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Abstract

This paper develops a fast, simple algorithm for locating one or more perfectly insu-
lating, pair-wise disjoint, linear cracks in a homogeneous two-dimensional electrical
conductor, using flux-potential boundary measurements. We also explore the issue
of what types boundary inputs yield the most stable images.
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1 Introduction

Impedance imaging has received a great deal of attention from the mathe-
matical community in recent years, and in particular the development of fast,
stable algorithms for specific subclasses of the general problem are of contin-
uing interest. One such subclass of problems consists of imaging cracks in an
otherwise homogeneous electrical conductor.
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The problem was first considered in [9], in which the authors prove a unique-
ness result for the problem. Specifically, they show that any perfectly insulat-
ing or conductive crack in a two-dimensional region with real-analytic back-
ground conductivity can be uniquely determined using measured boundary po-
tentials (Dirichlet data) corresponding to two input current fluxes (Neumann
data) of a certain form. They also show that in general, one input current
flux may not suffice. The papers [1] and [10] show, independently, that two
appropriate input-flux/boundary-potential pairs suffice to identify any finite
collection of cracks. In [14] the authors propose a computational algorithm for
recovering line-segment crack from boundary data, and consider the issue of
which types of input current fluxes yield the most stable estimates. In [11] the
algorithm is demonstrated to be effective on experimentally collected data.
The algorithm was extended to the multiple crack case in [7]. See [§8] for a
more thorough review of the many theoretical and numerical results on the
problem of crack identification.

Our purpose in this paper is to develop another approach to imaging cracks,
one that is especially suitable for imaging multiple cracks in a bounded do-
main. The method is fast, accurate, and conceptually quite simple. It also has
the advantage that, unlike most prior approaches, one need not guess at the
number of cracks present, but rather the method gives quantitative informa-
tion about the number of cracks contained in the region (the issue of estimat-
ing the number of cracks present has also been consider in [3]). Our method
has many similarities to those developed to image small inhomogeneities in
a domain with known reference conductivity; see, for example, [2]. We also
address the issue of which types of input fluxes provide optimal sensitivity
and resolution for imaging cracks.

Section 2 below contains a careful statement of the forward problem. In Section
3 we state a technical result, Lemma 1, upon which our inversion procedure
is based. In Section 4 we explain the inversion algorithm, provide many com-
putational examples, and discuss what types of input flux provide maximum
resolution and stability. The proof of Lemma 1 is contained in Section 5.

2 The Forward Problem

Let ©Q be a bounded region in R? with suitably smooth boundary 9. We
suppose that ) contains a collection 3 = Uj_,0; of cracks o;. Each crack is
assumed to be a line segment, with the cracks pairwise disjoint and a non-zero
distance from 0f). Let u(x,y) denote the electric potential induced in 2\ X
by an input current flux ¢g applied to 0€2, where [y, gds = 0. After suitable
rescaling we assume that u satisfies



Au=0 in Q\X (1)

gzzg on 0f) (2)
gz:O on X (3)

where n is an outward unit normal vector field on 0f2 or a consistently oriented
unit normal on each crack o;, as appropriate. Equation (3) models the cracks
as perfectly insulating. The boundary value problem (1)-(3) possesses a unique
solution in H'(2\ ¥) for a wide class of input fluxes, e.g., g € H~'/2(09),
provided we add the normalization [;,uds = 0.

The solution w is smooth away from the crack tips, but in general has a jump
discontinuity across each crack. Let us denote one side of each crack as the
“+” side, into which n points, and the other as the “—” side. Let u* denote
the limiting value of u from the plus side of a crack, u~ the limiting value from
the minus side, and define [u] = u™ — u~. Standard elliptic regularity theory
shows that [u] is continuous (indeed, smooth) along any given crack and tapers
to zero at the crack endpoints, typically with square root singularities at the
crack tips.

The inverse problem of interest is to identify ¥ from one or more pairs of
Cauchy data (g,u|gn). A number of identification and stability results have
been obtained for this problem. In particular we note that two input current
fluxes (of a specific form) and induced potentials serve to uniquely determine
¥, even when the cracks are not line segments; see [1] or [10].

In what follows we use z7, j = 1 to n, to denote the center of each crack and 6;
for the angle of the jth crack with respect to the horizontal axis. Our results
for the inverse problem are based on an asymptotic expansion involving the
lengths of the cracks, and so we assume that the jth crack has length eL; for
some constant L;, where € > 0 is used as the common length scale for the
cracks.

3 Asymptotic Representation of the Forward Solution

Let v(z) (where z = (21, 75) € R?) denote a harmonic function on 2 with suit-
ably smooth boundary data. A straightforward application of the divergence
theorem shows that



The functional RG(v) is sometimes called the “reciprocity gap” functional
(see [5]), and has been used extensively for reconstructing information about a
single crack in €, through judicious choice of test functions v. Note that RG(v)
is computable from a Cauchy data pair. If no cracks are present, RG(v) = 0
for any harmonic test function v.

If we have n cracks o; with centers 27 contained in {2, normals n;, and lengths
eL;, j =1 ton, then (since v is smooth in Q) the Mean Value Theorem yields

ov v, .
an?) = g (4) + Eilz = 25) (5)

on each crack oj, where Ej(z — zj) < Cla — 27| for some constant C. The
constant C' can be taken to be independent of the cracks provided all cracks
lie in some compact subset of Q (which is the case for € sufficiently small).
From equations (4) and (5) we find that

RG() =Y () + 3 [ Bjle = 2)[ul(@) ds. (6)

where J; = [, [u] ds.
In the Section 5 we prove the following Lemma.

