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                              S"mmary

   The  hull form design can  be regarded  as  tt kind ef  the prohiern of  nonlinear  programmaing , because

the ebjeetive  function is generalty  specified  as  the noniinear  functional of  the huLl ferm and  man.v

constraints  of  equality  or  inequaljty types  are  needed  in the practical design stage,  In the present  state,

hewever, the nonlinear  programming  is eommonly  ttsed  in the field of struetural  design, in spite  
of

 
its

flexibility and  possibility in practical  upp}ieations  te almost  al] engineering  problems,  In thig paper, the

auther
 discusses the hul} terrn design based on  the wave  reststance  theor.v, by means  of  the nonlinear

progr'ammlng.

   Two  types  ef  the prob}ein  are st,udied  as  exnmples  of  the  hulL form  desi fgn. One  is t}]e determination

of  the best curve  of  sectionnl  area  under  sevei'al  side  conditions,  in which  a wa}1-sided  ship  is assumed.

The other  problem  is the improvement ef  u  given };u]1 form with  prac;tical frtvme Eines in erder  to reduce

the total resistance.  rt is shown  by numerieal  examples  and  exp{)riTnental  verif{cations  that  the

nonlinear  programming  teehnique  provides  a  r[ttional  method  for the cle.sign  of  good hull forms.

1. Introdiuetioit

  Hull form design methods  based on  the wave

resistance  theory have  been (Siscussed  by many

reseachers  and  designers, and  the  least resist-

ance  hull forms under  the given design condi-

tions have  been pursued. IR these studies  the

variational  approach  played a  doninaRt role  as

the scheme  to minimize  the objective  fuilction of

each  problem. However  the application  of  the

variationa}  method  is very  difficult ior the

cases  incltxding nonquadratie  objective  func-

tions and!or  nonljnear  side  conditions.  Espe-

cially,  if the preblem  contains  the constraifits

of  inequality type, the variational  approach  is

of  no  use.  Fer these cases,  the nonlinear

programming  becoms very  eifective to sojve  the

problem. The  technique  is eommonly  used  in

the field of  structural  design nowadays,  but it

has flexibility and  possibility in praetical

applications  to ahnost  all engineering  prob]ems

including design work.  In this paper, the author

applies  the nonlinear  programming  to thc'

* Facuil-y of L']n-..!nEarin'g[ 
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problem  of hull ferm  design based en  the wave

rcsisttknce  theory,  employing  SUMT  (Sequen-
tial Uncoftstrained Mgnimization Technique)])

as  the scheme  oi' nonlinear  programmmg.

  Two  types of the problem  are  dlscussed ,one

of  which  is the minimum  wave  resistance

problem  of  wnll--sided  ship$,  and  the  other  is

the problem  of  huli forrn imprevement  of

practical ships.  The  result  of  the former

problem  will  serve  as  design data of  sectional

area  etirve  at' the initial design stage.  In the

latter problem, Iii}es of  the 'fore body of  a  given
hul} form are  im})roved so  as  to make  the total

resistance  mgnim'um  under  various  constraints

of  practical impo,'tance. In both eases,  the thin

ship  theory  and  the low speed  theery  are  used

as  the  evaluatieil  formula of  wave  making

reslstax?ce.

2. Novag}near 
'E.}rograrifairkgng:

 SVMT

  ITi the optimization  process, the objeetive

functions show:,  in subsequent  sections  are

minimized  under  the prescribed design coR-

straints  by means  of the nonlinear  program-

1

NII-Electronic  



The Society of Naval Architects of Japan

NII-Electronic Library Service

The  Society  ofNaval  Architects  of  Japan

2 Kazuo

iaing  technique.Now  we  wi11 diseuss the opij-

rfiixation  scheme  used  in the present stucly

briefly.

  T/.he forn}ai expression  oi  ai} opti"iizttt･ien

preblem  is describeci as  ifoiiows.

  
"Miiiinzi.ze

 the objectivo.  funet'kon I (x) suhject
to constraints  expressed  b.y, ir)equa::ities
C, (,x) >O, i=:-1, 2,...",, N."

  i･n ()ur  problem,J(,x) nieans  vv'ai,'e{or･ tot.e,D
resistunce  or  othermrise  an  equivnlienL,  l'uiiction-

al {Uefilleci gater, and  x  i's tiie 's,'ect, or  rep.'esenta-

tion of  desigll variable$  diefining tlie hLill
surface  or  hulg form  characteristicz.  Bot;i

geometrical  constraints  and  ;･}racti{:atl design

constrai'nts  abotit  the huil jforfii are  included in

Cf Cx). For  the .purpose oi  the nurnerical  treat-
ment  of  thetse constrain'ts,  n,ve  can  aljpiy  the

seauential  imconstrai･ned  gmin･J,ml,zation  techRi-  -que
 abbreviated  as  SUMT,  whi.ch  is wel/1 known

as  oaie of  the internal/. penalt>, techniques., r/n-
case  of  SUMT,  the above  Droblein  is trans-
formed  as  follows.t>

  
"tsrffinimize

 the Tnodified  objec'ti.ve  function

                 ttt

  F<x,  rk)=.l  (x)+T)le :IIII ll/Ci (Af>1 
,
 yk>(}  (2,l)

                i=1

without  constraints  for a  menotonlcally  cle-

creasing  sequence.  values  (perturbation para-'

rneters)  rk, k=1,  2, ,....., K."

  In the present computntion,  the medified

objective  functien is minimized  by ZangwiW$
direct search  methodL'}  without  calculating  de-
rivatives.  This  combined  algorithm  with  SUMT
and  Zangwill's direct search  is very  powerful,

because SUMT  has the ndvantuge  that  ti]e

inequalaty constraints  ui'c added  in a compara-

tively  easy  way  and  Zangwill's method  is stcablc
icr any  rio!}linearities,  ZangwiEl's direct search

i･s constructed  an,d  executed  by the sys'terna

t.ized ope  directi'onal searches  based  on  the

quadratic interpolatiDn.

