EXISTENCE AND UNIQUENESS IN ANISOTROPIC CONDUCTIVITY

RECONSTRUCTION WITH FARADAY’S LAW

MIN-GI LEE AND YONG-JUNG KIM

ABSTRACT. We show that three sets of internal current densities are the right amount
of data that give the existence and the uniqueness at the same time in reconstructing an
anisotropic conductivity in two space dimensions. The curl free equation of Faraday’s
law is taken instead of the usual divergence free equation of the electrical impedance to-
mography. Boundary conditions related to given current densities are introduced which
complete a well determined problem for conductivity reconstruction together with Fara-
day’s law.
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Suppose that Q € R? is a bounded simply connected domain of an electrical conductivity

body with a smooth boundary and Fj = (f,% f,?) :Q — R?, k =1,2,3, are three given
row" vector fields in the domain €. The purpose of this paper is to show the existence

and the uniqueness of the anisotropic resistivity distribution,
ritopl2 12 21 2
(1.1) ri=(,21 2, TT=rT, xi= (r,y) € Q C R,

that satisfies curl free equations
(1.2) Vx((Fgr)=0 in Q, k=1,2,3,
and boundary conditions
(1.3) (No, Nor) = z;szlrijgNg =b on I'y COQ, i,j=1,2,
(N, Nyr) = S0 r9N{N{ = by on Ty 09, i,j=1,2,
Date: March 18, 2015.
1Distinguishing row and column vectors helps notational clearness.
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where the given boundary value b; and by are positive and bounded away from zero. The
vector fields, N; and Ny, and the boundaries, I'] and I'; , are decided by the three vector
fields F1,F9 and F3. The main part of this paper is in constructing them appropriately.
The given boundary values b; and by are the diagonal elements of the resistivity tensor r
when it is written with respect to basis vector fields N; and Ns. The curl free equation
is the third Maxwell’s equation, or Faraday’s law, for the static electromagnetism. The
electrical current density is denoted with the letter J by many authors and we will save it
for the case without noise. Instead, we use the letter F for a noised current density.

The existence of a resistivity tensor r that satisfies the curl free equation is obvious
if F;’s are the current densities produced by an existing anisotropic conductivity body.
However, the existence of such a resistivity is not guaranteed if noise is included and
the existence part should be considered as the main concern. In particular, the stability
analysis of such a reconstruction process assumes perturbed data and hence the existence
part should be considered first. Therefore, the first step should be classifying the given
vector fields F}’s if they allow the existence of such a resistivity tensor r.

The uniqueness of anisotropic conductivity distribution has been obtained in many
cases, [, 6, 7, 19, 20, 21]. Most of such uniqueness results are based on overdetermined
problems and hence the existence part is not expected. In particular, Monard and Ball [19]
showed the uniqueness of anisotropic conductivity that satisfies 4 sets of internal power
densities and, however, they also mentioned that they were able to compute anisotropic
conductivity numerically only with three sets of data. This observation is related to the
fact that there are three unknowns r'!, 712 and 22 to be recovered in the two dimensional
case. The goal of this paper is in obtaining the existence and the uniqueness together.
An overdetermined problem may give the uniqueness and an underdetermined one the
existence. However, one should compose a correctly determined problem to obtain the
both at the same time. The key is to impose the right number of equations and the right
amount of boundary conditions.

This paper is composed as follows. An anisotropic resistivity reconstruction algorithm
is given in Section 2. One may use this algorithm for numerical reconstruction. We use
it as an outline of the following theoretical sections. Theories are developed in Section
3. It is clear that the existence and the uniqueness of the anisotropic resistivity are not
obtained from arbitrary current density fields Fy’s. In Definition 3.1, the admissibility
criteria for current density fields are given. The theory ends in vain if there is no such
an admissible set of density fields or constructing such a one is technically impossible.
In Section 3.2 we show that there is a relatively simple way to produce such admissible
electrical density fields. Remember that anisotropic conductivity body can be viewed as
an orthotropic body locally. If we may view the anisotropic conductivity body as an
orthotropic one globally, we may apply the technique for the orthotropic case. In Section
3.3 we develop a new coordinate system based on characteristic vector fields which allows
this to be possible. Finally, the existence and the uniqueness are obtained in Theorem 3.11.
The proof is based on Picard type iteration method that gives the anisotropic resistivity
as a fixed point. Hence the uniqueness and the existence are obtained simultaneously.
Conclusions and discussions on related works are given in Section 4 with a conjecture on
three dimensional anisotropic resistivity reconstruction.

