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Abstract

In diffuse optical tomography (DOT), the discretization error in the numerical
solutions of the forward and inverse problems results in error in the
reconstructed optical images. In this first part of our work, we analyse the error
in the reconstructed optical absorption images, resulting from the discretization
of the forward and inverse problems. Our analysis identifies several factors
which influence the extent to which the discretization impacts on the accuracy of
the reconstructed images. For example, the mutual dependence of the forward
and inverse problems, the number of sources and detectors, their configuration
and their orientation with respect to optical absorptive heterogeneities, and the
formulation of the inverse problem. As a result, our error analysis shows that
the discretization of one problem cannot be considered independent of the other
problem. While our analysis focuses specifically on the discretization error in
DOT, the approach can be extended to quantify other error sources in DOT and
other inverse parameter estimation problems.

1. Introduction

Imaging in diffuse optical tomography (DOT) comprises two interdependent stages which
seek solutions to the forward and inverse problems. The forward problem is associated with
describing the near-infrared (NIR) light propagation, while the objective of the inverse problem
is to estimate the unknown optical parameters from boundary measurements [2].

There are a variety of factors that affect the accuracy of the DOT imaging, such as
model mismatch (due to the light propagation model and/or linearization of the inverse
problem), measurement noise, discretization, numerical algorithm efficiency and inverse
problem formulation. In this two-part study, we focus on the effect of discretization of the
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forward and inverse problems. In the first part of our work, we present an error analysis to show
the effect of discretization on the accuracy of the reconstructed optical absorption images. We
identify the factors specific to the imaging problem, which determine the extent to which the
discretization impacts on the accuracy of the reconstructed optical absorption images. In the
following, first, we use the error analysis to develop novel adaptive discretization algorithms
for the forward and inverse problems to reduce the error in the reconstructed optical images
resulting from discretization. Next, we present numerical experiments that support the main
results of part I and demonstrate the effectiveness of the developed adaptive mesh generation
algorithms.

There has been extensive research on the estimation of discretization error in the solutions
of partial differential equations (PDEs) [1, 5-7, 21, 22]. In contrast, relatively little has been
published in the area of parameter estimation problems governed by PDEs. See for example
[8] for an a posteriori error estimate for the Lagrangian in the inverse scattering problem
for the time-dependent acoustic wave equation and [19] for a posteriori error estimates for
distributed elliptic optimal control problems. In the area of DOT, it was numerically shown
that the approximation errors resulting from the discretization of the forward problem can lead
to significant errors in the reconstructed optical images [3]. However, an analysis regarding
the error in the reconstructed optical images resulting from discretization has not been reported
so far.

In this work, we model the forward problem by the frequency-domain diffusion equation.
For the inverse problem, we focus on the estimation of the absorption coefficient. We consider
the linear integral equation resulting from the iterative linearization of the inverse problem
based on Born approximation and use zeroth-order Tikhonov regularization to address the
illposedness of the resulting integral equation. We use finite elements with first-order Lagrange
basis functions to discretize the forward and inverse problems and analyse the effect of the
discretization of each problem on the reconstructed optical absorption image. Our analysis
describes the dependence of the image quality on the optical image properties, the configuration
of the source and detectors, the orientation of the source and detectors with respect to absorptive
heterogeneities, and on the regularization parameter in addition to the discretization error in the
solution of each problem. In our analysis, we first consider the impact of the inverse problem
discretization when there is no discretization error in the solution of the forward problem, and
provide a bound for the resulting error in the reconstructed optical image. Next, we analyse
the effect of the forward problem discretization on the accuracy of the reconstructed image
without discretizing the inverse problem, and obtain another bound for the resulting error in
the reconstructed optical image. We see that each error bound comprises the discretization
error in the corresponding problem solution, scaled spatially by the solutions of both problems.
This is a direct consequence of the fact that the inverse problem solution depends on the model
defined by the forward problem. As a result, the error analysis yields specific error estimates
which are different than the conventional discretization error estimates (see equations (3.8)—
(3.9) and (4.14)) which only take into account the smoothness and support of the function of
interest, and the finite-dimensional space of approximating functions [9]. We further discuss
the use of other basis functions and methods in the discretization of the forward and inverse
problems and explain how the error bounds can be modified accordingly. Finally, we extend
our analysis to show the effect of noise on the accuracy of the reconstructed optical images.
Our analysis shows that the presence of noise results in error terms in addition to the error
in the reconstructed optical images induced by the discretization of the forward and inverse
problems.

This work not only provides an insight into the error in reconstructed optical absorption
images resulting from discretization, but also motivates the development of novel adaptive
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mesh generation algorithms to address this error [14]. In addition, the analysis presented in
this work provides a means to identify and analyse the error in the reconstructed optical images
resulting from the linearization of the Lippmann—Schwinger-type equations [10] using Born
approximation [15]. Furthermore, the error analysis introduced in this paper is not limited
to DOT, and can easily be extended for use in similar inverse parameter estimation problems
such as electrical impedance tomography, bioluminescence tomography, optical fluorescence
tomography, microwave imaging etc, in all of which the inverse problem can be interpreted
in terms of a linear integral equation, whose kernel is the solution of a PDE that models the
forward problem.

The outline of this paper is as follows: section 2 defines the forward and inverse problems.
In section 3, we discuss the discretization of the forward and inverse problems. In section 4,
we present two theorems that summarize the impact of discretization on the accuracy of the
reconstructed optical images, which is followed by section 5. The appendices include results
regarding the boundedness and compactness of the linear integral operator used to define the
inverse problem, and the proof for the convergence of the inverse problem discretization.

2. Forward and inverse problems

In this section, we describe the model for NIR light propagation and define the forward and
inverse DOT problems. Table 1 provides a list of the notation and table 2 provides the definition
of function spaces and norms used throughout the paper. We note that we use calligraphic
letters to denote the operators, e.g. A,, Z, K etc.

