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Iterative tomographic reconstruction

Abstract

For medical and research purposes the quality of tomographic reconstructions is of ma-
jor importance. Priorconditioning may be a performance improving factor to iterative
methods, especially for tomographic reconstruction, but has only been derived for some
methods. For this purpose priorconditioned versions of the algebraic iterative methods
Kaczmarz and Cimmino are derived in this paper. The priorconditioning appears in form
of a priorconditioner matrix that acts as a first or second derivative operator, which causes
smoothing of the solution. For this project the methods priorconditioned Kaczmarz and
priorconditioned Cimmino were implemented and analyzed in Matlab. Investigations of
several test problems obtained by synthetic data showed that the priorconditioned meth-
ods performed better than Kaczmarz and Cimmino if the solution was very smooth. Here
we find that factors like shape and composition of the objects in the solution, amount of
noise in the data and choice of the priorconditioner matrix was important for the quality
of the reconstruction.
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List of Symbols

Symbol ‘ Meaning Dimension
A Coefficient matrix mXxXn

b Right-hand side/Datavector m x 1

K Krylov subspace of dimension K

L Priorconditioner matrix (n—u)xn
Ly Discretization of the d. order derivative in 1D | (n —u) x n
L% Discretization of the d. order derivative in 2D | (n —u) X n
Lt Moore-Penrose pseudoinverse of L n X (n—u)
L# Oblique pseudoinverse of L n x (n—u)
Wy Basisvectors in the null space of Ly (1D) nxu

w2 Basisvectors in the null space of L? (2D) n X u

U Left singular matrix mxXm

% Right singular matrix nxn

x "Naive" solution nxl1

(k) Iteration vector n x1

X Diagonal matrix with singular values nxn

II Permutation matrix nxXn

P Matrix containing filter factors nxn

Ill5 5[]l | 2-norm, Frobenius-norm

A Regularization parameter (Tikhonov)

w Regularization parameter (Landweber)

Scalar explanation:

Symbol ‘ Meaning

N
m
U

Number of discretization intervals used to obtain x
Number of data points in b
Dimension of the null space of L
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1 Introduction and Motivation Iterative tomographic reconstruction

1 Introduction and Motivation

In tomography the information inside a body or an object is reconstructed using imaging
techniques. One of the best known applications is Computed Tomography (CT) scan for
medical use, where X-Rays are used to scan a body. Here the information from the set-up
of the X-Rays and data in form of damping of the X-Rays are used to formulate a math-
ematical problem, that can be solved with iterative tomographic methods. These types
of problems are called inverse problems, arising when recovering "interior" or "hidden"
information from "outside" [6]. As the mathematical problems in tomography usually are
very ill-conditioned, regularization methods are needed to obtain a solution. Here it can
be advantageous to use algebraic iterative methods since these methods are well suited for
tomography problems.

This is where priorconditioning enters the field: Priorconditioning is a way to optimize iter-
ative methods using prior information about the solution image. Especially in tomography-
problems priorconditioning derived for algebraic iterative methods may improve the re-
construction. So far priorconditioning has been derived for Tikhonov regularization and
the Conjugate Gradient method of Least Squares (CGLS) [6]. Here the priorconditioner
matrices act as a first or second derivative operator on the solution, which causes smooth-
ing in the reconstruction. For curiosity reasons and to improve the performance of the
algebraic iterative methods, we want to use the approach of priorconditioned CGLS to
derive priorconditioned versions of the algebraic iterative methods Cimmino and Kacz-
marz. Based on generalized Tikhonov we then want to derive priorconditioner matrices
appearing as a first or second derivative operator. To test the performance of Priorcon-
ditioned Cimmino (PCimmino) and Priorconditioned Kaczmarz (PKaczmarz) we want to
implement the methods in Matlab and analyze how these perform on several test problems.

As a priorconditioner matrix in form of a derivative operator is used, the matrix will cause
smoothing of the solution. Thus, we expect that PKaczmarz and PCimmino will produce
smooth reconstructions and may improve the performance of Kaczmarz and Cimmino on
test problems, where the solution is smooth.
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2 Krylov Subspace Method Iterative tomographic reconstruction
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Figure 1: Quadratic form of a vector where the minimum is marked as a red dot.

2 Krylov Subspace Method

I want to motivate priorconditioning by introducing the method of Conjugate Gradients
for Least Squares (CGLS) and its priorconditioned version. CGLS is an iterative method
that belongs to the Krylov subspace methods. To derive the algebraic definition for this
method it is easier first to consider the method of Conjugate Gradients (CG), since CGLS
follows the same principle as CG. But since CG is associated with the Method of Steepest
Descent I will also present this method.

The derivation of the mentioned methods will follow the principles used by Jonathan
Richard Shewchuk [IT].

CG is an iterative method to solve large systems of linear equations on the form
Az = b, (1)

with respect to x. Where x is an unknown vector, b is a vector containing some data and
A is the coefficient matrix of size n x n. Here A must be symmetric and positive-definite.

As a way to solve equation I consider the quadratic form of a vector:

fz) = %JAJ; Vet (2)

where c is a scalar constant. For A being positive-definite and symmetric, the quadratic
form f has the property, that the minimum of this function is exactly the solution to
Az = b. This can be illustrated by figure [I] for a given matrix A and data vector b.

Remark that the minimum of f is unique which is caused by the fact that A is a positive-

definite matrix and thus has full rank. To investigate this minimum I consider the gradient
of the quadratic form

1 1
Vf(z)= §AT.CL' + §Aa: —b.

Hjordis Amanda Schliiter (s132757) 7



2 Krylov Subspace Method Iterative tomographic reconstruction

Figure 2: Method of Steepest Descent. The black lines represent the search lines, while
the arrows points in the opposite direction of the gradient.

But since A is symmetric the gradient can be rewritten as
Vf(x)=Ax —b. (3)

Setting V f(z) = 0 we arrive at equation , which is the original problem we want to
solve. So for A being symmetric and positive-definite we can find a solution to by
minimizing f(z) in (2)) with respect to z.

2.1 The Method of Steepest Descent

There are several methods using the minimum of the function f to solve the problem
Ax = b. For example the iterative Method of Steepest Descent: Starting at any point
29 we choose the next iteration vector z(!) based on the direction, where f decreases
most quickly (this is opposite to the direction V f(z(*)). From this direction vector we
draw a search line, where we find the next iteration vector at the minimum of the line.
The minimum will be found at the point where the gradient vector is orthogonal to the
search line. This procedure is illustrated for the previous example in figure [2] for the first
iteration vectors z(©), W 2@ 26) and 2®.

Mathematically the expression for the iteration vector z(*t1) can be written as
g* D = 2 (0) 4 (k) (4)

Hjordis Amanda Schliiter (s132757) 8



2 Krylov Subspace Method Iterative tomographic reconstruction

where %) is the direction vector and «y, is the step length for the iteration k. Since the

direction will be opposite to the direction V f (x(k)) we get from equation that

r® = —vf(@®) =b— Az ()

The step length «y is chosen such that the previous and the present gradient vectors are
T
orthogonal to each other, so r#) r(:+1) = (. This leads to following expression for oy,

P (BT (8)

= T A (6)

Depending on the problem, this method may converge very slowly towards the naive so-
lution x, since the gradient vectors for two following iterations must always be orthogonal
to each other. This often leads to a zigzag path towards the solution. Here the Conjugate
Gradient method may be a good alternative.

2.2 The Method of Conjugate Gradients

While the Method of Steepest Descent takes a lot of steps in the same direction, CG
tries to avoid this procedure and just take as many steps as there are orthogonal search
directions d@,d®, ... d™ Y. The idea behind CG is to transform a system like the one
shown in figure [2| where the contour lines are shaped like ellipses to a system where the
contour lines are shaped like circles. In the latter case two orthogonal projections would
lead to the solution for the 2-dimensional system if we use the coordinate axes as search
directions as seen in figure [3] So in this case the number of steps equals the number of
orthogonal search directions.

But for a system, where the contour lines are shaped like circles, two direction vectors
being orthogonal d®7"q*k+1) = 0 means that they are A-conjugate for the elliptical form

d®)" Ad+D = . (7)
In this way we can transfer the properties of the circular form to the elliptical form. The

mathematical expression for an iteration in CG should follow the same set-up as for the
Method of Steepest Descent

20D — ) | g g).

where (%) is the direction vector and oy, is the step length for the iteration k. But
the direction vectors d®) should be chosen in a smarter way. So instead of satisfying
dR)Tqk+1) = ¢ they should now satisfy . This leads to the following equations for CG:

4O = 10— 450, (8)

Hjordis Amanda Schliiter (s132757) 9



2 Krylov Subspace Method

Iterative tomographic reconstruction

\
!
]
L ﬂ \ |
<0 — ]
/
\ 4 /
N\ /
5 4
N\ /
o> /
Xm) DY ///
AN I -
NG — /
10 _ / B
_15 L L ——— L L
-15 10 -5 0 5 10

Figure 3: Method of orthogonal projections, where the coordinate axes are used as search

lines.

MOMO)
d®)T Adk)’
2D = 20 4 g d®)
PO — 8 ) Aq(R),
P (1) (k41)

Brt1 = BECIECER
dFHD = k) g d k),

A =

(12)

(13)

Figure [ illustrates how the Conjugate Gradients method performs on the example used

for figure [I}

Considering the zero vector as the starting point z(®) I want to calculate the iteration

vectors 21, 22 and 2@ for the first iterations of CG:

Hjordis Amanda Schliiter (s132757)
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Figure 4: The method of Conjugate Gradients.

20 =0
dO =© —p_ 42O —p

M) = agb (14)
d =M 4 8dO) = b — agAb+ B1b = (1 — B1)b — agAb

2@ =2 4 a1dM = agb + a1 ((1 = B1)b — agAb) = (ag + a1 (1 — 1))b — a1 Ab (15)
r® =M — 0 AdY = b — agAb — a1 A((1 — B1)b — agAb)
=b— (ap+ a1 (1 — B1))Ab+ aga A%
d® =r® + B,dV) = b — (ag + a1 (1 — B1))Ab + agar A%b + B2 ((1 — B1)b — g Ab)
= (14 B2(1 = B1))b — (a0 + a1 (1 — B1) + Pacr) Ab + g A%b
23 = 2@ 4 apd® = (ag + a1 (1 — £1))b — arapAb
+ (1 + B2(1 — B1))b — (g + a1 (1 — B1) + Bacig) Ab + gy A%D)
= (a0 +ai(l = p1) + aa(1+ B2(1 - B1)))b (16)
— (a1ag + a(ag + a1(1 = B1) + Baan)) Ab + aparag A%D.

