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Abstract

This paper presents new approach to the problem of conducting numerical simulations in case of applying shape
and/or boundary conditions changes resulting from technological and/or constructional modifications. Presented approach
allows to shorten the time required for solving linear equations system by using results obtained from simulation for
original model (before modifications) to initialize vector of solution in the second turn of computation (for modified
model). The conjugate gradient method was used to solve the system of equations. The paper presents results of simula-
tions conducted with use of such approach. In the first case model of some constructional element was changed by adding
a slot. In the second case, the modification involves changing value of temperature used in boundary conditions. The re-
sults obtained in both cases confirm that described method can decrease time required for solving linear system of equa-
tions. The costs of such approach are relatively small and does not affect total time of computation. Using the approach
described in this paper, in connection with mesh reconstruction, can give significant acceleration. In the analysed cases
the total acceleration resulting from the application of these two techniques was approximately 30%.
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1. INTRODUCTION

Advanced numerical methods constitute the ba-
sis of physical phenomena simulations. The Finite
Element Method (FEM) (type of use - Sczygiol et al.
1997), one of the most popular advanced numerical
method, attracts a lot of attention in the scientific
community, though other methods, such as the Finite
Difference Method (FDM), Boundary Element
Method (BEM), Finite Volume Method (FVM), are
also used. All of these methods required solving
large systems of linear equations. Usually, solving
such systems of equations with use of direct meth-
ods is very difficult or even impossible. Therefore,
iterative methods are used. These methods use suc-
cessive approximations to obtain more accurate so-
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lutions at each step of iteration (Barrett et. al. 1994).
Although the non-stationary iterative methods, such
as Conjugated Gradient Method, can be highly ef-
fective, solving such large systems of equations is
still very time-consuming task.

Usually, the computations are conducted only
once for a given task, but sometimes there is a need
to implement slight changes in the geometry of the
analysed domain (or domains) or some modifica-
tions of parameters used in boundary conditions. In
such cases the finite elements mesh generation proc-
ess and solving system of equations have to be con-
ducted once again from the beginning. The mesh
reconstruction method, described by Sczygiol &
Mikoda (2008) can help decrease the amount of time
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required for the first of these tasks, which is mesh
generation.

In situation, when changes have to be applied to
the model after the first turn of computations has
been made, the process of solving system of equa-
tions can be also accelerated. It can be done by using
results obtained from computations performed be-
fore applying changes, to initialize the vector of
solution in first iteration of the second turn of com-
putations.

2. INITIALIZATION OF SOLUTION
VECTOR

The Conjugated Gradient Method is one of the
most effective iterative method. Its name is derived
from the fact, that this method generates sequences
of orthogonal (conjugated) vectors during successive
iterations. Each successive vector is closer to a solu-
tion.

At the beginning, the solution vector has to be
initialized with some values. When the computations
are conducted for the first time, this vector is initial-
ized with zero value. During the preparation of the
next series of computations, results obtained from
the previous one are known. When the modifications
of the model are slight it can be assumed that the
differences between solutions will also be small.
This observation can be used to accelerate the proc-
ess of solving system of equations during the second
turn of computations. New solution vector can be
initialized with values from previous solution. In
such case, the initial solutions vector and resulted
solution vector are close and the convergence of
iterative process is faster.

3. RENUMBERING OF NODES

In case, when only the parameters used in
boundary conditions are changed and the shape of
the considered model remains unchanged, the num-
bers of nodes do not have to be renumbered. The
values from solution obtained for unchanged model
can be directly moved to initial solution vector build
for the second turn of computations.

In the other case, when the shape of model has
been changed, the finite element mesh have to be
reconstructed. During this operation new nodes of
finite element mesh can be inserted into the existing
mesh and some nodes of the existing mesh can be
removed. This requires renumbering of the nodes
that belong to new finite elements mesh. Because the
numbers of nodes have been changed, the values of

solution vector obtained for unchanged model can
not be directly moved to new initial vector of solu-
tion.

During finite elements mesh reconstruction after
applying shape changes, conducted with use of
method described by Sczygiol & Mikoda (20006),
table of nodes renumbering is created. This table
consists of pairs of node numbers. The exemplar
table of nodes renumbering is presented in figure 1.

2

2 1 3 1
101
312
2 2 413
514
615

3 4 4 5

Fig. 1. Exemplar table of nodes renumbering.

The second column of this table consists of node
numbers before mesh reconstruction. The numbers
in the first column are numbers of new nodes corre-
sponding to the old indexes of nodes in the second
column. For example, the new node 1 corresponds to
the old node with the same number. New node with
number 2 does not correspond to any node from first
mesh. New node with index 3 corresponds to old
node with number 2.

This information are used to move values of the
solution vector obtained for unchanged shape to the
new initial vector. The first value from this vector
should be placed at the first position in new vector,
the second one on the third place and so on.

