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ABSTRACT

This work aims to discuss a proposed solution for wave equations that utilize discretization
by means of the finite difference method, weighted by a parameter #, with sweeping done
according to the time-stepping method. The multigrid method is employed to speed up the
convergence in obtaining the solution of the system of equations resulting from the discret-
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ization. To validate the proposed model, the discretization errors, effective and apparent
orders, convergence factor, orders of complexity, and the computational time were assessed.
A comparison between the singlegrid and multigrid methods was carried out in order to

determine the most advantageous one.

1. Introduction

Partial differential equations (PDEs) are used to model
several engineering problems. These equations must
to respect certain boundary and initial (in the transi-
ent case) conditions, in which the obtention of an
analytical solution is an arduous and not always pos-
sible task. In this context, approximate methods
emerge, offering the conditions of representing con-
tinuous domains as discrete domains. Led by compu-
tational advancement and the development of new
technologies, the possibility of solving more realistic
problems becomes more feasible.

In this work, we present a model to solve the wave
equation, which is a hyperbolic PDE. This class of
problem is a trendy research topic and has several
applications.
acoustics in Avalos and Lasiecka [1], propagation of
electrical charges in Metaxas and Meredith [2] and
sound waves in Bailly and Juve [3], wave equation in

Some applications include structural

polar coordinates in Gopal et al. [4], stationary wave
equations in Brandt and Livishits [5], telegraph equa-
tion in Devi et al. [6], linear cases in Dehgham and
Mohebbi [7], nonlinear cases in Rincon and Quintino
[8] and Baskonus et al. [9], systems of advection equa-
tions in De Sterck et al. [10] and parallelization
schemes in Gander et al. [11] and [12].

The transient wave equation is discretized by the
finite difference method [13] and generates a linear
system that can be solved by a solver, such as
Gauss-Seidel method. One way to speed up the pro-
cess of obtaining the solution of this system is to
apply the multigrid method, widely recommended in
the literature, as it significantly improves the conver-
gence factor [14-16]. The anisotropy related to the
physical and numerical factors of this type of problem
is also evaluated. Is a challenge to solve wave equa-
tions with a high value of «, where alpha is associated
with the wave propagation speed, see Umenati
et al. [17].

When solving physical problems modeled by PDEs
that are dependent on time, the time-stepping tech-
nique can be used, in which, at each new time step,
the solution of the previous time step is utilized as an
initial estimate, thus solving a transient problem with
a system of stationary wave equations [18-21]. Time-
stepping is usually proposed to solve elliptical and
parabolic problems [22], but it can also be employed
in the wave equation [7]. To calculate the approximate
solution at the current time step in the wave equation,
we use the solutions of the two previous time steps.

This work is organized as follows. In Section 2, we
present the mathematical models adopted for the
wave equation and discretization for the 1D and 2D
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cases. In Section 3, we show details of the implemen-
tation of the multigrid method in the wave equation.
In Section 4, we expose the code verification methods
and the results of the simulations. Finally, in Section
5, we present the conclusions.

2. Mathematical and numerical models
2.1. One-dimensional wave equation

The 1D wave equation can be utilized to model, for
instance, the problem of a vibrating string fixed at both
ends, in which the goal is to find the displacement u(x, f)
with the independent variables x and t, which represent,
respectively, the position and time. Let «; be a scalar
which is a positive real number defined as ocl \}2,
where V is related to the linear density and the tension
of the string (wave propagation speed). Let us consider
the one-dimensional wave equation [23] as

ae M W
u(x,0)=fi(x), 0<x<lI, (2)
u(%,0) =g1(x), 0<x<I, (3)
u(0,t) =u(l,t) =0, t>0, 4)

where fi(x) represents the initial setup, gi(x) is the
initial speed, and u(0, f) and u(l, t) are the boundary
conditions. The general solution is built with the fun-
damental vibrational frequencies given by varying n =

1,2,3, ..., such as
wo) = (@lls ) +dlnt) )
where .
W (x,1) = cos (””“”) (T) ©)

sin T) , (7)

dx, (8)