Lemma 1 Let u denote the solution to the boundary value problem (1)-(3)
for line segment cracks o;, j =1 to j = n, with centers z;, normal vectors n;
and lengths €L;. Let J; = [, [u]ds. Then

J; - T 50U

e e ) 3
=€ an(Z])LJ+O(€)

for all € in some neighborhood of zero, where ug denotes a harmonic function
on 2 with Neumann data g and O(e3) denotes a quantity with |O(e3)| < Cé?,
where C' is independent of the L;.

Now note that (since Ej; is continuous)

[ Bite = 2)lul(w)ds| = [By(a” — )| [ (@) ds| < CeL; 7

J

for some z* € ¢, and so from Lemma 1 we have
B
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which with equation (6) yields an asymptotic relation in e for RG(v) in terms
of the crack parameters:

Theorem 2 Let u denote the solution to the boundary value problem (1)-(3)
for line segment cracks o;, j =1 to j = n, with centers z7, normal vectors n;
and lengths €L;. Let J; = [, [u]ds. Then

RG(v) = znj Jjaéz’j(z;) +0(€)

Jj=1

where O(e®) denotes a quantity with |O(e®)] < Ce®, where C' is independent of
the L]

Note that by Lemma 1 the leading terms in RG(v) which involve J; will
be O(€?). The core of our reconstruction procedure consists in deducing 27,
n;, and J; from knowledge of RG(v) (after dropping the O(e®) terms) for
a certain class of test functions v. The value of z; gives us the center of
oj, while knowledge of n; specifies the angle. Finally, we can use Lemma 1
to approximate the length of each crack from J;, provided the cracks are
sufficiently short.

4 Reconstruction of Cracks

In this section we will examine the use of Theorem 2 and Lemma 1 for the
estimation of one or more cracks from one or more pairs of Cauchy data on 052,
as well as the types of input fluxes that will yield the most stable estimates.
We begin by showing how to recover a single crack, then examine optimal
input fluxes for stable imaging, and finally the recovery of multiple cracks.
We also provide a quantitative method for estimating the number of cracks
actually present.

For solving the forward problem (to generate test data for use in our inversions)
we convert the PDE (1)-(3) into a system of integral equations supported on
0f) and >, which is then solved using Nystrém’s method. The solutions are
accurate to at least 4 significant figures, based on comparison to closed form
solutions.

Let us consider complex-valued test functions of the form v(x) = en@1+iz2)
where 1 € C; the function v is harmonic for any choice of 7). Inserting this test
function into RG(v) and dropping the O(e?) terms in Theorem 2 yields

RG(v) =" Jme (n] + ind)
=1



=in) J;e et (7)

=1
where n =< n},n} > on the jth crack, and n} + in} = e'+7/2) = it

We will consider RG(v) as a function of 7, and in fact define a function ¢(n) =
—iRG(n)/n so that we have

o) = ZA (®)

where A; = J;e". Note that we can compute ¢(n) for any complex number
n; our goal is to use @(n) to recover the z; and A; (hence J; and 6;). From
this we can use Lemma 1 to estimate the length of each crack.

It is important to note that we can easily compute the derivatives of ¢(n) with
respect to n to any order, as

dk
(k) —

RC:‘? (n) )

which does NOT involve differentiating the boundary data, but merely the
test functions involved in computing RG(7n).

4.1 Single Crack Reconstruction

Consider a single crack with center z*, angle 6, length L, for which equation
(8) becomes

¢(n) = Ae™". (9)

For any given 79 we can recover z* from ¢'(n9)/¢(ny) = z*; we can then find
Aas A= ¢(ng)e ™% from which we find § = arg(A) and (via Lemma 1)

JIAI (10)

7| Vug(2*) - n|

(note that n is known once we know 6). The entire computation requires the
evaluation of just two integrals over 0f).



4.1.1  Ezxample 1: Single Crack Reconstruction; Choice of ng

For this example we take € to be the unit disk in R? and the flux on 00
to be g(t) = sin(t), with 02 parameterized as (cos(t),sin(t)), 0 < ¢t < 2.
The function w is computed at 50 equi-spaced points on the boundary of the
disk. The corresponding harmonic function is ug(x) = xo. We consider a single
crack o with center (0.432,0.472), of length 0.3 at an angle of 0.5 radians with
respect to horizontal. In the reconstruction procedure outlined above we have
a choice for the value of 7n9. The table below shows the reconstructed crack
parameters for several choices of 7, all of which are quite accurate:

Mo z* L 0

0.5 ](0.433,0.474)[0.286/0.499

1.0 ](0.435,0.477)|0.286|0.498
1.0+ |(0.438,0.478)|0.287|0.497
—1.0 —4{(0.438,0.461)|0.288|0.501

However, it is worth noting that the choice of 7y, does in fact have some
bearing on the stability of the computation, especially in the presence of noise.
In general one expects that the boundary measurements of v on 02 nearest
the crack contain the “most” information, and so it should be expected that
a choice of ng which weights this portion of the Dirichlet data for w more
heavily in equation (7) will result in a more stable estimate. As an example,
consider a crack with center z*. Let us choose 7y of some specified magnitude
B so that the test function v(z;, ;) = €"@1%%2) in equation (7) attains its
maximum magnitude on 9€) at that point on 02 closest to z*. If €0 is the unit
disk then a simple computation shows that the optimal choice is ng = %z_*
(while 79 = — ‘ £|2* is the worst). This is illustrated by the data in the table
below, which uses the same crack as above but in which normally distributed
random noise has been to the potential data, with standard deviation equal
to 10 percent of the maximum value of u — ug (the relevant “signal strength”)
on the boundary of the disk—a relatively large amount of noise for impedance
imaging. In this case, since z* = 0.432 4 0.472i, we expect (from the 6 choices
for ny below) that 7y = 1 — ¢ will give the best results (since 1 — i is most




closely a multiple of z*), while 79 = —1 + ¢ the worst, as is in fact the case:

Mo z* L 0

0.5 ](0.446,0.453)]0.290(0.503

1.0 1(0.442,0.430)|0.290{0.520
1.0+ [(0.504,0.390)(0.278]0.525
—1.0 —4{(0.408, 0.495)|0.287|0.496
1.0 — 4 [(0.413,0.438)[0.294/0.499
—1.0+4((0.379,0.512)|0.284|0.553

Of course in reality we don’t know z* a priori, but as soon as we have an
estimate of z* based on a suboptimal choice for 7y, we can use the estimate
to choose a new 7, and compute a refined estimate of the crack parameters.

