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Mathematical statement in 2D and 3D cases 6

2D Helmholtz equation

1
div ( —grad 5SC> + k2etNE = T in Q)

Fy
where:

sc . 1 1 inc 2 [ .tot
T = —div ([,u;iot — ’u;nc] grad £ ) — kg eyt —
Radiation boundary condition
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o on — 1k =0 on X

inc
r

E

} ginc




Mathematical statement in 2D and 3D cases 6

3D Helmholtz equation
V x (Lv X 5SC) — k2etotese = 75 in Q)

ot
where:
1 1 : . .
jsc — _V X _ V x EMC) 4+ k’2 stot _ gine] glne
MtOt ,ulnc 0 [=r r

Radiation boundary condition

1
ﬁx( VXESC)+jkoﬁxﬁx88C=OonE

tot
iy




Numerical method

FETI-DPEM2 classical approach
Its modification (FETI-DPEM2-full method)

Numerical results
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Helmholtz equation in 2D case
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Helmholtz equation in 2D case
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Helmholtz equation in 2D case .
1 . . . . «C» - corner point
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FETI method
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FETI method
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FETI method

f{é]* / LoE arl L v Augmented Lagrangian
/ J functional with two

Lagrange multipliers per
interface




FETI method

I —_
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) D M - Matrix of Robin-type B.C.

— — — — Lagrange multipliers per
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KKT conditions

Karush Kuhn Tucker conditions:

Wi(—)j — Mi—>j +Mj—>i
M - Matrix of Robin-type B.C.

, 14+ E. J—1
| ]




Main relation between subdomains

Karush Kuhn Tucker conditions:

i i) = (7 -1V WEoT = M7 4+ M
for Mool LB : M : Matrix of Robin-type B.C.

\ =] . J—r W Wrc 14> ] ‘
R 1 I




FETI-DPEM2 classical method

FETI-DPEM?2 classical:
Wrc — WC’I" — ch = ()

Wi(—)j — Mi—>j +Mj—>i —
M - Matrix of Robin-type B.C.

Robin-type BC
Neumann-type BC
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FETI-DPEM2 classical method

FETI-DPEM?2 classical:
W?“C — WC’I" — ch = (

1] M.-F. Xue and J.-M. Jin Nonconformal FETI-DP Methods for Large-Scale
Electromagnetic Simulation. IEEE, Transactions on Antennas and Propaga-
tion, Vol. 60, Sept. 2012
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2] I. Voznyuk, H. Tortel and A. Litman Scattered field computation with an ex-
tended FETI-DPEM?2 method. Progress In Electromagnetics Research, 2013
(to appear)
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Physical statement of 2D Scattering problem

Inside air

g0 = 8.85-107"*F - m™!

o =4r-107"H -m™*

f1 = fo =800 MHz

The wavelength A ~ 0.37 m
Domain of ~ 21\ x 21\

Excitation

Sources located at (1.5,2.5,0)
(2.5,1.5,0)

Scatterers

3 squares

=1.5

= 3.0

= 5.0

p1 = pe = p3 = 1.0

a1 = as = a3 = 2m =~ 5.4\

3

€

SwW 3R

€

6.0 m ~ 16.0 \

1.0 m

M
\3
~~

~
ﬁ

2.0m 2.0 m
SO0m=~ 21.3 \




Numerical statement of 2D Scattering problem

Total number of
unknowns (E): 426,574

80 subdomains

Size of interface problem (\,):
93,846 ~ 22%

Total number of
corner-points (E.): 138

Total number of
equations for \.: 414 ~ 0.1%




Numerical results of 2D Scattering problem

. Y
_——— z x

The interface problem is solved with the direct method

5 I|E; —Es |2 L2-error of L2-error of
L#-error = =3 :

[1E1 ]2 FETI-classical FETI-full
where [E ¥s a solut%on of FEM P p—_ P ——
where E» is a solution of FETI




Numerical results of 2D Scattering problem

. Y
_——— z x

The interface problem is solved with the direct method

5 I|E; —Es |2 L2-error of L2-error of
L#-error = =3 :

[1E1 ]2 FETI-classical FETI-full
where [E ¥s a solut%on of FEM YV T r— e ——
where E» is a solution of FETI




Where does the misfit comes from?

