Technische Universität Graz

Boundary integral equation methods for inverse problems in electrical engineering

G. Of, A. Schwaigkofler, O. Steinbach

Berichte aus dem Institut für Numerische Mathematik

Bericht 2007/3

Technische Universität Graz

Boundary integral equation methods for inverse problems in electrical engineering

G. Of, A. Schwaigkofler, O. Steinbach

Berichte aus dem Institut für Numerische Mathematik

Bericht 2007/3

Technische Universität Graz Institut für Numerische Mathematik Steyrergasse 30 A 8010 Graz

WWW: http://www.numerik.math.tu-graz.at

© Alle Rechte vorbehalten. Nachdruck nur mit Genehmigung des Autors.

Boundary integral equation methods for inverse problems in electrical engineering

G. Of, A. Schwaigkofler, O. Steinbach

Institute of Computational Mathematics, Graz University of Technology Steyrergasse 30, 8010 Graz, Austria e-mail: [of,schwaigkofler,o.steinbach]@tugraz.at

Abstract

Solving inverse problems gets more and more important in the computer simulation of technical processes, as for example in electrical engineering. Here, we present some methods of shape reconstruction from electrical capacitance tomography measurement data. To minimize the cost functional,we need to calculate the corresponding shape derivatives. Fast boundary element methods are used for solving the appropriate forward problems to reduce the quadratic effort to an almost linear one.

1 Introduction

In electrical capacitance tomography (ECT), the aim is to determine interior objects inside a surrounding domain from measured data (Huang et al. 1988). These measurements are done by using multi-electrode assemblies (Wegleiter et al. 2005, Kortschak et al. 2005). Mathematically, the direct problem corresponds to mixed boundary value problems with predescribed potentials at the electrodes and zero fluxes elsewhere. The measured data are then obtained from the fluxes at the electrodes. To find the shape of the inscribed objects, we therefore have to solve the corresponding inverse problem.

The inverse problem to be solved corresponds to the minimization of a cost functional for which the associated shape derivative is needed (Sokołowski et al. 1992, Delfour et al. 2001). The application of the Fréchet derivative corresponds to an associated transmission boundary value problem (Kirsch 1992, Hettlich et al. 1996, Hettlich et al. 1998). By using the adjoint state, the shape derivative itself can be described as the unique solution of a related transmission problem (Pironneau 1984, Ito et al. 2001). The unknown shape can be described either by using a suitable parameterization (Kirsch 1992) or by using level set functions (Osher et al. 1988). The latter allows to handle changes in the topology and to identify objects without any a priori information, see (Santosa 1996, Litman et al. 1998, Dorn et al. 2000, Burger 2001, Ito et al. 2001, Hintermüller et al. 2003, Osher et al. 2003, Dorn et al. 2006).

Since the permittivity is assumed to be piecewise constant, boundary integral equation methods (Sauter et al. 2004, Steinbach 2003) can be used to solve the involved transmission problems by applying domain decomposition techniques (Steinbach 2003, Toselli et al. 2005, Wohlmuth 2001). For the use of boundary element methods in the context of inverse problems see, e.g., (Colton et al. 1983, Eppler et al. 2006, Harbrecht et al. to appear). Since the discretization of boundary integral equations leads to dense stiffness matrices, fast boundary element methods are required (Rjasanow et al. 2007), see also (Greengard et al. 1987) for the fast multipole method, (Hackbusch et al. 1989) for panel clustering, (Dahmen et al. 1993) for the use of wavelets, (Bebendorf et al. 2003) for the adaptive cross approximation and (Hackbusch 1999) for the use of H matrix arithmetics.

The paper is organized as follows. In Section 2, we present a model problem for electrical capacitance tomography and formulate the related shape identification problem. Section 3 is devoted to the derivation of algorithms to determine the interior objects by using the shape derivative and the adjoint variable method in combination with level set functions. In Section 4, we describe a boundary integral formulation to solve the involved transmission problems by using a domain decomposition approach, we discuss the Galerkin discretization of boundary integral operators, and comment on the use of the fast multipole method.

2 Model Problem

2.1 Electrical capacitance tomography

We are interested in the shape identification of some unknown bounded domain D ⊂ Ω where Ω ⊂ R^3 is a bounded domain with Lipschitz boundary Γ = ∂Ω, and Ω is decomposed by Ω = Ω_0 ∪ ∂D ∪ D, Ω_0 := Ω\D.