2.1. Forward problem

We use the following boundary value problem to model the NIR light propagation in a bounded
domain  C R? with Lipschitz boundary 9% [2, 9]:

iw
—V- D@V 0+ (10 + =) g0 =0,  xe @1
ng _
gj(x)+ 2aD(x)8—(x) =0 X € 092, (2.2)
n
where g;(x) is the photon density at x, Q; is the point source located at X!, j=1,..., N,

where N is the number of sources, D (x) is the diffusion coefficient and p, (x) is the absorption
coefficient at X, 1 = «/—_1 , w is the modulation frequency of the source, c is the speed of the
light, a = (1 + R)/(1 — R) where R is a parameter governing the internal reflection at the
boundary 92, and 9 - /dn denotes the directional derivative along the unit normal vector on
the boundary. Note that we assume the diffusion coefficient is isotropic. For the general
anisotropic material, see [17].

The adjoint problem [2] associated with (2.1)—(2.2) is given by the following boundary
value problem:

—V . DX)VgH(x) + (Mu(x) - ‘?‘”) g® =0 xeQ, 2.3)
gF (%) +2aD(x) %g;k X =0'x®  xedQ, 2.4)
n

where Q7 is the adjoint source located at x;,i =1,...,N,, where Ny is the number of
detectors. We note that we approximate the point source Q; in (2.1) and the adjoint source
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Table 1. Definition of variables functions, and operators.

Notation  Explanation

Q Bounded domain in R with Lipschitz boundary

Q2 Lipschitz boundary of ©

X Position vector in 2 U 92

gj(x) Solution of the diffusion equation at x for the jth
point source located at x.{

g (x) Solution of the adjoint problem at x for the ith
adjoint source located at XZ

G;(x) Finite-element approximation of g; at x

G7(x) Finite-element approximation of g at x

ej(x) The discretization error at X in the finite-element
approximation of g;

er(x) The discretization error at X in the finite-element
approximation of g7

a(x) Small perturbation over the background p, at x

Ly Differential measurement at the ith detector
due to the jth source

Aq The matrix-valued operator mapping o € L (2) to CNe*Ns

A% The adjoint of A, mapping from CM¢*Ns to L' ()

H; j(x) The kernel in A, at x for the ith detector and the jth source
H ; (x) The kernel in A} at x for the ith detector and the jth source

Y (X) AXT atx

A The regularization parameter

a*(x) Solution of the regularized inverse problem at x

at(x) Solution of the discretized regularized inverse problem
with exact kernel at x

a*(x) Solution of the regularized inverse problem
with degenerate kernel at x

a*(x) Solution of the discretized regularized inverse problem

with degenerate kernel at x

Table 2. Definition of function spaces and norms.

Notation Explanation

f The complex conjugate of the function f
C(2) Space of continuous complex-valued functions on €2
ck() Space of complex-valued k-times continuously differentiable functions on €2

L2(Q) L®(Q) = {fless supg | f (x)| < oo}
LP() LP(Q) = {f1(fq | f®IP dx)'/? < 00}, p € [1, 00)

D f zth weak derivative of f

HP(Q)  HP(Q) = ([T, <, ID5 FIH* < o0}, p €1, 00)
Ifllo The L%($2) norm of f

ANy The H?(2) norm of f

1/ lloo The L>°(2) norm of f

IfllLrc  The LP(2) norm of f

I £1lo,m The L? norm of f over the mth finite element 2,

1AW p,m The H” norm of f over the mth finite element €2,

Q7 in (2.4) by Gaussian functions with sufficiently low variance, whose centres are located at
x; and x,, respectively.
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In this work, we consider the finite-element approximations of the solutions of the forward
problem. Hence, before we discretize the forward problem (see section 3.2), we consider the
variational formulations of (2.1)—(2.2) and (2.3)—(2.4) by multiplying (2.1) by a test function
¢ € H'(Q) and integrating over 2 [9]:

/ [va. DVg; +$(Ma + 13) g — ¢_>Qj:|dx+ i/ dg;dl =0, (2.5
Q C 2a aQ
where the boundary integral term results from the boundary condition (2.2).
Equivalently, we can express (2.5) by defining the sesquilinear form b(¢, g;) [16]:

1
b(¢.gj) = A, g)) + <¢, Zgj> = (¢, Q)), (2.6)

where

465 = [ [958 D+ (1, + ) B ] ox.

(6. 0Q)) = /inTQj dx,

1 1 _
— )= — dl.
<¢’ 2ag,> 2a /m 08/

Similarly, the variational problem for (2.3)—(2.4) can be formulated by defining the sesquilinear
form b*(¢, g/):

1 1

where in A(¢, g7), w is replaced by —w.

The sesquilinear forms b(¢, g;), b*(¢, g/') are continuous and positive definite for
bounded D and i, [16]. As a result, the variational problems (2.6) and (2.7) have unique
solutions, which follows from the Lax—Milgram lemma [9]. The solutions g; and g of the
variational problems (2.6) and (2.7) belong to H ' (2), which results from the H'-boundedness
of the Gaussian function that approximates the point source Q; and the adjoint source Q7
[16]. Assuming D, i, € C'(R) and noting that Q;,0f € H'(); the solutions gj, & satisfy
g, & € HZ () (in [12, chapter 6.3, theorem 2]). This last condition implies (in [12, chapter
5.6, theorem 6])

gj. & € C(Q). (2.8)

2.2. Inverse problem

In this work, we focus on the estimation of the absorption coefficient; therefore, we assume
D(x) is known for all x € Q2 U d2. To address the nonlinear nature of the inverse DOT
problem, we consider an iterative algorithm based on repetitive linearization of the inverse
problem using first-order Born approximation [2]. As a result, at each linearization step,
the following linear integral equation relates the differential optical measurements to a small
perturbation « on the absorption coefficient 1¢,:

Iij=- /Q g (x)g;(X)ar(x) dx (2.9)

:=/ H; j(xX)a(x) dx
Q
= (A,@); , (2.10)
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where H;; = —gg ;j is the kernel in the (i, j)th entry of the matrix-valued operator
A, 0 L®(Q) — (CN"XN‘,gj is the solution of (2.6), g is the solution of (2.7), and I'; ;
is the (7, j)th entry in the vector I' € CNe*Ns which represents the differential measurement
at the ith detector due to the jth source. Note that approximating Q7 in (2.4) by a Gaussian
function centred at xg implies that I'; ; corresponds to the scattered optical field evaluated
at xfi, after filtering it by that Gaussian function. Thus, the Gaussian approximation of the
adjoint source models the finite size of the detectors. Similarly, approximating Q; in (2.1) by
a Gaussian function models the finite beam of the source.