4.2 Optimal Input Flux

Equations (10) and (9) make it clear that the magnitude of the jump integral
J = [ [u] ds, and in particular the quantity Vug(z*)-n determines one’s ability
to detect and image cracks—for a single crack, the magnitude of Vug(z*) - n
should be as large as possible, for given constraints on the input current g. In
this subsection we make a brief examination of what types of input currents
are optimal for finding a single crack (the results are also applicable to multiple
cracks), especially in light of Lemma 1. Indeed, it is clear from Lemma 1 that
we should choose a flux g which makes Vug(2*) parallel to n on a single crack
0. Of course, if the crack ¢ is unknown this is impossible—we envision rather
an iterative scheme, in which partial knowledge of ¢ is used to design a flux
g which gives more stable images (similar to the scheme used in [7]). We
illustrate such a procedure in examples below.

To avoid confusion in what follows we will use the notation n? to denote the
normal on the crack and simply n to refer to a unit outward normal on 0f).

Of central concern is the class of functions in which the flux ¢ is allowed to
lie. We consider two cases: g € L*(9€2) and the case in which g consists of the
sum of an L'(99) function and a finite number of delta functions. The latter
choice allows a wider range of physically reasonable fluxes.

Let N(z,y) denote the Neumann kernel for the boundary value problem
Aug =0 on Q with % = g on 0f, so that N(z,y) satisfies



AyN(z,y) =0, y €
ON 1
—_— = — o0

/N(:c,y)dsy:O

for each x € 1, where A, is the Laplacian in the y variable. (Note that
N(z,y) =T(z,y) + No(z,y), where I'(z,y) = 5= In |z — y| and Ny is smooth).
For x € Q) the harmonic function ug on 2 Wlth Neumann data 8“0 = g can be
expressed

/N:z:y y) ds,.

We may differentiate under the integral to deduce that

8u0 ¥\ ON
on° (Z ) - a 0 ( )g(y) dSy
where ¥ = V,N-n°. We seek to maximize (or minimize) Bug (%)

as a functlonal of g, subject to constraints which depend upon the functlon
space in which g lies.

For the case g € L*(09) it is natural to impose [, g°ds < M for some
constant M, which we take to be 1. To find the optimal flux g we thus obtain
a straightforward and well-posed problem in the calculus of variations,

ON
max —
geL2(9) ong
a0

(2", 9)9(y)ds, (11)

subject to constraints

/g )ds, = 0 (12)
/g )ds, = 1. (13)

A standard argument shows that the optimal g € L*(99) is of the form

9(y) = 1<aN

5 (a9 + 0 (1)



where A; = — [50 2% (2%, y) ds, = 0 and

- Q (2% ) dsy)

(either the plus or minus sign can be taken). The function ¢ specified by

equation (14) has a simple physical interpretation, namely, g = £5%- on 99
where v satisfies the boundary value problem

1/2

Av=45% in
ov

a—n:() on 0f)

/ v(y) ds, =0
o)

where 0% denotes a dipole source at z* with orientation in the direction n°.

Now let us consider the case in which the input flux ¢ may consist of the sum
of an L'(9Q) function and a finite number of delta functions (point masses)
on 0€2; we use GG to denote the set of all such input fluxes. Such a g is of the
form

P
9(y) = 90(y) +>_ ¢;0,(v)
=1
where gy € L'(09). The analogue of (11)-(13) is

ON
max —
e ong
o)

(2", 9)g(y)ds, (15)

subject to constraints

[ aolods, + 3, =0 (10
o0 J=1
[ lonwlds, +3 el =1 (17)
Gle} j=1

where this last constraint is the natural way to limit the total input current.

For notational simplicity, set ¥ (y) = — gjli (2*,y)). Let M = maxyeapn (y) and
suppose that this maximum occurs at y = yy; similarly, let m = minyepn 1(y)

with the minimum at y = y,,,; whether y,, or y,; is unique is irrelevant.

10
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Claim: The optimal g is given by g = %(5

To see this, let gg (y) = max(go(y),0), go (y) = min(go(y),0), with r; =
Joa g0 ds, r2 = — [5q 90 ds. Also set ¢ = max(c;,0), ¢; = min(c;,0) with
T3 =20 c;“ and r4y = >7_, ¢; . Note that condition (16) forces r1 —ry + 173 —
ry = 0 and (17) forces my + ro + 73 + r4 = 1, from which we conclude that

1+ 713 =ry+ry=1/2. It is also immediate that

[ ¥ @)gt ) ds, <1 = i),
o0

/w(y)ga (y) ds, < —rom = 190 (Yyn),
oN
> ¢ lys) SrsM = ratb(yar)
> ¢ w(ys) Sram = 14 (ym)-

Adding the above inequalities and using 1 + r3 = 5 + 14 = 1/2 yields

1

[ o) ds, < So(m) ~ 56um)
o0

which proves the claim.

As a simple illustration, let ¢ be a crack in the unit disk with center at
(0.1,0.6), length 0.3, at angle 7/4. Let the boundary of the disk be param-
eterized as (cos(t),sin(t)), 0 < t < 2m. We consider three different fluxes,
all scaled so that [y, |g(t)|dt = 1. Using the input flux g¢(¢) = sin(¢)/4 in-
duces a jump J = 0.01288 over 0. The optimal L?*(09) input flux induces a
jump J = 0.02655, and the optimal delta function flux g(t) = %%M - %5ym
(with ypr =~ (cos(0.8),sin(0.8)), ym ~ (cos(1.46),sin(1.46))) induces a jump
J =0.032.

