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Abstract

A sub-domain scheme combined with a reduced system is proposed for non-matched interface problems. A two-
level condensation scheme (TLCS) is employed for the selection of primary degrees of freedom of each sub-domain.
The degrees of freedom of each domain are divided into primary, secondary and interface degrees of freedom. After the
reduced system is constructed in subdomain-level, the penalty frame method, which utilizes a conventional FEM solver,
is employed for assembling non-matched subdomains. The present method can construct the reduced system of each
domain without coupling with adjacent subdomains. Thus it is remarkably efficient in computation time and does not
require a full memory of global system. Numerical examples demonstrate that the proposed method saves computa-
tional cost effectively and provides a reduced system which predicts the accurate eigenvalues of global system.
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1. Introduction

The sub-domain method has been widely ap-
plied for the analysis of large-scaled structures in
the automobile and aircraft industries. This method
is based on partitioning the original structure into a
number of subsystems. It is quite useful for spe-
cialized fields in which many substructures need to
be analyzed independently [1-3]. After construc-
tion of each sub-domain, all interfaces nodes
should be attached to satisfy conformity condition
for global analysis. But, there may exist interface
domains with non-matched mesh bet-ween sub-
domains. For resolving this non-matched interface
problem, a hybrid interface method with Lagrange
multipliers has been proposed [4]. Previous re-
searches have reported that this hybrid interface
method provides a reliable solution to the internal
fluid-structure interaction problem, coupling analy-
sis with non-conforming sub-systems or assembled
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analysis of different types of elements. Besides this
method, the mortar method, which does not require
compatibility on the boundary interface between
sub-domains, has been employed for solving non-
matched problems [5]. But because these methods
do not construct symmetric systems, special
solvers such as the frontal solver should be em-
ployed to perform global analysis instead of a gen-
eral FEM solver such as banded solver or skyline
solver.

This study focuses on the development of a
combined methodology between reduction scheme
and sub-domain method with non-matched inter-
face. Moreover, the methodology of the present
method can be applied for wide structural analysis
such as dynamic problems or time integration re-
gardless of the kind of interface scheme. So, we
employ the penalty frame method, which is easy to
implement. The penalty frame method was proposed
by Cho and Kim in order to connect the incompatible
interface mesh between non-matched sub-domains
[6] The determination of proper penalty parameter
values was reported by Pantano and Averill [7, 8].
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In this method, because the function of the continuity
constraint is evaluated with quadratic form, it con-
structs a symmetric matrix which utilizes a com-
mon FEM solver.

In first step of the present method, reduced systems
based on PDOFs are constructed in each sub-domain.
For a reliable selection of PDOFs of each domain, a
two-level condensation scheme (TLCS) of PDOFs is
employed [9-11]. The detail description related to this
step is given in the reference by Cho and Kim. Then,
in the second step, each reduced system is assembled
by penalty frame of each domain interface.

The construction of the each reduced system does
not take much time because the reduced system is just
constructed in each subdomain-level, not in the global
domain level. Moreover, this scheme does not need
full memory storage for the global system, but just
requires the size of each sub-domain system. After
the selection of PDOFs in each domain, IRS is em-
ployed to construct the final reduced system. Al-
though there are several reduction schemes to im-
prove the results, IRS is adequate to obtain reliable
results, as shown in Kim and Cho [12].

In the numerical examples of non-matched systems,
the efficiency and reliability of the proposed scheme
are verified through an eigenvalue analysis. The key
issue of this paper is on how to select PDOFs among
all the active DOFs at sub-domain level and assemble
each domain with interface attaching scheme effec-
tively. This can be achieved by constructing the re-
duced system based on IRS and assembling each
reduced system from a multi-domain structure.

2. Sub-domain method combined with reduced
system in non-matched problem

The reduction scheme is very efficient for large-
scale problems. Once the reduced system is well-
constructed, it can be applied to various kinds of
problems with saving the computer resource and time
cost. But, in a problem with several hundred thousand
DOFs, the single domain reduction scheme has a
limitation in selecting PDOFs. This situation can be
improved by combining with reduction method and
sub-domain scheme. But, in a non-matched interface
problem, the continuity condition of the attached in-
terfaces should be considered in the reduction scheme,
which was not considered in the matched interface
problem.

