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The TLM method and absorbing conditions
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General TLM principle

Huygens principle

Every point of a wave front may be considered the source of secondary wavelets that spread
out in all directions with a speed equal to the speed of propagation of the waves.

TLM variables for 2D homogeneous and non-dissipative media

@ Incident and scattered pulses:

tl(i,j) = [t’l; t/2$ tl3; t’4](7,'-’j)

1. 2. 3. 41T
tS(,',_,') = [¢S% ¢S% ¢S ¢S ](,»’J-)
@ Scattering process:
Incident ¢1" .\ and scattered +S™M . It t th de (i, j) and at —
ncident ¢} and scattered (S{7 ;) pulses at the no ?(r j) and a tS(,',j) = D j) i)
the time t for an homogeneous and non dissipative medium. p

TLM for heterogeneous and dissipative media

(é) fz 4’@ @ Incident and scattered pulses:
S 0z tl(,‘,j) = [t’l; t/2; tl3; t/4§ tIS](-’;,j)
yl ts(i,j) = [tsl; t52; t53; t54; tss](-’,:j)
L x '\\113 ( " ) @ Scattering process:
Additional branches for acoustic propagation in an S =D(n,¢).l

heterogeneous and dissipative medium (2D).

Approximate PML formulations



The TLM method and absorbing conditions

Approximate PML formulations
(o] lele)

Scattering process 0090009
Scattering process for 2D transmission line network {
_ ZT — ZL
C Zr+Z
1
tli) 2y ‘
R =1+R= ——
I T + Zp AF 1
YA @ Z; impedance of the termination,
> @ Z; impedance of the line.
X

@ The scattering matrix:

R T T T
1 T R T T
Din=5clyr 7 = T @
T T T R
(i.J)
@ Scattering relation:
Sy = Dy el 5 ()
or < =, <2 T 9aCe
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(o] lele} -
Scattering process 0000009
Scattering process for 2D transmission line network {
_Zr-2z
T S, C Zr+Z
o T | TxeasShs 277
() T=14R=—"""_ ‘
- Zp AF 1
RX¢ls st
yHt(lj JLTX Sl : : .
1 t+6t(j,j) @ Z7 impedance of the termination,

@ Z, impedance of the line.

x¥

@ The scattering matrix:

R T T T
1 T R T T
DG j) = >tltr T R OT (1)
T T T R
(i)
@ Scattering relation:
Sy = Dy el (2)
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The TLM method and absorbing conditions
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°°*® TLM for heterogeneous and dissipative media

Connexion laws
Acoustic pressure sroeling) = £50_1,5): !
2 1
4 eroeli) = e5(41,5)0
2 n 5) 3 4
N = - a5 A m= oS
tP(ij) = thigy) + n6g) ¢l eroelig) = 3(.j-1),
MG.j) + i) + 4 ; . ,
er5tlij) = t5(ij11)0
ersellig) =t (- )

TLM propagation scheme and wave equation

@ TLM scheme for heterogeneous and dissipative network:

2
t+8tP(i,j) :77]([11.) o [ tP(i+1,j) T tP(i—1,j) T tP(ij+1) T tP(ij—1) T "1(i,j) tP(i,j)}
i) — S(in) T4
_ NGL4) (i.J) e 8eP(.])

NGj) TSy T4

@ Wave equation:

o 0 n+46t & 3t o o
ax2 " By 2 sPae  “sror| DT

@ Celerity correction:

JTAV 2013 - Blois 23/05/2013




The TLM method and absorbing conditions

Approximate PML formulations
oooe

Absorbing conditions for the TLM method 0000000

Boundary conditions

~

Propagation domain

Absorbing layers

of interest

AN

Ideal infinite propagation domain.
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°°** Absorbing conditions for the TLM method 0000000
Boundary conditions Boundary conditions
@ Real impedance boundary condition [1], " ©
@ Boundary operators [2, 3]. 2 \L\ 2/
’ g Propagation domain 1
Absorbing layers > of interest )
E g

Boundary conditions

Finite propagation domain surrounded by a
> boundary condition.
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°°°* Absorbing conditions for the TLM method

Boundary conditions Absorbing layer |

@ Real impedance boundary condition [1],
@ Boundary operators [2, 3]. r\’\ 2/

Propagation domain

Absorbing layer
49he| Suiqiosqy

Absorbing layers of interest
@ Dissipative scattering matrix [4, 1], // 1\
@ Matched connexion laws [5, 6],

Absorbing layer

o Perfectly matched layer (PML)

= only through FDTD calculation [3] ) Finite propagation domain surrounded by an
absorbing layer.

