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Reduction Method based on Sub-domain Structure using
Reduced Pseudo Inverse Method
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Abstract

Reduction scheme is remarkably useful in the case requiring the repeated calculation procedure. Recently, the efficiency
of the reduction scheme has been improved by combining scheme of sub-domain method. But, when the global domain
is partitioned into a few sub-domains, sub-domains without constraints can be produced. it is needed to extract the ritz
vector from each sub-domain to construct the reduced system of each sub-domain. it is easy to extract the ritz vector
from sub-domain with constraint. on the other hand, pseudo inverse method should be employed to extract the ritz
vector from sub-domain without constraint. generally, the pseudo inverse takes a large number of computing time to
obtain a reduced system of a sub-domain without boundary condition. This trouble can be overcome by the reduced
pseudo inverse scheme which proposed in this study. This scheme is based on the static condensation that is not related
with selection of the primary degrees of freedom. Numerical examples demonstrate that present method saves
computational cost effectively and predicts the accurate eigenvalues.

Keywords : sub—domain method, reduced system, pseudo inverse method, singular value decomposition

1.4 & Aol B Aok dle] Ha k. o] Al
o o Tl FaEe NS fANAA A AR
v%]T_l_EH/}le] ‘\1105]' :IL}_EQ] —T—WLE‘ﬂ' r’H}féi}ﬂ% 65]/\0}0] 9] §_'€/H E—Xﬂg 7H/\%6}J_Z} {5]_3,_ O:]?—E—o] ;ﬂg E]
%@'?SH‘X] 111 E4 ]—E‘ ‘014—‘\51’ }gﬁ]%‘l‘ ‘E_T-‘J:— ’57]'%1101] % ]E% 7 H—l z ]/q 7]_11_ an*l XﬂOP E]‘H% 3_1 ]
Iq—E]— 51315]' ""Xﬂ = %‘751 %H}ﬁl %‘01]}\'1 %‘T"i‘iﬂ' ;ﬂ.ﬂ'ﬂ' _}]\_E'_%_]—% :TL}‘E)]E}E‘ O]_t];jo]q_.

A3 we AUANE 27 Wil e FPshie

x 38ty 9 F AT Y E-mail) shotgunl @kari.re.kr
wx WA AR} At 7| AT Tel) 02-880-1693, Fax) 02-886-1693 E-mail) mhcho@snu.ac.kr

- 139 -



FarE dA3s 7P EeA o] siuh
stits FEEC] AT Tad 9Fs s 3 i
EES V2R st ARES FPHde SRl

(Reduce-Order Model, ROM) HwolH, T 3lue=

FZd FoAFEE JPror EHAA 2~ (Reduced
W

ol el ROM R} 433l = &
Ased = vk a2y, S2AAEES AZHE
HEEA  FEEd A= A4 A dE
doiHem FEo] kg ROMe]

Y
r
W
v
B>
>
[
ity
-4
v
Mg
o2 o 2
12 ¥y o2 S
12
Mr Ao
et xQ
N oyo
)
Kool
Lo to

o 1t

i
i
o
X
AN
M
o
> 4o o
_E
A,
>
&H—f
rlo
-z
o
12
o,
=]
> oo W
ol
ol
X

AZA free AE|9 singular A|2~E

|/l m&HoHA AFA de AL F=HEE @7

Ja F2 A9 sd WH(Reduced Pseudo Inverse
3]

A9 %] oF Condensation

gt QA5 (Static
Method)ell 71%% Aoz Zdydst dgFhdo] H|7}

A2 AFESS FAGEZ Suel A4sA Hn,
RPIMO.RE ¢lojzl 2Met 7 ¥999 Fo %
FE AES 98 Fa Aus ATl 9o

2N HaA2Y JARE WEe) A5 AT

A2skE
3= R
= HoE
4F e FACGASE S8 RPIM 3 AWHHQ o)A}
Agdo] o3 1G] A A2 wmale] ok
A4S AFstaA o

r!

