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Abstract
Thewave based method (WBM)is considered for the steady-state dynamic analysis ofacousticproblems as an
alternative for thefinite element method (FEM). TheWBMexhibits better convergence properties with respect
to model sizes, but the computation (CPU) times obtained by the current MATLAB implementation are large
compared to commercially availableFEM codes. Recently, ahigh performanceFORTRAN code has been
developed, which becomes more efficient than the commercially availableFEM codes, even with respect to
the CPU times. Despite the good results presented in this paper, the conceptual development of theWBMstill
requires much attention. The following topics are discussed briefly: the domain decomposition, the extension
of the expansion of basis functions, which forms the approximation solution, the boundary integration scheme
and the coupling between theFEM and theWBM. The results of these investigation may improve the efficiency
of thehigh performanceFORTRAN implementation further.

1 Introduction

Thefinite element method (FEM)is a widely accepted
prediction tool for the steady-state dynamic analysis
of acousticproblems [1], [2]. However, theFEM
is practically limited to the low-frequency applica-
tion range, since the computational costs increase for
increasing frequency. Recently, an alternative de-
terministic method has been developed, namely the
wave based method (WBM)[3], which is based on
the TREFFTZ approach [4]. TheWBM exhibits bet-
ter convergence properties with respect to model sizes
than theFEM. Therefore, the frequency application
range of the deterministic methods can be extended
towards the mid-frequency range.

Until recently, theWBM has only been imple-
mented in a MATLAB code. This results in longer
computation (CPU) times than commercially avail-
able software. In order to demonstrate the capability
of the WBM to be more efficient than theFEM, also
with respect to CPU times, ahigh performanceim-
plementation is required. A recently developed FOR-
TRAN code is well suited for this purpose. After a
brief discussion of the theoretical background of the
WBM, this paper demonstrates that thehigh perfor-

manceimplementation of theWBM is more efficient
for a 2-dimensional (2D) uncoupled acousticbench-
mark problem than the commercially availablefinite
elementcode SYSNOISE [5].

Despite the good results presented in this paper,
more research is required. The model sizes in the
WBM are smaller than in theFEM, but the system
matrices are no longer sparse. This may cause mem-
ory problems in the3D case. Therefore, still much
attention is given to the conceptual development of
the method. This paper sheds some light on a few
research topics. Most attention goes to the domain
decomposition, which is required for the analysis of
non-convex domains. Furthermore, the extension of
the currently applied expansion of basis functions,
which forms the approximation solution, the applied
integration schemes and the coupling between the
FEM and theWBMare discussed briefly.
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2 Basic concept

2.1 Problem definition

Consider the2D uncoupled acousticproblem shown
in figure 1. TheacousticdomainΩ, surrounded by
the boundaryΓ, is excited by the cylindrical source
q at positionrq. TheHelmholtzequation governs the
steady-state pressure response, described by its com-
plex amplitudep, at positionr = (x, y)(

∆ + k2
)
p(r) = −jρωqδ(R), ∀ r ∈ Ω, (1)

where∆ = ∂2/∂x2 + ∂2/∂y2 represents the Laplace
operator,k = ω/c the wave number with the radial
excitation frequencyω and the speed of soundc, ρ
the ambient density,δ the Dirac delta function and
R = ‖r − rq‖ the distance between the response
point and excitation point. The boundaryΓ is the
union of the boundaryΓp with the prescribed pres-
surep̄, the boundaryΓv with the prescribed normal
velocity v̄n and the boundaryΓZ with the prescribed
normal impedancēZ (Γ = Γp ∪ Γv ∪ ΓZ). The fol-
lowing relations describe theacousticboundary con-
ditions 

Lv(p) =
p

Z̄
, at ΓZ,

Lv(p) = v̄n, at Γv and

p = p̄, at Γp

with Lv =
j

ρω

∂

∂n
,

(2)

where∂/∂n represents the derivative in the outward
normal directionn.