Hjordis Amanda Schliiter (s132757) 11



2 Krylov Subspace Method Iterative tomographic reconstruction

Common for all parts in the sum of (), 23 and z®) are elements on the form

aM = _p

2@ = b+ Ab
a®) = b+ _ Ab+ A%,

where the spaces represent constants depending on the given iteration. Thus, all iteration
vectors contains linear combinations of A*~!'bfori = 0,...,k, where k represents the given
iteration. For the k" iteration we then get an expression on the form

k
2 =" AT = b+ yaAb+ .+ AR,
=1

where the constants «y; are different for each iteration. Since the matrix A has full rank,
the vectors A"'b for i = 0,...,k will be linearly independent and as A has dimension
n x n, the vectors A*~'b will span a subspace of R”

2®) € span {b, Ab, A%, . .. ,Ak—lb} c R™ (17)
The definition of the Krylov subspace of order k is given by
Ki(A,b) = span {b, Ab, A%, ..., AF b},

so %) € I (A, b).

CG thus finds a solution z*) satisfying

2 = argmin f(z) st 2®) € K(A,b), (18)

where x is a solution to .

2.3 CGLS

In general CG is suited for solving expression when A is square, symmetric and positive
definite. If A is of size m x n and m > n there no longer exists a unique solution x to the
problem Az = b and thus we must solve a Least Squares problem:

x = argmin || Az — b||3.
€T

We can transform the least squares problem to a system of linear equations on the form
Az = b if we investigate || Az — b||3:

| Az — b]3 = (Az — )T (Az ~ b)

Hjordis Amanda Schliiter (s132757) 12



2 Krylov Subspace Method Iterative tomographic reconstruction

=(TAT —b")(Az — D)
=2 ATAz — 22T ATh + b,

By differentiating ||Az — ng with respect to  and solving when this expression is equal
to zero, we are able to find the minimum of ||Az — b||3:

2
A =blly o 47 gy~ 04Ty,
dx
d||Az — b3
Setting —————2 = 0 the solution to the least squares problem is obtained for AT Az =

dx
ATb. This is the so called normal equation, because b — Az is normal to the range of A.

Now the Least Squares problem can be rewritten as

(ATA)z = (ATb). (19)

The expression is on the same form as Ax = b, where in this case the coeflicient matrix is
given by AT A and the data vector is given by ATb.

In the following we introduce the Conjugate Gradient method for Least Squares (CGLS).
This method solves the Least Squares problem by solving . By defining ATA as my
coefficient matrix and ATb as my right-hand side we can follow the same procedure as for
CG to find the solution .

The expression for the quadratic function we want to minimize in this case becomes

1
f(z) = §xTATAx — b Az +c. (20)

The minimum of f is then the solution to with respect to x.

By replacing all occurrences of the matrix A by ATA and b by AT, we can arrive at a
system, we are able to solve with this method.

The expression for the k" iteration will here be on the form

k
2®) =37 3 (ATA) TTATD = 1 ATh + 72 (ATA)ATh + ...+ (AT A AT,
=1

Where z(*) now satisfies

2®) € span { ATb, (ATA)ATb, (ATA)2ATh, ... (AT A)F"1ATH)
= Ki(ATA, ATb).

Arriving at the minimization problem

Hjordis Amanda Schliiter (s132757) 13



2 Krylov Subspace Method Iterative tomographic reconstruction

2 = argmin f(z) stz e K (ATA, ATh),
where f(x) is the quadratic function defined in and z solves ([19).

This can also be written as

2®) = arg min || Az — b||3 st z®) e KL(ATA, ATb). (21)

Hjordis Amanda Schliiter (s132757) 14



2 Krylov Subspace Method Iterative tomographic reconstruction

2.3.1 PCGLS

To introduce the Preconditioned Conjugate Gradient method for Least Squares (PCGLS),
I first take a look at the standard form of the Tikhonov regularization. Here I consider
the continuous formulation

mfln{
— min {/01 (/01 K(s,0)f(t)dt — g(s)>2 ds + A2 /Ol(f(t))zdt} , (22)

where fol K(s,t)f(t)dt = g(s) is known as the first-kind Fredholm integral equation and
A\? is a regularization parameter. Discretizing epxression will lead to Tikhonov regu-
larization on discrete form

[ K050 - gls)

2
- \? ||f||§}

min {[| Az = b[|3 + A [[3}

In general this method can be improved by using prior information about the solution to
the problem we are dealing with. For Tikhonov regularization this can be done by intro-
ducing a matrix L containing the prior information. Leading to the discrete generalized
form

min { || Az — b[3 + 3 || La|3} . (23)

The matrix L is a finite difference approximation of a derivative of the function f(¢) de-
fined in expression [6].

Based on expression it is possible to establish a preconditioned version of CGLS
following the same idea as for Tikhonov regularization. But since the expression for
CGLS is given by

2®) = arg min || Az — ng s.t 2™ € Ky (4,b),

I want to reformulate by introducing a variable £ = Lx. Now z can be written as
x = L71¢ leading to the expression:

i {4 = o]+ 2 el

Here the minimum is found with respect to & but rewriting = as x = L& this expression
also gives us the minimum with respect to x. By introducing the variable £ = LX the
problem Az = b we want to solve becomes AL~'¢ = b. Thus we can replace A by AL™!
in to obtain a preconditioned solution for CGLS. Now the solution for any iteration
k using CGLS is given by

Hjordis Amanda Schliiter (s132757) 15



2 Krylov Subspace Method Iterative tomographic reconstruction

¢®) = argmin [ (AL ™) ~ sz st €W e Ky (ALHTAL™Y, (ALY,  (24)
§

where ) = L=1¢(®) The solution to can be rewritten in terms of z(*). For this
purpose I want to check the first 3 iterations of z(®) using PCGLS. From , and
I know the first iteration vectors for £ replacing A by (AL~1)T AL~ and b by (AL=1)Tb

e = L7 =L AL™H)Tb
—aoL LT A Y
2?) = L7 —(ag 4+ a1(1 — B1))LYAL™) b — ayao L (ALHT AL (AL™HTb
=(ap +a1(1 = B))L L TAT) — ayag L' LT AT ALY LT ATh
3 = L1710 =(ap + a1 (1 = B1) + an(1 + B2(1 — B1)) L HAL™HTb
— (a1 + a2(ag + a1(1 = B1) + Baao)) L~ (ALY AL (AL b
+ agoas L Y (AL HYT AL )2 (AL 1) Th
=(ap +a1(1 = B1) + as(1+ B2(1 — 1)) L TL~TATD
— (a1 4 as(ag + a1 (1 — B1) + Boag)) L ILTATAL LT AT
+ agaro(LL7TAT AL LT AT,
For the last part of 23 we have that
HALYTAL Y ALY o = L L TATAL ' LT AT AL LT AT
= (L' LTTAT AL LT AT

We see that our iteration vectors are on the form

cM = LT ATy

e® = LLTATh+ (LTLTTATA) LD T AT

e® = L'LTTATh+  (LTTTATA LT LT AT+ (L TTAT AL LT AT
Thus %) € K (L 'L~ TATA, L~ 'L-TATb).

Therefore the expression for the Preconditioned Conjugate Gradient method is given by

¢®) = arg min H(AL—l)g . sz st €W e KL(ALHTAL™ (AL"HTh),  (25)
3

where ¢ solves (AL™1)¢ = b. And 2*) = L=1¢(%) | with subject to
2 € Kp(L 'L~ TATA L7 LT ATD).

Since L acts as a preconditioner matrix for this problem we call this method Precon-
ditioned CGLS. In general we can call L a priorconditioner, since this matrix contains
the prior information of the solution to the problem [3]. Therefore from now on the term
"priorconditioner" will be used for the matrix L.

Hjordis Amanda Schliiter (s132757) 16
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3 Algebraic iterative methods

As an alternative to the Krylov Subspace method CGLS I want to introduce the algebraic
iterative methods. Here we differ between the so called row-action methods, that access
one row of the matrix A at a time and methods that access the rows simultaneously. In
this section I want to present one method from each of the two groups.

3.1 Kaczmarz’s Method

The following theory is based on work of Per Christian Hansen et al. [2].

Kaczmarz’s method is a iterative method for solving Az = b involving computations on
one row of A at a time. Therefore we interpret the linear system Ax = b as:

r-xr = a11x1+apre+...+tanr, = b1
roeT = a21%1 +axTy+...+awmT, = by
Tm T = AQmiT1+ AmaTa + ...+ GmnTn = bm.
Note that r; for ¢ = 1,2,...,m is a row vector and each equation r; - x = b; defines an

affine hyperplane in R”. If the system Ax = b is consistent and has an unique solution
x, this will be the point in R™ where the affine hyperplanes intersect. The Kaczmarz’s
method uses an intuitive approach to find this intersection point. To begin with we project
the initial vector orthogonal on a given hyperplane, this vector we project orthogonal on
another hyperplane, continuing this procedure for all hyperplanes; this is called the Kacz-
marz sweep. One sweep is then one iteration compared to simultaneous methods and for
the next sweep the last projection vector is used as the start vector. The order in which
the hyperplanes are accessed is cyclic and could influence the speed of convergence. Often
the row ordering is cyclic in the following way: 1,2,...,m,1,2,...,m,1,2,...,m,....

The method can be derived algebraically by interpreting the projection of x on a given
hyperplane i by taking a step Az such that x4+ Ax satisfies the equation b;—r;-(z+Az) = 0:
bi—ri-(x+Az)=0 & ri-Ax=1b; —r;-x. (26)

To find an expression for Az we must solve equation (26)) with respect to Az

Az = (1)1 (b — 7y - ).

Here (7;)T denotes the Moore-Penrose pseudoinverse matrix of r;, where the matrix in this
case is a row vector. The Moore-Penrose pseudoinverse of an arbitrary matrix A is the
unique matrix that satisfies the four Moore-Penrose conditions [4]:

1. AATA=A

Hjordis Amanda Schliiter (s132757) 17
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2. ATAAT = At
3. (AAT)T _ Aat

n (ATA)T _AtA

T
In the following we make sure that —— is the pseudoinverse of 7; and satisfies the Moore-
Tillg
Penrose conditions:
1.
T T 2
r; T r;
rirlry = ity = <o, = H f”%mzn (27)
I7ill3 [I7ill3 [I7ill3
2.
T T T T 2
r. r. r. ror. r 7
TJTZ‘T’;: %2” ?2: %2 1,12: 12H ZHg:TZ (28)
[Irallz [Irall2 Irallz lralls il lrall2
3.
T T
T T T , T
(rirl) = ( . ) ) ( . ) = T =l =l (29)
I7ill3 173l I3l I7ill5
4.
T T
T T T . T
(rlre) = ( - ) =f?< . ) =1y = T =1l (30)
I7ill3 I7ill2 il ll7ill2
Thus, (r;) = ||rzH2 must be the pseudoinverse matrix of r;, which is uniquely defined.
Tillg

We now get the following expression for the step size Az:

T
Ar = ——=(b; — ;- x).
[I7ill2

And the update of an iteration vector for Kaczmarz’s method will then be given by:

bz' —T; .1‘(k) T

* D) = &) p Az®) = (B 1 5T -
7312

Hjordis Amanda Schliiter (s132757) 18
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b]_ = rl e X
Solution Initial vector
b2 =TI,eX

Figure 5: Illustration of Kaczmarz’s method for n = 2.

