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Abstract

There is a broad range of mathematical problems that can be classified under the title of inverse
problems. In this thesis we concern ourselves with the inverse problem of identifying variable
coefficients from observation data given an underlying fourth-order or parabolic partial differential
equation. We focus on the methods that are employed to derive the gradient of the output
least-squares, modified output least-squares, and equation error approach cost functionals. We show
the complete derivation of equations, computation of finite element matrices necessary to find the
solution of the inverse problem, and display numerical results achieved by numerical implementation

of finite element method discretization.
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Introduction

There is a broad range of mathematical problems that can be classified under the title of inverse
problems. Their main overarching commonality is they involve converting a set of observations of
a system into information about the system’s unobservable properties. In this thesis we will be
concerned with systems that are described by a differential equation and the information we wish
to discover are coefficients in the differential equation. We formulate the inverse problem by posing
a constrained optimization problem which minimizes a norm of the observation data by choosing

the optimal coefficient.

This thesis implements multiple inverse problem formulations involving various cost functionals and
methods of calculating the gradient of the cost functionals. We implement the output least-squares,
modified output least-squares and equation error cost functionals. We explore inverse problems that
involve two separate differential equations: a fourth-order differential equation and parabolic partial

differential equation.

In the first chapter we formally define the inverse problem and the direct problem in general terms,
define important concepts such as well-posedness, cost functionals, regularization parameters, and

discuss the algorithms for solving the inverse problem.

The Second chapter involves solving the inverse problem of identifying a variable coefficient in
a fourth-order ordinary differential equation. We show the detailed derivation and solution method

for solving the direct problem and the Finite Element Method implementation. We perform a
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general derivation of the adjoint stiffness matrix which is used in the computation of the cost
functional’s gradient. Finally, we show the implementation details and show numerical examples

for output least-squares, modified output least-squares and equation error approach.

The third chapter outlines the methods and procedures for deriving and implementing methods
for finding a spatially varying coefficient in a general parabolic partial differential equation. We
compute the gradient of the output least-squares cost functional by an alternate method to the

adjoint stiffness approach and give numerical examples.

This thesis is meant to be self-contained, giving a complete derivation and explanation for all
concepts and methods used in solving the inverse problems. The last chapter is an appendix
containing definitions of concepts that might not be familiar to undergraduate and graduate

students of mathematics.



Chapter 1

Inverse Problem of Coefficient

Identification

1.1 Direct Problem and Inverse Problem

Inverse problems arise when our objective is to recover information about a system from observations
of the system. The system is usually closed which refers to the property that the information we

wish to recover cannot be directly observed.

The direct problem relates a set of model parameters to a solution of the system. The forward
operator, the operator defining the direct problem, contains information about the relationship
between the model parameters determining what occurs inside the closed system and the measurement
of what we observe occurring outside the system. We define the forward operator as F : A — D
where A is the set of model all possible parameters and D is the set of possible solutions or

measurements. The forward problem is defined as:

Find the solution d € D such that

10



Section 1.2. WELL-POSEDNESS

given a specific a € A.

Conversely, the inverse problem relates the observations outside the system, to model parameters.
In inverse problems we are provided with measurement data of our solution, and we are concerned
with identifying the correct model parameters. Thus, we can define the inverse problem as:

Find the model parameter a € A such that

Fla) =d (1.2)

given a specific d € D.

In this paper we will consider models F to be differential equations, parameters a are coefficients
in the differential equations, and d is a possible solution to F in the context of the forward problem

(1.1) and a discrete set of measurement data in the context of the inverse problem (1.2).

The forward operator F is a differential equation which can be discretized to a finite dimensional
system of equations. Therefore the forward problem and inverse problem can be posed as satisfying

Fa = d where F is an m X n matrix, a is an n x 1 vector, and d is a m x 1 vector.

1.2 Well-posedness

Inverse problems are often difficult to solve because of the issue of ill-posedness [1]. Inverse problems
are often ill-posed because there is often more than one choice of coefficient a which allows F(a) = d
to be satisfied. A problem is said to be ill-posed if it fails to be well-posed according the definition

provided by Jacques Hadamard in 1902.

A problem is well-posed in the sense of Hadamard if it has the properties that

1 A solution exists.

11



Section 1.3. GENERAL INVERSE PROBLEM FORMULATION

ii The solution is unique.

iii The solution depends continuously on the data.

The last property, perhaps being the most important in finding the solution of an inverse problem,
may determine the stability of our solution. If the solution of the problem does not depend
continuously on the data then small changes in the data will result in large changes in our solution.
Therefore it will be difficult to implement a numerical algorithm to approximate our solution. In
this case the problem must be reposed to satisfy the stability requirement. Note that this can be
achieved in several ways, one possible method is with the addition of a regularization term which

we will utilize in this paper.

1.3 General Inverse Problem Formulation

We present the inverse problem of identifying a(x) as a finite dimensional optimization problem.
The solution to the problem is formulated as the minimizer of a cost functional which is defined by
the coefficient to solution mapping. The minimization problem has the following form:

agl)lélA J(a) (1.3)
where J is a function from A to R called the cost functional and A is the set of admissible coefficients.
We want our solution to satisfy the inverse problem condition from the previous section that
F(a) = d where F is a differential equation model, a is the parameter we wish to identify, and d is

the given data. Therefore we can define the cost functional in the above minimization problem as
J(a) = [|F(a) — 2| (1.4)

for some suitable norm, and z is the discrete set of measurement data.

Since the direct problem is a differential equation, we can reformulate it in its corresponding
variational form given by (1.5). Therefore the forward operator is replaced with the solution u € V

to the variational problem

12



Section 1.4. REGULARIZATION

b(u,v) = f(v) Yo eV (1.5)

where b(-,-) is the bilinear form and V is the typical space of test functions defined in variational
problems. The optimization approach for the inverse problem has the form
: 2
min ||u(a) —z 1.6
min [u(e) ]| (16)

where u is the solution to the variational problem depending on the parameter a(z).

1.4 Regularization

The inverse problem of identifying a spatially varying coefficient in a differential equation is
subject to problems of ill-posedness and overfitting. We introduce the process regularization which
introduced additional information in order to create a well-posed problem and prevent overfitting.
The issue of well-posedness was covered in previous sections. Overfitting occurs when the values
of the recovered coefficient are influenced by noise instead of by the underlying model or data.
Regularization introduces a tradeoff between fitting the data with the correct coefficient and
reducing a norm of the coefficient.

aal)igA J(a) + €R(a) (1.7)
We redefine the minimization problem by introducing the regularization functional, R(a), and the
regularization parameter, . The regularization parameter is a small positive constant and can be

defined in alternate functional forms.

The coefficient we wish to identify is an element of a specific function space of admissible coeflicients

defined by
A={a=a(x)la € H(Q),0<ky <a<k <ooonQ k R} (1.8)

where a = a(z,y) in the case of two dimensions. The regularization functional, R(a), can be defined

by one of the following norms.

13



Section 1.5. INVERSE PROBLEM ALGORITHM

Eenoms [l ooy = llallz2o) = [ lof (1.9)
H'-norm: lal| (o) :/ \a!z—i-/ |Val? (1.10)
9) )
H'-seminorm: ||a||H"(Q) :/ Va|? (1.11)
Q

where H'(Q) denotes the semi-norm of H'(Q).

1.5 Inverse Problem Algorithm

In this section we will briefly discuss the inverse problem algorithm that will be implemented in
the following chapters. We provide general descriptions of how to solve an inverse problem of

identifying a coefficient from observation data. The steps are as follows:
1. Initial guess for the coefficient: (a; = ao).
2. Solve the direct problem: Find u(a;).
3. Evaluate cost functional value: J(a;).

4. Compute gradient of cost functional: V.J(a;).

ot

. Using gradient descent algorithm, move in direction of steepest descent: Compute a;41.

6. Repeat steps 2-6 until stopping criteria is satisfied: ||V.J(a;)|| < tol.

First, an initial guess for the coefficient is provided based on some assumptions of the data. A

reasonably good initial guess is required for convergence of the algorithm.

Second, we find the solution of the direct problem from the appropriate differential equation using

the provided coefficient.

Next, we use u(a;) from step 2 to compute the value of the cost functional and the gradient of

the cost functional given a;.

14



Section 1.5. INVERSE PROBLEM ALGORITHM

A constrained optimization method, such as a gradient descent algorithm is used to find a;41
which reduces the value of the cost functional. In our numerical examples we will use a conjugate

gradient trust region method which uses J(a;) and V.J(a;) to find a;t1.
We repeat steps 2-6 until the necessary stopping criteria is met. In this case our stopping criteria

is the condition that the gradient of the cost functional ||V Ja;]|| is less than a pre-defined tolerance

level. For example, the pre-defined tolerance level used in our numerical examples is 107 2.

15



Chapter 2

The Fourth-Order Inverse Problem

In this section we study a general fourth-order differential equation with three spatially varying
coefficients. The case of identifying a coefficient in a fourth-order differential equation has an
important application in materials science; specifically in modeling the deflection of a beam.
This has been studied extensively in several contexts involving beam problems and the related

2-dimensional modeling of car windshields studied in [2] and [3].

2.1 Direct Problem Formulation

In this section we introduce the problem of solving a fourth-order differential equation by finite

element methods. The general partial differential equation is

2 2, u
% <a(m)%> — % <b(m)3—w> +c(x)u = f(x), z€Q (2.1)
u(z) = %(m) =0 Ve el (2.2)

where f is a real-valued piecewise continuous and bounded function, = [0,1] and I" = {0,1}. In
this problem we have homogeneous Dirichlet and Neumann boundary conditions. These are often
called 'clamped’ boundary conditions. We define the linear space of test functions as follows:

dv

e (x)=0onT} (2.3)

d
VYV ={v|vand £ are continuous on €2, and v(z) =

16



Section 2.1. DIRECT PROBLEM FORMULATION

We introduce the following inner product notation to be used throughout the thesis which applies

to real-valued piecewise continuous and bounded functions.

Next we obtain the weak form, or variational form, of the fourth-order differential equation by
distributing test function v through equation (2.1), integrating over 2, and applying integration by
parts with boundary conditions defined by (2.2) and (2.3).

/Q;—; <a(x)%> vdw—/ﬁ% (b( )jg) vdyc—i-/Q c(x )uvdx:/ﬂf(w)vdx
- % <a(m)%> v ] —/ % (a(:n)%) %daz
/b %@dx—l—/ c(x )uvdx:/ﬂf(:n)vdx

— b(x
d d%u d?u dv d?u d%v
- d_< (x )d 2) F—a(w)@a F—i—/{)a(w)@@dw
du du dv
— b(x)avp—k/b( )d_ad +/Q c(x )uvdx:/ﬂf(a:)vdx

Using boundary conditions supplied by (2.3) the first two terms of the above equation evaluate to

0. Therefore we have the following equation which we can also write in variational form. Note that

this is true for every test function since v was chosen arbitrarily from the linear space.

d?u d%v du dv
/Qa(x)@@dx—i-/b( )aad +/Q c(x )uvdx—/ﬂf(x)vdw Yo eV

_ (@@%, %) + (b(a:)%, 3—2) F(e(@)u,v) = (f(z),0) YoeV

We define V;, to be a finite dimensional subspace of V, which is an infinite dimensional space
of functions, in order to properly define the finite element discretization of our solution. In the
following section we will formally define the corresponding basis functions, matrices, and finite

element representation.

17



Section 2.2. FEM IMPLEMENTATION

2.2 FEM Implementation

2.2.1 Stiffness Matrix Computation

The solution, u, has a unique representation given a basis function representation. The basis

function representation is

n

Z [ujdj + a545] - (2.4)
7j=1

where u; represents the coefficients on ¢; and 4, represents the coefficients on ;.

Substituting the basis function representation of our solution into the weak form equation allows us
to put the equation in a form where we can calculate the adjoint stiffness matrix. First we replace
the test function v, with each of the basis functions and obtain the following two equations.

n n

a(z) Zl [u;o? +a?] .o} | + | b(x) Zl [u;d; + 0], ¢
Jj= J=
+ | c(x) Zn; [uj s + tjib5] i | = (fir di) (2.5)
=
o) s+ o] o | + 0609 2 o+ )
J= =
- c(:n)zn:l [uj@s + ajabi] i | = (fi, i) (2.6)
j=

where ¢” is the derivative 327‘5 and likewise with ¢. We introduce the notation that ® = [¢, ],

where ’ is the transpose operation, so the above two equations condense to the following equation.