The linear operator A, : L®(Q2) — CN*Ns defined by (2.9) is compact and bounded by
(see appendices A and B)

Al @)1 < NaNs mleIIgf‘ llo mjaXIIgj llo- (2.11)
For the given solution space L* (2) for «, the compactness of the linear operator A, implies the
illposedness of (2.9). Hence, we regularize (2.9) with a zeroth-order Tikhonov regularization.

This yields the following equation which defines our inverse problem at each linearization
step:

y 1= AT = (A" A, + 2D (2.12)

= Ko, (2.13)

where A > 0 and * is an approximation to c. In this representation, Z is the identity operator
and A* : CN>N — L1(Q) is the adjoint of A,, defined by

Na, Ny Na,Nq
AH® = Y H B = Y. —giX)g;Mp;. (2.14)

ij ij
for all B € CN*Ns | where H;; := —g/g; is the (i, j)th kernel in the adjoint operator Aj. Let

A= A*A,, then A: L®(Q) — L(Q) is defined as follows:

Na,Ns
(Ao)(x) = Y H};(x) /Q H; (%) (%) d&
i,j

= / K (X, X)a (X) dX, (2.15)
Q
where k (X, X) stands for the kernel of the integral operator .4 and is given by
Na,Ns
K(X, X) = Z H' (%) H; j (). (2.16)

iJ

Having defined the adjoint operator A*, we note that the operator A : L () — L1(Q)
is compact and that the operator K : L®(Q2) — L'(R) is bounded by ||| < [l AqlI* + 1. We
assume that the solution o* € L™ () also satisfies o* € H'(). For the rest of the paper, we
will denote L>(2) and L'(R) by X and Y, respectively.

3. Discretization of the inverse and forward problems

In this section, we outline the discretization of the inverse and forward problems.
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3.1. Inverse problem discretization

In practice, we seek a finite-dimensional approximation to the solution of the inverse problem
(2.13) at each linearization step. Therefore, we discretize (2.13) by projecting it onto a
finite-dimensional subspace.

Let X, C X and Y, C Y denote a sequence of finite-dimensional subspaces of

dimension n = 1,2, ..., spanned by first-order Lagrange basis functions {Ly, ..., L,}, and
{x,},p = 1,...,n, be the set of collocation points on €. Then, the collocation method
approximates the solution of (2.13) by an element o € X,, which satisfies

(Kay)(x,) = y(Xp). p=1,...n, 3.1
where we express aﬁ on a set {2,,} of finite elements, m = 1, ..., Na such that UZA Q, =Q
as follows:

n
ap () =Y arLi(x). (3.2)
k=1

Note that in (3.2), a, = Ol,);(Xp), p =1,...,n. Then, (3.1) can explicitly be written as

kap+2ak/K(xp,)i)Lk()Z)d)Z:y(xp), p=1,...,n. (3.3)

k=1 Q@

Equivalently, the collocation method can be interpreted as a projection with the interpolation
operator P, : Y — Y, defined by [18]

Puf () := Y fXp)Lp(x). X € Q, (3.4)
p=I
forall f € Y. Then, (3.1) is equivalent to
P Kok =P,y. (3.5)

3.2. Forward problem discretization

In this section, we consider the finite-element discretizations of (2.6) and (2.7), and use
their solutions to approximate H;; and H;;. As a result, we obtain finite-dimensional
approximations to C and y.

Let Lj denote the kth first-order Lagrange basis function. Replacing ¢ and g; in (2.6)

with their finite-dimensional counterparts ®(x) = Z,iv; | DL (%), Gj(x) = Z,]{V; kL (%),
and replacing ¢ and g* in (2.7) with ®(x) = Y1, peLi(X), G*(X) = Yo', di Li(x) yields
the matrix equations:

SCj =4q;, (36)
S*d; = q}, 3.7
fore; := [cl, o T cN/.]T andd; := [dl, dy, ..., dN,]T. Here S and S* are the finite-element

matrices and q; and g are the load vectors resulting from the finite-element discretization
of (2.6) and (2.7). Note that for each source (detector), the dimension of the finite-element
solution G; (G7) can be different; therefore, N; (N;) may vary.

The H'($2) boundedness of the solutions g; and g implies that the discretization errors
ej and ¢} in G; and G are bounded. Let {€;,} denote the set of linear elements used to



1122 M Guven et al

discretize (2.6) form = 1, ..., N, such that Uﬁi Q) =Qforall j =1,..., N,. Similarly,
let {le} denote the set of linear elements used to discretize (2.7) forn =1, ..., NZi, such

that UZVZ[ Qi =Qforalli =1,..., Ny. Then, a bound for ¢; and €} on each finite element
can be found by using the discretization error estimates (in [9, theorem 4.4.4]):

lejllom < Cllgjllimihy,, (3.8)
lef o < Cllgflhnihy,. (3.9)
where C is a positive constant, ||[lo.ni (|I*llo,) and [[[l1.mi (|I-]l1..) are respectively the L?

and H' norms on (), and hi (k) is the diameter of the smallest ball containing the
finite element Q;, (£2!) in the solution G; (G}).

3.3. Discretization of the inverse problem with operator approximations

Substituting the finite-element approximations G; and G} in (2.15) and (2.14), and using the
resulting finite-dimensional operator approximations in (3.5), we obtain the following linear
system in terms of @ which approximates o*:

In (3.10), the operator K : X — Y is the finite-dimensional approximation of K in (2.13) and
P,k : X, — Y,. Similarly,

7= AT, (3.11)

where A is the approximation to the adjoint operator .A*, obtained by substituting G jand G}
in (2.14).

