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In this paper we derive an a posteriori error estimate and present two different
adaptive algorithms for an inverse electromagnetic scattering problem.

The inverse problem is formulated as an optimal control problem, where we
solve equations expressing stationarity of an associated Lagrangian. The a
posteriori error estimate for the Lagrangian couples residuals of the computed
solution to weights of the reconstruction. We show that the weights can be
obtained by solving an associated linearized problem for the Hessian of the
Lagrangian, which is used in the second algorithm, while in the first algorithm
we compute only the residuals. The performance of the adaptive finite element
method and the usefulness of the a posteriori error estimate are illustrated in
numerical examples.

1 Introduction

We apply the mesh-adaptive method, developed in [3], to an inverse electromagentic
scattering problem. The method is based on an a posteriori error estimate which couples
residuals of the computed solution to weights in the reconstruction. The new element
in the present work is the introduction of absorbing and mirror boundary conditions in
the formulation of the forward problem. Thus, the a posteriori error estimate for the
inverse problem is also new. The derivation of the a posteriori estimate for the error
in the Lagrangian follows the main approach to adaptive error control in computational
differential equations, presented in [2, 7] and references therein.

The inverse problem consists of reconstructing the unknown material variable, that is,
the dielectric permittivity, e(x), from data measured on parts of the surface of the given
domain, given the wave input on other parts. By solving the wave equation with the same
input, the material variables are in principle obtained by fitting the computed solution
to the measured data. The problem is formulated as finding a stationary point of the
Lagrangian, involving the forward wave equation (the state equation), the backward wave
equation (the adjoint equation), and an equation expressing that the gradient with respect
to the parameter vanishes. The optimum is found in an iterative process solving the forward
and backward wave equations and updating the material coefficient for each step.

We present two different adaptive algorithms to solve the inverse problem. In the first
algorithm, the space-mesh adaptivity is based only on the computation of the residuals,
since they already give us enough information. The second algorithm is extended to include
computations of the weights. To compute the weights, we propose to solve a linerized
problem for the Hessian of the Lagrangian.



Finally, numerical experiments where a periodic structure is reconstructed, show the
possibilities of using adaptive error control in computational inverse scattering.

2 Mathematical model

We shall restrict ourselves to the propagation of light in a mixed dielectric medium in a
bounded domain Q C R?, d = 2,3, with boundary T, governed by Maxwell’s equations:

%—?—VXH:—J, in Q x (0,7,
%—f—I—VxE:O, in Qx (0,77, (1)

V-D=p, in Qx (0,77,
V-B =0, in Qx (0,7].

Here E(z,t) and H(x,t) are the electric and magnetic fields, whereas D(x,t) and B(x,t)
are the electric and magnetic inductions, respectively. We assume that the dielectric per-
mittivity, e(z), is scalar and that the material is non-magnetic, so that u(x) = 1. Then
D = eF and B = H. The current density, J, and charge density, p, are both assumed to
be zero.
By eliminating B and D from (1) we obtain two independent partial differential equations
O*E
EW—FVX (VXE):O,
2
- R @)
W +V x (6 V X ) = O,
which may be solved imposing appropriate initial and boundary conditions.
For simplicity, we only consider the problem in terms of E(x,t). Taking into account

the vector identity V x Vx V =V(V-V) — AV, we obtain
9*E

E—

ot?

A similar equation is valid for H.

Let 'y UTe C T"and I's = I'\ I'; UT'y, and consider the forward problem consisting of (3)
and the following initial and boundary conditions (Here and below, we denote Dv = %)

V. (VE)=0, inQx(0,T]. (3)

E(70) =0, %—f(,O) =0, in Qv
8nE|F1 = v1, On Fl X (O,tl],
OnE|. = DE, on Ty x (1,7, (4)

OnE|., = DE, on Ty x (0,T],
8nE|F3 =0, on I'z x (0,77,
Here v; is a pulse emitted from I'y, which propagates into Q until ¢ = ¢;. We use first

order absorbing boundary conditions, given in [6], on I'; x (¢1,7] and I's x (0,7]. At the
lateral boundaries I's we use mirror boundary conditions.



Our goal is to solve the inverse problem for (3) and (4), or to find the material parameter
e(x) from data at a finite set of observation points on I'. The data are generated in exper-
iments where pulses are emitted from I'y, backscattered by the material inhomogenities,
and recorded on parts of the boundary T.

In this paper, data are generated by computing the forward problem (3) and (4) for
given values of the parameters, and saving the solution on parts of the boundary. The
coefficients are then “forgotten” and the goal is to reconstruct the coefficients from the
computed boundary data.

3 A hybrid finite element/difference method

To solve equation (3)-(4) we use a hybrid FEM/FDM method developed in [5]. The
method uses continuous, piecewise linear finite elements in space and time on a partially
structured mesh in space. The computational space domain 2 is decomposed into a finite
element domain Qpgy, with an unstructured mesh, and a finite difference domain Qppar,
with a structured mesh. Typically, Qrrn covers only a small part of Q. In Qppy we use
quadrilateral elements in R? and hexahedra in R3. In Qpgy we use a finite element mesh
K;, = {K} with elements K consisting of triangles in R? and tetrahedra in R3. Let us
associate with K, a mesh function hx = diam(K), Vo € K, representing the diameter of
the element K. For the time discretization, let J; = {J} be a partition of the time interval
I = (0,7T] into time intervals J = (tx_1, tx] of uniform length 7 =t — t_1.
We define the following Lo inner products and norm

(p.q) = /qudwj (p,q) = /Q/()qudtdw, lpl* = (p, p)-
We introduce the finite element trial space W}’ defined by :
Wy i={ve W UWy :v|gxs € Pi(K) x P1(J),VK € Ky,VJ € Ji},
where
WP ={ve H'(Q x J):v(-,0) =0, d,v|r, = v1,0pv|r, = Dv,dpv|r, = 0},
W3 ={ve H(Q x J):v(-,0) =0, d,v|r, = dpv|r, = Dv,dpv|r, = 0}.

