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2.2.1 do|TutAmEE A ol

g o] t}ukALA A (Radar Cross section, RCS)S #lojthe] F a3 3}
e F sty RE gojthel Al FAlE A Trb ;Ao o]ste] Abghr|o]
Eote = Ab@butel FAE AAue] e vm Aolxu #olrte] ¢
o] A= AES YehdE gtozotge Aa o] %3 HH(Knott

et al. 1993).

— 2 — 2
| 5 =limdr R |€s>

r—co )
K3

o(RCS) = |im4n R?

r—>00

(2.1)

—

2

i

o714, Re oltiel HAe AT, E S EE A 4714 wHel g
A A NEE, B HE A A NEs A A1 e E
b,

RCSE Wl Fguiz T2 & gid, wges axste] 9y
7

i)
o
=2
=
:c’)g
>,
B
2~
1o
¥
~N
N
N
1
<
-
b
ol
rg
Ay
)
il
s
a
hinss
S
>
i
rlr

AAshs Yuste QAbete] puste AEta @ 4 AT B9 E

= FHFFANA T o] AT 4 At (Wang et al. 1997).



— ~

E=0,4,+¢A,)e ™" (2.2)
— jkR

R

— e

l2=(ii%+wif%)

(2.3)

A71A, j= B9 Ba(=y1)E, kit AR5k Fak=ans/c)E Ll
e, 0, 6, 6 6, = QAT B GSluEE YEL, 0, 6, 0,
©oabghe] Wk BeMEHE Geath 4, 4, B, BE 94 %
Ag A7 e AT @ pWs ARANE o ushe, Aol
A FRAEAGA ten e dddds Ao driKnott et al

1993).

= (2.4)
[Bd> By B,y | | Ay

A7NA, B, (w,o=0,0)= JAF A7178 AE7F o83, A A7) W
7V u-ES el s AadEe] w-Ad 245 deRdT 99 29
Mo Ay=1, A,=0000-H3)Y AF B,=DBy, B,=B,°li, A,=0,
A, =1000-BI)Y 4% B,=B,,, B,=B,,°lth ol AAsE AR
g7 ZH A olste] YERh e HatgwE vhdsta deS dERM,
RCS &liAlel wk=A] argfeojof sf= Atatolty. RCS 34 [o]3 4bzh
qE 949 AAANE 3 2ol FoJethH(Wang et al. 1997).
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B, |B,|*
[U]: [099 09¢]:4ﬂ_l| 99|2| 9¢|2] (2.5)
T90 T | Byo|” | By

RCS #2882 0, 9 A22E Bt 2ol el & ek,

—_—

2

| S, u

ArR?—22

| i,

UUU:47T|BM)|2:Hm U0 = 0,0 (2.6)

R

2

—_— _—

A71M, B, A A7 N8O w-dd g w, B, abe A7)

o) v-AR RS e,
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: 1dB sm = 1.26 m?

35t
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o Fue A
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= AA EAskA dow FFAA ] Ve FAS mHste] AHA<
ol osto] Aolst= BTt B

e RCS #iAs T A9 Aauart Aol dAets Zeo
ek RCS gho] @epAAl doh. mebs S A HA ol 4=
A&star RCS AY 55 o] &akArt, atte] 3%l RC
UERho] dia sty = ok RCS th3Eghe AAdt
el gebx = RCS #s st A2 Fdshy] o] 4od 23 u

U= HeolAol dxd Wilold. 2 Wol A&%+= RCS w3k 7%

w2
=
>ﬁil=l
=y
o
fr

do
N
=2
>,
iR
S
>
i)
ki
=2

=]

ore 5d 7lEH I 71se] dtk(Park, 2005).