In this section, we evaluate the continuity condi-

tions through penalty frame method, and provide the
reduction system of a non-matched interface problem.

2.1 Continuity condition of non-matched interface

We often encounter a problem with several subdo-
mains which are constructed independently. In this
case, the interface nodes of each system are not
matched to one another. Although the hybrid interface
method, which employs Lagrange multipliers, is
popular, the present study employs the penalty func-
tion method to apply displacement continuity con-
straints because of its simplicity and the guarantee of
symmetric banded nature of global stiffness matrix.

To perform a coupled analysis of assemblage of the
subdomains with the non-matched interfaces, the
virtual frame displacement v, is required for the
assemblage of each sub-system. Fig. 1 shows the
plate structure with non-matched sub-domain inter-
faces. To impose the continuity condition between
sub-domain 1 and sub-domain 2, a penalty frame
method is introduced. The variational statement for
continuity condition between each sub-domain is
given in Eq. (1). Here, u{” and u{’ are the penalty
frame displacement field of each sub-domain, respec-
tively.

I :gj-(ug)—v,) )zds+§ J.(uﬁf)—v,) )zds
5,
SR I A PG

Si
+k '[(uf) -v, )(5u§,2) -dv, )ds
S,

A piecewise linear function is used for the shape
functions of u!”,u{”,v,. The shape functions for

e
u,’,u;” and v, are expressed as N, N, and T,.

Non-matched Node

Fig. 1. Assemblage of non-matched systems by virtual inter-
face frame.



H. Kim and M. Cho / Journal of Mechanical Science and Technology 22 (2008) 203~212 205

Eq. (2) is obtained from Eq. (1) by substituting shape
functions.

dm="k [(Nu -T,v,)(Ndu-T,dv, )ds
+k2 [(Nu? -,v, )(N du? - T,3v, ) ds
=k J‘(S;I,TN,.u(b” —NIT,v, Jou,ds
+ k1 (T Ty, -NITud Jov, ds
+k, Sl'[(NjT.N ) =NTT,v, Pou ds
+ k;].(TbT T,v, - N T,u? Jov,ds =0
6u§,”‘2: ki [(NINu’ =NI'T,v, )ds =0,
ovl ik, ﬂTJTbvb -N/T,u, )ds =0
du : k2 J(NIN u? =NTT, v, )ds =0,
ov2k, Jj(szTTbvb ~NIT,u{ Jds =0
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Where,

gl =k [N'Nds, g0 =~k [N'T,ds,
gl =k [N'Tds, g =k [TIT,ds

g =k, [NIN,ds, g7 =—k, [N]T,ds,

ggj) =k, J.N_TThd& g =k, JThTdeS

2.2 Formulation of reduced system considering the
penalty interface frame

Interface functional of Eq. (2) is expressed in the
following matrix form as shown in Eq. (3). Numbers
(1) and (2) in superscript symbol indicates the sub-
domain (1) and (2).

1) (1) 0 )

gii g u,
(1) (2) — oD (2)
i 8w 8y Vi 1> 8w =8w 8 3)
(2) 2) (2)
0 g, g |l

Considering the interface matrix in Eq. (3), the
global matrix of the non-matched system is con-
structed as follows:
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K) K] K 0 0 0 0 w0
K| K (Kﬁ},} +g£})) gV 0 0 0 |[go
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QK ||
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@@ ||
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MM M0 0 0 0 ||u®
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00 0 oM)MIM? ||lu®
00 0 0MYMIMY [

@
where, the subscript symbols p, s and b represent the
primary degrees of freedom (PDOF), the secondary
degrees of freedom (SDOF), and the interface degrees
of freedom (IDOF), respectively.