2.2 Pressure approximation

The pressure fieldp is approximated by an expansion
of na wave functionsΦa extended by a particular so-

s
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Figure 1:2D coupled acousticproblem

lution function p̂q. The pressure approximation̂p is
given by

p(r) ≈ p̂(r) =
na∑

a=1

Φa(r)pa + p̂q(r)

= ΦT (r)p + p̂q(r)

(3)

where pa represents the contribution of each wave
function to the pressure approximationp̂. The wave
contributionspa form the unknowndegrees of free-
dom (DOF’s) of the wave model. The wave func-
tions Φa and the wave contributionspa are stored,
respectively, in the column vectorsΦ andp. TheT

in (3) denotes the transpose operator.
The set of wave functionsΦa is defined by

Φa(x, y) = e−j(ka,xx+ka,yy),

with k2
a,x + k2

a,y = k2.
(4)

The above functions are homogeneous solutions of
the governingHelmholtz equation. The free field
pressure response to the cylindrical sourceq is se-
lected as particular solution̂pq

p̂q(r) =
ρωq

4
H

(2)
0 (kR), (5)

with the zero-order Hankel function of the second
kind H

(2)
0 .

2.3 Wave model

The pressure approximation̂p satisfies a priori the
governingHelmholtzequation (1), since it consists of
a linear combination of homogeneous solutions ex-
tended by a particular solution. Therefore, the bound-
ary conditions (2) determine the unknown wave con-
tributionspa. Thewave modelis obtained by enforc-
ing the pressure approximation̂p to satisfy the bound-
ary conditions (2) in an integral sense. The above
procedure is performed either by applying aweighted
residual formulationor aleast-squares formulationof
the boundary conditions.

2.3.1 Weighted residual formulation

In theweighted residual formulation, the violation of
the boundary conditions is averaged to zero using a
weighing functionp̃ as follows∫

ΓZ

p̃RZ ds +
∫
Γv

p̃Rv ds−
∫
Γp

Lv(p̃)Rp ds = 0, (6)

818 PROCEEDINGS OFISMA2002 - VOLUME II



wheres represents the boundary coordinate in tangen-
tial directions (see figure 1) and whereR∗ represent
the residual functions defined as

RZ = Lv(p̂)− p̂

Z̄
, at ΓZ,

Rv = Lv(p̂)− v̄n, at Γv and

Rp = p̂− p̄, at Γp.

(7)

By using each wave functionΦa as a weighing func-
tion p̃, na linear equations are obtained, which form
the followingwave model

A(WR)p = b(WR) (8)

with the system matrixA(WR) defined as

A(WR) =
∫

ΓZ

Φ
(
Lv(ΦT )− ΦT

Z̄

)
ds + . . .

. . . +
∫
Γv

ΦLv(ΦT ) ds−
∫
Γp

Lv(Φ)ΦT ds
(9)

and with the system vectorb(WR) defined as

b(WR) = −
∫

ΓZ

Φ
(
Lv(p̂q)− p̂q

Z̄

)
ds + . . .

. . . +
∫
Γv

Φ (v̄n − Lv(p̂q)) ds + . . .

. . .−
∫
Γp

Lv(Φ) (p̄− p̂q) ds.

(10)

2.3.2 Least-squares formulation

In the least-squares formulation, the violation of the
boundary conditions is minimized along the bound-
aryΓ. The following error functional

F = αv

∫
ΓZ

‖RZ‖2ds + . . .

. . . + αv

∫
Γv

‖Rv‖2ds + αp

∫
Γp

‖Rp‖2ds,
(11)

which is a measure for the approximation error, is
minimized with respect to the wave contributionspa.
This results inna linear equations of the following
wave model

A(LS)p = b(LS) (12)

with the system matrixA(LS) defined as

A(LS) = ...

αv

∫
ΓZ

(
Lc

v(Φ
c)− Φc

Z̄c

)(
Lv(ΦT )− ΦT

Z̄

)
ds + . . .

. . . + αv

∫
Γv

Lc
v(Φ

c)Lv(ΦT )ds + αp

∫
Γp

ΦcΦTds

(13)

and with the system vectorb(LS) defined as

b(LS) = ...

−αv

∫
ΓZ

(
Lc

v(Φ
c)− Φc

Z̄c

)(
Lv(p̂q)− p̂q

Z̄

)
ds + . . .

. . . + αv

∫
Γv

Lc
v(Φ

c) (v̄n − Lv(p̂q))ds + . . .