Here P (K) and P;(J) are the set of linear functions on K and J, respectively.
Furthermore, the finite element space Wﬁ\ for the costate A, is defined by:

W) ={Ae WPUWS : Nkxs € P(K) x P(J),VK € K},,¥J € Ji.},
where
W :={Ae HY(Qx J): A-,T) =0, d\|r, = OuA|rs = 0,0, A1, = DA},
W :={Ae H{(Qx J): A(-,T) =0, I\, = A1, = DX, 9\, = 0}.
The finite element method for (3)-(4) now reads: Find Ej, € W/ such that YA € W},

— (eDEp, DX)) + (VER, V) (5)
= (DEw M)y mixr: = (DEn, M) o,11x12 = (1, M) 0,1] <1
Here, the initial condition DE(0) = 0 is imposed in weak form through the variational
formulation.

Expanding E and \ in terms of the standard continuous piecewise linear functions ¢;(z)
in space and v;(t) in time, and substituting this into (5), we obtain an explit scheme for
solving (5), see for example [3] where a similar system is obtained for an acoustic wave
equation with homogenous boundary conditions.



4 The inverse problem

We formulate the inverse problem for (3) and (4) as follows: given the function 9,F =
vy on I'y x (0,¢1], determine the coefficient e(z) for z € 2, which minimizes the quantity

T
J(E,€) = % /0 /Q (E = E)26,, dudt + %’y /Q (e — e0)? da. (6)

Here E is the data observed at a finite set of points .y, E satisfies (3) and (4) and thus
depends on €. Moreover, dyps = Y (T — Zops) is a sum of delta-functions corresponding to
the observation points, «y is a regularization parameter, and € is the initial guess value for
the parameter we want to reconstruct.

To solve this minimization problem, we introduce the Lagrangian

L(u) = J(E,¢) — (eDE,DX) + (VE, V) — (DE, )1, 1)xT,
= (DE, N)o,11xrs — (v1, M) (0,61)x14 5

(E, A\, €), and search for a stationary point with respect to u, satisfying for all

(7)

L'(u;u) =0, (8)
where L' is the gradient of L. Equation (8) expresses that for all 4,

OL(u)
O\

(A) == (DA, DE)) + (VE, VX)) = (DE, N) (1, 1)xr,
— (DE,N)01)xr5 — (2v1,A) (0,t1)x1, = 0,

(E) =(E — E, E)s,,, — (eDX, DE)) + (VA, VE)) (9)
+ (DX, E)po,ryxr, + (DA, E)jo,ryxr, =0,

(€) = — (DADE,€)) + v(e — €g, €) = 0.

OL(u)
OF

OL(u)
Oe

The first equation in (9) is a weak form of the state equation (3) and (4), the second
equation is a weak form of the adjoint state equation,

2
A ~
Eaa?—v-(V/\):—(E—E)éobm e, 0<t<T,
OpA=0o0n Ty x[0,t1),
OpA=DXon Ty x[0,7), (10)
O A = DX on Ty x [0,T),
O A =0o0n T3 x[0,T),

A(T) = DA(-,T) =0 in Q,

and the last equation expresses stationarity with respect to the parameter e.

5 A finite element method for inverse problem

To formulate a finite element method for (8) we introduce the finite element space Vj, of
piecewise constants for the coefficient €(z), defined by :

Vi, = {’U € LQ(Q) v E P()(K),VK € Kh}.



Recalling the definitions of W}’ and W}i‘, related to the state F and the costate A, and
defining U, = WY x W} x Vj,, we formulate the finite element method for (8) as: Find
up, € Uy, such that

L'(uh; ﬂ) =0, Yue U, (11)

6 An a posteriori error estimate for the Lagrangian

Theorem 6.1. Let L(u) = L(E, X\, €) be the Lagrangian as defined in (7), and let L(up) =
L(En, Ap,€n) be the approxzimation of L(u). Then the following representation holds for
the error e = L(u) — L(up):

‘e‘ < ((RE17U>\))(0,t1]XF1 ((RE27UA)) + ((RE37U)\))
)

+ (REs» 02 ) (1, 1)x1y + (BEs, 00) (0,1)xT
+ (Br1: 0B )5, + ((RAQ,O’E)) (Rxs,08) (12)
+ ((RM’ O-E))(O,T]XIH ((R)\Q,O'E))(O T)xT2

+ ((R€17U€)) + (R527 05)7
where the residuals are defined by
=2 = hit|[0sE
Rp, =2Jvil, R, = max hi'{[0.E] |,

Rg, = EhT_l‘ [@Eh] |, Rg, = Rg, = |DEp|,

=|E, —E|, Ry, = SHCI%}I(( h;{l‘[ﬁs/\h”,

Ry, = &7 | [0An]],  Ra, = Ry, = [DA),
Re, = |DAp| - [DER|,  Re, = len — €ol,

and the interpolation errors are

o) = CTHD/\h” + Chg ][8n)\h]\,
op = CTHDEhH + Chg ][8nEh]\,
= C‘[Eh”v

Here, [v] denotes the mazimum of the modulus of a jump of v across the face of an
element K (or the boundary node of a time interval J), Osv denotes the normal derivative
of v across a side of K, O,v denotes the derivative of v in the outward normal of an element
K, [0pv] is the mazimum modulus of the jump of the time derivative of v across a boundary
node of J, C is interpolation constants of moderate size.

