Kybernetika

Martin Balazovjech; Ladislav Halada

Efficient application of e-invariants in finite element method for an elastodynamic
equation

Kybernetika, Vol. 49 (2013), No. 5, 765--779

Persistent URL: http://dml.cz/dmlcz/143524

Terms of use:

© Institute of Information Theory and Automation AS CR, 2013

Institute of Mathematics of the Academy of Sciences of the Czech Republic provides access to digitized
documents strictly for personal use. Each copy of any part of this document must contain these
Terms of use.

This paper has been digitized, optimized for electronic delivery and stamped
O with digital signature within the project DML-CZ: The Czech Digital Mathematics
Library http://project.dml.cz


http://dml.cz/dmlcz/143524
http://project.dml.cz

KYBERNETIKA — VOLUME 49 (2013), NUMBER 5, PAGES 765-779

EFFICIENT APPLICATION OF E-INVARIANTS
IN FINITE ELEMENT METHOD
FOR AN ELASTODYNAMIC EQUATION

MARTIN BALAZOVJECH AND LADISLAV HALADA

We introduce a new efficient way of computation of partial differential equations using a
hybrid method composed from FEM in space and FDM in time domain. The overall computa-
tional scheme is explicit in time. The key idea of the suggested way is based on a transformation
of standard basis functions into new basis functions. The results of this matrix transformation
are e-invariants (effective invariants) with such suitable properties which save the number of
arithmetical operations needed for a problem solution. The application of this procedure and its
effectiveness for 2D problem was the first time published in [2]. Now we describe the generaliza-
tion of this procedure for 3D problem. In order to present the main principle of our process and
its advantage, we first explain the main idea of our approach on a simple 1D example and then
the application of the e-invariants on an elastodynamics equation using hexahedral elements in
3D is described. Finally, the efficiency of the suggested method in both cases from the point of
the required number of arithmetical operations is analyzed. The result of this analysis confirms
computational efficiency the suggested method and the usefulness of e-invariants which save
only the essential information needed for the computation. Moreover, the method can be used
for various types of elements and equations.

Keywords: e—invariants, finite element method, elastodynamics equation, efficient compu-
tation

Classification: 65M60

1. INTRODUCTION

Computation of an elastodynamic equation occurs in material science, seismology and
many other applications. Due to complicated geometry of the boundary domain and
heterogeneity of the area, computation of the elastodynamic equation is usually real-
istic enough only if the computation domain is very large. Especially in seismological
problems parallel computing on supercomputers has to be used. Therefore, we must
economize storage during the computation. There are suggestions in the literature how
this problem can be overcome. For example, the global mass matrix can be approx-
imated by a diagonal matrix (lumped mass matrix) [ [7, @ T0]. The lumped mass
matrix saves memory and offers faster computation. Another possibility is using the
global restoring force vector beside of the global stiffness matrix in the problem formu-
lation. It means, we do not assemble the global stiffness matrix by local matrices but we
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assemble the global restoring forces vector using the local restoring forces. Such method
saves computer memory considerably, but on the other hand it makes the computation
more time consuming, because the restoring force vector is computed in every time level
without saving the stiffness matrix in memory [I}, 2] [6 [8]. As we present in this pa-
per, this drawback can be eliminated by our approach: using the new basis functions
and the e-invariants which are defined in the subsequent sections. As it will be proved,
the efficiency of our approach is due to the fact that the e-invariants contain only the
minimum necessary information for the local restoring force vector computation. This
cannot be said for the standard approach.

Concerning the computational speed-up, our approach was used in the seismology
laboratory of Comenius University in Bratislava and in the parallel data laboratory
at Carnegie Mellon University in Pittsburgh. A detailed analysis of computational
efficiency improvement using our method is explained in [I1], where the Chino Hills
earthquake 2008 was simulated, and the speed-up about 3 is reported.

The paper is organized as follows. Section 2 establishes the problem formulation and
the basic idea of using new basis functions on simple 1D example. Section 3 introduces
the application of the e-invariants to the motion equation for 3D case using the problem
formulation with the local restoring force vector. The role of the e-invariants for 3D
case is described in Section 4. The number of arithmetical operations required for
computations by this method is presented for cases.