Thus we obtain the algebraic formulation of Kaczmarz’s method:

2(® = initial vector
for k=0,1,2,...
i =k (mod m)
2B+ — () L@zﬂﬁ”g
I7ill2

end

Where m iterations corresponds to one sweep over all rows of the matrix A. The algorithm
is illustrated for n = 2 in figure
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3.2 Cimmino’s Method
The following theory is based on work of Per Christian Hansen et al. [2].
Cimmino’s method is an iterative method for solving Az = b involving all rows simul-

taneously. Compared to CGLS this method also solves a Least Squares problem but a
weighted one:

Y

2
x = argmin HM1/2(Ax - b)‘
xT
where M is a diagonal matrix containing weighting factors.

Like Kaczmarz’s this method uses orthogonal projections on the affine hyperplanes. But
instead of projecting a vector on one hyperplane, the next iteration vector is found by an
average between the projection of the previous iteration vector on all hyperplanes

(k1) _ 1 S (k) (k)
T —mzz:l(x + Az )

_1 (x(k) N bz—ng”r;>
mai3 [I7ill5

1 b —rp -k
— k) 4 72#6
mi= il

This can be rewritten in matrix-form

L) )y ibz‘—rim(k) T

il 5 7
mai3 Hﬁ||2 '
bl — Ty x(k)
ST . A
- 2 2 2
m A\ rilly [z l[rmll2
b — T - )
1
2
AT .
117 )
SO Il b—| ] a®
m .
Tm ' 1 m

=" + AT (b — Ax)

Where we defined the diagonal matrix M =diag(m ||7;]|5). Resulting in the algebraic
formulation of Cimmino’s method:
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) = initial vector
for k=0,1,2,...
) = 20 AT (b — Az

end
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4 Priorconditioned Versions

We now have investigated priorconditioning for both Tikhonov regularization and CGLS.
The algebraic iterative method Cimmino shares similarities with CGLS. Thus, based on
the knowledge from PCGLS we derive a priorconditioned version of Cimmino, using this
new information to obtain a priorconditioned version of Kaczmarz.

4.1 Priorconditioned Cimmino

The methods Cimmino and CGLS are similar since they both solve a Least Squares prob-
lem. Therefore it seems reasonable to follow the same principles in the derivation of Pri-
orconditioned Cimmino (PCimmino) used in PCGLS. I introduce a new variable { = Lz,
where L is the priorconditioner matrix containing prior information about the problem.
The linear system of equations I want to solve, Az = b, now becomes AL™'¢ = b. I want
to derive Cimmino’s method such that the system AL™'¢ = b can be solved with respect
to . The update of x using Cimmino’s method is given by

ot) gy L§hbre 2B
i=1 ’Tsz

Replacing 7; by r;L~! and = by & we can obtain the update for &:

é_(kJrl) _ é_(k) 4 i i brL — ’r'iL_l . é’(k) (T.Z.Lfl)T

mi= [In L
by —r L g
_ _ _ -1 k
Cew L (Ll 1] LTrn \ | ba—rlto €W
m\r L3 L5 LY :
2 2 2 m 2 :
b — rp L1 €
1
1112
i\ " [l L=l ) -
PR Ira L1 b—| | ze®
m . :
'm ' 1 'm

ey A
=¢®) 4 L7TATN V(b — AL W),

Where we defined the diagonal matrix M =diag(m HriL_ng)

We want to find the solution of AL~1¢ = b with respect to € in terms of x. Therefore we
multiply L~ by ¢*+1);

L,lg(;ﬁl) _ L71§(k) + LflLfTATMfla) - AL*lg(k)).

Thus, the solution in terms of x will be given by
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) = 20 LI LT AT (b — Az,

Therefore the algebraic formulation of PCimmino is on the form

2 = initial vector
for k=0,1,2,...

20D = o) | =T AT N1 (p — Az ™))
end.

Note that the matrices L™ and L~ aren’t defined explicitly in the implementation, since
in case L is large, L™ and L~ T would use too much memory.
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4.2 Priorconditioned Kaczmarz

As Cimmino and Kaczmarz are close related to each other by the use of affine hyperplanes,
we derive Priorconditioned Kaczmarz (PKaczmarz) following the same principle used in
PCimmino. I introduce the new variable £ = Lz and instead of solving Az = b I want to
solve the linear system AL™1¢ = b. 1 want to derive Kaczmarz’s method such that the
system AL~'¢ = b can be solved with respect to €. The step length A¢ now has to satisfy

the equation b; — r; L™1 - (€ + A¢) = 0:

bi - TiLil . (5 + Af) =0 = T‘Z'LilAf == bl — TiLil . 5

Thus the expression for A¢ will be given by

Af = (TiLil)T (bl — T‘Z'Lilf) .

When we replace r; by 7, L~! in the equations , , and we actually get

1 T
the result, (riL_l)T _(l7) 1)
i L= H]3

the step length will be given by

pe Y] L

- 1112 112
[l L3 I L=

And the update of an iteration vector will be on the form

g(kﬂ) — g(k) + Ag(k) _ g(k) +

1112
I L=

(bi—rilt €)= s (b —riL ')

bi—rL™t g™ 4 T

5, that satisfies the Moore-Penrose conditions. Therefore

This expression can be transformed to a system that can be rewritten in terms of . So

we multiply L~! by ¢*+1 yielding:

1bi =Lt ) T, T
i =113

L—lg(k-i—l) — L—lé-(k:) + I~

This is equivalent with

bi — T‘Z'L_l 25(19) *1L*T7«T
[ L5

L*lg(k+1) — L*lé(k) +

And since z equals L™¢, equation can be rewritten as

k+1) — (k) bi —ri- x(k)LflLfT T

al 2 T .
[l L=l

)
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Here the expression will solve the linear system AL~1¢ = b with respect to & and for
simplicity this expression is rewritten in terms of x.

Thus, the algebraic formulation of Pkaczmarz will be on the form

2 = initial vector
for k =0,1,2, ...
i =k (mod m)

(k+1) — (k) bi —ri-a® L-lr-T,T

xT
I =113

end.

Here m iterations will correspond to one sweep over all rows of the matrix AL™!.
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5 Priorconditioner matrix L

The priorconditioner matrix L contains prior information of the exact solution x to the
problem Az = b. As stated in section common choices of the L-matrix are finite
difference approximations to derivatives of the function f(¢) which is the continuous form
of the vector x. These L-matrices have the property that the solution obtained will be
smooth [6].

5.1 Motivation by Tikhonov regularization

Our derivation of the L-matrices is motivated by the expression for generalized Tikhonov
regularization. Therefore I want to explain the relation between generalized Tikhonov and
the iterative methods PCimmino and PKaczmarz. When considering the expression for
generalized Tikhonov regularization:

min { || Az - bl|3 + X* | Lz[[3} ,

the solution will be on the form

mo = (ATA+NLTL) T AT

Using Generalized Singular Value Decomposition (GSVD) I want to analyze the solution
xx,- I decompose A and L into the matrices Uy, ¥4, © and Uy, Xy, O respectively such
that

A= UAEA@_l
L=U;x.07 %

Here U4 and Up, contain the left singular vectors of A and L respectively while the two
matrices share the right singular vectors contained in ©. The matrices X4 and ¥ are
non-negative, diagonal and stores the singular values for A, «;, and the singular values
for U, B;, in the diagonal. Using the decomposition of A and L we can obtain another
expression for x)

—1
o = (07 TSURUADA6" +A2@—T2{ULTUL2L@—1) o TxTuls
= (e (ET2A+/\22TZL)) o TxTUlb
:( (ZT2A+)\22T2L)> o T=Tulp
To-TsTy/T
= dia (a +A2,6’2> 00Te TxTUTh

. a? —1077T
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= 0dx,'UD, (33)
2

@
a? + 2232
cients in the diagonal.

where & = diag < > and ® is a diagonal matrix that stores the specified coeffi-

To show the similarity between Tikhonov regularization and Cimmino I will now investi-
gate Landweber’s method, which like Cimmino is an iterative algebraic method, in which
it is easier to express the filtered SVD solution. The minimization problem for Landweber
is a simple least squares equation

min || Az — b2

and by introducing the priorconditioner matrix L we can obtain the transformed problem

| (41) ¢ ol 5

The update of the iteration vector for the standard Landweber is given by

) = 2(0) 4 yAT (b - Ax(k)) .

Where the update for priorconditioned Landweber can be obtained by substituting A by
A= AL and z® by ¢®). I now use Singular Value Decomposition (SVD) to rewrite
the solution £(). T decompose A in the matrices U containing the left singular vectors,
V containing the right singular vectors and ¥ containing the singular values &; in the
diagonal. Now A satisfies A = TSV . Following the same procedure as for Tikhonov
regularization we can express the priorconditioned Landweber solution z(*) in terms of the
SVD components. Using the expression for the update of the iteration vector that solves
the minimization problem , we get

T,

—1¢(®) it follows that

¢B =7
where & =diag(1 — (1 — w?)¥). Since z¥) =
2B =LV esT T,

To show that there is a relation between Tikhonov and Landweber I use the GSVD com-
ponents for A and L to express the SVD components for the matrix AL~

—1
AL = UaSa07 (U20071) = UaSa0 7108 'U] = Ua (2a%1) U]

We see that Uy and Uy, are unitary square matrices and X AEzl is a non-negative diagonal
matrix. Thus, the SVD of AL™! will be on the form AL™! = Uy (ZAEzl) UZ—, where

Us=U, X Azgl =¥ and ULT — 7. Using these expressions we can now rewrite the
solution z(*):
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2
=®) = L71U diag (1 — (1 - w;» S UT
—ox;'uluLen, 2t ULb
=05 e, S UL

-1 7T
=00X, Uy,
o2
where @ =diag | 1 — | 1 —w—3 and remark that it is not important in which order the

T
diagonal matrices are multiplied by each other. Comparing this expression to the solution

2®) for Tikhonov in terms of the GSVD components we see that the only difference
in the solution using generalized Tikhonov and priorconditioned Landweber are the filter
factors ® and .