. . . + αp

∫
Γp

Φc (p̄− p̂q)ds

(14)

wherec denotes the complex conjugate operator. The
parametersαv andαp in (11) restore the homogeneity
between the different components of the error func-
tionalF . In the numerical experimentsαp = 1 and
αv = (ρc)2 are used.

2.3.3 Model properties

The wave models, discussed here, exhibit the fol-
lowing properties. The system matricesA(WR)

andA(LS) are

• small compared tofinite elementmodels,

• fully populated and complex,

• implicitly dependent on frequency and

• symmetric and Hermitian, respectively.

The consequence of the implicit frequency depen-
dency of the system matrices is that they cannot be
assembled from frequency independent matrices as in
the FEM. This feature disables the application of a
modal superposition strategy.

2.4 Wave function selection

In order for theWBM to converge towards the exact
solution, the set of wave functions in (4) has to be
complete. The complex exponential functions in (4)
can be combined to obtain the following two sets of
wave functions

Φa :

{
Φr = cos(kr,xx)e−jkr,yy, (r − set)

Φs = e−jks,xx cos(ks,yy), (s− set)
(15)

with the wave numberska = (ka,x, ka,y) with a =
r, s defined as

kr =
(

rπ

Lx
,±

√
k2 − k2

r,x

)
, ∀r = 0, 1, . . . , nr

ks =
(
±

√
k2 − k2

s,y,
sπ

Ly

)
, ∀s = 0, 1, . . . , ns

(16)
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where Lx and Ly represent the dimensions of the
smallest enclosing bounding box, around the prob-
lem domainΩ, as illustrated in figure 2. The number
of DOF’s of thewave modelis na = 2(nr + 1) +
2(ns + 1). The pressure approximation̂p, based on
these wave function sets, converges [3].

Finally, only a finite number of wave functionsna

can be applied. This requires the truncation of ther-
set and thes-set, which is wave numberk dependent
according to the following truncation rule

nr =
⌈
T

kLx

π

⌉
and ns =

⌈
T

kLy

π

⌉
(17)

whered e represents the round operator to the nearest
integer towards infinity andT a user defined trunca-
tion parameter.

W

x

y

Lx

Ly

Figure 2: Smallest enclosing bounding box

3 High performance implementa-
tion

3.1 Benchmark problem

Consider the benchmark problem shown in figure 3,
which is introduced for the comparison of the predic-
tion results obtained by theWBM and theFEM. It
consists of a2D acousticcavity resembling a sim-
plified car cavity. The vertical panel atx = 0 m
excites the system with a unity velocity distribution.
The remaining walls are either rigid or the normal
impedance is prescribed bȳZ = −10ρc. The am-
bient density and the speed of sound in the cavity are
respectivelyρ = 1.2 kg/m3 andc = 344 m/s.

3.2 FRF prediction

Before performing a detailed convergence analysis,
the global dynamic behaviour of the2D acousticsys-
tem is predicted. At positions 1 and 2 (see figure 3)
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Figure 3: Benchmark problem -2D acousticcavity

the pressurefrequency response functions (FRF’s)are
computed, which are visualized in respectively fig-
ures 4 and 5. These figures show the results of the
WBMbased on both theweighted residual (WR)for-
mulation and theleast-squares (LS)formulation with
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Figure 4: Pressure FRF at position 1
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Figure 5: Pressure FRF at position 2
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the truncation parameterT = 2. Furthermore, the
pressureFRF’s are presented, which are obtained by
theFEM with a model of 540DOF’s constructed with
linear quadrilateral elements. In the low-frequency
range, containing the first few resonance frequencies,
the LS formulation of theWBM is less efficient than
theWRformulation. This effect is observed in [3] too.

A major advantage of theWBM is that it exhibits
almost no pollution errors caused by numerically
introduced dispersion. Even in the mid-frequency
range, containing already many resonance frequen-
cies, the resonance frequencies do not shift to higher
frequencies as in case of theFEM [6]. This advan-
tageous feature is confirmed by the validation of the
numerical prediction results by measurements for a
similar 3D acousticproblem [7].