Proof. Throughout the proof, let C' denote different constants of a moderate size.
As in [1], we use the fundamental theorem of calucus to write

— L(vn)
/ d_ (v, + s(v —vp,))ds

/ L' (v + s(v — vp);0 — vy)ds

= L'(vp;v —vp) + R,



where R denotes a second order term. For full details of the arguments we refer to [1| and

[7].

Neglecting the term R, and using the Galerkin orthogonality (11) with the splitting
v—wvp = (v—0}) + (v = vn), (13)
where v{ denotes an interpolant of v, leads to the following error representation:
e~ L(vpv—vl)=1+1+ I (14)
Here
Iy = — ((enDEp, DN = A1) + (VEr, VA = X)) = (201, A = M) 0.1 1r,
- ((DEhv)‘ - A{L))(tl,T]xFl - ((DEhv)‘ )\h))(O,T]XFz’
L =(E,-E.E - E,fl))éobs — ((enDMp, D(E — ED))) + (VA V(E — E})))
+ (DA, E — Ey)) o1)xr; T (DA, E = Ey))
Iy = — (DADEw, € — ,)) +(en — €0, — ¢4,),

(0,T]xTy”

To estimate I, we integrate by parts in the first and second terms to obtain:
|11] =|(eaD*Ens A = M) = (AEw, A= AL)

- ((2'1)1, )\ - )\{L)) (07t1}><1"1 - ((DEh’ )\ - )\{L)) (tl,T]XF1

- ((DE’H A - A{z)) (0,T)xT2

> [ DB (= M) (es) d
+Z / OnEn(A — Ab)

Here, [DEh(tk)] denote the jump of the derivative of E} at time t; (see Figure 2), and
OnE, denote the derivative of E}, in the outward normal direction n of the boundary 0K
of element K.

Since E}, is a piecewise linear function, the terms D?Ej, and AE}, in (15) disappear, and
we get:

(15)

L] =] = ((2v1,2 = A1) 0wty — (DERA = M) (1 TIxTs
~ (DEw A = M) 0 11x1
- Z/ en[DEn(t)] (A — ML) (ty) d (16)

+Z/ OnEn(N — A1) dsdt|.

In the last term of equation (16) we sum over the element boundaries, where each interior
side S € Sp, occurs twice, see Figure 1. Denoting by 0,,+ E} the derivative of Ej in the
outward normal direction n* to element K+, and by 9, F}, the derivative of a function Ej,
in one of the normal directions, n~ and n*, of each side S, we can write

> /aK OEn(N = M) ds = Z/S [0sER) (X — N\ ds, (17)
K S



< n;(
N _ - - - JKt
N, K
Xoo e e oK~
S
.

Figure 1: Two neighbouring elements K+ and K ~, their boundaries, 9K and 0K ~, and
the interior side S.

where the jump [83Eh] is defined as

[0s Bn] = max {9+ B, Op-En}-

We distribute each jump equally to the two sharing elements and return to a sum of the
element edges 0K :

Z/S [DsEn] (A= X)) ds = % /aK [0sEp] (A — A1) ds. (18)
S K

We multiply and divide by hg, formally set dx = hxds and replace the integrals over
the element boundaries K by integrals over the elements K, to get:

/ 0., (A — AL) by ds

(19)

<C Qé{l&g}}gh[{HaEh]H)\ M| dz,

where [GsEh] ‘K = MaXgcyK [GsEh] |S.
In a similar way we can estimate the jump in time in (16) by multiplying and dividing
by 7:

L [DEy(tk)] (A — Aj)(tr) da

<Z/ DEh tk H A — Ah)(tkﬂ Tdx

<CZ/ /ehT [0 En]||X — M| daat
A=A ).

Here, we have defined [0y, E},] as the greatest of the two jumps on the interval (¢, t541]:

=C((en""[[0En]],

(01 En] = max ([DEw(ty)] . [DEp(tk+1)])

[8tEh] = [8tkEh] on Jk



1738

Figure 2: The jump of a function f on the time mesth.

where [DE},(t,)] = DE; (ty) — DE, (t). The time jumps are illustrated in Figure 2.
We substitute the expressions (19) and (20) in (16), to get:

1] =(( WD) @psr, = (IPER A= 30D) o, psr,
((\DEh\ A= 24D) 0.19r,
+O(( as i [[0:B] [, [A = 1] )
-y )

Next, we use the following standard interpolation estimate

+ C((EhT ‘ [8tEh] ,

A= M| < (DN + W% |D2)), (21)
where we approximate the second derivative in time as

D2\ = @ _ 0N (D)‘)Jr - (D)‘)_ _ [D)‘h}
oz ot T T I

Here (-)™ and (-)~ reperesents values on two neighbouring intervals J* and J~, see Figure
2. In the same way we approximate the second derivative in space:

9]

D2\ ~
r h

Substituting both expressions above in (21), we obtain
X=X < C(7|[DA]] + hic| [0 0] ]) (22)
and the estimate for I; reduces to
L] <
-C

-C
C

T [DAR]| + | [0nAn] ) 0,001,
|DEW|, 7| [DAR]| + hic| [OnAn]|) (t1,T)xT
| DEW|, 7| [DAW]| + hic|[0n /\h”))(o:r]xrz

S{Ié%:;:(h 1\ [0s En] |, 7| [DAR] | + hic| [0 0] ]))

ene ™[00 7| (D] + ][9] ).

