Computational Experiment in AeroAcoustics - CEAA 2018

Adjoint-based Sound Source Identification

Mathias Lemke
Jorn Sesterhenn

Technische Universitat Berlin
=i Fachgebiet Numerische Fluiddynamik

“--nﬁ



Data Assimilation Adjoint-based Data Assimilation Example 1 Example 2
[ ] 0000 000000000000 000000 [e]e)

Sound Source ldentification

As data assimilation problem

Conclusion

Experimental Numerical
analysis analysis
1 \J

Adaption of a numerical model to experimental data

@ Euler/Navier-Stokes-equations as numerical model

@ Microphone measurements provide experimental data
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Sound Source Identification
As data assimilation problem

Experimental Numerical

analysis analysis
\: A
Adaption of a numerical model to experimental data }
N(g.t) = (1)

min (J) = min ([ (g - o..)° Q)
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Adjoint-based Data Assimilation

Introductory example

Objective function

J= %// (@ — Gexp)” Q2

S // (q_qexp) dq dQ
———
g

3/27



Data Assimilation Adjoint-based Data Assimilation Example 1 Example 2 Conclusion
o] @000 000000000000 000000 [e]e)

Adjoint-based Data Assimilation

Introductory example

Objective function

1
JZE//(q_qexp)de
od = //(q—qexp)équ
—_———
g

Constrained optimisation

Linearised Euler equations
Noq = 6f

3/27



Data Assimilation Adjoint-based Data Assimilation Example 1 Example 2 Conclusion
o] [e] lele} 000000000000 000000 [e]e)

Adjoint-based Data Assimilation

Introductory example

Lagrangian approach

8J = g70q—(q")" (Noq — of)
=0
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Adjoint-based Data Assimilation

Introductory example

Lagrangian approach

)

g76q - (q*)" (N3q — 6f)
=0

= 69" (g— NTq")+(q")Tof

=0
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Adjoint-based Data Assimilation

Introductory example

Lagrangian approach

8J = g70q—(q")" (Noq — of)
=0
= 69" (9—N"g")+(q")" of
=0
Change of J becomes simply
5J:q*T5f—>6—J_q ~ Vi J
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Data Assimilation Adjoint-based Data Assimilation
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Adjoint-based Data Assimilation

Iterative procedure

Optimal change of f

="+ Vid

direct
solution

J=0 Mg, 1)

initial guess target

exp

Ag=q-9q,-9

1
|
1z

update f ! adjoint 1%
~ line search solution Iz
O methods N(gdAq) |
Y

gradient optimal f
q full ¢
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Adjoint-based Data Assimilation

Source positions

Adjoint sensitivity

@ In case of f% = 0 the first adjoint solution g* provides
information on spatial locations with maximum impact
on the objective

@ This locations correspond to optimal source positions

6/27



Data Assimilation Adjoint-based Data Assimilation Example 1 Example 2 Conclusion
o] 0000 @000000000000OO0O0 [e]e)

Example | — Simplified Line-Array (I)

Motivation

@ Cooperation with Fachgebiet Audiokommunikation, TU
Berlin (Prof. Weinzierl)
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Example | — Simplified Line-Array (I)
Setup
1
@ 2D example
08 @ 3x Speaker
— 06 S1 o - 2 kHZ Sine
E | s - 4:2:1 Amplitude ratio
< 04f 83 o - 2 samples phase
delay (f; = 160 kHz)
0.2 .
@ Quadratic
0 measurement region
0 0.5 1
X, (m)
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Example | — Simplified Line-Array (1)

Reference sound field : p — p in (Pa)

3
0.8 2
;
. 06
£ 0
><N
0.4 p
0.2 -2
-3
0
0 05 1
X, (m)
>
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Example | — Simplified Line-Array (1)

Reference sound field : p — p in (Pa)

1 1 1

3 3 3

08 2 08 2 08 2

~ 08 ! ~ 06 B ! ~ 06 o !
£ . o = . o g 0

L ° L] ° ® o
04 ) 04 ~ 04 .
0.2 2 02 2 0.2 2
3 -3 3
0 05 1 ) ¥ 1 0 05 1
x, (m) X, () X, (m)
1 1 1