In electrical capacitance tomography (ECT) (Huang et al. 1988), the shape ∂D is identified from measurements of the coupling capacitances of a multi-electrode assembly (Wegleiter et al. 2005, Kortschak et al. 2005). In the direct simulation, this corresponds to a mixed boundary value problem with predescribed potentials at the electrodes and zero fluxes elsewhere. Instead, here we will consider a model problem where the potential is given along the boundary Γ = ∂Ω and the fluxes are considered as a result of the measurement. However, the boundary integral approach as described for this model problem can be applied to the more general case straightforwardly.

2.2 Mathematical model problem

Neglecting the wave propagation, the potential u satisfies the electrostatic field equation

− div (ε(x)∇u(x)) = 0 for x ∈ Ω, u(x) = g(x) for x ∈ Γ (1) for given Dirichlet boundary data g, where the permittivity ε is assumed to be piecewise constant, i.e., ε(x) = ε_0 for x ∈ Ω_0, ε(x) = ε_D for x ∈ D. Defining u_0(x) = u(x) for x ∈ Ω_0 and u_D(x) = u(x) for x ∈ D, the direct problem (1) corresponds to the transmission boundary value problem

−Δu_0 = 0 in Ω_0, −Δu_D = 0 in D, u_0 = g on Γ, u_0 − u_D = 0 on ∂D, ε_0 ∂ ∂ν u_0 − ε_D ∂ ∂ν u_D = 0 on ∂D, (2)

where ν denotes the exterior normal vector of ∂D. Note that the transmission boundary value problem (2) is rather standard in domain decomposition methods, see e.g. (Steinbach 2003, Toselli et al. 2005, Wohlmuth 2001).

The solution of the direct problems (1) and (2), respectively, defines the corresponding Neumann data, i.e. the flux

t(x) = ε_0 ∂ ∂n u_0(x) for x ∈ Γ, (3)

where n denotes the exterior normal vector of Γ, satisfying, by using Green’s formula, � Γ t(x)v(x)ds_x = � Ω ε(x)∇u(x) · ∇v(x)dx

for some suitable test functions v ∈ H^1(Ω). In particular, by solving the direct problem, this defines a formal map G of the shape ∂D describing the interior domain D onto the related Neumann datum, G(∂D) = ε_0 ∂ ∂n u_0 on Γ. (4)

The inverse problem consists in finding the shape ∂D and the interior domain D, respectively, from some measured flux f, in particular we have to solve the operator equation

G(∂D) = ε_0 ∂ ∂n u_0 = f on Γ. (5)

Taking into account the physical meaning of the flux t, the appropriate cost functional Ψ is induced by the energy norm in H^{−1/2}(Γ) where

Ψ(∂D) = 1 2 ‖G(∂D) − f‖^2_H−1/2_{(Γ)} = 1 2 ‖G(∂D) − f‖^2_V (6) and ‖w‖^2_V = 1 4 π � Γ w(x) � Γ 1 |x − y| w(y) ds_y ds_x, is an equivalent norm in H^{−1/2}(Γ) which is induced by the single layer potential V of the Laplace operator. Therefore, the operator equation (5) corresponds to finding ∂D such that Ψ(∂D) = 1 2 ‖G(∂D) − f‖^2_V = 0 (7)

is satisfied, i.e., we have to find a minimizer of Ψ(∂D). Note that in most cases the minimization of the cost functional Ψ(∂D) has to be done by adding an adequate regularization term, see e.g. (Engl et al. 1996) and the references given therein.

3 Solution algorithms

In this section, we want to describe some algorithms to solve the inverse problem (5), i.e., to minimize the cost functional (6) over a set X of admissible shapes. In general, these algorithms may depend on the definition of X which can be given either via parameterizations, or via the use of level set functions.

3.1 Newton algorithm

Starting from a given representation of the shape ∂D_k, a new iterate can be constructed by introducing the formal Newton algorithm

∂D_{k+1} = ∂D_k − G^′[∂D_k]^{−1} (G(∂D_k) − f) , (8)

where G^′[∂D_k] is the Fréchet derivative of G in the sense of H^{−1/2}(Γ). Therefore, by introducing the update ∂D_{k+1} = ∂D_k + h_k,

we have to solve the linearized system

G^′[∂D_k]h_k = f − G(∂D_k) (9)

to realize one Newton step.

