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Structural Design Optimization on the Reduced System Constructed from Large-
Scaled Problem

Hyungi Kim and Maenghyo Cho
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Level Condensation Scheme(2 ©A%471%), Sub-Domain Method(FHEZ 71H),

Reduced System(F A A| 2 ®)

Abstract

In the present study, sizing and shape optimizations are performed based on the reduced system of large-
scaled problem. In the analysis part, to achieve efficiency and reliability of computation, two-level
condensation scheme is applied. In the construction of reduced system of large scaled problems, it is much
more efficient to use sub-domain method. Thus, in the present paper, two-level reduction method combined
with sub-domain method is employed. Once the reduced system is constructed, it is straightforward to obtain
design sensitivities from the analysis results of the reduced system. We use semi-analytic methed to obtain
design sensitivities. Performance of the efficiency and reliability of the present reduction method in the
structural optimization problem is demonstrated through the numerical examples. The present framework of
reduction method should serve as a fast and reliable design tool in analysis and design of large-scaled

dynamic problems.
.M E

AFE Az=de PHo=z FxE FF YL
FPsetl 285 AR FA ui3E) 2ot ®E7
TP glen, tEo] Y 7Fed T2ES FE
FLER @A) IR Yo a2, A 722
TR dYHEYH Ut ohd, Be o AREE
EFFEE ov)) S Fol BRAY, ¥ 7e
FZAFF sk T 3l QoM meislor & =13
AAE A AA 85 FE AZx g8 sF HAS
A FE8) FoHEHL JE FAGD o) 8FEL
A Alzde] Ao E7aka, whEsiAo] Yl
HAgt A Ee 4 @Y FAMes FEY
A g2 AANREe aTsky] diEdl #Y

t 4AA, 54, Agdsa qgd ANAgEITET-
E-mail : shotgunl@snu.ac.kr

* Y, AEYER JAYT TGN
E-mail : mhcho@snu.ac.kr
TEL : (02)880-1693, FAX : (02)886-1693

TR AL Tt Ak 4ol H1 gltt

ez, 7B AL FASMEAM, Az
AHAA Y 5 EEAY BEAE sk ke
Ad7E0l AARE AL Y=ol gk ol 7Y
FAN A FE e ol H4RPEE TS
ol

a4z g A7 F 7 ez JgHo
gt shvbke F2EY AT AWEHA # Y
R=g 7|22 3o A& THSE Reduced-Order
Model W02, Redsjio] 1 otz & 4 Jek?
e shlke A2d"dA T8 AFEE FE3819
aRE JeR F4 ALYRE TS WReE
olo] tid 4 BHEE thystA AL 0

a8y, FaA2w0] MPE Bty oY
TZEEHYH F2AEH 7L AN 33
AN ANzl g7ED, HEd AREF SEAHY
GHel A$ANAY, AFERE AUAA Fxshe
A% 71 7ol glen, AaEle 7] Axd
m2hN FAAEY FAo) 237 Bl agdFHd F Utk



20293 9

2 Q7o o TARE sk N Bx
s JARE e A5 B A F1Ee AY
doh dgTzEe E2d S HdNe TzEL
shiel w9z TSR Aurks o8 Al RrzEs
e F 22el 99el ol Z40Me A8ske Rol
B4 BRI YYTFEES B )Y RYEoR BB
F, 7 ool 2 WA FAoel] ofsl FaNage
A BT, of PHe AN B Aol Lasle Ay
Ak B FD 4 glow, Aael NS w3
She TR 8% ol B AToINE FaN29e
FoE P S SR, Alol= 2 B Han

g 9% F, ALY vwg F AL Y
Aage AFeeh
2. SAA AR/ RS Jgel oS

2.1 HEAAAHS HAF

PETFEEAN FAAI2Re P 4B A
Ake Fez ska, FANGE éi?éz x1x} wey
AU R=g A2 sFsAdol A A7l =
oldl BAIME sl s cﬂtg?zs“ -3 %(sub-
domain) 0 2 ¥E8l3, 7t oA FhAI2RE FAG
%, Ueldol2 AFEE 5 R99e 2FS 5
HFAA FaN20E TAYLL

) 3 ) 3y Q) Ag®) ng
K KP‘ Kpb llg) Mpp Mn MPD “g)
O KOO O MO A
KO KOK® W | [MOMOMY u®
KP KPK,KP KP [{u, t=AMOPMPM,MOM? |{u,

1)
OMOM ||g®@
M’ M Mw u;
QMO M® |[u®
MOMPM ||v;