Zu]Ak apg!, ®Y) —i—Zu Ag (art], ®) + ) " uiBy (brd, ®F) + > By (b, @)

j=1 =) =) j=1
—i—ZujCk (Ck¢j,q)i) +Zu;C‘k (Ckl/Jj(I)i) = (fz,q)z) (27)
j=1 j=1

where we have made a substitution for the coefficients in terms of their basis functions by the

equations

18



Section 2.2. FEM IMPLEMENTATION

a(xz) = Z Arag,
k=1

b(x) = ZBkbk, and

k=1

c(x) = Z Crck.
k=1

Ay, By, and Cj, represent the k' coefficient and ay, by, and ¢ represent the k" basis function for

the corresponding coefficient. Imposing basis function conditions we can solve for the precise cubic

polynomials representing the solution.

o {—23:3 + 3(zj_1 + xj)x? — 6zj_1750 + (Bxj — xj_1)$?_1i| cx €l
pj(x) = % {Qx?» —3(z; + $j+1);172 + 62z 12 — (3xj — :Ej+1):17§+1] cx el
0 : otherwise
% [m3 — (221 +x)x? 4 (xj_1 + 22) 17 — x?_lxj] rx €l
vilz) =1 & [x?’ —(z; + 2xj41)2% + (225 + xj41)Tj417 — a;jx?H] cx € Iy
0 : otherwise

where [; is the interval to the left of x; defined as I; = [x;j_1, ;] and similarly I; 1 = [z}, zj41].

The following values are calculated by taking the appropriate derivative and finding the basis

function value at the specified point. We also impose the condition that we have a regular mesh

(i.e. we have equally spaces nodes over the mesh). These values are necessary for the computation

of the stiffness matrix.
¢j(2j41) =0
¢j(xj-1) =0
Gj(Tjq12) = 1/2
¢j(@j_1/2) = 1/2

¢j(x;) =1

19

¢i(xjr1) =0
¢j(xj-1) =0
#(@j41/2) = — 35
#i(xjo12) = 55

j(zj) =0



Section 2.2. FEM IMPLEMENTATION

O] (zjq1) = 7% ¢ (wj_1/2) =0

¢l (xj-1) = 7%

1 (@j41/2) =0 Of(2;) = — 32
Yj(xjs1) =0 Wi(@jm1ye) = —1
$j(xj-1) =0 Vi) =1
Vj(jt1/2) = h/8 Pl (zj41) = 7
Vj(wj_1/2) = —h/8 Hwj1) =%
() =0 Vi (2j41/2) = =3
Wi(j41) =0 Vi (i) = %
Wi(wj 1) =0 lim,, - ¢ (2;) = 7
Wi(@j41/2) = lim, .+ ¢ (2;) =

In the following equations we will derive the values for each entry in the submatrices A, B, C, and

D. They will be used to construct the stiffness matrix K as a block matrix.

Aig = (atx)ol, 0! Gi = (al@)ef 1)
Biy = (atx)e). ! Hi; = (ala)vf v!)
Ciy = (b(a)d}.01) lig = (b()9}, 1)
Dy = (b)), 6 Ty = (e vi)
By = (c(2);, 1) Kij = (c(x)95, 1)
Fij = (c(x);, 64) Lij = (c(w)s, i)

20



Section 2.2. FEM IMPLEMENTATION

A+C+E B+D+F u Fy
G+I+K H+J+L a Fy
= K(A)U=F (2.9)

Note that matrices A, C, E, H, J, and L are symmetric. Also G = BT, I = DT, and K = FT.

Next submatrix of the stiffness matrix, K, is calculated.

Ajj = (a(@)d] ¢§')
= /IJ+1 2dx
:/ d;p—i—/le a(x)(¢;!)2 dx
h /! /! /!
i (aj—1¢j (xj-1) + da;_16; (wj_%)z + a;¢; (%’)2)
h /! /! /!
t3 (%¢ () + daj, 1 6 (@ j+%)2+aa’+1¢~(9ﬂj+1)2)
h 36 h 36 36
=5 (o (56) +0 00 (5)) +5 (o (5) 0 0m (32))
= E (aj 1+ 2a; +a]+1)
Aj1j = (a(x)d], ¢] 1)
- [ a0 da
hj /! /! /!
%E<aﬁ 1¢] 1(:EJ 1)¢ (:EJ 1) + 4a ] %qb] 1( ] %)Qsj(l']—%)+aj¢j—l($])¢](x]))
h —36 36
=5 (0 (57) oo (57))
6
=75 (-aj-1— a))
Ajj1=Aj-1

B;; = (a(x)yy, ¢])
Fi+t " //d
a(r)y; ¢y dx

Jj—1

21



Section 2.2. FEM IMPLEMENTATION

Tj+1

:/.j a($)zb;’¢;’d$+/. a(z)y] ¢ dx

h
2 (g g )8 on) + day ey 1)y 1) + gl ()6 )

6
h

+ 7 (a0 )8 () + a3 (2541) + a0 (w50)8 (2551))

h —12 —24 h 24 12

6
=5z (—aj-1+ aj11)

[\)

Bj_1; = (a(z)y], ¢]_1)
— [ atwwey o

J

(510 (5 1)0) 1 (51 + 4y 0 G

h

6

h 12 24
“o\%" <m>+0 (ﬁ))

2

)01 (;_1) + a0 ()0 () )

1 1
2 2

= (al=
— [ a1 o

Tj—1

<aj—1¢§/_1($j—1)¢}/($j—1) +da;_1vf (2, 1) (x; 1) + aj¢}/_1($j)¢}'($j))

~ h
=~ 6 j
h —24 ~12
= g CL h3 + 0 3
2
S —

Hj; = (a(z >w )

=, ctograss [ aw s
h

(a] 105 (5 1)? +4a;_, 7 )2+aj1/1;-’(a:j)2>

h ! "
t5 (aﬂﬁ;’ ()% +4da; 195 (2;,1)* + aj 19 ($j+1)2)

22



Section 2.2. FEM IMPLEMENTATION

h 4 1 16 h 16 1 4
=g\ @tz ) Hea gz )tz ) T\ wlaz) tlan (g ) tan gz
2
~ o (kg kg 48k k)

1
= 7 (kj—1 + 6kj + kjp1)

H; ;= (G(ZE)ZZ);'/,%/—J

_ / " (w0 da
Tj—1
h ! " " ! " "
2 (a0 (o) 0) + gy (o, )0 (0 + agt s () (5) )
h 8 ~1 8
:g aj—1 ﬁ +4CL]-_% ﬁ —|—aj ﬁ
1 8 —2 8
=7 (@173 H g1+ a5) 55 +aj55
1
= E (aj_l + (Ij)
Hjj1=Hj1;

h . .
= (b .
9 h 9
(0 +4b;_ <W> - 0) +5 (0 +4b,, 1 <W> - 0)

Cj-1j = (b(x)d}, ¢ 1)
:/ " b)) o da

j—1

23



Section 2.2. FEM IMPLEMENTATION

1
h
.

b(x)d, 1), da + / " b(@) gy, da

j—1 3

h

o <bj—1¢3—1($j—1)¢}($j—1) +Ab; 1 (a;_1)d(z;_1) + b ]_1(%')@25}(%))
h -9
-3

=5 (b5-1)
-3

CJ Jj—1 CJ—IJ

~ 2 (b1t (o506 (e 0) + 4by_ 3 0 ;1) s

(bj%(:vj)%(fﬂj) +Ab; (e )G (T 1) + bj+1¢}($j+1)¢}($j+1)>

oo () (5) ) 2o s (2) () )
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1
(bj—1+b5)

oo

Djj—1 = (b(2)¢)_1,¢})

Tj+1 , ,
= ( )T/Jj—l%' dzx
Tj—1
xj / / xj+1 / /
- / b1, de + / b)), 1) da
Tj-1 zj

(b1 (@51 g1) + b3 (),

b
6
h 1\ (3
_ <o+4bj_é (7) <%> +0>

— b(z)(¥})* dw
Tj—1
Z; /N2 Li+1 \2
_ / b(z)(#)? d + / b(2) ())? da
Tj—1 Tj
L h b 1 4b ! 24 bl 2
o ( -1 (25— )2+ 11/1]-(33]-_%) + b (x5) >
h
+g(bj¢;(x]) + b, 12y, 1)° +bj+1w§(xj+1)2)
h 1 h 1
S ovn,y (B)0)+E (e (5) o)
h
= 2 (b1 +8b; +1, )
h
~ E (bj_l + 18[)]' + bj+1)

J} 1,5 ( )¢b77pj 1)

(b

/ b)) 1, de

/ )1 de + / " by da
h

~ 5

Zjt+1

Zj

(] 11/’] (25— 1)¢ (25— 1)+4b 1%’—1(%’_%)%'(%’ %)"‘bng 1(%)%(%))
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h 1

2}11 (bﬂ—l)

h
Jjj—1=Jj-1;

E;;=(c

/—\

( )qu, qu)
() (65)? da

ZEJ1

8
[

Tj+1

() ()7 dz + / (2)(6;)? da

Zj

(Cj 1¢] Tj— 1 +4Cj—%¢j(37j_

ol ol + Cnlb \

)2+ Cj¢j($j)2)

1
2

| >

(Cj_l + 6¢; + Cj+1)

Q

—_
[\)

Ej1;= (C(:E)qu, $j-1)

c(r)pj—1¢jdx

Tj—1
;J’ Tjt+1
= c(x)pj—1¢;dr + / c(z)pj_1¢;dx
Tj—1 Tj

)@j(x;_1) + Cj¢j—1(ﬂfj)¢j(ﬂfj)>

_1 1
2 2
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Fi = (e}, 69)
_ :T o(@);b; dz
_ /x jjlc(x)«wj dz + /x jm c(@)p;b; Ao
~ 0 (e a) + ey, )65 1) + ey (s)5(es)
b2 (eatsa)bleg) + ey 195, 1)65(5,1) + Gty
20ty () (3) +0) + 5 (010 (3) (5) +0)

Fy 15 = (c(x)vj, 1)
" @)y da

Tj—1

/J %@IM+/H@wmﬁﬂx

J

<Cj—1¢j($j—1)¢j—1($j—1) +de; 1ij(a; ) + Cj%(fﬂj)%—l(fvj))

D
T 6
h —h 1

_pH2
N 2—2 (6-3)
2

1)bj-1(e;_1

~ K(Cj—lJrcj)
Fjj—1=(c(z )ng 1,0;)

c(x)yj-1¢; dx

Tj—1

/_J (2) ;-1 da:—i—/ " @) y16; da
h]
~%
h
6

J

(c] 19j-1(25-1) @ (€j-1) + 4e;_1bja(x;_ )+Cj¢j—1($j)¢j(wj)>

oo () (2) )

%)‘bj( i—3
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h2
T2 ( J—%)
h2
~ yr (cj—1+¢)
L :( ( )T/fm%)
ZTj+1 9
= c(x)(;)” da
i1
Ty 9 Tj+1 9
- / c(z) () dz —1—/ c(z) () dz
h
~ 5 (Cy 19 (wj-1)° + 4e;_ 1y (- %)2+Cj¢j($j)2)
h
+ 6 (Cﬂ/’J (x]) + 4CQ+11/’]( %) + Cj+1¢j(33j+1)2)
h h? h h2
h3
~ 96 (e-2+01)
h3 6
~ @ Cj—1 + 2Cj + h2C_7 + Cj+1

Lj—1; = (c(z)j,¢5-1)

= [ sy de
= [ iy [ oo

)1/}]( )+ citbj—1(x)); (x]))

1 _1
2 2

h
E(C] 15 -1(2j-1)1 (xj-1) + 4e; 1951 (x;
h

—_h2

~
~

—h3
o (1)
—h3
~ 192 (Cy—l + C])
Ljj-1=1Lj;
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2.2.2 Load Vector Computation

In this section we compute the fourth order load vector which is constructed by F' = (Fy, Fyy) where
Fy=(f,9) =19, nand Fy = (f,4;);_1 5 - In the following derivations we use the definition of

the load vector and numerically approximate the integrals with Simpson’s rule.