3. wtimeiffgueeree Wave  E'eesfisti/amece P.ras..ko].ecrifk (bti'

    wagg-sgdedi slaips
3.g Stateynepmt of  t,ine Pffofoaema
  The miniinum  wave  resistance  problem  fgr                            i
wal･1-sided  ships  has been inves'tigateci 1]y

means  of  the variational  appronch  so  iar,3)'D5)6]

SIJZtl<I

ancl  the theory  of  wave  resistance  employed  in

this probiem  has been limited to Michell's thin
ship  theory.  The  samc  kifid probiem  can  be
extended  to f'ull hull forms by means  ott the
iioiiliitear  pregrainming. appli,ed  to the lozitr
speed  theory. T,. he  eommen  statements  uf  these

probEenis about  minirnum  wave  resistance  are

descrSbtltd in t.his section, namely  t-he iorrnula-
:,.ions a.re discussed with･  rcspec'L  te 'Lhe

 ob.iec･
':･ii.fe

 jluiictioil nnd  censtt'aints.

  ;'ri･ this paper,  the right  
'hand

 co  or- cl,inate

systeff.･ with  positive  x  toward  the bow, "]
athwart  shi,ps, alld  z  positive  downwards  is
taken. The origin  of  the co--ordgnates  l,s placed
on  the stili wate.r  plane at the midship.  LVc

assv.me  the elemcntary  ship  with  wall---si,ded

main  hull of draught  T whose  wateriine  shape

is expressed  by the  equation  .v=--f (x), a)ecause

the wave  making  characteristic  is pri･ncipalily
g.overned  by tl]e form oi" the sectional  area

.t'.urve.  New  the foliowifig nermalized  express-

iofis are  emp]oyed,

  x  :=  K" 
,
 f (x>=-= 112"BP{  c") (3.1)

where  i is the half length L/2  and  B  is the inean

breadth of n  ship  such  as

  B=l"  
.L
 
,f
 (x) dx  (3o2)

Tlie condition  of  constantv'  displacement is

obtaincd  from  eqs.  (3.1) and  (3,2), namegy

  v, :-  1[, g<6}d  g" =2.  (3.3)

  Ge- ner･ ally  speaking  this klnd oi  the probtem
has beesi formulated iR such  a  way  that  

'the

iAraz,re  resistafiee  is miRimized  ufider  the con-

straint<3.3).  But  the numerical  results  based
on  such  forrnulation vield  undesirable                     "

shapes,for  example,  the waterline  cllrves  have
unfair  parts  or  the hull forms at  the both encis

shew  extreitie  swan  neck  forms. In order,  to

tt,litrtinnEe these undesirable  shapes,  we  need  to

introdtiee the  lairness eondition  ei  the hull
form im the prescnt formulation. It may  be
desired iii generaE that  the i.riiriiess criterion  is

defined from the hydrodynamic point of  view,

1ioi-,'ever it is defined as  un  artificial  functienal
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for simplicit.y  in the  present work.  In the field

of  curve  fairing problem,the fellowing function-

al is employed  as  the fairness criterion  in many

cases,

  F.::=.Li,(ttdet)
2de

 (34)

In this study,  however, the fairness critenon  is

defined by a  slightly different form, which  is

shown  in the next  section, but has to be

equivalent  to eq. (3.4) by its rneaRing.

  According to the above-rnentioned  consid-

erations,  fundamental  aspects  of  the problern

are  stated  in such  a  way  that the wave

resistance  should  be minin]ized  under  con-

straints  such  as  const.ant  displacement, suit-

able  fairness afid so  forth. We  define the wave

resistance  coefficient  C.*=xR.fPu2B2,

where  R.  being wave  resistance,  P being fluid

density and  U  being ship  speed.  Then  ene  can

express  C,,* in the form  like.

  
Cw'

 
:

+

=

 1
{
 

W

q

r

i[ l
e

P

):
 sc ,),I ,

Z

,
 
e
 
de
 l(3 5)

Amplitude  functions p*(e), g"(e)  are  given
in iater sections,  and  have  different representa-

tions according  to respective  wave  resistance

theory. Two  formulations can  be considered

with  regard  to the treatment of  fairing con-

stralRt,

Cl) Objeetive Fiinction

        I=:Cw*
    Constraints

        D,=2,  F,<a  etc,

(2) Objective Function

        J=M ̀Cw*+  BFc
    Constraints

        D,,=2  etc.

 Parameters a  and  3 are  eoncerned  with  the

 degree of  tairness, which  are  determined  from

 the  practical point of view.  Numerical examples

 shown  in later sections  are  mainly  based on  the

 method  (2),because the method  (l) needs  more

 computer  time than that  of  the method  (2) from

Means  of  Nonlinetr Px'egrammirsg 3

 the strict  constraint  F.<  a  ,

 3.2 AppreximatioR ofWalX-sided  Ship and
     Treatmemt  g}f Constraints

   In the optimization  process based on  SUMT,

 high speed  computations  are  needed  with

 respeet  te the objective  function and  the

constraints,  becaiise the  modified  objective

function must  be evaluated  many  times accord-

ing to the  gradual shape  deformation. In the

present problem  square  stations  (S,S.)are ex-

pressed as  6=4i(i==rl, ,,,-. -1,O,1,
 .-".

e  with  e-i=:-l., eo=r-o, ei=]. and  ei ==

e .Ti I, and  the waterline  of the wall-sided  ship

is appraximated  by the polygonal line with

straight  line segments  on  8iS e S  ei+i. We
can  select  each  erdinates  9(6i>=  9i as the

design variables.  If the coeificient  of fineness

()?, is given in the problem, 9e is exctuded  from

the design variables  on  account  of  9e=:11Cp in

our  formulation. .gLccording to this approxima-

tion, rnany  niimerical  treatments in the opti-

mization  caR  be carried  ont  in easy  way,

  The  expression  of  D, in eq. (3.3) is obtained

as  follows by the  present approximation,

       i

  D,=Z  ci 9i (3.6)
      i-･･-I

where  ci is a constant  determined  from the

formula of  numerlcal  integration. The  condition

D.==2 can  be satisfied  by use  oi  the following

technique, When  the eondition  of  constant

displacement is broken as

   I
･

  Z  ci  9, =::2S  :t2  (3.7)
  i= 

-1by

 the shape  de.formation, eaeh  ordinate  is

renewed  as  9i/6  to keep D.=2.  If the

coefficient/  of  fineness is fixed in the problem,
this modification  is replaced  as  (1-co9o) 9i /