206 t) = sin <””;‘1t)
(

n = %J:)fl(x) sin

1
g =2 J g1(x) sin (”—’l”“>dx, )

2.2. Discretization wave 1D

Considering the problem defined in Egs. (1) (4), we
define the size of each spatial element h; = N , and a
time increment 1; = li, , where N, > 0 and N; > 0 are
the numbers of spat1al and temporal intervals,

respectively, with time ¢ > 0 and string length I By
admitting an approximation v¥ for the solution u, at a
point of coordinate x;, with time k, and using central
difference, the discretized problem is given by

VEEL ok gkt 2 9%, o 9%y, % Oy
2 12018 360 95 20160 9t
) fjll 2y f_c+1 + vf-‘“ hz 9%/ k+1 h? 66Vf_c+1 h? asvi_cﬂ
o M _ .
' "2 T 0 360 9 20160 O
k
21— 2m,) Vim0 ROWE B o O
! ! h? 12 9x* 360 9x6 20160 Jx8
Ly VL — 2kt k] B h_%a‘*vf.“l 3 h_‘ll(‘)"’vf-“l R foAt o
v h? 12 Ox* 360 Ox6 20160 Ox8 ’
(10)

where 7, is the weighting parameter. By adopting #, >
0.25, we have an unconditionally stable approach [13].
By rearranging the terms of Eq. (10), we have

k—1 k k+1 O‘ZT% k+1

- +1 _ % +

vi S22 v = h?[’h("i—l
1

+ (1 - 2’11)(1/5'{ 1 2";{ + Vﬁ»l)
+m (S =2 V)]

k1 |kl
—2vi" + i)

(11)
with truncation error order O(h?t2,7}), given by
N 7 0%, dihdy, O
& — — N e —
P T o 12 o
2212 4k
aytyhy (1— 21 )8 (12)
12 8x4
Lo_anhim ot
12 ox*
Assuming that,
uit?
=5, (13)
ht

we have
= ( f(+11 + Vﬁll) +(-1- 2’7111)"5{71
+ (24 (=2 +4n) )V
+ (1 — 27]1)/11(fo1 + VZ'CH)
+ ’71)»1("?

(1+ 217121)115‘“

:11 + Vf‘:ll)-
(14)
Therefore, we have the coefficients and source term
given by
w1 = Ge1 = N1 (16)
bpr = (—1 = 20, )V 4+ (2 4 (=2 + 4y 2 )

+(1 - 2'71)/11("5'{71 + V5'<+1) + 711}"1(1/5‘(:11 + V:'(J:ll)
(17)
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In order to perform the iteration is necessary to
know the solution at two time-steps before, vff and
vE=1. To start the process, v*~! is given by the initial
setup and V¥ is given, as in Burden and Faires [24], by

/ A
v = (U= 2fi(6) + S A Gn) + 5fiim) + g ()
+ O(hit}).
(18)

2.3. Two-dimensional wave equation

The two-dimensional wave equation can be utilized to
model, for example, the problem of a vibrating rect-
angular membrane with fixed edges, in which the
intention is to find the displacement u(x,y,t), with
independent variables 0 <x </l and 0<y<]I,
which represent the plane’s spatial coordinates, for the
time t>0 Assume that o is a positive real number
oc% V2’ where V, is related to the superficial density
and local tension, we define the two-dimensional
wave equation [23] as

82u_ Pu  u (19)
oz~ “\ae T oz )

u(x,,0) = f2(x, ), (20)
u(x,,0) = &(x,y), (21)

u(x,0,t) = u(x, 1, t) = u(0,y,t) = u(l, y, t) = 0,
t>0
(22)
where f,(x,y) is the initial setup, g (x,y) is the initial
speed, u(x,0,t),u(x,1,,t),u(0,y,t), and u(l,y,t) rep-
resent the boundary conditions. In this case, the gen-

eral solution is built with the fundamental vibrational
frequencies that are given by varying m =