4. Discretization-based error analysis

As a result of the discretization of the forward and inverse problems, the reconstructed image
& in (3.10) is an approximation to the actual image o*. Thus, the accuracy of the reconstructed
image depends on the error incurred by the discretization of the forward and inverse problems.

In this section, we analyse the effect of the discretization of the forward and inverse
problems on the accuracy of DOT imaging. The analysis is carried out based on the inverse
problem at each linearization defined by (2.13) and the associated kernel « (x, X).

In this work, we follow an approach which allows us to separately analyse the effect of
the discretization of each problem on the accuracy of the reconstructed optical image. In
this respect, we first consider the impact of projection (i.e. inverse problem discretization)
by the collocation method when the associated kernel « (x, X) in (2.13) is exact. Next, we
explore the case in which the kernel is replaced by its finite-dimensional approximation (i.e.
degenerate kernel) and analyse the effect of the forward problem discretization on the accuracy
of the reconstructed image without projecting (2.13).

Our analysis reveals that even if the kernel is exact, the accuracy of the solution
approximation o in (3.5) resulting from the inverse problem discretization depends on the
kernel « (x, X) of the integral operator. Likewise, the error in the reconstructed optical image
due to the discretization of the forward problem is a function of the inverse problem solution.
These results suggest that the discretization of the inverse and forward problems cannot be
considered independent of each other.
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4.1. Case 1. The kernel k (X, X) is exact

In this section, we show the effect of projection on the optical imaging accuracy. In the
analysis, we assume that the kernel « (X, X) is exact. We first prove the convergence of the
projection method for the operator /C, and then analyse the effect of projection on the imaging
accuracy.

Clearly, the inverse operator KX~ : ¥ — X exists since K is positive definite for A > 0.
Furthermore, by the compactness of A and Riesz theorem, the inverse operator C~! is bounded
by
1
o

1K  y—x < 4.1

Lemma. Projection by the collocation method for the operator K : X — Y converges.
Specifically, the sequence of finite-dimensional operators P,K : X,, — Y, is invertible for
sufficiently large n, and (P,K)~'P,Ko* — o*, n — oo. Furthermore,

_ 1K1 x—
1P~ Puk sy, < = 4.2)
for some Cy; > 0 independent of n.
Proof. See appendix C. ]

Based on the lemma, the following theorem provides an upper bound for the L'(£2) norm of
the error between the solution o* of (2.13) and the solution ocﬁ of (3.5).

Theorem 1. Let {2,,} denote a set of linear finite elements used in the discretization of the
inverse problem (2.13) form = 1, ..., Na, such that UZA Q. = 2, and h,, be the diameter
of the smallest ball that contains the mth element. Then,

Na
lo* = a1 < CVValT = Tally—x, D I I mhm
m=1

Na Na,Ns

C A
+ W Tallyex, maxliglgilleie 3 D g7 gillomle lmhm, 4.3)

m=1 ij
where C is a positive constant, Vg is the volume of Q and T, : Y — X, is a uniformly bounded
operator given by T, = (I + %PnA)flP,,.
Proof.
o —a = [T - (P,L)'P.Kla?
= [Z — (PK)™' PuK)(@* — ¥) “.4)
since [Z — (P,K)~'P, Kl = 0, where ¥ € X,, is the interpolant of o* [9]. Using (C.2),

1 1
[Z - (P, 'P,Kl=T— <z+ XPnA) XP,JC
=7-17T,-K, 4.5)

where 7, := (I + %73,, A)_IP,, is a uniformly bounded operator (see appendix C). We use K
defined by (2.13) and (4.5) in (4.4) to obtain

o =y =TT —y) - %«4(01A — ). (4.6)
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Then, we use the definition of A in (4.6) and find
s s A Ty PN N
o' —ay, =T -T)(" =) — n Kk (-, X) (" — ) (%) dx. 4.7
Q
This leads to

A 1 1
la™ — %HL'(Q) < |7 - 7;:||Y»x,,||05 - Iﬁ||1"(9)

1
AT ‘/ (0@ — YK dk
Q

LY(Q)
A
ST = Tully—x, lle” = ¥llie

1 , e
+ _||7;L||Y—>X,,/ dX/ ke (x, X) (o — Y) (%)] dX, (4.8)
A Q Q
The second term in (4.8) can be rewritten as

1
ITlyx, / dx f e(x, (@ — P ()] dk
Q Q

Na
= %”ﬂ”Y—ﬂ(” fng (,,; /ﬂm Ik (x, %) (" — ¥) (%) df() . (4.9)

Let e, be the interpolation error:
ey =" — . (4.10)
Then, using (2.16),

Na Na Ng,Ns
> / Jic(x, X)eq (%) | dk =) / Y g (0g;(0 g (X)gj (X)e, (¥)| dx 4.11)
m=1" S m=1YSm | i ;

Na Ng, N

<> |g;‘<x)g,»(x)|/g g7 (%)g; (%) len (%)] dX
m=1 1i,j m

Na Na,Ns

<Y g ™8™l g lomlleallom (4.12)

m=1 i,j

where (4.12) follows from the Schwarz’ inequality. Note that gfg; € L*(S2) by considering
(2.8) holds up to the boundary 9€2 (see [11, theorem 2.1]).
We now use (4.9) and (4.12) to obtain

1
I Zally—x, / dx (/ lic (x, %) (" — w)(f()ldf(>
Q Q

Na Na,Ns

1 * *
< S Tally-x, [Q dx Y > 1gr g (111 g g lomllealom- (4.13)

m=1 1i,j
Using the bound (4.13) in (4.8) and substituting the interpolation error bound [9]

leallom < Clle 1 mhm, (4.14)
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. N .
and noting |leq |21 @) < v/ Va 2,2 lleallon, we obtain

Na
llo* — o} lley < CVVallZ = Tally—x, Y ™ l1mhm

m=1

C Na N, Ny
I Tllvx, D D Igies e gl s lom e i mhin.
m=1 i,j
Na
< CVVallZ = Tilly—x, Y_ ™ l1mhm
m=1
C Na Ng,Ns
+ =1 Tally—x, maxligrgilloiey Y D lgreilomlle limhm. (415
A i m=l 1] 0

Remark 1.