( S 
rkco

 9o)-
  The  tairne$s criterion  is defined as  follows
instead of  eq.  <3.4) in this place,

F. --2(  :.iii- :z )
2+2(

 :: III :t )
2

   +(X  +tt'>･  (3.8)
     Xi---i+L irv
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  9(6)=-2-(1-e2)

in the ordinary  case,  and

  g(e)=- 
iZ-s-

 
-l})5

 
(;'-

 (i- g2)

    +  
-102+cl

 
i-C-
 
)'---
 o-  e4)

in the case  that  the coefficient

fixed.

    (-9e:ttllfl'-fl=-96Ii}')
2

 '

As  we  diseussed in the previous seetion,  eq.

(3.8)have a  meaning  equivalent  to eq.  (3,4),
  The  other  constraints  of inequality type are

needed  in order  to obtain  reasonable  shapes.

These  are  specified  as

  $E 8,., I:o: f:..r::?'-' t") 
"'-"'

 
"
 )(,.,)

  9,Z9,-i  (t=-J+1, ".". O) l

all of  which  are  added  in both formulations (1)
and  <2) stated  in the previous section.

  Under the aboye--mentioned  preparations,
the optimization  can  be executed,  however  we

need  the  wali-sided  ship  to start  the computa-
tion of  nonlinear  programming.  In this paper,
the initial hull form is deiined by

         3
                                (3.10)

p*(e)q"(0)

}1>(3.11)
j

of  fineness is

3.3 Numericaa  Exaivtrgeges
3.3.g AgepagcatEon of  tke Tkame Skip Tkeokry
  As  the first example  of  this werk,  Michell's

thin ship  theory is applied;  if we  take  tke  end

shape  effect into consideratien,the  amplitude

functiens in eq, (3.5) can  be written  as  follows,

         -cos2e(1-e  
7et

 
srecZe).l=-

ID     d9  cos

   i 
'fi'tt'

 ,i.  
(Yt)6sece)de

-ga)  
CPS

 (7, sec  e)
      sm

+  9(-  1) 
C9S

        sln

-1+2

Ll+2'

(- ?'o sec  E)}

ptf7o2 sec  ge e-  
ro

 gJ secz
 
e
 .

sm

   (7o ef sec  e)
cos

gt. 7o2  sec  ee- 
7oga

 sec2e  .

(3o12)

      Sill
         <7oe. sec  e)
      cos

where  t:==Tfl, 7o==glfU2=-1/2  F]i2 and  U  is
the ship  speed,  An  integral term in right  hand
side  of  eq.  (3,12) rneans  the  wave  making  effect

of  the  main  hull based on  the thin ship  theory.
If 9(1) and  9(-1)  are  non-zero  and  included
in the  design variables,  they eorrespond  to the
bluff end  shapes.  In addition,  the effect  oi

bulbous bow and  stern  can  be represented  by
immersed  point  doublets at(6f,  O, 4f)and(8.,
O, e. ). Their intensities fe, and  pt. correspond
to bulb sizes,

  In the first place, symmetric  hull forms with

normal  end  shapes  are  optimized.  As  examples

shown  in Fig, l, swan  neck  iorms fiear  both
ends  are  aimost  suppressed  and  optimum

coefficiellts  of  fineness agree  well  to the results

obtained  by the variational  method.4}  In prac-
tical design problems,however,  there are  many

cases  where  the coefficient  of fineness is
specified.  Examples of  the optimurn  hnll forms
with  prescribed prismatic coeffieients  are

shown  in the  form  of  sectional  area  curves  in

Fig. 2. In Fig. 3 the optimum  hull forms with

nermal  or  biuff eAd  shapes  are  compared  wlth

the results  ef  optinittm  doublet distributions
obtained  by the variational  method,  which

correspond  to shapes  with  cylindrical

endings,4)

  In the next  place  
,symmetric

 huli forms with
bulbous bow  and  stern  are  examined,  in which
not  only  the bulb sizes  but also  the bulb
positions are  taken as  design variables.  In sueh
cases  that  the bulb positiofi is taken as  design
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Fig. 5 Optimum hull forms with llormal  bow and  bluff
     stern

variables,  the variational  method  is net  appiic-

able,  since  the objective  function becomes

highly nonlinear.  Examples of  this case  are

compared  with  those having bulbs in fixed

positions as  in Fig. 4. Differences between both
cases  are  remarkable.

  Final examples  shown  in Fig. 5 are  asyinmet-

ric hull forms having normal  bow  and  bluff

stern,whereas  the preceding examples  are  sym-

metric.  Optimizations about  other  asymmetric

cases,  which  have bulbous  bow  and  normal  or

bluff stern,can  be carried  out  in similar  way  as

given  in the reference  7).

3.3.2 Application  of  the Lew  Speed

     Theory
  It is well  knewll that there  are  several

ynethods  to predict wave  making  resistanee  of

hull forms  to which  the thin ship  theory is not
applicable.  Among  them,  the low speed  theory

proposed  by Baba et  al.8) and  Martto9} is based
on  the perturbation from  the double model

flow. This  theory  isas no  restrictions  in the hull

geometry  such  as  thin or  slender,  while  it

seems  to be suitabXe  in moderate  or  low speed

raRge  from  the t/heoretical background,

  Now  the applicntion  of  the low speed  theory
is described in place of  the thin  ship  theory.  In

the present study  , the simplified  formula given
by MaruoiO> is employed  in order  to reduce  the
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Fig. 6

 lV(W,o

FiOl

 eptimum  hull forms wlth  and  without  fairlng

 constraint
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x
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igLev"Speed
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D.!Sooelt-Mi[helLaeol

x<)iiD.10

 O k.rdyV
 

O
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     Fig. 7 Comparison nf  eptimum  hull forms

computer  time  ; the amplitude  iunctions in eq.