1
(Fo), = [ fosia
:/g:jl fojda + /:jH fo;dx

J

:% [f(@j-1)¢5(wj-1) + 4f (j-1/2)b5(xj1/2) + f ()85 (w;)]

* % [f ()¢5 (25) + 4f (21172005 (@) 1/2) + f(2)11) b5 (2541)]
z% (2 (x_1/2) + fla;)] + % £ (@5) + 2f (@j4172)]

If the mesh is sufficiently fine (i.e. n is sufficiently large) then we can approximate f(z;_;/2) and
f(ﬂfj+1/2) by f(xj)-

hj 4 hjtq

:% |:hjf(xj—1/2) + 5

- (M) )

1
(Po), = [ fsdo

:/.j fzpjd:v—i—/.j+1 fijdx

:% [f @i (i) + A (@205 (221 2) + f25)05 ()]

- % £ )i (s) + 4F (@540 /0)5 (@41 /2) + F(@j40)00 (25)]
=— ;l—if(fchp) + hjy1h; f(@)11)2)
:% [y f (@ 12) + hjr1 f(211/2)]

f(x5) + b1 f(x41/2)
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2.2.3 Mass Matrix Computation

In this section we derive the fourth-order mass matrix used in computation of cost functionals
and the gradient of cost functionals. The calculation requires much algebra so many steps are
omitted for to keep the explanation concise. The integrals in this section are computed exactly by

integrating and substituting ;1 = x; — h or x;41 = x; + h.

A B
M = (2.10)
BT ¢

1
Ai,j:/o pigjdx

1
Ajj :/o ¢j¢pjdx

| "
- Jﬁm+/” $2da

Tj—1 J
VAT
~35h6  35h6

26
ey
35

1
Aj-1, :/o ¢j-1¢5dx
Tj
=/ ¢pjpj1dx
Tj—1
_9,
70
Ajj—1=A-1;

1
B; ; :/o ¢ijder

1
Bj ;= /0 Pjide
xj Tjt1
=/ ¢j¢jdx+/ ¢jjdx
Tj—1 x

J

=0
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1
Bj-1 :/0 ¢j-19dx
Tj
= pj-1¢;dx
Tj—1
~13
=2
420

1
Bj -1 :/ ¢j¥j—1da
0
Zj
= pjj—1dx
Tj—1
13
=2
420

1

Cij :/o Yihidz
1

Cjj = /0 Yjide

T

J Tj+1
= Widz + / Prda
Zj

Tj—1
L AT 1A
10552 T 10502
2 AT
105 1A

1
Cj-1, :/0 Yj—1da

i
= Yjhj1de

Tj—1
:_—1h3
140

Cjj—1="0Cj-1;

2.3 Inverse Problem Formulation

We introduce a modification of the standard fourth order inverse problem. The problem becomes
that of identifying three spacial variable coefficients a(z),b(z) and ¢(z) in a fourth-order differential

equation. The equation in one spacial dimension is given by

31



Section 2.3. INVERSE PROBLEM FORMULATION

& (0055 - 2 (505D 4 clorute) = s (2.11)

where the problem is defined on the domain ©Q = [0, 1].

The weak form of the differential equation is obtained as in the previous section by integrating

by parts twice and applying boundary conditions. We find the variational form to be

d?u d%v du dv
<a(w)@, @> + <b(x)£, £> + (c(z)u,v) = (f,v) Yve V. (2.12)
After we obtain the solution to the direct problem, which was formulated above, we move on to

finding a fourth-order discretization of the necessary matrices and elements to minimize the cost

functional.
2.3.1 The Fréchet derivative of the parameter to solution operator for fourth-order
equations

The parameter to solution mapping is defined as F' : A — V where the solution belongs to V, a

Hilbert space, and the parameter belongs to A, a Banach space.

The trilinear form comes from the variational form of the problem defined in (2.12). We adopt the

notation that ¢ = (a(x),b(x),c(x)). So given that the trilinear form is defined as

d?u 42 du d
T(q,u,v) = <a(3:)d—;26, d—:;2)> + <b(:n)d—z, é) + (e(x)u,v) (2.13)
then we have
T(q,u,v) = (f,v) YveW. (2.14)

We find the Fréchet Derivative of the parameter to solution mapping. Let ¢ € int(A) and dq be a
perturbation on ¢ such that ¢ + dg € A. Also define dw = F(q+ dq) — F(q) and u = F(q). Note

that we can write F'(q + dq) as u + dw.

The variational form at ¢ has the form
T(g,u,v) = (f,v) YveV (2.15)
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and the variational form at ¢ 4+ dq has the form
T(q+ 0q,u+ ow,v) = (f,v) YveV (2.16)

Next, we subtract (2.16) from (2.15) and simplify.

T(q,u,v) —T(q+ dq,u + dw,v) =0

T(q,u,v) — T(q,u + ow,v) — T(dq,u + dw,v) =0
T(q,u,v) — T(q,u+ dw,v) — T(6q,u,v) — T(dq, dow,v) =0
T(q,u + dw,v) = T(q,u,v) — T(dq,u,v) — T(dq, dw,v)

Note that the last equation is in the form of the Fréchet Derivative (4.10) which suggests the form
of the derivative DF'(q). We see that the derivative of our solution is du = DF(g)dq and is found

by solving the variational equation
T(q,0u,v) = =T (0q,u,v) Yv € V. (2.17)

Note that the validity of this argument is not proved here. For a rigorous proof and derivation of
this we refer to [4]. For the particular problem we are considering this result translates into the

following equation.

d26u d?v déu dov d%u d?v du dv
el oo = = (da"—, "t = 2.1
(a o2 ’da:2> + (b 1 ’da:> + (cdu, v) <5adx2’ dx2> + <5bdx’ dx> + (6cu,v)  (2.18)

2.3.2 Derivative of U(A)

The matrix U(A) is the solution to direct problem discretized by finite element method. We find
OU in order to complete the calculation of the derivative of J(A) in the following sections. We

begin with the direct problem
K(A)U =F. (2.19)

Next, we take the derivative of the above matrix equation. Utilizing chain rule and product rule

we obtain
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(DK(A)JA)U + K(A)SU = 0. (2.20)
We use the linearity of K(A) to simplify the expression and obtain an expression for dU.

(DK (A)SA)U + K(A)SU =0 (2.21)
— K(A)6U = —DK(A)(§A)U
— K(A)0U = —K(6A)U
—0U = —K(A) 'K (AU

(2.22)

2.3.3 Adjoint Stiffness Derivation

Here we derive the fourth-order adjoint stiffness matrix in general form from the definition of the
stiffness matrix. As before we use cubic basis functions for the solution space and piecewise linear
basis functions for the coefficient space. By definition of the the finite dimensional subspace of

linear test functions we see that v € V}, has the form

n

v=> [v;®; +vjT] (2.23)
j=1

and we impose the condition that the coefficients have the form

ZAkak, ZBkbk and c(x ZCka (2.24)

k=1
where we m = n + 2. Also, note that ay, by and ¢, are the k' basis functions and Ay, By and Cj
are coefficients on the k** basis functions for a(z), b(z) and ¢(x) respectively. Moreover, we adopt
the notation that A = [Ax], B = [By] and C = [Cy] for k = 1,2,...m. We create a coefficient

vector from these coefficients given as

(2.25)

O
I
Q W

We simplify the computations by introducing the simplifications that ® = (CID,\I/)T where & =
(@1, ¢27 e an) and ¥ = (¢17¢2, o TIZ)n)
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K(Q)],; = /Q o) BB dr + /Q () Bl + /Q () B, Byda (2.26)

> Akak> /D! dx + (Z Bkbk) o Pdx + (Z C’kck> B;P;dx
k=1 k=1 k=1

I
S~

= Z </ akti);.’ti);/dxAk —l—/ bk(i);i);dek —l—/ ck@j@idw0k>
= \Jo Q Q
[K(Q)V] =S (S (| ax®l@lded + | 0@ @ideBy + | ad;8daCy) |V, (2.27)
biE k= VO ’ @’ @
= Z </ ak(i);./ci);’dw/lkv]' —l—/ bk@;@;deij + / ck@j@idkaVj)
k=1j=1 \/9 @ @

- T
We adopt the notation that V = [ v v } and
Tie — / a1 + / by B! Bl + / cp;bda (2.28)
Q Q Q
Furthermore,

{K(Q)V} = Zn: (i Tiijk) V= i ZTWV} Qr = [L(V)Q]z (2.29)

The matrix L = L(V) is known as the adjoint stiffness matrix. We have shown that it must follow

the condition that
L(V)Q=K(Q)V, VAcR™ VvV cR™ (2.30)

Furthermore, we shown the exact form of the adjoint stiffness matrix.

2n
[L(V)]ik =" TV (2.31)

j=1
2n

-y < / w18 da + / b Bl + / ck<I>j<I>idaj> 7,
= Ve Q Q

= Z </ akq);.’cf)éfdx —I-/ bkq);@;dﬂj —I-/ qu)jq)idﬂj> Vj
= Ve Q Q

2n

+ Z </ ak\I/;./ri);/dw—i—/ bk\I/;»CT);dx —l—/ Ck\I’j(i)idx> Vj/
Q Q Q

j=1
forallt=1,2,...,2nand k=1,2,...,m.
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2.3.4 Adjoint Stiffness Matrix Computation

In this section we construct the adjoint stiffness matrix L by first creating submatrices A, B, C,
and D (which are different from the A, B, C, and D in the previous section). These are used to

create the L in the following manner.

n n

1 1
= 3 ([ v ar) s ([ et a)
0 0

j=1 7j=1

j=1 j=1

n 1 n 1
Bua= 3 ( [Cawvgerar)v; =Y ([t )v;
0

n 1 n
Dy = Z b da | V! L /
i, : 0 7 J ik = Z bk¢j¢i dz Vg
j=1 j=1 /0
Ez,k = : </0 Ck¢]¢l dﬂi‘) ij Kl,k = </ Ck(bjwl dx) ‘/j
Jj=1 j=1 0
n 1 n 1
_ !
Fp = 2 (/0 kY0 dx) Vi L= </ ki dx) |4
= = 0

A+B C+D E+F
G+H I+J K+1L

= L0)Q =K@QU

We construct the submatrices of L by deriving each term of the matrices. We proceed by identifying
the intervals of compact support on which we integrate, we numerically approximate the individual

integrals by applying Simpson’s rule.

n

1
=3 ([ meser )
0

i=1

n 1
Ap = Z (/ apd llldw> Vj
0

j=1
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_ (/Olao(gs;')?dx) Vi
(/Ilao(¢’1')2 dw) Vi

6
= mVl

n 1
Ag = Z (/0 a1¢ ¢y d$> V;

J=1

1 1

— (/ a1(¢’1’)2dx> i+ (/ a1y ol dx> Vs
0 0

= (/ al(qb,ll)z dl’) V1 + (/ a1(¢'1')2 dl’) V1 + (/ a1¢’1'¢'2' d:L'> V2
I I Ip)

6

=132V — V2)
n 1
Aip =Y (/ as¢!l ¢ dw) Vi
j=1 M0

1 1
(/ a2(¢’1’)2dx> Vi + (/ asd ot dx>
0 0

hg(Vl V2)
n 1
Apr =" (/ ar1¢/ ¢ dw) Vi
j=1 70

1 1
([ motosan) vioe ([[oatetae) v
(lfmw&M>w (ﬂflﬁ )

53( Vi+Va)
! /Ui

Agp = ; </0 a2¢; ¢ d$> Vj

! V/BNUi ! //
([ ehoan) vios ([[oateae) v
= ([ esoteta)vis ([ oatohae) v

n

(/ as(¢})? dx) Vi+ (/ a2 by dw) Vy
I> Is
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6

= ﬁ(—‘ﬁ +2Va — V3)
n 1
Agg =" (/ as¢ ’2’d:1:> V;
j=1 \0

1 1
— (/ a3(¢g)2dx> Vo + (/ azdl gdx> Vs
0 0
- ( / as(qzsg)?dx) Vit ( / asdldl] dx) Vi
I3 1:
6

Zm(vz—vs)

Vl 2V1—V2 Vl_v2 0
0 WVi+Vo =Vi+2Vh-1V3 Vo—V3

0 0 - n—1+VTL

n

1
Bi,k = Z </ akrl)Z);-/QS;, dx) ‘/j,
. 0

Jj=1

n

1
By = Z </ apy)y de> |
0

7j=1
1

— ([ wwtoyac) vy
0

= </ aowil /1/d1'> ‘/1/
I

2

= _ﬁvll

n

1
By = Z </0 a1y ¢y dﬂ?) Vi

=1

1 1
= ([avtotas) vie ([ agorar)v;
0 0

0 —Vp—2+ Vn—l —Vp—2+ 2Vn—1 - Vn

Vn—l - Vn
—Vp—1+ 2Vn

= ([ awtstac)vie ([ awtorac)vie ([ avgorar)vs
I I Ip)