_l’_

N N /N /=

+C

(
(
(
(



We estimate I similarly as ;. First, we integrate by parts to obtain
o] <\ (B~ BB~ L), + (@D, B E)
— (&M, E = Bp)) + (DM, E — Ey)) (0,7 T
+ ((D)‘h’E - Eflz)) (0, T]><F2|
(e | Bl )
+Carfonl]. |2 - B ).
Since )\, is piecewice linear, the terms with A\, and D?)\, will disappear:
| <(|Bn - E s
((‘D)‘hL |E - Eh‘))(O,T]XFl
+ ((‘D)‘hL |E - E}Il‘))(O,T]XFQ
+ C(( mac b |[0Mn] |, | B = B4 )
+C((enr |[OM] [, | B = BR]))-

Next, we use the same kind of interpolation estimate for |E — E{| as we found for |A — A!|

in equation (22), to get:
1D)s,,

al sl
+C(( T| ‘""hK‘ anEh D)(O,T]xl“l

((\th\ 7|[D \+hK\ [0nEn] \))amm

(( max h 1‘[8 )\h]

+C ((W 1\[5Mh} : \))-

To estimate I3 we use the following approximation estimate for € — €,

‘E—Eh’ < ChgDge < Chg [ ]
hk

1)

< Cllen]l;

and we end up with
|5 < ((
which complets the proof.

) [EhH )7

lenl] ) + (e

7 A posteriori error estimation for parameter identification

Following [4] we present a more general a posteriori estimate for the error in the recon-
structed parameter. We first note that

1
L'(u; @) — L' (up; ) = / %L/(us + (1 — s)up;a)ds
0

1
= / L"(us + (1 — 8)up;u — up, @)ds
0

= L"(up;u —up, @) + R,



where R is a second order remainder and L”(up; -, -) is the Hessian of the Lagrangian. Since
L'(u;a) = 0, we get
_L//(uh;u — Up, U ) = (U}“ ) + R.

Next, we can use the Galerkin orthogonality (11) with the splitting @ — @), = (@ — @) +

(ﬂ;’L — up), where ﬂi € Uy, denotes an interpolant of u, to get the following equation

—L"(up;u —up, @) = L' (up; @ — @l) + R. (23)
In our case the dual problem is defined as
_L”(uiﬁ U — Up, ﬂ) = (d}a U — uh)v (24>

where 1) is a given data. Neglecting the term R in (23), and comparing (23) with (24), we
get

(W, u —up) ~ L' (up; @ — al). (25)
From this estimate we observe that the form of the error for a parameter identification is

similar to the error in the Lagrangian, if the weight w is replaced by .
We can choose u — uj, = @ in (24) and the dual problem can be written as

—L" (up; 4, @) = (). (26)

We conclude that for an appropriate choice of the data, %, in the dual problem, we can
solve (26) approximately for @ and thus get values of the error for 4.

8 The Hessian of the Lagrangian

In Section 7 we presented an a posteriori error estimate for identification of the parameter.
In this section we derive an approximation of the strong form of the dual problem (26),
which can be used to calculate the weights for the problem (3)-(4).

The Hessian of the Lagrangian (7) takes the following form

L"(uya, ) = L(u; @, E) + LY (usa, \) + L (u; @, €), (27)

Ly(u; @, E) = —(eDA, DE) + (VE,VX) + (E, E)s,,, — (DEDA,€))
— (DE, N)jo )%t — (DE, N)jo,1)xTs >
Ly(u;@,A) = =(eDE, DA) + (VA VE)) — (01, ) 0,1 x1, — (DEDA, )
— (DX E) gy 1151, — (DA, E)(0.17xTs
L!(u;@,€) = —(DEDA,€)) — (DADE,€)) + (¢, ).
Here we have used the boundary conditions d,A = DX,d,A = DX, 9, = DX on 't U
I'y x [0,T), and 0, FE = 0, E = 8E—v1|0t1]xp1,8E DE,d,E = DE,8,F = DE on

'y x (t1,T] and T's x (0, T, respectively.
Then the dual problem (26) takes the following strong form

%\ . 0PN - .
‘oz V- (VA) + Es,,, + €5m DA, 1yt — DXo,myxTs = %1,
O’°E 1_-  _9°E - .
‘5 V- (EVE) + “GE vilo]xry — DE¢ myxry, — DEo,m)xT, = %2, (28)

T T
_/ DMDEdt — / DADEdt + 1€ = 13,
0 0



with initial and boundary conditions. Our goal is to solve the system (28) with an already
known approximation to the final solution u, computed using the adaptive Algorithm 2 in
Section 9, and find 4 = (E, A, €). We assume that the solution of the adjoint problem, A,
will be small after the final optimization iteration, and we can neglect all terms involving
A to get the following approximated problem

9 5o F A A
coz — V (VA + By, — DAy myxry — DAoryxrs = Y1,
O°F - B ; ;
“orz V- (VE)+ “or vilu)xrs = DE@y myxr, = DEr)xr, = ¥2, (29)

T ~
- / DADEAt + & = 13.
0

As already mentioned in [4], the stability properties of this system is an open problem.