1,2,3,...,n=1,2,3,..., and it is given by
w6 t) = D ) (amaWh, y(56351) + b nz ,(5,751))s
m=1 n=1
(23)
where
1 m? n? \ . [mnx
Wy, (%5 1) = cos | 7o, 7 l_zt sin L

sin <””y>,
l)’

(24)

sin (@> R
ly
(25)

4 l
A, ——J J fa(x, ) sin MEXN sin (122 dxdy,
L, I I,

(26)

4 by (ke . MnX
e[ [ tren ()
ol mzl;—l—nzlfc 0Jo x
sin <ﬂ>dxdy.
L

(27)

2.4. Discretization wave 2D

Considering the problem defined in Egs. (19)-(22),
and a rectangular membrane of side L, that is, I, =
l, = L we define the size of each spatial element by
hx = Vx and h, = N , and a time increment by 1, =
Nf’ where N, N,, and N; are the numbers of the spa-
tial and temporal intervals, respectively, w1th a time
tf > 0. By admitting an approximation v . for the
solution u, at a point of coordinates (x; y;), w1th time
k, and utilizing central difference scheme, the two-
dimensional problem can be discretized with finite
difference methods, expanding the methodology
employed for the one-dimensional case. Thus, we
have

f‘} -k s VkJrl w2 13 O 5 Py _
3 12 9t* 360 Of° 20160 OfF B
R ( f<+111 72vk+1 +vk+1j) hz Oy k+l h4 95y k+l hg asvf}rl
o M T
22 h2 1o 360 20160 0x8
(1 — gy (VT B ) ROV W vy kg O
2 2 n2 12 9x* 360 9x6 20160 Ox8
k 1 k 1 1 6., ,k—1 38 k—1
2 h2 v ax4 7360 Ox5 20160 O
k+1 k+1 k+1 2 +1 4 96, k+1 6 28, k+1
e Vi =2 i) By I k0 Vi A
2 h2 12 8)»4 360 0y5 20160 yS
2 4 k 4 6.,k 6 8.k
20— ) Cho=2 o) ROV, oo, i oy
2 h2 12 8y* 360 0y° 20160 OB
k—1 k 1 1 2 g4, k—1 4 6. k—1 6 8, ,k—1
+oln i - +V{<)+1) hyavi,j _ by, 0%V B by 0% o
212 h2 12 9yt 360 9yS 20160 9y8

(28)

Assuming h, = h, = h, and rearranging the terms of
the previous equation, we obtain
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Figure 1. Coarsening ratio.
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(29)

- - 2.2 122 4y o
with truncation error order O(h;t3, hyt3,75), given by

4. k+1
Ay e
T o 12 oxt
k
O(%‘L‘%h)zc ( _ ) 841/1]
12 1) g
B o2t2h2n, 64vf.f;1 o BT3hN, 841/5‘,}31
12 Ox* 12 oyt
_..._agtghi(l _9 )_a4vi§f_...
12 T2 oy*
~ Tk, 84! ~
12 oyt
(30)
Assuming that,
2.2
AP
=—=, 31

we have
k+1 __ k+1 k+1 k+1 k+1
(1+ 4’12/12)";,]‘ = ’72/12("1'71,]' T Vien TV T Vi,j+1)

, k k k
) [(1 - 2’72)("1'71,]‘ Vi Vi

k k— k— k— —
+ Vi,j+1) + ’72("1'711,]' + Vi+11,j + Vi,jjl + Vi,jil)}
+2—-44h+ Snzlz]vffj +[-1-— 4;12&2]1/51,

(32)

Therefore, we obtain the coefficients and the source
term given by

apz =1+ 41’]2/12, (33)

Qw2 = G = A = Ay = Ny, (34)
, k k k k
bpr = /2 [(1 - 2’72)("1'71,1' t VitV Tt "i,j+1)
k— k— k— k—
+ ’72(1’1711,]‘ + Vi+11,j + Vi,jjl + Vi,jil)]"’
(2 — 42 + 8y 20)Vj; + (=1 — ) Vi
(35)
k1

In order to compute v;;

solutions of the two previous time steps, v
k—1

, it is necessary to know the
i j and vf.f]fl.
To initiate the process, v;;" is given by the initial
setup and v j is calculated with central differencing
scheme by Eq. (36)