K(i) K(z) K(Z) u(2)

'S4 85 '5p e

(

KKK (07
K, =K} +KP . M,, =M} + M2
Figuxe 12 AAAN2E 2 7)e] BgH o2 vRe oolth
7t Qe FAE u,, BAHE u,, el AT v, 2
oAz, F B9 Rgde zsk A 1) A2
FeE TP, FAREE AAP) %%H 2 AR}
494 Yoz HE] 2] (2)9] 27] WAL A& = Qlrk
KO u® +Ku® + KSu, = A(M® u® + Mu 9)+M5;: u,) @

K&u, +KPu® +KOu® = \(KPu, +KPu® +KOu®)

7289 1 of dialA, FAHEE FAHES A8~

AfER ERE & 9o, olte 4 3= Foldk
u? =—(KY - D)™ (K -0 3)
- (K -D)” (K -2,

Kﬂ),M(l) K(Z)’Mﬂ)

Sub-domain 2

Sub-domain 1

Fig. 1 Assembly of two sub-domains

GEY 719 AFE T UFTERE AA Y A7

1071

2 (39 9P FFAAA A3 213 HH, 2RA
o] 1 A7 2 FTHIRS ). ALl ofa) FA A
18] BAGEE FH02 4 @)= Foldr)
u® = —[K"’T K“’ ) _[K(I)]" K%,
[x0T (M -mpKeT K )
(x0T (M“’ —M(’)[K“’T K('))M

4 @ melslel, 299 12 4 (99 WHNY Pz
FolFick o7]A, RHEFH 1,19 = 4 9=
o3t}

u
u) -
u,

A7IA, 19 =[KOT KT =-[KOT'KD

299 2 9o WIWAE 4 95} FAlebA TRk 1A
A T $RE, defsfols AR bl
W 9 TE N 22 T u¥,u,u® & 2P
1] TG, GEels A, $4 29) TS
DL

{T"’ [K"’] (M2 +MOTO) A} {T‘"+[K"’] (M2 + MOTO)A }}L :I

0 I

uf I 0 0

Wl w0 [u] [u

u, |=| 0 I 0 |lu, |=T|u, ©)
“?) 0 T’::s(Z) 17;;2) “;2) u;:)

u(z) 0 0 I

'l“”‘""l“” + [K“’] (M"’ M“’"l*")

Twm=T<n+[Km] ( MY M“’T“’)

2O =T +[K‘2’] (M"’ +M‘2)T"’)

20 =1 _,{K(z)] ( M@ +M‘2’T“’)

4 @ BT TAR AgPEl <8 Guym

A2, (K] T [M,] & FEI )R RS Al2R 75

Al x & 2A1EE 8l7] A3 ARETE A () ™

o3l TR HFTH S22 L] el 4
@®°ll F1A Slck

Q)

an a2 ® a1 pa12) ®
Kis Kid © u, M M O u,
K K@ KR lu, |=AMR MP MR i, | (8)

0 K KGR |u® 0 MG MG |u®

22 QIE{HO[A FHE Mt HoAlAH
2] 8)9] 24?-’\’\] B 7Q%e Age 93 UH
Fols AREE FxUHeE Igstn ok a4,
R R ES °3‘1”’1°ﬂ*1 T8 =R AYHe bed
g 7)) wiEel, oA Fa9iel ATRE HsiA
UejFe)~ FHE BEF ¥l e Wie ¥las
Zoltt. £3], Udg#lo]x FYo] 2 AU L=
S20ME AdAEY 2l doslAl drh mEA,
AeiFol~ FHollA Fad AHi=The Eeelr] A%



1072 A4 7
BAge) Aol avEd A @ Z ¥
FARES dEjolx AREE TEen flod, A
OF dErelz J9g FARES RAHED B
3ld A|2=g ATAR Aol
K KD K0 |[u® M MY MO o
Kﬁ? Kg) K_(‘? Kgl) “;(':) - M$) M.?:') Mg:::) MSLZ) ,i) (9)
K KO KO KD {|a? 7| M@ MO MO M@ || uf
0 K& KD KD ||u? 0 MPMOMP ||u?
A @9 F wA PolH, FARE} RAFE Alole)
PAIE L £ ov, oe 4 (107 Bo| Foltk

o
uP

u® = _(An _\B" )" (Cm _ mVJ) uf,i)

@
uP

)

= =
= u

(10)

A}'3=K(:),BVS=M(:)
A71A, C=[KP KO KO0 =[MP MO M?]
4 (10014 fx de mEiEh, RS Alado] 75
51, o] & A Guyan Al28o] P& FAH
5, geslol2 FAMtES} FARE Alold] BAIE 317
g1, zZt 2o FAFE9 JEHolx FAFER
T4€ 3 /o] WFez Fadch 4] (10004 RS
ANz S e BA AF 3RS AAR Guyan
Alzdlo] FAEojol BT} Guyan AlA® FAHL Hg
Hg gFL nhA Fe AAS FAEH, 4 (112
Folx glch.