Still no rigorous PML implementation for the TLM method in acoustics. )

[1] Hofmann et al., Simulation of outdoor sound propagation with a transmission line matrix method,Appl. Acoust., 2007.
[2] EI-Masri et al., Vocal tract acoustics using the transmission line matrix (TLM) method, ICSLP, 1996.
[3] Porti et al., TLM methods and acoustics, Int. J. Numer. Model., 2001.

[4] Kagawa et al., Discrete Huygen's model approach to sound wave propagation, J. Sound Vib., 1998.
[5] de Cogan et al., Transmission Line Matrix in Computational Mechanics, Taylor and Francis, 2006.

. [6] Guillaume, Application of the TLM method for acoustic simulation in urban area, Phd Thesis, 2009/
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Approximate PML formulations

The TLM method and absorbing conditions

°°®*® The PML for acoustics in 2D Cartesian coordinat& system

og(x, t v,
( )+§ X L oxglx, t) =0,

@ Mass conservation: = 2o x
ot Ox
Oh(y, t) 2 vy
——— +¢g—— +oy h(y,t) =0,
ot 07, Tk
. ) vy op
@ Momentum equations: Xt 4o =0,
ot Ox
vy ap
— — +o,v, =0,
at oy 7

where the acoustic pressure is split:
p(x,y,t) = g(x, t) + h(y, t),

and o = ox + 0y.

p(x, y, t) 2 [(0%p(x,y,t)  0%p(x,y,t) ap(x, y,t) 2
oz 9 a2 oy T oAk =0

— %1
| (3 = 2
08zt

!
_ ea = i)\’ p o
(i) = Tmax - & v
AL E ) /,// %
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°°°® ldentification of the TLM and PML schemes 0000000

@ PML scheme discretized with the 1% order centered finite differences:
1 1 2o2s:2
t+5tP(i,j) = E 7(1_'_0("4_)&) [tp(i+l,j) + tP(i—1,j) + tP(i j+1) + tP(j j—1) — 20" 0t :P(,‘,j)]
1-— o'(,-y]-)ét
1+0'(,-’j)5t t—38tP(i,j)
@ TLM scheme for heterogeneous and dissipative network: ‘
+8tPGiL) S, 2 1 a tP(i+1,j) T tP(i—1,j) T tP(ij+1) T eP(ij—1) T (i) PG j)
‘ i)+ S6 +

M) ~ S t4 sp
o, t=5tP3j
(i) + <Gy +4 )

Terms identification

2 11

n+c+4 2 1400t (52)
2n _ o252 (5b)

n+C+4 1+ 06t

n—C+4 170&7 50

n+¢+4 1+ o6t
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°°®® The three approximate PML formulations 9080000

\

First set of solutions Second set of solutions Third set of solutions
from egs. (5a) and (5b) | from egs. (5b) and (5c) | from egs. (5a) and (5c)

W)= —2025¢? S 4025t n =0
¢ = 405t — 20268 G ¢ =400t
8odt
¢= 25:2
2+ 026t
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°°®® The three approximate PML formulations
First set of solutions Second set of solutions
from egs. (5a) and (5b) | from egs. (5b) and (5c) !
n= —2025¢% _ 4025¢2
¢ = 405t — 202642 R
_ 8ot ‘
©= 2+ 02512

Proportional evolution of 77 and ¢

a) Heterogeneit;
geneity
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(a) Heterogeneity and (b) dissipation terms as a function of the absorbing layer thickness Ny
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, for three polynomial gradings.
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The TLM method and absorbing conditions