Vi = (1= Z)h(x))

A
+ 52 2 (xi> yje1) + (%3 yj-1) + fa(xie135)
+ fo(xi41,9))] + 122 (%35 yj) + O(h3). (36)

3. Multigrid method

The multigrid method is employed to accelerate the
convergence when obtaining the solution of the result-
ing system of equations since it is possible to smooth
oscillatory components at each grid when using a set
of grids [14] and [25]. This technique is commonly
used by researchers when solving a system of equa-
tions of the type Au = f, which usually demands a
high computational cost [26-29]. In this case, we
define r" = f — Av", as being the residual generated
by v in the iteration it, where v is an approximation.

The multigrid deals with a basic iterative method,
called smoother, to smooth high and low-frequency
errors. This is possible due to the use of several grids,
since components that are smooth at finer grids
become more oscillatory at coarser grids [14]
and [30].

The order in which the different grids are visited is
called the multigrid cycle. In this work, we use the
V-cycle, shown in more detail in the sequence, and
proposed in the works of Briggs et al. [16] and
Trottenberg et al. [14]. In the V-cycle, the equation is
smoothed v times (pre-smoothing) at the finer grid;
hence, the residual is transferred to the very next
coarser grid by means of restriction operators I?",
with full-weighting for the 1D problem and half-
weighting for the 2D problem, represented respect-
ively in Egs. (37) and (38):

ran(xi) = I'r(x;) = %[zrh(xi) + 1 (xi1) + rn(xio1))s

(37)
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P

1
T’zh(xi))’j) = I;Zlhrh (xi»)’j) = g [47’h (xi,)’j)

+ 10 (xiv1, yj) + rn(xio1, ;) + ru(xi Yi)
+ rh(xi;yj—l)]a
(38)

where r, and 1y, are, respectively, the residuals of the
fine and coarse grids. In this work, we use the stand-
ard coarsening ratio, =2 [14], given by q = H/h,
where h and H represent the size of the fine grid and
its immediately coarser grid, respectively. This type of
coarsening is depicted in Figure 1, for the two-dimen-
sional problem. This process is repeated until the
coarsest grid is reached, and thus the problem
is solved.

Then, the prolongation of the corrections is per-
formed, using linear interpolation operators I?, in the
1D problem and bilinear interpolation operations in
the 2D problem, given respectively by Eqs. (39) and
(40):

1

vii(x;) = Tyyvn(x:) = 5[ (%) + van(xi)l, - for o,
van(x:), for >,
(39)

Vh(xi’)’j) = ghvh(xi’yj)

1
[Vzh(xFl,)/j) + Vzh(xi+1>yj)], for <,

2

1

) [Vzh (xiayj—l) + V2h(xi’yj+1)], for «,
=31

P [Van (xifb)/j) + Van (xi+1>yj)+

Van(Xi> yjm1) + van (X0 yiv1) s for e,

Vah (xiayj)> for ®,

(40)

Figure 2 shows images of the interpolators of Egs.
(39) and (40) [14], where the points > and © are seen
on fine Q" and coarse Q" grids, whereas the points
0,$, <, and e are seen only on the fine grid Q"

o Smoothing

. Solve

’ ™~ Restriction
_—~7 Prolongation

Figure 3. Multigrid V-cycle.

The solution is then corrected and smoothed v,
times (post-smoothing), and the process is repeated
until the finest grid Q" is reached, where the solution
is smoothed one more time [16] and [31]. This pro-
cess is depicted in Figure 3.

The V-cycle is repeated until the stop criterion is
met. This approach allows the iterative process of the
multigrid method to always smooth oscillatory com-
ponents [32]. We adopt v; = v, =2 in this work, as
according to Dehgan and Mohebbi [7], this choice
yields positive results for the wave equation.

4, Results

In this section, we discuss the code verification techniques
based on the numerical simulations and also on a posteri-
ori analysis of the results found with the multigrid and
singlegrid formulations, using Gauss-Seidel as smoother
and lexicographical order [33]. Tests were performed in
an Intel Core i3 1.5GHz computer, 4 GB Ram, 64-bits,
Windows 10 operating system, and double precision.

