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Fig. 1.1: Flow chart of this thesis (1).
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Fig. 2.1: llustration of a sound field with three kinds of boundary.
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Fig. 2.8: Relationship between cells at level { for two-dimensional problem.
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Fig. 3.1: Geometry of an acoustic tube and hierarchical cells in cases 1 and 2.

Table 3.1: Degree of freedom (DOF) N, the width of boundary elements and the anal-
ysis frequency for the acoustic tube analysis.
N  Element width [m]  Frequency [Hz]

378 0.2667 128.9
672 0.2000 171.9
1512 0.1333 257.8
2688 0.1000 343.7
6048 0.0667 515.6
10752 0.0500 687.4
24192 0.0333 1031.1
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Fig. 3.2: Distribution of complex sound pressure in the tube at 128.9 Hz, obtained
with the BEM and with the FMBEM. L is the lowest level number of hierarchical cell

structure.
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Fig. 3.3: Distribution of complex sound pressure in the tube at 171.9 Hz, obtained
with the BEM and with the FMBEM. L is the lowest level number of hierarchical cell

structure.
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Fig. 3.4: Distribution of complex sound pressure in the tube at 257.8 Hz, obtained
with the BEM and with the FMBEM. L is the lowest level number of hierarchical cell

structure.
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Fig. 3.5: Distribution of complex sound pressure in the tube at 343.7 Hz, obtained
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structure.
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Fig. 3.7: Distribution of complex sound pressure in the tube at 687.4 Hz, obtained with

the FMBEM. L is the lowest level number of hierarchical cell structure.
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Fig. 4.12: Relative errors in magnitude and errors in phase obtained with the FMA. N
is given by Eq.(4.7). 1-Al denotes interpolation and adjoint interpolation.
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Fig. 4.13: Relative errors in magnitude and errors in phase obtained with the FMA. N
is given by Eq.(4.9). I1-Al denotes interpolation and adjoint interpolation.
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Fig. 4.14: Distribution of complex sound pressure in the tube at 200 Hz, obtained with
the BEM and with the FMBEM. Degree of freedom N = 2688.
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Fig. 4.18: Distribution of complex sound pressure in the tube at 200 Hz, obtained with
the BEM and with the FMBEM. Degree of freedom N = 2688.
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Fig. 4.20: Distribution of sound pressure level on the floor at 61.4 Hz, obtained with
the BEM and with the FMBEM. Degree of freedom N = 408.
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Fig. 4.21: Distribution of sound pressure level on the floor at 122.8 Hz, obtained with
the BEM and with the FMBEM. Degree of freedom N = 1632.
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Fig. 4.22: Distribution of sound pressure level on the floor at 184.1 Hz, obtained with
the BEM and with the FMBEM. Degree of freedom N = 3672.
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Fig. 4.23: Distribution of sound pressure level on the floor at 244.5 Hz, obtained with
the BEM and with the FMBEM. Degree of freedom N = 6528.
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Fig. 4.24: Distribution of sound pressure level on the floor at 368.3 Hz, obtained with
the BEM and with the FMBEM. Degree of freedom N = 14688.
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Fig. 4.25: Distribution of sound pressure level on the floor at 491.0 Hz, obtained with
the BEM and with the FMBEM. Degree of freedom N = 26112.
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Table 4.1: Differences between results with the FMBEM and those with the BEM with
the same iterative solver, averaged over all nodes on the floor. &, is defined as Eq.
(4.15). N is degree of freedom (DOF), and L is the lowest level number of hierarchical
cell structure.