2. THE PROBLEM FORMULATION AND THE BASIC IDEA OF USING THE
NEW BASIS FUNCTIONS

The numerical formulation of the elastodynamics equation of motion using FEM in space
has generally the following matrix form

MU,tt +KU :f (1)

where M and K are the global mass and stiffness matrices, respectively, f is the global
force term. Discrete solution of this equation is usually based on the central difference
time approximation of the second order for the second time derivative. Thus, after this
approximation and the rearrangement of the variable vectors u according to time order,
we obtain the explicit recurrent formula

u™ = AZMTH(E™ — Ku™) — u™ T 4 2u™. (2)

In practical applications the order of M and K can be quite large (106 — 10%) [§]. Es-
pecially, in such cases attention has to be paid to formulation of such a computational
algorithm that economize the storage and the number of required computational oper-
ations. However, there are also situations, when the global mass and stiffness matrices
are too large and hence they can not be stored in the computer memory and a numer-
ical solution of the original problem can not be computed by finite element method.
Therefore, efforts to overcome this problem can be found in literature. For example, the
global mass matrix can be approximated by a diagonal matrix (lumped mass matrix)
and beside using the global stiffness matrix some authors suggest to use global restoring
force vector ™ = Ku™. It means that the stiffness matrix is not computed in order to
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reduce the storage memory, but rather the restoring force vector r'” is computed in every
time level without saving the stiffness matrix in the memory. In other words we do not
assemble the global stiffness matrix using the local matrices but we assemble the global
restoring forces using the local restoring forces. This procedure is described for example
in [IL [6]. This way one can achieve important reduction of storage requirements. More-
over, direct computation of the restoring forces can be also used in the case of nonlinear
material response [4].

As result, this computational process reduces the storage, but is very time consuming.
In order to eliminate this problem we have used transformation which plays a key role
in different research areas.

In the following section we suggest how to formulate the computation of the restoring
force vector to be the most effective from the computational point of view.

First of all, we will analyze our approach on the simple 1D problem represented by
the following equation

PUzstt = Trxsz +fz (3)

Let the variables x and wu, be interpolated by the linear functions

b= [by,ba)" = S[(1- ), (1+ &))" @
in the form
2 = [by, bo] [2] —bTx  uy = [b1, b {Zj — b, (5)

Then equation can be expressed after discretization in the displacement weak form
on the element (x1,z3) as follows

1
/ﬁ[bbTmhMt+(A+2u>bmbTxuw—tm;]agde=<) (6)

-1
and thus, the stiffness matrix and the restoring force vector for this problem have the
form

K= [ [0+ 2(ba b o] dé =
-1

A + 21“ Uzl — Ug2
To — X1 —Ugz1 + Uz

A+2p | +1 -1
xo—xp | —1 +1 7)

r, = Ku, =

where A and p are Lame elastic coefficients. The mass matrix can be approximated
by the lumped matrix. This mathematical formulation corresponds with the problem
depicted in Figure [1} This is a standard way how one can compute the matrix K and
corresponding vector r, by the values x7 = [x1, 73] and ul = [uy1, use]. But what is
noteworthy, these coordinates of the string position and the nodal displacements keep
more information than is needed for the restoring force vector computation. The values
[x1, 22] keep the information where the spring is located and [uy1, uz2] where the nodal
values will be shifted under the local forces. But the local restoring force vector is
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)_\mw_l “@»—1 nondeformed spring

)_\m_l “@— deformed spring

Fig. 1. Nodal values 1, z2 determine the spring position on the line
at rest and wuz1, ug2 are displacements at the nodes under a local
strength.

independent on this information. What is needed for its computation is the length and
the elongation of the spring, i.e. the values (xo — x1) and (—ugz1 + ug2) (see Figure [1)).
Moreover, on the basis of the action-reaction law, r,; = —r,2 holds and therefore only

one vector component of r, is satisfactory to be computed.

Therefore, beside of the vector x, u, and r, we define the following new types of

vectors

1. the vector of a segment transformation on the interval (x1,z2)
x(n0) = [£(0) zW]T = (@1 + 2), (22 — 21)]T

2. the vector of a displacement

ul™ = [l ST = L(ugr + o), (ugz — gn)]”

3. the vector of a local restoring forces

(inv) (0) T_1

ry O =|[rg ,rg(gl)} = 3[(re1 + 722), (ra2 — r21)]”

and the matrix for 1D transformation
-1 +1

le[ﬂ +1}

with the property

10
;TlT{[O 1]11
T

b(znv) =Tb X(in'u) _
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where components z(!) is invariant with respect to the location of element, uS) to the
translation of element and rgfl) to the global force acting on the element, respectively.