2

:ﬁvé
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n

1
Bia=)Y_ </ asy)y de> 4
0

j=1

1 1

— ([ vtorar)vi+ ([ awvgoyac)
0 0

= ([ awtotac) vi+ ([ awvgorac)
12 12

2
= ﬁ(vll +2V3)

n

1
By = Z </ a1y /2/d33> Vj
0

=1

1 1
— ([ awtogar)vi+ ([ awgeyac)
0 0

Vy

Vy

V2

= ([ wvtegac) vi+ ([ awgegac) vy
12 12

2

= ﬁ(—m/f ~V3)
n 1
By o = Z </0 agy) é’daz) %4
=1

1 1 1
— ([ vtogar) v ( [ageac) vie ([ asogac) vy
0 0 0

— ([ awtsgac) vie ([ awgegac) v+
12 12

2
= ﬁ(—vf +V3)
n 1
By3 = Z </ azy é’daz) %4
j=1 70

1 1

— ([ nvogac) vi+ ([ wvgogar)vs
0 0

— ([ awvgoga) vi+ ( [ aaviosa) vs
13 13

2
= ﬁ(vzl + 2V5)
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Vi v

0 2V Vj
0
0

1
G =33 ([[acsotas) v
0

2V, o= Vi

0 0
Vi +2V3 0

-V o+ V, Vi +2V, 0
-2V -V =V %4

1 1
_ </ ! ’1’dx> Vi+ </ ) ’1’dx>v2
0 0

— ([ wotuas)vi
I

4
=23V

n

1
Gia=) </ a2y dw) Vi
0

j=1

/ adly! do

> Vi + </ alqbg /1,d1’> Vs
I

1 1

= </ a2¢/1/ /1/ dﬂj‘) Vi + </ (12@25/2/ /1/ dﬂi‘) Vo
0 0

= </ a2¢/1/ /1/ dx) Vl + </ CLQ(Z% il dl‘) V2
12 12

2
:p(Vl—‘@)

n

1
Gog =) </ a1¢by dw> Vi
0

j=1
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1 1
—([[astugac) v+ ([ mogugac) v
0 0
= </ algb/l/ é/ dl’) i+ </ a1¢/2/ gd:t) Vo
12 12

2
= ﬁ(vl - W)
n 1
Gra=Y < R d:c) v,
j=1 0

1 1 1

_ </ 0! dx) Vit </ . dx) Vst (/ o dw> Vi
0 0 0

_ (/ 020! gdx)m (/ a2 d:c) Vy+ </ 020 gdx) Vot (/ a2¢gwgdx>v3
12 12 13 IS

2

= 72(2V1 — 2V3)
n 1
Ga3 = Z </0 a3y d:n> V;
=1

1 1

- </ a3} 5’dx> Vat </ asd!] é’dx>v3
0 0

- < | asctvs dx) Vit ( / asdll dx) Vi
1I: I:

2
:ﬁ(‘é—%)

-V =2V Vi—Va 0 0
0 Vi=Ve 2V -2W3 Vo= V3 0

0 Voo —Vp1 2V o—=2V, Vo, 1—V, O
0 0 Vn—l - Vn 2Vn—l Vn

.
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= </0 Lao()? di’«") vy

1
— EV{

n

1
Hyy = Z </ a1y di’?) vy
0

=1

1 1
- </ al(wg’)zdx> Vi+ (/ a1 ]yl da:) vy
0 0
= </ha1( ”)2dx> Vi + </12a1( ”)2dx> Vi + </12a1¢f gdx> vy

1
= E(6V1, +73)

n

1
Hio= Z ( / ag iy dw> V!
0

j=1

1 1

~ ([ etwrrac) vie ([ awivgar)v;
0 0

= ([ oatwipas) vi+ ([ owviugar) vy

1

:%(VfJFVé)
n 1
H2,1:Z</ a1y gdx> V!
j=1 0

=</a1wfsdx> </01a1w§’ )5
([t e (fsran

1
= E(Vlurvzl)

n

1
H2’2 = Z </0 CLQ?ﬁ;I”I)Z)g d$> ‘/j,

J=1

= </01a21//1,¢gd ) </01a2 U)? > Vi + (/Olazlbgwg dx> V:
= (fotvgas) i (fonsan) vie (fLonespas) v ([ et v

1
= 7 (VI +6V3 +V5)
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n

1
Hyz=Y ( / az Iy dac) v/
0

j=1

1 1
—([awgrac) vy ([ oavgugac) vy
0 0

VI _ +V)
VI _, 46V,

_ < / s g>2dx> Vi + ( / s dac) v
13 13
1
= E(Vzl +V3)
Vi 6V + V) Vi+Vy 0
0 W+Vy Vi+6V3+Vy Vi + Vg
1
H — _ . .
h
0 Vi o4+Vi_y VI o466V _+V!
0 0 vV _ +V!
n 1
Cin=>)_ </ by &5 dx> Vj
j=1 ™0
n 1
Cip = Z </ bo'; ¢ dx> Vj
j=1 0
_ </ b0(¢3)2dx> "
I
h
= Vlg [bo(z0) ¢ (x0)? + 4bo(21/2) D1 (21/2)* + bo(21)B] (21)°]
h 1.3
=Vi=— A (Z)(—=-)2
Vig [0+ (D) a0 +0]
3
= E‘/1
n 1
0171 = Z </ bl(b;(b/l dZ’) ‘/j
j=1 0

1 1

= ([ ntrras)vie ([ nsiosar) ve
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2.4 Output Least-Squares Approach

The output least-squares (OLS) cost functional is discretized by the fourth-order basis functions
and formulated as matrix equations. The OLS cost functional is not necessarily guaranteed to be

convex and therefore the problem depends heavily on regularization to obtain a unique solution [4].
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This is evident in the inaccuracies of the recovered parameter portrayed in the numerical results

section.

2.4.1 Discretized Cost Functional

Recall that ¢ = (a,b,c).

J1(q) =5 llula) — 22 (2.32)
1
=5 (ulg) =z u(q) - 2)
1
25 (vvv)
:% z¢z+v¢z,zvz¢z+v>
=1 =1

1 n n
[Z z¢z] [ZUM%‘ dlE-l-%/ 2 [ZUM] [va] dz
= i=1 0 Li=1 i=1
+§/0 ;Uﬁ/}i [;Uﬁbz dx

:%VTAV + %VTBV’ + %V’TBT V+ %V’TC’V’

:l[vv/} A B |4

2 BT C \Y
1oy
=V "MV
2
(2.33)
~ V
where 7 = u(q) — 2z, V = V=19 V= (),_;5 , and M is the mass matrix
V/ IR EERE) T Lybyeeey

derived in (2.10).
2.4.2 Gradient Derivation
First, we rewrite the discretization of the OLS cost functional derived above in an alternate form.
1
Q) =5 U -2)" MU - 2Z) (2.34)
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The gradient is now computed utilizing the chain rule of differentiation, the definition of JU in

(2.21), and the definition of the adjoint stiffness matrix.

DHQIQ =5

= (6U)"' M (U - 2)

("' MU - 2Z) + %

K@ K@U MU - 2)
= [FKQ'LW)Q]" M (U - 2)
= (0Q)" LW (K@) MU - 2)

= —(6Q)" LNTK(Q)™'M (U - 2)

Recall that Q = (A, B,C). Therefore we have that the gradient of (2.34) is

VA(Q) = -LWU)TK(Q)™'M (U - Z).

2.4.3 Direct Problem Numerical Examples

(U —2)" M (6U)

(2.35)

(2.36)

In this section we display numerical solutions to the 1-dimensional fourth-order differential equation

on the interval Q = (0,1). In general form, the problem is to solve

d? d?
EP) (a(x)@u> =f

d
u(z) = d—Z(az) =0onT
Example 1:
u(z) = —cos(2mx) + 1
a(z) =1+x
f(z) = =167 sin(2rz) — 167* (x + 1) cos(27x)
Example 2:

u(r) = —4x* 4 82° — 4a?

a(z) =1+ 2

o8
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f(x) = —14402% 4 960z — 192
Example 3:

u(x) = cos(2mz) — 1
a(zr) =1+ 5(x —1)z?
f(z) = 3273 sin(27x) (22(80z — 80) + 8022) — 38407 sin(27x)

+ 167 cos(2mz) ((2*) (80z — 80) + 1) — 2472 cos(27z) (4802 — 160)

25

1.5r- 1

0.5 1

Figure 2.1: Example 1: Direct Problem
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-0.05 b

01} 1

-0.21 B

.0.25 1 I 1 1 I I 1 1 I
0 01 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2.2: Example 2: Direct Problem

50

a5+ .

35 b

30 b

15 - b

10+ .

Figure 2.3: Example 3: Direct Problem

We provide numerical examples which involve a fourth-order differential equation containing three
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spatially varying coefficients. The coefficient a(z) in the fourth-order term is successfully identified

in each example.

2.4.4 Inverse Problem Numerical Examples

191 1

1.8 i

1.7 1

©

1.4+ .

1.3 B

1.2 B

11 1

Figure 2.4: Example 1: Inverse Problem
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Figure 2.5: Example 2: Inverse Problem

0.2 I I I L L L I I I

Figure 2.6: Example 3: Inverse Problem
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2.5 Modified Output Least-Squares Approach

We derive the discrete modified output-least squares (MOLS) cost functional in the same manner
as above. The MOLS cost functional has the advantage over OLS that it is smooth and convex

[4]. We see in the numerical results section that the parameter is identified more accurately with

MOLS than with OLS.

2.5.1 Discretized Cost Functional

1
Jola) =5T (a,ula) — 2, u(a) — 2) (2:39)
1 [t dv\? i
5/0 a(x (dw2> + b(x) <£> dz + c(x)v
L 2 2 2
:i /0 a(z (Z U2¢ + U;W) + b(x <Z 'Uz¢z + Uz¢z> dz + c(z <Z vidi + v 7[%)
i=1 1=1
1 A+C+E B+D+F V
-5V v
G+I+K H+J+L v’
1~ ~
=—_VTKV
2
(2.40)
where || - || is the energy norm, 7 = u(a) — 2z, and K is the fourth-order stiffness matrix derived
in (?7).

2.5.2 Gradient Derivation

First, we rewrite the discretization of the MOLS cost functional derived above in an alternate form.
1
h(Q) =5 U =2 KQ)(U-2) (241)

The gradient is now computed utilizing the chain rule of differentiation, the definition of dU in

(2.21), and the definition of the adjoint stiffness matrix.

DR(Q)IQ = S6UT KQ)U - 2) + 3(U — 2)TK(Q)(3V) (242
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(U~ Z2)"DK(Q)(6Q)(U — 2)

l\DI}—t

= (U K(Q)U ~ 2) + 5 (U - 2T K(GQ)(U - 2)

—

= [-K(QTKGQU) K@U - 2) +5(U - 2 KGQ)U - 2)
= —(0QTLN(-K@Q) ™' K(Q)(U - 2) +

QLY (U - 2) + 5 ()T LU - 2)"

1
§<U 2)"K(5Q)(U - 2)
U —-2)

5 (6Q)T LW + 2 (U - 2)
Therefore we have that the gradient of (2.41) is

V(Q) = —%L(U + 27U - 2). (2.43)

2.5.3 Direct Problem Numerical Examples

Now we display numerical solutions to the 1-dimensional fourth-order differential equation inverse
problem solved on the interval Q = (0,1) with the examples provided in 2.4.3 for identifying a

single coefficient in the strictly fourth-order system.

In addition to the numerical examples provided in the previous section we display numerical the
equations for the examples involving a fourth-order differential equation inverse problem solved on
the interval Q = (0, 1) for identifying a single coefficient among a three coefficient system. We solve

the system represented by

§ 2u(x 2 2u(x
% <a($)ddx(2 )> _ % <b($)ddx(2 )> + c(x)u(z) = f(x) (2.44)
du
u(z) = a(z) =0onTl (2.45)
Example 4:
u(z) = 21 + 2
(z)=1+=
b(x) =14z
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clx) =2

f(z) = 22" + 1223 + 14022 — 80z + 30

Example 5:

+ 167 cos(2mz) (z(x — 1) + 2) + 167> sin(27rz) (22 — 1) — 2

0.07

0.06 -

0.05

0.02

0.01

Figure 2.7: Example 4: Direct Problem
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Figure 2.8: Example 5: Direct Problem

2.5.4 Inverse Problem Numerical Examples

1.9 i
1.8 B

1.7 1

= 1sf .
(3]
1.4} .
13} 1

1.2 i

1.1 7

-
QG

I I I . . . I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 1

Figure 2.9: Example 1: Inverse Problem
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Figure 2.10: Example 2: Inverse Problem

1.2 T T T

0.2 I I I L L L I I I

Figure 2.11: Example 3: Inverse Problem

67



Section 2.5. MODIFIED OUTPUT LEAST-SQUARES APPROACH

2.4 T T T

26 B

24f R

22F 1

16 1

1.4+ .