N  Element width [m]  Frequency [Hz] 10log g em [dB]
L= L=3 L=4 L=5
408 0.8000 614 -131 -131 -13.0 -
1632 0.4000 1228 -165 -165 -164 -
3672 0.2667 1841 -178 -178 -17.7 -17.7
6528 0.2000 2445 -201 -20.1 -20.0 -20.0
14688 0.1333 368.3 - - - -
26112 0.1000 491.0 - - - -
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(a) interaction cell set T, (b) common interaction cell set T;’
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Fig. 5.1: (a) T.,,: interaction cell set of cell ny at level 7, and (b) T;: common interac-
tion cell set for pre-calculation of translation coefficients &\ at level [ (in 2-D). I,,,,
and I; are the numbers of cells of T,,,, and T;, respectively.
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Fig. 5.2: Geometry of three cases of problems. All cases have uniform rigid surfaces.
A point source is located at the center in cases 1 and 2.
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Fig. 5.6: Details of computational time (a) for the pre-process and (b) per matrix-vector
multiplication of the FMBEM for analyzing three cases of problems at 125 Hz. N is
degree of freedom (DOF). M is the average number of nodes in a cell at the lowest level
L.
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Fig. 5.7: Details of computational time (a) for the pre-process and (b) per matrix-vector
multiplication of the FMBEM for analyzing three cases of problems at 250 Hz. N is

degree of freedom (DOF). M is the average number of nodes in a cell at the lowest level
L.
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Fig. 5.15: Three arrangements of hierarchical cell structure used in three setting, Conv,
M-size, and M-num: (a) conventional arrangement (for Conv), (b) arrangement mini-
mizing the size of the root cell (for M-size), and (c) arrangement minimizing the number
of cells M; (for M-num). Description of point sources and the size of root cells and ob-
jects are for numerical study.
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Fig. 5.16: (a) An example of 1D-shaped object and hierarchical cell structure which
minimizes the size of cells D;, and (b) common interaction cell sets T, for pre-
calculation of 71, at levels (in 2-D).
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Fig. 5.17: (a) An example of 1D-shaped objects and hierarchical cell structure which
minimizes the number of cells A%, and (b) common interaction cell sets T, for pre-
calculation of 71, at levels (in 2-D).
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125 Hz. N is degree of freedom (DOF). M is the average number of nodes in a cell at
the lowest level L.
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Fig. 5.30: Geometry of a rigid staight barrier, a point source, a receiving area, and an
infinite rigid ground: (a) site cross-section, and (b) site plan.

Table 5.1: Computational efficiency for analyzing sound fields with a rigid barrier and
a point source on an infinite rigid ground, using the FMBEM with conventional setting
and with M-num setting.

Frequency Type of FMBEM N L lteration Time [min] Memory [MB]

500 Conv 63,448 8 12 274 11,224

500 M-num 63,448 8 12 68 2,041

1,000 M-num 253,792 9 14 363 8,230
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Fig. 5.31: replacement of an infinite rigid ground and a barrier with a semi-infinite barrier.

Table 5.2: Differences between results using the FMBEM with conventional setting and
with M-num setting, averaged over all points on the receiving area. gq IS defined as
Eq. (5.20).

Frequency N L 10log;o¢€ada [dB]
500 63,448 8 -32.3
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Fig. 5.32: Distribution of insertion loss in the receiving area at 500 Hz, using the
FMBEM with conventional setting and with M-num setting, and using Macdonald ap-

proximation.
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Fig. 5.33: Distribution of insertion loss in the receiving area at 1000 Hz, using the
FMBEM with M-num setting, and using Macdonald approximation.
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(a) Time for pre-process

(b) Time per iteration
except for pre-process [sec]

Total memory [MB]

and 10-step iteration [sec]
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Fig. 5.36: Diagram of steps 3 and 6 of the FMBEM for a plane-symmetric sound field.
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images (m;), (mq41) and (k) in a plane-symmetric sound field.
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Fig. 5.38: Geometry of an analysis model. A point source is located at the center of a
cube. All boundaries are rigid.