Regarding the pollution error, the rule of thumb
[5], which states that at least 6 elements per wave-
length are needed for an accurate prediction, is not
satisfactory anymore for the mid-frequency applica-
tions. The maximum applicable frequency, defined as

f (1)
max =

c

6hmax
(18)

with the maximal element sizehmax, is approxi-
matelyf

(1)
max ≈ 570 Hz for thefinite elementmodel

of 540 DOF’s. However, figures 4 and 5 indicate
that at500 Hz already some pollution errors occur.
A more conservative approximation of the maximum
applicable frequency is given by [6]

f (2)
max =

c

6 3
√

h2
maxL

(19)

with the characteristic domain dimensionL. For the
considered benchmark problem this results in approx-
imatelyf

(2)
max ≈ 220 Hz usingL = 1.7 m.

3.3 Convergence analysis

The convergence rate of theWBM and theFEM are
compared for two distinct frequencies, namely for
f = 380 Hz andf = 800 Hz (vertical cursors in
figures 4 and 5). Figures 6 and 7 show the differ-
ent convergence curves at positions 1 and 2 (denoted
by point 1 and point 2). The relative pressure dif-
ferences with respect to some reference solutions are
plotted as function of either the number ofDOF’s or
the required CPU time. The reference solutions for
the pressure difference calculations are obtained by
wave modelswith eitherna = 338 or na = 704 for
respectivelyf = 380 Hz or f = 800 Hz. Only the
WRformulation of theWBM is considered.

The results of the MATLAB implementation and
the high performanceFORTRAN implementation of
the WBM are compared to theFEM results obtained
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Figure 6: Convergence curves forf = 380 Hz
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Figure 7: Convergence curves forf = 800 Hz

code processor
MATLAB 650 MHz Celeron
FORTRAN 500 MHz Pentium III
SYSNOISE 400 MHz HP-C3000 Unix
SYSNOISE 450 MHz Pentium II

Table 1:Computation details for convergence
analysis (see figures 6 and 7)
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by SYSNOISE REV 5.5 [5] (see table 1 for details).
With respect to the number ofDOF’s, the WBM is
far more efficient than theFEM. The relative pres-
sure differences are at least two orders of magnitude
smaller and the inclination of the convergence curves
is steeper. With respect to the CPU times, theWBMis
still more efficient than theFEM. The error levels are
at least two orders of magnitude lower for a similar
amount of computation time. Thehigh performance
FORTRAN implementation is two to three times faster
than the MATLAB implementation. Furthermore, the
efficiency of the FORTRAN implementation can be in-
creased further by incorporating the improvements re-
sulting from the conceptual development, which is the
topic of section 4.

The convergence behaviour of both methods de-
pends on the response position. The global error level
is similar for the considered response position, but the
slope of the convergence curves differ.

4 Conceptual development

4.1 Domain decomposition

4.1.1 Motivation

A sufficient condition for theWBMto converge is that
the considered domain is convex [3]. However, this
is not the case for most practical engineering prob-
lems. Therefore, a domain decomposition procedure
has to be incorporated in theWBM. The theoretical
background of the domain decomposition will be dis-
cussed briefly and its accuracy will be verified using
the benchmark problem of anL-shapeddomain.

4.1.2 Theoretical background

Consider the non-convex2D acousticcavity in fig-
ure 8. The domain is splitted in two convex subdo-

1iG1G \ 2G 2iG\

W1 W21iG 2iG=

Figure 8: Domain decomposition

mainsΩ1 andΩ2. The boundaryΓb of each subdo-
main Ωb is the union of the boundaryΓbp with the
prescribed pressurēpb, the boundaryΓbv with the pre-
scribed normal velocitȳvbn, the boundaryΓbZ with
the prescribed normal impedanceZ̄b and the interface
Γbi (Γb = Γbp ∪ Γbv ∪ ΓbZ ∪ Γbi). The boundary
conditions atΓb\Γbi are defined in (2). The interface
conditions for the two subdomains are given by

p1 = p2, at Γ1i

and L2v(p2) = −L1v(p1), at Γ2i

with Lbv =
j

ρω

∂

∂nb

(20)

wherepb represents the pressure in subdomainΩb and
∂/∂nb the derivative in the outward-normal direction
nb of subdomainΩb.