3.2 Shape derivatives

For a given vector h, the application of the Fréchet derivative is given by

G^′[∂D]h = ε_0 ∂ ∂n u^′_0,

where u^′_0 is the unique solution of the transmission problem (Hettlich et al. 1996, Hettlich et al. 1998) −Δu^′_0 = 0 in Ω_0, −Δu^′_D = 0 in D, u^′_0 = 0 on Γ,

(10) with the transmission conditions

u^′_0 − u^′_D = − ε_D − ε_0

ε_0 h_ν ∂ ∂ν u_D,

ε_0 ∂ ∂ν u^′_0 − ε_D ∂ ∂ν u^′_D = −(ε_D − ε_0)∇_τ · (h_ν ∇_τ u_D)

on ∂D. Note that u_D is the solution of the direct transmission problem (2), h_ν = h · ν and ∇_τ is the surface gradient on ∂D.

In the case of a two-dimensional star-like interior domain D and by using a suitable parameter representation of ∂D, for example by polar coordinates, one can derive numerical algorithms to solve the linearized systems (9), see e.g. (Hettlich et al. 1996, Hettlich et al. 1998) and (Kirsch 1992).

3.3 Adjoint variable method

Instead of a direct evaluation of the Fréchet derivative G^′[∂D]h by solving the transmission problem (10), we are interested in alternative representations to be used in the minimization of the cost functional Ψ(∂D) in (6). To minimize the cost functional, we first note that the corresponding shape derivative reads

Ψ^′(∂D) = � Γ V (G(∂D) − f) (G(∂D))^′ ds_x = � Γ p_0(x) � ε_0 ∂ ∂n u_0

�_′ ds_x (11)

where V is the single layer potential and p_0 is the adjoint state function satisfying

−Δp_0 = 0 in Ω_0, −Δp_D = 0 in D, p_0 = V � ε_0 ∂ ∂n u_0 − f � on Γ.

(12)

If we require the transmission conditions

p_0 − p_D = 0 on ∂D, ε_0 ∂ ∂ν p_0 − ε_D ∂ ∂ν p_D = 0 on ∂D

(13)

in addition, we finally obtain

Ψ^′(∂D) = (ε_D − ε_0) � ∂D (∇u_D · ∇p_0)(h · ν) ds_x.

Therefore, the steepest descent direction h^∗ to minimize the cost functional Ψ(∂D) is given by, when assuming ε_D > ε_0,

h^∗ = −(∇u_D · ∇p_0)ν on ∂D.

To compute this search direction for a given shape ∂D_k, we have to solve both the direct transmission problem (2) and the adjoint transmission problem (12)–(13). For an approximate solution of these transmission problems, one may use, e.g., either finite element methods or boundary element methods.

Again, this approach is independent of the chosen representation of ∂D_k. However, a line search algorithm has to be applied to determine an appropriate step size. This can be done for example in connection with a level set description of the interface ∂D_k.

3.4 Level set functions

For Ω ⊂ R^3, we define (Osher et al. 2003) the level set function

ϕ(x, t) : Ω × R^+ → R

where ϕ(x, t) = 0 describes the shape ∂D while the interior domain D is characterized by ϕ(x, t) < 0. By using level set methods, it is quite feasible to describe the change of the boundary ∂D_k in a given direction h^∗.

If the shape ∂D_k is perturbed by a small vector field th, the level set function ϕ(x, t) = 0 is changed to ϕ(x + th(x), t) = 0.

Taking the derivative with respect to t results in

ϕ_t(x, t) + h(x) · ∇_xϕ(x, t) = 0.

By using ν = −^{∇ϕ}_{|∇ϕ|} to describe the exterior normal vector ν on ∂D, we obtain for the deepest descent direction

h^∗ = −(∇u_D · ∇p_0)ν = (∇u_D · ∇p_0) ∇ϕ |∇ϕ| on ∂D,

and therefore, choosing h = h^∗ gives an Hamilton–Jacobi equation for the level set function ϕ(x, t), ϕ_t + F (x, t)|∇ϕ| = 0, (14)

where F (x, t) := ∇u_D(x) · ∇p_0(x), for x ∈ ∂D. (15)

Note that the Hamilton–Jacobi equation (14) can be solved by some standard numerical scheme, e.g. by an explicit Euler method.

Summarizing this chapter, we can formulate an algorithm to determine the unknown shape ∂D, see also (Ito et al. 2001).

Algorithm 1 Level set algorithm for shape identification Set k = 0 and choose an initial level set function ϕ^0(x). repeat

Determine ∂D_k = {x ∈ Ω : ϕ^k(x) = 0}.