The conclusion is that generalized Tikhonov regularization does not differ very much from
algebraic iterative methods like priorconditioned Landweber or PCimmino. Therefore it is
a reasonable assumption that L-matrices derived for generalized Tikhonov regularization
may also work for PCimmino. However we do not know if this approach will work for
PKaczmarz, since PKaczmarz doesn’t access the rows in the A-matrix simultaneously.
Thus we are not able to express the solution in terms of the SVD components and therefore
it is not possible to compare the PKaczmarz solution to the generalized Tikhonov solution.
Note that we use the L-matrices that we derive for Tikhonov, but we don’t know if these
matrices are a good choice for Kaczmarz’s method.

5.2 In one dimension

To obtain finite difference approximations I investigate f(f+ At) and f(f — At) at a fixed
point ¢ using Taylor expansions [8]. Where At is the step size between the discretization
points that are used to obtain x.

FE+ A0 = [0 + Dt /@) + 5802 D) + 0(AF) (35)
f(E = At) = f(T) = At - f'(T) + %(At)Q F(E) 4+ O(AL3). (36)

Here O(At?) is the truncation error of order 3. Using expression I get the following
approximation of the first derivative:

Using both expressions and we can obtain an approximation of the second deriva-
tive at the point ¢.

vy L+ D) = 27(0) + f(E = A
7'(0) ~ Ao . (39)
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We discretize the variable ¢ and define a vector T' that contains all discretization points:

where At =t;11 —t; for i =1,2,..., N — 1. The discretization of f(¢) using this vector T'
will then give us the vector z:

F(tw)

An approximation of the first derivative of f(¢) can now be obtained by using expression

(37)

f,(t) ~ —— . . x=1Lx.
-1 1

Here L; will be the first derivative matrix of size (N —1) x N .

On the same way we can obtain an approximation of the second derivative of f(¢) by using

equation

T =Ly x.
1 -2 1

Where Ls is the second derivative matrix of size (N — 2) x N.

For one-dimensional problems the matrices L1 and L, are used as priorconditioners to test
the performance of PKaczmarz and PCimmino. Both L; and Ls are not quadratic and
therefore they are not invertible. For this reason we introduce the nullspace of L and Lo.

From the rank-nullity Theorem we can deduce the dimension of the null space [I]. The
L-matrices are linear transformations L : & — y, where z € RN*1 ¢ € RW=dx1 and ¢
is the d** derivative of f(t). The rank nullity Theorem gives us the dimension of the null
space of L
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dim(z) = dim(Lz) + dim(N(L)).

Thus,

dim(N (L)) = dim(z) — dim(Lz) = N — (N —d) = d.

Therefore the null space of the L-matrices will be spanned by d vectors of size N x 1. 1
define the matrix W which stores the vectors that span the null space of the L-matrices.
For the first derivative matrix d equals one so there must be a vector Wi such that
LiW7 = 0. Therefore the function f(¢) must satisfy that f’(t) = 0. Integrating over
f'(t) = 0 we get that f(t) = k, where & € R. Therefore I set k = 1/v/N and can now
obtain the normalized vector W7 in the 2-norm that spans the null space of L:

EEy

Wi

%‘H

For the second derivative matrix d equals two so there must be two vectors w? and w3
such that LoWy = Lo [w% w%} = 0. Again we see that the constant vector must be a
solution, since f(t) = k differentiated twice will give the zero vector. Thus

Eas

1
VN
will satisfy that Lowi = 0. The other vector can be found by investigating the function
f(®). If f”(t) = 0, integrating twice over f with respect to ¢ gives us, that f(t) =k -t +c¢
for k,c € R. Setting k = 1 and ¢ = 0 we get that f(¢t) = ¢t. With step size At = 1 and
start point ¢t = 1 discretizing f(t) gives us the vector

2
W = | .
N
w2
I normalize this vector and can now obtain w% : w% = %
) Hw22H

We now have that the two vectors w% and w3 are normalized and linearly independent, so
they will span the null space of Ly. Thus Wy = [w% w%}
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5.3 In two dimensions

For two-dimensional problems we still want to solve the system Az = b, but z now stores
the information of a two-dimensional matrix X. Here X is a discretization of the function
f(t,v) which takes two variables as an input. We want to define the discretization vectors
T and V. T is the same vector as stated in the previous section. We define a new vector
V', that stores the discretization points for v. This vector has the same length as T

U1
V2
V= . )
N
where Av = v;41 —v; for ¢ = 1,2,..., N — 1. Discretizing f with respect to these two
vectors will then give us the matrix X:
flt,o1)  flt2,v1) o f(tn,v1) TI TNH1 --- T(N_1)N41
f(t,v2)  ft2,v2) oo f(tn,v2) Ta TN+2 ... T(N-1)N+42
f(ti,on)  f(te,on) ... f(tn,vnN) IN TIN ... T N2

X can now be transformed to the vector z by storing all columns of X in a long column
vector of size N2 x 1:

I
x2

TN
TN+1
TN42

x = vec(X)

Ta2N

T(N-1)N+1
T(N-1)N42

L In2

Before I now introduce the L-matrices for two dimensions I want to return to the definition
of the generalized Tikhonov regularization:

min { || Az — bl|3 + X* | Lz[[3} .
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I start to find the second derivative matrix L3 for two dimensions. I consider the continuous
case of x and define the second derivative of f(t,v) to be the sum of f differentiated twice
with respect to ¢t and f differentiated twice with respect to v:

_Pf R

2 —_— —_—
Vi) = 55 + g

The second derivative of f(t,v) with respect to v on discrete form can now be found by
multiplying the Lo-matrix for one dimension with X. This can be explained by the fact
that every column vector in the matrix X corresponds to a fixed value of ¢, while v is
varying. Now Lo multiplied by each column vector will give the second derivative with
respect to v for this fixed value of t. A similar principle works for the second derivative
of f(t,v) with respect to ¢ on discrete form. We multiply X with the transposed of L. In
this way we find the second derivative with respect to t, since v is fixed in each row. We
now have

O*f
5oz~ Do X1
Of

5z~ IXLJ.

I now return to the expression for the generalized Tikhonov regularization. As we want
to find the 2-norm of Lz we have two possibilities:

\Laf3 = |LoxT + IX LY or |Lal3 = |LoX T3 + [1x L]

2
where F' denotes the Frobenius-norm. The norm HLQX I+1IX L;HF has a very large null
space due to the fact that there are many functions satisfying V2f = 0 [6]. Therefore I

2
choose || Lo X T||% + HIXL;HF as the 2-norm of Lz squared. Since the Frobenius-norm is
a matrix-norm that takes the square root of the sum of all elements squared, this will be
the same as storing the column vectors of the matrix in one long column vector and take

2
the 2-norm. Therefore the expression || Lo X |3 + HIXL;HF can be further reduced by

1L X112+ |IX LT = vee(ZaX D)2 + [vee(rxX L) (39)

where vec(LyXT) denotes the long column vector that stores all columns of the matrix
Ly X I below each other. Another way to express vec(LoX 1) could be using a Kronecker
product [7]. For this purpose I first investigate the vector vec(Lo X T).

1 -2 1 1 IN+1 - .- x(N—l)N—I—l

1 -2 1 r2 IN+4+2 .- T(N—=1)N+2

vec(La X 1) = vec _ ) ( .) i
1 -2 1| |zy T2y ... T N2
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T1 — 229 + 73
To — 2x3 + T4

TN_2 —2TN_1+ TN
IN+1 — 2ZN+2 + TN+3

TN2_o — 221 + T2
[ TN2 2 N2—1 + T N2 ]|

Separating this vector into N column vectors of identical magnitude we see that each of
these vectors correspond to Lo multiplied by one column in the matrix X. Investigating
the Kronecker product I ® Lo gives

1 1 -2 1
1 1 -2 1
I1®Ly= ) ® )
i 1 12 1
1 —2 1 i
1 -2 1
1 -2 1
1 -2 1
1 -2 1

Multiplying this matrix I ® Lo with the vector x yields the same expression as vec(La X 1T),
since Lo is multiplied by each of the columns in the matrix X. Therefore we know
vec(LoXI)=(I ® Lo)x. In a similar way we can use a Kronecker product to express
the vector vec(IX L ). Here (Lo ® Iz will satisfy that vec(IXLJ)=(Lo®I)x. For further
details and illustrations see Appendix.

We can now rewrite expression (39)):

2
Ivec(LaX DI} + [vec(IX LD = (7 @ La)all3 + [|(Ls © D)3

Since the sum between the 2-norm squared of two vectors will be the same as defining a
new long vector that contains the two vectors one below the other and taking the 2-norm
squared of this vector, we have that:

2
I ® Lo)|l; + |I(L2 ® Dall; = H (Eé;@@%ii)
2
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Then we can define a new matrix L such that

2
AR X
L2 &® I o 2"
2
Using Q R-factorization we can now decompose the matrix L into two matrices Qs and

Ry: L = Q2Ry. Here Q satisfies that Q1 Q2 = I and Ry is a upper triangular matrix that
has the same rank and null space like L. We now get

~ 2
HL.%Hz = HQQRQ.%H% = (QQRQZ')T(QQRQ.f) = .%'TR;—Q—QFQQRQJJ = xTR;Rgx = HRQ%H%,

A 12
since Q1 Q2 = I. But if HL:EH2 = HRgang, we can choose our second derivative matrix L3
for two-dimensional problems to equal the matrix Ry that is composed by () R-factorization

of the matrix L = (Ei?é;;)

The first derivative matrix L? for two-dimensional problems can be found on a similar way.
In the continuous case of x I define the first derivative of f(¢,v) to be the sum between
the partial derivative with respect to ¢ and the partial derivative with respect to v:

0 0
or  of
ot Ov
But the first derivative with respect to ¢ and v will be similar to the expressions for

the second derivative, where Lo is replaced by L; to obtain the first derivative in each
direction:

of
— =~ 11 XI
ov !

of T
— ~IXL.
ot !
Therefore the derivation of L? will follow the same principle as for L3, with the main
difference that Lo is replaced by L;. Thus, the first derivative matrix L} can be obtained
(I® Ly)

by @) R-factorization of the matrix Ly = ((L ®1)
1

), where I:l = Q1 R;1. Therefore

~ 2 2
|Laz|) = IRu )3,

since Q] @, = I. But then the first derivative matrix in two dimensions L? will be given
by L? = R;.

I want to define the null space of the L-matrices in two dimensions. We have that L? = Ry
and L2 = Ry, where the R-matrices are upper triangular matrices of size N? x N2. But
for R the last row is equal to zero, while for Ry the last four rows are equal to zero. Thus,
we have that
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dim(N(L?)) = dim(z) — dim(L3z) = N> — (N? —1) = 1.