%9 7]%& RCS ti3Eghe 17 29 o] WAl Wl Zel diste] &4
S Aae F RCS H e vhebdth A RCS Bt vebd A9 &
gl A RCS #ir& YeEUA T, dBE9I2 YElE RCSOIA A )
Ao & RCS#ol ZA vebv= 4, #nl, &, ZAdel oJste] Fuagk
o] wj-¢ ol g RCS EAS mobalr] o] Hut,

= 7% RCS ti¥Eghe 19 33 o] Auixez RCS7F 24 U
B g, 3, $E, 43 998 A UrA oo oid RCS
T et AAEE ARl F3e AA dAH7Ee] 10%e] T
<] of sldste, 4709 WelA Zt7} 9= A A
Aoy, webd $47F 0% dwrh 180%e] AT A ¢ 45 ~

45%, ¢ 855 ~ 945%, ¢ 1755 ~ 184.5%, 31 2655 ~

o,

ok
N
w
[@))
()]
bt
%
1%
>
w
(@))
ki
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2.2.4 71814

Aetaste AASAY A=SGAERTE oAl skl AAN %3
Azge Ansta WA AN ALgEel gk Py
& =W 2= EudA wol wAHE AWt ohd ofm A

A7

o]

(ray)el v& =214 Ade Z+= "WAE(medium)s F4E o
F EdA4 = A= e A5 3A0.

71ebgste dFo] B FH(ray-tracing)olgtxl & F JdEd], 7t

B g #E SaA AadHe duAE vEd Zo] AT

u=pe™ 2.7

714, A% P AYEE oA e] AuAEE oujeta Pe 94

o1 zt(phase factor) S+ EF F7to] W3k B 4(complex number)

RePn 223 S /X mud oux s}t wAlE = 548 A
Hert o W U shte] BH FRAE 9Hd AFuglel oy

A7} mEdo st WA WMol d4E dux7t ikl wHeh

1AL YAEE Fr Eoqe] BE oUXst mAHe] wAEE Fr
% o At se, Jot FelAe e BEe Sol

2 =%
A9 FYAre H¢l 139 WX(power density) HE TSI}
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(2.8)

el Aglolal p 3}

PP,
=8 ZoA 9 I (wavefront)® 3% W4 (principal radius of

[A)[  (s+p)s+p,)

465

intensity)o]al s

o] 714, A(0)
curvature)©] t}.

2

p.

’

E R N ) %_ on T
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w B owom BB 3 %o
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T sy
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2.2.5 2833y

B

|

ﬁo

- 57
—

A (field)

WA, wabs e

MM =

e

A% 5

T

o vl $ 23

| &l

F Qrreks o

St
=

=
=

24 o

S A4S Stratton-Chu

o] £ 9]

l

2}

A

A (observation

o

A =

A

A

=Hc. A

oF

=

|79 9

] ol A

b1

(farfield Approximation) o =

o]

744 o]t}

A A=

2|

point)7FA 2] A7 Ro|

9]

= o

I A 1% &< (green’s function)® ui(gradient)

9

(2.10)

A

lksy

Vy =

sl wE o]t}

3 5

g

i

7}

Ho]— 63:

E

/1\_]__

T
T

714, s

B
27
ol
N
ol

jruge]

ki

—_
fite)

ﬁo
ﬁo

o] HlA& 8.4 dSel

plate

L A}(tangent

Rl

?gli

s

74

woz

field) ]

Z(surface

A Stratton—-Chu

)

FIE 713

S
=

Approximation)

B

el

RCS {3} o

oz T

A EAAR, =23

1A FHellA
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A th#o] & Kirchhoff Approximation®. & Aol x]+= RCS A& A= 27
A EH=d, o]& 7} o]&o] ALE= Foprt 7leEste] By F=E Yol
Tt} o]&Zd A 20o]x WA Kirchhoff Approximations &-8k&ho| Al 2%0]
T e AlE Eobb EEAIN 2ole AHEA e YFEZL BF V]EHoR
+ Helmholtz-Kirchhoff ##&23 Z& FHdg= HiAd Mz 22
RCS ZA¥3gts Foxiva & & Aok ol FHelA thFold H39
RCS kol A AAls] A H ottt
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FH WRARe] o gk RCSoll mA oA HA k= 3]de] matol] ©g RCS
S gt FoeA F o AF3 RCSE 4T 5 Jon, o725 H

o]
g3k RCS F4o] 7Fssttt .