Table 5.3: Computational efficiency for analyzing sound fields in a rigid cube d m
wide, with a point source at the center, using conventional and symmetrical FMBEM.
N is degree of freedom (DOF), and L is the lowest level number of hierarchical cell

structure.
kd Type of FMBEM N L lteration Time [sec] Memory [MB]
9.14 conventional 1,536 2 5 28 26.6
9.14 symmetrical 768 2 5 14 14.4
73.12 conventional 98,304 5 59 24,235 1,486.8
73.12 symmetrical 49,152 5 58 11,848 799.6
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Fig. 5.39: Distribution of sound pressure level on the floor, oblained with conventional
and symmetrical FMBEM, at kd = 9.14.
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Fig. 5.40: Distribution of sound pressure level on the floor, oblained with conventional
and symmetrical FMBEM, at kd = 73.12.
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Table 5.4: Differences between results with conventional and symmetrical FMBEM,
averaged over all nodes on boundaries of the cube. &y, is defined as Eq. (5.45). N is
degree of freedom (DOF), and L is the lowest level number of hierarchical cell structure.

kd N L 10log;esym [dB]
conventional  symmetrical

9.14 1,536 768 2 -127.6

73.12 98,304 49,152 5 -34.1

Table 5.5: Computational efficiency for analyzing sound fields with a rigid barrier and
a point source on an rigid ground, using conventional and symmetrical FMBEM. N is
degree of freedom (DOF), and L is the lowest level number of hierarchical cell structure.

Frequency Type of FMBEM N L lteration Time[min] Memory [MB]

500 conventional 63,448 8 12 274 11,224

500 symmetrical 31,724 8 12 249 9,945
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Fig. 5.41: Distribution of insertion loss in the receiving area at 500 Hz, using conven-
tional and symmetrical FMBEM.

Table 5.6: Differences between results with conventional and symmetrical FMBEM,
averaged over all points on the receiving area. &ym is defined as Eq. (5.45). N is degree
of freedom (DOF), and L is the lowest level number of hierarchical cell structure.

Frequency N L 10log;yesym [dB]
conventional  symmetrical

500 63,448 31,724 8 -97.0
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Fig. 6.1: Geometry of an analysis model. A point source is located at the center of a cube.
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Table 6.1: Conditions for analyses of sound fields in a cube. N is degree of freedom, L
is the lowest level number of hierarchical cell structure, and M is the average number
of nodes in a cell at the lowest level.

N  Frequency [Hz] Elementwidth[m] L M
1536 500 0.06250 2 27
6144 1000 0.03125 3 20

24576 2000 0.01563 4 18
98304 4000 0.00781 5 17
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Fig. 6.2: (a) Distribution of sound pressure level on the floor at 1000 Hz, using the
FMBEM with unpreconditioned BiCGStab, and (b) absolute SPL difference due to the
difference of . DOF is 6144.
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Fig. 6.3: (a) Distribution of sound pressure level on the floor at 4000 Hz, using the
FMBEM with unpreconditioned BiCGStab, and (b) absolute SPL difference due to the
difference of . DOF is 98304.
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Table 6.2: Effect of  on differences from results of the FMBEM with ¢ = 107'2.
Unpreconditioned BiCGStab is used for the FMBEM in BF. N is degree of freedom,
and e.., is defined as Eq.(6.24).

N  Frequency [Hz] iteration 10log em [dB]
e=10"3 £=10% =103 e=10"°6
1536 500 5 7 -38.91 -85.26
6144 1000 11 20 -34.21 -64.51
24576 2000 29 65 -26.85 -57.42
98304 4000 58 104 -23.46 -63.47
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Fig. 6.4: Eigenfrequencies of a cube with 1 m width: (a) for inner Dirichret problems,
(b) for inner Neumann problems, (c) for normal modes of even numbers, and (d) for
normal modes of odd numbers.
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goood

Table 6.3: Differences between results using the mode summation and those using the
FMBEM with unpreconditioned iterative solvers. g is defined as Eq.(6.25).