3 3 3

08 2 08 2 08 2

—~ 06 3 ! —~ 08 . ! ~ 06 !
i . o £ B o i o o

° ® °

04 . 04/ ~ 04 \
0.2 2 02 2 0.2 2

3 -3 3

0 X 1 0 . 1 0 05 1
X, (m) X, (m) %, (m)
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Example | — Simplified Line-Array (1)

Adjoint solution : p*

%107
15

X, (m)

X, (m)

Conclusion
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Example | — Simplified Line-Array (1)

Adjoint solution : p*
15
05
: -05
¥ -1
-1.5
o 05 1

X, (m)
x10°%
1
; ’
0.5
' ’ '
8 05 . «
. -1 . -
s .
o 05 1 0 05 1

X, (m)

X, (m)
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Example | — Simplified Line-Array (I)

Optimal speaker output (30 iterations)

—$S1

0.6 ‘ - 82

04 ! = - 2kHz sine

0.2 - 4:2:1 amplitude
= 0 ] ratio

-0.2 - 2 samples

0.4 phase delay

-0.6

0 5 10 15

t (ms)

v’ preset input signal and drive identified
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Example | — Simplified Line-Array (1)

Resulting sound field (30 iterations) : p — p in (Pa)

w

N

0.8

~ 0.6

o
X, (m

0.4

N

02

&

x, (m)
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Example | — Simplified Line-Array (1)

Resulting sound field (30 iterations) : p — p in (Pa)

1

3 3
08 2 2
1 1
_ 06
K
04 . .
02 2 2
3 K
0
o 05 1
x, ()
3 3 3
2 2 2
1 1 1
£ o o 0
B
K 1 ]
2 -2 2
El 3 El

0
] 05 1
X, (m)

X, (m)
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Example | — Simplified Line-Array (ll)

Setup with base-flow : uy in (m/s)

1 15

10 @ same arrangement
@ same target sound field

s @ base flow with linear
velocity profile
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Example | — Simplified Line-Array (ll)

Optimal speaker output (30 iterations)

0.6 72;
S3| |
0.4 ’ - 2 kHz sine
Q°-2} - similar 4:2:1
= 0 1( amplitude ratio
0.2/} - changed phase
0.4 delay (1; 5 samples)
-0.6
0 5 10 15

t (ms)

14/27



Data Assimilation Adjoint-based Data Assimilation Example 1 Example 2 Conclusion
o] 0000 0000000000000 0000 [e]e)

Example | — Simplified Line-Array (1)

Resulting sound field (30 iterations) : p — p in (Pa)

3 3
2 0.8 2
1 1
~ 0.6
0 E 0
o
-1 0.4 -1
2 0.2 2
-3 3
0
0 0.5 1
X, (m)
>
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Example | — Simplified Line-Array (1)
Resulting sound field (30 iterations) : p — p in (Pa)
1
3 3 3
08 2 2 2
- 06 ! -~ 06 ! X !
E o € o o
=04 4 > 0. 4 . B
02 2 . 2 . 2
3 -3 -3
00 05 1 o 05 1 0 05 1
x, (m) X, () X, (m)
3 3 3
. 2 2 . 2
1 1 1
B o E" o E 0
B < B
E - 1 K
-2 . 2 . -2
3 -3 3
OD 05 1 o0 05 1 00 05 1

X, (m)

X, (m) %, (m)
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Example 1
000000000800000000

Example | — Simplified Line-Array (ll)

Source arrangement

—~~

X, (m

0.8

0.6

0.4

0.2

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Example 2
oo

Conclusion
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Example | — Simplified Line-Array (lll)

Setup with base-flow : uy in (m/s) and discrete measurement positions

1 15

@ same arrangement
' ., @ same target sound field
: @ base flow with linear
_ velocity profile

o discrete
' measurement

0 positions
X, (m

&)
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Example | — Simplified Line-Array (lll)