Third set of solutions

from egs. (5a) and (5c)

n=0

The three approximate PML formulations

¢ =40t

00@0000

Approximate PML formulations

no heterogeneity = purely dissipative

This set of solutions is equivalent to purely dissipative TLM network.
@ TLM dissipative propagation scheme:
101
3tPGN) T 5 T ggr L P T tP-10) T PG T tPG-)]
1—odt
T Ttoot PO
@ Lossy wave equation:
Pply,t) o (Ppxyit) | Pplxyit) L, Op(uyit) o
or 0 ox? dy? ot ’
y
[m] = =
JTAV 2013 - Blois
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0000 Assessment Of the absorbing Iayers 000®000

Mean error level

S 1pi(x, v, t) — p(x, v, £)[2

error(x, y) = 10log;, ST onley. )
t=0 17

|
Geometrical configuration of Source signal
the numerical simulations .
ps(x, y, t) = 10sin(27ft) X wy
4 X
1
: (a) Signal (b) Spectrum
I
| N
I I I
[T gE= |
, area : ALY l
s : i \
] [1[] \
I I
I " 2 " 0 l el
| Propagation domain (D) T ’ Py "
1 Gaussian impulse signal (a) ; signal spectrum (b).
e e e = S
y V.
C ic domain imple d to assess the
performances of an absorbing layer inside the test area
I (green square).
< =] 5 = = £ DA
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0000 Assessment Of the absorbing Iayers 000®000

Mean error level

ZZ—:O |pfr(X,y, t) _ p(X,_y, t)|2

error(x, y) = 10logy, S Ip(x, v, )2
t=0 7

{
Geometrical configuration of Source signal
the numerical simulations .
ps(x, y, t) = 10sin(27ft) X wy
4 X
l ] (a) Signal (b) Spectrum
L] [] i
' i I
i \
H AT |
WY |
! il !
[1[] l
I
o U s o " 2 l el
Propagation domain (Do) el ’ My "
Gaussian impulse signal (a) ; signal spectrum (b).
"""""""""" Y ]
C ic domain imple d to assess the
performances of an absorbing layer inside the test area
I (green square).

A
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0000 Assessment Of the absorbing Iayers 000®000

Mean error level

ZZ—:O |pfF(X,_y, t) - p(X7y7 t)|2

error(x, y) = 10logy, ZT |pee(x, y, t)[?
t=0 >0

{
Geometrical configuration of Source signal
the numerical simulations .
ps(x, y, t) = 10sin(27ft) X wy
(a) Signal (b) Spectrum
Iy
I
i \
H AT |
WY |
! il !
[1[] l
I
o U s o " 2 l el
Propagation domain (Do) el ’ My "
Gaussian impulse signal (a) ; signal spectrum (b).
__________________ L RN
y V.
C ic domain imple d to assess the
performances of an absorbing layer inside the test area
I (green square).
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Mean error results for the first and second set of $oftitions
o First set of solutions:

(a) First approx. PML formulation (b) Guillaume s matched connexion law

n
0

20 20
-40 - -40
‘ .
-60 -60
50 80 :
P
-60 ' -1e+002 1 -1e+002
[ ]

.
B
of

y (m)
v (m)

8

Mean error funcnon level (dB) msrde the test area for an absorbing /ayer thrckness e A L = 40nodes (N = 2, f = 100 Hz): (a)
first app. PML ; (b) 's law.

oy P = = = 9ac
JTAV 2013 - Blois
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Mean error results for the first and second set of $ofitions
o First set of solutions:

(a) First approx. PML formulation

(b) Guillaume s matched connexion law

w 20
: i
) -60
: 1 ) :
s >

80
. -1e+002 ! -1e+002
' =
'  (m) (m)
Mean error function level (dB) inside the test area for an absorbing layer thickness e, = (Ny =2, f = 100 Hz): (a)
first approxi PML fori ion ; (b) Guill s hed ion law.