As a result of this computational process we obtain

r, = TlTrEEinv) _ [ :ml } (10)
2

for the local restoring force vector. The interpretation of the coordinates of the vectors
x(inv) and uS””) is obvious. The first coordinates (%) and u&o) represent the position the
of the spring and the place where the spring has been shifted, respectively. These values
are not needed for the restoring force computation. However, second coordinates are
needed because the value (1) represents the length of the spring and u;” the change
of its length (see Figure [1)). These invariants have also another very useful property.
The standard FEM computational algorithm requires to know the derivative of x and
u, with respect to the local variable £. It can be verified easily that in the case of the

standard base
1 1 1 1
Tyg=—2T1 + -T2 Ug,e= — 5 U1 + o a2 (11)

holds, and in the new base b(") = [1,¢]
z,e =020 + 12 =20y, =0 + 10 = uV (12)

holds. Thus we can see advantage of using the e-invariant version for the restoring force
computation. Although this advantage is insignificant for 1D problem, we show in the
next sections that this approach is expedient for 3D case.

3. APPLICATION OF THE E-INVARIANTS TO THE EQUATION OF MOTION
— 3D CASE

The wave propagation in a three-dimensional elastic body satisfies the equation of motion

PUzstt =  Taxsz T Toyy T Tazrz +fa:
PUystt =  Tyzsz T Tyysy T Tyzrz fy (13)
PlUzstt = Tzzox +sz7y + Tez52 +fz

and Hooke’s law [B, O]

Tr A+ 24 A A 0 0 0 U gy

Tyy A A+ 2p A 0 0 0 Uy yy

Tzz o )\ A A+2,U/ 0 0 0 U sz (14)
Toy| 0 0 0 1 0 0| |Ugy+ Uy

Tyz 0 0 0 0 I Of[Uyrz+ Uzsy

Trz 0 0 0 0 0 B [Uzz T Uz

where p is mass density, u; and f; are components of a displacement and body force
per unit volume, respectively, 7;; are components of the stress tensor in ,j = z,y, 2
direction. The computational domain is Q = Q U T, where ) represents the interior
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and I is the border of the domain. In the sequel, we will consider again the weak form
approximation of equations over any quadrilateral element Q¢

1 1 1
/ / / (bpulﬂatt +b7w T:Dw + byy Ta:y + b7z Tg;z - bfw) DetJ dg d?’] dC
-1J-1J-1
1 1 1
/ / / (bpuyatt +bm Tyw + bay Tyy + b7z Tyz — bfy) DetJ d§ d?’] dC (15)
-1J-1J-1
1 1 1
/ / / (bpu27tt +b71' sz + byy sz + b,z TZZ - bfz) D@tJ dg d’f] dC
-1J-1J-1

where the components of vector b = [by,ba, b3, by, bs, bg, b7, bs]? are Lagrange family
interpolation functions b; = & (14 &&) (14 nn) (14 ¢¢), i = 1,2,3,--+,8 defined on
the master cube element given by the coordinates

E = [_17+1a_17+17_17+17_17+1]T
n = [-1,-1,+1,+1,-1,-1,+1,+1]T (16)
C = [_17_17_17_17+17+17+17+1]T

and DetJ is determinant of the Jacobian transformation. If the actual element €€ is
given by the coordinates

== [xla X2, T3, T4, T5, L6, L7, ‘TS]T
= [y1, Y2, U3, Ya» Ys, Ve, Y7, Ys|” (17)
z = |21, 22, 23, 74, 25, %6, 27, 28]
and the displacements by
u, = [uzla Ug2, Ug3y Ugq, Ugs, Uz, UzT, qu]T
uy, = (Ut uy2, Uys, Uyd, Uys, Uy, UyT, “y8]T (18)
u, = [Uzh Uz2, Uz3, Uzq, Uzs, Uze, UzT, uzB}T

then the transformation between the master element and the actual element, as well as
the approximation of the dependent variables u,, u, and u. on the master element °
can be expressed in the well known isoparametric form

x = bTx uy, = blu,
y = bly u, = bTu, (19)
z = blz u, = bTu,.