(1) Theorem 1 shows the spatial dependence of the inverse problem discretization on the
forward problem solution.

(i1) The first term in (4.15) suggests that the mesh of the inverse problem be refined where
llo* ||, is large.

(iii) The second term in (4.15) shows that the term [la*|;, is scaled spatially by || g'gjillom-
Thus, the effect of the interpolation error ¢, (see equation (4.10)) in the inverse problem
solution is scaled spatially by the solution of the forward problem. As a result, the
orientation of the sources and detectors with respect to the support of the optical
heterogeneity determines the extent of the bound on [|o* — &}, -

(iv) The regularization parameter affects the bound on ||a’\ — afl‘ || L@

(v) Increasing the number of sources and detectors increases the bound on ||a’\ — aﬁ H L@

Remark 2.

(i) Note that the conventional interpolation error estimate given in (4.14) depends only on
the smoothness and support of *, and the finite-dimensional space of approximating
functions [9]. On the other hand, the error estimate (4.3) in theorem 1 shows that the
accuracy of the reconstructed image ;- depends on the orientation of the absorptive
heterogeneity with respect to the sources and detectors, as well as on the bound (4.14) on
the interpolation error.

(i1) An error bound similar to (4.3) follows if one uses the Galerkin method [18] instead of
the collocation method for projection.

(iii) The interpolation error bound (4.14) can be modified based on the choice of the basis
function in (3.2) and the smoothness of the solution «* (theorem 4.4.4. in [9]). For
instance, if o* € H*(2) and quadratic Lagrange basis functions are used, then (4.14) can
be replaced by

A 2
leallon < Clla*ll2mhy,,

for some C > 0.

(iv) An error bound similar to (4.3) can be derived for the error that occurs as a result of
the discretization of the inverse problem in electrical impedance tomography, optical
fluorescence tomography, bioluminescence tomography and microwave imaging. Note
that in all these imaging modalities, the forward problem is modelled by a PDE and the
inverse problem can be interpreted in terms of a linear integral equation, whose kernel is
related to the solution of this PDE.
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(v) Let y° be the perturbed right-hand side y of (3.5) due to the presence of noise, such that
lye =yl @ < 4. Then, an additional term is introduced to the error bound in (4.3) due
to this perturbation:

Na
lo* =] 10y < CVVaIT = Tilly—x, Y e 1 mhim
m=1

Na Na,Ns

C
+ Ty x, maxligrg;liie Y D g7 lomle lmhm
" m=1 i,j
C
+ =, (4.16)

where Cj; > 0 1is the constant in (4.2) with the use of first-order Lagrange basis functions
(see appendix C). The additional term C,8/A indicates that the choice of basis functions
may be critical in the presence of noise.

4.2. Case 2. The kernel is degenerate

In this section, we first derive approximate upper bounds for the approximation errors || X — K|
and || — y ||, which result from the discretization of the forward problem. Then, we show the
effect of these approximation errors on the accuracy of the reconstructed optical image. For
notational convenience, we will drop the subscripts on the norms ||| where necessary.

The operator K : X — Y is bounded with a bounded inverse K~! : ¥ — X. By the
finite-element approximation of the associated kernel, the sequence of bounded linear finite-

dimensional operators K is norm convergent |[K — K| — 0; Nj,N; — oo,forj=1,..., N
andi =1,..., Ny, and
IR ly—x < 1/4, (4.17)

which can be obtained analogous to (4.1).

In the following, we derive an explicit approximation to the error || K — K|| in terms of the
associated kernel and the discretization error in the kernel approximation. The result is then
used to compute the error in the reconstructed optical image due to 1€ — K.

By definition,

N, Ny
I(Aa = Aerlln =
ij

/(gf‘(x)gj(x) - Gi(x)G(x)a(x)dx|, (4.18)
Q

where G}, G ; are the finite-element approximations to g and g, respectively. We can expand
88— GiGjas
2/8; —GiGj=efe;+Gjef +Grej, (4.19)
where e} := g — G} and ¢; := g; — G;. Replacing G} and G respectively with g/ — ¢ and
gj —ej,we get
—~

g78j — GG =gjef +glej — €]

i€
~ giel +gle;, (4.20)
where we neglect the term e'e;.
We can express I — K as

K—K=AA, — AA,. 4.21)



Effect of discretization error and adaptive mesh generation in diffuse optical tomography: I 1127

Following a similar approach as above,

AZAII - AZ/L, = (-’4: - A:)(Aa - VZ(a) + “’Z(:(All - lea) + (AZ - VZ(Z)“Z(a' (422)
As a result, the following condition holds
1K — Kl < (AL — A (A — A+ AL (A, — Ay) + (AL — AD A (4.23)

Since A, = —(As — A,) + Aq, (4.23) can be rewritten as
IK—Kl = 1A4LA, — AL A
<A = AD (Aa = AD I+ 20145 (Aa — Al
~ 2| A5 (A — A, (4.24)
where we neglect the term || (A} — ﬂj)(/la — A
Similarly, |7 — y || can be interpreted as
Na,Ns
17 =yl = /Q > (@5 M — GIXG, 0T |dx
ij
N, Ny
~ [ 1Y @ @@+ 5 e, | ox (4.25)

iJ

where the error in I'; ; due to discretization is neglected and the last approximation is derived
similar to (4.20).
We now analyse the effect of the forward problem discretization on the accuracy of the
reconstructed optical image. Let &* be the solution of
Ka* =y, (4.26)

where K and 7 are the finite-dimensional approximations to K and y, respectively. Then,
by theorem 10.1 in [18], the error in the solution &* with respect to the actual solution a* is
bounded by

A @M< LR — O 4 1 4.2
flr Otll\k{ll(/C Ky + 117 = v} (4.27)

In the next theorem, we will expand the terms in (4.27) to show explicitly the effect of
the forward problem discretization on the accuracy of the inverse problem solution.