Solve the direct transmission problem (2) for D_k and Ω_k to compute u^k. Solve the adjoint problem (12)–(13) for D_k and Ω_k to compute p^k. Calculate the normal velocity

F^k(x) = ∇u^k(x) · ∇p^k(x).

Update the level set function

ϕ_t(x, t) + F^k(x)|∇_xϕ(x, t)| = 0, ϕ(x, t_k) = ϕ_k(x)

for t = t_k by an explicit Euler step

ϕ^{k+1}(x) − ϕ^k(x) Δt + F^k(x)|∇ϕ^k(x)| = 0,

where Δt = min � h 2‖F^k‖_∞ , h 2 � . Set k = k + 1.

until convergence is reached, i.e.,

Ψ(∂D_k) = 1 2 � � �ε^0 ∂ ∂n u^k_0 − f � � � 2

V < δ is satisfied where δ is a predescribed accuracy.

4 Fast boundary element methods

The realization of Algorithm 1 is essentially based on the solution of the direct transmission problem (2), and of the adjoint transmission problem (12)–(13). These transmission problems have to be solved many times within the level set algorithm. Therefore, efficient iterative solvers for these direct problems are mandatory. For the solution of transmission problems, we will use a domain decomposition approach which is based on a strong coupling of the Dirichlet data (potential) and on a weak coupling of the associated Neumann data (flux). To describe the local Dirichlet to Neumann maps, i.e. the solution of local boundary value problems, we will use boundary integral equation methods (Sauter et al. 2004, Steinbach 2003). Note that all required data of Algorithm 1 are provided when using this approach. Since the discretization of boundary integral equations leads to dense stiffness matrices, fast boundary element methods are required (Rjasanow et al. 2007). Here, we will describe a fast multipole approach (Greengard et al. 1987, Of et al. 2005, Of et al. 2006).

4.1 Dirichlet domain decomposition method

According to (2) and (12), we consider the general transmission boundary value problem

−Δu_0(x) = 0 for x ∈ Ω_0, −Δu_D(x) = 0 for x ∈ D, u_0(x) = g(x) for x ∈ Γ,

(16)

with the inhomogeneous transmission conditions

u_0(x) − u_D(x) = g_I (x) for x ∈ ∂D,

ε_0 ∂ ∂ν u_0(x) − ε_D ∂ ∂ν u_D(y) = f_I (x) for x ∈ ∂D.

(17)

Let u be a given continuous function which is defined on ∂D. By reformulating the Dirichlet boundary condition using a function u such that

u_D(x) = u(x) − g_I (x) for x ∈ ∂D, u_0(x) = u(x) for x ∈ ∂D, u_0(x) = g(x) for x ∈ Γ,

we can ensure both the Dirichlet boundary condition in (16) and the Dirichlet transmission condition in (17). Moreover, we can solve the local Dirichlet boundary value problems

−Δu_D(x) = 0 for x ∈ D, u_D(x) = u(x) − g_I (x) for x ∈ ∂D and −Δu_0(x) = 0 for x ∈ Ω, u_0(x) = u(x) for x ∈ ∂D, u_0(x) = g(x) for x ∈ Γ, to compute the associated Neumann data t_D and t_0, compare (3). Hence, we can write the local Dirichlet to Neumann maps as t_D(x) = S_Du(x) − S_Dg_I (x) for x ∈ ∂D, t_0(x) = S_0u(x) + S_0g(x) for x ∈ ∂D, where S_D and S_0 are called Steklov–Poincaré operators which are related to the solution of a local Dirichlet boundary value problem. It remains to ensure the Neumann transmission condition in (17), in particular u has to be a solution of

ε_0S_0u − ε_DS_Du = f_I − ε_DS_Dg_I − ε_0S_0g on ∂D.

The weak formulation of this operator equation to find the correct transmission data u results in a variational problem which can be discretized as usual. In particular, when considering piecewise linear continuous basis functions φ_i which are defined with respect to some regular boundary element mesh of ∂D with mesh size h, this gives a linear system of algebraic equations (ε_0S_{0,h} − ε_DS_{D,h})u = b.