The 1D problem, modeled by Egs. (1)-(4), is solved
by admitting «; = 2, initial setup fi(x) = sin (nx) and
initial speed g;(x) = 0. We adopt the same number of
points in both spatial and temporal discretization N,
= N,, with 71 = h;, parameter # = 0.5, and final time
of tf =1.0s. The one-dimensional problem of a
vibrating string with fixed ends is depicted in Figure 4
for a few values of t.

The 2D problem, modeled by Egs. (19)-(22), is
solved by admitting o, = 2, initial setup fo(x,y) =
sin (7x) sin (my) and initial speed g(x,y) =0. We
adopt the same number of points in both spatial and
temporal discretization Ny, = N, = N;, with 1 = h, =
h,, parameter n = 0.5, and final time tr = 1.0s. The
behavior of a rectangular membrane with fixed edges
is depicted in Figure 5 for a few values of t.

4.1. Discretization error

The discretization error is associated with the size of
the components from the grid which is utilized. For



M. F. MALACARNE ET AL.

1= 000s 1=005s

n 2 s 1 " " v i v i v v "

A6}

08

] 01 02 03 04 05 OB 07
1=020s

04
05

0B

Figure 4. Vibrating string with fixed ends.

oz
s R
KRS
',’I”l:,,";l:::::::."‘ PRSI
IR ST
o S RS IR,
S OSKSSNSi

S
3 R
AN AN e
S TR S
s
Wi 5
P e
e ot S
Z s SIS T
Zs TR
G T
oo SRR
pesserus iAo
<5850
SoSSSos

t=020s

e ssssssisies
sttt atiel bostesite,
A e SNSRI KOO8
RS
NS S
SN S SIS SRS

%S 5 ;

S
SOIRIEY
S

7

57
ety
S

Figure 5. Behavior of a membrane with fixed edges versus time.



INTERNATIONAL JOURNAL FOR COMPUTATIONAL METHODS IN ENGINEERING SCIENCE AND MECHANICS . 51

Table 1. Discretization error for different grids.

N |1Es6-10]| ||Ems—1p |1Es6-20] | [|Eme—2p] |

2% 4 12.2247690E + 002.2247690E + 001.23215155E + 001.23215155E + 00
2% 4 17.3045048E — 017.3045048E — 013.42788395E — 013.42788395E — 01
2° + 17.4352845E — 027.4352845E — 027.83783302F — 027.83783302E — 02
26 4 15.2713778E — 035.2713778E — 031.88555766E — 021.88555766E — 02
27 + 13.4245672F — 043.4245672F — 044.67832780E — 034.67832780E — 03
28 4+ 12.1705113E — 052.1705113E — 051.16979496E — 031.16979494E — 03
2° 4 11.3643499E — 061.3643496E — 062.92791365E — 042.92791376F — 04

the purpose of verifying the behavior of this type of
error, truncation, iterative, and roundoff errors are
considered inherent. Table 1 presents the infinity
norm of the numerical errors. From now on, the
notation used will be: N is the number of points on
the directions x, y, and  E is the truncation error; SG
and MG represent the singlegrid and multigrid meth-
ods, respectively; and 1D and 2D are the dimensions
of the problem. In the first column, the number of
spatial points for the 1D problem is N, and for the 2D
case is N°.

We verified a desired characteristic in both 1D and
2D approximations, the discretization error decreases
as the grid is refined. Taking into account that by
adopting a certain value of N, regardless of the
method used, singlegrid or multigrid, the discret-
ization error is virtually the same, given that the prob-
lem was solved up to the rounding error.

4.2, Effective and apparent orders

The order of approximation can be verified by utiliz-
ing the effective order Py and apparent order Py [7]
and [34]. We apply the Richardson estimator based
on the apparent order of the numerical error, given

by
Pr—¢3
log (q)
in which ¢,,¢,, and ¢; indicate, respectively, solu-
tions on the fine, coarse, and super coarse grids. Once
the analytical solution is found, the Pg is computed by

 log (5(2)
~ log(q)

in which E(¢,) and E(¢,) represent the errors on the
coarse and fine grids, respectively. Figure 6 shows the
values of the apparent and effective orders for differ-
ent grids for the 1D and 2D wave equations, with
1y =hyand 1, = hy = h,.