For the construction of the reduced system, SDOFs
of domain 1 and domain 2 are eliminated from Eq. (4).
The related equations obtained from the second and
sixth rows of Eq. (4) are given in Eq. (5).

1) M (Mg, (M (1, (M)
Ksp up +Kss us +Ksbub

=3(MOu® + MOy + M)
)

@y L KD y@ L KOy
Ky uw” +Ku” +K )
- @y @) @,@
=h(MQu? +MPu® +MOul)
Additionally, a non-matched system requires a
third transformation equation related to the interface

frame. This relation is obtained from the fourth row
of Eq. (4) as shown in Eq. (6).

— -1 Dy (D (2)4,(2)
Vo =8 (gbi u, +g,u, ) (6)

where, GV =g, g}, G¥ =-g,"g)?, and v, =G"u}
+GOu®
In a non-matched system, the transformation rela-
tion of PDOFs, IDOFs and SDOFs is identical to that
of the matched system as given in Kim and Cho [12].
In Eq. (5), the transformation relation between
PDOFs, IDOFs and SDOFs can be obtained. From
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the second equation of Eq. (5), SDOFs u!” of sub-
domain 1 is evaluated as Eq. (7).

~-1
M _ 0] 0 ) M) yg®
u =—(K M) (K =M Juy

—(K“’ —)»M“’)fl (K“) —XM“)u ™
55 5§ sb sb b

The term (K© -aM) )71 can be expanded by se-
ries expansion as follows:

(kY -am() " = [l +1(KD) MO
ko) M|
[aley e
+ o] (K )*‘

When the first-order term of A is included, SDOFs
can be expressed as the following one:

@®)

-1 -1
O _ @) @), (M @) @)
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To express this equation in a compact symbolic
form, the matrices T, and T, are defined as
follows:

-1 -1
Ty =-[K0] K. 1) =-[KU]KY (10)
The relation of PDOFs, SDOFs and IDOFs can be
expressed in matrix form as Eq. (11).
uf) I

u [=| {10+ [KOT" (M +mMOTY )2}

u, 0
0
y u u®
{10+ (K0T (M4m0 )2} { ‘ }T[ ‘ }
u, u,
1
(11)

Similar to the relation of sub-domain 1 of Eq. (11),
the transformation relation of sub-domain 2 can be
expressed as Eq. (12).

1
u,

u® |=[{19 + [KOT" (MG +MOTY )2}

&)
u, 0

0
) AT Mm@ @@ W oW
‘{Tsp KT (M2 +MOT )x} Lm}_n L(z)}
P 12
I
(12)

In the above transformation relation, the Guyan
method ignores all eigenvalue terms [13]. Therefore,
the Guyan method generates excessive errors in the
prediction of eigenvalues except in the range of only
the few lowest eigenvalues. In this study, we employ
IRS, considering the first-order eigenvalue term [14].
The IRS method provides reliable results and it does
not take much time in construction of the reduced
system compared to the Guyan method.

In Egs. (11) and (12), transformation matrices are
divided into constant part and first-order eigenvalue
part, as given in Egs. (13a) and (13b):

I 0 0 0
T =|TO TO 0|+ [K“)T(M“>+M(”T“))
1 sp sb 58 sp ss Tsp
01 0 0
0 0
(K0T (MO +MOT) 0 (13a)
0 0
01 0 0 0
-1
=0 TP o [KOT (M e MOTY)
00 I 0 0
0
[KOT (M2 +MOT2) |3 (13b)

0

In Egs. (13a) and (13b), the eigenvalue 2 mainly
related to the lower modes is the unknown value. So,
Guyan’s static condensation can be used to replace
the eigenvalue A . In Guyan’s static condensation, an
eigenvalue problem can be written in terms of PDOFs
and IDOFs as follows:

u(pl) _u(’))
[Ko]lu, |=2[M;]lu, (14)
u(pz) _u;z)
ul |
In Eq. (14), |u, |is expressed as [M,]" [K,]
u'?
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u,
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P