The stiffness matrices are given by

S_{0,h}[i, j] = � ∂D S_0φ_i(x)φ_j (x)ds_x,

S_{D,h}[i, j] = � ∂D S_Dφ_i(x)φ_j(x)ds_x,

and the vector of the right-hand side by

b_j = � ∂D f_I (x)φ_j (x)ds_x − � ∂D ε_DS_Dg_I (x)φ_j(x)ds_x − � ∂D ε_0S_0g(x)φ_j(x)ds_x

for i, j = 1, . . . , M_D, where M_D is the number of degrees of freedom. The computation of the above system matrices involves the solution of local Dirichlet boundary value problems. In general, this has to be done either by a finite or by a symmetric boundary element approximation (Steinbach 2003). To construct efficient iterative solvers for this linear system, one may consider finite and boundary tearing and interconnecting methods (Langer et al. 2005). Note that these methods are also robust with respect to large jumps in the coefficients ε_0 and ε_D. Moreover, boundary element tearing and interconnecting methods can easily be combined with fast boundary element methods (Langer et al. 2007) or any other local discretization scheme.

4.2 Boundary element methods

Here, we will describe the realization of the Steklov–Poincaré operators S_0 and S_D by a symmetric boundary element method. For simplicity, we drop the indices of the subdomains and describe the boundary element method for a single subdomain Ω with boundary Lipschitz Γ = ∂Ω.

The solution of the Laplace equation Δu = 0 is given by the representation formula

u(x) = � Γ U^∗(x, y)t(y)ds_y − � Γ ∂ ∂n_y

U^∗(x, y)u(y)ds_y

for x ∈ Ω, where n_y denotes the exterior normal vector for y ∈ Γ, and U^∗(x, y) is the fundamental solution given by

U^∗(x, y) = 1 4π 1 |x − y| . The knowledge of the Cauchy data u(y) and t(y) :=^∂_{∂ny} u(y) for y ∈ Γ is sufficient to describe the solution of the boundary value problem. So, it remains to determine the complete Cauchy data by the help of the first boundary integral equation

u(x) = � 1 2 I − K � u(x) + (V t)(x) (18)

for almost all x ∈ Γ, and of the hypersingular boundary integral equation

t(x) = (Du)(x) + � 1 2 I + K^′ � t(x) (19)

for almost all x ∈ Γ. Note that both boundary integral equations result from the representation formula when considering the Dirichlet and Neumann traces, respectively. The involved boundary integral operators are the single layer potential

(V t)(x) = � Γ U^∗(x, y)t(y)ds_y,

the double layer potential

(Ku)(x) = � Γ\{x} ∂ ∂n_y

U^∗(x, y)u(y)ds_y,

its adjoint operator (K^′t)(x) = � Γ\{x} ∂ ∂n_x

U^∗(x, y)t(y)ds_y,

and the hypersingular operator

(Du)(x) = − ∂ ∂n_x � Γ ∂ ∂n_y

U^∗(x, y)u(y)ds_y

for x ∈ Γ. By solving the first boundary integral equation (18), we obtain with

t(x) = (Su)(x) := V^{−1} � 1 2 I + K � u(x) (20) a first representation of the Steklov–Poincaré operator. Inserting (20) into the hypersingular boundary integral equation (19) gives a second possible definition of the Steklov– Poincaré operator,

(Su)(x) = � D + � 1 2 I + K^′ � V^{−1} � 1 2 I + K � u(x). (21)

The symmetric boundary integral representation (21) is now well suited for a Galerkin approximation. For this we consider piecewise constant basis functions {ψ_k}^N_{k=1} to approximate the flux, and piecewise linear continuous basis functions {φ_i}^M_{i=1} to approximate the potential. Then we obtain a symmetric boundary element approximation

S_h = D_h + � 1 2 M^⊤_h + K^⊤_h � V^{−1}_h � 1 2 M_h + K_h � , (22)

where V_h[ℓ, k] = ⟨V ψ_k, ψ_ℓ⟩_Γ, K_h[ℓ, i] = ⟨Kφ_i, ψ_ℓ⟩_Γ, D_h[j, i] = ⟨Dφ_i, φ_j⟩_Γ, M_h[ℓ, i] = ⟨φ_i, ψ_ℓ⟩_Γ

for k, ℓ = 1, . . . , N and i, j = 1, . . . , M.

4.3 Fast multipole method

The stiffness matrices of the boundary element method are fully populated due to the nonlocal character of the fundamental solution U^∗(x, y). Therefore, O(N^2) matrix entries have to be computed and stored, and a single matrix times vector product is of order O(N^2), too. These facts limit the use of standard boundary element methods to 10000–20000 boundary elements for todays personal computers. Fast boundary element methods, like the fast multipole method (Greengard et al. 1987), overcome these limits by data-sparse approximations of the matrices. Most of these methods are quite related. Here, we will describe the main ideas of the fast multipole method for the single layer potential. For details please see, e.g., (Greengard et al. 1987, Nishimura 2002, Of et al. 2006).