And

dim(N(L3)) = dim(z) — dim(L3z) = N* — (N? — 4) = 4.

For the first derivative I consider the continuous case of z, the function f(¢,v). This

0 0
function must satisfy that 8—{ + 8—f = 0. Integrating over f gives f(t,v) = ¢ + c2 = c.
v

Setting ¢ = 1/N we can now obtain the normalized vector W of size N2 x 1 that spans
the null space of L?:

Z|=z|~

2‘,..

For the second derivative f(t,v) there will be four vectors that span the null space W3 of
0? 0?

L3. Here the function f must satisfy V2f(t,v) = a—tf + 6—{

v
f gives f(t,v) = c1 +co+ et +cqv+ cstv = c+ st + cqv + cstv. We see that there are four
different groups of functions that appear in the expression of f(t,v). Thus we can obtain
four different vectors that span the null space of L3. Again we see that the constant vector
w? = W is part of the null space. When defining ¢ = ¢4 = ¢5 = 0 and ¢3 = 1 we obtain
the function f(¢,v) = ¢. Discretizing f(¢,v) with step size At = 1 and start point ¢t = 1

gives us the N2 x 1 vector

= 0. Integrating twice over

Wao =

N

Normalizing this vector I can obtain the vector w3 = HmeH The function f(t,v) = v
Wazll2
will also be a solution to V2f(t,v) = 0 and discretizing this function with Av = 1 and

start point v = 1 gives us the vector
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N
N

N

2
w
Normalizing u yields another vector in the null space of L3: w3 = ﬁ
W33llo

in the null space can now be obtained from the function f(¢,v) = tv. Discretizing in ¢-
and v-direction the same way as before, we get

. The last vector

1-1 1
2.1 2
N -1 N
1-2 2
2.2 4
- : K
Wia = | N-2| = [2N
1-N N
2-N 2N
[N - N| | V2]
w?
We can obtain w? by normalizing this vector: w? = || 244” . Now the null space of L3
Wyallo

will be given by W3 = {w% wi  w} wZ] since all vectors w?, w3, w3 and wj are linearly

independent and normalized.
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5.4 Inverse of L

For both PKaczmarz and PCimmino the inverse of the matrix L is used in the update of
the iteration vector (). But considering the L-matrices for one and two dimensions as
defined above, we see that these matrices are not square and thus, we can not easily invert
them. Therefore I want to specify how we deal with L-matrices that are rectangular. Here
I focus on the expression for generalized Tikhonov regularization:

min { || Az — b[3 + 3 || Lal|3} . (40)

5.4.1 Case 1: L is square

Considering the case where L € R™*" is a square matrix and L has full rank: rank(L) = n,
the variable ¢ = Lz can be introduced and can be rewritten as

min { (AL - b} + 32 el (41)

and solved with respect to &. To find the solution with respect to x, we must multiply
L~ 'by & o= L7

5.4.2 Case 2: L is rectangular with more rows than columns

In this case I consider a rectangular matrix L € RP*™, where p > n and rank(L) = n.
My idea is to introduce the Moore-Penrose pseudoinverse of L as defined in section [3.1
and replace L~! by L' in expression . I use QR-factorization to decompose L into
the matrices Q and R: L = QR. Now I want to check if the matrix R~1QT satisfies the
conditions to be the pseudoinverse of L.

1. LL'L =QRR'QTQR=QR =1L

2. L'LLT =R '"QTQRR'QT=R'QT = L'

3. (LLT)T = (QRR—lQT)T = IT=1=QRR'Q" = LL!
4, (LTL)T = (R*lQTQR)T =IT=I=R'Q"QR=L'L

We see that all four Moore-Penrose conditions are satisfied so R~'QT must be the pseu-
doinverse of L. Thus we replace L= by LT = R'QT in expression and can now
obtain the minimization problem we want to solve

2
i { (AR QM) — o+ 22 €] (12)
This can be simplified by introducing the variable é =QT¢, where € = Qé . We have that
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et = €], = Jel,
2 2 Pl
We can now replace £ by Q€ in expression (142)

mgin{H(ARl)é— H + X2 ||€

-+ (43)

A2 .
where we have the relation H§H2 — ||¢]I3. And € can be rewritten as

£=Q"¢=Q "Lt =Q"QRz = Rz & = RE
We can now solve expression with respect to f and find the solution in terms of x:
— R—lg'
5.4.3 Case 3: L is rectangular with fewer rows than columns

This section is based on theory derived by Per Christian Hansen [6].

In this case I consider L € RP*" being a rectangular matrix where p < n and rank(L) = p.
From the rank-nullity Theorem we know that these L-matrices have a non-empty null
space. Therefore any Tikhonov solution x to can be splitted into two components: A
component xg € N(L) that belongs to the null space of L and a component z that does
not. Now x equals z + xg and the Tikhonov problem becomes:

{1142 + Azo — blI3 + X?[| L2113} -

Note that Lzg = 0 since z¢g € N(L). By requiring that Az is orthogonal to Azy we can
obtain two independent problems that can be solved with respect to z and xzg:

min { || Az = bl|3 + A?||Lz[[3 } min || Azo — b|3.

Since Az L Azy we can split R™ into the two components N (L) and N(L)*4 so that
z € N(L)*4 and 2o € N(L).

The derivation of the pseudo inverse of L in this case is very technical and requires defi-
nitions about oblique projectors and oblique pseudo inverses [6]. Therefore I will skip this
part and only mention information most relevant to my project.

By introducing oblique projectors associated to N(L)*4 and N(L) we can rewrite our

minimization problems. Using the matrix W that spans the null space of L we can obtain
an expression of xg:

zo = W(AW)Tb.
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From this definition of zg we can derive an expression for the oblique projector that is
associated to the null space of L. Using this information we end up with an expression for
L7 such that our minimization problem for Tikhonov is on the form:

i { | (AZ#)¢ — o] + 37 3] (4

The expression for L# will be given by:

L# = (I —W(AW)TA)LT,

where LT depends on the problem and the structure of L. In this case we consider L
having full rank and therefore L can be splitted into L = (Ljete, Lright), where Licp; is
square and has full rank. Thus, LT will in this case be on the form:

L—l
LT — left )

And an expression for (AW) can be obtained by QR-factorization. Decomposing AW
into Qaw and Raw we get: AW = Qaw Raw. In case 2 we derived the Moore-Penrose
pseudo inverse for the matrix L which was given by LT = R™'QT. The same principle
will work in this case and thus, (AW)! = R;Hl/VQEW Now we arrive at the following
expression for L#:

L
L# = (1= (R Qlw)A) ( ’5ft> .
We can now solve the Tikhonov problem with respect to £ and find the solution in
terms of z: & = L#¢.

For the second derivative matrix in two dimensions, L%, we encounter problems when
separating the matrix into Lj.f; and L,;gp; and inverting the quadratic matrix L., since
L3 has a structure as shown in the left part of figure @ We see that most elements
in the diagonal and upper diagonal are nonzero, while some elements are equal to zero.
Thus Ljcf; will be rank-deficient and have no finite inverse. Considering N discretization
intervals for x, the zero elements appear in the diagonal as number N2 — N — 1 and in
the upper diagonal as number N2 — N. To get rid of the zero elements in the diagonals
we introduce a permutation matrix II that repositions column number N? — N — 1 and
N? — N to the last columns in the matrix, while the last N> — N + 1 columns are moved
two columns to the left. This proces is illustrated in figure @ I define L = LII and can
now separate this matrix into L;. rt and fm-ght. ZT will here be given by:

——1
7t = (Lrere )
0
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To obtain the pseudo inverse with respect to L we permute o' ot =z Using this
expression for LT we can follow the same principle as for L-matrices that didn’t have zeros
in the diagonal to obtain the oblique pseudo inverse L#:

——1
i - w5

This approach opens the possibility to work with the matrix L3. Note that this only works
for this specific L-matrix. Further approaches could aim toward finding a procedure that
works for arbitrary L-matrices.

AN

. . . . . . . . I I . . I I I I I
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
nz = 1791 nz=1791

Figure 6: Nonzero elements in the L2 matrix to the left and in the I’ -matrix obtained
by using a permutation matrix to the right.
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6 Matlab implementation

The methods PCimmino and PKaczmarz are implemented in Matlab named PCimmino.m
and PKaczmarz.m. These methods use the function get_1.m from the AIR Tools package
to define the L-matrices for one-dimensional problems and the function get_L2.m to
define the L-matrices for two-dimensional problems. Multiplications with the inverse and
the transpose of the inverse of L in one dimension are performed using the functions
lsolve.m and 1tsolve.m from the AIR Tools package. For two dimensions Per Christian
Hansen added modifications for the second derivative matrix as derived in section [5.4.3]
resulting in the functions 1solve2D.m and ltsolve2D.m.

Since I don’t use large test problems, where the resolution is high, I define the matrix

T
L# (L#> AT explicitly to save computation time. A more general approach would be to

calculate L7 (L#)T AT and L7# (L#)T r] for PCimmino and PKaczmarz respectively in
each iteration to save memory space. In this case it would be possible to use the method
on larger test problems than possible with my approach. Note that for the last approach
the computation time will be K times longer than for the my approach. Here K is the
number of iterations for PCimmino and the number of sweeps over the rows of AL# for
PKaczmarz. Also note that longer computation time would especially be a disadvantage
for PCimmino since PCimmino, particularly for low noise levels, needs many iterations to
obtain a good reconstruction. A more efficient way could therefore be to write code that
uses the first approach for small and the last approach for large test problems.

As Matlab is optimized for matrix and vector operations but is slow at performing loops,
PKaczmarz performs really slow since we need a for loop to sweep over the rows of AL#
and a for loop to perform a given number of iterations. Therefore the code could be
improved by writing in a programming language that supports loops more effectively.
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7 Performance of PKaczmarz & PCimmino

To test the performance of PKaczmarz and PCimmino we created and used different test
problems in one and two dimensions. In the following I name Kaczmarz’s and Cimmino’s
method the standard version of PKaczmarz and PCimmino. In general the solution for a
reconstruction problem in tomography is a two-dimensional image that represents a slice of
a three-dimensional object. Therefore the main purpose of the one-dimensional problems
is highlighting the difference between the priorconditioned methods and their standard
versions. Another advantage is the simplicity of these problems which makes it easier to
analyze the effect of using a priorconditioner matrix.