Equation (15) shows the transformation relations
between PDOFs, SDOFs and IDOFs in each sub-
domain.

u

sub-domain 1

0]
U I 0 () u®
m | sp(1) sb(1) P _ P
u - TIRS TIRS o) - Tl M
u u
uzl) 0 1 b b
virtual interface frame
0] 0]
u u
_[a® @ b _ b
[Vb]_[G G :| u? =T, u?
b b (15)
sub-domain 2
)
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T =T9 +[ KD | (M +MOTY ), T2
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-1
—_T® (2) (2) 2)(2)
_Tvp +|:Kss :| Msp +Mm Tip );\‘

From using the transformation relation of Eq. (15),
the final reduced stiffness, mass and interface matri-
ces of non-matched two field systems are obtained as
Egs. (16) and (17), respectively. Fig. 2 shows the
assembled configuration of the stiffness and mass
matrix in the non-matched interface system.

(e ) D) r

K(Pp K(m K;b 10

) ) ) (1) rsb(1)
Ky K K | T T
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1T00]
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RS —

0o g” o1 o
_I G(l) 0_ 1 ! 2 1 2
S P L e
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(16)

K, Ec.] M,

Fig. 2. Assembled configuration of the reduced stiffness and
mass matrices in non-matched system.
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simplified symbolic notation for M, and

K, , the final system can be given as Eq. (18):

1
KW K o 0 u(p)

IRS

IRS

K(Zl) K(ZZ) K(23) 0 llg)l)

IRS IRS IRS _
0 Ky K Ky |l
00 K K Ju?
(18)
MG Mg 00 |
o Mis Mg M 0w
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I
Each component of the reduced stiffness and mass
matrices is given in the following expressions:
Kl =K + KR + TR0 KO + T KT
K = K + KT + TRV K+ TR KO
K =T "K) + T KO + KT
+Kg) +g,"'G" +G"" (g} +g,G")
K =g"G? +G"" (g +¢,G?)
KiY =g7"G" +G" (g +¢,,G")
K =T VTR G+ T KOs + KT
+Kg? +g2"G? +GOT (gg_) +g,G? )
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3. Numerical examples

This section presents examples to illustrate the
effectiveness and accuracy of the proposed method
in systems with non-matched interfaces. The re-
duced system of each domain is constructed with
PDOFs. In the examples of non-matched systems,
DOFs of domain interface frame and virtual DOFs
of virtual interface are included in the reduced sys-
tem for assembling each domain.

In each domain, around 5% DOFs are selected
as PDOFs. Then, considering the inclusion of the
IDOFs of a matched system, the total number of
PDOFs is about 7-9% of the total DOFs of the
global system. But, in a non-matched system, the
number of the selected PDOFs is a little larger than
the matched system because the IDOFs of the vir-
tual frame are independent of the connected do-
mains. Then, the reduced system of the non-
matched system has 9-11% DOFs compared to the
DOFs of the global system. In numerical examples,
the error estimation is carried out as given in Eq.
(21). To perform an eigenvalue analysis, an assumed
hybrid stress shell element with four nodes is used [15].

|x

Global system J‘Rcduccd system

e(%) = "

@1

‘Global system

3.1 Non-matched structure with eight sub-domain
plates

Originally, this structure consisted of six sub-
domains with the compatible interface mesh. Previ-
ously, PDOFs and IDOFs were selected from six sub-
domains. After assembling these six domains, domain
7 and domain 8 are assembled by the interface 1 and
interface 2, respectively. Before attaching the sub-
domains 7 and 8, the PDOFs and IDOFs of domain 7
and domain 8 are selected. The total number of DOF
is 5952 and the number of the selected DOFs (PDOFs
and IDOFs) is 556. It is about 9% DOFs of global
system. Fig. 3 shows the detailed configuration for
attaching the non-matched domain in interface 1 and
interface 2. A penalty scheme is employed to attach

Interface frame 2

Interface frame 1 |
N

Domain 7

Fig. 3. Configuration of the arbitrary structure and partition
of eight sub-domains.