Theorem 2. Let { Q,]ﬂ} denote the set of linear elements used to discretize (2.6) for

m=1,..., Ni, such that Un]\% Q,Jn = Q and h,Jn be the diameter of the smallest ball that
contains the element 2, in the solution Gj.forall j =1,..., N,. Similarly, let {QZ} denote
the set of linear elements used to discretize (2.7) forn =1, ..., NZi, such that Uflvz Q; =Q
and h', be the diameter of the smallest ball that contains the element Q! in the solution G¥,
foralli =1,..., Ng. Then, a bound for the error between the solution o* of (2.13) and the
solution &@* of (4.26) due to the approximations K and ¥ is given by
c Ny N3Ny
lo* = @@y < 5 maxlig'gjlleio 21 Z (2llgje o + lerlloollgjllom) N&; 1 1.mi iy
i= n,j
N, NA.Ng
+ 3> Qlgrat llom + llelioollgr o) lIgsll1mihd, | - (4.28)

j=1 m.i

where C is a positive constant.
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Proof. Using (4.24), (4.18) and (4.20), we can write

1K = K)o 1) ~ 20145 (A, — A e
Ny, Ny
~2 Z g,()gj()/(gj(X)e (%) + gF (X)e; (%)™ (X) dx
b L'(®)
Na, Ny

< 2maxlig ;@) Z / (g (0ef () + 57 Re; (0)ar* ()] k. (4.29)
An upper bound for the integral in (4.29) can be obtained as follows:

/ (g (R)e; (%) + g7 (Ve (X))a* (%)| dX
Q

N*x
< Yl llon llgjo llom +Z||e,||om/||g,a lloms - (4.30)
n=1 m=1

Note that g;a* € L*(Q) since |g;a*| < |gjlla* oo Similarly, gfa* € L?(Q) since
g7 < Ig7]lo* [l Using (4.30) in (4.29),

- A
I = K)a L@ < 2Hilax||g;kgj”L1(Q)

Ny N*‘ Ny N ,Ng
x| Z le; lloni g o + Z Z lejllo.m 118 e lo.ms
i=1 n,j

4.31)
To compute an upper bound for || — y || using (4.25), we first write

Ng,N;

/ D (e ()8 (X) + 8] (X)e; (X))Ty

ij

dNs
<m5}X|Fi,j|/ E e (x)g; (x) + g/ (X)e; (x)] dx
i, Q
i,j

Ny Ni.N; N, Ni.Ng

< max|I ;] llef Nonillgjllon + g Nomillejllom |- (4.32)
1
] i=1 n,j i=j m.i

Noting (2.9),

max|T; ;| < max|lg/g;llL @l (4.33)
i, LJ
which leads to
N; NN, N, Ni.Na
max| Tl | Z lle ||<>nz||g,||0n,+z Z g7 llo.ms llej loms
i=1 n,j
Nd NA _X N Nd
< maxliglg; e leles | 3 Z e o lgjllon + Y D llgFlloms lejlloms
i=1 n,j i=j m,i

(4.34)
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We now use (4.31), (4.34), the corresponding discretization error estimates (3.8)—(3.9), and
(4.27) to obtain (4.28). O

Remark 3.

(i) Theorem 2 suggests the use of meshes designed individually for the solutions G, j =
1,...,Nyand G},i =1,..., Ng.

(i) Theorem 2 states explicitly the effect of the forward problem discretization on the accuracy
of the inverse problem solution. In this context, theorem 2 suggests a discretization scheme
for the forward problem, where the discretization criterion is based on the inverse problem
solution accuracy, rather than the accuracy of the forward problem solution.

(iii) For each source, when solving for G, hi, has to be kept small where (2| g’ oM lomi +
lelloollg; lo,mi) 1&g jll1,mi is large. Note that ||g;|l; s Will be large on the elements close
to the jth source.

(iv) For each detector, when solving for G}, hfl has to be kept small where (2|| gj()l)\”()’ni +
lelloollgjllo.ni )1 |1 i is large. Note that || g, ,+ will be large on the elements close to
the ith detector. '

(v) |gjl and |g}| are higher close to the sources and detectors, respectively. Therefore, hi),
has to be small around the jth source and around all detectors, where o* is nonzero.
Likewise, A, has to be small around the ith detector and around all sources, where o* is
nonzero.

(vi) If o* is nonzero on the whole domain €2, then the error may become higher depending on
the magnitude of |g;| and |g}|.

(vii) The regularization parameter affects the bound on [lo* — &* || ;1 -

(viii) Increasing the number of sources and detectors increases the bound on [a* — &@*||11(q).

Remark 4.

(i) Note that the finite-element discretization error estimates (3.8)—(3.9) depend on only the
smoothness and support of g; and g7, and the finite dimensional space of approximating
functions [9]. However, the error estimate (4.28) in theorem 2 shows that the accuracy
of the reconstructed image &” depends on the orientation of the absorptive heterogeneity
with respect to the sources and detectors, as well as on the finite-element discretization
error estimates (3.8)—(3.9). In this respect, the estimate (4.28) in theorem 2 shows that
reducing the discretization error in the solutions G ; and G} of the forward problem may
not ensure the accuracy of the reconstructed absorption image (see [14]).

(i) In case a different discretization approach such as finite difference [20] or finite
volume [13] is used to solve the forward problem, theorem 2 can be modified in a
straightforward manner by replacing the discretization error estimates (3.8) and (3.9)
with the corresponding error estimates specific to the method of choice [13, 20].