2. RECONSTRUCTION ALGORITHM

In this section we develop an algorithm to reconstruct an anisotropic resistivity distri-
bution from three sets of internal current density fields Fy, & = 1,2,3. The governing
equation is Faraday’s law (1.2). We are looking for an anisotropic resistivity tensor 7 that
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satisfies Faraday’s law. If then, there exist two potential functions u; and ug that satisfy
For=(fi [)r=-Vu, (zy)e k=12

We may write these two relations together as

fll fl2 r=— Ozuy ayul
f21 f22 Orus ayUQ ’

where 0, and 0, denote partial derivatives with respect to x and y variables, respectively.
(In this paper there are two main sources of indices. The first one is the number of current
density fields, which will be denoted using a subscript for kK = 1,2,3 as in Fj. The second
one is the space dimension, which will be denoted using a superscript as in r% or f,i for
i,j =1,2.) The assumption on the current density fields is that the first two vector fields
(or any two of them) are never parallel to each other, ie., F;1 x Fo # 0 on Q. Then,

1 2
the matrix <jz11 ;5) is invertible and the resistivity tensor r is obtained by applying its
2 J2
inverse matrix, i.e.,
~1
/ 11 f 12 Oyu1  Oyuy
2.1 r=— Y .
( ) <f21 f22 OpUn ayU2

Therefore, as soon as we obtain the two unknown potential functions u; and uo, we may
reconstruct the anisotropic tensor 7. The first equation is from the symmetry of the
anisotropic resistivity tensor 7, i.e., from the relation r'? = r2!, which gives a first order
linear equation,

(2.2) f30yu1 — fLOyus + f30,u1 — fiOyus =0, (z,y) € Q.

The second equation is from Faraday’s law applied to the third current density field, i.e.,
V x (Fgr) =0, or

1 2\ —1 B K]
2.3 v (1 ) (N G L I ) € Q.
(2.3) <(f3 fS) <f21 f22 Opug  Oyusy (z,y)
Hence we may close the system of two equations for the two unknowns, u; and us. Let

12\ 1
(@ 8)=(1 13) @ }}) -
Then, (2.3) is written as

O (@0yu1 + BOyus) — Oy(a0yur + SOy u2)
= 0p,a0yu1 + 0, 80yus — Oyadzur — Oy 0 us = 0, (z,y) € Q,

where second order terms are canceled out. Finally we have obtained a system of two first
order linear equations, (2.2) and (2.4), which are written together as

faOsur +  f30yur — fiogus — fiOyus =0,

(2.4)

(25) B, adyur — Dyadyuy + 0,3y us — DyBOyuz = 0.
Providing the correct amount of boundary condition is the other key ingredient. We
take
-1
fll f12 amul 0, Ui _
Ny, —N Y = by, T c o9,
(2.6) o (le f3 Oz Oyus b

fll f12 -1 amul 8yu1 o _
N, —N; <f21 f22 Oty ayu2 =by, on FQ C 09.
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It is needed to decided the boundaries I';,I'; and the vector fields Ni, Ny to complete
the boundary condition, which will be done in the following sections. These boundary
conditions are for the voltage functions u; and uy. However, using the identity (2.1) for
the resistivity =, these boundary values can be rewritten in terms of the resistivity tensor
r as in (1.3). Notice that these boundary conditions are identical to the ones for the
orthotropic conductivity case [16] if the vector fields N; and Ny are replaced with the
cartesian unit vectors. In fact, the existence of such vector fields Ny and N allows us to
handle an anisotropic conductivity in the way we did for an orthotropic one.

3. EXISTENCE AND UNIQUENESS

The purpose of this section is to show the existence and uniqueness of anisotropic
resistivity distribution 7 that satisfies (1.2)—(1.3).

3.1. Admissibility of current density vector fields. The existence and the uniqueness
of the resistivity tensor r that satisfies (1.2)—(1.3) are not expected for arbitrarily given
current densities Fi, & = 1,2,3. For example, if noise is added to the current density
field, the existence part is not guaranteed. Hence the first step is to classify admissible
vector fields which can be used in a conductivity reconstruction process. It is also needed
to show that one may construct such admissible current density fields.

Definition 3.1 (Admissibility). A set of three smooth vector fields Fy, k = 1,2,3, are
called admissible if
(1) V-Fr =0 for k =1,2,3. (Therefore, there exist stream functions 1y and Fp =
(Oy ¥k, —0xvk)-)
(2) The map V(z,y) = (&(z,y),n(z,y)) = (= va(z,y), ¥1(2,y)) is a diffeomorphism
between Q0 and its image.
(3) The scalar curvature of the stream function s with respect to the new (§,n) coor-

dinate system is strictly negative, i.e., for all (§,n) € ¥(Q),
(3.1) det DF, b3 = OF 30,13 — (D 0ybs)* < 0.

(4) Let T(x) be a smooth unit tangent vector field on the boundary 02. The inner
product (T(x) D*13(x),T(x)) has 4 simple zeroes on OS).

If V- Fj # 0, we may take the divergence free part after the Helmholtz decomposition.
Hence the first condition is not a restriction. The second one is related to the assumption
F; x Fy # 0 in Q, which is the Jacobian of the diffeomorphism W(z,y). We are taking
a slightly stronger assumption than the simple invertibility of the mapping ¥(x,y). The
third condition is related to Lemma 3.3 from which a non-strict inequality comes as a
natural consistency condition on data. Hence, our assumption is that this inequality is
strict.