Applying the relation to the integral equations we obtain the matrix form
equation for the element ¢

M 0 0 Ug,tt ry fw
0 M 0 ||uyu|+|r,|=|£ (20)
0 0 M Uz,tt r, fz
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where the local restoring force vector for this element is composed of the following
components

1,1 p1
Ty = / / / (bb’ﬂi Trx + bay Twy + baz TJJZ) Det'] dg d?’] dC
—1J-1J-1
1,1 p1
r, = / / / (bb,, Tyx + b,y Tyy + b, 7,2) DetJ d¢ dnd¢ (21)
-1J-1J-1

1 1 1
r, = / / / (bb,y T2z + b,y 7oy + b, 7..) DetI d& dnd(
—1J-1J-1

while the numerical integration can be calculated by Gauss quadrature. Naturally,
equation holds only for a hexahedral element of the domain. We remember that
for the computation of the vectors ry,r, and r, we need to know the vectors

b7:v = b7§ gv:v +b7’r] Mx +b7C Cuz
bvy = b7€ gay +b717 My +b7C <ay (22)
baz = b7£ 672 +b7n T2 —|—b,< Cvz
where
gax s Cam 1 Y Z25¢ —Ys¢ Zom Ys¢ 256 Y56 25¢ Y, Zym —Ym Z5¢
gvy My Cay = M Ty¢ 2y —Tyy Z5¢ Tye Z2,¢ ¢ 25e Ty Y, —Tyg Zyny (23)
f?Z T2 <7z LTynYs¢ —Ts¢ Yoy Ty Yse —The YsC ToeYm —Tyn Y,¢
while
T, Tyy Ty
J= Ye Ym Y (24)
Z5¢ Zym  Z¢
and L
bie = §€i (14 mm) (1 + Q)
big = gm(1+€i€)(1+@€) (25)
bi,e = G +&E) A +mnm)

are components of b,¢ ,b,, b,¢.

To solve the problem on the whole domain, we have to make so called assembling of
all elements in the domain with the aim to construct the system of equations for the
whole domain.

Now, as in 1D case we express the restoring force vector by the e-invariants in 3D
space. Let b(i™) be a new vector of basis functions on the unit square and Ts be a
corresponding transform matrix between b and b("") . Let us define the vector b(#?)
and matrix T3 as follows

b = [1, € m, n€, ¢ €6 ¢, ] (26)

and

+T2 +T2 +T1 +T: +1 +1
3 { ~Ty +T, ] 2 [ ~Ty 4T ] 1 [ “1 41 } (27)
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with the property
IT,TV =1; = T5;'=1T7 and b™) =T3b =b=1TIb0™)  (28)

where I3 is the unit square matrix with dimension 8. These properties are very important
because, as we can see, they again facilitate to express the value of the function in nodal
points using the new basis functions. Really, the following identity

z=b"x=b"Izx =b" (1T{T3)x = (b'T]) (1T3x) = b Tl (29)
holds. By the same way we obtain
Y= b(inv)Ty(inv) 2= b(znv)Ty(znv)
Up = b(i"U)Tu(;"”) Uy = b(inv)TuéinU) uy = b(inv)Tuginq)) (30)

what can be expressed in the following matrix form

. 20 () Q) 202 LB3) L(13)  4(23)  (123)] 2
) yO gD Y@ 02 G yan e g
. 20 20 2@ 62 e L0 09 am) ||
Ug = U;O) ugcl) ug) u;lZ) uch) ugclii) UECQS) u;123) C (31)
Uy u?(JO) u?(Jl) Ug(/Q) u?(jl2) u?(J3) u?(;13) u;23) y(123) SC
Uy _u(ZO) ugl) UEQ) ugl2) ug3) ugli&) ug23) ugl23)_ 77;“(
7

where the components z(®), y(¥) 2 (k) ug(,gk)7 uz(,k), u(zk), k=0,1,2,12,3,13,23,123 of the
matrix in expression [31|are e-invariants with suitable properties from the computational
point of view and the vectors (2(*), y(¥)) are the plane invariants and their interpretation
is described in the next section. It is easy to see from that we can derive all needed
relations between the values defined in the standard basis space and the values defined
in the new basis space. For example, the derivative of the displacement fulfills