0.8 I T T T T T
- T FEM
.g 0.6 —  FETI-classic 1
E ——  FETI-full
QL
£
S 0.4r g
[re. I
o
@ A . A |
T 0.2f \ A T | :
$ 15, : '. A
0 | & : | | | 1
0 20 40 60 80 100 120 140

Index of corner point



Physical statement of 3D Scattering problem

Inside air

g0 =885-10""F -m™!
fo=4r-100"H-m™*

f =1 GHz

The wavelength A ~ 0.3 m
Domain of &~ 2\ x 2\ x 2\

Excitation

Dipole located at (0.05,0.05,0)
oriented as (1.0,1.0,0)

Scatterers

2 spheres
— 2.85
= 5.00

€

___________ S [

€

SN Y=

pu = iz = 1.0 <025 m ~ 0.33)
Ry =Ry =0.04m ~ 0.13\ < 0.6 m ~ 2A > xI
z Y




Numerical statement of 3D Scattering problem

Total number of
unknowns (E): 302,561

10 subdomains

Size of interface problem (\,):
37,499 ~ 12%

Total number of

corner-edges (E.): 495

Total number of
equations for \.: 1418 ~ 0.5%




Numerical results of 3D Scattering problem

et (M) L0 1 T

017 —— : . .

~ -0.17 -0.09 0.00 0.08 - 0.17 - 017 - -0.09 0.00 0.08 0.17
. Re(Ey - - ©Im(E) S
o L 0.591 1.18 Y 0 0.651 1.3 Yoo
I - = z_x ' [ T z_x

The interface problem is solved with the direct method

L2-error = % L?-error L?-error
where E; is a solution of FEM Etot | D
where Es is a solution of FETI 2.0187E-10 9.9886E-011
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Bottlenecks

The Interface Problem (IP) Matrix

- \—1
Inverting and storing (K;,,) matrices

Storing the Interface Problem (IP) matrix
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GMRES

iterative method

The Interface Problem (IP) Matrix
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The Interface Problem (IP) Matrix G M RE S

iterative method

0 200 400 600 800 1000
Number of iterations



Iterative solution of the IP 22

The Interface Problem (IP) Matrix G M RE S

iterative method

Convergence depends on (4 + A7) /2
[1,2]

| =

[1]  Saad, Schultz 1986

Value
- o
T
b \

[2] Saad 2003 < FulllP
2L i

_3 | | | | | |
0 0.1 0.2 03 04 05

Scaled index of eigenvalue



Iterative solution of the IP

The Interface Problem (IP) Matrix The Reduced IP Matrix [3,4,5]

~_1 - N
(FATA,, +F\ E. [FEE} FECAT) Ar = —dy,

[1]  Saad, Schultz 1986

[2] Saad 2003
[3] L, lJin 2007
[4] L, lJin 2009

[5] Yaoetal 2013




Iterative solution of the IP

The Interface Problem (IP) Matrix The Reduced IP Matrix [3,4,5]

~_1 - N
(FATA,, +F\ E. [FEE} FECAT) Ar = —dy,

2 T T T T T T
1 L
2 O y
[1]  Saad, Schultz 1986 §
RS
[2] Saad 2003 = FullIP
“ Reduced IP
[3] Li, Jin 2007 21 i
[4] L, Jin 2009 . | | . | | |
[5] Yaoetal 2013 0 0.1 0.2 0.3 0.4 05

Scaled index of eigenvalue




Iterative solution of the IP

The Reduced IP Matrix [3,4,5]

.1 A -
(FATA,, +F\ E. [FEE} FECAT> Ar = —dy,

LR T . frawa . “he
EEEI
‘e
. R

200 400 600 800 1000
Number of iterations

[1]  Saad, Schultz 1986

[2] Saad 2003
[3] L, lJin 2007
[4] L, lJin 2009

[5] Yaoetal 2013
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PML problem introduction

The Domain Decomposition into N, = 50 subdomains
Q The L% — error ||EFEM — EFETI|| = 9,18E-002

J But sometimes

Q' 27 28 29 31 41
L?-error 0.5085 0.2435 0.3509 0.5687 0.2995

Conclusion

There is something really strange going on
with the PML media
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Convergence of Lagrange multipliers in subdomain 031