If F1 x Fy # 0 on €, the two stream functions 17 and 9 define a coordinate system at
least locally. Then, (2.5) can be simplified using a coordinate system, (£,1) = (—2,%1)
(see (A.9) and (A.10)). Since

(g1 —0gyn) = (O —0n) = (1 0),
(Oytbe —0etpn) = (=06 06) = (0 1),

the relation (A.10) is written as
o agul anul
- ag’lLQ anu2 ’

(%)

<



WELL-POSEDNESS OF ANISOTROPIC CONDUCTIVITY RECONSTRUCTION 5

where 7 is defined by (A.9). Finally, the symmetry of the tensor r gives 9,u; = J¢ug and
hence there exists a scalar function ¢ such that u; = 0¢¢ and uy = 9,¢. Therefore, the
resistivity tensor r is the Hessian of ¢ with respect to the £, n variables, i.e.,

7= =D 0.
Ohm’s law for the third current density Fg is written as
8§U1 8,72“ .
— (3771/}3 —851/13) <8§u2 8,72@ = — (8511,3 ({977213) .
The application of the curl operator V(¢ )X to both sides gives
a%wgagul — anagi/)g(anul + 8§u2) + 8§2¢38,7UQ =0.
Substitute ¢ in the equation and obtain,
(3.2) Opp30F ¢ — 20, 0e1b30n 0 + Ogp30;p = 0.
Note that derivatives of 13 are coefficients given by the current density Fs and ¢ is
the unknown function in this second order linear differential equation. The type of the

equation is decided by the sign of (3,7351&3)2 — 8§2¢3337w3, which is the curvature of 13 with
respect to &, n variables. We will show in Lemma 3.3 that

F302ab3 — (0y0eip3)® < 0.
Thus the type of the equation (3.2) is hyperbolic with a possible degeneracy. In Theorem
3.5, we show that there are suitable boundary conditions that give three sets of current
density F}’s which satisfy the inequality strictly in the whole domain. The strict inequal-
ity in Definition 3.1(3) implies that one of the two eigenvalues of the Hessian ng¢3 is
positive and the other is negative. Hence there is no degenerate point and (3.2) is strictly

hyperbolic. For a general hyperbolic linear first order system, one may integrate it locally.
The condition in Definition 3.1(4) will help us to integrate the hyperbolic system globally.

Remark 3.2. Eq. (3.2) is the curl free equation (A.4) with ¥ = —D?¢. We may rewrite
it as a divergence free equation. Then, the tensor corresponding to the S in (A.5) is

s (0 —=1\_.(0 1y _ (0 =1\, o, (0 1
S'_<1 0)"(-1 0)‘ (1 0>D¢<—1 0)'
Notice that the possible lower order terms of (A.5) are cancelled out and do not appear in

(3.2) since T is given as a Hessian matriz of a scalar function ¢.

a

Lemma 3.3 (Gilbarg and Trudinger [10, p. 256]). Let (b

Q and Y satisfies

g) be uniformly positive on

ad21p + 200,01 + Oty = 0.
Then, 3%1/1851& — (0:0,0)* < 0 and the equality holds only when 02 = 351& = 0,0,¢ = 0.
Proof. The uniform ellipticity gives a constant pg > 0 that satisfies
1o(O5)° + (020y)°) < a(O54)? + 260;40: 01 + (D2 0y9)*
= (=200, 0,0 — cOp) ) + 200500,0y0 + (9, 0,710)°
= —c(02O;) — (0:0,1)%).
Similarly, we obtain

po((959)% + (0:0,1)%) < —a(RWdy — (8:0,1)%).
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Therefore, since the trace of the matrix is a + b > 0, we have
Ho
20 — (D:040)* < —a—ﬂ((agw + 2(0:0,0)% + (029)) < 0.
O

3.2. Construction of admissible vector fields. If there is no admissible current den-
sities, the theory of this paper ends in vain. In the proof of the following theorem we
introduce appropriate boundary conditions that produce admissible set of current densi-
ties that satisfy the assumptions (1), (2) and (3) in Definition 3.1. The divergence free
equation has been studied intensively for a long time and there are rich theories about it.
We first invoke a lemma for the proof of the theorem.

Lemma 3.4 (Meisters and Olech, 1963 [18]). Let y : ﬁ_}—> R" be differentiable and
one-to-one on 052. If det Dy # 0 in 2, y is one-to-one on €.

Theorem 3.5. Suppose that Q@ C R? is a bounded simply connected domain and o =
(07) is a positive conductivity tensor on it. There exist boundary values gj, : OQ — R,
k =1,2,3, such that the current density fields ¥, = —(Vug)o satisfy (1),(2) and (3) of
Definition 3.1, where uy satisfy

V- ((Vug)o) =0, in Q,

(3.3) —n - (Vug)o = g, on 0f.

Proof. For our convenience, we will construct three corresponding Dirichlet boundary
condition Gy’s satisfied by stream functions ;. (See Appendix (A.1)—(A.8).) Let v :
[0,L] — 09 be an embedding curve on 0. For a notational convenience, we assume
L = 27 and let G1(y(t)) = sint and Ga(y(t)) = —cost. Both G; and G2 have a single
local maximum along the boundary. Let r = o~ ! be the corresponding resistivity tensor
and S be given by the relation in (A.7). Consider ¢y, k = 1,2, which are the solutions of

V- ((VYg)S) =0, inQ
v = Gy, on 0f2.