4.8  Generalization to Multiple Cracks

An algorithm for locating n line segment cracks was given in [4] by Bryan
and Vogelius, using a Newton-like method. However, the algorithm relied on
solving many boundary value problems at each iteration. Moreover, the al-
gorithm needed multiple input fluxes (one for each tentative crack) and also
required one to make an a priori guess at the number of cracks present, with
a somewhat ad hoc procedure for adaptively estimating the number of cracks

11



(some work has been done on more quantitative procedures for estimating the
number of cracks present; see [3]).

We consider an algorithm for multiple crack reconstructions based on equation
(8), which can use only a single input flux, although multiple input fluxes
are easily accommodated. We also show how one can quantitatively, to good
approximation, determine precisely how many cracks are present inside §2. No
forward solves of the boundary value problem are required.

As previously noted, for a given input flux ¢ and measured Dirichlet data
we can evaluate ¢(n) and the derivatives ¢*)(n) of any order with relative
stability. We will exploit this fact to estimate the (finite) number of terms
present in the sum on the right in equation (8), and then to identity the crack
centers z; and the coefficients A;. We then use equation (10) to determine the
length of each crack, as well as the crack angles.

The identification of a sum of exponentials like that in equation (8) often
occurs in signal processing and filter design. A classical procedure for identi-
fying the 27 and A; is given by Prony’s Method, in which one evaluates ¢(1)
at integers k (or any points n = 2; + kzy for complex numbers z, z5). Many

variations and improved versions have been given; see, for example, [12].

We instead exploit our ability to stably compute the derivatives of ¢(n). Note
that the function ¢(n) defined by equation (8) satisfies the ordinary differential
equation

¢ () + 10 V() + -+ e1d' () + cop(n) =0 (18)

where the ¢; are defined by the characteristic polynomial for the ODE (18)

n n—1
p(z) = H(x—z;) :x”+chx]. (19)
j=1 J=0
We can identify the coefficients c¢; as follows: Choose points 7y, ...,ny with

N > n and evaluate ¢V (n;) for 0 < j < n, 1 < k < N. From equation (18)
we then obtain a (possibly over-determined) system of N linear equations in
n unknowns, the ¢; for 0 < j < n — 1. From this information we can recover
the ¢;, provided the 7 are chosen appropriately. We can then recover the z;
by finding the roots of p(x). Finally, we obtain the coefficients A; by solving
the (possibly over-determined) linear system

3" Aje™ = g(ny) (20)
)

12



Singular Values, 3 Cracks
1.2*;
0.8€
0.6%
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0.2 o
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Fig. 1. First 10 singular values of M, 3 cracks.

1 < k < N, where ¢ denotes the value of ¢ computed from the measured
boundary data. We then use equation (10) (with A = A;) to compute the
length of each crack, and take ; = arg(A;) to estimate the crack angle.

We can actually estimate the number of cracks present as follows. Let ny > n
be a bound on the number of cracks in €. If we take N > n; and use n = ny,
1 < k < N, the system of linear equations obtained from equation (18) can
be expressed Mc = b where ¢ = (co,c1, ..., ¢n,-1)7, b = —™) (1), and M
is the N by n; matrix

My g1 = 09 () (21)

with 0 < j <n;—1,1<k < N.Ifin fact only n < n; cracks are present then
it’s easy to see that M will have rank n (up to approximation error, assuming
noiseless data, of course).

4.8.1 Ezample 2: Multiple Crack Reconstruction from a Single Flux

As an illustration of how one can determine number of cracks present and
reconstruct them via the above procedure, consider the following example in
which € is the unit disk, the input flux is ¢g(t) = sin(¢) with 0 < ¢t < 27 as
above. We solve the boundary value problem (1)-(3) with 3 cracks: crack 1
has center (—0.4, —0.4), length 0.2, angle 0; crack 2 has center (—0.06,0.56),
length 0.3, angle 0.4; crack 3 has center (0.65, —0.03), length 0.3, angle -0.2
radians. We take upper bound n; = 9, then compute (}U)(n) for j < 9 and for
36 points of the form n = (j — 3.5) + (kK — 3.5)i, 1 < j, k < 6, and form the
matrix M.

The plot below shows the magnitude of the singular values of the matrix M
up to the 10th singular value. Note that only the first 3 singular values are
(significantly) non-zero. More generally, the number of cracks can be estimated

13



Fig. 2. True and estimated cracks.

by simply thresholding the singular values; in what follows we estimate the
number of cracks by counting the number of singular values which exceed some
fraction (in our case we use five percent) of the first (largest) singular value.

Based on the singular values of M we deduce that only 3 cracks are present.
We then solve the system Mc = b with n; = 3 (so that M has dimension
25 x 3) in a least-square sense. In this case we obtain ¢y &~ —0.1511 4 0.13864,
¢ ~ —0.0810 — 0.0822i, co ~ —0.1981 — 0.1159:. The polynomial p(z) =
23 + cox? + c12 + ¢y has roots 27 ~ —0.411 — 0.388¢, 25 ~ —0.063 + 0.535¢,
25 ~ 0.673 — 0.0317. All of these are quite close to the correct values.

We then solve the over-determined system (20) in a least-square sense to find
A ~ 0.0322 4 0.0018¢, Ay =~ 0.066 + 0.02497, and A; ~ 0.0663 — 0.0149:.
From equation (10) we then obtain 6; =~ 0.055, 6, =~ 0.36, 03 ~ —0.22, and
Ly =~ 0.203, Ly ~ 0.310, L3 ~ 0.298. The lengths are very close to the correct
values and the angles, though not quite as close, are reasonably good. Below
is a picture of the original (solid line) and estimated (lighter dashed lines)
cracks, based on only a single input flux:

We should note that if one mis-estimates the number of cracks—in particular,
over-estimates—the algorithm still performs well. In the above example, if we
attempt to recover four or more cracks from the data we obtain essentially the
same estimate as above, but with very short additional cracks (almost invisible
in the figure, which we omit). Underestimating the number of cracks results
in a more objectionable “averaging” of the cracks. It thus seems appropriate
to error on the side of overestimating the number of cracks.