{a) Interface frame 1

Y

O, N, W W W W W,
w0, W LW W W W W
—_——,

==

1 2 3 4 5 4 7 8B 8
8 5 5 8 9 8 ¢ |Increc ofsch-domainZ

5000400000400 Virtnal inter fce frame
1234567 851011121314 19
*8-528-9500099090 |Inerdbce of sth-domain 7
1234567 851011121314 19

(&) Nodes of virtual interfiace at Interfags frame T

I 2 ¥ 4 5 6 7 & 9%

Interface of sub-domain 2
e e o e o e e s o]

12345678 910111213
Inberfaee of sub-domain §

00000 ba
12345678 9510111213

(b) Nodes of virtual interface at Totecfaca frame 2

Fig. 4. Configuration of the interface frames and nodes of
each interface frame.
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each domain. The 15 virtual nodes (Fig. 4 (a)) and 13
virtual nodes (Fig. 4 (b)) are used for the virtual inter-
face frames 1 and 2, respectively. The starting and
ending points of the interface frame should be
matched in each domain as shown in Fig. 4. For the
interface frame, a linear interpolation function is em-
ployed in each element of the interface frame. The
selection and a detailed description on how to choose
the penalty value can be found in Pantano and Averill
[7]

Fig. 5 is for the selection results of the candidate
area and PDOFs in each domain from 1 to 8. In each
domain, about 15-20% elements are selected as the
candidate area. And 40 DOFs are selected as primary
DOFs. When the sub-domains 7 and 8 are linked to
the previous reduced system constructed with six

domains, the changed reduced system is shown in Fig.

6. There is no need to arrange the node number or
assemble each system. It is just required to make the
size of the reduced system larger than the previous
system considering the size of the additional systems.

(a) Candidate area of six sub-domains

(b) Selected PDOFs of six sub-domains

Fig. 5. Selection of candidate area and selected DOFs for
reduced system in eight sub-domains.

Table 1 shows the comparison result of the eigen-
value analysis between the global system and the
reduced system. Maximum error value is just 0.7% at
20" eigenvalue. Moreover, IRS assures the reliability
of the eigenvalue analysis in the ranges of not only
the lower modes but also in the higher modes. The
reduced system is well-constructed by the sub-
domain scheme and it assures the reliability in various
applications such as the time response of a dynamic
problem or the design optimization based on the re-
duced system.

Table 1. Eigenvalue comparison of the global system and the
reduced system( [ )

Mode | Global system Reduced system
No. (Hz) Eigenvalue (Hz) Error (%)
1 2.69 2.69 0.08
2 10.34 10.34 0.00
3 13.64 13.61 0.20
4 13.68 13.71 0.18
5 14.82 14.81 0.11
6 15.24 15.20 0.26
7 16.44 16.33 0.68
8 16.80 16.81 0.05
9 17.93 17.94 0.06
10 19.05 19.08 0.12
11 19.21 19.20 0.05
12 19.23 19.27 0.22
13 20.80 20.80 0.00
14 20.96 20.96 0.00
15 22.78 22.75 0.12
16 2331 23.30 0.05
17 25.23 25.23 0.00
18 25.24 25.24 0.02
19 2545 25.46 0.00
20 2733 27.53 0.71
L1k B H H
ﬂ::ﬁ“ KD | kX2
: i T
s 2|
dormain T K(BJ Kl‘ﬁ)
L td
- = %y
: domain §

Fig. 6. Construction of the reduced system to assemble addi-
tional sub-systems.
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3.2 Rear part of satellite projectile structure Table 2. Eigenvalue comparison of the global system and the
reduced system(1I).