7.1 Test problems from the "AIR Tools" package

The following test problems are created using the "AIR Tools" package in Matlab [5]. Note
that in all cases the datavector b is obtained by multiplying the coefficient matrix A by
the known solution z and adding an amount of noise; this phenomena is called "inverse
crime" since the same model is used to compute the reconstruction and to get test data
[6]. Therefore the following test problems may not be representative for how PKaczmarz
and PCimmino operate on real data. However the purpose of the following tests is to give
an impression of their performance; if the methods don’t yield good results for synthetic
data they won’t yield good results for real data either.

7.1.1 One dimension

In one dimension n = 900 discretization points are used to obtain the test problems. The
naive solution x will then have dimension 900 x 1, the datavector b will have dimension
900 x 1 and thus, the coefficient matrix A will have dimension 900 x 900.

7.1.1.1 "Deriv2"

The test problem "Deriv2" is a discretization of a first kind Fredholm equation and the
solution appears as a straight line from 0 to 0.0333. As there are no discontinuities in the
solution, the problem will be quite smooth. I used Kaczmarz, PKaczmarz, Cimmino and
PCimmino to reconstruct the solution at a 1% noise-level, results are illustrated in figure
[l Especially PCimmino was performing well for both the first and second derivative
used as L-matrices, but the second derivative actually produced an even better result.
PKaczmarz had some problems with the boundary points and produced worse results
than Kaczmarz. A similar trend can be recognized at the boundary points for Cimmino
and the reason for this behavior of Cimmino can be explained by the basis vectors of the
solution. For Landweber’s method the solution in terms of the SVD components of the
coefficient-matrix A will be on the form

z®) = vex~tuTy,

where ® :diag(l - (1- waf)k). Here V' contains the right singular vectors of the matrix
A, so the vectors in the columns of V' will act as basis vectors for the solution. A similar
expression can be obtained for Cimmino by using SVD to decompose A: A = USVT. 1
investigate the first three column vectors of the matrix V', since they act as basis vectors
for the Cimmino solution. The vectors are shown in figure [§f We see that the first basis
vectors are zero at the boundary points. Since the regularized solution for Cimmino is
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dominated by the first basis vectors, this may lead to problems in the reconstruction, as
the solution is not zero at both boundary points. So in this case the basis vectors do not
match with the structure of the solution. Compared to Cimmino, PCimmino produced
way better results because the priorconditioner matrix L can adjust for this factor.

For this test problem PKaczmarz was very sensible to higher noise-levels. At a 0.1%
noise-level PKaczmarz was able to produce better results than Kaczmarz especially for
the first derivative matrix L, but for higher noise-levels PKaczmarz performed worse.

In conclusion; for this specific test problem especially PCimmino was able to produce
much better results than Cimmino. In this case the priorconditioner matrix L is suited
for the problem using Cimmino since the priorconditioner can adjust for the problems we
get by the structure of the coefficient matrix. In comparison Kaczmarz and particulary
PKaczmarz performed worse for higher noise levels than Cimmino/PCimmino.

Test problem "Deriv2" 1.00 % noise Test problem "Deriv2" 1.00 % noise

0.2 0.035

— True solution — True solution

——Kaczmarz 0.03 | —— Cimmino 7 \
0181 |—— Pkaczmarz 1st derivative 1 ~-=PCimmino 1st derivative 4

—PKaczmarz 2nd derivative 0025 | —PCimmino 2nd derivative P

0.02 -

0.015

0.01 a2

0.005 |-~ g

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900

Figure 7: Performance of PKaczmarz and PCimmino on the test problem "Deriv2".
PCimmino produces way better solutions than PKaczmarz.
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The first 3 basis vectors of the solution for "Deriv2"

0.08 T T T T 0.08 T T T T 0.08
0.06 [ 1 0.061 1 0.06[
0.04 - 0.04 | 0.04 -
0.02 [ 0.02 1 0.02
0 0 0
-0.02 | 1 -0.021 -0.02 |
-0.04 - 1 -0.04r -0.04 -
-0.06 | 1 -0.061 1 -0.06r
-0.08 ! ] ] ! -0.08 ! ! ! ] -0.08 ! ] ! !
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

Figure 8: First basisvectors of the solution for the test problem "Deriv2". We see that
the vectors are zero at the boundary points.

7.1.1.2 "Gravity"

The test problem "Gravity" is the discretization of a 1D model in gravity surveying where
the solution is very smooth. The reconstructions for PKaczmarz and PCimmino at a 1%
noise-level are shown in figure [0l In this case all methods produced good solutions, but
the choice of the L-matrix is quite important for the quality of the reconstruction when
using the priorconditioned methods. For both PKaczmarz and PCimmino the second
derivative matrix performed way better than the first derivative. This may be caused by
the smoothness of the problem, since we recognized a similar trend for the smooth problem
"Deriv2". And the second derivative matrix may cause more smoothing of the solution
than the first derivative matrix does. Note that in this case the noise level did not have
that much influence on the quality of the reconstruction using PKaczmarz.
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Test problem "Gravity" 1.00 % noise Test problem "Gravity" 1.00 % noise
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Figure 9: Performance of PKaczmarz and PCimmino on the test problem "Gravity".
As both PKaczmarz, PCimmino and their standard versions produced good solutions the
error level indicates which method performs best. For the error plots the z-axis shows the
number of iterations.

7.1.1.3 "Phillips"

We derived the methods PKaczmarz and PCimmino in the hope that we could get better
solutions for smooth problems. Because not all problems are either smooth or piecewise
constant this test problem should give an indicate of how PKaczmarz and PCimmino
perform on a composition of both types of problems.

The test problem "Phillips" is a discretization of the 'famous’ first-kind Fredholm integral
equation deviced by D. L. Phillips. The solution is a combination of two constant parts
and a very smooth part, where the changes from constant to smooth and reverse order
forms two sharp corners. The reconstructions for the four different methods are shown in
figure We see that all methods had difficulties to capture the corners in the solution,
but definitely Cimmino performed best. The first derivative matrix can improve the
solution of Kaczmarz, but PKaczmarz still wasn’t as good as Cimmino. Investigating
the basis vectors for the solution may give an explanation for the good performance of
Cimmino. Here the first three basis vectors are illustrated in figure These vectors fit
well with the exact solution: The boundary points are close to zero and especially for
the third basis vector the structure matches the solution. So the first basis vectors, that
dominates the solution, creates best conditions for Cimmino to give a good reconstruction.
As there are piecewise constant parts in the exact solution the priorconditioner matrices
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cannot improve the good result of Cimmino, since they cause too much smoothing.

Test problem "Phillips" 1.00 % noise
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Figure 10: Performance of PKaczmarz and PCimmino on the test problem "Phillips".
PKaczmarz produces a slightly better solution than Kaczmarz, while Cimmino performs
best. For the error plots the x-axis shows the number of iterations.
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Figure 11: The first three basis vectors of the solution for the test problem "Phillips".
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7.1.2 Two dimensions

In the following I define my coefficient matrix A by using the function paralleltomo.m
from the "AIR Tools" package that uses round(y/2 * N) parallel rays, N discretization
intervals and 60 angles from 3° to 180° to simulate a parallel beam test problem and
creates the matrix A. As there are round(y/2 * N) parallel rays from 60 different angles,
60- round(v/2"* N) data points are stored in data vector b. The number of discretization
intervals is set to N = 60 in most of the test problems in this section and thus the solution
x is an image consisting of N x [N pixels. Note that x is reshaped to an vector of dimension
N? x 1 for the calculations. The coefficient matrix A containing information about the
set up of the parallel beam geometry is of size 60- round(v/2 * N)x N2.

7.1.2.1 Phantomgallery: "Smooth"

The phantom "Smooth" is obtained from the phantomgallery.m in the "AIR Tools"
package using the fourth smoothing function. The solution contains one large object that
is very smooth. To identify which priorconditioner matrix works best for this problem we
investigate PKaczmarz’s and PCimmino’s performance for the first and second derivative
L-matrix using a low noise-level (0.1%). The colormap "colorcube" is used to highlight
the noise in the reconstruction and the result is illustrated in figure We see that
Pkaczmarz performed slightly better using the second derivative, while PCimmino only
produced a good result for the first derivative. Though PKaczmarz performed good,
noise appeared in the corners of the image. The reason for this is the set up of the
coefficient matrix: We use 60 different projection angles and 85 parallel rays, but not
many rays capture the pixels in the corners. This could also be an explanation why
PCimmino gives such a strange reconstruction for the second derivative matrix. Note
that the priorconditioners behaved very differently for the two methods. While the second
derivative matrix worked fine for PKaczmarz, it didn’t work at all for PCimmino.

Now the first derivative matrix for PCimmino and the second derivative matrix for
PKaczmarz were used to compare the priorconditioned methods with their standard
versions. I tested the methods for three different noise-levels, 0.01%, 0.1% and 1%. The
results for Cimmino and PCimmino are illustrated in figure Comparing PCimminos
reconstructions with those of Cimmino it is remarkable that PCimmino gives better
results for all noise levels. Especially for higher noise levels the difference to Cimmino is
significant. But for all noise levels the striking differences between the reconstructions
obtained by PCimmino and the exact solution lie in the edges and in the corners of the
image. It seems like the priorconditioner matrix creates a smooth solution that make
some of the darker orange edges disappear and for higher amount of noise more edges
disappear. Apparently at 1% noise green noise pixels appear in the upper right and lower
left corner due to the few rays that capture these pixels. Even though the error for the
different noise levels indicates that PCimmino yields quite good reconstructions even for
higher noise levels.

Figure [14] shows the reconstructions for Kaczmarz and PKaczmarz, here like for Cimmino
and PCimmino the priorconditioned method worked better than the standard version
for all noise levels. But for higher noise levels the reconstruction got very bad for
PKaczmarz and even worse for Kaczmarz. Investigating the reconstructions, PKaczmarz
like PCimmino seemed to have problems in the edges and the corners of the image. For
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Kaczmarz we can still notice some of the dark orange edges in the reconstruction, while
they partially disappear using the priorconditioner matrix. Nevertheless PKaczmarz
seemed to perform quite good for lower noise levels on this test problem, but gave a
distorted reconstruction for a higher amount of noise like 1%.