14



4.3.2  Ezample 3: Multiple Crack Reconstruction with Multiple Input Fluzxes;
Noisy Data

The algorithm outlined above is easily adapted to multiple input fluxes. Specif-
ically, let p different input fluxes g1, ..., g, be applied, and let ¢,,, 1 < m < p,
denote the functions defined by equations (7)-(8), using, of course, g, and
the corresponding Dirichlet data. Since the z; do not depend on the input
flux, we see that each of the ¢,, independently satisfy the differential equation
(18) (merely with different constants A;). Similar to the remarks preceding
equation (21) let ny be an upper bound on the number of cracks present,
and let M™ denote the N x ny matrix defined by M%,, = ¢%)(w) so that
M™c = b™, where b™ is the vector with components by, = —¢{)(n;). Let

M = [(MY)7|(MV*)F] - (M) ]

denote the matrix which governs the “stacked” system Mc = b with b =
[(BYHYT|(bA)T|- - (bP)T]T. If there are truly n cracks present then as before the
matrix M should (up to approximation and data error) have rank n. As before,
we can solve for the coefficients ¢y, ..., c,—1 and find the roots z; to equation
(19) to locate the crack centers.

After locating the crack centers we can then use any of the p systems defined
by equation (20) to recover the A; (which differ for each input flux), and
then use equation (10) to estimate the length of the jth crack, and arg(A;) to
estimate the crack angle. In estimating the length and angle of the jth crack,
we choose that input flux which yields the largest value of A; on the jth crack,
since as discussed in section 4.2, this should yield the most stable estimates.

As an example we again take 2 as the unit circle, two input fluxes, g;(t) =
sin(t) and go(t) = cos(t), and five cracks with parameters as listed below:

Crack Center 0 L
1 |(=0.4,-0.4)] 0.0 |0.2

2 [(~0.06,0.56)| 0.4 | 0.3
3 1(0.65,-0.03)|—0.2/ 0.3
4 [(—0.73,0.21)| 1.0 |0.25
5 [(0.57,-0.63)| 0.8 |0.2

We also reconstruct the cracks with noisy data: we add independent Gaussian
error of magnitude 0.001 (about 2 percent of the maximum value of u — uyg)
to each of the 50 boundary data points.

Below we again plot the first 10 singular values of M, computed from the noisy

15



Singular Values, 5 Cracks, Two Input Fluxes, 1.5 percent noise
lo
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Fig. 3. Singular Values of M, 5 cracks, noisy data.

Fig. 4. True and estimated cracks for noisy data, two input fluxes.

data: We again threshold at 5 percent of the maximum singular value, which
yields an estimate of five cracks. So far as estimating the number of cracks,
the procedure seems relatively robust against reasonable amounts of noise.

Below is a picture of the resulting estimated and true cracks based on the
noisy data and using the algorithm outlined above.

To illustrate the advantages of using the optimal input current fluxes, we now
use the tentative estimates of the crack locations above to compute the opti-
mal L? flux as per section 4.2 for each of the five cracks. We then use all five
of the input fluxes to recover the cracks as outlined above (introducing the
same level of noise into the measured Dirichlet data). Below is a picture of the
resulting estimated and true cracks based on the noisy data using all five op-
timal L? fluxes: This is a reasonable improvement over the previous estimates.
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Fig. 5. True and estimated cracks for noisy data, optimal fluxes.

5 Relating Crack Length and Jump Integral

The goal of this section is to prove Lemma 1. In what follows we use ug to
denote the harmonic function on the “uncracked” domain €2 with Neumann
data g and [yq ug ds = 0, while u denotes the solution to (1)-(3).

For the moment we assume that {2 contains a single linear crack o. After
translation and rotation we may suppose that €2 contains a neighborhood of
the origin and that the crack o lies inside of € on the interval (0,¢) on the
x-axis for some € > 0. Let the unit normal vector to o be given by n, = (0, 1).
We let T'(z) = 5-log(|z|) (where = (21,2)) denote the Green’s Function
for the Laplacian operator in R2.

5.1  Formulation as an Integral Equation

We shall first approximate the function u as a perturbation of ug, in the form
u A U= ug + v, where we take v(z) to be of the form

G—F(asl —t,x2)0(t) dt,

v(x) s

0

17



a double-layer potential based on o, with suitably chosen density function .
Standard potential- theoretic computations show that v is harmonic away from

o, [v] =¥ on o, and that 2~ is well-defined and continuous over ¢ with
Ov 1 [
lim — b) = —p.v. dt 22
bl—I}a 81‘2 (xl, ) 27Tp v 0 t— T ( )

provided 1 is C? on o.

t ov _ _ Owy

We determine the v by choosing ¥(s) so that 52 = —%% on o, which in light

of equation (22) leads to the integral equation

[0 gy gD, ) (23)

t— T 01’2

for 0 < < e. Our goal is to find a suitable function 1 that solves equation
(23), and so we will have 68“ = 0 on o. Note however that @ will not have the

correct Neumann data on 02, but as shown below, it will be “close enough.”