Optimal speaker output (30 iterations)

| ‘ —81
0851 s2||
s3] .
o n ‘ i - 2 kHz sine
0.2 | 1 L
. ‘ / - similar 4:2:1
= i e - amplitude ratio
0.2+ 1os 1
Il ol /- - changed phase
047 DZ 4 \ 1 delay (1; 5 samples)
_0 ,6 L J ZUSS:HODI:U 80 i
0 5 10 15

t (ms)
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Example | — Simplified Line-Array (llI)

Resulting sound field (30 iterations) : p — p in (Pa)

3 3
2 0.8 2
1 1
—~ 0.6
0 3 0
o
4 04 4
2 0.2 2
-3 -3
0
0 0.5 1
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Example | — Simplified Line-Array (llI)

Resulting sound field (30 iterations) : p — p in (Pa)

1

3 3 3
08 2 2 2
~ 08 ! ~ 06 ! I !
< <
04 4 4 4 . Bl
0.2 2 ¥ 2 . 2
-3 -3 -3
0
0 05 1 ] 05 1 0 05 1
%, (m) x, (m) X, (m)
3 3 3
. 2 2 . 2
1 1 1
£ o & 0 E o
= B =
4 g Bl El
2 . 2 . -2
3 -3 -3
0 0 0
0 05 1 ] 05 1 0 05 1

X, (m)

X, (m) %, (m)
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Example | — Simplified Line-Array (lll)

Source arrangement

0.8

~ 0.6

X, (m

0.4

0.2

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Conclusion
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Example | — Simplified Line-Array (I1V)
Setup with base-flow : vy in (m/s), discrete measurement positions and non-coherent
reference drives

1

15
@ same arrangement
o8 . c - ., @ target sound field
- 06 based on white noise
< 04 @ base flow with linear
velocity profile
0-2 @ same discrete
o} e o measurement positions

x, (m)

(&3]
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Example | — Simplified Line-Array (1V)

Reference sound field : p — p in (Pa)

3
2
1
£ 0
N
<
-1
-2
-3
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Example | — Simplified Line-Array (1V)

Reference sound field : p — p in (Pa)

3 3

2 2
g - g -1
. 2 ¥ 2

3 -3
0 05 1 0 05 1

X, (m)

X, (m)
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Example | — Simplified Line-Array (1V)

Resulting sound field (30 iterations) : p — p in (Pa)

Conclusion

w

N

o

N

&
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Example | — Simplified Line-Array (1V)

Resulting sound field (30 iterations) : p — p in (Pa)

1

1
3 3 3
08 2 2 08 2
~ 08 ! 1 ! ~ 08 !
o4 B y 71 > 04 4
0.2 2 . 2 0.2 2
-3 -3 -3
0 0
0 05 1 0 05 1 0 05 1
X, (m) X, (m) %, (m)
1
3 3 3
2 . 2 X 2
= ! - 08 ! = 0 !
i 0 E:v o 3 o
<
el 04 -1 . A
2 . -2 . 2
3 -3 3
0 0 0
0 05 1 ] 05 1 0 05 1
x, (m) X, (m) X, (m)
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Example | — Simplified Line-Array (I1V)

Source arrangement

0.8

~ 0.6

X, (m

0.4

0.2

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Conclusion
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Example Il — Experimental Test
Setup
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Example Il — Experimental Test

Optimal speaker output

1 ' = point
= Point
0.6
E 04 o5 "
£ o 0.5
0.2
o . . . 0 0 . 2
0.2 0.4 0.6 0 5000 10000

X, [m] Frequency (Hz)

The speaker is no monopole. Momentum source required.
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Conclusion

v Source identification as optimization/data assimilation
problem

v~ Consideration of base-flow (thermal-stratification, walls, ...)
First numerical and experimental validation

\

@ Quality of source localization depends of sound field and
number of microphones
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Conclusion

v Source identification as optimization/data assimilation
problem

v~ Consideration of base-flow (thermal-stratification, walls, ...)
First numerical and experimental validation

\

@ Quality of source localization depends of sound field and
number of microphones

Experimental analysis with base-flow

Reconstruction of base-flow properties

Looking for cooperation
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Thank you.