(3,5) are  expressed  as  foatows in case  oi  the

wall-$ided  hull form,

g::gjl-･- \ 
gs-s,f

 /ii,

    .:g-ttg,-g'6n,<7,,gsecge)-  k.i3)
                               '    cos(7o59(g)secetane)dg

where  b==B/L and

  X( 41 )=[ue <"o2 +vo2-l).                                (3ol4)
                    '

As  shown  in eq. (3.13), the  eifect  of  iinite
breadth of  a  ship  is considered,  In eq. (3.14), uo

and  vo  are  fluid velocities  ilerrnalized  by t.i
around  the double model  in x  alldy  directions
respectively,  in which  the uniform  flow compo-
ne"t  is included Integrating eq. <3.13)by parts,
the following expressions  without  tl}e deriva-
tive of  X(e)  are  obtained.

SUZUKI

  cp

  os

  al

  D.S

  D.S

  04

         02  e] o4  Fn

 1/iig. 8 Cemparison  of  optimum  coeffieient  uf  fineiiess

  
p'(e)

 l- i D, x(e)t

H-"'-M±rue-UesstwIgoO
--Slendeffttiprheetv'
---TayEosetT;115 /
-TsyEerStTa].755uiukL",+:',le,H.'-tiS.fiF,''

di
''

4."J-.x.t--.pt`
ta'e-N--･7LL--s.-.--7,,.N..1..P'.]r ,-r...t.

' Lo-vSpeed1heory
1#C:.F,.tiObO

tt' Smhdbp
eo,osooool

.o,soocoel
hO.ISeool

  q*<0)  2

     cos

     sin
 ( ?'oe sec  0)e

                          d9
    ees(7oS9(S)secetane)-
                          de

    T:gns  < 7o g sec e )i e tan e sln

    (ro Sg<b  sec ff tan e) (-g-f )
2

       1 .

    
--7"6

 eos0cos(7obg(e)-

    sec e tan e ) agd 
2

ge - l]de
The optimization  becomes  more

employment  of  eq.  (3.15>, because
evaluation  ofdX  fde 

'

lield of  bow  and  stern.

  Since the  objective  function must

ated  as  quickly as  possible in
complexity,

with  regard  to the  fluid velocities  in
To  calculate  these values,  both
scheme  given  by Hess &  Smithii)

used  proper!y according  to the
rules,

  Fig. 6 shows  the examples  to

(3.I5)

                           stable  by the

                              the exact

                 is "ot  so  easy  ior the near

                              be evalu-

                            spite of  its

         we  need  the high speed  calculations

                              c,'q. (3.l4).
                             the exact

                               and  the
approximate  schcme  shown  in the appendix  are

                             prescribed

                           check  up  the
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fairness effects  based on  the fermulatien (2>
stated  in 3,1, Fairing constraint  plays  a  role

obtaining  stable  optimum  shapes,  In Fig, 7, the

examples  based on  the low speed  theory are

compared  with  that based en  the thin ship

theory  shown  in Fig, 1. Ivi Fig. 8, optimum

coefficients  of  fineness are  compared  with

results  based on  various  metheds  such  as  the

minimum  wave  resistance  form by Maruo  and

Bessho3), the optimum  shape  of  slender  ships

by Maruoi2), Yamagata's  resultsi3)  based oii

Taylor stanclard  series  and  the  results  by

means  of  SUMT  based on  the  thin ship  theery

given in the preceding seetion,  The  present
results  show  a similar  tendency  to that  of

Taylor standard  series,

4. Hull Forrrt gmprovervaent of  Practical

    Ships
4.1 Statement of  the Prob]em
  Results of  the  minimum  wave  resistanee

problem  shewn  in the preceding chapter  may

be useful  to the determinatien of  the sectional

area  curve  in the  preliminary design stage.  In a

practical sence,  however, the method  of  hull

form improvement  by distorting lines from a

given hull form  of  arbitrary  frame lines is also

useful,  The  main  purpose  of  this section  is to

discuss the commen  statements  of the  present

techniques about  the hull form improvement  by

means  of  SUMT.  A  similar  investigation by

means  of  Feasible Direction Method  was  car-

ried  out  by Amromin  et al.i4) But  SUMT  has

the advantage  that any  constraints  can  be

added  in a  comparatively  easy  way.

  For this kind of  the problem, it is generally

assumed  that the princlpal particulars
L(length), B(breadth), T(drav.ght>, the design

speed  U  and  the offset table of  the initial huli

iorm  are  given, In the present work.  eniy  the

fore body shape  is improved so  as  to make  the

objective  function minimum  under  the basic

design constraints,  and  the  after  bedy shape  is

fixed in the initial form.

  The  present forrnulatioR is also  spctcified

 aecording  te the right  hand  co-ordinate  syst.em

 used  in the preceding problem, Co-erdinatesx,

y and  z  are  normalized  as  fellows in this plaee,

rvieans of  Nenlinear I'rogramming 7

   x=IS,  y:=:B/2o7,  2=･=-7'g  <4.1)

 where  l is the half length L12. Then  the

 equation  of  the hllll surface  is expressed  as

   7-v<e,g).  (4.2)

 The follewing 3 types of  formulation are

 introduced anci stkidied  in the present work,

   (1) Applieation of  the thin ship  theory

   (Z) Application of  the lew speed  theory

   (3) Application of the wave  analysis

 
'.Fhe

 general form of  the objective  function is

 defined such  as

   I=r- alw-+ne  i9 IF, Iiv=IM  or  lL (4.3)

 where  IAdi being wave  resistance  by  the thin

 ship  theory (case(l)), JL being alse  wave  resist-

 ance  by the  lew speed  theory (ease(2)), 4･ being

 plank friction, and  a  ,B  being suitable  weight-

 ing factors. The  functional IM or  IL is written  as

 follows,

ef.rl.-. 
pU-2L2i-o.2-.e2..b2.