DOF Frequency [Hz] Formulation 101log g cite [dB]
CGS BIiCGStab BiCGStah2 GPBICG
1536 500 BF -10.95 -10.95 -10.95 -10.95
NDF -15.64 -15.64 -15.64 -15.64
6144 1000 BF -16.26 -16.26 -16.26 -16.26
NDF - -16.85 -16.85 -16.85
24576 2000 BF - -8.24 -8.24 -8.24
NDF - -15.88 -15.88 -15.88
98304 4000 BF -16.95 -16.95 -16.95 -16.95
NDF - -17.85 -17.85 -17.85
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Fig. 6.5: Difference between results with the mode summation and those with the
FMBEM in BF and NDF using unpreconditioned BiCGStab. DOF is 6144, and ¢ =
1073, The receiver point is P1 (1.0, 1.0, 0).
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Fig. 6.6: Difference between results with the mode summation and those with the
FMBEM in BF and NDF using unpreconditioned BiCGStab. DOF is 6144, and ¢ =
10~3. The receiver pointis P2 (0.5, 0.5, 1).
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Fig. 6.7: Difference between results with the mode summation and those with the
FMBEM in BF and NDF using unpreconditioned BiCGStab. DOF is 6144, and ¢ =
10~3. The receiver point is P3 (0.9, 0.8, 0.7).
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Fig. 6.8: The number of iteration for analyzing sound fields in a cube under three bound-
ary conditions, using the FMBEM in BF and NDF with unpreconditioned BiCGStab.
DOF is 6144, and £ = 107 2.
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Fig. 6.9: Relation between the residual and the number of iteration for analyzing sound
fields in a cube with rigid boundary at 500Hz, using the FMBEM in BF and NDF with
unpreconditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 1536.
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Fig. 6.10: Relation between the residual and the number of iteration for analyzing
sound fields in a cube with rigid boundary at 1000Hz, using the FMBEM in BF and
NDF with unpreconditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 6144.
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Fig. 6.11: Relation between the residual and the number of iteration for analyzing sound

fields in a cube with rigid boundary at 2000Hz, using the FMBEM in BF and NDF with
unpreconditioned CGS, BiCGStab, BiCGStab2, and GPBIiCG. DOF is 24576.
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Fig. 6.12: Relation between the residual and the number of iteration for analyzing sound
fields in a cube with rigid boundary at 4000Hz, using the FMBEM in BF and NDF with
unpreconditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 98304.
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Fig. 6.13: The effects of DOF and analysis frequencies on the residual of iteration for
analyzing sound fields in a cube using the FMBEM in BF and NDF with unprecondi-
tioned BiCGStab.
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Fig. 6.14: The effect of boundary conditions on the residual of iteration for analyzing
sound fields in a cube at 2000Hz, using the FMBEM in BF and NDF with unprecondi-
tioned CGS, BiCGStab, BiCGStab2, and GPBiICG. DOF is 24576.
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Fig. 6.15: The effect of diagonal preconditioning on the residual of iteration for analyz-
ing sound fields in a cube with rigid boundary, using the FMBEM in BF and NDF with
BiCGStab.
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Fig. 6.16: The effect of diagonal preconditioning on the residual of iteration for ana-
lyzing sound fields in a cube with boundary of random complex impedance at 2000Hz,
using the FMBEM in BF and NDF with CGS, BiCGStab, BiCGStab2, and GPBICG.
DOF is 24576.
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Fig. 6.17: The effect of r; on the residual of iteration for analyzing sound fields in a
cube with rigid boundary at 500Hz, using the FMBEM in BF and NDF with unprecon-
ditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 1536.
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Fig. 6.18: The effect of r; on the residual of iteration for analyzing sound fields in a
cube with rigid boundary at 1000Hz, using the FMBEM in BF and NDF with unpre-
conditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 6144.
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Fig. 6.19: The effect of r; on the residual of iteration for analyzing sound fields in a
cube with rigid boundary at 2000Hz, using the FMBEM in BF and NDF with unpre-
conditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 24576.
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Fig. 6.20: The effect of r; on the residual of iteration for analyzing sound fields in a
cube with rigid boundary at 4000Hz, using the FMBEM in BF and NDF with unpre-
conditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 98304.
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Fig. 6.21: The effect of xy on the residual of iteration for analyzing sound fields in a
cube with rigid boundary at 2000Hz, using the FMBEM in BF and NDF with unprecon-
ditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 24576. x,, is an iterative