1 Out of PML, after 10 iterations ( — Exact, —— FETI )

0.01 1
‘65 0

7]
(an

-0.01 1

l I L L L L l
320 325 330 335 340 345 350 355
Index of Lagrange multiplier A

310 315

 In PML, after 100 iterations ( — Exact, —— FETI )

0.01
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5’\ o 4 \"\ /ﬁﬁg‘k
= TN AN\ 724\ i i
= 0 /.. L= - =
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Nature of the “PML-error”

Convergence of Lagrange multipliers in subdomain 031

1 Out of PML, after 10 iterations ( — Exact, —— FETI )

0.01 1
‘65 0

7]
(an

-0.01 1

l I L L L L l
320 325 330 335 340 345 350 355
Index of Lagrange multiplier A

310 315

 In PML, after 100 iterations ( — Exact, —— FETI )

0.01
—_ 4 {/m
? 7 ZN PN
=< i e /1N\ 724\ Sl e o
8 o/ \ _—al? \‘ &\ e /v—_—‘
o A\ s
N -3 W2
W\
-0.01- \ 4
192 194 196 198 200 202 204 206 208 210
Index of Lagrange multiplier A

2

Conclusion so far
O Bad influence of PML

L The error does not spread




EMDA approach

What we can play with

0 Number of Lagrange multipliers?



EMDA approach

What we can play with

0 Number of Lagrange multipliers?

J Constraints between subdomains?



EMDA approach

What we can play with

0 Number of Lagrange multipliers?

J Constraints between subdomains?

O Robin-type boundary conditions?



EMDA approach

What we can play with Robin-type Boundary Conditions

0 Number of Lagrange multipliers? :
O Constraints between subdomains? n X (—V X 51) +a'ixixE =AonT?

My —

O Robin-type boundary conditions?



EMDA approach

What we can play with Robin-type Boundary Conditions

0 Number of Lagrange multipliers? :
O Constraints between subdomains? n X <—V X 5i> +a'ixixE =AonT?

My —

O Robin-type boundary conditions?

Classical approach [1]

a' = j kg

[1] Després 1991
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EMDA approach

What we can play with

Robin-type Boundary Conditions
O Number of Lagrange multipliers?

L (1 . o
O Constraints between subdomains? n X <—V X 57’) +a'nixnx & =ANonI"

Hor

O Robin-type boundary conditions?

Classical approach [1] | Evanescent Modes Damping Algorithm (EMDA) [2]

i o l o .
a' =jko a =jko(1+jx)
EMDA 0 i T T T T I T I
* *  PML: KO everywhere
*
s % *  PML: EMDA + jkO
§ 1 ¥ *é** # .
s * 0 H PML: EMDA
& 1%
= »
g) 2r %
_3 1 I TR
0 20 40 60 80 100 120 140
- Iteration number
[1] Després 1991

[2]  Boubendir et al 2000
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What we can play with
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[1] Després 1991
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PML substitution

What we can play with

d PML - Sommerfeld?

Classical approach [1] | Evanescent Modes Damping Algorithm (EMDA) [2]

a' = j kg a = jko(1+jx)

jiky EMDA

[1] Després 1991
[2]  Boubendir et al 2000




PML substitution

What we can play with

d PML - Sommerfeld?

Classical approach [1] | Evanescent Modes Damping Algorithm (EMDA) [2]

i o l o v
a = jkg a =jko(1+jx)
0 ¢-*- I T T T I T I
* *  PML: KO everywhere
_k EMDA = | *;* *  PML: EMDA + jkO
*,
J%o g1 * PML: EMDA
4 1% N
= *
8) 2r %,
_3 | 1 TTPTTRRTOR R L
0 20 40 60 80 100 120 140
(1] Després - [teration number

[2]  Boubendir et al 2000




PML substitution

What we can play with

d PML - Sommerfeld?