M
o
o
)

AN2De T RY PgPom b

Qg oA
dg Aelsol s AFEES AR Fhe] AFE 1H
Ag welFa ok
1) A1) A1) A1) (1) 7A1) (1)
K, KK, M) M M u,
&) K K My MY ) u!)
K K Ky KD K| =N M) A M, 2 1 ||, (=0
K KD K MP MD M2 ||
(2) 7A2) 7A2) 72) 24(2) 242) (2)
K KD K M) D M2,

(1
A7NA, K, =K+ Ky, My =M+, $1 AR (D
@)= 949 13 2& ov| g
FAA TS FH6H7] A b Fddge FabRErt
AAE o ok gt o] & ffal 4 (1ol F+ WAjet vl MA
FEFH g 139 99 29 FAfEE 4 (2%
2 (33 #Zo] FAFES dHF o] AR FHT
T 3
! == (B = D) (B =AM ) = (K =AM o}
(2)
) == (KD =AM ) (B = A0 ) — (G = A0, }
(3)

A 1248 E3ek Aoz ZALSIAF)H,

I (= 2D (KD ') u<“] ()

|
(D= (0= 2 [0 &),

A (WE FE, #9499 19 FAfFE, FAHTE, AE
Z

Aol A= A 53 ol FAHTE B AEHo A~

AfEZ BAT 5 A9

(1

u, o0 |

W= | 70 70 ,,}
Uy,

U 7

., 0 e

[0 aa TR (s T |

0 0 ’

(5
7y = [&V] K

sp
19 wgat fAA, R9Y 29 FARE,

(1) 1)]-1 A1)
714, W= kY] 'K
g -

BAe%, e Hol~ A5k wadAE A (6)3
Z



@|_ Uy,
ul|=| 7% Tsf) e
u(2) 0 7 P

0 0
7| (a2 T (a7 | )
0 0 P

A G A G Agse] A (DR Fo
A A el A o] M aAE

ull) I 0 0 N N
S s 1 1

U,il) T n%(s'l Ting) 0 Uy Uyp
ub = 0 7 0 ub _TG ub (7)
u? 0 T T | |u® @
ul? 0o 0 7

7] A,

Tt = T+ [K V] (D + D 1)

T = T+ (KD (D + 2D 1)

7@ = 1+ [K2] (M + M2 1Y)

Tid = 1)+ K] (805 + 22 T)A

ka3

I 0 0
7375 0
Te=|0 I 0
0 7Ty
0o o 7

0 0

(&) (2l + D7) [K D] (2 + D7) 0

+ 0 0 0

0 (&2) (MP+ M217) (K] (1

0 0 0

8

2 @®)lA [ My B R RdEHE BAFLAS R

A A8 WAl Q8 5 9

7] A,
[KG]: [‘Kpp}i [‘Kps} [KVSS]ilE‘K*p} )
[M]= [M,)]— [M,] [£,] [Kp] (7[5 [,
+ K [#] [, HK«] K]
AzHow, 7t Bode FaAage @ AA i
2" A (9) ~2 1DR F59.
el 19] HaAw
. ) ( )K(n Kﬁ’

) gA1i) s I 0
K, K _[rmido p( >K<n K(lz Jsp(t) 1)
K'(il)K(ii)l 0 b)) 7 ) IRS LIRS
| B~ L4y, IRS Km) K(n) Kb(b) 0 I

bp bs

Mll M{gll M{lz Vi 0

[ 7011 7 (1i) sp(1)

%I’ %b — ]TlﬁS 0 M(ll M(ll M(h Tsp(l) st(l)
M) ) gent) g | Msp Ms™ Mgy 1rs Lirs
| My~ My, RS Mb(;n ng(;l) Mb(bu) 0 7

9

+MP7Y)

299 29 Banzd

2) K
pp DS pb 7 0
2

22) A2
KK R | T 1
K}fp )K( )K< i) 0 7
%32)%32)%’)20 [ 0
i sb(2
22 A2 2| T T

M M Mo 01
(10)

[ 2A22) 7A2i)
](p(p K2b7
(i2) 7.-ii)?

|7 T2
0 Tﬁ?ﬁ? 1

[ 1/(22 (24
M® A

7]1117;2 M

1T 0
0 75 T

;q ;q] _/,\_ }\] ~ Eﬂ

) K(ll)K(lt) 0
Kv(ll) Kv(]z) K(ZZ K'(Qz op pb
P 12 ] ] [d‘l K(u (i2) (11)