The rear part of satellite projectile structure is given

in Fig. 7 as a non-matched interface example. Sub- NI{]Ode GlOba}ll __ Reduced system i
domain 1 consists of 480 elements and 481 node o system(Hz) | Bigenvalue (Hz) Eror (%)

. F ide fi ith 256 el d 289 1 33.17 33.22 0.15
pomts. Four side fins wit : [§ er_nents an 5 3314 3304 030
nodes are attached to sub-domain 1. Fig. 7 shows the 3 3318 3304 0.18
configuration of the attachment between the non- 4 33.18 33.24 0.18
matched systems. In order to connect each system, the 5 53.12 52.92 0.38
number of the interface frame elements of sub- 6 53.13 52.92 0.40
domain 1 is 13 and the number of the interface ele- 7 33.13 32.93 0.38
ments of the domain 2,3,4, and 5 is 16. The element 8 5313 52.93 0.38
ber in the vi li N s 23 9 60.45 60.34 0.18
nurg er 1n the virtual interface 1s 23. ' _ 10 62.18 62.69 0.82
Fig. 8 (a) and (b) show the selection of the candi- 11 62.39 6274 0.56
date area and PDOFs in each domain. 80 elements 12 62.43 62.77 0.54
from domain 1 and 40 elements from domains 1,2,3, 13 62.44 62.82 0.61
and 4 are selected as the candidate area. 80 DOFs are 14 73.48 72.84 0.87
selected as PDOFs in domain 1 and 30 DOFs are 15 73.51 72.88 0.86
selected as PDOFs in domains 2,3,4, and 5. By in 16 3.2 72.96 0.76
ludi he i £ d h | b f th 17 73.52 72.98 0.73
cluding the 1nte‘:r ace no‘es, the total number of the 13 8356 344 0.14
selected DOFs is 920. It is about 9.34 % DOFs of the 19 8357 9344 0.16
global system. 20 85.04 85.11 0.08

L I 1

2

z 3 ]

5 : 3

domain 1 . : :

P 3 : &

domain5 : domain 4 . . .

7 B .

s b *

10

d : 11

1 [ g 12

) Non-matched 13 » 13

domain 2 = domain 3 intarfacs = b1 3

: 2 2 "

13 : %

- a* 17

‘ Intcrfue of ||nﬂmlmh'ﬂwe” Tnterfoe of |
sub-domein 1 finmne sub-domnain 3

Fig. 7. Configuration of the rear part and five sub-domains of the satellite projectile model.

(a) Candidate area of each domain (b) Selected PDOFs of each domain

Fig. 8. Selection of candidate area and PDOFs of five sub-domains.
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With a final reduced system of size [920><920], an
eigenvalue analysis is performed and the results are
given in Table 2. The maximum error is just 0.87% at
the 14™ mode. The present scheme, which has only
one percent error in eigenvalue analysis, is adequate
in structural analysis or structural optimization in
engineering applications [16].

4. Conclusion

We have proposed a sub-domain scheme which as-
sembles a reduced system based on PDOFs of each
sub-domain in non-matched interface problems. The
reduced system of each domain is constructed by
TLCS. The employed scheme for the system conden-
sation is an enhanced version in Cho and Kim [9].
But, the previous single domain reduction method
is not suitable for large scale problems. The con-
struction of the reduced system in the large-scale
problem takes considerable time and requires a large
amount of computer resources.

After partitioning the global system into several
sub-domains, it is more efficient to construct the
reduced system of each domain separately. In each
sub-domain, DOFs are categorized into PDOFs,
SDOFs and IDOFs. SDOFs are eliminated through
the relation between SDOFs, PDOFs and IDOFs.
After the selection of PDOFs, IRS is employed for
the construction of the final reduced system. For
the convenience of assembly of sub-domains, in-
terface nodes between sub-domains are included in
the reduced system. Once the PDOFs are properly
selected from total active DOFs, IRS assures ade-
quate accuracy compared to more refined and im-
proved schemes such as subspace iteration method.

For verifying the reliability and the efficiency of
the proposed scheme, two kinds of examples are
presented. In non-matched systems, the interface
connection between each sub-domain is performed
by the penalty frame method.