In what follows we will write 0. when we need to emphasize the crack’s de-
pendence on €. The function ug is smooth near o, and so we have

8u0 . 8u0 % (‘32u0 *
875172(1‘1,0)731‘2( O) axla$2<q(xl>70)(xl_z )
aUO

= 1‘2( * 0) —f-ER(ZL‘l)

where z* = €/2 is the midpoint of o, ¢(x;) denotes some number between

* 2 .
z* and z1, and R(z) = (%)%(q(ml)ﬂ). Note that R, as well as its
derivative, can be bounded in terms of ||g||r2(s0)-

The solution ¥ (t) to equation (23) that we require can be expressed as 1(t) =
—QWg—;‘g(z*, 0)¢(t) where ¢ satisfies

o)

dt =1+ er(x) (24)

with r(x) = R/(Oug(z*)/0xs), provided that z* is not a critical point for
up. The following theorem, although not the strongest possible, is more than
sufficient for our purposes.
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Lemma 3 Let f € C?0,1] and & > 0 a real constant. Then the integral
equation

— S

L
V./f()dtzl—i—(;f(s), 0<s<l, (25)
0

has a unique solution ¢ of the form
1
o(t) = —;\/t — 2+ 0 (t)

which is continuous on [0, 1], twice continuously-differentiable on (0, 1), with ¢’

integrable on (0,1) and ¢(0) = ¢(1) = 0. Also, ||[V1]|« is bounded by || f||cs(0,1)-

Note that for such a function the principle value integral will exist for each
s € (0,1) since ¢ is continuously differentiable.

To prove the Lemma we cast equation (25) into an alternate form. We proceed
as in section 9.5.2 of [13]: Integrate both sides of equation (25) in s from s = 0
to s = z to obtain

1

—/1n(2\x—t\)¢'(t) dt:x+(5/f(s) ds — C, (26)

0

for a constant C; = [; In(2s)¢/(s) ds, where the legitimacy of the integration
and swapping of order is justified by equation (9.12) and Lemma 9.1 in [13],
and the constant C] may be considered arbitrary. Any solution to equation
(25) with the stated regularity satisfies equation (26). Conversely, as shown in
that text (again, section 9.5.2) any solution to (26) also satisfies (25).

Now integrate by parts on the left in equation (26) to transfer the derivative
off of ¢, taking care to interpret the resulting principal value terms correctly
(briefly, split the integral into pieces over intervals (0,x — €) and (z + €, 1),
integrate by parts on each, then take the limit as ¢ — 0) and use ¢(0) =
¢(1) = 0 to obtain

Py, 0/ ffl dt = v+ 6F(z) — O (27)

where F(x) = [; f(s)ds. Any solution to equation (27) necessarily satisfies
equation (26), provided ¢ has the required regularity.
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Again employ the technique which lead to equation (26), integrate both sides
of equation (27) in x from = = 0 to = = y to obtain

1

~ [m2ly ot di = ;yf +0 [ F(ydi — Gy + G, (28)

0

in which C5 may be considered a second arbitrary constant at our disposal.
The same reasoning which showed the equivalence of equations (25) and (26)
also shows the equivalence of equations (27) and (28). We will show that
equation (28), and hence equation (25), possesses a unique solution with the
required regularity and ¢(0) = ¢(1) = 0.

As in [13] we make the (invertible) substitution y = cos?(c/2), t = cos?(6/2)
in equation (28) and obtain

- / In| cos(8) — cos(a)|(8) d0 = ¢(o) (29)

for 0 < o < m, where (0) = L¢(cos?(0/2)) sin(d) and

l\'J\Oﬂ

g(o) = Cy — Cy cos*(0/2) + ;cos (0/2) + / cos?(0/2)) sin(6) db.

By using cos?(0/2) = (1 + cos(a))/2 we obtain

== 2) (G o
+ 116 cos(20) + 3 / F(cos?(0/2)) sin(6) db.

Equation (29) can thus be written

(K¢)(0) = g(0) (30)

where K denotes the integral operator on the left side of equation (29), g(o) =
¢1 4o cos(0) + 15 cos(20) +6G(0) with ¢; = —C1/24+Co+3/16, ¢ = —Cy /2+
1/4, and

N} \

] (14 cos(f))/2) sin(0) db. (31)
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We will show that for any given choice of C; and Cy equation (30) possesses a
unique solution in L?(0,7), and that this solution can be used to recover the
solution to equation (25).

To see this, note that the operator K is compact and self-adjoint on L?(0, ),
with eigenvalues po = 71ln(2), u, = 7/n for n > 1, and orthonormal eigen-

functions ¢o(0) = 1/y/m, ¢n(0) = +/2/mcos(no) for n > 1 (see [13], section
9.5.2). The unique L*(0, 7) solution to equation (30) is thus given by

~ 0 1
¢(o) =2 —(9,¢n)
n=0 Hn
= i i(ﬁ + cocos(o) + L cos(20), &p)n + 0 i i(G, On)Hn
n=0 lun 16 =0 "
= 711:11(2) + %cos( o)+ 81 cos(20) + 0 Z L G7 ) On (32)
n=0

where (-,-) denotes the L? inner product, provided the last sum on the right
in (32) converges in L?(0, 7). This requires
> 1
Z —(G, ¢n))? < 0. (33)
=

We now show that this is true, and that in fact the sum on the right in (32)
actually represents a C?(0,7) function. With G as defined by equation (31)
repeated integration by parts (taking derivatives off of sin(no) or cos(no),
putting derivatives on G) shows that

™

/Sln(nO')G(5) (o) do

0

1
no

/G cos(no) do
0

since all endpoint terms at o = 0 and o = 7 in each integration by parts
fortuitously vanish. The function G (which involves derivatives of f up
the third order) is in L?*(0,7), so that we find (G ¢n) = 4 with d,, =

—/2/m3(G® sin(no)), and so ¥, d?> < co. As a result the sum

oo

ZM (G, ¢n)Pn(o \/2/72—005710

n=1

isin L2(0, ), and term-by-term differentiation shows the sum possesses a third
derivative in L*(0,7), and hence a continuous second derivative on [0, 7]. Thus
the unique (for a given choice of C; and Cy) L*(0, ) solution ¢(o) to equation
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(29) is given by

) + %COS(O’) + 817T cos(20) + dH (o)

where o 4
H(o) =do+ ) —; cos(no)
n:ln

for the square-summable sequence {d,,}.