solution at 1999Hz.
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Fig. 6.22: Geometry of a hall, a point source S, and receiving points M1 and M2.
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Table 6.4: Conditions for analyses of sound fields in a hall. V is degree of freedom, L
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Fig. 6.23: Analysis models for a hall: (a) actual walls and diffusers, (b) boundaries for
analyses, and (c) an example of meshing with 24514 quadrilateral elements.
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Fig. 6.24: Relation between the residual and the number of iteration for analyzing
sound fields in a hall at 63Hz, using the FMBEM in BF with unpreconditioned CGS,
BiCGStab, BiCGStab2, and GPBIiCG. DOF is 6110.
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Fig. 6.25: Relation between the residual and the number of iteration for analyzing
sound fields in a hall at 125Hz, using the FMBEM in BF with unpreconditioned CGS,
BiCGStab, BiCGStab2, and GPBIiCG. DOF is 24514.



169

0000000000 000000 CGSOBICGStabO BiCGStab20 GPBICG O OO O
0000000 3000000000000000000000O00DO0OO0 Fig.6.240
6.250000CGSUO0D0 30000000 0D00DDUDODOoOoDoDUoOoOooDoO
Oo00000000Ooo cGSOnuuoononoooooonoooooonooooogn
ggooobboodoodoobbbooooobobbobooooubbbboooobo
O000000D000000DO0O0OoO00oooooooo DOFODOODOOOOOOn
OO0 e=100000000000DOFOO0O00O0DODOO0ODOOOOODOOOOOOODO
O0000000000000000000000000000000 actualOOOOOO
goboboooobbtboodooobbuoooobbuooobbbbooobnbbooobo
O0000000000Fg.625000000 DOFOOODOOOOOOOOOFRQ.6.1400
goboboooobbtbooooobbuoooobbuooobbbbooobnbbooobo
goboboooobbtbooooobbuoooobbuooobbbbooobnbbooobo
OO00bO0o0oboboooboboboobuooboobob e=10000000D0O0O0O0ODO
gobobodooobbtbodooobbboooobbboooobbobbouoobboboo
0000000 00000000000 0000000000 actvalO0OOOOOOO
goboboooobboooan
O000000:0000000000000000000000000000 Fig.6.26 O
0000000000000 000000000 actual00000000O0O0O0OOO
gobodooobbtboodooobbuooobobbuooobobbbooobLbbooobo
goboooobbuoooobobbouooobboo
goobbobobobotbodooo:ggooobbobbbobboboodooooobbobboobo
00000000000 Fig6270000000000O0OO0OOOOOOOOOO0O
O0000000000000000oOoooooo ccsSonouooononooooogn
goboboooobbtbodooobbuoooobbuooobbbbooobnbbooobo
goboboooobbtbodooobbuoooobbuooobbbbooobnbbooobo
goboboooobbooooooo
goobbobobbotboodoodo:-ggoobobobbbobboboodooooobbobbobo
0000000000000 0 Fg6280000000000000000000000
000000000 «=10"%00000000 199Hz 00 000000000000
goboboooobbtbooooobbuoooobbuooobobbbooobLbbooobo
0000000000000 0DOO00O0oOoDO00ooDoOoooooogooooooon
goboboooobbtbooooobbuoooobbuooobbbbooobLbbooobo
goboboooobbtbooooobbuoooobbuooobbbbooobLbbooobo
gooobod



170

BiCGStab
"
= S,
=2 iy
prm— 'L L}
= M“-‘*“"iﬂ. i
= k
—— \i,
S dalih
4;‘5‘
w
actual, unpreconditioned GPBIiCG
........ actual, diagonal

; - a=0, unpreconditioned e
— e ! J— — 0’ d 1 W1 |
% \#\1“ . a iagona L‘-L \A
= S F; 4
= LU A Gy
= “N_ \ LN

1\4 M b
..n.v‘.k‘!\ l t"‘\;“i
BICGStab2 L 4
I | | | | |
200 400 600 800 0 200 400 600 800
Number of iteration Number of iteration

Fig. 6.26: The effect of diagonal preconditioning on the residual of iteration for analyz-
ing sound fields in a hall with rigid boundary and actual boundary at 125Hz, using the
FMBEM in BF with CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 24514.