In the structural optimization of dynamic problems,
large-scaled problems require a large amount of com-
puting time for dynamic analysis and sensitivity com-
putations. The present study can be extended to the
design sensitivity analysis. In order to enhance the
efficiency of the proposed scheme, the present sub-
domain reduction method will be extended to the sub-
domain scheme which requires parallel-computation
in the selection of PDOFs of each domain.

Acknowledgments

Authors are gratefully acknowledging the financial
support by Defense Acquisition Program Administra-
tion and Agency for Defense Development under the
contract UD070041AD.

References

[1] Jr. Craig and C. Bampton, Coupling of substruc-
tures for dynamic analyses, AIAA Journal 6 (7)
(1968) 1313-1319.

[2] C. Farhat and F. X. Roux, A method of finite ele-
ment tearing and interconnecting and its parallel
solution algorithm, /nt. J. Numer. Mech. Engng. 32
(1991) 1205-1228.

[3] A. Gravouil and A. Combescure, Multi-time step
explicit-implicit method for non-linear structural
dynamics, Int. J. Numer. Mech. Engng. 50 (1)
(2001) 199-225.

[4] M. A. Aminpour, J. B. Ransom and S. L. Mccleary,
A coupled analysis method for structures with inde-
pendently modeled finite element subdomains, /nt.
J. Numer. Mech. Engng. 38 (21) (1995) 3695-3718.

[S] V. Faucher and A. Combescure, A time and space
mortar method for coupling linear modal subdo-
mains and non-linear subdomains inexplicit struc-
tural dynamics, Comput. Methods Appl. Mech.
Engrg.192 (5-6) (2003) 509-533.

[6] M. Cho and W. B. A, Kim, Coupled finite element
analysis of independently modeled substructures by
penalty frame method, KSME International Journal
16 (10) (2002) 1201-1210.

[7] A.Pantano and R. C. Averill, A penalty-based finite
element interface technology, Comput. Struct. 80
(22) (2002) 1725-1748.

[8] A. Pantano and R. C. Averill, A mesh-independent
interface technology for simulation of mixed-mode
delamination growth, Int. J. Solids Struct. 41 (14)
(2004) 3809-3831.

[91 M. Cho and H. Kim, Element-based node selection
method for reduction of eigenvalue problems, 4744
Journal 42 (8) (2004) 1677-1684.

[10] H. Kim and M. Cho, Construction of reduced sys-
tem by two-level condensation scheme and refined
sensitivity analysis, 45th AIAA/ASME/ASCE/AHS/
ASC Structures, Structural Dynamics and Materials
Conference, Palm Springs, California, (2004).

[11] H. Kim and M. Cho, Two-level scheme for selec-
tion of primary degrees of freedom and semi-



212 H. Kim and M. Cho / Journal of Mechanical Science and Technology 22 (2008) 203~212

analytic sensitivity based on the reduced system,
Comput. Methods Appl. Engrg.195 (33-36) (2006)
4244-4268.

[12] H. Kim and M. Cho, Improvement of reduction
method combined with sub-domain scheme in large
scale problem, Int. J. Numer. Mech. Engng. 70 (2)
(2006) 206-251.

[13] R. J. Guyan, Reduction of stiffness and mass ma-
trices, AIAA Journal 3 (2) 380.

[14] J. O’Callahan, A procedure for an improved re-
duced system (IRS) model, Proceedings of the 7™
international modal analysis conference, Union col-
lege, Schenectady. NY, (1989).

[15] M. A. Aminpour, An assumed stress hybrid 4 node
shell element with drilling degrees of freedom, /nt.
J. Numer. Mech. Engng. 33 (1) (1992) 19-38.

[16] M. Cho and H. Kim, Size and shape optimization
combined with equivalent static loads in reduced
system, 6™ World Congress on Computational Me-
chanics (WCCM), Beijing, China, (2004).

[17] H. Kim and M. Cho, Dynamic analysis of reduced
system partitioned by domain decomposition, 46th
AIAA/ASME/ASCE/AHS/ASC Structures, Struc-
tural Dynamics and Materials Conference, Austin,
Texas, (2005).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