9 Adaptive algorithms for the inverse problem

In this section we present two different adaptive algorithms for solution of the inverse
problem presented in Section 4. In Algorithm 1, the refinement is based on computions of
the residuals for the parameter, since they already give a good indication where to refine
the mesh. The interpolation errors, and thus the exact value of the computational error in
the reconstructed parameter, can be obtained by computing the Hessian of the Lagrangian
using equation (29) as shown in Algorithm 2.

As we see from (12), the error in the Lagrangian consists of integrals in space and time of
the different residuals multiplied by the interpolation errors. Thus, to estimate the error in
the Lagrangian we need to compute the approximated values of (Ep, Ap, €) together with
residuals and interpolation errors. Since we want to control the error in the reconstructed
parameter, €5, we limit the computations to R, and R.,, and neglect to compute the other
residuals in the a posteriori estimate (12). The a posteriori error in step 5 of Algorithm 1
is thus calculated as

T
e(x) ~ /0 Ra, (2,8) dt + Re, (). (30)

9.1 Algorithm 1

0. Choose an initial mesh K} and an initial time partition Jy of the time interval (0, 7.
Start with an initial guess €’, and compute the sequence of €” in the following steps:

1. Compute the solution E™ of the forward problem (3)-(4) on K}, and J, with €(z) =
(n)
e,

2. Compute the solution A" of the adjoint problem (10) on K}, and Jj.
3. Update the parameter € on K} and Ji using the quasi-Newton method

6n—i—l — 6n+aan ny

where H™ is an approximate Hessian, computed using the usual BFGS update for-
mula for the Hessian, see [8]. Furthermore, ¢" is the gradient of the Lagrangian (7)

11



9.2

with respect to the parameter e,
T
o = — / DAN'DEdt + A(e" — €), (31)
0

where « is the step length in the parameter upgrade computed using an one-dimensional
search algorithm [9].

. Stop computing ¢ if the gradient ¢" < n; if not set n = n+ 1 and go to step 1. Here,

7 is the tolerance in the quasi-Newton update.

. Compute the residuals, R,,, R, and refine the mesh in all points where

T
/ Ry, (z,t)dt + Ry, (z) < tol (32)
0

is violated. Here tol is a tolerance chosen by the user.

. Construct a new mesh Kj and a new time partition Ji. Return to step 1 and perform

all the steps of the optimization algorithm on the new mesh.

Algorithm 2

. Choose an initial mesh K} and an initial time partition Jy of the time interval (0, 7).

Start with an initial guess €’, and compute a sequence of €” in the following steps:

. Compute the solution E™ of the forward problem (3)-(4) on K}, and Jj with e(x) =

),

. Compute the solution A" of the adjoint problem (10) on K} and Jj.

. Update the parameter € on K} and J; using the quasi-Newton method

6n—}—l — 6n+aan ny

where H" is an approximate Hessian, and ¢" is the gradient of the Lagrangian (7)
with respect to the parameter e, as in equation (31).

. Stop if the gradient g™ < n; if not, set n = n + 1 and go to step 1. Here, 7 is the

tolerance in the quasi-Newton update.

. Compute the residuals, R, and R.,, in (25).

. Compute the weight o¢ in the a posteriori error estimate, (25), by solving equation

(29), using the following iterative procedure:

6.1. From the last equation in (29), update € as

T
el — &m 4 G (ys + / DA™ DEydt — ~e™), (33)
0

where & > 0 is the step length.
6.2. Solve the second equation in (29) and find E.
6.3. Solve the first equation in (29) and find .



(a) (b) Qp, (c) QreMm

Figure 3: We show the square lattice of a crystal where the material to be reconstructed is a square lattice of
columns.

(a) QrpM (b) Q=QrrmUQrDM (c) QreMm

Figure 4: The hybrid mesh (b) is a combinations of a structured mesh (a), where FDM is applied, and a mesh
(c), where we use FEM, with a thin overlapping of structured elements.

6.4. Compute (33) until ||e™F1 —&™|| < eps, where eps > 0 is a tolerance, otherwise;
choose é™ = é™*! and return to 6.1.

7. Compute the value of the error in the reconstructed parameter e using (25) as
error = (Re,,0¢)) + (Rey, 0¢),
where ¢ = C|[¢]|, on the mesh K.
8. Refine all elements where |error| > tol. Here tol is a tolerance chosen by the user.

9. Construct a new mesh K} and a new time partition J;. Return to step 1 and perform
all steps of the optimization algorithm on the new mesh.

10 Numerical Results

In this section we present several numerical examples to show the performance of the
adaptive hybrid method and the usefulness of the a posteriori error estimate (12).