(1) i) <12> Ky
x5, Kb(bn kK, Kb(b 0 K(gl) K(Izz)
y4 1Z4
_ (1) ,/010)
(o o)\
le M(u ]L[(zz ]‘/[n = Mli Mbb” M<Z
bp W 0 M(Qi)M(QQ)

o] 714, Kb(bn) +K;)(bn M u Mb(bii)l+M)(Zi)2

2 (1)L 2E e F ol 23 £33y wito] HF A
8 &S eiM e B2 Algte] 2tE Y, s AnE
7] §18k A E S A = s Belsit) b,

Hi o] Af o E F238H4] &2 e AASE

o] e}ttt o] & 93] AA 2 Iy o] clE o~
FEZ QoA FAH (IPDOF)9Jr QE | o] 22 Ha}f
Z(ISDOR)& w8 = 9l = 9o, o] & o] &3l 1Ff
2 EAE AT 2 (12)9} Faa=s

2 >}L rE e |~

K(ll )]((17) 0 u(l)
p
Ll K(/L Ku) i2) u(;)
Ll) /1) ) L2) (L) (12)
P[) K;fs rp PS uP
0 Kzz)sz) u;z)
M;;”M;;”M;;“ 0 [u”
B
il i i 12 i
2 2 22 2
0 M M,," My,"| |u,

A (12)¢ F WA gemiyE 4 (139 o

Z 2455 (PDOF), A H o)~ FAFE(IPDOFR),
SlE|Hlo] 2~ HAGE(SDOF) Alele] #|AAS A&
F 9lom o]E E3 ISDOFE AAT & 4
ey
p
W =— (4= AB)"(C—AD)|u!” (13)
u?
P

_ 141 -



4= 580, 5= 00, 0= [ K K2

D= {]l/[sp ]l/[sp pr ]

F5AME B8 4 (1)EZFH RS ®HIPHL A
(14)8} #o] et}

[Rﬂél)RTs(;i)R];(;z)] (14)

— [GTf‘;}l) GTG(;)Z) GTg(;)Z)]_,_A*l(D_BA*lC‘r))\
i R R e e e T . b
ofg MaPH S ouiat, A= (M) 'K, oF diAE

T Ut
wEbA, FHFAQ wEsde 2 (159 #o] ISDOFE
A7 skl PDF, IPDOF who =z ¥ Th,

u?) 7 0 0 (1) u(l)
i Rplil) Replii) Rpli2) | | P P
ufi) B A R ) U;E;L) =Ty u;l) (15)
u,, o 7 0 @) @

u? 0 0 I Uy Uy
2l (15)9] HEPLS Fa HFTH
(16)7 o] FolAlch.

(

: )
aAsge A

o
4

11 g -1i
Fop B 0
Kp=TiKT, = |K) K K (16)
2i g 22
Wi Moy O
My=TpMTy,= | M, My M?

2i 22
0 MZ M

3. 2419 7|uk oA 93 Y
3.1 A& YA 934

o Mz

-
A
Ol
=)
=
i
o
oW 2 oo

An)
i
r_{
]
i
|
td
uy
3 of
o 18
=)
)
o
2 gl
BN
r\l
)
1 e
i
R )
fe e

=WE A singular7b HASHAl HTE wEbA,
17 2 2 87 22 79 ddPseudo Inverse
Method, PIM)& o] &3flof sh=tdl, o] #}42 g A
AbAIZEE AN MEE s dew §A "u olv)A,
U, V= a3 sdgolt,

7= U[EON VT a7

Zr=v|zyto|UT (18)
o AMEI AN 2 AFIAE Bz oxela
(Reduced Pseudo Inverse Method, RPIM) = X3}
o P=AEE FEH3= WHS Akt o] WS A