Then, 1 is a stream function of the current density field Fy = —(Vug)o with the
corresponding Neumann boundary value gx. Let ¥(z,y) = (5(36, y),n(zx, y)) = ( —
¢2(1’, y)? (01 (1’, y)) :

Since the boundary value is continuous on the smooth boundary 0f2, the solution is
continuous on . Since ¥|sq has one local maximum on the boundary, by Lemma A.2,
11 and 9 have no critical point in €2. By the Hopf lemma, Vi, # 0 along the boundary,
neither. Suppose that there is a point xg € Q such that Vi (xg) x Vipa(xg) = 0. Then,
Vi1 (x0) = cVhy(xg) for a constant ¢ # 0. Then, ¥ = 1, — ety is also a solution with a
boundary condition &(W(t)) =sint+ccost = V1 + ¢?sin(t + t*) for some t*, and x is an
interior critical point of 9. However, this boundary condition also has one local maximum
point on the boundary and hence 1 does not have an interior critical point, which is a
contradiction. Therefore Vi1 x Vipy has no interior zero point, i.e., det DW¥ £ 0 in €.
Furthermore, since (—G2(v(t)), G1(7(t))) = (cost,sint), the mapping (—2,11)|aq is one-
to-one from dS to the unit circle. Therefore, by Lemma 3.4, the mapping ¥ := (—1)9, 1)
is bijective in Q. The differentiability of the mapping and its inverse one comes from the
inverse function theorem. Therefore, we conclude that F; and Fy satisfy the first two
admissibility conditions.

Next, we prove the third admissibility condition. The diffeomorphism ¥ gives a new
coordinate system (§,n) := (—12, 1) where the domain (2 is transformed to the unit disk.
The third stream function 13 is taken as the solution of the uniformly elliptic equation in

(3.4)
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(3.2) with a boundary condition 13(vy(t)) = cos 2t. If we show the Hessian D?w3(£,7) # 0
for all (£,7n) in the unit disk, the strict inequality in (3.1) holds by Lemma 3.3.

Suppose that D?13(&p,m0) = 0 at a point (&,10) and let Vib3(&o,m0) = (c1,¢2). Then,
the Hessian of ¢ = 135 — 1€ — com is still zero at (£p,7mp) and it has a critical point
at (£o,mo) with multiplicity 2. By the linearity of the problem, ¥ is a solution with a
boundary condition ¥(v(t)) = cos 2t — ¢y cost — casint. In order to investigate the local

maxima along the boundary, differentiate ¢ (vy(t)) with respect to ¢ and obtain

d ~
pn (v(t)) = —2sin2t + ¢y sint — ¢y cost = —4costsint + ¢q sint — cg cost.

One may easily see that this derivative has four zero points. For example, if ¢; = co = 0,
it has zeros at t = 0,7/2,7 and 37 /2. If not, let a(&,n) = —4&n + c1m — 2§ which is
identical to %@(y(t)) in &, n variables on the boundary. The zeros of a are hyperbolas
and hence there are 4 critical points on the unit circle. In other words, there are at most
two local maxima of ¢ on the boundary. This contradict Lemma A.2 in Appendix since
1; has an interior critical point of multiplicity 2. Therefore, there is no such interior point
(€0,m0) that makes the Hessian of 13 be zero matrix, and the strict inequality in (3.1) is
obtained by Lemma 3.3. O

3.3. Characteristic vector fields and boundary conditions. In this section we build
up a curvilinear coordinate system whose coordinate lines are everywhere characteristic in
the whole domain €. This system allows us to integrate the equation (3.2) on the whole
domain Q. We may impose consistent boundary conditions using this coordinate system.
First, we introduce a geometrical property of a Lorentzian manifold (see [8, Proposition
3.37]).

Lemma 3.6. Let (M,g) be a simply connected Lorentzian manifold of dimension two.
Then, there exist two linearly independent smooth null vector fields N1 and Ny defined on
M.

Let U = ¥(Q) and consider the symmetric matrix D?y3 on it. We equip U with the
metric g := D?%)3. The third condition in Definition 3.1 implies that one of the two
eigenvalues is positive and the other is negative. Therefore, the manifold is a simply
connected Lorentzian and we have two linearly independent smooth null vector fields
denoted by N7 and Ny. The two null vectors are the ones between the two eigenvectors
and the distance along the integral curve is zero with respect to the metric g, i.e. the two
null vectors will be given by the formula,

(3.5) (Ny, D*y3Ni) =0. k=12
Therefore, the next Proposition immediately follows the lemma.

Proposition 3.7. Let Q C R? be a simply connected bounded open set with a smooth
boundary, and Fi, k = 1,2,3, be admissible vector fields. Then, there exist two smooth
linearly independent vector fields N1 and Ny on Q which are characteristic everywhere for
the equation (3.2).