@ Second set of solutions:

(a) Second approx. PML formulation (b) Guillaume s matched connexion law

-20 -20
. -40 -40

& 60 E 60
: 50 -80 : 60 -80
; \—60 ' -1e+002 , | ' -1e+002
z (m) @ (m)
Mean error function level (dB) inside the test area for an absorbmg /ayer thickness ep; = 40nodes (N = 2, f = 100 Hz): (a)
second approxi PML fort ion ; ( il 's h law. o - _ - -

Ay
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°°®® Mean error results for the third set of solutions °°°°°*°
@ Third set of solutions with ear. = 40nodes:
(a) Third approx. PML formulation (b) Guillaume s matched connexion law
P -
- .
- ; -
| B .

z (m) z (m)
Mean error level (dB) inside the test area for an absorbing layer thickness: e5; = 40nodes <> Ny =2, f =
third approximate PML formulation ; (b) Guillaume's matched connexion law.

JTAV 2013 - Blol

100 Hz: (a)
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°°®®" Mean error results for the third set of solutions °°°°°*°
@ Third set of solutions with ea;. = 40nodes:
(a) Third approx. PML formulation (b) Guillaume s matched connexion law
P w
! -63 ' -63
75 é 75
: Co- ’

z (m) z (m)
Mean error level (dB) inside the test area for an absorbing layer thickness: e 5 = 40nodes <> Ny = 2, f = 100 Hz: (a)
third approximate PML formulation ; (b) Guillaume’s matched connexion law.

@ Third set of solutions with ea. = 60nodes:

(a) Third approx. PML formulation (b) Guillaume s matched connexion lavw

-50 -50
-63 b -63
.
=75 75
-88 -88
" -1e+002 -1e+00z
x (m) z(

Mean error level (dB) inside the test area for an absorbing layer thickness: e5; = GOnodes < Ny = 3 f= 100 Hz: (a)
third approximate PML formulation ; (b) Guillaume's matched connexion law. [m] = = Q>

y (m)
y (m)

JTAV 2013 - Blo 23/05/2013

PML Implementation for the TLM Propagation Model in acoustics Pierre Chobeau 1



The TLM method and absorbing conditions Approximate PML formulations
0000 . 0O00000e
Conclusions

From the results:

o Negative heterogeneity fluctuation for the first and second

approximate PML formulations induces a mismatching of the
absorbing layer,

@ The third formulation is the most efficient for thin layers:

|
= this approach has been related to the lossy wave equation (i.e.
simplified PML wave equation).

|
Outlook:

@ Further investigation on the purely dissipative formulation:

= split the scattering matrix to treat only the main propagation axis
(Split-Field attenuation),

o Combination of the purely dissipative network and the empirical
matched connexion laws.
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Thanks for your attention
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°°°®  Scattering process eo0e0ee
Scattering process for 2D transmission line network !
Zr-Zz
S Zr+Z
1
ki) 227 ‘
’ =1+tR=——
— L
Y @ Z; impedance of the termination,
5 @ Z; impedance of the line.
X
@ The scattering matrix:
R T T T
1 T R T T
DGy = U lT T R OT (6)
T T T R

@ Scattering relation:

¢Siiy = Dy iy @)
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0000 .
Scattering process 0000009
Scattering process for 2D transmission line network {
_ ZT — ZL
T S, C Zr+Z
T T TXt+6t52‘ 9 2Zt
() T=14R=—"""_ ‘
- Zp AF 1
RX¢ls st
yHt(lj JLTX Sl : : .
1 t+6t(j,j) @ Z7 impedance of the termination,

@ Z, impedance of the line.

x¥

@ The scattering matrix:

R T T T
1 T R T T
DG j) = >tltr T R OT (6)
T T T R
(i)
@ Scattering relation:
Sy = Dy el (7

JTAV 2013 - Blois




The TLM method and absorbing conditions Approximate PML formulations

°°°® Condtion on o to satisfy the whole system 000000

From equation (5a) the following equality can be written:

n+ ¢+ 4=4(1+ odt), (8) {
which, combined to equation (5¢) is rewriten as:
n—C(+4 1—o06t— o5t ) ‘
n+¢+4 1406t