The computational domain, Q = Qrpyr U Qppar, is set as Q = [—4.0,4.0] x [-5.0,5.0].
Next, € is split into a finite element domain Qrpy = [—3.0,3.0] x [-3.0,3.0] with an
unstructured mesh and a surrounding domain Qgpys with a structured mesh, see Fig. 4.
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opt.it. | 625 nodes 809 nodes 1263 nodes | 2225 nodes

1 0.0118349 0.0108764 0.0108764 0.010476

2 0.0095824 0.00987447 | 0.00965067 | 0.00954041
3 0.00822312 | 0.00709372 | 0.00558728 | 0.00769998
4 0.00748565 | 0.00318215 | 0.00273809 | 0.00313069
5 0.00619674 | 0.00291434

6 0.00528474

7 0.00471419

8 0.00354939

Table 1: [|[E — Eops||,2 on the four adaptively refined meshes in the reconstruction of the lower squares. The
number of stored corrections in the quasi-Newton method is m = 15. The computations was performed
with noise level o = 0 and regularization parameter v = 0.1.

Between Qppy and Qppas there is a thin overlap. The space mesh consists of triangles
in Qrpa, and squares in Qppys. In Qppar and the overlapping region, the mesh size is
h =0.25 and h = 0.125, in Example 1 and Example 2, respectively. We apply the hybrid
finite element/difference method presented in [5] where finite elements are used in Qpgys
and finite differences in Qppys. At the top and bottom boundaries of Q2 we use first-order
absorbing boundary conditions [6]. At the lateral boundaries, mirror boundary conditions
allow us to assume an infinite space-periodic structure in the lateral direction.

For simplicity, we assume that e = 1 in Qppys. Thus, we only need to reconstruct the
electric permittivity € in Qpgs.

First, we present tests where we reconstruct the parameter € inside the domains €2; and
Oy, see Fig. 3-a), b), respectively. Then we present results from the reconstruction of the
structure given in Fig. 3-c).

10.1 Example 1

We start to test the adaptive finite element/difference method on the reconstruction of
the structures given in Fig. 3a) and 3 b), where our goal is to find the parameter € in the
domains ; and §2y,, respectively.

To generate data at the observation points, we solve the forward problem (3)-(4) with a
plane wave pulse given as

. 27
OBl = ((sin (wt —7/2) +1)/10), 0 <t < — =t (34)

The field initiates at the boundary I'y, in our examples this boundary represents the top
boundary of the computational domain, and propagates in normal direction n into 2. The
trace of the forward problem is measured at the observation points, placed on the lower
boundary of the computational domain Qpgp. On 'y X (t1,7] and T'y x (0,7] we use
first order absorbing boundary conditions, [6]. Here, T = 10.0 and the exact value of the
parameter is € = 4.0 inside the square lattices and ¢ = 1.0 everywhere else. Since an
explicit scheme, [3], is used to solve the forward and adjoint problems, we choose a time
step 7 according to the Courant-Friedrich’s-Levy (CFL) stability condition to provide a
stable time discretization.

We start Algorithm 1 in Section 9 with initial guess for the parameter being € = 1.0 at
all points in the computational domain Q2 rpys and with regularization parameter v = 0.1.

To reconstruct the lower and upper squares in Qpgy, computations were performed
on the four adaptively refined meshes shown in Fig. 5-a)-d) and Fig. 6-a)-d), respectively.
The meshes was refined by computing the residual in the reconstructed parameter e using
Algorithm 1.



a) 625 nodes b) 809 nodes ¢) 1263 nodes d) 2225 nodes
1152 elements 1520 elements 2428 elements 4352 elements

\

e) 8 Q.N. it. f) 4 Q.N. it. g) 5 Q.N. it. h) 6 Q.N.it.
625 nodes 809 nodes 1263 nodes 2225 nodes

Figure 5: a)-d) Adaptively refined meshes in the reconstruction of the lower square lattices; e)-h) Reconstructed
parameter €(x) on the correspondingly refined meshes at the final optimization iteration computed with
w = 25 and noise level 5% in the observed data.

a) 625 nodes b) 844 nodes ¢) 1592 nodes d) 1945 nodes

1152 elements 1590 elements 3086 elements 3792 elements

e) 9 Q.N. it. f) 10 Q.N. it. g) 10 Q.N. it. h) 10 Q.N.it.
625 nodes 844 nodes 1592 nodes 1945 nodes

Figure 6: a)-d) Adaptively refined meshes in the reconstruction of the upper square lattices; e)-h) Reconstructed
parameter €(x) on the correspondingly refined meshes at the final optimization iteration computed with
w = 25 and noise level 5% in the observed data.
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10~° 104 10~3 102 10~ T

07 PY
0 0.00630036 | 0.00630536 | 0.00475773 | 0.0046071 0.00313069
1 0.00650122 | 0.00642409 | 0.00489691 | 0.00425432 | 0.00317147
3 0.00671315 | 0.00644934 | 0.00572624 | 0.00427946 | 0.00317955
5 0.0068622 0.00661597 | 0.00639352 | 0.00428971 | 0.00318703
7 0.00731985 | 0.00598225 | 0.00631647 | 0.00462458 | 0.00312281
10 0.00672832 | 0.00618862 | 0.00673036 | 0.00467998 | 0.00331152
20 0.00702925 | 0.00696454 | 0.00640261 | 0.00448304 | 0.0037926

Table 2: ||E — Eopsl|| 2 for the best reconstruction of the lower squares. We present results for the different noise
levels o and regularization parameters ~.