Fa WS )RR ] WEe] Andste st

1>

2

FTAfE AA A e Aot Fasith w2 44
H FAFEE 7122 A ZF Fdoo] FAEWH, AA
Z70] gl F999 H4 gaggde A FaA
H, o] T3 FA2YGe FH=WEIL ALk FAA
28 FEof| AFSH A ke FAfEE FAFEY A
F= #AAE S8 S
AAFAE H8 2 193 Zo] HPo W
FAFES EAGER s 5 gl
L[] 19
o714, A p, s& FAFEY FAFES v dt
oA (199 F RA As Fd FAFES FARE
Abolol WM AA VL A (2003 o] FaRIT
Us = (K55)7 I(FG - Kspup) (20)

4o WBWAAL Bl AHF2A0] A QDR

Foj it

Kpu, = Fy @1
KR = (](pp - K}}SK;: ll(sp)
FR = (F’p - K}JSK: lFs)

gy, AAZR7C] A e FPAoMe=, Kl
singular °o]|BZ W& §38h EHE Ea ALE
Ak kA, AAFYG ] ARFEE FAFER AA 31
Kp& %% & PIMel s 2 (22)9 2ol K9l
BIPN I % Kaia=

K,= UB[ 0 vy (22)
PO
K;: VH[R 0/\ URT

a4 4 @22 F& gAgaEs
BE FASE WAF o7 ANER, 4 @DEYY

a9 2% RPIME olgdle] FaAsE
$4& nolzn. 7 wrel @ A
X

A WA Bl AARDS 390w
wvagn, paw Rode paziel Qb deln T
Sz7l0] gl 9hom Uslel A7 ) @k,

oA AN E FAGES A4er) 99 2=
HE ZZsor @y PEzdol Ruk adele i
4ol AANG Bo P2WEE Tohn, THEA]
gl Rololol At RPIME o] 831 el=uE g 353
o,

A WA @A FEE B29EE ogsld 7 3o
oo FAHEE WA Aot

g oA @A AE T FARES 2 a4
Bole] wele] HaAAWE FEHSIL, AL wAe A

_142 -



L7 Ha20S AFete] AEALUS PEAD

(RPIM)

Pseudo Inverse Method, TPIM)3} RPIM 9
AP QE vluske] APEHel a&4S HoFEd, T

HA oAl AR dRTREEM, 2 oY g

B3e S RPIM & o] &3te] 183 4S S8
o Aleltt. Al WA dAle Al ddger  iEd
HaTxEr 7 BE9e Wyet xxyom ddd
Al 2=glo] T},

Fixed boundary
condition

SERE RSB LR

Y 32 mAAA ohE WB TERES A A
ygoon Bee Zelth 19 304 ¥dY 139 2%
Feze] Rusel germz A FANME B
A G=UEE ANT & Ak W), P49 3-62
AAZA free AHo|BR ALY YPHS o] g3lo] Tl=

HE S AAbsof shidl, TPIMS ©]&3HA =4
AAEAIZEo] 2@ F Y, 18y, RPIM2 Al ~Ele] 37
Z27] Az=Hl A7) ti¥] 5% olgtE =o]7] wiio] A
SHolA s agdolgt & 5 gt

£ 12 RPIM3} TPIM Apole] #l=wlg Alxkr
w Axjolty, AxpellA TPIME 4 LA7FHS 1,200
H, RPIME A&3tE A5 70% ©13<9 ALAIzE
i24E 4ds ¢ Udes &
TPIMel ]33 nHx A=
7hA) €] @2t AR AL

3

9 FEel A5ge & vk

s
=

f
N
[

¥ 1 TPIM#™ RPIM9] AAFAIZF H] 1L

No. of sub-domain TPIM RPIM
1,2 282 sec.
3, 4, 5, 6 1,200 sec. 360 sec.
Total time 1,482 sec. 642 sec.