(iii) Let 7° be the perturbed right-hand side 7 of (4.26) due to the presence of noise, such that
7% — 71 L@ < 5. Then, an additional term is introduced to the bound in (4.28) due to
this perturbation:

C
A ah
la™ —a*| 1@ < xﬁil?;xﬂgfgj”Ll(Q)

Ny N3N,

< | Y D7 @ligia low + llelioollgillon ) lgs ik,

i=1 n,j
Ny, Ni.Ng
| .
+ Z Cllgi o Nloms + lleclloo g Nom) &) N 1mi by, | +

j=1 m,

(4.35)

> | o
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Clearly, the additional term §/A due to the presence of noise in (4.35) is independent of
the discretization of the forward problem.

(iv) Theorem 2 provides a general framework to analyse the error in reconstructed optical
images resulting from the perturbations in the kernel of the linear integral equation (2.16).
In general, a perturbation in the kernel of the linear integral equation (2.16) can occur
due to errors resulting from the numerical integration of (2.6)—(2.7), the approximation of
the boundary 9€2, the inaccurate approximation of the source Q; and/or the background
optical properties. Furthermore, the analysis framework in theorem 2 can be used to
analyse the effect of linearization of the Lippmann—Schwinger-type equations [10] using
Born approximation on the accuracy of the reconstructed optical images [15].

(v) A bound similar to (4.28) can be derived for the error that occurs as a result of
the discretization of the forward problem in electrical impedance tomography, optical
fluorescence tomography, bioluminescence tomography and microwave imaging.

4.3. Iterative Born approximation

In this section, we explore the error in the inverse problem solution within an iterative
linearization approach.

The error analysis presented in this paper covers the error which results from the
discretization of the forward and inverse problems. If « is sufficiently low, then one iteration
suffices to solve the inverse problem and the error analysis discussed above applies. When
iterative linearization is considered to address the nonlinearity of the inverse problem, we can
make use of the error analysis at each linearized step as follows: let a(kt) and 07,}(,) be the
actual solution of the regularized inverse problem (2.13) and the solution of (3.10) at the ¢th
linearization step, respectively. At the end of the (r — 1)th linearization step, the absorption
coefficient estimate at x is given by 27 V(x) = u@(x) + Z:;ll @y, (x), where @, has an
error due to discretization with respect to the actual solution arf;), and 11 is the initial guess for
the background absorption coefficient. In the next linearization, an error on the new solution
update 2 will be introduced due to

(i) projection (inverse problem discretization),

(i) the error (K — K)”~Y in the operator (K)"~! and the error ( — )"~ in ()" D
resulting from the forward problem discretization, and

(iii) the error in the ( — 1)th update A ~Y, resulting from the discretization of the forward

and inverse problems. Note that 4" appears as a coefficient in the boundary value
problems (2.1)—(2.2) and (2.3)—~(2.4). An error in this coefficient implies perturbation in
the solutions of (2.1)—(2.2) and (2.3)-(2.4). As aresult, G; and G} will have error terms
in addition to the discretization error.

As aresult, the error in 1" at the rth iteration is bounded by
.
Aok
> — )
=1

assuming that the initial guess (%) for the background absorption is approximated accurately
while solving the boundary value problems (2.1)—(2.2) and (2.3)—(2.4) at the first iteration,
thatis £ @ (x) — Y 7_, u @ (xx) Ly (x) — 0, for all x € Q.

, (4.36)

|1a = 2] =

.
<2 oty — @)
t=1
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5. Conclusion

In this work, we presented an error analysis to show the relationship between the error in
the reconstructed optical absorption images and the discretization of the forward and inverse
problems. We summarized the implications of the error analysis in two theorems which provide
an insight into the impact of forward and inverse problem discretizations on the accuracy of
the reconstructed optical absorption images. These theorems show that the error in the
reconstructed optical image due to the discretization of each problem is bounded by roughly
the multiplication of the discretization error in the corresponding solution and the solution of
the other problem. In particular, theorem 2 shows that solving the diffusion equation and the
associated adjoint problem accurately may not ensure small values for IK =Kl and |y — 71,
which may lead to large errors in the reconstructed optical images, depending on the value
of the regularization parameter. Similarly, relatively large discretization error in the solution
of the forward problem may have relatively low impact on the accuracy of the reconstructed
optical images, depending on the source—detector configuration, and orientation with respect
to the optical heterogeneities. We have also shown that the error estimates can be extended to
include the effect of noise on the overall error in the reconstructed images.

The error analysis presented in this work motivates the development of novel adaptive
discretization schemes based on the error estimates in theorems 1 and 2. In the sequel of this
work, we propose two novel adaptive discretization algorithms for the forward and inverse
problems [14], and justify the validity of theorems 1 and 2.

The error analysis can be extended to show the effect of the discretization error on the
accuracy of the simultaneous reconstruction of scattering and absorption coefficients, which
will be the focus of our future work. Finally, we note that the error analysis introduced in
this paper is not limited to DOT, and can easily be adapted for similar inverse parameter
estimation problems such as electrical impedance tomography, bioluminescence tomography,
optical fluorescence tomography, microwave imaging etc.
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Appendix A. Boundedness of A,

Na, Ny
lAaatlln = > fH,,j(x)a(x) dx|. (A.1)
ij 179

We can write the following inequality:

NvaA NJ,NS

Aaexllin < E /IHi,j(X)Ot(X)IdX< E /IHi,j(X)IdX el oo- (A2)
A Q . Q
i,] L]
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Using Schwarz’ inequality, we can write an upper bound for the summation as follows:
Na, Ny Na,Ns
> [ iHenax= 3 Igig e
i,j i,j

Ny, N,
< D N lollg;lo
i,j
< NgN; mleHg,-*”o m?XngHo, (A.3)

which leads to

I Aaerlln < NaNs max|g; [lo max|ig; llolleloo-
i J

Therefore an upper bound for the norm of 4, is given by

I Aall (@)1 < NaN; maxig; flo mjaXIIgjllo- (A.4)

The boundedness of g; and g/ imply that A, is bounded.

Appendix B. Compactness of A,

A, is bounded by (A.4). Furthermore A, maps the infinite-dimensional subspace L*°(2) to a
finite-dimensional subspace CV**™: | that is the range R(A,) of A, satisfies R(A,) € CN*Ns
due to the finite number of sources and detectors. As a result, A, is compact [18]. The inverse
problem is illposed as a consequence of compactness [18].