Note that if a C'[0, 1] solution ¢(y) to equation (25) exists, the corresponding
function ¢ satisfying equation (30) will certainly be in L?*(0, 7). Thus by con-
sidering equation (30), we can be sure to locate a C[0, 1] to equation (25) if it
exists.

Use o = 2arccos(,/y) to obtain

C1

d(0) =

Co 1
— 2 — 4 H(2 .
7r1n(2)+ = cos( arccos(\/g))—l—gﬂ cos(4 arccos(y/y))+6H (2 arccos(y/y))
Note that cos(2arccos(y/y)) = 2y — 1 and cos(4arccos(y/y)) = 8y* — 8y + 1
for 0 < y < 1. With y = cos?(¢6/2) and ¢(0) = Lé(cos?(c/2))sin(o) we have

2
sin(o) = 2y/y — y? so that

o(y) = ult) >
y—y
where
aly) = ﬂfll(z) + %(2@ - 1)+ 817T(8y2 —8y+ 1)+ dH(y)

with H(y) = H(2arccos(,/y)). Also note that

) < g < d,
H(y)=dy+ > 3 cos(2narccos(y/y)) = do + > ﬁTn(2y —1) (34)
n=1 n=1

where T,, denotes the nth Chebyshev polynomial of the first kind, which can
be defined by T, (z) = cos(2narccos(y/(z + 1)/2)) (easily derived from the
well-known formula 7),(z) = cos(n arccos(z)) and the half-angle formula). Al-
though ¢ is in L2(0,7), this does not guarantee that ¢(y) lies in L2(0,1).
However, the latter is indeed guaranteed if the constants ¢; and ¢y (or equiv-
alently, C; and Cy) are chosen correctly, as shown below.

Before proceeding, note that the Chebyshev polynomials satisfy the condi-
tions sup_j<,<; [T(x)] = 1 and sup_,.,< |T}(z)| = n®. Moreover, since
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dp, = —/2/m3(G®) sin(ko)) and G® can be bounded in terms of || f|cs, we
have |dy| < C| f||¢s for some constant C' and all k. From (34) it is thus clear
that H(y) is continuous on [0, 1], and term-by-term differentiation of the right
side of (34) shows that H'(y) is also continuous on [0, 1]. In particular, H (y)
is in C''[0, 1], and hence so is a(y). Finally, note that

[H(y)| =

h+ 3By 1) <swpld 3k < Ol (39
n=1 n

n=1

and similarly

- < 2d, =1
()] = X =2 Ti2y - 1) < 250 || Y = < Cll oo (36)
n=1 n n=1
for 0 <y < 1.

If we choose C and (5 in equation (28) as

Co= 1220 T i) — o)) - TP o) + ()

then a(0) = a(1) = 0 and we find that ¢ is continuous on [0, 1] with lim, ¢+ ¢(y) =
lim, ;- ¢(y) = 0, and in fact

B) =~y — 7 + 30(y) (37)
with
_ (H(0) = H(1))y — H(0) + H(y)
wl (y) - W (38)

To verify the remaining properties of ¢, let r(y) = (H(0) — H(1))y — H(0) +

H(y) so that 7(0) = 0 and

r'(y) = H(0) — H(1) + H'(y).

From this and estimates (35), (36), we have

r(y) = /r’(x) dz < C||fllesy.
0
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One can similarly obtain a bound r(y) < C|f|lcs(1 — y), so that in fact
r(y) < O flles(y — v?) for 0 < y < 1. Combining this with (38) provides a
bound ¥1(y) < C|| fllcsv/y — 42, and in particular shows that ¢ is continuous
on [0, 1]. Clearly ||t1]lc < C||f|lc3. The estimate on r(y) also makes it simple
to check that ¢/(y) is integrable on (0, 1) which completes the proof of Lemma
3. 0.

Remark: A simple change of variables in the integral equation of Lemma
3 shows that the integral equation

€/2 ,
p.v. / f_(tidtzle(Sf(s), —€/2 < s <¢€/2, (39)

—e/2

has a unique solution ¢ of the form

B(1) = ——\J@ /4~ + 5ea (1)

which is continuous on [—€/2, €/2], twice continuously-differentiable on (—¢/2, €/2),
with ¢’ integrable on (—€/2,¢/2) and ¢(—€/2) = ¢(e/2) = 0. Also, |91« is
bounded by ||f||03[,e/276/2].

5.2 Proof of Lemma 1

The following Lemma will be useful.

Lemma 4 Let Q be a bounded region in R? and ¥ = Ul_,04, with each o

a line segment with center z; € ), at angle 0; and with length €L;. Let ¢ €
HY(Q\ X) satisfy A =0 in Q\ X with g—ﬁ = hy on 09, g—ﬁ = h; on o; and
continuous across o, with hg € L*(0Q) and h; € L*(0;). Assume ¢ has been

normalized so that [, ¢ ds = 0. Then

ol @) < CUlhollz200) + X 175l 20,))

j=1
where C' is independent of € > 0 for all sufficiently small €.
Proof: The proof is really quite standard—the only twist is the independence

of C from e. In what follows we will use the notation X, when we need to
emphasize the dependence of ¥ on the scale parameter e.
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An application of the divergence theorem shows that

/ V|2 da = /¢h0ds—znj/[¢]hjds

Q\x o0 i=lg;

from which we obtain

IV 20y < N0l 200 1ol 200y + D 110 2260 151 200y - (40)

J=1

We also have, from standard trace estimates, ||¢|2p0) < C||¢[ m1\x) and
1@l z2(0;) < Cll9llar(@\n), where in the latter case we can clearly take C
independent of € for all sufficiently small € > 0 (since the crack 031. of length
€1L; is contained in the crack 0]2 of length e;L; for €; < €, for fixed zj and
6;). From equation (40) we may then conclude that

Vol 2y < Clldllas) (HhoHLQ(am +> HhJHL?(aj)) (41)

Jj=1

with C' independent of €, and all h;.