Classical approach [1] | Evanescent Modes Damping Algorithm (EMDA) [2]

a' = j kg a = jko(1+jx)

I 1 1 1 1 1

*  PML: KO everywhere
*  PML: EMDA + jkO
* PML: EMDA

—*— Smf: jkO

—*— Smf: EMDA

jiky EMDA

40 60 80 100 120 140
[teration number

[1] Després 1991
[2]  Boubendir et al 2000




Conclusion for the Direct problems

: Domain of 252 13

J Modified FETI-DPEM2-full method

FEM FETI-full
~ 1200000 = 3500000

FEM FETI-full

2 568 sec 838 sec [1] Voznyuk et al (submitted) 2014
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Inverse problems. Introduction
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Measurement setup

3D Fresnel database [1]

U Set of homogeneous targets

162 transmitting dipoles

d
U 32 receiver positions
d

Distance: r = 1.796 m

[1]  J.-M. Geffrin and P. Sabouroux

Anechoic chamber

\

Institut
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Inverse problems: Mathematical statement

O Find &, such as the cost functional

1 NSTC Nrec
J(er BTy =5 ) Y llEme — ELT e,
s=1 r=1
has to be minimized.
d W - covariance matrix, related to
E™es = EfAT(g) + noise
Q E f " (¢,) - simulated far-field
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Inverse problems: Mathematical statement

E™e®: Ny X Nyec

O Find &, such as the cost functional
NSTC Nrec

Jer EPr) =23 (lEmes — Lo e
s=1 r=1
has to be minimized.
d W - covariance matrix, related to
E™es = EfAT(g) + noise
Q E f " (¢,) - simulated far-field

Near-to-Far field transformation[1] (Dirichlet-to-Neumann map) S =0Q

= fft—jun [ < HOY] Golrr!) + [0 E6)] T'Golrr') +

+ [ x E(r)] x V'Go(r,r")} dS’

[1]  J-M.lin 2002




Inverse problems: Mathematical statement

E™e®: Ny X Nyec
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d W - covariance matrix, related to
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Q E f " (¢,) - simulated far-field

Near-to-Far field transformation[1] (Dirichlet-to-Neumann map)
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+ [ x E(r)] x V'Go(r,r")} dS’

[1]  J-M.lin 2002




Inverse problems: Mathematical statement

E™e®: Ny X Nyec

Characteristics of problem
O Find &, such as the cost functional ) rerllinesr
1 NSTC Nrec
](gr,EfaT) = EZ Z”Eg;es Efar(é‘r)” O ill posed
s=1 r=1 O underdetermined
has to be minimized.

d W - covariance matrix, related to
E™es = ET9T (¢.) + noise There is not a unique solution

d Ef " (¢,) - simulated far-field

Near-to-Far field transformation[1] (Dirichlet-to-Neumann map)

= fft—jun [ < HOY] Golrr!) + [0 E6)] T'Golrr') +

+ [ x E(r)] x V'Go(r,r")} dS’

[1]  J-M.lin 2002




Inverse problems: Lagrangian formalism
E™%®: Ngp¢ X Nyec

O Find &, such as the cost functional

NSTC Nrec

1 2
(e EPT) == Z Z |Ezes — ELE (e,

s=1 r=1
has to be minimized.
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O Find &, such as the cost functional
NSTC Nrec

1 2
(e EPT) == Z Z |Ezes — ELE (e,

s=1 r=1
has to be minimized.

O Aniterative quasi-Newton method with constraints
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E™%®: Ngp¢ X Nyec

O Find &, such as the cost functional

NSTC Nrec
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_ far
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s=1 r=1
has to be minimized.
Constraints
(J An iterative quasi-Newton method with constraints
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Inverse problems: Lagrangian formalism
E™%®: Ngp¢ X Nyec

O Find &, such as the cost functional

1 NSTC Nrec 2
_ far
B =3 ), D IES — BT,
s=1 r=1
has to be minimized.
Constraints
(J An iterative quasi-Newton method with constraints
q - /\

| L(ey, B, P) = T (e, E) + Re (PIAE + ke, E - S) |
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Inverse problems: Lagrangian formalism




Inverse problems: Iterative algorithm

Initial guess
|
FETI Initialization
Permanent
|
FETI Initialization

Temporal
|

FETI iterations (Direct)
|

Misfit criterion

Stop?
|
FETI iterations (Adjoint)

Gradient evaluation
|

Update direction
|

New permittivity

d End of process

Max iteration
No evolution
Small misfit

Small gradient




Inverse problems: Numerical results

Tl
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Inverse problems: Conclusion