goboboooobbobboobobbuooobbbooouoobo

e OUOOODODDOO
- ooobbobbooooboboo
e JOUOOOODDODOOO
- ooobbbtbooobbbooobbbooooubbooouobboo
- 00000000000 0oooDoocGSOnuoooooooonoooon
gooogad
e OO OOODODO
—O0O00OO000O0oOBFOOODOOODOOOODOODOOODOODOODOODODOO
gobobooooobobboooobbuooobobbbbooobobboouobnboo
gobooogooood
- gogobobobobooobbtbooobbboodoUbLbbooobbbooo
goo
- gogobobobobooobbtbooobbboodoUbLbbooobbbooo
gobobooooobobboooobbooooboboo



171

BiCGStab
5 0 i
a |
= “'4.:-“2".: |
= o Ak
15
= A,
‘ hfi"' "u‘J
et A
. B|CGStab2 actual, ro* =r o GPBICG
0 r'l) ........ a= O’ ro* =r ‘:".,
1()'1 - 'i,é,hl\. ' }I, """ actual, l‘()* = random Wy ol ! 4
— i T T . —-—--a=0,r*= d '-.,..'\i“ _|'\
é 10 2 1\ :RI\’J-IJI \:P! 0 random . k ',,_JJ"i','I-L
=~ P s WM ;o
= 1079 § WY, ' )
a4 R R
10”5 T gl Frah
_5 E . *nl..‘l l_',:l‘q
6 ] \‘.\,_:' ‘4‘5‘-‘-
10 I | | | | |
0 200 400 600 800 0 200 400 600 800
Number of iteration Number of iteration

Fig. 6.27: The effect of r; on the residual of iteration for analyzing sound fields in a
hall with rigid boundary and actual boundary at 125Hz, using the FMBEM in BF with
unpreconditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 24514.
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Fig. 6.28: The effect of xy on the residual of iteration for analyzing sound fields in a
cube with rigid boundary at 125Hz, using the FMBEM in BF and NDF with unprecon-
ditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 24514. x,,, is an iterative
solution at 124Hz.
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Fig. 6.29: Geometry of an analysis model. Velocity distribution on the surface of the
cube approximates that produced by a point source at the center.
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Fig. 6.30: Errors for analyzing sound fields around a cube with vibration boundary,
using the FMBEM in BF, NDF, and Burton-Miller formulation (BM) with unprecon-
ditioned BiCGStab. DOF is 6144, and ¢ = 1073. The receiver point is P1 (0.5, 0.5,
1).
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Fig. 6.31: Errors for analyzing sound fields around a cube with vibration boundary,
using the FMBEM in BF, NDF, and Burton-Miller formulation (BM) with unprecon-
ditioned BiCGStab. DOF is 6144, and ¢ = 1073. The receiver point is P2 (0.5, 0.5,
1.5).
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Fig. 6.32: Errors for analyzing sound fields around a cube with vibration boundary,
using the FMBEM in BF, NDF, and Burton-Miller formulation (BM) with unprecon-
ditioned BiCGStab. DOF is 6144, and ¢ = 1073. The receiver point is P3 (0.5, 0.5,
10.5).
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Table 6.5: Differences between theoretical results and those using the FMBEM with
unpreconditioned iterative solvers. N is degree of freedom, and g is defined as
Eq.(6.25).