The matrix times vector product w = V_ht of the Galerkin matrix of the single layer potential V reads for the ℓ-th component, ℓ = 1, . . . , N,

w_ℓ = N� k=1 V_h[ℓ, k]t_k = 1 4π N� k=1 t_k � τ_ℓ � τ_k 1 |x − y| ds_yds_x

where τ_k denotes a boundary element. The effort of such a matrix times vector product is of order O(N^2) as none of the matrix entries vanishes. This effort can be reduced by separation of variables using a Taylor series expansion of the fundamental solution. An expansion by spherical harmonics is more suitable,

U^∗(x, y) = 1 4π 1 |x − y| ≈ 1 4π p� n=0 n� m=−n

|x|^nY^{−m}_n (x̂)

Y^m_n (ŷ) |y|^{n+1} with spherical harmonics

Y^{±m}_n (x̂) = � (n − m)! (n + m)!

(−1)^m d^m dx̂^m_3

P_n(x̂_3)(x̂_1 ± ix̂_2)^m

for m ≥ 0 and x̂ = x/|x|. P_n denotes the Legendre polynomial of n–th order and these polynomials can be computed efficiently by recursion formulas. The expansion has been truncated for the computational realization. The induced error can be controlled to guarantee optimal convergence rates of the fast method, see, e.g., (Of et al. 2006). The expansion is only valid for^{|x|}_{|y|} <^1_d where d > 1. Therefore, the expansion can be applied only for well separated boundary elements. This leads to a separation of the matrix into a farfield (FF) and a nearfield (NF) part where the expansion can be applied or not, respectively. The approximation of the matrix times vector product now reads as

~w_ℓ = � k∈NF(ℓ)

V_h[ℓ, k] t_k + p� n=0 n� m=−n � τ_ℓ

|x|^nY^{−m}_n (x̂)ds_xL^m_n (ℓ)

with the coefficients

L^m_n (ℓ) = � k∈FF(ℓ)

t_k 4π � τ_k

Y^m_n (ŷ) |y| n+1 ds_y.

If the coefficients L^m_n (ℓ) are known, a fast evaluation of the matrix times vector product is given. Unfortunately, the coefficients L^m_n (ℓ) depend on the index ℓ of the evaluation element τ_ℓ. Further, these coefficients have to be recomputed in each matrix times vector product.

The second main ingredient of the fast multipole method is a hierarchical structure which is used to compute the coefficients L^m_n (ℓ) efficiently (Greengard et al. 1987). To this end, neighbored elements are clustered, and an appropriate cluster tree is defined. The contribution of each cluster is expressed by a truncated expansion. The separation into nearfield and farfield is also applied to the cluster tree defining admissible cluster pairs. Finally, all the farfield sums for τ_ℓ and τ_k belonging to admissible pairs of clusters are assembled efficiently by exploiting the hierarchical tree structure. As a consequence, one matrix times vector multiplication is performed with the almost linear effort of O(N log^2 N) and the approximated solution of the discrete system will provide an approximation whose error is of the same order as in the a priori error estimate. For details and numerical examples of complex structures for industrial applications please see, e.g., (Of et al. 2005, Of et al. 2006).

Conclusions

We have described a fast symmetric boundary element method for ECT inverse problems, in particular for a model problem. The numerical implementation will be done by using available fast boundary element tools. This will be extended to the more complicated configuration of the sensor assembly (Wegleiter et al. 2005). Moreover, several regularization techniques have to be considered.

Acknowledgement

This work has been supported by the Austrian Science Fund ‘Fonds zur Förderung der wissenschaftlichen Forschung (FWF)’ under the grant L261 ‘Fusion von Kapazitätstomographie mit Ultraschalltomographie’.

References

Bebendorf, M., Rjasanow, S., (2003): Adaptive low-rank approximation of collocation matrices. Computing 70(1), 1–24.

Burger, M., (2001): A level set method for inverse problems. Inverse Problems, nr. 17, 1327–1355.

Colton, D.L., Kress, R., (1983): Integral equation methods in scattering theory. Pure and Applied Mathematics, New York: John Wiley & Sons Inc.

Dahmen, W., Prößdorf, S., Schneider, R, (1993): Wavelet approximation methods for pseudodifferential equations. II: Matrix compression and fast solution. Adv. Comput. Math. 1(3-4), 259–335.