The two vector fields Ny, k = 1,2, are called null vector fields from the view point of
Lorentzian metric D%y3. From the hyperbolic wave equation view point of (3.2), they
are called characteristic vector fields. The fourth condition in Definition 3.1 plays its
role in the next proposition in restricting the behavior of two characteristic fields on the
boundary.
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Iy
rynry
F1cURE 1. Domain 2 and its boundary. The boundary 0f2 is divided into

four parts Fli and FQi in Proposition 3.9. The transformed domain by the
diffeomorphism @ is in Figure 2.

Proposition 3.8. Let Q@ C R? be a simply connected bounded open set with smooth
boundary. Let Fr, k = 1,2,3, be admissible vector fields and Ny and No be the two
characteristic ones in Proposition 3.7. For k = 1,2, define

I} = {x € 90| Ny - n(x) > 0},
(3.6) I'; = {x € 0Q|N-n(x) <0},
IV = {x € 0NNy n(x) =0}

Then, F: and I, are connected and Fg consist of two points that connects F: and ', for
each k. The four points are the zeroes in Definition 3.1 (4). (see Figure 1).

Proof. Since Ny and Ny do not vanish in €, their winding numbers along the boundary
0 should be zero. Therefore, the argument Arg(Ny) is a periodic function within a
single branch of Arg function. On the other hand, Arg(T) of a tangent vector along
the boundary takes all angles in a one branch. Thus, there exists at least one boundary
point, z; € 9, such that Arg(IN;(x1)) = Arg(7T(z1)) from the smoothness in the vector
fields and in the boundary. Similarly, there exists zo € 9 such that Arg(Ni(z3)) =
Arg (—T'(x2)). Since Arg (Np) # Arg(—Njy), these two points are different to each other.
We may apply the same argument to N9 and obtain two more points x3 and x4. Since
N; x Ny # 0 one Q, these four points are all distinct. The fourth admissibility condition
in Definition 3.1 implies that there are only four such boundary points at which tangent
vectors and null vectors are parallel to each other respectively. Therefore, T = {x1,z2}
and 'Y = {z3, 24}, and I’ZF are connected subsets of the boundary 9 bounded by I')’s. [

The boundary I, and the vector fields Ny, in the boundary condition (1.3) are now de-
fined. Next, we further define the coordinate system whose coordinate lines are everywhere
parallel to characteristic vector fields in € by constructing two real-valued functions v,
and 5. In this way the two characteristic vector fields of our anisotropic problem become
two coordinate basis vector fields with respect to the new coordinate system, which was
exactly the same situation we had in the orthotropic case [16]. Therefore, we may apply
the technique developed previously for the orthotropic conductivity to the anisotropic one.

Proposition 3.9. Let Q@ C R? be a simply connected bounded domain with a smooth
boundary, Fr, k = 1,2,3, be admissible vector fields, and N1 and Ng be the two char-
acteristic vector fields. Then, there exist C' functions v, : Q — R, k = 1,2, such that
Vg #0, Vi | Nib, and ® = (v1,12) is one-to-one from Q to its image.
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Proof. We construct v, k = 1,2, as the potential function of an isotropic problem when
the given vector field is Ni, respectively. Observe that N7~ and I'] satisfy the admissibility
condition for an isotropic conductivity case [13, Definition 2.1]. Therefore, the existence
theorem, [13, Theorem 1], shows that there exists an isotropic conductivity p such that

Vx(pNi)=0 in Q, p=py on 090,

where pg is a smooth positive boundary value we may give. Then, we may take v as the
corresponding potential, i.e., —leL = Vv;. Then Viy does not vanish and is parallel to
NlL, i.e. the level curves of vy are parallel to N;. Similarly, we may define v5 using N2L
and I'; .

The Jacobian of the mapping ® = (v1, v2) does not vanish since N1 x Ng # 0. Therefore,
by Lemma 3.4, it is enough to show that the map v is an injection on the boundary.
Since the resistivity p is positive, vy is strictly monotone when the point moves along
the boundaries Fli and changes its direction at the points in I'{. Similarly, vy is strictly
monotone on F;E and changes its direction at the points in I'Y. is strictly monotone. In
other words, the boundary 02 is divided into four part on which the monotonicity of
(v1,12) are all different. Therefore v is one-to-one on 0. O

We can now express the characteristic vector fields in terms of the potential functions,
i..e,

(37) N1 = (6yu1, —8$I/1), N2 = (8yV2, —6961/2).