The pressurepb is approximated by the pressure
approximation function̂pb discussed in section 2.2.
The wave modelis obtained by enforcing the pres-
sure approximation̂pb to satisfy both the boundary
conditions (2) and the interface conditions (20) in an
integral sense. Thewave modelof the two coupled
acousticsubdomains is given by[

A1 + C11 C12

C21 A2 + C22

] {
p1

p2

}
= . . .

. . . =
{

b1 + c11 + c12

b2 + c21 + c22

} (21)

with the unknown wave contributionspbastored in the
column vectorspb. The uncoupled system matrices
Ab and vectorsbb are defined either by respectively
equation (9) and (10) for theWR formulation or by
respectively equation (13) and (14) for theLS formu-
lation. The derivation of the coupling matricesC and
coupling vectorsc is similar to the derivation of the
uncoupled system matrices and vectors as discussed
in section 2.3. In case of theWRformulation the cou-
pling matrices are defined as

C(WR)
11 = −

∫
Γ1i

L1v(Φ1) ΦT
1 ds1,

C(WR)
12 =

∫
Γ1i

L1v(Φ1) ΦT
2 ds1,

C(WR)
21 =

∫
Γ2i

Φ2 L1v(ΦT
1 ) ds2,

C(WR)
22 =

∫
Γ2i

Φ2 L2v(ΦT
2 ) ds2,

(22)

wheresb represents the boundary coordinate in the
tangential directionsb of subdomainΩb. The cou-
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pling vectors are defined as

c(WR)
11 =

∫
Γ1i

L1v(Φ1) p̂1q ds1,

c(WR)
12 = −

∫
Γ1i

L1v(Φ1) p̂2q ds1,

c(WR)
21 = −

∫
Γ2i

Φ2 L1v(p̂1q) ds2,

c(WR)
22 = −

∫
Γ2i

Φ2 L2v(p̂2q) ds2.

(23)

In case of theLS formulation the coupling matrices
are defined as

C(LS)
11 = α1p

∫
Γ1i

Φc
1 ΦT

1 ds1,

C(LS)
12 = −α1p

∫
Γ1i

Φc
1 ΦT

2 ds1,

C(LS)
21 = α2v

∫
Γ2i

Lc
2v(Φ

c
2) L1v(ΦT

1 ) ds2,

C(LS)
22 = α2v

∫
Γ2i

Lc
2v(Φ

c
2) L2v(ΦT

2 ) ds2

(24)

and the coupling vectors as

c(LS)
11 = −α1p

∫
Γ1i

Φc
1 p̂1q ds1,

c(LS)
12 = α1p

∫
Γ1i

Φc
1 p̂2q ds1,

c(LS)
21 = −α2v

∫
Γ2i

Lc
2v(Φ

c
2) L1v(p̂1q) ds2,

c(LS)
22 = −α2v

∫
Γ2i

Lc
2v(Φ

c
2) L2v(p̂2q) ds2.

(25)

4.1.3 Benchmark problem

The accuracy of the domain decomposition is veri-
fied using the benchmark problem of the2D L-shaped
domain shown in figure 9. Theacousticsystem is
excited by a uniform prescribed normal velocity of
v̄n = 1 m/s at the horizontal wall aty = 2 m. The re-
maining walls are rigid except for the vertical wall at
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Figure 9:Benchmark problem -2D L-shapeddomain

x = 4 m, where the normal impedance is prescribed
by Z̄ = −ρc with ρ = 1.2 kg/m3 andc = 344 m/s.
Two response points are considered (see figure 9).

The WBM requires the division of the domain in
subdomains, e.g. in three subdomains as illustrated in
figure 9. Only theWRformulation of theWBMis con-
sidered here, since it is expected to be more efficient
than theLSformulation.