Appendix C. Proof of the lemma

The identity operator 7 is a bounded operator with bounded inverse and (P,7)"! =7 : X, —
X,. Furthermore, || P, || x— x, is bounded for first-order Lagrange basis functions [4, 18]. Thus,
projection by collocation converges for the identity operator. .4 is bounded and compact, and
K = AT + Ais injective, with bounded inverse given by (4.1). As a result, by theorem 13.7 in
[18], the projection method also converges for K = AZ + A. Convergence of projection for K
implies (P,K)~'P,Ka* — o*, n — oo for (P,K)"'P,K : X — X, [18].

It follows from the proof of theorem 13.7 in [18] that (I + %73,,./4)_1 .Y, > X, exists
and is uniformly bounded for all sufficiently large n. Then from P, K = AP, (I + %Pn A) =
A(I + %77,, A), it follows that P,XC : X,, — Y, is invertible for all sufficiently large n with the
inverse given by

1 |
P =(T+-PA) —. C.1
(PO ( . ) . (C.1
As a result we can write (P,K)~!P, K as follows:
1 1
(PO ' P = (I+ X73,,A) Pk (C.2)
Thus,
—1 ”K”X—)Y
(P )™ Pulllx—x, < CMT (C.3)

where Cy; > 0 is independent of n, using the facts that projection by collocation method
converges for the identity operator and (I + %P,,A)_l is uniformly bounded.



Effect of discretization error and adaptive mesh generation in diffuse optical tomography: I 1133

References

(1]
(2]
[3]
[4]
(3]
[6]
(7]
[8]
[9]
[10]
(1]
[12]
[13]
[14]
[15]

[16]
[17]

(18]
[19]

[20]
[21]

[22]

Ainsworth M and Oden J T 1993 A unified approach to a posteriori error estimation using elemental residual
methods Numer. Math. 65 23-50

Arridge S R 1999 Optical tomography in medical imaging Inverse Problems 15 R41-93

Arridge S R, Kaipio J P, Kolehmainen V, Schweiger M, Somersalo E, Tarvainen T and Vauhkonen M 2006
Approximation errors and model reduction with an application in optical diffusion tomography Inverse
Problems 22 175-95

Atkinson K and Weimin H 2001 Theoretical Numerical Analysis: A Functional Analysis Framework (Berlin:
Springer)

Babuska I and Rheinboldt W C 1978 Error estimates for adaptive finite element computations SIAM J. Numer.
Anal. 15 736-54

Babuska I, Zienkiewicz O C, Gago J and Oliveira E R de A 1986 Accuracy Estimates and Adaptive Refinements
in Finite Element Computations (New York: Wiley)

Bank R E and Weiser A 1985 Some a posterior error estimators for elliptic partial differential equations Math.
Comput. 44 283-301

Beilina L 2002 Adaptive hybrid FEM/FDM methods for inverse scattering problems PhD Thesis Chalmers
University of Technology

Brenner S C and Scott L R 2002 The Mathematical Theory of Finite Element Methods (Berlin: Springer)

Colton D and Kress R 1998 Inverse Acoustic and Electromagnetic Scattering Theory (Berlin: Springer)

Daners D 2000 Robin boundary value problems on arbitrary domains Trans. Am. Math. Soc. 352 4207-36

Evans L C 1998 Partial Differential Equations (Providence, RI: American Mathematical Society)

Eymard R, Gallouét T and Herbin R 2000 The finite volume method Handbook of Numerical Analysis vol 7
ed P G Ciarlet and J L Lions (Amsterdam: Elsevier) pp 715-1022

Guven M, Yazici B, Kwon K, Giladi E and Intes X 2007 Effect of discretization error and adaptive mesh
generation in diffuse optical absorption imaging: II Inverse Problems 23 1135-60

Guven M, Yazici B, Kwon K, Giladi E and Intes X Error in optical absorption images due to Born approximation
in diffuse optical tomography, in preparation

Ihlenburg F 1998 Finite Element Analysis of Acoustic Scattering (Berlin: Springer)

Kaipio J and Somersalo E 2005 Statistical and computational inverse problems Applied Mathematical Sciences
vol 160 (New York: Springer)

Kress R 1999 Linear integral equations Applied Mathematical Sciences vol 82 2nd edn (Berlin: Springer)

Li R, Liu W, Ma H and Tang T 2002 Adaptive finite element approximation for distributed elliptic optimal
control problems SIAM J. Control Optim. 41 1321-49

Smith G D 1985 Numerical Solution of Partial Differential Equations: Finite Difference Methods (Oxford
Applied Math. Comput. Sci. Series) 3rd edn (Oxford: Clarendon)

Strouboulis T and Hague K A 1992 Recent experiences with error estimation and adaptivity: Part I. Review of
error estimators for scalar elliptic problems Comput. Methods Appl. Mech. Eng. 97 399-436

Verfurth R 1996 A Review of A Posteriori Error Estimation and Adaptive Mesh Refinement Techniques (New
York: Teubner-Wiley)


http://dx.doi.org/10.1007/BF01385738
http://dx.doi.org/10.1088/0266-5611/15/2/022
http://dx.doi.org/10.1137/0715001
http://dx.doi.org/10.1090/S0002-9947-00-02444-2
http://dx.doi.org/10.1016/0045-7825(92)90053-M

	1. Introduction
	2. Forward and inverse problems
	2.1. Forward problem
	2.2. Inverse problem

	3. Discretization of the inverse and forward problems
	3.1. Inverse problem discretization
	3.2. Forward problem discretization
	3.3. Discretization of the inverse problem with operator approximations

	4. Discretization-based error analysis
	4.1. Case 1
	4.2. Case 2. The kernel is degenerate
	4.3. Iterative Born approximation

	5. Conclusion
	Acknowledgments
	Appendix A. Boundedness of
	Appendix B. Compactness of
	Appendix C. Proof of the lemma
	References