_ bE;rw)T ugvinv)

bs;mz)T uginv) bSinv)T u(zinv)

Ug sz Uy yy Ug,z =
u o b(;nv)T uéinv) u b(;’rw)T ug(jnv) u _ b(;nv)T u?(jnv) (32)
Yyrr ’ Yoy ) yiz )
(inv)T __(inv) (inv)T __(inv) (inv)T __(inv)
Uzyy = by u; Uzyy = b7y u; Uz,, = b, u;

and the relation between the derivative of b and BT follows from
b, = T3'by"™ = LTIpn)
b,, = T;'bly") = LTIplinv) (33)
b,. = T;'b\Y") = ITTp{n)
If these values are substituted to , we obtain
ve = 3T [0 S (bl DY 47, ) Detd d¢ dn dg
vy = 38 1 10 1Y (rab™ bl 7 b ) Detyacdnds (34)
ro= 318 [ 2 S (bl b r b ) Detd dC dnds
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where
el = [ S0 S (Teab 4y bl mb("”’)>DetJ d¢ dn de
e = (1 (7ebl) 41, b r b)) DetI dCdnde (35)
I‘gmv = f71 f71 f71 ng;b%m -I-szbs;fw +Tzzbgim)) DetJ d¢ dndg

are the e-invariants of the restoring force vector. For the derivative of the vector elements
b("?) with respect to z,y and z we can substitute

[0 ] [0 ] [0 ]
o oy £,z
Ma My M5z
C’fE C7y C)Z

(£€) o (€ sy (£6) 5=
(7€) s (1€) (1€) o
_(7750 1T | _(7754-) Y _(775() 1z

while the Jacobian is now given as follows from

Ji,g J;,,, x,g
J= Yse Ym Y
Z7§ Z777 Z,C

0 0 0
1 0 0

37

20 1) L@ (2 LB) 03 @3 L0237]0 é 8 (37)
= y@ O @ (2 B a3 28 123) g N

S0 () L@ L02) LB3) L(18) (23 ,(123)

¢ 0 ¢
0 ¢ 7
¢ &§C ng]

Thus, there are two possibilities how to compute the local restoring force vector.
They are represented by the relations (21)) and .

Note that application of the relatio is very simple for the case of a unit cube
element. As an example, let us consider a mesh of unit cubes into a part of the computa-
tional domain. Let this mesh be generated by the translation of the unit cube. Then the
spatial transformation between the master element and arbitrary cube element becomes

v = t@tastastaitastastartas)+E = 2@ +¢
y = tntwetytutustetyrty)tn o= y@+n 0 (38)
2 o= fmtntmtatstastatzn)+( = 294

It can be easily seen that for the Jacobian and its determinant in this case

T Ty Ty 100
J=\ve ym yc| =10 10 DetJ =1 (39)
00 1

Z’E Z,T7 Z’C
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holds and the derivative of the vector b("*) with respect to z,y and z has a very simple

result
by
b(in’z)
by

= [0,1,0,9,0,¢,0,n¢]"

— [0,0,1,£,0,0,¢,£¢]"
[0,0,0,0,1,¢,m,7¢] "

(40)

Thus, using the formulations and we can compute the derivatives of displace-

ments and the stress components for the square element as follows

ufr?x
Ugyy =

U’waz -

Uyyx =
Uy,y =

Uy,z =

Uz e =
Uzyy =

U’Z?Z

ug) + ugz)

ug) +u§;12)§+ (23 C+ (123)€C
ugf’) + ugs)

ugl) +ul! )77+u C—|—u
u? + e+ w4 ulPVec
u® (e 4 u,(f?’)n +u923)§77-

n+ Ug;lg)c + u;lQB)nC

(123)

&+ uln + ulen

1 12 13 123
w4y 4y ¢y

(2)+u12£+u23)g‘+ (123) %

(123)

n¢

Now the local restoring force vector for the square element is obtained by exact evaluation
of the integrals . The result is very simple

r, =T%

_ o7
r, =T;

Au (1)+u(2)+u(3))+2uug)
p(u (2) Jru( ))

" ;12)+)\( ;12)+ugz3))/3
p(ul? + ul)

/Wgcl?)) " )\(ug?’) " u;23))/3
(ul? + ol 4 B 4,293
(A + 4y /9

1 2
(g + i)

A + 0?4 @)+ 2@
i (12)+)\( (12) _'_uglg))/?)