T =—(A")" " (@)

T =T/ +(AV3)“(DV3 —B“(AV’)—IC")A ®)
A9 F WA 23l Guyan A=F, K7 I M7 °]
T 9ol 75" Guyan Al2EL 4] (11b)9) RS
Alz'g TAE] Y% 8E Y- FHo) AM8Ho)

A7IM, A & (mMp)'kp 22 2ARN o] ¥
azste] 2 (1)) RS ¥ P T, o] F3jzIch 2]
(_1143)011 93t JF RS A2=HE 2] (12)9) 2t

Kf:) KS:-O K(:) 0 K% K® o
K@ K@ K® K™ L »
P e Pw g ROKO KO
C
0 K K

ta

K =1
o) g () (&) (2)

K& K® K© K@

() @) g
[0 K2 K& K&

FMCO MO M@ o (12)
”» fud P MW M® 0
MO M@ M® Mo LA
M2 =Tv3’ P £ 4 L ™ =M™ M® M@
R R MU M MW M(lz) R P » s
Vi d Lad Vi Fad 0 M(:’J) Mﬁz)

[0 M® MM

3. RaAAHE 7E 2D3F

Figre 2 & 24298 7% #4g moETh o
FRe % 6 DA TAslo} Qloml, TeI Azwe]
2k edodol 7} AHE Jeloz Bl glovk 2]

.}_Ugi

A" 1%L e o]lAE BT Xdshe F4rLEE
T=3H4 "k

A A AN E 2 £99 d9le] wg d3de
TEYTL o] WAlAME Zb Hgdo] =YL Zm
A7) o), g e wg PPL EPHoe=z
TEE g ok oA, T8 & 29 1 M FEEE
A A g9 HE AL ouljich

F dd gAelbE zt 2o w9l EAA|2Eo]
HolAd). 3949 19 Fe= FAE 3,6, 8, 9, 10, 11,
12¥o TAH T Bgy 2= 9 10, 11, 12, 14, 15, 18
AGER FAEE & 5 o

A A dAdME QJEHEA AREE BT
zgsle] A" EAA2"0A,  AdHH0lAE
FARFES EAFEZ FEjt AlaEE A7EE ok Pl
A& S0, Al A dAllA, F49 2 £9,10, 11, 12, 14,
15, 189 AHEZ A 89, 11, 1239 AR EE
UEjFlo]& Bz #Pstay, 10 WML Ae{FHolx
FAE gt mEba, Al HR] DAl 10, 14, 15,
181S FARER 9,11, 12 1 P EE A

vl A SAeME ARdE Azke nEd 7
E4A 287 e AL FEiAnh g7, g 5
FAA 28] AEAE UelUE Hoje} HAA2H
el g8 18 = FAE 3, 6, 8, 10, 14, 15, 18 H,
HzagEe 9, 11, 1202 T of7)4, 9, 11, 12
AEE ElHo]s Halizo) sggict

ot A AlollA, g Y TE 2 RE, 4 599
e AR FEd 99 999 wg PPe
TE3)

A4 A dAdME 299 g9 W
FA ANE 3] FaAa"o] pEHHY.
AjxEzio] A%S B8 AFTHA A" AL

Tragsformation
Matrix of Each
Sub-domain

Step3:
Transformation
Matrix between

Each Reduced

System

Fig. 2 Schematic of the construction of the reduced
system



SN2 Y2 7Y

b Qom, Aol FAGE 10 WE 7
Rodol Fhate FU2 A9 TEe) Ak
4 BENAHOIM HME BZT AN

43} #f%l& H%ﬂ’ﬂ“ fizda
Z3HA °
e ZH‘%H 7“*@-4 EH*—V* H“ﬂol e ’.“_il*ér%
BF sk WEeE FEYEY vidge] xgEe
7V sl HE 7:11’&01]/\1 TE FIAREYol AH-H L,
agy, o] wWhie B Fr)9t #@Eg Wi
tsiM = HlaA ’\‘:’4% T Ae Ve 238 AN