BA A st sde] adE Axtstr] fste] T Hto] 7]
(wedge) |z Hall s ol + A 5 ZAg A71F3 =
7172l Ad7Edd(line source)o] EA Tt 7HA ghobA
of dstel mAYEFYH st AV AU QIHAE
(intensity)+ 23 2t (Youssef, 1989, Knott, 1974).

s —21-(E;-1)f"
¢ jkZ sin® B (2.11)

7 _2£'(17i'£)g’
" jkYsin® 8 (2.12)

A71A, E ¢ Hi 247 A7143 ANgola t BA g Hahe o
! WEeln, aela 2ok Y& 47 Agaitel e A& (impedance)¥t
o] =1 ¥ 2~ (admittance)o] 3, = th¥ 2
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p=cos ™ (k, ) (2.13)

2
N

14, k= w9 QA WEelth, aga £} ¢= FAASolT) o] A

= GOA AbEE = AT, v7F 7 Al S AR Aol

f’:x—y—%tan(y—é)

, 1
g =x+y+5tan(7—5) (2.14)

f':x—y—%tan5

, 1
g ZX+y+§tan5 (2.15)
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f'=x-y —%tan[tan5+ tan(y — 0)]

g’:x+y+%tan[tan§+tan(y—5)] (2.16)

4714, x, v GOdA el HAAFEEA Teo] Hor YEd & 9
o,

—sin(ﬁ)
on n
r=
cos(Z)—1
n
;Sln(%)
)= (2.17)
cos(ﬁ)—cos(%a)

$1e] A& o] gate] HALES M)A FelA(electric potential) =, 7}

2}7]1# Z €4 (magnetic potential) w, &2 YERE F 2l

ES:VxVxﬁe+ijVx77m (2.18)
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— 7 — YV [—
NN, m= QT m=— T ad olrh. T o] oz 47
Jk J Jk J g

goape] wAe el Bolst Loleghm sHgata, of mAHR YAtste B
st e A mA el o] Lol M AR A4S AR A

dobw, L9k [ & Ao ke AR web A714 2hds 247) A

P.E :L‘?jkr ‘Evi‘[(éi'f)(e D) f +(h t)(h -£)g'] sin(kL cos ) SR
2 v sin” /3 kLcos f

(2.19)

~

4714, B, = 471 349 mALd 9% YA, ¢, % hE

S

b2t

N

A7 &2 712 e] 9] H3F W E (polarization unit vector)e]th. 18 il
RS AN A FAAE YERE 9 X9 E ot

9 2L o] g3te] A g 9% Cross Sections 34 o3 #
o}

M 2

(P E,),

m=1

2

o=4xlimr
F—>00 ‘E

(2.20)

o] 7|, M& 3|dd s mA= BAelo ssolrt. 9 A& 93t
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zta1 A ¥ Cross Section?ol® =2 a3 7

i

Cross Sectiong A}-&3tt},

[Ce; -0)e, ) f + (A, -1)(h, -1)g sin(kLcos ) . r
sin® 3 kLcosfB

m=1

\/g:%ejkri

(2.21)

2= 011‘4—.

ol gsto] 3 FHE 1HI RCSE 72 -+ A
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2.2.7 =99 vAA S

g o] AR I} B3 75 gE=wor FAHe gL AL
E-d3 9@ H-dAgbo] st =& d vixA¢ ReF R, thad 22 4

oz A 4 At (Vinoy et al., 1996, Klement, et al., 1974)

Zg)cosa(l) — ZWcosa

2

Z(EQ)cosa(l) +Z(1)cosa(1)

2

(1)

RE‘ =

(2)

Ry = (2.23)
7 Z(l)cosoz(l)—I—Zg)cosa(Q)

ZWcosal! —Z.(f[)cosa

3, ZPsk 730 obdl Ao wuARezRY 7@ F Aok

Zi(;f Deosa™ ™V + 2Mcosa™tanh (™ d™ cosa™)

Zi(f'}) =1 Z"cosal™ + Zi(jl}ﬂ)cosoz(”+ Dtanh (™ d™cosa™)
Z(N) n=»N

Z" pn=923.... N—1

(2.24)

ZZ%” Deosa™ + 2™ cosa™ Vtanh (™ d™ cosa™)

Zn =1 7 cosa™ D + ZYeosaltanh (K™ d™ cosal™)
ZW) n=N

Z" =923 N—1

(2.25)
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]