¥ 2 TPIM ¥ RPIM o 93 a4 Ay} v

Mode o RPIM  ErrOr Mode TPIM  RPIM 0o
No. (%) o. (%)
1 14309 14309 0 11 4570.50 457052 0.0004
2 50245 50245 0 12 483635 4836.38 0.0006
3 87522 87522 0 13 5339.09 533909 0
4 137583 137583 0 14 557373 5573.75 0.0003
5 164998 1649.98 0 15  5882.65 5882.69 0.0006
6 2177.66 217766 0 16  6937.85 6937.91 0.0008
7 2379.98 237998 0 17 764280 7643.03 0.0030
8  3237.02 323702 0 18 774587 774596 0.0011
9 345398 345399 0.0002| 19 843449 843459 0.0011
10 4066.03 4066.05 0.0004] 20  8766.16 8766.38 0.0025

4.2 ¥ ARA F+ZE

Fixed boundary condition

_ 143 -

Sub-domain §
(RPIM)

Sub-domai
(TPIM)

Sub-domain 1

Sub-domain 6
(RPIM)

Sub-domain 2
(TPIM)



g9 1~38 FAxAe] FHANAY el Al
AN Bal el=WEE F3Y 5 vk Te, ¥
P9 4~62 BAZXT free FHo]2Z RPIME AH&-3)
o Yzuy AN FAsA,

%9 P29EE sz 84 19 59 2ol 4 %
g FAREE AFHYAT FAREE 7 $9G9
E RIS FEE RUE R BT

vl gk ot RPIMOﬂ =

27} 0.038%¢ll
& BolFe 4

(c) sub-domain 4

Bahatn,
ot

(d) sub-domain 5

IEEIEE!
de Ay o
1) 484

(e) sub-domain 6

2% 5 7 el e FARE 44 A%
% 3 TPIM 7 RPIM o |3 6% A3} 1w
Mode o rev Eror (MO9S iy Rpp Emor
No. (%) 0. (%)
1 2547 2547 0 | 11 477.68 477.68 0
2 3908 3908 0 | 12 621.35 621.36 0.001
3 13142 13142 0 | 13 70597 70597 O
4 14504 14504 O | 14 79655 796.47 0.010
5  162.67 16267 O | 15 804.18 80418 O
6 269.06 269.06 0 16 967.96 967.97 0.001
7 31538 31538 0 | 17 1100.04 1100.03 0.001
8§ 34859 34859 0 | 18 1174.35 1174.33 0.002
9  388.78 38878 0 | 19 1237.28 1237.29 0.001
10 45577 455.76 0.002| 20  1749.90 1749.23 0.038
A/ F2E FFHA
a3 62 Wy 9 Axy FREIN, Ay
ATE 57 1000N/m, 10N « s/moli, AHe

2000 N/m, 150N « s/meolt}t. Z+ 3o ‘;]'-.4,] EPN

>

4&@%—«;dﬂﬁhwiazﬂags%éwk4b1
Btd A%l gl Feolm

\=} A=ae]
2 vgEe

R

AN GAL ol §ato] H =S AL

¥ 45 AAAN2EI} RPIME A&l 159 4
AzEl A2 agx ATE vadt Aow, Ho ox
0.0042% A==z Aotd HWo] e AlFAo] oo

o) 2= 0]
4 ok
Sub-doinin Srlidomatnes

nmu“‘

&,
S0bang,

a
S0y, *'-\PH dirin
L S0

LU

{b) Configuration 2

= 0.23, ¥ = 2541.024kg/m%)

6 ~x3 9 oy A~ (E = 60Mpa, *
|

¥ 4 TPIM ¥ RPIM ol 93 w4 2y v

Mode o rev Eror MO ppiy Rppm Eror
No. (%) No. (%)
1 163936 16.3936 0.0000 11  380.2513 380.2513 0.0000
2 291664 29.1666 0.0007| 12 604.2297 604.2297 0.0000
3 335776 33.5778 0.0006] 13 7362250 7362556 0.0042
4 405205 40.5206 0.0002| 14  795.0325 795.0326 0.0000
5 506383 50.6383 0.0000| 15 8243645 8243652 0.0001
6 629305 62.9306 0.0002| 16 854.1253 854.1253 0.0000
7 826464 82.6471 0.0008] 17 1073.0217 1073.0222 0.0000
8 957012 95.7020 0.0008| 18 1296.4894 1296.4922 0.0002
9 117.1182 117.1187 0.0004| 19 1326.1384 1326.1408 0.0002
10 207.2582 207.2611 0.0014| 20 1410.4068 1410.4104 0.0003
5. 4 &
qAuesly ez FaAswe  FHee
BAN, FARE HAS AN FL ANE ATHE
dxmEe)  FEe  Aedeln Baw R
AAzdel  wBEddvid  ezwEE Adwd
AN S A4 AR = Ao e Az
free A RQAAE dxME FEE A
Sl AHE ALgalol Shul, o) BEd ALAD