A, S w2t A F Qe AAE AN
R AL Van Kewen 52 BHFE &E3R
AARER2 Fesl] AA UAE Fold A
BER FE My dRler mashe W=
7S AR

B g7ds S22 -0M dojdl FRE olgst
of ZARE Feld o3 AT M FPP 2
Azgo2Rey Qoid afdEE wagdt] kg
B3 FAHE 2o IfYEE 7 § ok o=
FE 7 A4 e afdeE 01%3}04 A
EE P28 5T SN Ud= e F43ck
o] ¥H& A7} ety FHAALHAA Fail
A TREEe] At 7‘1211 ANe"a & ek
WAl @ethd AA W] SRl Fashl Bee
”1715 23g AT ‘“‘5&, B2 wzejo} At ARk

< 878k Eﬂﬁé?—% o] afA DRZAAN FFE
A% EHE 2 5 3tk

A 13)elA {g,} & F2A2ReN dojre ufr
AEE vehie], Zb gdo wEaYde) s 7}
99| FAE g 279 1{¢S} & ¥e T Aok

-} - ®

TFANE R WS BAYS L 742
*F%GM Ast sgeck wigd A5 o,
%2 BAlE ket Reluck
K(x)¢(x) - Mx)M(x)¢(x) = 0 (14)
AMse] WA FRe Fash,

woran

o] EAlE

A (19T Z2 TR/A PR S 4L F Aok
ar_$'K oMM (15)
dx $"M¢

A @lM A FL BAR=E aEd

DR erEYRe PR Rl 47
Ut} 785, AR e AHTAlst SYaA
AUshZA Aol Psslch ¢TKg o AU ¢ B
EPAYRY PAR=RE RS 4 (163 2ok

AFL B¢ WY

B A Y a7 1073

(qﬁj1r +a"rT)K' (¢‘ +a"rk)

= TK 6! +a K ¢~ ¢TKr, —(o ) rTKr,
of = LFEEE ZAARcHeee] Uil s
Hgigo 2R FAEE RELS 2d AL oujgitt
A (16014 vl WA g BARE A4AQA Kr=0 o
o8] AAE, F MA I Kr, +K'r, =0 o 2JsiA
—o'r, K¢ 2 HPPR, T dHAY A dAxe 59§
);]o]_\:x_g’ _?,]g] Alo ;]iz%_gi Py (17);4 QE}

(67 +o' i )K (¢ +0'r, ) = 67K ¢ - 20* K, (17)
webd, dAWSE st g ngdA 9gEE
A (1) Fddh

dr _ 97K - 20" 9s Kr, ~2™M'¢
dx ¢ ™o

(16)

(18)

5. SAA|A-O] st M5 3
5.1 AtO|= |3 3}(Size Optimization)

511 MUK HTBTEE]

Alolz HAstg A Asle] RYHE 2= P2E
o] Fig. 3 ol FoA U} z} FPHuji} Frgdy
FAREE AR 797%9 FLA2ES T
OH SaAzdolx F2E) A2 HH5E 9%
T4 7o)}

O Objective Fn. : maximize A;(fundamental frequency)
0O Constraint Eq. : volume <= initial volume

O Design Variable (DV) : Smm < t; ~ts< 15mm

O Initial DV value : t; ~ts= 10mm

0O Linear programming perturbation : 5%

O Convergence value : 0.05%

23T THFIHFY Husleln, dA d5E 7
Fogde] FAE ARSI, 27] volume(F3H R T Xd—
&e AT FEEPE FASI Figwe 4 9 5 &
EAgrol AASe] 57 ghe 2oFm gk

TE S e 3891 o9, F 99 FAL
ek, 1*‘”4 T e gasln Qo £9e)
AAETE W 52 & 7 3ok o] A= Table
19 97t 2928 odiEE 4 9tk 7} iteration oﬂ*i
AAANEEFS) UATE {FIREHE ARSI,
Z4AZERS)OIME BARY 71 2% -@Héﬁ
WS ARSIk AR "R nlasle] AEE 5

e AR e RoiFa glon, o AAA2H)
ogk A3 Aot Ao AXsA FE ouidch
A% AR 11, 6 AdiFos AL ghe Bk
AL AR wsle] disjA Sageeel W3yt ax)
%58 4“]6}‘1] t, 5 o F7] Wik EXge) &