(0 +).

p(ul® 4 0@ (19 4 (19 /3
g+ M ) /3

L (O + 4yl 9
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(1)) 7

p(ud +

p(uy? +ul)

il (13)+ ‘o D 0 4 02) /3
r.=T5 | Aul (2) u?) + 20

pu 213) +>\( ;12) +ul'¥)/3
Mu§23)+)\( (12)_~_u223))/3
L A+ 4p)ul®V /9

An algorithm efficiency is often measured by the number of arithmetical operations used
in an algorithm. The number of required operations for the computation of the local
restoring force vector for a hexahedral element H8 is given in the Table 1. During the

Case of algorithm dividing | multiplying | add/substr.
Standard 8 2016 2092
Proposed (H8 element) 8 1728 1655
Proposed (cube element) 0 27 161

Tab. 1. Comparison of the number of arithmetical operations in 3D
algorithms.

computation of the restoring force vectors r,,r, the transformation of these vectors by
the matrices Ty or T3 are needed. We remember, that the matrices T,, n = 1,2,3
contain only +1 values and therefore no multiplications are required in the matrix —
vector multiplication. Moreover, the number of additions or subtractions required can
be reduced because T, can be written as a product of n very sparse matrices, that is,

T, = (H,)", n = 2,3 where
(1 1 0 0 0 0 0 O]
0 0 1 1 0 0 0 0
1 1 0 0 0 0 0 0 1 1 0 0
0 0 1 1 00 0 00 0 1 1
Ho=1 11 0 o Hs=117 97 0 0 0 0 0 0 (43)
0 0 -1 1 0 0 -1 1 0 0 0 0
0 0 0 0 -1 1 0 0
(00 0 0 0 0 —1 1]

The role of the e-invariants for is now briefly described in the next section.

4. THE E-INVARIANTS OF THE HEXAHEDRAL GEOMETRY

As mentioned already, the e-invariants save only the essential information needed for
the computation of the local restoring force vector. Our approach is based on two
groups of invariants — the e-invariants of the hexahedral geometry and the e-invariants
of the displacements. Both forms of the restoring force vector computation and
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Fig. 2. Trilinear transformation.

require to compute the derivatives of the spatial variables z, vy, z and displacements
Ug, Uy, U, With respect to the {,n and ¢. It is easy to see from that

1'”7 = 01'(0) + Ox(l) + 1x(2) + gx(12) + 01'(3) + Ox(lg) + Cx(zg) + é’Cm(lzg)
1‘7< = 0$(0) =+ Ox(l) _|_ Ox(z) _|_ 01‘(12) —+ ]_x(?’) _|_ fx(13) J'_ nm(23) —+ né’x(lQ?’)

y?ﬁ — Oy(o) + Oy(l) + 1y(2) + é’y(lz) + Oy(?’) + Oy(13) + Cy(23) + §Cy(123)
y7< = Oy(o) + Oy(l) =+ 0y(2) —+ Oy(lz) + ]_y(3) + gy(l?’) + ny(23) —+ né’y(lz?’)

Z"’] — OZ(O) + 02(1) + 12:(2) + 52(12) + 02(3) + 02(13) + CZ(23) + £<2(123)
ze = 0200 + 020 + 022 + 0202 4 120) 4 £203) 4 2(23) 4 ¢ (123)

holds. The first e-invariant components z(©), 5 and 2(®) generate the point a?) =
(29, 4©) 20 in the hexahedral domain. This point corresponds with the (0,0, 0) point
into the master element in trilinear transformation shown in Figure 2| Coordinates of
point o?) have the value

2@ = L(ay +a2 +a3 +24 +a5 +36 +27 +28)
y© = L(y; +yo +ys +ya +ys +y6 +yr +ys)
20 = %(zl +2z9 423 +24 +25 +26 +27 +28).