N  Frequency [Hz] Formulation 101log g cite [dB]
CGS BICGStab BiCGStab2 GPBICG
1536 500 BF -20.90 -20.90 -20.90 -20.90
NDF -7.63 -7.63 -7.63 -7.63
BM -16.08 -16.08 -16.08 -16.08
6144 1000 BF -17.24 -17.24 -17.24 -17.24
NDF - -10.49 -10.49 -10.49
BM - -16.40 -16.40 -16.40
24576 2000 BF -19.68 -19.68 -19.68 -19.68
NDF - -6.36 -6.36 -6.36
BM - - - -
98304 4000 BF -18.03 -18.03 -18.03 -18.03
NDF - - -12.66 -12.66
BM - - - -
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Fig. 6.33: The number of iteration for analyzing sound fields around a cube with vi-
bration boundary, using the FMBEM in BF, NDF, and Burton-Miller formulation (BM)
with unpreconditioned BiCGStab. DOF is 6144, and ¢ = 1073.
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Fig. 6.34: Relation between the residual and the number of iteration for analyzing
sound fields around a cube with vibration boundary at 500Hz, using the FMBEM in
BF, NDF, and Burton-Miller formulation (BM) with unpreconditioned CGS, BiCGStab,
BiCGStab2, and GPBICG. DOF is 1536.

VT ANPRI N Y * BiCGStab
CGS
=
E
—— BF
........ NDF
----- BM
I I I I ‘.V I I I I
BiCGStab2 | | GPBICG
=
5
-!

I 1 I I I I 1 I
100 150 200 250 3000 50 100 150 200 250 300
Number of iteration Number of iteration

Fig. 6.35: Relation between the residual and the number of iteration for analyzing
sound fields around a cube with vibration boundary at 1000Hz, using the FMBEM in
BF, NDF, and Burton-Miller formulation (BM) with unpreconditioned CGS, BiCGStab,
BiCGStab2, and GPBICG. DOF is 6144.
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Fig. 6.36: Relation between the residual and the number of iteration for analyzing
sound fields around a cube with vibration boundary at 2000Hz, using the FMBEM in
BF, NDF, and Burton-Miller formulation (BM) with unpreconditioned CGS, BiCGStab,
BiCGStab2, and GPBICG. DOF is 24576.
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Fig. 6.37: Relation between the residual and the number of iteration for analyzing
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Fig. 6.38: The effect of diagonal preconditioning on the residual of iteration for analyz-
ing sound fields around a cube with vibraion boundary at 2000Hz, using the FMBEM
in BF, NDF, and Burton-Miller formulation (BM) with BiCGStab. DOF is 24576.
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Fig. 6.39: The effect of rj on the residual of iteration for analyzing sound fields around
a cube with vibration boundary at 2000Hz, using the FMBEM in BF, NDF and Burton-
Miller formulation (BM) with unpreconditioned CGS, BiCGStab, BiCGStab2, and GP-
BiCG. DOF is 24576.
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Fig. 6.42: Analysis models for a panel of sound diffusers: (a) boundaries for analyses,
and (b) an example of meshing with 5672 quadrilateral elements.
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Table 6.6: Conditions for analyses of sound fields around diffusers. N is degree of free-
dom, L is the lowest level number of hierarchical cell structure, and M is the average
number of nodes in a cell at the lowest level.

N  Frequency [Hz] Elementwidth[m] L M

5672 125 0.28300 4 32
24616 250 0.15000 5 17
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Fig. 6.43: Relation between the residual and the number of iteration for analyzing
sound fields around diffusers at 125Hz, using the FMBEM in BF and Burton-Miller
formulation (BM) with unpreconditioned CGS, BiCGStab, BiCGStab2, and GPBICG.
DOF is 5672.
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Fig. 6.44: Relation between the residual and the number of iteration for analyzing
sound fields around diffusers at 250Hz, using the FMBEM in BF and Burton-Miller
formulation (BM) with unpreconditioned CGS, BiCGStab, BiCGStab2, and GPBICG.
DOF is 24616.
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Fig. 6.45: The effect of diagonal preconditioning on the residual of iteration for analyz-
ing sound fields around diffusers at 125Hz, using the FMBEM in BF and Burton-Miller
formulation with CGS, BiCGStab, BiCGStab2, and GPBiICG. DOF is 5672.
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Fig. 6.47: The effect of diagonal preconditioning on the residual of iteration for ana-
lyzing sound fields around diffusers at 125Hz, using the FMBEM in NDF with CGS,
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Fig. 6.48: The effect of rj on the residual of iteration for analyzing sound fields around
diffusers at 250Hz, using the FMBEM in BF and Burton-Miller formulation (BM) with
unpreconditioned CGS, BiCGStab, BiCGStab2, and GPBICG. DOF is 24616.
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Table 7.1: Comparison of the computational complexities for the FEM, for the BEM,
and for the FMBEM. k is the wave number, and L, is a length of an analyzed object.