A first verification of the accuracy follows from
the comparison of the pressureFRF predictions ob-
tained by theWBM with the truncation parameter
T = 2 and theFEM with a model of 369DOF’s con-
structed with linear quadrilateral elements (see fig-
ures 10 and 11). In the low-frequency range the pre-
dictions of both methods coincide, but in the mid-
frequency range theFEM results suffer from the pol-
lution errors. The pollution errors are more pro-
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Figure 10: Pressure FRF at position 1
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nounced for the benchmark problem of theL-shaped
domain than the benchmark problem considered in
section 3. The rule of thumb predicts the maximal ap-
plication frequency of approximatelyf (1)

max ≈ 320 Hz

instead off (1)
max ≈ 570 Hz for the previous bench-

mark problem. The more conservative approximation
givesf

(2)
max ≈ 130 Hz, which is in this case more re-

alistic since it takes into account the slender shape of
the domain by the characteristic length parameterL.
Despite the numerically introduced dispersion in the
FEM, the comparison of the pressureFRFpredictions
indicate the high accuracy of theWBM.

Another way to verify the accuracy is to check the
fulfillment of the boundary conditions and the inter-
face conditions. This can be done qualitatively for
the rigid walls and the interface by visual inspection
of the pressure distribution. Consider the real part of
the pressure distribution for804 Hz (mid-frequency
range) shown in figure 12. The pressure contour lines
are perpendicular to the rigid walls (where the nor-
mal derivative of the pressure is zero) and the pressure
contour lines and their derivatives are continuous over
the interfaces.
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Figure 12:Real part of pressure distribution inPa for
804 Hz
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Finally the accuracy is verified by a convergence
analysis. The convergence rate of theWBM and
the FEM are compared for two distinct frequencies,
namely forf = 350 Hz andf = 804 Hz (vertical
cursors in figures 10 and 11). Figure 13 shows the dif-
ferent convergence curves at response points 1 and 2.
The relative pressure difference is plotted as function
of the number ofDOF’s. The reference solutions for
the pressure difference calculation are obtained by
wave modelswith either na = 796 or na = 1816
for respectivelyf = 350 Hz or f = 804 Hz. The
comparison of the convergence curves shows that the
WBM is far more efficient than theFEM, also in case
of domain decomposition. TheFEM results have not
converged yet (more than 10% relative pressure dif-
ference). The error levels of theWBMpredictions are
at least two orders of magnitude lower for a similar
amount of CPU time and the inclination of the con-
vergence curves is steeper.

4.2 Wave function set

As mentioned in section 3.2 theWBMbecomes more
efficient past the low-frequency application range,
certainly for theLS formulation. However, it should
be mentioned that for rectangular domains both the
WRand theLS formulation of theWBMshow super-
convergent behaviour [8]. TheLS formulation suf-
fers most from the lack of accuracy in case of do-
mains with arbitrary geometries for the low resonance
frequencies (see figures 4 and 5). The reason for
this is that the current wave function set (15) can-
not approximate the standing wave behaviour at the
low resonance frequencies efficiently. The set of ba-
sis functions contains only a few propagating wave
functions, which will contribute most to the standing
wave pattern. E.g. consider the wave numbers of the
r-set (16). A wave functionΦr is propagating ifkr,y

is a real number, otherwiseΦr is evanescent in the
y-direction. E.g. in case of the2D acousticbench-
mark problem, considered in section 3, the wave func-
tions withr > 3 are evanescent forf = 380 Hz and
the total number of propagating wave functions is 14,
which is the number of propagating wave functions
already obtained for a truncation parameterT = 1.

In general, model refinement consists of primar-
ily adding evanescent wave functions. The extension
of the wave function set with additional propagating
wave functions may improve the computational ef-
ficiency of the method. In [8] some extensions of
the current wave function set are proposed, which are
summarized here.
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1. Apply more independent enclosing bounding
boxes than the smallest enclosing one for the
construction of the wave function set (see fig-
ure 2).

2. Extend the current wave function set by only the
propagating waves based on other independent
enclosing bounding boxes.

3. Double the number of propagating wave func-
tions based on the smallest enclosing bound-
ing box. This requires a modification of rela-
tion (16).

The verification experiments, performed on a sim-
ple 2D uncoupled acousticproblem, show that only
the third proposal slightly improves the efficiency of
the WBM based on theLS formulation. However,
more verification experiments are required oncou-
pled acousticproblems to investigate the capabilities
of the proposed extensions to improve the computa-
tional efficiency.