Using the relation r» = —Dg 77¢ in Remark 3.2, we may write down the boundary conditions
in (1.3) in terms of derivatives of ¢ with respect to v; and vs:

0
(N1, —Njr) = —(8yu1, —Bxul) r <—6y:1/11>

_ Ny e o —§ O
= —(Op1, —Ogr2) <_§yy 3 ) " <_7;/$ §$y> <_8W£V11>
B 82¢ 858 4] Oyt

= (Bnyl, —35V1) <an%§¢ (9%?25 > <—8n§1/1> dy

0%2¢  0:0,0 0y &
= (0,,£,0, ¢ 5")(”2>dd
( 25 277) <an8£¢ 3%¢ aVQ,r} 142
= (02,0 — 0e0,,& — Ond0z,n) drdy

=: (02,0 — b*10,, ¢ — b*20,,0) d1ds,
where dy = F1 x Fg, and dy = (0¢v10,v2 — 0,110¢12), and

0 = (95,€) (9em1) + (95,m) (Ogmn).
b = (9,€) (9ev2) + (9,,m) (Oyv2)-

In the third equality, we used r = —Dg nqb, and in the fourth equality, we used the inverse
function theorem,
-1
8V1§ 3y2§ _ 8§V1 877V1
O, Ouym O¢vy Oy ’

(Na, =Nor) = (O, ¢ — "1 0, ¢ — b'%0,,0) dids,

Similarly,
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bt = (97,6) (1) + (97,m) (9y1),
b = (97,€) (9ev2) + (97,m) (Oyv2).-
Let f := d1d2 , fo = d1d2 = 0y, ¢, and vy := 0,,¢. Then,

11 12, _ gl -
Opv1 —b vy —bPve = f* on I7.

(3.8) 8V21)2 — b211)1 — b22?}2 = f2 on F;,

Remark 3.10. b are functions of Fy,, VF.

3.4. Main theorem. Finally, we are going to prove the existence and the uniqueness of
an anisotropic conductivity that satisfies (1.2)—(1.3) in the next theorem. The basic idea
is to apply the technique used for the orthotropic conductivity case. The new coordinate
system based on the characteristic lines allows us to do that. Notice that a fixed point
type argument gives the uniqueness and the existence together.

Theorem 3.11 (Existence and Uniqueness). Let Q C R? be a simply connected bounded
domain with a smooth boundary, Fi, k = 1,2,3, be admissible vector fields, N1 and Ng
be the two characteristic vector fields given in Proposition 3.7, and I'l and I'y be the

boundaries given (3.6). Then, there exists a unique anisotropic conductivity r € C(Q)
that satisfies (1.2)—(1.3).

Proof. Let ® = (v1,v5) be the C! diffeomorphism and W := ®(Q2). Eq. (3.2) is rewritten
after changing variables as

(3'9) ¢u11/2 - Cgbm - dgbug =0,

where the second order terms ¢,,,, and ¢,,,, are cancelled out since the level curves of
1 and v, are characteristic lines. The coefficients ¢ and d depend on derivatives of the
stream function 13 of the given current density F3. Let v = 0,,¢ and vy = 0,,¢. Then,

(3.10) Oy U1 = Oy, V2 = cvy + dug.

The boundary conditions for the system are (3.8).

The global integrability of the equations is obtained Picard type iteration. Let () :
[—L, L] — 09 be a parametrization of the boundary such that I'; = {y(t) | A <t < C}
and 'y = {v(t) | B <t < D} with A = —L (see Figure 2). For a given (v1,12) € W, there
exist boundary points (1/1, 1/2) € I'l and (1/1, 1/2) € I'; . Proposition 3.8 and the relation
(3.7) give the uniqueness of such points and we set (1/1, 1/12’) = 7(t1) and (1/{’, 1/2) = 7(t2).
(Here, we are abusing notation by using v as a parametrization of the boundaries 992 and
OW at the same time, which is possible since ® is one-to-one.)

Let B < ty < C so that v(t9) € I'7 NT'5. Then, v; and vy satisfy following integral
equations,

t1
(3.11) 1(V1, VQ) =1 (’y(to)) +/ /( ) (fl bllvl + 6121)1, cv1 + dvz)‘(v(t)) dt
—i—/ cvr + dvy)|(v1,7) dr,
v3
to
(3.12) va(vy,19) = 1)2 to /t fy cv1 + dv2,f2 b2l + 622?)1)\(7(15)) dt
2

+/ cv1 + dvg)| (T, v2) dr.
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7(to) ~(C) o

4!

FIGURE 2. Transformed domain W = ®(Q). There are unique points
v(t1) € T'] and 7(t2) € I'; for each (v1,12) € ®(2) which share the same
first or second coordinate, respectively. Four tangential boundary points
OW to horizontal and vertical lines of the domain are T'{ = {y(B),v(D)}
and T'9 = {v(A),v(C)}, respectively.

The right hand sides of the above equations dgﬁne an integral operator K on (v1,vs) and
its fixed point is a solution. Since ¢,d and bY are uniformly bounded and |y/| = 1, this
integral operator becomes a contraction in a small region nearby the boundary point y(t¢).
For example, if it is satisfied that
o 1
max ([t1 — to, [tz — tol, |1 — 171, |v2 — 1)) [nax, (Iefs 141, 1971, 1£°1) < =,