 Y]"'uap(o)}2
    +  {q( o)l2) se.c" ede

where  b=BIL,  t=-==T/l, 7o==gllU2=-
Amplitude  fufictiolts P ( e ), q ( 0 ) have d
expressions  in each  theory. In the

however,  
'the

 obj'ective  funetien is

moclified.  I)etailed informations of

given in later seetions.  VLThen. the

the plank friction Cf is given,
follows,

rJ. ==- -tt- RuZ  qs

s ==  .L TfYl.

  Vi ;Ie-(i /F
',g''i)

i'l

 (e.)
2

 ( g.//-)
2.

(4,4)

       112 Fn2.
        ifferent

       case  <3),
        slightly

      these are

    coefficient  of

we  can  write  fF as

          (4.5)

(4.6>
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where  S and  S. ifidicate the wetted  hull surface
area  and  the ship  center  plane (V =O)

 respec-

tively. In this work,  the plank  frictt'on is
evaluated  by the Schoenherr's fnean  line.

  The  objective  function (4.3) corresponds  to
the total resistance,  and  the weighting  factors
are  introduced in erder  to improve  it's estima-

tien. We  can  select  a  and  P as  follows,

   a==Ru/o/Jwe,  P==l+Ko (4.7)

wb.ere  Rwo, Jvvo and  Ko  niean  the rneasured  (or
estgmated)  wave  resistance,  the  theoretical

wave  resistanee  and  the form  factor respective-
ly, all of  whieh  are  the  values  gor the initial hll11
form. When  we  use  the weighting  factors
determined  from  eq. (4.7), the calcuiated  value

of  the  obj  ective  function for the initial hull ferm
becorncs identical with  the measured  total
resastance.  In the numerieal  examples  shown  in
subsequent  sections, the weighting  factors are
selected  by the present procedures.

4..2 waexgg Seerfa¢ e Approxiffffethtfiom thpmcl E)e-

    sign  Coitstrmaimts

  tl'he rnajor  part ef  the  conveRtional  hull
stirface  is smooth.  In this paper, however,  for
the sake  of  simplified  computation,  i't is
assumed  that the hull surface  is approximated
by the polyhedron  formed  by triangular  panels
with  nodal  points at  intersections of  Square
Stations (S.S.) and  Water  Lines (W.L.) as an

exampAe  showfi  in Fig. 9. In the  after  part oi  the

hulE, the diagonai lines are  taken  in opposite
directions iR order  to correspond  to a  general

SUZUI<I

tendency  of  bow  and  buttock lines, but its
shape  is being fixed as  described in the

statement  of the problem.  Aecording to this
approximation,  several  cemputations  about  the
objective  function can  be simplified  and  ex-
eeuted  rapidly  in the  optimization  process,
because O?lag  and  eV/ag  beeome  con-

stant  on  eaeh  panel. The  outline  of  the  computa-

tion procedures  about  the objective  function is
explained  in later sections.  Computations  of  the

wetted  hull surface  area  and  other  particulars
can  be also  simplified.

  When  S, S. and  W.  L,are expressed  by  g ::=

ei (i=1, 2, ..,,.., I] for fere part) and  g=  g,･
if=1, 2, ......, 1), we  can  take directly the
ordinates  V(6i, g,-)=Vij as  the design vari-

ables,  These  variables  inust  be transformed

and  stored  as  a vector  form  (one dimensional
array)  in the actual  eptimization  program.  gn
our  formulation ot  the problem, the basic
design constraints  must  be specified  by these
desigR variables,  In this study,  the following
re]atjons  are  employed  as  the basic constraints.

1)

3)

4)

Vij)O 2)

Vii ,X,. 7i,)･ 1. ].

Z7ij 
--

 Z7i.I,,･->
 <

7ij )71r Vi+1.j

5)

 8irm e-i-i

Z? ii-  Vi, J'-1

 gi- e7-il

Z7,+1.,･I 
17ii

 ei+1- 6i

Vi,j-+1-- 
17ij

6)

7)

gi,,- ecj

AkAo

AB$(1+a)ABo,  S>O

(4.8)

o-/
xg

/

tn G 7 7i 8 Sg 9YZ9i91F.P.

Iz4 o  Design

   Fig. 9Points

 e  Fixed PDints

 IIull surface  pallel arrangement
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    tlJt

   , di

    
tx:

   /ix
  .1

  i l  i j

Dnitial H"li  (1) {2) (3) (4}

       Fig. IO Variation of  frame lines

The  constraints  1), 2) and  3) are  introduced

troin the geometrical  point of  view.  Tendencies

of  waterlines  and  frame lines of  the initial hull

form  are  kept by the constraints  4) and  5), in

which  directions of  inequality are  determined

frem the initial offset  check  in the optimization

prograrn, For example,  Fig. 10 shows  severat

types  of  variation  of  frame lines, In this figure,

the initiai frame line can  vary  as  the type (1> or

(2}, hewever the type  (3) or  (4) is rejected  by

the employment  of  constralnt  5>, ln the praeti-
cal optimization,  3), 4) and  5) are  addit,ioiied  to

tlie suitable  S.S. determined from  the intuitive

consideration  of  initial lines, In 6), A  and  Ao

indicate the displacement excluding  protruded

bulb of  the imprevecl hull and  the initial hull

respectively.  The final constraint  7), in which

AB  and  Aiso indicate the displacement ot

protruded  bulb ot" the improved  hull and  the

initial hull respectively,  is optionally  addi-

tioned in the problem  if necessary.

4.3 Nanmergcag Exampges

4.3.i Appagcatieit efthe  Thin  Shgge Tkeery

  When  applying  the  thi] $hip  theory to the

present preblem, the amplitude  functiens in eq.