4.3 Integration scheme

The construction of awave modelinvolves the eval-
uation of complex boundary integrals (see e.g. equa-
tions (9) and (10)). In general, these evaluations are
performed numerically by the application of a GAUSS

integration scheme [9]. However, due to the high os-
cillatory behaviour of the integrand, which increases
for increasing frequency, many GAUSS points are re-
quired. This results in large computational efforts for
constructing awave model.

Fortunately, the integrals, which involve functions
of the wave functionsΦ, can be solved analytically,
when the boundary geometry is either restricted to or
approximated as a union of straight curves. This pro-
cedure has been applied to the generation ofstruc-
tural wave models[10] using the MATLAB code. The
number of floating-point operations decreases signifi-
cantly, but the used CPU time increases due to various
conditional control statements (if-then-else) needed,
which slow down the MATLAB code drastically. The
FORTRAN programming language may suffer less
from the lack of computational efficiency due to con-
ditional control statements. Therefore, the application
of the analytical solution functions of boundary in-
tegrals instead of the GAUSS integration scheme can
improve the efficiency of thehigh performanceFOR-
TRAN implementation further.

4.4 Coupling with FEM

TheWBMexhibits better convergence properties than
the FEM as is demonstrated in section 3. However,
the applicability of theWBM is limited since the high
computational efficiency only appears foracoustic
systems of moderate geometrical complexity. Other-
wise, the division in many small subdomains is re-
quired by means of domain decomposition (see sec-
tion 4.1), which increases the computational efforts.
TheFEM exhibits almost no restrictions with respect
to the geometrical features of a system.

In order to benefit from the advantageous features
of both methods, which are the wide application range
of the FEM and the high convergence rate of the
WBM, the coupling between both prediction tools is
proposed [11]. The basic idea is to replace those parts
of thefinite elementmodel, which have a simple ge-
ometrical shape, by much smallerwave models. The
resulting hybrid model has lessDOF’s. This allows
a further model refinement of thefinite elementpart,
which leads to an improved accuracy.

The theoretical background of the proposed cou-
pled approach is given in [11] and will be omitted
here. The preliminary results of this approach applied
to a2D acousticproblem with a non-convex geomet-
rical shape are promising. Thehybrid model suffers
less from pollution errors than a fullfinite element
model with the same mesh size as thefinite element
part of thehybrid model. Although the research on
the coupled approach is initiated recently, the prelim-
inary results already indicate that it has the potential
to cover the mid-frequency range for practical engi-
neering problems.

5 Conclusions

First, the theoretical background of theWBM, ap-
plied to 2D uncoupled acousticproblems, has been
explained. Thewave modelis derived based on both
theWRformulation and theLS formulation. The lat-
ter approach is less efficient certainly near the first
resonance peaks in the pressureFRF’s.

This paper demonstrates the computational effi-
ciency of the method for a2D uncoupled acoustic
benchmark problem. A high accuracy compared to
thefinite elementresults is observed qualitatively by
the comparison of the pressureFRF’s. The WBM
does not suffer from pollution errors like theFEM
does. A more detailed convergence analysis shows
the better convergence properties of theWBM with
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respect to the model sizes. Furthermore, thehigh per-
formanceFORTRAN implementation is also more ef-
ficient with respect to the CPU times.

The remainder of the paper discusses some re-
search topics of the conceptual development of the
WBM. Most attention goes to the domain decompo-
sition. First the use of this approach is motivated,
followed by a brief overview of the theoretical back-
ground. The accuracy of the domain decomposition is
verified on a2D acoustic L-shapedbenchmark prob-
lem both by qualitative means (visual inspection) and
by a detailed convergence analysis. The conclusion is
that also for this considered problem theWBM, using
domain decomposition, exhibits better convergence
properties than theFEM. Furthermore, three exten-
sions of the current wave function set are proposed,
the replacement of the GAUSS integration procedure
by analytical solution functions is considered and fi-
nally the coupling with theFEM is discussed. All
new developments allow the improvement of the effi-
ciency of thehigh performanceFORTRAN implemen-
tation of theWBM in the future.
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fahren, in Proceedings of the 2nd Int. Congr. on
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