A7A, n} N& = wad & =52 ey, Ve 3720 gd

—

n-wA Ze A gAzH=cos [ 1— pTe/ (e )sin%a M e, KT

& n-WAl Fel Al TR ey Y e g DB, 2 oAl el
3 A= Vgl (e )E, wE ARIske] F3EE ou @,

EH 9 i BUEF FA&Y FALS Yee, e n-
A zel S e,
o A4(N=2), 9l¢ A&

destd ofg A4S =F & 4 Adv(Klement, et al., 1974).

|
(1

HA) Zo] Hfdedt NEASES, dVe n

g, st 2ol 17He] AAE %

rir
=5
(2

Ve /u? cos 1—1/ (2 u?)sin?aV
i cosat = : (2.26)

Ry =
Ve /i cosaV + \/1 1/(e! ))sm oV
P 12 /e cosalt \/1 1/(e?1t?)sin®a V) (2.97)
E = :
1) /€€ ( Jcosalt + \/1 1/(e! ))sm oV
o] A& ol &stH AuFFAE A& RCSE 7+ + Avt
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RCS

ki3

2.2.8 499 BGZ4FHel o

B
!

mﬂ

o] el ZZtoz UFolA] zhzt

i)

dlojthel 914

T
T

9144 3

gt
Aol A 43 (exponential function)= A

=

3l of

ard

-
It

Eis

o

o

o] fA el

A

s}

—_
fie}

(2.28)

\/gtotal ~ Z\/;n
n

No
JH

A o] RCSolal n

b

dl

Z %

747 =

=
=

Oq 7] }\1 v VOtotal = ‘(H /2‘} ~]'

o 41 ¢] RCS

7 ARE 7HA

T
T

, Vo,

A

&t}

o

i

F= 7 A

T
T
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Fige

AL&3E 7| =

KN
=

(noncoherent approach)

(2.29)

& ke

el RCSelal n

A e AA E

=

A=, 1

H7] 918

s

RCSE #*

S gl B weby e 571 3

o
o

J_,mo

ol

T
Hr

%

—

N, 470, 571 ©o]d &% ©l

.

Gordon | ¢

Al O
— =

g

ool

(Gordon et al., 1975).

(2.30)
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r = dolthel X AEE] AP selv)e WE

w o= w9l QAL W - whe] whAl g

= Gaeld m WA W doleh 9AE Yehls

r,o=muA W FRe stelvle 94 Wy
!

oo A AAL wel WE Aol

71X, T 7k 00 B W 9] Aol WAL s Hi ¥ T W of
ge) He e

\/gz—%cos%xp [jkr, * w] (2.31)

™

ol &3tw EFg xH o RCSE HA +& = Ut

o
i
%
mlm
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Figure 4 Hidden surface determination: (a) Back-face-culling method and

(b) Hidden-surface elimination method
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Figure 5 Visible surface of the naval ship model according to the

location of the radar
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Figure 7 Concept of multiple reflections: (a) multiple reflection paths and

(b) effective area
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Figure 9 Experimental ship model

Figure 10 Analysis model
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Figure 12 Comparison of RCS according to the number of plate

elements
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Figure 21 [Polar Chart] The RCS analysis results of all part
and part 1
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Figure 22 [X-Y Chart] The RCS analysis results of all part
and part 1
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Figure 23 [Polar Chart] The RCS analysis results of all part
and part 2
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Figure 24 [X-Y Chart] The RCS analysis results of all part
and part 2
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Figure 25 [Polar Chart] The RCS analysis results of all part
and part 3
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Figure 26 [X-Y Chart] The RCS analysis results of all part
and part 3
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Figure 27 [Polar Chart] The RCS analysis results of all part
and part 4
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Figure 28 [X-Y Chart] The RCS analysis results of all part
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Figure 29 [Polar Chart] The RCS analysis results of all part
and part 5

1 178 1 al i I 1 1 1
120 150 180 210 240 270 300 330 360
Theta[degree]

0 30 60 90

Figure 30 [X-Y Chart] The RCS analysis results of all part
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Figure 31 [Polar Chart] The RCS analysis results of all part
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Figure 32 [X-Y Chart] The RCS analysis results of all part
and part 6
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Figure 33 [Polar Chart] The RCS analysis results of all part
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Figure 34 [X-Y Chart] The RCS analysis results of all part
and part 7
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Figure 35 [Polar Chart] The RCS analysis results of all part

and part 8
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Figure 36 [X-Y Chart] The RCS analysis results of all part
and part 8
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Figure 38 Multi-reflection path anaysis of equipment
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Figure 3
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Figure 49 Convolutional neural network feature data of analysis model
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Figure 55 Cardinal points of the naval ship.