Figure 2.13: Example 5: Inverse Problem
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2.6 Equation Error Approach

In this section we utilize the equation error cost functional in the inverse problem algorithm. The
equation error approach has two distinct advantages over the OLS approach. Firstly, it leads to a
convex optimization problem and hence it only possesses global minimizers. Secondly, the equation
approach is computationally inexpensive as there is no underlying variational problem to be solved.
On the other hand, a deficiency of the equation error approach is that it relies on differentiating

the data and hence it is quite sensitive to the noise in the data.

In the following subsections we will derive the cost functional from the definition of the concepts
of equation error. Also, we will show that the minimization problem is uniquely solvable. Then
we discretize the cost functional as well as gradient and hessian of the cost functional. Finally, we

provide numerical examples of the equation error approach.

2.6.1 Derivation of Cost Functional

The space suitable for the weak formulation is given by

Vi={ve H*Q): u:g—Z:Oon r'}. (2.46)

The weak formulation of the general fourth-order differential equation is given by: Find u € V such

that

/ alAuAv = / fu, forallveV. (2.47)
Q Q

For a fixed pair (a,w) € L>®(Q) x V, we define the map E : V — R given by

E(a,w)(v) :/QaAwAv—/va. (2.48)

The map E(a,w)(-) is linear and continuous and hence belongs to the topological dual V* of V. We

denote by e(a,w) € V, the image of F(a,w) under the Riesz map, that is

(ela o)y = |

alAw Av — / fv, forallvelV. (2.49)
Q Q
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Let K be the set of admissible coefficients which we assume to be closed and convex subset of H2((2).

For a fixed z € V, we consider the following regularized minimization problem: Find a* € K by

solving
1 €
inJ(a) = Y+ ~lall3 2.50
minJ(a) = & le(a. )} + 5 al3 (2.50)
where ¢ > 0 is a regularizing parameter, z € V is the data, and || - ||3 is the regularization term.

The following result ensures that the above minimization problem is solvable.
Theorem 2.6.1. The minimization problem (2.50) is uniquely solvable.
Proof. The proof is based on standard arguments. Since J(a) > 0 for every a € K, there exists a
minimizing sequence {a,} C K such that lim J(a,) = inf J(a). From
n—00 acK
2 _ 1 2 , & 2
ellanl < 3 lle(en, I + S llanlB, (251)

we deduce that the sequence {a,} is bounded in || - ||2. Due to the reflexivity of the space H?(£2)
and the compact embedding of H2(2) in L>(£2), there exists a subsequence that converges weakly
in H?(Q2) and strongly in L>(f2). Using the same notation for the subsequences as well, we have

that a, — a € K in L>°(Q). In view of the definition of e(-,-), we have

(e(an,z),v>v:/anAzAv—/fv, for all veV,

Q Q

(e(d,z),v)vz/dAzAv—/fv, for all veV.
Q Q

By subtracting the above two equations and setting v = e(ay, 2) — e(a, z), we obtain
le(an, 2) — e(a, 2)|f} = /(an —a)Az Ale(an, z) — e(a, 2))
Q
< llan — all Lo (o) lle(an, 2) — e(a, 2)[|v||z[[v-

This ensures that e(a,, z) — e(a, z) in V. By invoking the lower-semicontinuity of the norm || - |2,

we obtain
~ Lo .. 2, &2
T(@) = 5 le(@, I + llall3
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.1 2 | piie € 2
< — —
nhm ||€(an,Z)H‘f —I—hr{nlnf ||anH2

1 £
~tmint { e )1 + Sl

This ensures that a € K is a solution of (2.50) and the proof is complete. O

2.6.2 Discretized Cost Functional

The continuous problem (2.50) has to be discretized for a numerical solution. In this work, we will
employ finite element discretization on a nondegenerate family {73} of triangulations of Q. We
choose A to be the finite dimensional space of the coefficient space B. Similarly, V} will be the
finite dimensional subspace of V.

The set K}, of admissible coefficients is given by:
Ky ={vy € Ay : a1 <wp(x) < ag Vo € Q.

For any (ap,vy) € K xV},, we define the element e, (ap,vy) € V3 to be the solution of the variational

problem:

(en(an,vp), wh)v =/

apAvy, Awy, —/ fwp, forall wy, € V. (2.52)
Q Q

We consider the following discrete minimization problem: Find ap € K} by solving

, 1
Dnin Ju(a) = 3 llen(a, 2)|I5 +ellall3. (2.53)

The following result ensures that the continuous problem can be approached by its discrete one.
Theorem 2.6.2. The discrete minimization problem (2.53) is solvable. If {an}n>o is a sequence of

minimizers of the discrete minimization problem, then each subsequence has a subsequence which

converges, in the L'(Q) norm, to a minimizer of the continuous problem (2.50).

Proof. The existence of minimizers of (2.53) can be proved by using same arguments as employed
in the proof of Theorem 2.6.1. Let {ap} be a sequence of minimizers of .J,. Then we have

Jn(an) < Jp(ag) < C. Therefore, {a;} remains bounded in BV norm. This further ensures the
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existence of a subsequence, still denoted by {ay, }, which converges to some @ € K in the L*(2) norm.

Setting ap = In(a,) in (2.53), where Ij(+) is the nodal value interpolant, we have
I T .
7(@) = eta.2) 13 + el

< Tim ~{len(@n, 2)|I3 + lim inf ]jdn]|?

T h—02 ’ h—0
- 1 . .

< tinigt { lentan, 213 +<lan)
h—0 2
o 1 . .

< tiint { Slen(hu(an). 2B + <l
h—0 2

< 5 lle(@r, )3 + ellall3.

N =

Since a € K was chosen arbitrarily, we have shown thata € K is a minimizer.

O
2.6.3 Cost Functional Gradient Derivation
We recall that for a fixed pair (a, z) € K}, x V},, the element e, (-, -) is defined by
1 1
(en(a, z),v)y :/ az”v”—/ fv YveV,. (2.54)
0 0

Therefore, for e, € V3, we will have F € R", satisfying
KE=K(A)Z-F

where K is the stiffness matrix defined above coming from the H?({2) inner product and Z € R™
corresponds to the data z. Also, note that K is the stiffness matrix defined previously in 2.2.1.

Consequently, we have
E(AZ)=K YL(Z)A-F).

The above calculation then leads to
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Let us now compute the gradient and the Hessian of the objective functional. For A € R™,

have

J(A)(cSA)_% !
= (0A, L(Z)" K" (L(Z)A = F))gn

D2J(A)(0A,5A) = (L(Z)6A, K~ (L(Z)6 A)gn
=

L(Z)TK™YL(Z)6A, 0 A)gn
Summarizing,

VJ(A) = L(Z)' K Y (L(Z)A - F)

V2J(A) = L(Z2)'K~'L(Z2).

2.6.4 Inverse Problem Numerical Examples

(L(Z)6A, K~ Y(L(Z)A — F))gn + §(L(Z)A — F, K 'L(Z)5 A)gn

we

In this section we display numerical solutions to the 1-dimensional fourth-order differential equation

inverse problem solved on the interval 2 = (0,1) with the examples provided in 2.4.3.

2

19} .
18] .
17} .
16] .

E st .
14} ]
13} .
12} .

11 1

-
QG

I I I 1 1 1 I I I
0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2.14: Example 1: Inverse Problem
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Figure 2.15: Example 2: Inverse Problem

1.2 T T T

0.2 I I I L L L I I I

Figure 2.16: Example 3: Inverse Problem
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Chapter 3

Parabolic Inverse Problem

In this section we will discuss the inverse problem of identifying a coefficient in a linear parabolic
equation. This type of problem is often seen in modeling heat conduction in an isotropic body.
Specifically when one wants to identify u, the heat conductivity of the medium, in the heat equation.

The general form of this problem is

vy —V - (uVu)=f inQxI,

u=0onTIy x1I,
0
p —0on Dy x I,
on
u(z,0) = u’(z) for z € Q,
where Q = R?, A\ € R is heat capacity, u € R is conductivity, I'; is part of the boundary, and

u = u(x,t) is the temperature at = € Q and ¢t € I = (0,7). For more details on this problem we

refer to Johnson [5].

We consider a variant of this problem with a spacial variable coefficient and homogeneous Dirichlet
boundary conditions. First we will give the general form of the problem and develop the variational
form. Then we will discuss the derivation of the Finite Element method solution for solving the

direct problem and discuss methods for solving the discrete problem. Finally we will introduce
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Section 3.1. DIRECT PROBLEM FORMULATION

the related inverse problem of identifying a spacial variable coefficient, discuss the inverse problem

methodology, and provide numerical results.

3.1 Direct Problem Formulation

First we establish the general form for the solution of the linear parabolic partial differential
equation. For further information on the general parabolic differential equation derivation and

alternate methods for solving the problem we refer to several finite element texts [6] [7] [5].

ou
o — V- (a(@)Vu) = f (3.1)
u=0onTI xI, (3.2)
u(z,0) = u’(x) for z € Q, (3.3)

where Q = R, T" is the boundary, f = f(z,t) and u = u(z,t) is the solution of (3.1) at z € Q and
t €I =(0,T). Note that d = 1,2, or 3 correspond to the cases where z = (z), z = (z,y), and

x = (z,y, z) respectively.

Next we develop the variational form of the parabolic partial differential equation. We define
V), the linear space of test functions, to be the Hilbert space H}. By multiplying (3.1) through by
v € V and applying Green’s Formula we obtain the corresponding variational form. The continuous

variational problem is to find the solution u € V such that

%vdzn—l—/a(x)Vu-Vvdx:/fvdx VveVandtel, (3.4)
o Ot Q Q

u(z,0) = u’(z) for z € Q, (3.5)
We now introduce Vj, to be the finite dimensional subspace of V with piecewise linear basis functions
over the a discretization of the spacial domain €2 that has step size h. By performing a finite element

discretization in space only we create a semi-discretization of the variational form. The discrete

variational problem is to find the solution uj, € V}, such that
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%U dx + / a(z)Vuy, - Vo do = / fodz YveVyandtel, (36)
Q Q

up(,0) = u’(x) for x € Q, (3.7)

Using the definition of the finite dimensional subspace we rewrite uy € V), as a linear combination

of basis functions. We have the following unique representation:

M
= u;(t)e;, (3.8)
j=1

where u;(t) € R are time-dependent coefficients of the basis functions. Next we rewrite (3.6) in

terms of basis functions by using (3.8) and letting v = ¢; for all i = 1,2,... ,n.

M Ouy(t) M M
; ¢ d ' - Vo dr = i d, )
> [ o0 x+;uJ()/Qa(x)V¢g Vor do ;/ﬂm : (3.9
ZU] gb]—u x)forx e, i=1,2,...,nand t € I. (3.10)

This fully discretized variational problem as a system of equations suggests the following matrix

form.

M%U(t) KUM= F (3.11)

subject to the initial condition U(0) = U°. The matrices here are defined as

M = (myj) where mi; = (¢4, é;) = /Q bidjd, (3.12)

K = (ki) where kyy = T(a, éi, ;) = /Q a(2)Ve; - Vyda, (3.13)
F(t) = (f(t), 85) (3.14)

Ut) = (uy). (3.15)

Next we explore a method of solving the semi-discrete problem for the u by time discretization.
Not all finite difference integration methods are suitable for solving the general parabolic partial

differential equation. Implicit methods must be used since the matrix equation of fully discretized
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semi-discrete problem (3.11) is generally stiff [5]. Our time discretization of I is to set 0 = tg <
t1 <...<ty=1T and k, = t,, — t,_1 is the local time step. In each method we replace the time

derivative with the difference quotient:

d u? —
—up(tn ):hkih

= + O(ky) (3.16)

We implement the Backward Euler method. The problem is to find uj € V), for n = 0,1,..., N

such that
n __ n—1
/ (uh kUh >vdg;+/a(x)VuZ'Vvd$:/f(tn)vdx VoeVyand n=1,2,...,N, (3.17)
Q n Q Q

u(z,0) = u(x) for x € Q. (3.18)

We represent our solution at each time period as the sum of basis functions.
M
up = ulg; (3.19)
j=1

Substitution of (3.19) into (3.17) yields the full discretization of the semi-discrete parabolic equation.
M u® un—l M

h — Un
> (T) /Qwi do + > ) /Q a(z)Ve; - Vi do = Z/ foi d, (3.20)

ZUQ($,0)¢j = u?(:n) forre,i=1,2,...,nand t € 1. (3.21)

We now rewrite the Backward Euler form of the full discretization in matrix form where we have

the notation U™ = U (t,,).