Delfour, M. C., Zolésio, J.-P., (1992): Shapes and geometries. (Advances in Design and Control). Vol. 4. Philadelphia, PA: Society for Industrial and Applied Mathematics (SIAM).

Dorn, A., Miller, E.L., Rappaport, C.M., (2000): A shape reconstruction method for electromagnetic tomography using adjoint fields and level sets. Inverse Problems, nr. 16, 1119–1156.

Dorn, O., Lesselier, D., (2006): Level set methods for inverse scattering. Inverse Problems, nr. 22, R67–R131.

Engl, H.W., Hanke, M., Neubauer, A., (1996): Regularization of Inverse Problems. Dodrecht, Boston, London: Kluwer Academic Publishers.

Eppler, K., Harbrecht, H., (2006): Shape optimization for 3D electrical impedance tomography. In: Free and Moving Boundaries. Analysis, Simulation and Control (R. Glowinski and J.-P. Zolesio eds.), Lecture Notes in Pure and Applied Mathematics Vol. 252 , Taylor & Francis/CRC Press, Boca Raton, FL.

Greengard, L., Rokhlin, V., (1987): A fast algorithm for particle simulations. J. Comput.

Phys. 73, 325–348.

Hackbusch, W., Nowak, Z. P., (1989): On the fast matrix multiplication in the boundary element method by panel clustering. Numer. Math. 54(4), 463–491.

Hackbusch, W., (1999): A sparse matrix arithmetic based on H-matrices. I: Introduction to H-matrices. Computing 62(2), 89–108.

Harbrecht, H., Hohage, T., (to appear): Fast methods for Three-Dimensional Inverse Obstacle Scattering Problems. J. Int. Eq. Appl., to appear.

Hettlich, F., Rundell, W., (1996): Iterative methods for the reconstruction of an inverse problem. Inverse Problems, nr. 12, 251–266.

Hettlich, F., Rundell, W., (1998): The determination of a discontinuity in a conductivity from a single boundary measurement. Inverse Problems, nr. 14, 67–82.

Hintermüller, M., Ring, W., (2003): A second order shape optimization approach for image segmentation. SIAM Journal on Applied Mathematics, Vol. 64, 442–467 (electronic).

Huang, S.M., Plaskowski, A.B., Xie, C.G., Beck, M.S., (1988): Capacitance-based tomographic flow imaging system. Electronics Letters 24(7), 418–419.

Kirsch, A., (1992): The domain derivative and two applications in inverse scattering theory.

Inverse Problems, nr. 9, 81–96.

Kortschak, B., Brandstätter, B., (2005): A FEM-BEM approach using Level-Sets for Electrical Capacitance Tomography, COMPEL International Journal for Computation and Mathematics in Electrical and Electronic Engineering, vol. 24, no. 2, 2005, pp. 591 - 600.

Langer, U., Steinbach, O. (2005): Coupled boundary and finite element tearing and interconnecting methods. In: Domain Decomposition Methods in Science and Engineering (R. Kornhuber et al., eds.), Lecture Notes in Computational Science and Engineering, vol. 40, Springer, Heidelberg, 83–97.

Langer, U., Of, G., Steinbach, O., Zulehner, W., (2007): Inexact Data-Sparse Boundary Element Tearing and Interconnecting Methods. SIAM Journal on Scientific Computing 29(1), 290–314.

Litman, A., Lesselier, D., Santosa, F., (1998): Reconstruction of a two-dimensional binary obstacle by controlled evolution of a level-set. Inverse Problems, nr. 14, 685–706.

Ito, K., Kunisch, K., Li, Z. (2001): Level-set function approach to an inverse interface problem. Inverse Problems, nr. 17, 1225–1242.

Nishimura, N., (2002): Fast multipole accelerated boundary integral equation methods.

Applied Mechanics Reviews 55(4), 299–324.

Of, G., Steinbach, O., Wendland, W. L., (2005): Applications of a fast multipole Galerkin boundary element method in linear elastostatics. Comput. Visual. Sci. 8, 201–209.

Of, G., Steinbach, O., Wendland, W. L., (2006): The fast multipole method for the symmetric boundary integral formulation. IMA J. Numer. Anal. 26, 272–296.

Osher, S., Sethian, J.A., (1988): Fronts propagating with curvature-dependent speed:

algorithms based on Hamilton-Jacobi formulations. Journal of Computational Physics, Vol. 1, 12–49.