(4.4) are  given as  follows.

etsll---fk gz-g:･x
    ( ?'oE sec  e)e 

'
 
Yn

 
i
 
ij
 
sec':

 
ed

 gfi dy

The numerical  evaluations  of  these

Oe  becomes a  constant  on  each

panel by  means  of  the approximation

preceding  section.

  In this chapter,  two  initial huli
employed  as  the bases ol  numericat

(4.9)

                              integrals

are  carried  out  without  difficulty,because e e 1

                             triangular

                                 in the

                              forms are

                              examples.

Means of  Nonlinear Programming  9

 ene  is Series 60, Cb=O.6  modeli5}  and  the

 other  is SR138  container  ship  model.i6)  Par-

 ticulars oi  these are  as  follows, where  LB is the

 length of  protru(led bulb.

   <1} Series 60 model  .

     L='=:-'121.92m, B=:16.25rn,T==6.50m,  Cb=

     O.6, L.C.B.=l,496  aft,,

     Ao  
rt

 Z924 t/ on,  LB/L ==:O

   (2) SR  138 model

     L='1.95.0m, B=J30.0m,  Tr:10,5m,  Cb=

     O.5716, L.C.b',=1.6%  aft,

     tts ='  35,987  ton, ABo  =･  20 ten, LBfL  ==  O.Ol

 Thei respective  fore' body  shapes  under  L. W.  L.

 are  shown  in Fig, 11 and  12.

   Example$ ef  the improved  fore body  shapes

 are  shown  in Fig. 13N16  for series  60 (Model
 NPIL  NP2,  NP4, N'P5) and  in Fi'g, 17N19  for

 SR138  (Model NP6, NP7, NP8). Optional con-
 straint  71 in eq. (4.8> is not  taken into account

 execpt  Model NP7  ancl NP8.  In case  of  Model

 NP7  and  NP8,  the, constraint  7) with  6 
=O.5

 is

 empkoyed,  The  ether  design conditions  abeut

 the design Frou(}e nutnber  etc, are  specified

 under  respective  figures, Theoretical redue-

 tions of  the objectEve  fLmction are  about  20%  in

 Model  NPI.  NP2,  about  12%  in Model NP4,

 NP5  aiid  abotit  ?'96 in Model  NP6,  NP7,  NP8,

   Iii case  of  Modq',1 NI'1, NP2  and  NP6,  large

 deformations of frame  iines are  observed  near

 the bow. 
fl"hese

 r{tsults  have  relations  with  the

 design speed,  because they are  designed at the

 hump  of  th.eoretical curve  of  wave  resistance  of

 the illitia3 hull i'orm. The displacement of

 prot'.ruded part of the bulb in Model  NP7  is

 suppressed  ill ceinparison  with  that of  Model

  NP6  on  aceount  of  the consideration  of  the

 optional  constraint.

   Since the improved  hull form  lacks in

  smoothness  iii general  because  of  the present

  hu]! surliace  approximation,  the fairing opera-

  tions are  needecl  for the practical  applieation.

  The fairing probiem  of  hull surface  is impor-

  tayit but di' fficult ln itselt, hence gt is not  taken

  into consideration  at present.

NII-Electronic  
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O.07･SB.L,
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!･mi/s71･'
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･)6

LWL.

?

s O,190
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Fig. 11Tnitial  hull
SER60)form:Series60,

 Cb 
=-

 O.6 (],Iodel Fig. 12Initial  hullform:SR138

ERloe(e) L Fes?'sgl 1.00
leaIA)

s

O.75'
al-

'

s7S

oso.s7 -6sO,?5Tu

O075ttt.t.'
SL

OOLWL

Fig.l3 Example

    O.286, afoi'

 Series 60
=L-e.414,

 P=1,.2(Model
 NPI:  Fn  ==

, LJy'L=:=O.05)
Fig. 14Example  for Series 60 (Model NP2  :

O.286, .  
=.=-O.4I4,

 B 
==l.2,

 L,,.fJ.=-O.025)Fn
 ==

FP]Olts)

Mg.  I5ttxampleO.325.
 cr

 1.gOLWL,

p

O.75

st

O.50

O,25

eo7sBL,

for Se.ries 60 ("'Ioclel N?4  : Fn =

=O.938,
 B=1.2, .I."fi.-･-O.C}5)

}:'lg. E-6ExarnplcO.325.
 .for

 Scries 60
::-=-O.938,

 P 
=:-1.

LWL

 (tsaodei NP5  /

2. L,,,,L=O,025>Fn"
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F.R10n

Fig,

F,R10ab

Fig.

100LW.L

O,762

.O.571

o.3al

O.190

B.L

l7 Example for SR138 (Dvlode} NP6  : Fn=::O.270,

   a  =-:-O.334,  p ==:1,2,  Lit/'L:==e.Ol)

9･9g9

'
sl,

et. -,l165'

Z T

                            LW.L.
                         mp                            .-tt--

                          O.762

                          O.S7i

                          tu3ptnd

                          olge

                          B.L.

19 Example for SR138  (Medel NP8:  Fn=O.255,

   cr 
=O･460,

 B 
!1.2,

 L,sfL=O.Ol,  with  con-

   straint  7))

4.3.2 AppEication  of  the Low  Speed
     Theory

  In place of  the thin ship  theory, the applica-

tion of  the low speed  theory  to the hull forin
improvement  is discussed here, The simplified

formula is used  in 3. 3. 2, however in the

present problem, the optimization  based on  the

rigorous  expressions  of  the amplitude  function

.criven
 by Maruoi7) is tried; that is

eS l l -:: -  2-s-7 - fYII cr ( 6 , op , g ) g:."s

   7o sec e(e -l- bn tan o) )e" 
7utgsec2O

 dsI
  2z+

  ?'ot

{
L o(e,v,o)g:.x

ro sec  e(e+b1  tan ff ) leq) dV

(4.]O)

FR10ih

Fig.