1074

oy,
)

e VA U8 ¢ 5 sk

512 MEILUA} 4HTZET

Figwe 6 5127 ojAlo] 75 B4Y HAA2HL
F7181e FAE FREo|t. Bd 16 & A W
glom, o9} #AYE FHHA AL Hasx Yok
gx], FFH 7 9 Fb Y8 <AdejHolx aHrEr)
Wahs 2o A7 3shd Pk

O Objective Fn. : maximize A, (fundamental frequency)

O Constraint Eq.: volume <initial volume (1.819x10® mm®)
0O Design Variable (DV) : 5Smm < t; ~t;< 15mm

O Initial DV value : t; ~t;= 10mm

0O Linear programming perturbation : 2%

O Convergence value : 0.01%

2GS F& 2D L AANSE ol
Zh @] Aol Hsl AAuse FEgol
%9 He oz Folzy wWEe o e

HEZY o £ % 44 2L ¢ F ok

Figure 7 3} 8 < iteration X130l w2 ZA 49} 7t
AARe PN HAF Q. BEFIE=
HEHoz 131 o TR Utk AAESFE R9Y
12, 7 AXE T4k glod, 299 356 dAe
St gictk

7] -

P
o
fol

Domsin 2

Domain 4

Domain 1 Demain § Dontain 6

Fig. 5 Convergence result of design variables in the
infantry vehicle structure

Domain 3

Table 1 Sensitivity comparison between reduced and

global system
h;f Analysis t tz ta ta ts ts

DM 00000 07591 07377 17027 17428 002

1 RSAM 00000 07591 07377 1726 17427 02D
Emr®%) 000 000 000 000 000 000

DM 00000 12408 10076 14998  1.6346 00346

4 RSAM 00000 12408 10074 14995 1634 00346
Emor(%0) 000 000 002 002 001 000

DM 00000 16839 11530 14063 15558 00348

8 RSAM 00000 16823  LI5SIS 14046 15544 00348
Emor(%e) 000 039 0.13 0.12 009 000

DM 00000 13507 17024 14072 15650 00316

12 RSAM 00000 1352 1747 14056 15636 00318
Bro®) 000 0l o013 o 08 060

(a) Configuration of vehicle structure  (b) Vehicle structure with 6 sub-domains

Fig. 3 Configuration of the infantry vehicle structure
with six sub-domains

Objective Fn. Convergence
<6 domains>

Eigenvalue
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Fig. 4 Convergence result of the objective function
in the infantry vehicle structure

(a) Configuration of vehicle structure

Fig. 6 Configuration of infantry vehicle structure with
seven sub-domains

(®) Vehicle structure with 7 sub-domains

Objective Fn. Convergence
<7 domains >
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Fig. 7 Convergence of the objective function of infantry
vehicle structure with seven sub-domains
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Fig. 9 High-speed aircraft wing with nine design areas
and three sub-domains (dv: design variable)
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Fig. 10 Convergence of the objective function in the
wing system with three sub-domains
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Fig. 12 Convergence of the design variables at the wing
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O Objective Fn. : weight minimization
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Fig. 14 Design domain, loading type and optimized
shape of the infantry vehicle structure
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Table 2 Eigenvalue sensitivity of reduced system in

each step (1)
— &5
basis P Isensitivity]x 10 e
vector iteration - iteration ;
no. ITor rror
abs(RS)  abs(FS) %) abs(RS)  abs(FS) %)
1 1.9767 1.9766  0.0051 4.1025 4.1025  0.0000
2 1.0147 10147 0.0000 25633 25632 0.0039
3 12016 12016 0.0000 3.6366 3.6367 0.0027
Table 3 Eigenvalue sensitivity of full system in each
step (2)
basis I |sensitivity]x 10 _
vector 15" iteration = 21" iteration .
rror rror
no.
abs(RS)  abs(FS) %) abs(RS)  abs(FS) %)
1 6.5971 6.5968 0.0045 8.0775 8.0772  0.0037
2 3.9071 39067 0.0102 6.1837 6.1831  0.0097
3 5.6773 56774 0.0018 4.7270 47272 0.0042

Table 4 Convergence results of the objective function,
stress, constraints

Converged

Initial value Result

value
1 0,

M l4g26Mpa 88.85 (Mpa) re‘;?l:’e .
Eigen i® 17.82 35.00
value 24 104.11 132.48
39 107.36 132.76

Objective 6.48 x 10° 5.80 x 10° 1%
Fn. (Volume) (mm3) (mm3) reduced
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Fig. 15 Comparison of time cost in the one step in the
optimization procedure

{b) Reduced system
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