0.4125
LERAN D (m) 0.625
KA v(m?3) 2.787
R THAR Sy (M?) 12.223
TiTE R E Cp 0.858

R IR B (W R RN IE) LCB (%Lpp) 2.5475

7.2.2 SEREIFE DR IH Y E T E T

Xt IBC ARAE Fr=0.142 T [ B D BUE v 5 B S aE A A o bt AR 5451 %
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Fig.7-3 Computational mesh of JBC model for grid uncertainty analysis
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F7-2 JBC ik Fr=0.142 T 6464 R A& T4 2 P 47

Table 7-2 Uncertainty analysis for JBC at Fr=0.142

EED V&V Study
Parameters (D) T £12%S1 Uj/eq12 PG/PG,th Ug%S,
Grid#3 (Ss)  Grid#2 (S2)  Grid#l (S1)
08 Value 4.289 4.729 4.181 4273 1.414 2153  0.073 2576 3.874
! E%D / -9.304 2518 0.373 / / / / /
Cr103 Value / 2.917 2.740 2.821 1.414  2.871  0.079 1.128 3.323
Cpx10° Value / 1.812 1.441 1.452 1414 0758  0.004 5.078 1.493
sinkage [%Ly] Value -0.086 -0.090 -0.088 -0.087 1414 1149  0.007 1.000 -1.151
upward positive E%D / -4.651 -2.326 -1.163 / / / / /
trim [%6Lop] Value -0.180 -0.186 -0.183 -0.181 1.414 1105  0.045 0.585 -2.210
bow up positive E%D / -3.333 -1.667 -0.556 / / / / /
Z: -0.006 -0.004 -0.002 0.0025 0.0045 0.0065 0.0085
0.00
/AP
and =S
NS f\ \ {
SRNPPINN
4 : 5\’ T
= 025 o e =&
> ) e, OO
e — S =
\ \?
) R \\_\ﬂ_\ T~
% o RN ,63(4
NS
_05 S f{M\A (. 4 ‘S. (:%' i £ f
%25 0.00 0.25 0.50 75 1.00 1.25
X/ Ly,

7-4 JBC & Fr=0.142 ALk T 8 B @ 408 7 B K 36 2 b

Fig.7-4 Comparison of wave pattern of JBC at Fr=0.142
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Fig.7-5 Comparison of wave profiles of JBC at Fr=0.142
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Fig.7-6 Comparison of wave profile of JBC at y/L,,, = 0.1043
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Fig.7-7 Comparison of wave profile of JBC at y/L,, = 0.19
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Fig.7-8 Comparison of wake profileat x/L,, =0.9625
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Fig.7-9 Comparison of wake profileat x/L,, =0.9843
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Fig.7-10 Comparison of wake profile at x/L,, =1
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B7-11 AT FFD 7 k49 JBC B3 LA
Fig.7-11 Bow deformation of JBC based on FFD method
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Fig.7-12 Stern deformation of JBC based on FFD method
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RT3 EHTERLTE

Table 7-3 Design variables and their ranges.

RITLE T3 £ &

%, (%Lgp) -0.005 0.01 AR [ A% 50

x5 (%Lpp) -0.005 0.006 TR KGR ALIE A 5 TT R A% )
x3(%Lpp) -0.005 0.006 T A B 5 7 1 B B
%4 (%Lpp) -0.005 0.005 H KT S

x5 (%Lpp) -0.005 0.005 IR AT T T #2 5)
xg(%Lpp) 0 0.006 K B AR M 58 77 170 # 5
%5 (%Lpp) -0.008 0.008 JEFT AL B TR A 5 77 el B 50
%5 (%Lpp) -0.01 0.005 FEFRIT I K TT R R2 3

H bR BB A : 7E Fr=0.142 fiiid T 1B 77 B v B o B8 7572 R F RANS
Jride MRTHRIEREVEMY, o 1 B SRA I R PR S, SR T 2 etk g
fRPR W (x/L,, =0.9843) , MR ILE AN (5-2) 5. WA HirR R <I (7-
D SRR SRR AT — 200
Sw = Swo

WO

£ = _
min {fb’ i Subject to: VYol 104 (7-1)

2 _
obj =W

<1%, ‘

0

7.3.2 RGBS

AT AEACZ AT BRI ASRXT H br ek B R OLE AT T RBUE M. £
A HAD AR BRSO, ABCER PR BT R, WL T 32 AWEA R
Wi CFD AT 1 BUE T, SRWIP AR BUE L R WA 7-13. #05t Hbrei e —:
SEHTT, 2 AR LM BOR, 29 4%, x1+ xpv x3+ s Mg AR ARG LR M
V0 LA =5, ZEAHE 1.5%~2%, 1M, Al 1A A I 2 WAV FEL L) 5 4106 55— H AR e 2
TR RESE R : RN H s x6v x Mg X HELMTE R, MBI, e
RIS By~ 2y xa Ml R MAI A 82 . 2900 B 2 — 0 I U 7y
B, FEARZG BB AR R A EAE F X A AR e ZO 2 .
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Fig.7-13 Sensitivity analysis of the design variables
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Table 7-4 Optimization parameters setup of JBC