M <U_k7£]n_l> +KU"=F (3.22)
U@ =0° (3.23)
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3.2 FEM Matrix Computations

In this section we derive the discrete finite element matrices that allow us to solve the one-dimensional
finite element problem for fourth-order and parabolic partial differential equations. Here we derive
the stiffness matrix, denoted K, for the finite element method in one dimension. The stiffness

matrix K is defined by the bilinear form a(-,-) from the variational form.
KZ] :a((bj?(bl) for i?j = 1727"'7n (3.24)

Note that ¢; is zero except on the interval [z;_1,2;41]. Therefore, we see that a(¢;,¢;) is zero
except where the intervals corresponding to ¢; and ¢; intersect. Thus, a (¢i—1,¢s), a(¢i, ¢;), and

a (i1, ¢;) are the only nonzero values in K. As a result we have that K is a sparse tri-diagonal

matrix.
Tj+1 N2
K;; :/ a(z) (¢;)" dz (3.25)
Tj—1
1 % 1 [T+
:ﬁ/ a(z)dx + ﬁ/ a(x)dz
Tj—1 T
1 h Tj—1+ T Tj+ Tj41
:ﬁg aj_1+4(1 ? —|—2aj—|-4a f +(1j+1
1
=3 [aj—1 + 2a; + a; 1]
. . . . T a(x)t+a
from using a simplification that a (%) = w
A / /
Kjy1 :/ a(x)Pj 419 (3.26)
j
1 /xj+1 (2)d
=— = a(x)dx
h* Je,
1 a; +a +1
gl ()
=3 [a; + aj]
Also we note that K is symmetric. So we have that
Kjt1,j = Kjj+1. (3.27)
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The load vector I is also derived for the finite element problem in one dimension. The load vector
is defined as

(ﬁ¢0::Lftlf@dwziéflf@dx+:lfwlf@dw (3.28)

i— 7

where (+,-) is the inner product defined on V.

The integrals evaluated in the computation of the stiffness matrix, mass matrix, and load vector

are numerically approximated by Simpson’s rule.

/abf(w)dx ~ bg“ [f(a) +4f <a;rb> +f(b)] (3.29)

Below we derive the load vector with piecewise linear basis functions over a one dimensional domain

Q= 0,1].

Ro= [ ooty (330)
-1 ;Rx_ngumx
B e s (P ) £ (B o) £ (o)
L Ab(2) (58 s
= Yaft f)

where we make the simplifications that f(x;) = f; and introduce the approximation that f (“TH’) =

f(a);rf(b)‘ For 7 =1,2,...,n — 1 we have

F= | ¢if(@)d (3.31)
Z%L?xw—%;ﬂﬂmdv—%L?H@—wﬁnf@Mx
:% . g (zj-1—xj_1) fj—1+4 [% - xj—l} f (%) + (zj — zj-1) fj]
- % : % [(%’ —xj1) fj +4 [% - ij+1] f <%> + (@541 + 2j41) fj+1}
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_h Ti+xiq ' T+ Tipl
_§|:f<%>+fj+f< J 2] >}

:% [fi—1 +4f; + fi]

1

Fo= [ énf(z)de (3.32)

0

:% woxl (x — xp_1) f(x)da

=2 Tt [(xn 1) Fln) + 4 (% _ 1> f (%)
+ (w"—l - wn—l) f (xn—l)]

—1 h Tn—1 — Tpn fn+fn—l

—E'g[(—h)fn]+4< : ) ( 2 )

:% (2fo + f1)

We compute the mass matrix for the one dimensional problem with piecewise linear basis functions

which will be used in following sections.

M; ;= (o5, ¢5) (3.33)

Tj4+1
:/ ’ gb?d:n

j—1

1 T 9 1 zj+1 9
=53 / (x —xj_1)"dz+ = / (x —zjq1) de

j—1 7
_2n
h23
2h

3

Mjjy1 = (5, djt1) (3.34)
Z/ " ¢jj1dr

j1 -
:_ﬁ/ (= 2j41) (z—aj)da
Tj
1 h
== 135 0+ 4 (2012 = zj1) (0172 = 75) + 0]

SISy
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Mj 1= (85, $jt1) (3.35)
Z/ " ¢jPj+1dx

]1 Tj+1
—— | ) @) de
Ty
1h

== 135 0+ 4 (2012 = zj1) (0172 = 25) + 0]

SISy

Mjj-1 = Mjjw1 (3.36)

3.3 Inverse Problem Formulation

In this section we properly define the inverse problem of identifying a spacial variable coefficient
in a parabolic differential equation. We refer to the inverse problem literature for several methods
to identify the coefficient [8] [9] [10]. The inverse problem is to identify the coefficient ¢(z) € A
that minimizes the Output Least-Squares cost functional J(q). Here A is the constrained set of

admissible coefficients. More specifically it is defined as
A={ala € Qand 0 < a1 < ¢q(x) < ag where ay, a0 € R} (3.37)

The OLS cost functional is

J(q) = g /I /Q (g £) — 2[2dadt (3.38)

where k£ is the temporal step size, and v(q; x,t) is the solution to the parabolic differential equation
associated with a specific coefficient ¢ € A and z a finite set of data representing measurements
of the solution to the PDE. Minimization of the cost functional converges to the true solution
with greater accuracy for convex cost functionals. So, as discussed in previous sections, we add a
regularization term to achieve the convexity of the functional. The constrained OLS cost functional

with regularization is

J(q) = S/I/Q lv(q; x,t) — z|*dzdt + yR(q) (3.39)
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where v, the regularization parameter, denotes a positive constant value and

Rlq) = /Q Vg[2dz. (3.40)

Now we turn the constrained OLS cost functional into an unconstrained OLS cost functional with

the the addition of the function P(g) which penalizes the cost functional when ¢ leaves A.

J(q) = g/]/ﬂ lv(q; z,t) — z*dzdt + yR(q) +§/QP(q)dx (3.41)

where ¢ is also a small positive constant and P(-) is the projection operator. By discretizing the
time domain, I = (0,7"), and the spacial domain, €2, the discrete unconstrained OLS cost functional

with regularization is

M
k
Jan) =5 /Q [v7 (an) — 2 [*dz + yR(an) + € /Q P(qy)dx (3.42)
n=1
and the discrete projection operator is characterized as

P(an) = % (qn — 02)% + % (01— an)? . (3.43)

Here the notation (z), is a function that returns the maximum of z and 0.

Now we derive finite element method of the the adjoint problem. The adjoint problem to the

general parabolic partial differential equation was derived to be

ow

5 V (a(z)Vw) =u — 2z (3.44)
w(0,t) =0 (3.45)
w(z,T) =0 (3.46)

We find the variational form of the adjoint equation by the standard method. The variational form

of the adjoint problem is

- a—wvdaz + / a(x)Vw - Vodz = / (u—z)vde Yo eV (3.47)
o Ot Q Q
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w(0,t) =0 (3.48)

w(z, T) =0. (3.49)

Introducing a finite difference for the time derivative we obtain the semi-discrete form of the

variational adjoint problem.

n _ -1
_/ Mvdﬁr/a(az)vw‘l-v@dsﬂ :/ (u" —z)vdz Vv eV (3-50)
Q kn Q L

w"(0) =0 forn=1,2,...,M (3.51)
wM (z) =0 (3.52)

Finally the finite element method of the adjoint problem is: Find w}

n—1
— /Q (whk#thdx + /QahV’wZ_l - Vopdr = /Q (up — zp) ppdx Yop, € Vy, (3.53)

n

w"(0) =0 forn=1,2,...,M (3.54)

wM(z) =0 (3.55)

Note that the above equation has a terminal condition and must be solved iterating backward
through time from n = M, M —1,...,2,1. Now we derive the finite element method matrix form of

the variational problem. We represent the solution wj as a linear combination of basis functions.

M
wp = wie; (3.56)
j=1

Next we use this representation in the previous equation for v; and z as well as for wj.

f: (w —u /¢Z¢jdx+2w" 1/ apVo; - V(bzdw—Z/ j) ididz  (3.57)

w"(0) =0 forn=1,2,...,M (3.58)

M
Zw;*-r(w,T)(bj =0forzeQ,i=12,...,n (3.59)
j=1
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The matrix form of the adjoint finite element method is given below:

n __ n—1
—M (%) + KW l=F (3.60)
w(T)=w¥ (3.61)

The finite element method of the variational form of the state equation given in (3.62) is

n

Y IR S oy Vo dr =S d 3.62
]Z:; ok, /Q¢j¢i w+;uj/ﬂa(x) ;- Vi x_;/gf‘bi N (3.6

u"(0) =0 forn=1,2,...,M (3.63)

M
> ud(z,0)¢; =uf(x) for 1 € Q,i=1,2,...,nand t € L. (3.64)
j=1

Equivalently in matrix form, the problem is to find the solution is U to the system of of equations:

M <Un_k7£]n_1> KU = F (3.65)
U0)=U0° (3.66)

We use the above finite element discretizations to solve the state equation and adjoint equation for
the approximation of solution u and w respectively. We will use these computations to create a

complete discretization of the of the gradient of the cost functional (3.104) in further sections.

3.4 Derivative Computation

3.4.1 The Fréchet derivative of the parameter to solution operator

The parameter to solution mapping is defined as F' : A — V where the solution belongs to V, a

Hilbert space, and the parameter belongs to A, a Banach space.

We have that the parameter to solution mapping is given by the general parabolic partial differential
equation with homogeneous Dirichlet boundary conditions and a homogeneous initial condition

where we view the PDE as a function of the parameter. The strong form is given as
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ou
o~ V- (a(@)Vu) = f (3.67)
u=0onI x1I, (3.68)
u(z,0) = u’(x) for x € Q, (3.69)

where Q = RY, T is the boundary, f = f(z,t) and u = u(z,t) is the solution of (3.67) at z € Q
andt € I =(0,7).

By application of Green’s Formula and applying the boundary conditions we obtain the general

variation form of this problem adopting the notation of the trilinear operator.

<%,v> + T (a,u,v) = (f,v) YveV (3.70)
u=0onTI x1I, (3.71)
u(z,0) = u’(x) for x € Q, (3.72)

where (-, -) denotes the inner product on V and 7'(-, -, -) is the same trilinear functional as previously

defined.

Here we find the Fréchet Derivative of the parameter to solution mapping. We cite the method
performed by M. S. Gockenbach and A. A. Khan [4] as an example of this procedure performed
in the case of an elliptic partial differential equation. Let a € int(A) and da be a perturbation on
a such that a + da € A. Also define dw = F(a + da) — F(a) and v = F(a). Note that we can write
F(a+ éa) as u+ dw.

The variational form at a has the form

<%,v> +T(a,u,v) = (f,v) YveV (3.73)
and the variational form at a + da has the form
<W,v> +T(a+da,u+ dw,v) =(f,v) YvoeV (3.74)
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Next, we subtract (3.74) from (3.73) and simplify.

<@ v) +T(a,u,v) — <M,v> —T(a+ da,u+ dw,v) =0

ot’ ot
(%w) +T(a,u,v) — <W’U> —T(a,u + dw,v) — T(da,u,v) — T(da,dw,v) =0
(W, v) + T(a,u+ dw,v) = <%, v) + T(a,u,v) + T(8a,u,v) + T(6a, w, v)

This suggests a similar form for the solution for ou = DF(a)da where u = F(a) is the parabolic
solution. So we have the Fréchet Derivative to the parabolic solution operator is found by solving

for du in

<%,v> +T(a,ou,v) = =T (da,u,v) Yv e V. (3.75)

Equivalently, in less general terms we see that this translates into solving for du in the equation

aé—uvdx + / a(z)Véu - Vo do = —/ daVu-Vudr YveV (3.76)
o Ot 0 0

u=0onI x1I, (3.77)

u(z,0) = u’(z) for z € Q, (3.78)

3.4.2 Gateaux Derivative of the Parameter to Solution Operator

Given the weak form of the parabolic differential equation we find the Gateaux derivative by

subtracting the following equations, dividing by e and taking the limit ¢ — 0.