Appendix
(1) Adjoint equations - detailed derivation
(2) Inclusion of walls and rectangular arrangement of speakers



Derivation of the adjoint equations

Euler equations

0 ou; 0
O | ouj | + 0y | Uity +pdjj | —uidy, [0 ] =1
P uipy
-1 71 p

da+ dxb' + C'oyc = f.
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Derivation of the adjoint equations

Linerisation
o La Qs + O, b 6qs + C'94,0qp + 6C'dx,c5 = of
943 9qs

q= [Qa Uj,p]
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Derivation of the adjoint equations

Resulting matrices 1/2

1000 O
U 000 0
— w000 0
A u300p0 O
00001
5
u 0 o 0 O
UglUo oUn ouy O 0
B2— | u5 0 2, 0 1
Upuz 0 puz ou; O
0 0 2 o 242
y—1 y—1

B1

B® =

uy o 0 0
u?2 200y 0 0
upup oup ouy 0
ujuz ouz 0 ouy

0 2% 0 0
v

uz 0 0 o
uruz ouz 0 ouy
Upz 0 ous olp
u? 0 0 20u3

0 0 0 22
Z

éOO—KO

2
L

—- OO0 O |

2
5
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Derivation of the adjoint equations

Resulting matrices 2/2
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Derivation of the adjoint equations

Lagrangian approach

/ / §JdQ = / / 978qdQ

- / / g7 (8tA6q + 8, Bloq + C'9,6q + 6C'dy,C — 5f) R19)

/

=0

dQ = dx;dt is the space-time measure
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Derivation of the adjoint equations

Integration by parts

/ / §JdQ = / / §q gdQ
+ / 59" ATo,q"dQ
¥ / / 5q"B" 0, q"dQ
¥ / / 570, C' q"dQ
—/ 6q"C'oy,c

+ / q*76dQ

7 t=tend

_ L/n(qu/qTq*dXi
- /5qTB’Tq*dt

- /6qTC’Tq*dt

1=t
7 %i=Lj

Xi=Xj,0

Xi=Lj

Xi=Xj,0

i
C(\ B

q.0Ch305Cs = QLOG. ()X, cs

5(7H C:Lffé)Xfcﬁ
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Derivation of the adjoint equations

Factor out different variations
//6JdQ = // q 75t

+ / / sq" (g +AToq + B 0,q +8,C g — é"ax,c) a0

I
t=tend
_ {/ 6qTATq*dx,-]
t=ty

I

Xi=Lj ) x;i=L;
_ {/ 5qTB"Tq*dt} - {/ 6qTC’Tq*dt]
X; X;

i=Xi,0 i=Xi,0

1
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Derivation of the adjoint equations

Adjoint equations — Term /

6tq* _ _AT_1 BiTaXiq* _AT_1aXiciTq* +AT_1 éiax,C—AT_1g.

Il 'and /Il define the adjoint initial- and boundary conditions
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Wall and rectangular speaker arrangement

400

% 9 2D example

200 @ Boundaries represent
speaker (585)

@ Formation of a
pressure pulse

100

o

-100
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Wall and rectangular speaker arrangement

ptar et (Pa)
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Wall and rectangular speaker arrangement

p (Pa) @3.84ms p (Pa) @11.84ms p (Pa) @19.84ms.

6 6 6
5 5 5
4 4 4
E B E
~3 ~3 3
< < X
2 2 2
1 1 4
0 8 - 0
0 2 4 6 0 2 4 6 0 2 4 6

%, (m) %, (m) X, (m)

p (Pa) @27.84ms p (Pa) @31.84ms. p (Pa) @35.84ms.

6 6 6
5 5 5
4 4 4
B B
w3 3 =3
2 2 2
1 1 1
0 0 - 0
2 4 6 [ 2 4 6 2 4 6

X, (m) X, (m) X, (m)
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