If relation (9) is related to equation (5c), then the following condition
should be satisfied: ¢%6t> << 1 — ¢dt. This induces the following
inequality:
a25t?
1—o00t
where € should be minimized. Thus, the maximum value for the PML
attenuation factor onmax is set as a function of the variable &:

o< L (VErhe—0)| (11)

26t

<e, (10)

o = = = z 9ace

{cm JTAV 2013 - Blois 23/05/2013
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°°°® Matched connexion laws

2
(i j) — eaL) 3

_ _ )] 2o
F(i,j) = (1+€) —exp |: 2 hs o

2 0

= 10

e 3 oTlebed \
A= =B E P BT \
Ine Ry = L0
o f
L
Ny

De Cogan's approach Guillaume’s matched connexion law

Propagation domain Absorbing layer

Stad
> t+5t’(4,',j)4
tP(i.4)
4

1
eeselift 5
t+8t(7.j)

Testin
= Dac

(N
x
23/05/2013
Pierre Chobeau [ad

l’t+6t’(2/,j) 5i.0)
S S

KPR FanGAst
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0000 .
Matched connexion laws
(x(i,j) — eaL)? 30
Fij= (Q+e)—exp {— =) A 7 A
2 0
5 ‘g‘ 0 =107
A= _SAL £l = Q
Ine R i 10
N i
N T
De Cogan's approach Guillaume’s matched connexion law
2
oty = Fig) X £5Gi-1,5)
2 1
erotl(i) = Fg) X 5G+1.)
ersel(ig) = Fii) ¥ S(—1):
4 3
e+otl(i ) = Fig) X 50 ,j+1)-
Propagation domain Absorbing layer

3 3
Stad Flap > fs(f ¥
t+5t ( J) t+6t J)
Sy JLH‘”’(ZI‘J) e5(i.) F(i,j):‘ i " *Il't+6t’<2f,j) Fi
t+6t’(1i,j)1r 3 t+5t’(1i,j)1r 3
t+5¢li j) t+8tl(i j)

st P xest

1
i) X 5(i.j)
D

1PN G4
23/05/2013
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°°°® Matched connexion laws

(&5 enl)? 0
(i.j) — ©AL 2o
Fijy= (@Q+e) —exp {_’f S
£ oo 10
2 "g 0. =10
e 2 peotxe 2 10
A= _ CAL ER ==y N
EE mu
Ine £, A0
. i
LI

Ny

Guillaume's matched connexion law

De Cogan's approach
eotliig) = Fiij) X t5(i-1,))

_ 2
t+otli,) = Fap) X t5(i-1.)

2 il 2' L= 1 .
e+5tlig) = Fag) X t5+1) e+5¢li.j) = 5(i41,j)
3 _ 4
e+5¢l(r) = Fii) X ¢5(,j-1)> e+otlij) = t5(,j—1)

4 3
e+5tl(.j) = 5, j+1)-

4 3
e+5tl,j) = Fig) X £50,j+1)
Propagation domain Absorbing layer

r53f,n~ll« il

4
5] ,,) t+5t)(i,j)
51, *ILr+6t’(2f,j) Bi) Fip* 156.) ’Jl'r+6r’(2f,j) Stid)
2 > — - - )
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The TLM method and absorbing conditions Approximate PML formulations

°°°®  Iterative scheme for the PML wave equation 9000000
&p(x,y t) o [(8p(xyit)  9Pp(x,y,t) ap(x,y,t) 5 3
o2 - 2 + 52 +20 ot +0o°p(x,y,t) =0
Centered finite differences TLM notations
@ Node position in a 2D orthogonal
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PML propagation scheme
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The TLM method and absorbing conditions
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Mean error results for the second set of solutions

Approximate PML formulations
0000000

@ First set of solutions with ea. = 60nodes:

(b) Guillaume s matched connexion law

(a) First approx. PML formulation

-

o ()

Mean error function level (dB) inside the test area for an absorbing layer thickness: ep) = 60nodes <> Ny = 3: (a) first
3 . A iy

2 (m)

pproximate PML formulation ; (b) Guillaume's

law.

@ Second set of solutions with ea. = 60nodes:

(a) Second approx. PML formulation
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