Figure 6 shows that Py and Pk tend to 4.0, such as
presented in Cuminato and Meneguette [13]. Thus,
the model presented in Egs. (10) and (18), both

(42)

457

1+ ]

1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.08 0.08
h

Figure 6. Apparent and effective orders for the 1D problem.

fourth-order, produce a fourth-order method for the
1D case, a desired characteristic in approximation
methods. For the 2D case, in Figure 7, Py and Pg
tend to 2.0, in other words, although Eq. (28) has
fourth order, Eq. (28) has second order. This combin-
ation produces a second-order method. These results
are corroborated with data from Table 1.

For example, in case 1D, for N = 27 +1 points, the
error is 3.4245672E — 04 and by decreasing the size of
h; in a half, that is, N = 2% + 1 points, the new error
is 2.1705113E — 05, reducing about 16 times. But for
2D cases, by decreasing the elements size in a half,
the new error reducing about 4 times.

4.3. Orders of complexity

According to Burden and Faires [24], and with the
results of the computational time t,,, we can make a
geometrical (or nonlinear) fit in order to assess the
complexity of the algorithm utilized, where

218 T T T T T
—+—Fy
216} B
—a—F #
214 4
212

1 1 1
0.03 0.04 0.05 0.08

h

1 1
0 0.m 0.02

Figure 7. Apparent and effective orders for the 2D problem.
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Table 2. Parameters of the geometrical fit for the 1D
wave equation.

/ (94 Pmc CsG Psc

10° 1.00E — 05 0.8941 1.00E — 05 0.9723
10" 7.00E — 06 0.9559 2.00E — 05 1.0364
10 2 2.00E — 05 0.9249 4.00E — 05 1.1175
103 3.00E — 05 0.9161 5.00E — 05 1.2558
10* 4.00E — 05 0.9012 7.00E — 06 1.5312
10° 5.00E — 05 0.9421 3.00E — 06 1.7894

Table 3. Parameters of the geometrical fit for the 2D
wave equation.

A CmG Pmac CsG Psc
10° 7.00E — 06 0.9518 1.00E — 05 0.9615
10! 1.00E — 05 0.9438 5.00E — 05 0.9922
10 2 2.00E — 05 0.9221 1.00E — 05 1.2251
103 2.00E — 05 0.9341 7.00E — 07 1.5693
10* 2.00E — 05 0.9478 2.00E — 06 1.6028
10° 2.00E — 05 1.0071 4.00E — 07 1.7752
tepu = c.MP, (43)

in which ¢ is the coefficient of the method, p is the
order of complexity of the solver related to the inclin-
ation of the correction curve and M is the number of
variables of the problem. Theoretically, Trottenberg
et al. [14], p must be close to 1 for the multigrid case,
showing its linear behavior. In Tables 2 and 3, we pre-
sent the results of these parameters for the multigrid
and singlegrid methods, for different values of 4,
given by Egs. (13) and (31), which contain informa-
tion on physical aspects as o, and on numerical
aspects as h and t. From here on we will use
[|F*]]o/1I"°l]o <107° as a stopping criterion, where
¥ is residual in initial estimate.

We found a similarity between the orders of com-
plexity of the 1D and 2D cases, as in both cases, as A

increases, ppc shows values close to 1, and pgg
increases and tends to 2, which proves that the com-
plexity of the multigrid method presented is linear.

4.4. Convergence factor

In order to define which interval and variable values to
use in the computations, we considered the parameter /4
and the convergence factor p, where p=
7] /117" !|| - According to Horton and Vandewalle
[35] and Thole and Trottenberg [36], 4 can be consid-
ered as a measure of the anisotropy degree at the dis-
cretized operator in a given grid, and such anisotropy
can affect the performance of the solver. Since A
depends on the increase in time and space adopted in
the discretization, and also on the wave propagation
speed, we have a measure of physical and numerical
anisotropy for the wave equation. This approach can
also be used to find intervals of 4, for which multigrid
and singlegrid are more efficient. This indicator is cal-
culated for different grids, for the 1D and 2D problems,
and it is shown in Figures 8 and 9, respectively.