d

S!9  Si- IDOLWL

9

D162

tiL"s

0571t'/vl-7

0381-+--.y'
65Ol90

'.-.･-=ttrk=::

BL

18 Example fer SR138 <Medel NP7  : Fn==O.270,

   a  r-  O.334, P "'-  1.2, LBfL=  O,Ol, w{th  cen-

   straint  7))

12?'otfX,
 e(6,lj)gl.s

I 7o sec  6(6  - b7 tan e)ld6  dO

'rii-;'ifF ffL w(e,v)go,.s

  i 7e sec  fi (e {''bV tan e) ld6 dV

with

¢ (e,?>----21-( (-2 
-aa6

 +u"aO,g'

  +"  
'i
 oi 

'i
 ) (u Z+v2)

  
--l-

 
'
 
oe
 
rvg'

 (-2u+za2+v2) lon F.

            ett

  
w(e,v)7--b･ls- on  w,

In these  expressions,  S, C, 1" and
wetted  hull fsurface,  the waterline.

tively, and  no  is the direction
eutward  normal  to S wgth  respeet

The  source  densit･/y ff and  fluid
and  w,  all of  which  are  normalized

ubtained  frem  the: perturbation
tial around  the double model.  Since

'j

(4.ll)

                               j

                           W  denote the
                             the undis-

ttirbed iree surface  and  the water  plane respec-
                           cosine  of  the

                             to x-axis.

                          velocities  ", v

                              by U, are

                          velocity  poten-

                              the objec-
tive function is fully nonlinear  about  the design
variables  as shown  in the above  expression,  the
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m
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6

Fig. 20 Panel

7 ?l

arrangement  of

t
QgLW.

8 81- 99i  91 9t ER

free surface  and  water  plane

x,g

eeSevi,

Rljnv-

.QSQ.

                            
fi
 gzsTm.-m

    
ne

 7nv- kZ,.,-
      c.kL`=-----di/LrvA8L

Fig. 21 Example  fer Series 60 {Model NP3:  Fn  ""'

       O.286, a  
:=-:-O.827,

 /l zT･1.2. L,s,' .i.=O.025).

cptiinizatiovt  by means  of  the. variationa2

method  is hopeiess.

  In order  to calcuaat'e  the objcetive  functioll as
rapidly  as  possible.  ideas sirrtilar to those
shown  in 3. 3. 2 are  also  introdueed in the
present optimization.  The evaluatioii  ot' the
source  density are  carrjed  out  by the method  of

IIess &  Smith or  the approxiinate  rnethod  gave:･i･
ixi tha appendix.  Either of  the two  i･s selec'ted  in
t]ne optimization.  prograrn  in aeco.rdanee  with

the prescribeci, rules.  T/-ogether kvith  the djvi-
sion  of  S, we  niust  divide F  ap.d  l4･" as  in Fig. 20,
The paReZs near  the water]jne  are  rearranged

with  the, dG formation of  the huli in tht optimiza-

tion p.rocess. Both the  exact  sc'heme  and  thc

approximate  scherr}e  are  also  pi'ovicled to evalu-
ate di and  W.

  An  example  based on  the low speed  theory, is
shown  in Fig. 21 (Modea NP3)  for Series 60. In
this case,  about  8%  re(luction  Qf  the  objective
function is attained.  Th･e obtained  bulb size  is
sma}}er  than  that of  Tv[odei rxlPl. or  N}'2 based

on  the thin ship  theory,  and  the  frame lines
bcfore F.P. become unstable.  Then  the  prot-
ruded  length of  bulb of  Model  NP3  is cllt at

LnfL'=O.025,  though  the optimization  is ex-

ecuted  as  LHIL=O.05.  Gencrally speaking,
CPU  tin}e is about  1O io 15 times greater than
that based on  the thin ship  theory,

4..3.3 Appllieation ef  tke agagrave ARagysis

  The  ritethod  of  -'ave  analysis  proposed  by
Newmani8) and  Sharmai9) and  established  by
IkehataiLO) et. al comes  into practical use  at

present. ()ne of  the  merit  of  this technique  is
that  the free wave  spectrum  for respective  hull
forms ;'s determi'Red experimentally.  tdts  the

free wave  spectrum  eor]tains  many  informa-
tions with  respect  to the wave  making  phe-
nomena,we  can  make  use  of  the result  of  wave

analysis  te the kull form  design iR many
    21)22>23)
ways.

  In order  to use  the wave  anaiysis  of  the
initial httll iorm, the objective  function defined
by eq. (4.3> and  (4.4) is siightly  niodificd  as

 I=-sfvvp-l' BJF (4.12)

  iwp  ,=..  
g)
 9'2 

Lirl[gi'
 
t2.b2

 yg"'2w ( t7 ).

    ( lp<o)i2+ 1q( fi )i Z)
 sec"ede

where  thc ainpiitude  functions are

eq.  (4.9), In eq.  (4.a3). 
'w(

 fi) meafi.s  the

irig function and  we  assume  the

polynomial  expression.

(4.]3)

defined by

  weight-

 ioliowing
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e9-Si 1.00LWL.

ssS

O,!62

B7

O.S7t

7

O,381
s5O.ISO

e.L.

Fig. 22 Example for SR138  (Medel NI'9:Fn=O.27e,

       a  =:  O.0395, A i 
--

 O.2179, I? ==
 1.25, ILiyi. ==

      O.Ol)

            IV

  w(fi)==a-+-Z  A. e" (4.14)
            nu'Tl

If we  seiect the coefiicients  as  A.=::O, the

prob!em  is equal  to 4.3.1. These  coefficients  are

determined from the concept  of equivalence

such  as

Y]"'2.(o)<{p(e)}2
    +iq(o)l2)sec3ede

    =Y]n"2dp.(s)l2

    +iqE<e)l2)sec3Gdff

with  respect  to the initial hull form,

Pis(e), qE(e)  denote the amplitude

determined  from  the results  of  wave

  The  numerical  examples  are

SR138  as  shown  in Fig. 22, 23
NPIO). For these examples,  the

(4.15) are  employed.

    w(e):--O,0395+O.2179  ff
                 for Model NP9

    w(e)==o.o7s4+o.o3'1sff
                 for Modei NPIO
The  obtained  bulb shapes  are  more

than  those  of  Model NP6  and  NP7

method  of  4,3,1 irom  the practica2
view,

(4.15)

                                 where

                              funetions

                              analysis.