o,y | 107° 10—% 10~3 102 1071
0 | 0.00548847 | 0.00549544 | 0.00549544 | 0.00512397 | 0.00340977
1 0.00547518 | 0.00549755 | 0.00489691 | 0.0055677 | 0.00345097
3 | 0.00545709 | 0.00550747 | 0.00572624 | 0.0055182 | 0.0040041
5 0.00548414 | 0.00548424 | 0.00639352 | 0.0055076 | 0.00357293
7 | 0.00544183 | 0.00544645 | 0.00631647 | 0.00552189 | 0.00353966
10 | 0.00543398 | 0.00548045 | 0.00673036 | 0.00552947 | 0.00430008
20 | 0.00561054 | 0.00561999 | 0.00640261 | 0.00566159 | 0.00386997

Table 3: ||E — Eops||12 for the best reconstruction of the upper squares. We present results for the different noise
levels o and regularization parameters ~.

Table 1 shows the computed Lo-norms of E — E,, for the best reconstruction of the
parameter € in the lower squares, with w = 25 in (34). We present the norms on the
different adaptively refined meshes at each optimization iteration as long as the norms
decrease. The computational tests show that the best results are obtained on the finest
mesh, where ||E — Eys|r2 is reduced by approximately a factor of four between the first
and last optimization iterations.

We performed the tests again, adding relative noise to the observed data. The data with
relative disturbation, or noise, E, is computed by adding a relative error to the computed
data FE,ps using the expression

Ey = Egps + a(Ema:c - Emzn)a/loo (35)

Here, « is a random number on the interval [—1; 1], Fy 4. and Ey;, are the maximal and
minimal values of the computed data s, and o is the noise in percents.

Using the results in Tables 2 and 3 we can conclude that we still have a good reconstruc-
tion of the parameter €, whene noise is added. These results are confirmed in Fig. 5-e)-h)
and Fig. 6-e)-h) where we show the parameter field e(z), at the final optimization itera-
tion, computed with w = 25 and noise level 5% in the observed data. We see that although
the qualitative reconstruction on the coarse grid already allows the recovery of the location
of the squares from the limited boundary data, the quantitative reconstruction becomes
acceptable only on the refined grids.

Fig. 7 presents the different Lo-norms in space of the reconstruction of the lower squares
of the adjoint problem solution Aj over the time interval (0,10.0]. We show the norms in
the different optimization iterations on the mesh with 2225 nodes without and with adding
7% noise in the data. We observe that the norms decreases with an increasing number of
optimization iterations as it should. We also note that the behavior of the adjoint problem
solution is stable to small perturbations in the data. Fig. 8 shows the similar results for
the reconstruction of the upper squares.
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Figure 7. Lo-norms in space of the adjoint problem solution Aj in reconstruction of the lower columns in square
lattice on different optimization iterations. Here the xz-axis denotes time steps on (0, 10.0).
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Figure 8: Ly-norms in space of the adjoint problem solution Aj, in the reconstruction of the upper columns in the
square lattice on different optimization iterations. Here the z-axis denotes time steps on (0, 10.0).
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a) 6082 elements b) 8806 elements

d) 18346 elements

e) 6082 elements f) 8806 elements g) 10854 elements h) 18346 elements
amax = 1.8804 Qmax = 2.2325 Qmax = 2.1135 Omax = 2.7559

i) 6082 elements j) 8806 elements k) 10854 elements 1) 18346 elements
Qmax = 1.7045 Qmax = 1.8998 Qmax = 1.8966 Qmax = 4.0

Figure 9: a)-d) Adaptively refined meshes ; Reconstructed parameter e(z), indicating domains with a given pa-
rameter value: e)-h) in Test 1, i)-1) in Test 2. Here, red color corresponds to the maximum parameter
value on the corresponding meshes, and blue color - to the minimum.

10.2 Example 2

Now we seek to reconstruct the structure of the two-dimensional crystal given in Fig. 3-c).
The electric field (34) initiates at the top boundary of the computational domain Qppys
and propagates in normal direction n into €2, with w = 6. As in Example 1, we use first
order boundary conditions on I'; x (¢1,7] and I'y x (0, 7.

First we performed tests where the trace of the forward problem is measured at ob-
servation points only on the lower boundary, and then, tests where the reflected trace is
measured both on the lower and top boundaries of the computational domain Q pgjy.

To achieve better results in the reconstruction, we performed tests letting the incoming
wave from the top boundary of Qrpys be equal to the reflected non-plane wave measured
on the lower boundary of Qrpas. Thus, to generate data at the observation points, we
first solve the forward problem (3)-(4) with a plane wave (34) in the time interval ¢ =
(0,T] with the exact value of the parameter being e = 4.0 inside the square lattices and
e = 1.0 everywhere else, and registered the values of the solution of the forward problem
at the lower boundary of Qrpys. Then, using these registered values, a non-plane wave
is initialized, starting at ¢ = T and ending at ¢t = 2T . Again, a time step 7 is chosen
according to CFL stability condition.
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Figure 10: ||E — Egps|| on adaptively refined meshes. Computations was performed with noise level o = 0,1, 3
and 5% and with regularization parameter v = 0.01. Here the z-axis denotes number of optimization
iterations.
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Figure 11: ||E — Eops|| on adaptively refined meshes. Computations was performed with noise level o = 0,7 and
10% and with regularization parameter v = 0.01. Here the z-axis denotes number of optimization