Recent conclusion

[ Successful combination of the Inversion
algorithm and FETI method [1]

[1] Voznyuketal (in preparation) 2014




Main conclusion

Conclusions

1 Development of the 3D FETI-DPEM2-full method

L Implementation to the Large-Scale

K/

** Direct problems

** Inverse quantitative problems



Main conclusion

O Play with the transmission conditions

d Parallelization

O Introduce a-priori information in inversion




Main conclusion

Merci beaucoup



Inversion 3D. Conclusion

» The FETI-DPEM2-full method has been applied to the inversion algorithm
» In order to accelerate the inversion process we have studied some implementation issues

of the proposed method such as the initialization of the FETI solution and the stopping
criterion for GMRES

» The numerical code has been verified on some classical inversion problems of the Fresnel
database

FUTURE:

» Improving the transmitting condition between subdomains
» Parallelization

» Level-set approach



Towards the super-ellipsoid targets
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Efficiency of the FETI method

Frequency f = 7GHz
Number of unknowns: 1 205 329

~ 1200000 = 3500000

FETI
(LU)’

FEcEc cst
FEcEc dec
15 iters=150 F x A

2 568 sec 838 sec



Conclusion

» In the framework of the tests based on the modeling the super-ellipsoids we studied the
efficiency of the FETI-DPEM2-full method

» Pros: Memory requirement, time of computation, natural parallelization
» Cons: Multi-source calculation
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FETI. 2 points
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Electromagnetic fields 4




Four - phase environment

Sensor

Shock wave
Density Mass fraction
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Four - phase environment:
Volume fraction:

e Air 10 - 50%
* Glass 1 - 10%

* Emulsion > 50%

* Products of reaction

Mass fraction:

* Air 1 - 5%

* Glass 10 - 50%

* Emulsion > 50%

* Products of reaction
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Numerical results of 3D task

Test Number of unknowns
1 219,283
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Inversion 3D + FETI

Investigation
domain




Scheme of FETI-idea...
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Numerical results. Physical statement of task.

Scheme of life ...



Numerical results. Physical statement of task.
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Numerical results. 3D

Rsphere = 0.075

Position_dipole = (0,0,0)

Direction = (1,1,0)



XV

Sources
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FEM solution
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2D Electromagnetic problem 4

¢ Helmholtz equation

1
—diV(M G grad E(7)) — kje, (F)E(F) = jkoZoJ (), in Q

¢ Radiation boundary condition

1 OFE(F) ik E(F) = 0.

() On
(7) on \

> Finite-elements discretization

KE =f




2D Electromagnetic problem 4

¢ Helmholtz equation

1
—div( G grad E(7)) — kje, (F)E(F) = jkoZoJ (), in Q
i (7
¢ Radiation boundary condition /
1 9E(F) . .
(1) On —JkoB(r) =0, /
on . \

B |
» Finite-elements discretization \ B
KE =f
= —
[
Y oS




Numerical results. Physical statement of task.
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Scattering problem in 2D and 3D cases

2D Helmholtz equation:

1
div ( grad ESC> + k2UOVESC = J5C i

ptot
where:
1 1 inc 2 | _tot inc| winc
J5C = —div [MEOt LL;HC] grad E )—ko [&?T — £, ]E

BC: <

1 OE
—— — jkoE“ =0on ¥
Hr  OT

3D “rot-rot” equation:

1
V X (—V X ESC) _ k2elOtESC — gs¢

Mr
where:
SC 1 1 inc 2 | _tot inc| winc
3¢ = Vx| | o~ | VXE —l—k’o{sr .l ]E
- -
BC:

it x (Vx E) + jkoit x T x E*® =0 on X



Numerical results. Physical statement of 2D task.

Inside air

o =8.85-1071°F . m~!
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Numerical results. Physical statement of 3D task.

Inside air

go = 8.85-1072F . m~!
po=4m-10""H -m~*
Polarization of dipole (1.0, 1.0,0.0)
f =1 GHz

The wavelength A ~ 0.3 m
Domain of &~ 2\ x 2\ x 2\

2 spheres
el =2.85
g2 =5.00
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0.25 m ~ 0.83)\
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FETI-DPEM method
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FETI-DPEM method 8

FETI-DPEM?2 classical:
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