)

then it is a contraction in the region. Now let Wy C W be the maximal domain that the
operator K has a fixed point (vy,vs). If Wy # W, then one may easily derive a contra-
diction by finding a larger domain with a fixed point since the coefficients are uniformly
bounded (see the proof of [16, Theorem 2.5]).
Differentiating 0,,v1 in (3.10) with respect to vy gives
Ov,y (Bylvl) = c(@,,lvl) + d(@ulvg) + (8ylc) vy + (8V1d)v2
= c((?l,lvl) + d(cv1 + dvy) + (aylc)vl + (8,,1d)1)2
= c(@ulvl) + k1,
where ki := d(cv1 + dvg) + (8,,1 c) v + (8,,1 d) v9 is continuous. Similarly, differentiating
Oy, v2 in (3.10) with respect to vy gives
Oy, (6y2’02) = c(@,,2v1) + d(@VQUg) + (3V20) vy + (8V2d)v2
= c(cm + dvy) + d((?,,Qvg) + (6,,20)2)1 + (8,,2d)1)2
d(8V2v2) + ko,

where ko 1= c(cm + dvg) + ((9,,20)1)1 + (6,,2d) v9 18 continuous. Therefore v; and vy are
CY(W). Remember that u; = O¢¢ and us = 0y, and ® and ¥ were diffeomorphisms.

Hence, vy and vy are C1(Q) and so are u; and ug. From the formula (2.1), there exists a
unique symmetric matrix field » € C'(Q). O

Remark 3.12. For r € C(R), it is necessary that Fy € C*(Q) for k=1,2,3.
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Remark 3.13. For smooth data, one can repeatedly differentiate the equation (3.10) to
obtain, vy, ve, and r are all C*°.

4. CONCLUSIONS

The human body is composed with muscle fibers and anisotropic conductivity model is
required when conductivity distribution is studied as a part of medical imaging technology.
This note is the last one in a series of papers on two dimensional anisotropic conductivity
reconstruction. In this section we compare the method suggested in the series papers to
other methods. Conjectures for three dimensional anisotropic conductivity reconstruction
are given.

The electrical impedance tomography (EIT for brevity) is one of the most actively
studied inverse problems (see [3, 4, 29]). The conductivity & = r~! is the inverse tensor
of the resistivity one and the electrical potential u satisfies

V:-(eVu)=0 in Q,

(4.1) —oVu-n=g on 052,

where n is the outward unit normal vector to the boundary 02 and the normal component
g of the boundary current density satisfies |, 90 9ds = 0. Tt is well known that the mapping
that connects the Neumann boundary value g to the Dirichlet boundary potential u|sn
decides the isotropic conductivity uniquely (see [24, 28]). However, the uniqueness holds
only in equivalence classes by diffeomorphisms if anisotropic conductivity is allowed (see
[9]). This observation shows the limitation of boundary measurement methods in the
construction of anisotropic conductivity distribution.

It is clear that using internal data is unavoidable to obtain anisotropic conductivity
tensor and such a method is actually considered on isotropic cases first (see [1, 25, 26]).
More recently, MRI technology enabled us to find the current density inside the body
by measuring internal magnetic field and several reconstruction algorithms using internal
current density have been developed to obtain isotropic conductivity. The uniqueness
of the reconstructed isotropic conductivity has been shown in various cases (see [11, 12,
14, 22, 23, 27]). The study of anisotropic conductivity has been recently started and, in
particular, Bal and his collaborators showed uniqueness of their anisotropic conductivities
reconstruction method [5, 6, 7, 19, 20, 21]. Basically, they constructed an overdetermined
system which allows the uniqueness, but not the existence. Most of the conductivity
reconstruction algorithms that use the internal current density still based on the zero
divergence equation (4.1). However, the data is the current density F and hence the given
data is connected to the system by Ohm’s law

(4.2) F = —oVu.

Many of the conductivity reconstruction methods using internal current density are de-
veloped based on (4.1) with (4.2).

The biggest difference of the method we developed is that our method is based on
Faraday’s law

(4.3) V x (rF) =0,

which gives a direct connection between the resistivity r and the current density F. One
may consider this choice of the equation as a simplification process of the system (4.1)—
(4.2) that cancels out the unknown variable u. It is this simplification that allows us to
construct a correctly determined system and obtain the existence, the uniqueness and the
stability together.
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The curl free equation also allows us to construct numerical algorithms based on loop
integrals. In fact, we have developed a numerical scheme using such loop integrals in
a mimetic way which turns out virtual resistive network (VRN for brevity) method for
resistivity reconstruction. There are many ways to construct numerical schemes using
VRN (see [15, 16, 17]). In particular, a few explicit methods with local computations
are developed in this series of papers. However, these inexpensive local computation
methods work only for isotropic and orthotropic cases and a different approach is needed
for anisotropic case.

This series of papers on Faraday’s law based two dimensional conductivity reconstruc-
tion consists of three parts. First, the isotropic conductivity reconstruction has been
studied theoretically in [13] and numerically in [15]. The uniqueness, existence and sta-
bility were obtained using single set of internal current density and a part of boundary
resistivity. The resistivity reconstruction for orthotropic conductivity has been studied
theoretically and numerically in [16]. The well-posedness of the problem has been ob-
tained using two sets of internal current densities. Finally, the anisotropic conductivity
has been reconstructed in this paper employing the technique used for the orthotropic
case. The newly added part is a construction of new coordinate system that makes the
anisotropic structure into an orthotropic one in terms of the new coordinate system. To
do that three sets of internal current densities are used. However, the numerical algo-
rithm based on local computations does not work for the anisotropic case and a different
approach seems to be needed.