In comparison PCimmino worked much better than PKaczmarz for higher noise levels.
However PKaczmarz worked slightly better for lower noise levels. Here PKaczmarz per-
formed better, since PCimmino for this test problem required many iterations to obtain a
good result. Nevertheless both methods had problems in reconstructing the sections that
lie in the corners and edges in the image. This may be a consequence of using priorcon-
ditioner matrices: If the sections in the corners and edges of the results are very noisy in
the reconstructions obtained by the standard methods, these sections are smoothed by the
priorconditioned methods. Due to few rays that capture the corners, the priorconditioned
methods may have difficulties in differing between noise and exact solution.
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Figure 12: Performance of PCimmino and PKaczmarz on the test problem "Smooth" for
different L-matrices. The second derivative matrix works slightly better for PKaczmarz,
while it works not at all for PCimmino. For the error plots the z-axis shows the number

of iterations.
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Test problem "Smooth" - Cimmino
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Figure 13: Performance of PCimmino compared with Cimmino on the test problem
"Smooth" for different noise levels. In all cases PCimmino produces the best result, but
especially for high noise levels there is a significant improvement in the reconstruction
using PCimmino. For the error plots the z-axis shows the number of iterations.
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Figure 14: Performance of PKaczmarz compared with Kaczmarz on the test problem
"Smooth" for different noise levels. Pkaczmarz gives the best reconstructions, but is very
sensitive to higher noise levels. For the error plots the x-axis shows the number of itera-

tions.
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7.1.2.2 Phantomgallery: "Threephases"

The phantom "Threephases" from the Phantomgallery is a random image containing the
pixel values 0, 0.5 and 1 arranged in domains. For this test problem five domains are used
and the seed for the random number generator is set to 2. Because the phantom is piecewise
constant I used the gaussian filter imgaussfilt.m in Matlab with standard deviation 2 to
create a smooth test problem containing smaller objects than the test problem "Smooth".
I tested PKaczmarz and PCimmino on this problem for the two different L-matrices and
noise level 0.1%. Here the colormap "hsv' seemed appropriate to illustrate the behavior
of the methods. The results are shown in figure We see that PKaczmarz gave a
really good reconstruction using the first derivative matrix, which was way better than
the result obtained by Kaczmarz. The second derivative matrix didn’t work well for
PKaczmarz and even worse for PCimmino. Also the first derivative matrix worked badly
for PCimmino, here Cimmino performed better. As the reconstructions indicate, there
is a relation between the order of the derivatives and the intensity of the smoothness
in the image: For both PKaczmarz and PCimmino the second derivative matrix gives
smoother solutions than the first derivative. But since the methods work differently, the
L-matrices have different impacts on the reconstruction. For PKaczmarz the results were
less smooth than for PCimmino matching the exact solution better for this test problem.
Also none of the reconstructions obtained by the priorconditioned methods looked similar.
While the second derivative matrix for PKaczmarz caused red "smoothing stripes" in the
background, for PCimmino this derivative matrix induced a butterfly-like formation of
the objects and the background. Even though compared to the result for the previous
test problem PCimmino worked a lot better for this problem using the second derivative
matrix. In this case PCimmino captured the largest objects and the background, but
the solution is way to smooth. Note that this problem was not as smooth as the test
problem "Smooth", since the objects are smaller and the difference in the pixel values of
some neighbour pixels are larger.
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"Threephases" 0.1% noise
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Figure 15: Performance of PKaczmarz and PCimmino on the test problem "Threephases"
for the different L-matrices compared to their standard versions. PKaczmarz performed
best of all using the first derivative matrix, while the reconstructions produced by PCim-
mino are way too smooth and worse than the result obtained by Cimmino. For the error
plots the xz-axis shows the number of iterations.
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Test problem "Ppower1" 0.1% noise
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Figure 16: Performance of PKaczmarz and PCimmino on the test problem "Ppowerl".
PKaczmarz performed best, while PCimmino produced a way too smooth solution. For
the error plot the x-axis shows the number of iterations.

7.1.2.3 Phantomgallery: "Ppower"

I created several test problems using the phantom "Ppower" from the phantomgallery that
creates a random image with patterns of nonzero pixels. Here I used different smoothness
intensities and different seeds for the random number generator. For these test problems
I used more discretization intervals: N = 80.

The previous test problems indicate that the second derivative only works for very
smooth problems, but the following test problems won’t be as smooth as "Smooth" or
"Threephases" and therefore I will use the first derivative matrix to obtain results from
PKaczmarz and PCimmino.

7.1.2.3.1 Ppowerl

For the test problem "Ppowerl" the phantom "Ppower' is obtained from the
phantomgallery.m using 0.3 as the ratio for nonzero pixels, 2 as smoothness in-
tensity and 2 as seed for the random number generator. Afterwards I perform smoothing
on the phantom using imgaussfilt.m with standard deviation 1 to obtain my test
problem. Here the shape of the objects in this solution is non-uniform compared to
the previous test problems. Using 0.1% noise I get the reconstructions shown in figure
[[6l PKaczmarz performed best followed by Kaczmarz, Cimmino and PCimmino. The
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reconstruction obtained by PKaczmarz was good, but contained more noise than the
result for the test problem "Threephases". A reason for this may be the non-uniform
shape of the objects and a slightly lower smoothness intensity compared to "Threephases".
In constrast, PCimmino created a solution that was way too smooth.

Test problem "Ppower2" 0.1% noise

Kaczmarz PKaczmarz exact
Error
10’ " "
Cimmino PCimmino ——Kaczmarz

— 1st deriv
= = Cimmino

= = 1st deriv

Figure 17: Performance of PKaczmarz and PCimmino on the test problem "Ppower2".
Kaczmarz performed best, but PKaczmarz produced a reasonable solution too. For the
error plot the z-axis shows the number of iterations.

7.1.2.3.2 Ppower2

As smooth problems in general may contain some parts that are piecewise constant the test
problem "Ppower2" should illustrate how the methods perform on piecewise constant prob-
lems. The phantom is obtained using 0.3 as the ratio for nonzero pixels, 20 as smoothness
intensity and 15 as seed for the random number generator. Here The result is illustrated
in figure [I7] We see that Kaczmarz gave the best reconstruction, while PKaczmarz didn’t
perform too bad either. PKaczmarz seemed to smooth the errors in Kaczmarz’s solution,
but couldn’t make them disappear. This is caused by the piecewise constant parts in the
solution, PKaczmarz may not be able to recognize the difference between the noisy and
the piecewise constant parts and reconstructs all of it. On the other hand PCimmino
again gave a result that was way too smooth.
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7.1.2.3.3 Ppower3

Finally the test problem "Ppower3" was obtained using 0.3 as the ratio for nonzero pixels,
20 as smoothness intensity and 16 as seed for the random number generatior and then
separating this phantom into two parts. The left half contains very smooth objects,
where the smoothness is obtained by imgaussfilt.m in Matlab using standard deviation
2 and the right half contains two objects, whose edges are piecewise constant. Using a
noise level of 0.1%, the reconstructions are shown in figure The error indicates that
Kaczmarz, PKaczmarz and Cimmino obtained almost the same quality in their results,
while PCimmino again performed bad due to too much smoothing. The reconstruction
obtained by PKaczmarz was slightly better than the others and quite interesting: The
right half was filled with the same amount of noise as Kaczmarz, while there appeared
less noise in the left half, especially between the two smooth objects. So this test
problem actually illustrates how much influence piecewise constant parts have on the
reconstruction for PKaczmarz compared to the smooth parts. What is common for
Kaczmarz, PKaczmarz and Cimmino is a noisy stripe that appeared in the upper right
corner of the reconstructions. This may be associated with the small piecewise constant
object in the same corner. As this object is very small it may cause even more noise in
it’s neighbourhood.
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Test problem "Ppower3" 0.1% noise
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Figure 18: Performance of PKaczmarz and PCimmino on the test problem "Ppower3".
PKaczmarz yielded the best reconstruction, while PCimmino had problems with the piece-
wise constant parts in the solution. For the error plot the z-axis shows the number of
iterations.
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7.2 Test problems from the real world

To get an impression of how the methods perform on real world problems we got in contact
with Mirko Salewski from the Department of Physics at DTU. He is doing research in the
field "Plasma Physics and Fusion Energy" and handed us some tomography problems from
his field.

7.2.1 "Analytic test case": Bi-Maxwellian distribution

For the test problem "Analytic test case" the coefficient matrix A and the solution x were
found analytically and the solution is a bi-Maxwellian distribution [I0]. Here A is of size
282 x 3600 and the solution is an image consisting of 60 x 60 pixels. The datavector
b is synthetic and calculated by the matrix A and the solution x; here we added 0.1%
noise and used level 1 for the background Bremstrahlung level. The solution to this
test problem is even smoother than the problem '"Smooth" used in the previous section,
since the contour lines for different intensities in the image are shaped like ellipses. In
contrast, for the problem "Smooth" the contour lines look like trapezoids with smooth
corners. The reconstructions obtained by PKaczmarz and PCimmino are shown in figure
PKaczmarz performed best for the second derivative closely followed by PCimmino
for the same derivative matrix. For both Kaczmarz and Cimmino the reconstructions
were slightly deformed by the noise. This trend reappeared more smooth in the results
for PKaczmarz and PCimmino using the first derivative. For the second derivative both
methods could achieve smooth reconstructions that didn’t have these deformations, were
more smooth and looking way more similar to the exact solution. Even though there is a
great difference in how the two methods achieve the good reconstructions. For PKaczmarz
the deformations appeared as wavy structures of the contour lines in the result for the
first derivative. These wavy structures were smoothed sectionwise in the solution for
the second derivative; otherwise the reconstructions for the first and second derivative
looked quite similar. For PCimmino using the first derivative the outer contour lines in
the reconstruction were not shaped like ellipses and therefore the reconstruction was not
good. This trend disappeared completely for the second derivative and a really good
solution was obtained. Since there was almost no relation between the reconstructions for
the first and second derivative, PCimmino especially for higher derivatives seem to assume
that the solution is absolutely smooth.

As this problem is extremely smooth, the second derivative matrix worked best as a
priorconditioner for both PKaczmarz and PCimmino.
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"Plasma - Analytic test case" 0.1% noise
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Figure 19: Performance of PKaczmarz and PCimmino on the test problem "Plasma -

Analytic test case'. Both PKaczmarz and PCimmino obtain really good results for the
second derivative matrix. For the error plots the z-axis shows the number of iterations.
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7.2.2 "Trimmed": Fast-ion distribution in a fusion plasma

The test problem "Trimmed" was obtained by real data. Here the solution is the fast-ion
distribution function in a fusion plasma. This is a velocity-space tomography problem,
where the tomographies are calculated using measurements obtained by the fast-ion D,
(FIDA) spectroscopy set-up [9]. The measurements were obtained from 5 different points
of views and this information about the geometry was stored in the coefficient matrix
A. Here A is of size 863 x 900. The distribution function x is an image consisting of
30 x 30 pixels and the datavector is of size 863 x 1. As the fast-ion distribution is difficult
to measure, the error in the data is at least 10%. The performance of PKaczmarz and
PCimmino for the test problem "Trimmed" using real data is illustrated in figure 21]in the
Appendix. The results are so bad, it is difficult to recognize any similarities between the
reconstructions and the exact solution. High error in the datavector and bad resolution in
the image may have caused these bad results for the methods. Therefore I tried synthetic
data instead, where I used A and the expected fast-ion distribution function x to compute
b in the same way as for the problem "Analytic test case". Using 0.1% noise the result
for this test problem is shown in figure PKaczmarz and PCimmino performed okay
but not as good as for the "Analytic test case". All reconstructions were way to smooth,
but PKaczmarz gave the best result for the second derivative. Especially PCimmino
performed bad, since both reconstructions didn’t show the two small objects seen in the
solution. In this case the noise level cannot be a cause for the bad reconstructions, but
factors like low resolution and small objects in the solution may influence the quality of
the reconstructions.