_ 144 -

2
R
r



A| 33}
o] HHoA ALLEHE= AHZA iAW A
FAfE ARAAE RESH, S
S WA &7 wjitol] ARgo] wig- 7
FEH Y=y E 7o FARE AFA S8
= ol

A7 Hn], o2 Nzm HE a4

S golskgin. w3, AAA A" A
x| Ayhe}l vlaste] RPIME A4S 53

kil

o

o

al

[1] Noor. AK., Recent advances and applications of
reduction method. AIAA Journal 1994Vol.47,
No.5, pp.125-146.

[2] Guyan, R.J., Reduction of stiffness and mass
matrices. AIAA Journal 1965; Vol.3, No.2, p.380.
[3] Leung. Y. T, An accurate method of dynamic
condensation in structural analysis. [nt.J.Numer.

Mech. Engng. 1978; Vol.12, pp.1705-1715.

[4] L.E, Suarez, Dynamic condensation method for
structural eigenvalue analysis. A/AA Journal
19925 Vol.30, No.4, pp.1046-1054.

[5] M. Paz, Dynamic condensation. A/AA Journal
1984; Vol. 22, No.5, pp.724-727.

[6] Matta, K.W., Selection of degrees of freedom
for dynamic analysis. Journal of pressure vessel
technology 1987; Vol.109, No.1, pp.65-69.

[7] O’Callahan, J., A procedure for an improved
reduced system(IRS) model. Proceedings of the
7" international conference,
pp.17-21,

modal analysis

Union college, Schenectady. NY,
1989.
[8] Zhang,D.,

approximate

W. Li, S.,
reduction(SAR)
dynamic

Succession-level
technique  for

structural model. Analysis
conference(Nashville,TN), Union college press,
Schenectady, NY, pp.435-441, 1995.

[9] Juang, J.-N, Pappa, R.S., An eigensystem

algorithm for modal

realization parameter

identification an model reduction, Journal of

Guidance, Control, and Dynamics 1985; Vol.8,
pp.620-627.

[10] Kim, T., Frequency-domain Karhunen-Loeve
method and its application to linear dynamic
systems, A[AA Journal 1998; Vol.36, No.l11,
pp.2117-2123.

[11]  Roger Reduced

Ohayon, models for

fluid-structure interaction problems, [nt.J.Numer.
Mech. Engng. 2004; Vol.60, pp. 139-152.

[12] Ann L. Gaitonde, D.P. Jones, Reduced order
state-space models from the pulse response of
a linearized CFD scheme, [nt.J Numer. Mech.
Engng. 2003; Vol.42, pp. 581-606.

[13] Henshell, RD, Ong, J.H, Automatic masters
from eigenvalues economization. J. FEarthquake
Equ. and Struct. Dyn. 1975; 3, pp.375-383.

[14]1 Shah,V.N., Raymund,M., Analytical selection of
masters for the reduced eigenvalue problem.

Int.J.Numer.Mech.Engng. 1982; Vol.18, No.l,
pp.89-98.
[15] Kim,K.O., Y.J.Choi, Energy method for

selection of degrees of freedom in condensation.
AIAA Journal 2000; Vol.38, No.7, pp.1253-1259.
[16] M.Cho, H.Kim, Element-based node selection
method for reduction of eigenvalue problems.
AIAA Journal 2004; Vol.42, No.8, pp.1677-1684.
[17] HKim, M.Cho,

Selection of Primary Degrees of Freedom and

Two-Level Scheme for
Semi-Analytic Sensitivity based on the Reduced
System, Comput.Methods Appl.Engrg. Vol
195/33-36, pp.4244-4268, 2006.

[18] H.Kim, M.Cho, Improvement of Reduction
Method Combined with Sub-domain Scheme in
Large Scale Problem, /nt.J Numer.Mech.Engng.,
Vol.70(2), pp.206-251, 2007.

_ 145 -