Method Degree of freedom Complexity
FEM  (direct) Nt o< (kLy)3 O(N?) ~ O((kLy)")
(iterative) O(N¢) ~ O((kL;)3)
(direct) O(N}) ~ O((kL:)®)
BEM (iterative) Ny, o (kL;)? O(N?) ~ O((kLy)*)
FMBEM O(Ny log Ny) ~ O((kLy)? log(kL,)?)

Table 7.2: Comparison of the memory requirements for the FEM, for the BEM, and for
the FMBEM. & is the wave number, and L is a length of an analyzed object.

Method Degree of freedom Memory
FEM  (direct) Nt o (kL,)3 O(Ny) ~ O((kL;)?)
(iterative)
(direct) O(NE) ~ O((kLy)*)
BEM (iterative) Ny, o (kL;)?
FMBEM O(Ny log Nyy) ~ O((kLy)? log(kL,)?)
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Fig. 7.1: Annual change of performance of CPU in a desktop PC and computational
time for the FEM, for the BEM and for the FMBEM, estimated on the basis of Moore’s
Law. k is the wave number, and I, is a length of an analyzed object.
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Fig. 7.2: Annual change of memory in a desktop PC and memory requirements for the
FEM, for the BEM and for the FMBEM, on the assumption that memory in a desktop
PC is about 1 GB, and that the memory will double in 2 years. & is the wave number,
and L, is a length of an analyzed object.
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Fig. C.19: 125Hz, actual, BiCGStab (diagonal preconditioning)



Fig. C.20: 125Hz, actual, BiCGStab (r; = pseudorandom numbers)
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Fig. C.21: 125Hz, actual, BiCGStab (x) = Xap)
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Fig. C.22: 125Hz, actual, BiCGStab2 (without preconditioning)
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Fig. C.23: 125Hz, actual, BiCGStab2 (diagonal preconditioning)



Fig. C.24: 125Hz, actual, BiCGStab2 (rf, = pseudorandom numbers)
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Fig. C.25: 125Hz, actual, BiCGStab (x) = Xap)
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Fig. C.26: 125Hz, actual, GPBICG (without preconditioning)
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Fig. C.27: 125Hz, actual, GPBIiCG (diagonal preconditioning)



Fig. C.28: 125Hz, actual, GPBIiCG (1 = pseudorandom numbers)
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Fig. C.29: 125Hz, actual, GPBICG (x) = Xap)
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Fig. C.30: 125Hz, a = 0, CGS (without preconditioning)
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Fig. C.31: 125Hz, a = 0, CGS (diagonal preconditioning)



221

-10 4

-15

-15

pseudorandom numbers)

Fig. C.32: 125Hz, a = 0, CGS (rf;

15

10

-15

Fig. C.33: 125Hz, a = 0, CGS (X0 = Xap)



222

15

10

-10 4

_15 I I I I I |

‘15 10 -5 0 5 10 15
x [m]

Fig. C.34: 125Hz, a = 0, BiCGStab (without preconditioning)
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Fig. C.35: 125Hz, a = 0, BiCGStab (diagonal preconditioning)



Fig. C.36: 125Hz, a = 0, BiCGStab (xrf, = pseudorandom numbers)
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Fig. C.37: 125Hz, a = 0, BiCGStab (xo = Xap)
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Fig. C.38: 125Hz, a = 0, BiCGStab2 (without preconditioning)
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Fig. C.39: 125Hz, a = 0, BiCGStab2 (diagonal preconditioning)
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Fig. C.43: 125Hz, a = 0, GPBICG (diagonal preconditioning)
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Fig. C.48: 125Hz, a = 1, BiCGStab2 (without preconditioning)
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formulation (BM), CGS (r; =
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(without preconditioning) (diagonal preconditioning)
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