(ko) + T @uta)o) = (o) woev (379)
(™) 7 (ot ch)outat eh)o) = () Vo eV (350

After subtracting (3.80) from (3.79) we have

<<81é(ta)7v> B 8u(aai— eh)7v> + T (a,u(a),v) — T ((a +eh),u(a+€h),v) =0 Yo e V. (3.81)

We collect terms and divide by e.
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Au(a+eh) Au(a)
( ot ot 7”) +T(a,u(a—|—eh)—u(a),v) __7

€ €

(h,u(a + €h),v) YveV (3.82)

Finally, in taking the limit ¢ — 0 we have the following expression. If we denote du to be the

derivative of u with respect to h then we have

<85g§a)7v> + T (a,éu(a),v) = =T (6h,u(a),v) Yv € V. (3.83)

Next we present the general parabolic partial differential equation as a specific example of the above

general form.

@vdx +/ a(z)Véu - Vv doe = —/ hVu-Vuvdx Yv eV (3.84)
u=0onI x1I, (3.85)
u(z,0) = u’(x) for z € Q, (3.86)

3.4.3 Deriving the derivative of the OLS cost functional

Before continuing to the derivation of derivative of the cost functional we must define the adjoint
equation to the parabolic variational problem (3.70) in order to simplify the computation of the
derivative. As defined in the appendix, an adjoint operator A* of an operator A satisfies the relation

that
(Az,y) = (z,A™y) Vx,y € H. (3.87)

We seek to find the adjoint differential equation operator of the original parabolic partial differential
equation defined in (3.67). It is found by multiplying the operator in (3.67) through by the adjoint
variable w, applying Green’s Formula, and applying boundary conditions until all partial derivative

operators have are passed onto w. The operator defined in equation (3.67) is

ou
Au = i V- (a(x)Vu) (3.88)

Next we derive the adjoint equation.
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/ / [—w v. a(:n)V)w} dz dt (3.89)
(N P

T T aw T
:/Q [uw‘o —/0 ugdt] dac—/0 [wa Vu|r+a )Vw u|F /V Vw)udw] dt (3.91)

This suggests the boundary conditions for w. The terms evaluated with boundary conditions and

initial conditions should evaluate to 0 such that we have

/ / u—dx dt — / /V x)Vw) u dz dt. (3.92)

where w has the imposed boundary and intial conditions that w(x,0) = 0 and w = 0 on I'. Therefore

the adjoint operator is defined by

ow
Afw = =% — V- (a(x)Vw) (3.93)

Finally we achieve the final form of the adjoint equation by imposing the conditions that the
operator applied on the domain must equal the state solution v minus the data z. In other words

we are essentially setting the right hand side equation to zero.

ow
_E_v (a(z)Vw) =u—z (3.94)

Therefore the weak form, in more general terms, of the adjoint problem is to find the solution

w € V to the equation

— <%—1§,v> +T(a,w,v) = (u—2z,v) YveV (3.95)
w=0onI x1I, (3.96)
w(z, T) = ul (z) for z € Q. (3.97)

Now that we have the general form of the derivative of the parameter solution mapping we can
also calculate the derivative of our cost functional. Consider the OLS cost functional for parabolic

partial differential equations defined by
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J(a) = /1 (0= 20— 2)dt (3.98)

Since we wish to minimize the cost functional with respect to a so we take the derivative of J(a)
in the direction da.
DJ(a)oa = / (Gu,u— 2) dt (3.99)
I
Continuing with the derivation of the derivative of (3.98) we use the adjoint equation to simplify
(3.99). Note that since the adjoint equation holds for every v € V' then it hold for replacing v with
du. Therefore with this modification we replace the right hand side of (3.95) into (3.99).

DJ(a)oa = /1 [— (%’,m) + T(a,w,éu)] i (3.100)

Next we perform integration by parts on the left most term and apply the initial conditions resulting

in

DJ(a)da = /I < 85u> + T (a,w,du) dt (3.101)

Y o
Another simplification can be made by noticing that the terms inside the time integral are the

adjoint equation where u is replaced with du. The substitution is made.

DJ(a)da = /I—T (da,u, w) dt (3.102)

Returning again to the specific case of the general parabolic partial differential equation we have

that the derivative of the OLS cost functional is

DJ(a)da = — // 0aVu - Vw dx dt. (3.103)
1JQ

3.4.4 Completing the Gradient Computation

This allows us to complete the computation of the gradient of the cost functional (3.104). We have
that the gradient is

M
I (an)pn = k Z/Q (vh (gn)'pn) - (vy(an) — 23) dz + YR (an)pn +§/{2P/(Qh)phdx (3.104)
n=1
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where pp, € V), and we see that

P'(qn)pn = (qh — o2) 4 P+ (1), pr (3.105)
and
R(qn)pn = Q/QV% - Vppde. (3.106)

From section 3.4.3 we know that the derivative of the cost functional can be simplified by the

computation of the adjoint solution. Therefore the final form of the gradient is
M
T apn =~k /Q PRV (an) - Vi~ e + 7R (@)pn + € /Q P'(gn)prds (3.107)
n=1

3.4.5 Parabolic Cost Function Derivative Computation

In this section we construct the discrete gradient of the cost functional for the general parabolic
partial differential equation by finite element method. In the previous section we computed the
continuous form of the gradient (3.103). Applying the afore mentioned finite element discretization
we derived the discrete gradient as well. Now we give the explicit derivation of the gradient in for

the 1D parabolic problem. We first consider the leading term of (3.107) in the following derivation.

From the previous section we have

M
I (an)pn = —k‘Z/QphWZ(qh) - Vwpde. (3.108)
n=1

We must use the properties of V, to represent vy (gs) and wz_l as a finite sum of basis functions

¢;. We represent the state solution and the adjoint solution respectively as

N
vh(an) =Y vie; (3.109)
=1
and
N
wph =Y wl gy (3.110)
j=1
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Using these definitions in (3.111), we solve for the components in J'(gp,)pp, corresponding to the [th

basis ¢; and we obtain

M N N

=k 35 [ v o) v (o) do (3.11)
n=1i=1 j=1
M N N
_ —kZZZ/Q‘f’l (v ) <w§‘_1¢;~> da. (3.112)
n=1i=1 j=1
First we consider the component of ¢; corresponding to zg.
M N N .
%z—%§j§j§jA<muﬁd)@g*¢)m: (3.113)
n=1i=1 j=1
M g
_ —kZ/ (61)2 ol Lz (3.114)
n=1"Y70
M
=—kY_ g (%) ot (3.115)
n=1
Mo
= k) —ofwp! (3.116)
2o

Considering the component of ¢; corresponding to x1, we see that we have a more complicated

intersection of basis functions.
M N N

n=t XY [Conrel) (w716 as

n=1i=1 j=1
M 1 1
=k | [ rat) (i) do [ 0h0h) (w7 ) o
1 1
+ [ on o) ity as+ [ on (v565) (g1 ]
0 0

M 1 2
—k S| [ o eren) it sk [ upoh) (w1 6h) a
n=1t"7% z

0 1

+ / o1 (076 (wh~1h) dx + / b1 (v26h) (wi1¢}) da

1 1

+ [ weh) (wh'eh) dx}

1

M

N (1N onn (BN DN oot (B =1\ . oo

32| (5) () i+ (5) () vt + () () oo™
n=1
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D06

N———
<
N3
N3

o]

M N N
o= —kZZZ/O o (o7 ef) (w19 d

M 1 1
= —kz [/0 o (v 101-1) (wln__11¢;—1) dz —i—/o o (v 101_1) (w?_l‘bg) dz
1 i 1
w [ o) et aa s [ orol) (a7 of) o
1 1
+ ; 1 (v 1) (wi'y $rsr) da "‘/0 &1 (vf410041) (0]~ ¢7) da
1
+ ; O (V1 8141) wl+_11¢2+1) dx}
M T 2
= —kz [/ o1 (v 101-1) (w5 ¢-y) da + 1 (v 11-1) (0]~ ¢}) da

]

e[ el iiet de [ o rel) (up o) a

+ / o (o)) (wp1el) da + / o1 (P d]) (P dly) da

l

+/ &1 (v 10051) (w) ' 9)) dx+/ ¢ (V1) (w ?4:11¢2+1)d4

R ()t () @) () e
() () ) () @)
B (3)

M
ﬁ n—1 nn—l+2nnl n—1 n + nl]
o V] wy” o= e = o U wy vlwiy —otw) T v wly
n=1
M N N
W 1
o= k355 [Con o) (wyef) o
n=11i=1 j=1
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M 1 1
—kz [/ on (R dy) (wiy ' dly) do +/ on (Vo) (Wi o) dz
n=1 /0 0

1 1
+ [ o Ohadv) (ui k) deot [ on (ko aoh ) (o) da

=—k2 [ [ o tvoly) (w o+ [ o (uiot) (i el) e
+/ on (Vo) (w%_—ll(%v-l) dx +/ on (VR_19N_1) (w%‘ldv) dx

+/ ON (U?\L/—1¢EV—1) (wN 1¢N 1) ]

) () () (8ot
)R () ()]

M
n—1 n—1
=~ > [0k = oRwR T - vt ok wi

h -1 el
+ D) 2 VNWN

M N N
gN41 = —kZZZ/ %o ( "<Z5z wi 1%)

n=

- h 1 n, n—1

3.5 Numerical Examples

3.5.1 Examples of 1-Dimensional Parabolic Direct Problem

In this section we will present numerical solutions to the one-dimensional form of (3.1) on the

interval 2 = (0,1). We solve the problem

ou 0 )
a—? -5 <a(m)8—z> = f (3.117)
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w(0,t) = u(1,t) =0 (3.118)

u(z,0) = u’(x) for = € Q. (3.119)

Example 1:

u(zx,t) = cos(mt) sin(2mx)
a(x) =7 — cos(4dnzx) — 3z
f(x,t) = —1272 cos(nt) sin(27x))x — 7sin(nt) sin(27x) — 472 cos(nt) sin(27z) (cos(4mz) — 7)
— 27 cos(nt) cos(2mzx) (4m sin(4nzx) — 3
Example 2:

u(x,t) = ™ gin(27x)
a(z) = 6 — 2? + sin(27x)
fla,t) = (—an?esm™) in(27r2))2? + (4me®™ (™ cos(2mz))x — 4n?eS™(™) cos(2m)?

+ 4m2e¥0(™) in (272 (sin(27mz) + 6) + 7S ™) cos(nt) sin(27x)

Example 3:
u(z,t) = 1022 (z — 1)t?
a(r) =5+ x(x —1)
f(x,t) = (20t — 120t*)2® 4 (150t% — 20t)x? + (—340t*)2 + 100t
Example 4:

w(z,t) = —a(x — 1/2)(z — 1) cos(2t)
a(z) = 5 + 3sin(2nz)
f(z,t) = (2msin(2mt))2® + (187 cos(2mt) cos(2mz) — 37 sin(2nt))z + (6 cos(2t) * (3sin(27z) + 5)
+ msin(2mt) — 187 cos(2nt) cos(2mx) ) + 37 cos(2t) cos(2mx) — 3 cos(2mt) (3 sin(27z) + 5)

The following plots are the parabolic solutions to these examples.