Extending the two dimensional theories to three dimensions is a big challenge. The
main reason is that the elliptic theories we have taken hold for two space dimensions.
Numerical computation in three dimensions is also a challenge. However, we have a few
conjectures on three dimensional theories. One might already observe that the number of
unknown components of the resistivity tensor and the number of current densities needed
are same in two space dimensions. However, we guess that three sets of internal current
densities will give the existence and the uniqueness of an anisotropic resistivity tensor
which has six components to be decided in three dimension. Similarly, single and two sets
of internal current densities will respectively give the uniqueness and the existence for the
isotropic and orthotropic resistivity tensor. It could be so even for higher dimensions.

APPENDIX A. RELATIONS IN STATIC ELECTROMAGNETISM

We first review basic relations related to static electromagnetism in R?. Let Q C R? be
a bounded domain with a smooth boundary and F be a smooth electrical current density
field given in Q. If V- F = 0 throughout the domain, we may find a stream function 1)
such that

F=V5):= (0,0, —0,0).

This stream function is unique up to a constant addition. Correspondingly, let E be a
smooth electric field in Q. If Faraday’s law, V x E = 0, is satisfied in (), there exists a
potential function u such that

E=-Vu.
Ohm’s law gives a relation between these two vector fields by

(A1) F=Eo or Fr=E,

where the conductivity tensor o and the resistivity tensor r satisfy ro = I, the identity
matrix.
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The divergence free equation V - F = gives an elliptic equation for the potential,
(A.2) V- ((Vu)o)=0, inQ,
(A.3) —n- (Vu)o =g, on 09,
where the above Nuemann boundary condition satisfies fag gdxz = 0. Notice that this
second order elliptic equation for the potential function exploits both V- F = 0 and
V x E = 0, which are connected by Ohm’s law.

One may obtain a similar equation for the stream function v using the dual structure,
which is written as

(A.4) V x ((VE)r) = 0.

One may rewrite this dual equation in a divergence free equation using a similarity trans-
formation, which is

(A.5) V- ((Vy)S) =0, inQ,
(A.6) Y =G, on df,

where, for a counter-clock wise smooth curve ~ : [0, L] — 02 with unit speed,

(A7) G(y(t)) = /Otg(y(T))dT and S = <§’ ‘01>r<_01 é)

Remark A.1 (Derivation of the dual equation). Ohm’s law is written as
0 -1
(A8) C(Oeu ) = (00 0T = (0w D) <1 ) ) .

Multiply (_01 (1)> to both sides from the right and obtain

O —0pu) = (D0 Oy0) (? _01>r<_01 é):(w)s.

By taking divergence on both sides, we obtain (A.5). The Nuemann boundary condition

(A.3) becomes
g=-—n-(Vu)o = (n',n%) - (9,1, =0,1) = (—=n”,n") - (But), Oy0)) = T - Vh,

where T := (—n? n') is the unit tangent vector along the boundary OS) in the counter-
clockwise direction. Let ~y : [0, L] — 0 be a curve rotating the boundary counter-clockwise
with unit speed. Then, “4)(y(r)) = T - V4 and the Dirichlet boundary condition (A.6)
comes from a simple computation of

v®) = [ o0 = [ gt = Gow)

One of the main technique in this paper is the use of stream functions as independent
variables. We next discuss identities related to this new coordinate system. Let &, n be a
new variables. Then, the two sides of (A.8) are written as

D6 0
—(Oeu Oyu) = — (Beu Oyu) (amf] 835)’

0 —1 _ 0z€  0y§ 0 -1
(00 B,0) (1 0)7‘ = (80 Op) <8:1:77 8;7) (1 0)7"
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Therefore, Ohm’s law (A.8) is written as

-1

0zn  Oyn Ozn Oyn
Let
(0 1\ (0.8 9,6\ (0 =1\ (8. 9,8\ "
(A.9) " (—1 0) (83577 8yn> (1 0 >T (39677 Oyn ‘
Then 7 is also a symmetric positive definite matrix and
(A.lO) (({%Ib —(%Ib) r=— (8511, Bnu) .

(Note that any one of o, r, S, 7, and S decides all the others.)
Lemma A.2 (Alessandrini [2]). Let Q C R? be a bounded simply connected domain

with a smooth boundary, g € C(0R), a;; € CY(Q), and a; € C(Q) for i,j = 1,2. Let
u € W2.(Q)NC(Q) satisfy

2 2
Z aijaﬂﬁiaﬂﬁju + Zaiaxiu =0, n,
3,j=1 i=1

u=g, on O

If glaq has N mazima (and hence it has N minima), then the interior critical points of u
are of a finite number and

K
> mi<N-1,
i=1
where my,- -+ ,my are the multiplicities of the corresponding mazxima.

Remark A.3. We will use this lemma to claim that there is no interior critical point if
the boundary value g has only one local maximum point on the boundary.
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