Osher, S., Fedkiw, R., (2003): Level set methods and dynamic implicit surfaces. (Applied Mathematical Sciences). Vol. 153. New York: Springer-Verlag.

Pironneau, O., (1984): Optimal shape design for elliptic systems. (Springer Series in Computational Physics). New York: Springer-Verlag.

Rjasanow, S., Steinbach, O., (2007): The Fast Solution of Boundary Integral Equations.

Mathematical and Analytical Techniques with Applications to Engineering. Springer, New York.

Santosa, F., (1996): A level-set approach for inverse problems involving obstacles. ESAIM Contrôle Optim. Calc. Var., Vol. 1, 17–33 (electronic).

Sauter, S., Schwab, C., (2004): Randelementmethoden. Analyse, Numerik und Implementierung schneller Algorithmen, Teubner, Stuttgart.

Sokołowski, J., Zolésio, J.-P., (1992): Introduction to shape optimization. (Springer Series in Computational Mathematics). Vol. 16. Berlin: Springer-Verlag.

Steinbach, O., (2003): Stability estimates for hybrid coupled domain decomposition methods. Lecture Notes in Mathematics 1809, Springer, Berlin.

Steinbach, O., (2003): Numerische Näherungsverfahren für elliptische Randwertprobleme.

Finite Elemente und Randelemente. Stuttgart, Leipzig, Wiesbaden: B.G. Teubner.

Toselli, A., Widlund, O., (2005): Domain decomposition methods – algorithms and theory.

Springer Series in Computational Mathematics 34, Springer, Berlin.

Wegleiter, H., Fuchs, A.; Holler, G.; Kortschak, B., (2005): Analysis of hardware concepts for electrical capacitance tomography applications, Sensors, 2005 IEEE 30 Oct.-3 Nov. 2005 Page(s):4 pp.

Wohlmuth, B., (2001): Discretization methods and iterative solvers based on domain decomposition. Lecture Notes in Computational Science and Engineering 17, Springer, Berlin.

Erschienene Preprints ab Nummer 2005/1

2005/1 O. Steinbach Numerische Mathematik 1. Vorlesungsskript. 2005/2 O. Steinbach Technische Numerik. Vorlesungsskript. 2005/3 U. Langer Inexact Fast Multipole Boundary Element Tearing and G. Of Interconnecting Methods O. Steinbach W. Zulehner 2005/4 U. Langer Inexact Data–Sparse Boundary Element Tearing and Interconnecting G. Of Methods O. Steinbach W. Zulehner 2005/5 U. Langer Fast Boundary Element Methods in Industrial Applications O. Steinbach Söllerhaus Workshop, 25.–28.9.2005, Book of Abstracts. W. L. Wendland 2005/6 U. Langer Dual–Primal Boundary Element Tearing and Interconnecting Methods A. Pohoata O. Steinbach 2005/7 O. Steinbach (ed.) Jahresbericht 2004/2005 2006/1 S. Engleder Modified Boundary Integral Formulations for the

O. Steinbach Helmholtz Equation.

2006/2 O. Steinbach 2nd Austrian Numerical Analysis Day. Book of Abstracts. 2006/3 B. Muth Collision Detection for Complicated Polyhedra Using G. Of the Fast Multipole Method of Ray Crossing P. Eberhard O. Steinbach 2006/4 G. Of Numerical Tests for the Recovery of the Gravity Field B. Schneider by Fast Boundary Element Methods 2006/5 U. Langer 4th Workshop on Fast Boundary Element Methods in Industrial O. Steinbach Applications. Book of Abstracts. W. L. Wendland 2006/6 O. Steinbach (ed.) Jahresbericht 2005/2006 2006/7 G. Of The All–floating BETI Method: Numerical Results 2006/8 P. Urthaler Automatische Positionierung von FEM–Netzen

G. Of O. Steinbach 2006/9 O. Steinbach Challenges and Applications of Boundary Element Domain Decomposition Methods 2006/10 S. Engleder Stabilisierte Randintegralgleichungen für äussere Randwertprobleme der Helmholtz-Gleichung 2007/1 M. Windisch Modifizierte Randintegralgleichungen für elektromagnetische Streuprobleme 2007/2 M. Kaltenbacher Fast Multipole Boundary Element Method for Electrostatic Field G. Of Computations O. Steinbach 2007/3 G. Of Boundary integral equation methods for inverse problems A. Schwaigkofler in electrical engineering O. Steinbach