95



Sectio
n 3.5.
NUMERICAL EXA
MPLE

S

:I:‘l"o‘,“ KKK s ;

g 7’""""“""‘0“% o S i

’ ,ﬂ/,,%%%::::&s:‘\s‘:‘\x‘\:“ :“a““\&‘
XX

:'«:‘:“\«:‘ ““ma‘

\\

e
etrplteg
ll"'l":'::'
(5555
'0

RIS A5
\\\\\\\\\\\\\\\\\\\gg::\mx::{s 3 %
\\\\\\\33::8&‘3\\“:::83::8::&?" o
T “\“\\\\““\\\o‘:"." '4.0‘.0«".“
XL 1117 20505 55N !
\\\\\\‘\“\‘\“M 7 SR
W\ 777 “3‘3&3\\
[
IlIlIl
;,;,;,,’:,’:,’1,7’,’:7’,%’157’171”11
27 llllllllllllllll
lu,,’/,%llllllllllllll
Ave«,.,s«««"/'«'

F-
igure 3.1: Exampl
ple 1

-
\\\\\\\\\\\\\\\:‘
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ Y
‘::::8383\‘:{\“‘3\\\\\\\\\\\\\\\\\\\\\\\\\\\\\e‘\&‘\‘\“““‘:s:‘ '
‘:::“3:“:‘\\:\\\\\\\“\\\\\\\\\\\\\\\\\\\\\\\\\ “““““‘““‘_'
\‘:“*“:’:‘x“:“&&“\\\\\\\\\\\\\\\\\\\\\ T
R it L
— RN W
TR
5 SR S \\\\“\“\‘\‘\‘“\“‘““{\‘\“:‘\‘\\:\‘\“\“\“\“\“& ‘
OSORORS ““:‘K{“\\“\“‘\\\\\\\“Q“{\\\“\ =
ARV

T
S
S
SRR
PRRARIIAIRS
DL
R

\\\ ‘“
DTN MR
SRR ! \‘ 8\\\\\\‘}:‘s‘\‘}e‘\mxxxxxx&“““““‘:"::‘:““““““
"""‘“""":33“:\‘:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m“m

R

St

F-
igure 3.2: Exampl
ple 2

96



Section 3.5. NUMERICAL EXAMPLES

Figure 3.3: Example 3
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3.5.2 Examples of 1-Dimensional Parabolic Inverse Problem

The following plots are the recovered coefficients a(z) recovered from the parabolic equations given

in 3.5.1 from a discrete measurement of u(z,t) at the terminal observation.

7.5

6.5

55r

a(x)

451

351

Figure 3.5: Example 1
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a(x)

Figure 3.6: Example 2
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4.85

4.8

4.75

Figure 3.7: Example 3
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Figure 3.8: Example 4

3.5.3 Examples of 2-Dimensional Parabolic Direct Problem

In this section we display numerical solutions to the 2-dimensional parabolic partial differential

equation on the interval @ = (0,1) x (0,1). In general form, the problem is to solve

% -V - (a(z,y)Vu) = f (3.120)
u(z,t) =0on T x I, (3.121)
u(z,0) = u(z) for x € Q. (3.122)
Example 1:
u(zx,y;t) = cos(mt) sin(27x) sin(27y)
a(z,y) =5 — cos(4mx) sin(4my)
Example 2:

u(z,y;t) = 1000z(x — 1)y(y — 1)t
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a(z,y) =5+ 100x(z — 1)y(y — 1)
Example 3:

u(x,y;t) = cos(mt) sin(2mx) sin(my)

a(z,y) =5+ 10x(x — 1)y

Figure 3.9: Example 1: t =0
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Figure 3.10: Example 1: t = 0.5

Figure 3.11: Example 1: t =1
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Figure 3.12
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Figure 3.13
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7o

Figure 3.14: Example 2: t =1

Figure 3.15: Example 3: t =0
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0.8

Example 3: t = 0.5

3.16

Figure

t=1

Figure 3.17: Example 3
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3.5.4 Examples of 2-Dimensional Parabolic Inverse Problem

Figure 3.18: Example 1: Exact Coefficient

Figure 3.19: Example 1: Estimated Coefficient
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12

Figure 3.20: Example 2: Exact Coefficient

1z

Figure 3.21: Example 2: Estimated Coefficient
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Figure 3.22: Example 3: Exact Coefficient

Figure 3.23: Example 3: Estimated Coefficient
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Chapter 4
Appendix

4.1 Function Spaces

In the section we compile definitions that are essential for understanding the function spaces

implemented throughout the thesis. For more complete definitions we refer to [11].

Definition: (Vector Space). A vector space is a nonempty set X defined over a field K. The
vector space has two operations, namely vector addition and multiplication of vectors by elements
of K.

Definition: (Normed Space). A normed space is a vector space with a norm defined on it.

Definition: (Complete Space). A space X is said to complete if every Cauchy sequence in

X converges.
Definition: (Banach Space). A normed vector space X is said to be Banach if X is complete.

Definition: (Hilbert Space). A Hilbert space H is a complete vector space with an inner

product defined on it (i.e. a complete inner product space).
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Definition: (L' Space). The space L' is the space of integrable functions from € to R with

a norm defined as

7l = Wil = [ 171 (41)
Definition: (L? Space). Let p € R and 1 < p < oo, we set
LP(Q) = {f : Q — R; fis measurable and |f|P € L}(Q) (4.2)
with the norm
1/p
151l =151l = | [ 0P (4.3

Definition: (L? space). A specific instance of the above LP spaces is when p = 2 which has special
application in the case of Hilbert and Sobolev spaces. This is the space of all square-integrable
functions defined by the L?-norm.

L2(Q):{U:Q—>R:/ﬂv2<oo} (4.4)

Definition: (H'! space). The Sobolev space H'! is defined as

v

2 .
i € L*(Q) for all i} (4.5)

HY(Q) = {v e L*(Q)

with the associated norm
1/2
A = (1f1172 + 11£1172) / (4.6)

Definition: (H{ space). The Sobolev space H{ is H! with Dirichlet boundary conditions.
HY(Q)={ve H@Q):v=00nT} (4.7)
Definition: (WP space). Given an integer m > 2 and a real number 1 < p < co we define by
WmP(Q) = {f € WP (Q); f1 € WTTLP(Q)} (4.8)
with the notation that H™(Q) = W™2(Q). Is equipped with the norm

1 llwme = |If 1o + D (1D Fllp (4.9)

a=1

where « is a multi-indices such that |a < m.
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4.2 The Fréchet Derivative

In this section we are concerned with the differentiability of the parameter to solution mapping.
We derive the general form of the Fréchet derivative of the variational problem for elliptic and

parabolic partial differential equations.

Definition: Let X and Y be normed vector spaces, and U C X be open, and f : U — Y.
Moreover, f is said to be differentiable at zz € U if there exists a bounded linear map Df(z) €
L(X,Y)* and a continuous function ¢ : V' — Y, where V is an open neighborhood of 0 € X, with
¢»(0) = 0, such that

f(z+h) = f(x)+ (Df(x)h+ [[h]|o(h) (4.10)

for all h € V and Df(z) is the Fréchet Derivative.

4.3 The Gateaux Derivative

In this section we similarly calculate the Gateaux derivative, similar to the Fréchet derivative.

Definition: Let f : U C X — Y where U is open, and X and Y are Banach spaces. The
function f is said to be Gateaux differentiable at = € U if there exists a bounded linear operator
T :X — Y such that

lim JEF D =I@) gy vhe x (4.11)

e—0 €

Vh € X. Then T is called the Gateaux derivative of f at x in the direction h.

4.4 Bilinear and Trilinear Form and Properties

The general variational, or weak form, of a boundary value problem must be defined to discuss

general finite element existence, uniqueness, convergence, and stability theory.
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Find v € V such that
a(u,v) = f(v) YoeV (4.12)

where V is a Hilbert space and f € V', the dual space of V.

This is called the bilinear form of the boundary value problem while the following form is equivalent
and is known as the trilinear form. We have that a(u,v) = [5aVu - Vv = T(q,u,v) for ¢ € B
where ¢is the coefficient in the differential equation and B is the coefficient function space. The
difference is that the trilinear form explicitly states the coefficient of the boundary value problem

in the abstract representation.

Find v € V such that
T(q,u,v) = f(v) Yo eV (4.13)

The variational form contains a function a : V x V +— R which is a symmetric bilinear function. In

other words a(-, -) satisfies the following conditions:
1. a(u,v) = a(v,u) Vu,v € V
2. alau + fv,w) = aau,w) + fa(v,w) Yu,v,w €V, and Vo, 3 € R
3. a(u,u) >0 and v = 0 implies a(u,u) = 0.

We also explore two important properties of the symmetric bilinear form that are crucial for the
variational form to be effective. The following two properties allow us to define a(-,-) as an inner

product on V which leads to application of the Riesz Representation Theorem. The properties are

Ellipticity: Ja > 0 such that a(u,u) > af|u||?* Yu €V

Boundedness: 35 > 0 such that a(u,v) < B||ul|||v]| Yu,v € V.

The Riesz Representation theorem also requires that V be a Hilbert space. By definition V is an

inner product space defined by the inner product (-,-). It can also be shown that V is an inner
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product space defined by the inner product a(-, ). We recall the definition of an inner product space.

A vector space, V, is an inner space defined by the inner product (-,-) : V,V — F where F is

a field and (-, -) satisfies the following properties:
1. (u,v) = (v,u)Vu,v € V
2. (au+ Pv,w) = a(u,w) + B(v,w)Vu,v,w € V, and Vo, 5 € F
3. (u,u) >0 and u = 0 if and only if (u,u) = 0.

We see that V clearly satisfies the properties of a vector space, and to be an inner product we
must additionally show that a(u,u) = 0 implies v = 0. By using the ellipticity of V we see that

0 > af|u||? implies v = 0. Therefore V is a inner product space.

Another requirement for V to be a Hilbert space with respect to a(:,-) is that V is complete.
First we define a norm on V defined by af(-,-) by ||[v|ly = v/a(v,v). Since a(-,-) is elliptic and
bounded on V then we see that

vallull < [lvlly < V/Bllvl| Vo € V. (4.14)

It directly follows from (4.14) that || - || and || - ||y define equivalent norms so we know that since

V is complete under (-,-) then V is complete under af(-, ).

Note that it was required that [ be a bounded function on V defined by (-,-) so we must also

show that [ is bounded on V defined by a(-,-). We see that

1 M
Vallol| < [lolly = vl < ﬁ”””" = i)l < —=llvly YoeV

7

Hence [ is bounded and we have the conditions necessary to apply the Riesz representation theorem

and other theorems of existence, uniqueness, continuity, and stability to (4.12).
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4.5 Existence and Uniqueness Theorems

First we present the Riesz Representation Theorem that shows existence and uniqueness of the

solution to (4.12).

Theorem: (the Riesz Representation Theorem) Let V be a Hilbert space and V' the dual space of

V. Then we see the following two facts hold:

1. Vu € V the linear functional [ defined by I(v) = (u,v) belongs to V', and furthermore we see
by = llully (4.15)

2. V1€V Jaunique u €V such that

||y = [|ully and I(v) = (u,v) Yo €V (4.16)

Considering the abstract variational problem to some direct problem we provide more general
existence and uniqueness results for the finite element solution than the Riesz Representation

Theorem. We omit the proof but it may be found in [6].

Theorem: (the Lax-Milgram lemma) Let V be a Hilbert space, define the bilinear form a(-,-) :
V xV — R, and define a linear continuous functional f(-) : V — R. Suppose a(-,-) is bounded and

coercive, i.e.,
3B > 0s.t. |a(u,v)] < Blullv|[v]ly Yu,v €V, and

Ja > 0 s.t. |a(v,v)| > aljv| Vv e V.

Then, there exists a unique u € V to the variational problem (4.12) and we see that the solution u

depends continuously on f;

1
lullv < =[Ifv.
(0%

More generally the same result holds true in the case where the solution u and the test function v

live in different Hilbert spaces. The following lemma provides this result. Again, we omit the proof
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but it may be found in [6].

Theorem: (the Generalized Lax-Milgram lemma) Let W and V be Hilbert spaces, define the
bilinear form a(-,-) : W xV — R, and define a linear continuous functional f(-) : V — R. Suppose

the following conditions:
38 > 0 s.t. |a(u,v)| < Bllullwllvlly YueW and v €V,
Ja > 0 s.t. inf sup  |a(u,v)| > «,

ueW [lullw=1yey ||v||,<1

sup |a(u,v)] >0 YO #v e V.
ueW

Then, there exists a unique u € W to the problem: Find u € W such that
a(u,v) = f(v) YoeV
and furthermore

1
[lulw < =[[f]lv-
(0%

4.6 The Adjoint Operator

We setup the definition of the adjoint by first defining the operator A [12]. Suppose that X is a

finite-dimensional inner product space, and A is a linear transformation:
A X=X
From the Riesz representation theorem we we have that there exists a unique z € X such that
(Az,y) = (z,2) forallxe X (4.17)
For each y € X there is an associated z € X and we have the mapping

A X - X

Yy — =z
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or alternatively we can write
(Az,y) = (z,A%y) forall z,y € X

Therefore we have the definition of the adjoint operator A* of the operator A which is derived

directly from the Riesz Representation theorem.
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