Table 2 Cardinal points range

Bow 0° — 4.5°, 355.5° — 360°
Portside 85.5° — 94.5°

Stern 175.5° — 184.5°
Starboard 265.5° — 274.5°
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Figure 61 Mesh rotation
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Figure 64 Fishing boat model

Table 3 Specifications of the fishing boat model

2 H7) 16.4m x 3m x 2.5m
T 18GHz

FAR 0° - 360°

dy 0°

Q4T 1,726
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Figure 66 [X-Y Chart] RCS analysis results of fishing boat
model
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Table 4 Specifications of the naval ship model

Length Breadth Draft Mesh num.
Naval ship | 55 ) 19 m 6.7 m 21,785
model
Table 5 Design conditions input value
Minimum RCS of topology design target mesh 10 dB
Rotation step of mesh 0.1
Maximum rotation of mesh 5
Maximum iteration 3,000
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Figure 70 Comparison of original model and topology design

model
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Figure 83 [X-Y Chart] Comparison of the RCS analysis results
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Figure 85 [X-Y Chart] Comparison of the RCS analysis results
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Figure 89 [X-Y Chart] Comparison of the RCS analysis results
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Figure 90 [Polar Chart] Comparison of the RCS analysis

results of the original and thetopology designed model part 6
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Figure 91 [X-Y Chart] Comparison of the RCS analysis results
of the original and thetopology designed model part 6
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Figure 92 [Polar Chart] Comparison of the RCS analysis

results of the original and thetopology designed model part 7
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Figure 93 [X-Y Chart] Comparison of the RCS analysis

results of the original and thetopology designed model part 7
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Figure 94 [Polar Chart] Comparison of the RCS analysis
results of the original and thetopology designed model part 8
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Figure 95 [X-Y Chart] Comparison of the RCS analysis results
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Figure 96 Procedure of LDSD method
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Table 6 Characteristics

of damage ellipsoid volume

TNT =% 200kg
S A A 1000m”®
2] &) v} &k 15.63m
2= A )3} 3.91m
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Figure 103 Internal space susceptibility obtained using
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Table 7 Coordinates of arrangement areas and operation ranges

of front gun, sensor, radar, and seaRAM

Compart

Exterior | Coordinates of Compartment ment Coﬁgggrgftn !
equipment weapon P required rep uirements
area 1
Gun 30 Vertically
Magazine below
Front Gun [43, 0, 9] i
Gun R/S 40 Vertically
Room below
VLS | [33,0,95 | VRS P4 o5 | Verteally
CIWS Eq. 25 Vertically
Room below
CIWS [-28, 0, 18] :
CIWS 15 Vertically
Magazine below
SSM | [-6.7, 7.5, 10] Msgal\z’line 15 Verteally
Decoy (18, . 205] Dec;)gforitore 15 Vft:)retllggily
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Table 8 Layout ranges of front gun, sensor, radar, and seaRAM

compartments

x-axis of layout

y-axis of layout

z-axis of layout

range [m] range [m] range [m]
Compartment . | |
Negativ Positive Negativ Positive Negativ Positive
(§ . . e A . e ) :
direction direction direction direction direction direction
Gun Magazine 1 3 - - 1 1
Gun R/S 1 3 ) ) | |
Room
VIIiS Eq. ) ) ] ] | |
oom
CIWS Eq.
Room 3 3 - - 1 1
CIWS
Magazine 3 3 - - 1 1
SSM
Magazine 3 3 2 2 1 1
Decoy Store 3 3 5 5 | |
room
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Figure 112 Internal space susceptibility of the original model
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Figure 113 Internal space susceptibility of the topology designed
model
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Figure 114 Comparison of internal space susceptibility of original

model and topology design model
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Figure 115 Susceptibility of optimal compartment layout
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Figure 117 Vulnerability of optimal compartment layout
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Figure 118 Vulnerability of worst compartment layout
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Table 9 Compartment coordinates, susceptibility, vulnerability,