Finally, we use the Poincaré inequality

19l 25y < Call V| L2\x) (42)

(making use of [;, ¢ ds = 0) where Cy can be taken independent of € > 0 for
sufficiently small e. To prove that Cy in the estimate (42) can indeed be taken
independently of €, note that the smallest eigenvalue for the Laplacian with
boundary conditions g—ﬁ = 0 on the space V(e) = {¢p € HY(Q\ ), [5q O ds =
0} is given by

M = inf WOllz@s) _ e VOl

v [|9llzvsy VO 19l

where we interpret the integrals over €2 by extending V¢ or ¢ by zero to all of
Q. Since V(e1) C V(eg) for €1 < €9, we clearly have A, > A, for ¢; < e5. Fix
eo > 0 so that X, C 2 and so for all € < ¢y we have A\, > \.,. It then follows
that for ¢ € V(e) we have

VOl L2\,

>\ > A
Pl 2.

€0 "

A bit of rearrangement gives

1
19l 22z < )\*||V¢||L2(Q\ze)
€0

25



which shows inequality (42).

Combining equations (41) and (42) proves Lemma 4. O.

Note that standard trace estimates also yield

1l z200) < Clhollz00) + D I1hillr2o,)) (43)

j=1

with C' independent of e.

To prove Lemma 1, consider any single crack ¢ € ¥ with center z*, length
eL, and angle 6. After translation and rotation we may assume that z* is the
origin and that the crack o spans the interval (—eL/2,eL/2) along the z; axis.
Note that on the crack -2 = -2

on ~ Oxzy’

Let a function v be defined as

o(z) = / P (a1 — t,2)0(t) dt (44)

with ¢ chosen so that %’2 = —g—zg and ¢(—eL/2) = ¢p(eL/2) = 0. Application
of Lemma 3 and equation (39) show that ¢ is uniquely determined and is con-

tinuous on [—eL/2, €L /2], twice-continuously differentiable on (—eL/2,€eL/2),

of the form 5
Ug %
o(s) = 287:52(2 WL /4 — 5% 4 i (s)

for some function 1/;. Note that although 1, depends on €, |[¢1|| poo(—er/2.1/2)
is bounded for € in any neighborhood of zero.

From the definition of v in equation (44) we have, for any point = = (z1, x2)
at a distance d from o,

P 1 eL/2 ( )
v 1 — S)To
R e e TG

eL/2

v, 1 (v, — 5)* — a3 ) ds
%(x)_ 27r_/ ((:L‘l—s)2+x§)2¢()d

el /2

We can then bound the magnitude of Vu(z) as
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( eL/2 Y2/ cpyo 1/2
C

1 1
<|-— ds / ¢*(s) ds
= 2 2 4 22
47 s ((x1 — 8)? + x3) s
< d—; e3/6
C
< EEZ (45)

for some constant C' independent of .

More generally, consider the case of n cracks, ¥ = UJ_;0;, with centers z;,
lengths eL;. For each crack define

or

vi(z) = o

(z —y)o;(y) ds,

with ¢;(y) chosen so that 9oj — —% on o;. From the preceding analysis, each

®;(y) is of the form on
¢i(y(s)) = Q%j;)(z;)m + €245 (s) (46)

where s € (—eL,;/2, eL;/2) indexes position along the crack and ; is bounded.
Recall also that [v;] = ¢; on ;. From equation (45) we find that

62

V()| < C (47)

|z — o;]?

where |z — 0| denotes the distance from z to o;; the constant C' can be taken
independently of the crack.

Consider the approximation to u given by 4, := ug + v with

v = i:lvj. (48)

The function v (and hence ;) is harmonic on {2\ 2. Also note that % is

continuous across each crack and smooth along the crack. Since % = g on
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02, and in light of the bound (47), we have

for some constant C', which may depend on the crack centers, angles, and
the L;, but not the common scale €. Moreover, since the crack centers z; are
distinct we have from (45) that for all € in some neighborhood of zero

l

on each crack (using the fact that |o;| = O(e)).

8u1

a4

< O2
on < Ce

L2(09)

oy 5/2
-1 <
o < (Ce

L?(o;)

Construct a refined approximation iy as s = 4 + w = ug + v + w where w
is harmonic on €2 with g“’ = %“1 on 0. Standard estimates (e.g., Lemma 4
with ¥ empty) show that || 9%||12(,,) < C€*/2. Let ¢ = u — @ip. We then have
A¢ =0in Q\ X with aﬁ = 0 on 092 and ||8n||L2 o) < Ce¥/2. Application of
Lemma 4 shows that [|¢]| g1 (q\x.) < Ce*/? with C independent of e. From this
we deduce that ||[¢]]| 12(s,) < Ce’? where as above, we may take C' independent
of € as per the remarks after equation (40).

We then have

Jielas) < [1glds < oy 26l < O

J aj

the last step via Holder’s inequality. Note also that on any crack we have
(0] = [u] — [uo] — [v] — [w] = [u] — [v] since uy and w are harmonic on ). As a
result we have, on each crack o;,

/ (6] ds| = / [u] ds — / W] ds| < Cé. (49)

J J 93

From equation (46) we have [v](s) = ¢;(y(s)) = 28“0( )\ /€203 /4 — 5% +

€?1h;(s) on o; so that

Juicas :// (25 T 4 0,0 ) as
=51 %ﬁ)@ ) +O() (50)

Combining equations (49) and (50) proves Lemma 1.
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