(45)

It is clear that a(?) determines the location of the quadrilateral element in computational
domain independently on the rotation and change of the element shape. Location ()
of the element is not needed for the computation of the restoring force vector. Therefore
it also concerns the values z(®), () 20 The zero coefficients at confirm this fact.
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Another e-invariants are the vectors

al) = (20, ym W)
a® = (2@ @ ) (46)
a® = (z0),y® ).

These vectors correspond with the vectors (1,0,0), (0,1,0) and (0,0, 1) into the master

element. Their coordinates are as follows

= %(—xl+x2—x3+x4—m5+x6—x7+x8)
) %(—xl — o+ 23+ T4 — x5 — T + T7 + T8) (47)
:17(3) = é(*ﬂcl7$27I3*CE4+I5+1’6+$7+I8).

It is easy to verify that these coordinates fulfill

M = i (x2 + x4 + x6 + x8) — z(©
@ = % (3 + x4+ 27+ 28) — z(© (48)
23 = 1(25+ 26+ 27+ 38) — 2

and similarly for y, y®@) y3) 2D 22 2(3)  The positions of the vectors a?), a2
and a®) are shown in the Figure[2l This vectors are independent on the location and ro-
tation of the hexahedral element. The zero coefficients at the components =),y z(1)
2@ 4@ 2@ and 23, y®) 2() in indicate the positions where they can be omitted
during the computation.

The next invariants are vectors a(12) = (£(12) 4(12) 2(12)) o(13) — (5:(13) ,,(13) ,(13))
a?) = ((23) y(23) 2(23)) and o123 = (£(123) 4(123) »(12)) " which is always non-zero
for a general case of hexahedral element. This vectors corresponds with the zero vector
in the master element. The coordinates of this vector are

212 = L(4m — 2y — T3+ T4 + 25 — T6 — T7 + T3)
219 = L(4m —xo+ a3 — 24 — 75 + 76 — T7 + T8) 49)
z(23) = %(+x1+x279337x47x57x6+x7+x8) (
218 = L(—ay 4@+ a3 — 24+ 25 — 36 — T7 + T8)
or
21?2 = L(x oy + a5 +as) - x(o)
33(13) = i (£1 + 23+ x6 + 338) (50)
2 = Ll(z+as+ar+as) - x 0)
212 = 1 (22 + a3+ 35+ a8) —

and similarly for yth and zth invariants. This value is mdependent from the element
location and rotation and can be used as measures of deformation of the element. The
derivatives of the displacements u,, u, and v, with respect to &, 7 and ¢ can be derived
according to equation . The values
(0) _ Ugl + Uz2 + Ug3 + Ugg + Ugs + Ugs + Ug7 + Ugs (51)
* 8
and similarly ug(,o),ugo) represent mean value of displacements. In other words they
express the global shifting of the element, but the restoring force vector is not dependent
on these values.
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Interesting is the physical interpretation of values ugcl),ug), uf’) and similarly dis-

placements in the yth and zth direction on cube element. The values

) Up2FUra+Ur6+Us8 _ Uzl +U3+Uss+Ua7
1) 4 4
ull) = (52)
2
Up3tUgatUp7+Uz8 _ Uzl FU2FUz5t U6
W@ = 1 4
* 2
Ups5 T Ur6FtUs7+Us8 _ Uzl T U2+ Uz3+Usa
u®) = 4 4
z 2

represent the finite difference approximation of displacements in x,y and z direction for
the element with length of site 2. Similarly, ug(}), u?(f), ués) and u(zl), u,(f), u(zg) represent
the finite difference approximation of displacements in y and z direction.

The values

r(0) = Tel + a2 + 723 + T2 -g Tus + Ta6 + Ta7 + ras (53)

7’750) and rgo) represent the global force acting on the element, but the local forces are

not dependent on these values and therefore they are not needed for computation.

5. CONCLUSION

We developed a new method of the restoring force vector computation in 2D and 3D case
of the FEM computation for a elastodynamics equation. The new method reduces the
number of arithmetical operation by % approximately, while keeping the same memory
requirements. The main idea of the speed-up is the use of new base functions that allow
the use of the e-invariants. These e-invariants have such property that they save only
the essential information needed for the computation of the local restoring force vector
and redundant information is omitted from the computation.
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