In both cases, 1D and 2D, and for both methods,
SG and MG, for values of log (1) < 0, we have p ~ 0,
which implies a high efficiency of both methods. As
log (A) increases, the SG shows values of p~ 1 for
both the 1D and 2D cases, that is, SG is inefficient at
this interval [32]. At this same interval, that is,
log (1) > 0, the convergence factor of the MG method
for the 1D problem shows a value of p = 0.45. For
the 2D problem, the convergence factor of the MG
method remains small, p =~ 0.1. Therefore, the multi-
grid method proposed for the wave equation is much

—+—MG - N=33

MG - N = 65
08 MG - N =129

MG - N = 257
—&— MG - N=513
06k | —#—MG-N=1025
——5G-N=33
—%—5G- N=1025

0.4

0z

log(A)

Figure 8. Convergence factor for different grids and values of / for 1D problem.
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Figure 9. Convergence factor for different grids and values of 4 for 2D problem.

more efficient for such values of A. Furthermore, the
values of p not depend on the value of 4 in finer
grids, showing the robustness of the method.

4.5. Speed-up

In this subsection, we found the relationship between
the computational time of the singlegrid (f.usc) and
multigrid (f,umc) and the increase in the number of
points, where the speed-up = tyusc/topumc. See

Figures 10 and 11, for the 1D and 2D problems,
respectively, for different values of A.

We noticed that for both cases, 1D and 2D, the
speed-up increases for higher values of N, which is
desirable, and significantly increases for higher values
of . In the 2D case, for example, for A = 10° with
N=129, that is, with 2,048,383 unknowns, the MG
method has a t,umc = 16.4s and SG tepumc = 5291.8s.
The multigrid method solves the problem approxi-
mately 322 times faster.
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Figure 10. Speed-up for 1D problem.
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Figure 11. Speed-up for 2D problem.

4.6. Comments

The methodology presented here consists of using the
time-stepping with multigrid method to solve the wave
equation discretized by finite difference method. Similar
results with the same efficiency can be obtained when
considering external forces that operate on the problem,
for example for the 1D case, just insert the term F(x, )
on the right side of Eq. (1), because this causes changes
only in the source term of the system of equations gen-
erated and according to Trottenberg et al. [14] it does
not change the performance of the method.

There exist several works available in the literature
showing the efficiency of the utilization of the time-step-
ping method combined with multigrid to solve EDPs,
for example, in solving the Pennes bioheat equation in
Stroher and Santiago [37], used to diagnose tumors non-
invasively. The heat equation is also solved by combining
the time-stepping method with multigrid in Lent [18].
In the work by Kumar et al. [38], a method to approxi-
mate the spread of uncertainties for the Richards equa-
tion is presented. It is also possible to verify the efficiency
when using the time-stepping method with multigrid in
the works of Gaspar et al. [39] and Luo et al. [40], where
poroelasticity problems are solved numerically.

5. Final remarks

We have presented a scheme for solving one- and
two-dimensional wave propagation problems, with
discretization by the finite difference method,
weighted by a parameter n at different time stages.

We have obtained an implicit method of fourth-order
for the one-dimensional problem and of second-order
for the two-dimensional case, whenever t; = h; and
7y = hy = h,. By utilizing the multigrid method with
the lexicographical Gauss—Seidel solver in order to
solve the resulting system of equations, we found dis-
cretization errors close to what we expected, at a
lower computational time and linear complexity. The
singlegrid method shows values of p very close to 1
when the value of 4 is high, which implies a slow and
less efficient process for this problem. On the other
hand, the multigrid method proved to be very advan-
tageous for this type of problem, because it has pre-
sented good convergence factors and showed
robustness for the values of 4 analyzed.
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