H EIM &5 SR H

4 A
WILEFEA mi 4L 56
B RIEAR IR EL 30
FhAEAEL 50
FhEIEAR IR AL 300
e 0.8
AR S 0.3
s R EA B L A1) 0.3
7.3.4 AR S BRIARRTEE 94

2eid 28 YGAERIN T 28 ASFTIREA R, T2 T WEIoR M, S RINEE I 7-
14 Fiw, BABE ) B K B £1) 3.52%(C B o1 Optl), FEILEI 21 F br e K P Dy 13.69%

(K Opt3) o b4, ik 7 — MR Opt2, XX =2%%
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Fig.7-14 Initial samples by Sobol, new samples and Pareto front based on EGO method
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M 7-5 a] LLE = S A ARG T BERL A,
TIRPBAN s T EESE R T HAANAL , RO ERAT IR R T A

PR A AT R R
1T 7T AR N H Optl

1 s BE 7 B i e R IR 31 10.207%, 1 XA A & R BE ) & S BH ) R A 30%, FrbLURBE
FEiE ek 3.52%, PRSI IR REIRH LR B3, i KPR 13.689%. % 7-6 JE/n

e =2

FoeE B2 1 BETE AR B R, AR R BLR BB B AN S 8T o =

5, MRS SEE T 8 0 o 7 = F AR R IR S HEK AR R AR LTS

Olo MRRIMARIARACEU,  HEARPRRREAT AN B 5 ) B R AR L RV B N

FK7-5 RAAS A o A AE G B AT L RO b

Table 7-5 Comparison of objective functions between optimized and initial hulls

Rp (N) Rf (N) Rt (N) 2Rp% 2Ri% sR% Ws 2Wi%
Initial 6.445 12.176 18.620 / / / 0.328 /
Optl 5.787 12.178 17.965 -10.207 0.020 -3.520 0.287 -12.593
Opt2 6.026 12.196 18.222 -6.503 0.166 -2.142 0.283 -13.689
Opt3 5.859 12.200 18.059 -9.083 0.200 -3.013 0.283 -13.677

RT-6 PR RACAB AL 2 69t B &
Table 7-6 Design variables of the optimal hulls

X1 X2 X3 Xa X5 X6 X7 X8
Optl 0.004659 0.000623 0.003549 0.003097 0.004996 0.005997 0.007805  0.004989
Opt2 0.008949 0.001344 0.000657 0.00326  0.004992 0.005918 0.007996  0.004998
Opt3 0.006984 0.000751 0.002483 0.00317  0.004994 0.005969 0.007903  0.004997

RT-T P RAAE A 5 A AR TUAT 4 R A H T L

Table 7-7 Geometrical parameters comparison

Sw (m2) AS5w% V(m?’) 2 V%
Initial 12.216 / 2.787 /
Optl 12.179 -0.305 2.761 -0.953
Opt2 12.234 0.140 2.772 -0.552
Opt3 12.207 -0.074 2.767 -0.736

Kl 7-15 JEoR 1 =5 UM 5 BRIV ) A LU AL, ARCT- 3R 7-6 P AL I
SHHUE, EMENIE b T =R AR RTIR AL, AL, Opt2 £ 58,
Opt3 X2 ; TR HE =26 MR AR AT AU A AT A, BB R ). ] 7-16 JEIR A2
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Fig.7-15 Comparison of bodylines between between initial and optimized hulls
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Fig.7-16 Comparison of sheerplane between between initial and optimized hulls
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Fig.7-17 Comparison of wave pattern between initial and optimized hulls
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Fig.7-18 Comparison of pressure distribution between initial and optimized hulls
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Fig.7-19 Local view of pressure distribution of bow between initial and optimized hulls

4 153 T



SG00EE26e

FEE KA REM F S B B AR AR A Rtk

Initial

B 7-20 JBC &R AL 5 HALAS B 3RIE A 49 F 2 b By 25 K B

Fig.7-20 Local view of pressure distribution of stern between initial and optimized hulls
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Fig.7-21 Comparison of vorticity field between initial and optimized hulls (Q=14)
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Fig.7-22 Comparison of vorticity field along x-axis between initial and optimized hulls
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Fig.7-23 Comparison of wake profile at x/L,, =0.9625
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Fig.7-24 Comparison of wake profile at x/L,, =0.9843
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Fig.7-25 Comparison of wake profileat x/L,, =1
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