4. EXPERIMENTAL VERIFICATION OF
PROPOSED METHOD

To verify the efficiency of the method described
above, a series of simulations were performed. The
simulations were performed for a steady heat trans-
fer phenomena in a model of some constructional
element. The simulations were conducted for the
three dimensional model and four sizes of mesh
elements. Required accuracy was set to 1e-3 and le-
6. The Dirichlet boundary conditions were imposed
on all model boundaries. The temperature on one
surface (marked on the figure 2a) was set to T1 =
850 K and on the others to T2 = 350 K. Figure 2a
shows the analysed model.
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a)

T1 =850K

b)

Fig. 2. Model of the constructional element a) original model b)
after applying constructional changes.

Table 1. Simulation for accuracy le-3 (changing shape of
model).

New finite elements mesh was generated by using
mesh reconstruction. The information obtained from
this process, along with results of the first simulation
were used to initialize vector of solution for the sec-
ond simulation with non-zero values. The numbers
of iterations required to obtain requested accuracy
and times of these operations are shown in table 1
and table 2. The last two columns present the accel-
erations . and a;,, determined from formulas 1
and 2:

tzero

—t
— non—zero 1 00%
t

zero

(M

time

where:

tero — time of solution — initial vector filled up with
zero values,

tuonzero — time of solution — initial vector filled up
values from previous simulation.

i _num_, —1 num

zero

I num

non—zero 1 00%

2

a =

iter
zero

where:

i_num,,, — number of iteration — initial vector filled
up with zero values,

i NUM,pn e, — Number of iteration — initial vector
filled up values from previous simulation.

Conducted simulations show that approach de-
scribed in this paper can reduce number of iteration
required to obtain requested accuracy by even 12%.

Reduction of number of

Solving system of equations iterations can results in
shortening time of solv-
Size of Mesh Mesh ' Init. vec. filled up Im.t. vec. filled up Acceleration ing system of equations
) ¢ generation | reconstruction with zero values with values from by ab 10%
elements time time previous simulation y about 0.
[m] [s] [s] The only costs of
i_nl[”;lzem tfer]o i_nu’Ely:llgn.zgm Thon-zero aoiter a(t)ime this approach are times
- S - .
[s] el Dol | of creating table of
0.025 8.82 2.17 107 9.93 98 9.7 841 | 232 | nodes and moving val-
ues to initial vector.
0.020 16.87 3.99 206 35.55 196 34.17 4.85 3.88 . .
Such table is being cre-
0.015 42.88 9.67 187 81.05 165 72.79 | 11.76 | 10.19 | ated during renumbering
of nodes, which is part
0.012 84.2 18.55 241 195.38 215 176.67 | 10.79 9.58 .
of mesh reconstruction
0.010 150.32 32.55 274 385.96 245 349.57 | 10.58 9.43 process, so it does not

After the first simulation, constructional changes
were applied to the model. The shape was changed
by adding a slot. The modified model of this element
is presented in figure 2b. The Dirichlet boundary
conditions, with temperature set to T1 = 850 K, were
imposed to the new surfaces created inside this slot.

require any additional
time. The computational complexity of moving val-
ues to initial vector is linear and it does not affect the
time of simulation appreciably.
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Table 2. Simulation for accuracy le-6 (changing shape of model).