Further investigations for higher noise levels showed that we couldn’t get good reconstruc-
tions, but even for noise levels of about 25% the results didn’t get as bad as for the real
data. So the amount of noise and the low resolution not necessarily explain the difference
between the results for real and synthetic data. Note that the better results for the syn-
thetic data may be caused by the fact that the same model is used to generate the test
data and compute the reconstruction. Otherwise the set-up for the measurements may
also have influence on the quality of the reconstruction: Too few views to obtain measure-
ments yielding areas that are not captured. I don’t know much about the physical aspects
or the set-up of FIDA used to obtain the measurements, however I want to point out that
the set-up may be an important factor for this methods to obtain a good solution, since
the information about the set-up is stored in the matrix A.
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"Trimmed problem" 0.1% noise
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Figure 20: Performance of PKaczmarz and PCimmino on the test problem "Trimmed".
PKaczmarz performs best for the second derivative, but all reconstructions are way too
smooth. For the error plot the z-axis shows the number of iterations.
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7.3 Summary of results and Analysis

Overall, the test problems showed that both PKaczmarz and PCimmino were able to give
good reconstructions for specific problems. Here factors like smoothness and composition
of the test problem, choice of the L-matrix, amount of noise in the data and structure of
the coefficient matrix seemed to be important to the quality of the reconstruction.

The test problems "Threephases" and the three "Ppower" problems represented test cases,
where the solution was not perfectly smooth in terms of size, shape and composition of
the objects in the solution. These problems illustrated how sensitive PCimmino is to less
smooth solutions: Small, non-uniform and piecewise constant objects caused significantly
worse performance of Cimmino. Here PKaczmarz is not that sensitive: The method
produced good results for small objects, slightly worse results for smooth objects with
non-uniform shape and worst results for solutions containing piecewise constant parts.
Even though the performance on problems of the latter kind was still almost as good as
for Kaczmarz. Nevertheless we can conclude: The smoothness and composition of the
solution is a factor that has influence on the quality of the reconstruction.

As the test problems "Gravity", "Threephases' and "Analytic test case" illustrates,
there is a relation between the order of derivative for the L-matrix and the smoothness
of the reconstruction: In both cases the second derivative matrix caused a smoother
solution than the first derivative matrix. Here the solution to the "Analytic test case"
and "Gravity" is exceptionally smooth, so the second derivative matrix is suited for this
kind of problem. However for "Threephases" the objects are small and not that smooth;
therefore the first derivative matrix was a better choice in this case.

The test problems "Smooth" and "Trimmed" using real data illustrated how sensitive
PKaczmarz is to noise. For a high amount of noise the reconstructions for Kaczmarz on
the test problem "Smooth" were that noisy that PKaczmarz gave a distorted reconstruc-
tion. At a noise level of about 10% PKaczmarz was not able to find a solution to the test
problem "Trimmed". PCimmino could not find a reasonable solution either, but this may
be caused by the fact that the objects are small and the resolution is low.

The one-dimensional problems "Deriv2" and "Phillips" illustrated that the structure of A is
crucial for the performance of the methods: For "Deriv2" the basis vectors of the solution
didn’t match with the exact solution, so Cimmino couldn’t produce a good result. Here
the priorconditioner matrix could adjust for this factor, so PCimmino could improve Cim-
mino’s reconstruction. In comparison for the partly piecewise constant problem "Phillips"
the basis vectors did match well with the problem, so Cimmino gave a good result. As
the L-matrices give smoother solutions, PCimmino performed worse than Cimmino.
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Especially the test problems "Threephases" and "Analytic test case" showed how different
the priorconditioned methods behave for the same priorconditioners. For PKaczmarz
there was a close relation between the solution for the different priorconditioners and
the solution of Kaczmarz. Here PKaczmarz performed a sectionwise smoothing on the
solution obtained by Kaczmarz. For PCimmino the difference between the solution
of PCimmino for the two L-matrices and the solution of Cimmino was more striking.
Here it seemed like PCimmino assumed the solution is very smooth and obtained a
solution that not necessarily was related to the solution produced by Cimmino. For really
smooth problems this behavior may be an advantage, but for less smooth problems like
"Threephases" this leads to bad reconstructions.

Note that for most of the test problems low noise levels were used and that most of the
data were obtained involving inverse crime. Thus, the results may not be representative.
Nevertheless the test problems were enough to determine whether or not it would be
worth it continue research on the priorconditioned algebraic iterative methods. And the
investigations gave first impressions of some of PKaczmarz’s and PCimmino’s strengths
and weaknesses.

It is striking that PKaczmarz is able to produce good results for all different kind of
smooth test problems using a low amount of noise, since the priorconditioner matrices
was derived for PCimmino only. Therefore it may be reasonable to do further research in
this field and derive the priorconditioner matrices suitable for PKaczmarz. The solution
for PKaczmarz and PCimmino may also be improved by making the methods work with
non-negativity or box constraints when prior information about the function values in
the solution is available.

The tomography problem "Trimmed" from the Department of Physics at DTU showed the
relevance of these methods for research reasons. Even though the approach for this test
problem was rather optimistic, since a high noise level and low resolution made it very
difficult to obtain good reconstructions. Nevertheless PKaczmarz produced reasonable
results for the synthetic data on the same problem. This is a step in the right direction.
A next approach may be to test PKaczmarz and PCimmino on more simple problems
obtained from real data to get a more realistic impression how the methods perform when
inverse crime is avoided.

PCimmino fulfilled our expectations, as this method created smooth solutions and in case
of very smooth test problems the performance of Cimmino was improved. A disadvantage
is PCimmino’s performance on less smooth problems, here the method is rather ineffective.
On the other hand we had no great expectations for PKaczmarz since the priorconditioners
were derived for PCimmino. Here our expectations were exceeded, since PKaczmarz for
low noise levels could handle different kinds of smooth problems.
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8 Conclusion

Using knowledge from priorconditioned CGLS we successfully derived and implemented
priorconditioned versions of Cimmino and Kaczmarz. Based on generalized Tikhonov
regularization we were able to establish priorconditioner matrices for PCimmino appearing
as discrete approximations of the first and second derivative operator. We used the same
approach for PKaczmarz, but didn’t know if these priorconditioner matrices were a good
choice for PKaczmarz.

In this project efficient implementation of PKaczmarz and PCimmino was of secondary
importance: The expression involving computations with the pseudoinverse and the
transpose of the pseudoinverse of the priorconditioner matrix was defined explicitly due
to this expression appeared in every update of the iteration vector. As we tested the
methods on smaller test problems this saved computation time. A general approach would
be to calculate the mentioned expression in every iteration to save memory space and
make it possible to use the methods on large problems. Otherwise a combination between
the two approaches matching with the size of the given problem may be a possibility
for future implementations. Also the programming language Matlab isn’t suitable for
iterative methods, especially row-action methods, since they involve many loops and
Matlab is optimized for matrix and vector operations. Here another programming
language supporting loops could improve the efficiency of the implementation.

We expected that PKaczmarz and PCimmino might improve the performance of Kacz-
marz and Cimmino on tomography problems where the solution was smooth. Here
our expectations for both methods were only met for test problems where the solution
was very smooth. PCimmino produced way too smooth reconstructions for problems
where the solution contained small, non-uniform or piecewise constant objects. For these
problems PKaczmarz performed way better. Here our expectations were exceeded since
the priorconditioner matrices were derived for PCimmino, but PKaczmarz could obtain
better solutions using this priorconditioners. Therefore it may be reasonable to do fur-
ther research in this field and derive the priorconditioner matrices suitable for PKaczmarz.

The analysis for different test problems showed that the performance of the priorcon-
ditioned methods depends on the specific test problem: Factors like smoothness and
composition of the test problem, amount of noise in the data and structure of the
coeflicient matrix were most important to the quality of the reconstruction. Especially
PCimmino performed bad when the solution was less smooth. However PKaczmarz was
not that sensitive to the smoothness of the solution; here problems occurs when piecewise
constants parts appear in the solution. On the other hand PCimmino is way more robust
to noise in the data compared to PKaczmarz. For the specific test problem the choice
of the priorconditioner matrix is important: If the solution is very smooth, especially for
PKaczmarz a higher order derivative priorconditioner matrix is needed, while PCimmino
already creates a very smooth solution using the first derivative matrix.

Test problems from real data from the Department of Physics at DTU showed the

relevance of these methods for research reasons. Even though PKaczmarz and PCimmino
were not able to produce reasonable results for the real data due to a high amount
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of noise and low resolution. Nevertheless PKaczmarz produced reasonable results for
synthetic data on the same problem. As all test problems in this project work were
obtained by synthetic data, a next approach may be to test PKaczmarz and PCimmino
on more simple problems obtained from real data to get a more realistic impression how
the methods perform. Also the methods may be improved by introducing non-negativity
or box constraints when prior information about the function values in the solution is
available.
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Appendix

Investigation of the Kronecker product L, ® [

I investigate the vector vec(IX LJ):

I

Z2
vec(IXLJ) = vec

TN

TN+1
TN+2

Ta2nN

T(N-1)N+1
T(N-1)N+2

T N2

1 — 2ZN41 + TaN+1
To — 2T N42 + TaN42

TN — 2TaN + XT3N
TN41 — 2ToN41 + T3N41

| Z(N—2)N — 2T(N—1)N + TNz

M1

Separating this vector into N column vectors of identical magnitude, we see that each of
these vectors correspond to the second derivative of three elements in each row of X. And
investigating the Kronecker product Lo ® I gives me
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Multiplying this matrix Lo ® I with the vector x gives me the same expression as
vec(IX LY). Therefore we must have that vec(IXLJ)=(Ly ® I)z.

Figures

Test problem "Trimmed" using real data
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Figure 21: Performance of PKaczmarz and PCimmino on the test problem "Trimmed"
using real data. All methods perform really bad and it is difficult to recognize similarities
between the reconstructions and the exact solution. For the error plot the z-axis shows
the number of iterations.
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