                           previded  for

                           (Model NP9.
                              following

weighting  functions which  satisfy the condition

Means  ef  Nonlinear Programrning

F.R10degisLB9pt

7ft

- /

."---ZC-tdert<t

e7

'

r6

.

s

1 eLWL,

O.762

O.57!

a3aT

O.190

BL

13

"- o. lg sg3  ez

    acceptab?e

  based on  the

     point of

'Fig,
 23 Examp]e fom SR138  {Model NPIO:  Fn=O.270,

       a  =r- O.0754, A i =-
 O.0315, A 2 ==  O.1593, B 

==

      Z.25, LBhL=,.O,Ol)

4.4 scxperimewiall VerificatEon'

  In order  to verify  the present method  of  hull

form  iing}roveinen'., model  tests involving the
towing  te,st and  the wave  pattern analysis  are

earried  ouL  Test  resuits  about  the Series,60

(SER60) model  and  its improved hull forms

(NPIN5) are  sheyvn  in Fig. 24, 25, and  those

tkbout  the SR138  model  and  its improved hull
forrns <NP6NIO) are shown  in Fig. 26, 27,

where  C. means  the residuary  resistance  coeffi-

cient  based on  the towing test and  Cmp means
a.he wave  pattern  resistance  coefficient  ana}y-

zed  by the logittxiinal cut  method,

  All improved  hull forms have attained  the

resistance  reclucticn  at  their design speeds  as

compared  with  the result  fer each  initial hull
iorm. Ifi maiiy  enses,  the small  hollow is

observed  en  the  ciirve  oi  resistance  coefficient

near  the  respective  design points.

  In Fig, 24,the models  NPI  and  NP2  with

large bulbs desigil,ed 
iey

 the thin ship  theory

show  greater retluction  than that of NP3
designed by the low speed  theory.  In censequ-

ence  of  the present work,  it seems  that we  had
better choose  the thin ship  theory frotn the

f)oints of  view  of eomputet'  time and  resistance

reduction,

  In comparisen  with  Fig. 26 and  Fig. 27, the

performance  of  NP9  and  NPIO  are  superior.
'Vhe

 utili･zatioii  of the result  of wave  analysis

seems  very  effici(-tnt in the  present techniques

oi  hull form lmprbvement.
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S. Concguding  RegTenvks
  In the present study,  two  types of  thc hui]
form design probiem  are  discus.sed by means  of

the nonlinear  programming.  One is the mini-

mization  o.f. wave  resistance  of  wall-sided

ships  and  the other  is the improvement of

practical  hull forms in order  to rectuee  the total

reslstance.

  In the former problem,  the thin  ship  theory

and  the  lew speed  theory are  applied,  and

severai  nttmerica]  solutions  are  s2iewn  as

examp]es.  By  the employment  of  the thin  ship

theory, optirnum  sectional  area  curves  with

three types of  ending,  i.e. nermal,  bluff and

bugbous, can  be obtained.  The  optirnum  solu-

tions can  be determined by means  of  the

preserit method  alse  in the ease  o!" low  speed

theory  in spite  of its extremc  nonlinearity.

  For  the problem  of  hull form  iinprovement,
beth the thin ship  theory [,eii,d the low spoed

di'-s c.  tt=ut:w･

        O.20 . D,2S e.an Fn o)s
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theery are  also  applied.  In additioll  to these, the

present teehnique  has been revised  by the
application  of  wave  analysis,  These improve-
rnent  technique  have  been appraised  by modeg

tests based on  the  towing  test and  the wave

pattern allalysis,  and  their usefulness  is con-

firined. The  noniinear  programming  technique

provides a  rational  method  
'for

 the determina-
tion of  lines of  practical huli forms.

  As  a  fiuture work,  we  have  to extend  the

present teehnique  to wider  aspects  of  hull form
desl' gn, namely,  the optimization  of  totai propui-
sive  performante  including the interaction of

hull, propeller and  rudder.
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              Appendix

  The hull surface  S*  and  S which  are  sli.ohtly

different each  other  are  considered.  When  we

asslime  that the flow field around  tlie double
model  of S*  is calculated  by the Hess & Smith
method,ii)  the values.  on  S*  are  known  quanti-
ties, The  object  of  this article  is to calculate  the
Slow around  the double model  of  S approx-

i.mately by usi"g  t.he known  valttes  oi'i S.*.

  The  surface  S is generaily  divided by N

quadriiatcral elements  in order  to apply  Hess &
Smith method.  Using the discretizatiou proce-
dures by Hess &  Smith, the source  deHsity tii

and  the fltiid velocities  tsi, vi and  w,  on  i-th
element  are  written  as

di,
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where  n., n.,,

outward  normal  on  i-th element'.

mlzatlon  process  , we  want  to

(Ae2)

          n.  are  the direction cosines  of  the

                           In the  opti-

                          estimate  ti e
source  density and  the fluid velocitles  without

calculating
 the influence coefficients  A., Bv, Clj

for the purposc  of  the high speed  evaiuation  o-f

t･he objective  function. In the fir$t place, the
approximate  scheme  for the source  density ean
be obtained  by replacing  g,-,Aij, Bij, Cij of  right

A' ?,g,d, glds, zf, sq6g",･9 ,?xxi･2W, 1",gSS",C8, 
,Z7.i･

 :
mate  vaiuesgi  and  C,- into eq,  (A,2) and

replacing  Aij, By, C,s by AiJ 
*,

 Bv 
*,

 Cij 
",

 tlie
fluid velocities  are  evaluuted  approxirnately.

The  accuracy  of  the present nunierical  scheme

is discussed in the reference  7),
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