The second simu-
lation shows a situa-

: : tion where the shape
Solving system of equations of the model has not
, Mesh Mesh Init. vec. filled up | it Vec: filledup with | Acceleration | been changed, but the
Size of generation | reconstructio ith zero val values from previous ;
elements time 1 fime with zero values simulation parameters used in
[m] [s] [s] boundary conditions
l_nl[”1]1:ero tfe;jo l_nu’E’lrion-zera Tnon-zero aoi/ter a:}ne has been chan ge d.
- S - . .
<] %] L] During the first simu-
0.025 8.82 2.17 154 14.28 147 13.81 4.55 3.29 ]ation the temperature
0.020 16.87 3.99 272 46.11 260 4439 | 441 3.73 on boundaries (T1)
0015 | 42.88 9.67 271 [1as9 | 250 10672 | 775 | 687 | Was set to 850 K. To
verify usefulness of
0.012 84.2 18.55 342 272.41 315 253.02 7.89 7.12 y .
the described method
0.010 150.32 32.55 399 552.45 363 506.65 9.02 8.29 this temperature was
changed. The computations were made
Table 3. Simulation for accuracy 1le-3 (changing the temperature). for the biggest .mesh (size of element
0,01 m) and six different values of
. ) temperature T1. Tables 3 and 4 present
Solving system of equations .
. results obtained for requested accuracy
Temperature T1 Ini.t. vec. filled up Ivrxlllizhvfalcliuzlsli‘foif Acceleration 10e-3 and 10e-6.
on boundaries with zero values previous simulation The results ShOW that appl‘oach de‘
(K] . ] scribed in this paper can be success-
L_NUMep tzero L _NUMyop-zero tnon-zem Ajger Atime f ll d . f h . b d
[] [s] [-] [s] [%] [%] ully use' .11’1 case o C anging OuI:l -
ary conditions. The time acceleration
800 274 336.57 209 292,08 | 2372 | 1899 | reached in conducted simulations was
820 274 356.57 195 267.95 28.83 24.85 in the range of 10 to 30 percent and the
840 274 356.57 175 24797 | 36.13 | 30.46 | acceleration counted on the basis of
860 274 | 35657 | 175 24835 | 3613 | 3035 | iterations number was even higher.
880 274 356.57 195 274.07 28.83 23.14
5. SUMMARY
900 274 356.57 209 291.96 23.72 18.12
In the case when some construc-
tional or technological modifications
Table 4. Simulation for accuracy le-6 (changing the temperature). have to be implemented to analyzed
model, the finite elements mesh has to
Solving system of equations be generated again for modified area's
it vee. filled Init. vec. filled up with |  Acceleration | S'aP¢ and the computations have to be
Temgerat(;lT?Tl ilvlitt.hvsgfolvzflu:sp values from previous performed once again. If changes are
on O[IE] anies simulation not significant, the mesh reconstruction
] ] can reduce time required for this proc-
1_NUMzery Lero 1_NUMpop-zero Inon-zero Qiter Atime b . 1 . dd . 1
[-] [s] [-] [s] [%] [%] e.ss. 'ut 1t can also g?ve additiona .pos-
sibility of acceleration. The auxiliary
800 399 517.86 329 447.13 17.54 13.66 data, that are created during mesh re-
820 399 | 51786 | 321 43691 | 1955 | 1563 | construction, can be used to speed up
the most time-consuming part of nu-
840 399 517.86 301 411.01 2456 | 20.63 merical simulations, which is solving
860 399 | 517.86 301 411.69 | 2456 | 2050 | system of equations. Using the ap-
proach described in this paper in con-
880 399 >17.86 321 437.01 1955 | 1561 | hection with mesh reconstruction, can
900 399 | 517.86 329 44773 | 1754 | 1354 | give significant acceleration. In the
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analysed cases the total acceleration

COMPUTER METHODS IN MATERIALS SCIENCE




l
O
Z
=
)
%]
%]
—
<
&2
=
=
Z
%)
(@)
Q
I
&
=
a2
ol
=
2
[
=
Q
o

INFORMATYKA W TECHNOLOGI MATERIALOW

resulting from the application of these two tech-
niques together (mesh reconstruction and initializa-
tion of solution vector with non-zero values) was
approximately 30%. Conducted research shows also
that the same approach can be used in case of
boundary condition changes.
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METODA PRZYSPIESZENIA PROCESU
ROZWIAZYWANIA UKEADU ROWNAN W SYTUACJI
ZMIANY KSZTALTU I/LUB WARUNKOW
BRZEGOWYCH

Streszczenie

W artykule zaprezentowano nowe podejscie do problemu
przeprowadzania symulacji numerycznych w sytuacji, gdy do
modelu wprowadzane sa modyfikacje ksztattu i / lub warunkow
brzegowych wynikajace ze zmian konstrukcyjnych i / lub tech-
nologicznych. Zaprezentowane podej$cie pozwala na skrocenie
czasu potrzebnego na rozwiazanie ukladu réownan liniowych
poprzez wykorzystanie wynikow symulacji dla oryginalnego
modelu (przed modyfikacja) do zainicjowania wektora rozwia-
zan w drugiej turze obliczen (dla zmodyfikowanego ksztaltu).
Do rozwiazania ukladu réwnan zastosowana zostala metoda
sprzgzonych gradientow. W artykule zaprezentowano wyniki
symulacji przeprowadzonych z w wykorzystaniem opisanej
metody. W pierwszym przypadku model zostat zmodyfikowany
poprzez dodanie waskiego otworu. W drugim przypadku mody-
fikacje polegaly na zmianie temperatury wykorzystanej w wa-
runkach brzegowych. W obu przypadkach uzyskane wyniki
potwierdzity, ze opisana metoda pozwala skroci¢ czas potrzebny
na rozwiazanie ukladu réwnan liniowych. Koszt zwiazany
z zastosowaniem takiego podejscia jest relatywnie maly i nie
wplywa na catkowity czas wykonania obliczen. Zaprezentowana
w pracy metoda, w potaczeniu z rekonstrukcja siatki moze
pozwoli¢ na uzyskanie znaczacego przyspieszenia. W analizo-
wanych przypadkach aczne przyspieszenie wynikajace z zasto-
sowania tych technik wyniosto okoto 30%.
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