killability, and survivability of optimal compartment layouts

Optimal Compartment Layout

Compartment
Compartment center Susceptibility | Vulnerability | Killability | Survivability
coordinates
7?\2:;252” [43, 0, 2] 0.45 1 0.45 0.55
Tomun Sun | 146, 0, 4) 0.46 1 0.46 0.54
VLS Eq.
Room [31, 0, 4.5] 0.49 0.94 0.46 0.54
CIWS Eq. .
Room [-25, 0, 9] 0.21 0.40 0.08 0.92
CIWS
Magazine [-27, 0, 15] 0.42 1 0.42 0.48
SSM
Magazine [-9.7, 5.5, 4] 0.49 1 0.49 0.51
Decoy Store
Room [19, 18.5, 4] 0.57 1 0.55 0.43
Total - 0.46 0.93 0.44 0.56
- 179 -

&) et



Table 10 Compartment coordinates, susceptibility, vulnerability,

killability, and survivability of worst compartment layouts

Worst Compartment Layout

Compartment
Compartment center Susceptibility | Vulnerability | Killability | Survivability
coordinates
7%@;{;52“ [45, 0, 2] 0.49 1 0.49 0.51
Tomun Sun |14y 0, 6) 0.64 1 0.64 0.36
VLS Eq.
Room [35, 0, 6.5] 0.66 1 0.66 0.34
CIWS Eq. -
Room [29, 0, 11] 0.41 0.72 0.30 0.70
CIWS
Magazine [28, 0, 14] 0.51 1 0.51 0.49
SSM
Magazine [-4.7, 5.5, 7] 0.59 1 0.59 0.41
Decoy Store
Room [19, 18.5, 4] 0.58 1 0.58 0.42
Total - 0.56 0.97 0.55 0.45
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Abstract

Development of stealth design
systems for improving the

survivability of a naval ship

Hwang, Joon—-Tae

Department of Naval Architecture and Ocean Engineering
The Graduate School

Seoul National University

A survivability of naval ship is defined as its ability to evade
or withstand a hostile environment while performing a given
mission. Stealth technology, which reduces the probability of being
detected by enemy detection equipment with the development of a
highly advanced detection system, is one of the most important
technologies for improving the survivability of naval ships. Radar
cross section (RCS) reduction is a very important factor in stealth
technology, because the smaller RCS, which is the main parameter

of susceptibility, making them better able to evade enemy

- 190 -



detection equipment. Also, During naval warfare, if the armed
space of a naval ship is exposed to the enemy, even a single
shot can damage the combat system. Therefore, it is important to
minimize damage to the armed space of naval ships and improve
survivability. In this study, an automated topology design for
improving susceptibility was developed by combining the
geometric deep learning and the topology optimization. Also, a
system was implemented to automate the ship compartment layout
design process considering survivability and to derive the optimal
compartment layout. A convolution neural network (CNN) model
was used as the geometric deep learning model, and the triangle
mesh of the naval ship models and equipment models were set as
datasets. To compensate for the lack of training data, randomly
generated meshes were additionally used as datasets. In order to
express the feature data of the mesh as a matrix, points at equal
intervals were projected orthogonally and the distance between
plane and the point was set as a matrix value. The label data
was defined as the highest RCS value excluding the cardinal
points. After performing the topology design improving
susceptibility using the developed system, verification was
performed through RCS analysis of the original model and the
topology designed model. The survivability of a compartment can
be calculated using the susceptibility distribution obtained using

the axis—aligned bounding box (AABB) model and damage ellipsoid

- 191 -



volume. In addition, the line distribution space division (LDSD)
method was developed to extract the AABB model from the
analysis model. The internal space susceptibility was derived from
the susceptibility distribution obtained using the AABB model and
the damage ellipsoid volume. A genetic algorithm (GA) was used
to derive an optimal compartment layout considering survivability.
To compare the differences in survivability according to the
compartment layout, optimal and worst compartment layout

analysis was performed.

keywords : Survivability, Susceptibility, Vulnerability, Stealth
design, CNN(Convolutional Neural Network), Compartment layout
design
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