iterations.
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Figure 12: ||E — E .|| on adaptively refined meshes. Computations was performed with noise level o = 0%,
and with regularization parameters v = 0.1,0.01,0.001,0.0001, Here the z-axis denotes number of
optimization iterations.
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Figure 13: ||E — Eops|| on adaptively refined meshes. Computations was performed with noise level o = 3%,
and with regularization parameters v = 0.1,0.01,0.001,0.0001, Here the z-axis denotes number of
optimization iterations.
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Figure 14: ||E — Egps|| on adaptively refined meshes. Computations was performed with noise level o = 0,1, 3
and 5% and with regularization parameter v = 0.01. Here the z-axis denotes number of optimization
iterations.

T

6082 elements, 0=0
8806 elements, 0=0
10854 elements, 6=0
18346 elements, 0=0
—6— 6082 elements, 0=7
—<— 8806 elements, 0=7
—— 10854 elements. 0=7
—&— 18346 elements, 0=7
—O— - 6082 elements, 0=10
—O— - 8806 elements, 0=10
—Vv— - 10854 elements, 0=10
—0O— - 18346 elements, 0=10

o0<g <o

0.06 [~

0.02 1 1 1 1 1 1 1
1

Figure 15: ||E — Eops|| on adaptively refined meshes. Computations was performed with noise level o = 0,7 and
10% and with regularization parameter v = 0.01. Here the z-axis denotes number of optimization
iterations.
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Figure 16: ||E — E,ps|| on adaptively refined meshes. We show computational results with noise level o = 1%
and with regularization parameters v = 0.1,0.01,0.001,0.0001. Here the z-axis denotes number of
optimization iterations.
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Figure 17: ||E — Eops|| on adaptively refined meshes. We show computations: on a) with noise level o =
0% and with regularization parameter v = 0.01 for Test 1; on b) with noise level ¢ = 1% and
with regularization parameter v = 0.01 for Test 2. Here the z-axis denotes number of optimization
iterations.



10.2.1 Testl

First we performed the tests where the trace of the incoming wave was measured at the
observation points at the lower boundary of Qg in the time interval (0,77, and then at
the observation points at the top boundary in the time interval (T, 27T].

In Fig. 10-11 we present a comparison of the computed Lo-norms, ||E — Egpsl|r,, de-
pending on the relative noise o on the different adaptively refined meshes. The norms
are plotted as long as they decrease. The relative noise ¢ in the data is computed using
expression (35). From these results we conclude that the reconstruction is stable with
small values of the noise (see Fig. 10), and unstable when adding more than 5% noise to
the data (Fig. 11).

In Fig. 12-13 we show a comparison of the computed Lo-norms, ||E— Egsl|L,, depending
on the different regularization parameters «v. We see that we obtain the smallest value of
||E — Eobs||L, with the regularization parameter v = 0.01, while choosing v = 0.1 is too
large and involve too much regularization. The computational tests show that the best
results are obtained on the finest mesh, where ||E — FE ;]| 72 is reduced by approximately a
factor of seven between the first and last optimization iterations. Fig. 9-e)-h) correspond
to Fig. 17-a) and show the reconstructed parameter field e(x) at the final optimization
iteration.

10.2.2 Test2

The tests described in this section, was performed by measuring the trace of the incoming
wave at the observation points on both the lower and upper boundaries of the computa-
tional domain Qpgps. Thus, we have twice as much information than in the previous test,
and we expect to get a more quantitative reconstruction of the structure.

In Fig. 14-15 we present a comparison of the computed Lo-norms, ||E — Eupsl|r,, de-
pending on the relative noise o on the different adaptively refined meshes. The norms
are plotted as long as they decrease. The relative noise, o, in the data is computed using
expression (35). From these results we conclude that the reconstruction is stable on the
two, three and four times refined meshes, even when 10% noise is added to the data.

In Fig. 16 we show a comparison of the computed Lo-norms, ||E — Eys||L,, depending on
the different regularization parameters . We see that the smallest value of ||E — Eopsl|1,
is obtained with regularization parameter v = 0.01, while v = 0.1 is again too large and
involve too much regularization. The computational tests show that the best results are
obtained on the finest mesh, where ||E — Egps||r2 is reduced by approximately a factor
of seven between the first and last optimization iterations, see Fig. 17-b). Fig. 9-i)-1)
correspond to Fig. 17-b), and show the reconstructed parameter field e(z) at the final
optimization iteration.

11 Conclusions and Remarks

We have devised an explicit, adaptive hybrid FEM/FDM method for inverse electromag-
netic scattering. The method is hybrid in the sense that different numerical methods, finite
elements and finite differences, are used in different parts of the computational domain.
We derived an a posteriori estimate for the error in the Lagrangian in the case when we
have first order absorbing [6] and mirror boundary conditions in the formulation of the
forward problem. The adaptivity is based on a posteriori error estimates for the associ-
ated Lagrangian in the form of space-time integrals of the residuals multiplied by the dual
weights. In future work we plan to determine the error in the reconstructed parameter
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numerically, by solving an associated problem for the Hessian of the Lagrangian. We il-
lustrated the usefulness of the adaptive error control on an inverse scattering problem for
recovering the electric permittivity from boundary measured data.
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