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Abstract

The Radon transform maps a function on n-dimensional Euclidean space onto its integral over a hyperplane.
The fields of modern computerized tomography and medical imaging are fundamentally based on the
Radon transform and the computer implementation of the inversion, or reconstruction, techniques of the
Radon transform. In this work we use the Radon transform with a Gaussian measure to recover random
variables from their conditional expectations. We derive reconstruction algorithms for random variables of
unbounded support from samples of conditional expectations and discuss the error inherent in each algorithm.
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1 Introduction

In 1917 Johann Radon showed that one could determine a function (with domain in R?) completely from
knowledge of the density along all lines through the domain of the function; equivalently, if we know the integral
along each line through a function we can recover the original function [1]. These integrals are collectively
called the Radon transform. Radon’s pioneering work was later generalized and extended to higher dimensions
and remains an active area of research at the confluence of mathematical tomography, integral geometry, and
inverse problems; see [2, 3, 4]. His work later led to some extraordinary technologies including CT scans.

The problem of reconstructing objects from a finite number of samples of the Radon transform is at the
heart of modern tomographic imaging and a large focus of this manuscript. Knowing that it is possible to
reconstruct an object from its Radon transforms is quite different from actually being able implement a process
which accurately and reliably accomplishes this end from a finite data set.

In this paper we endeavor to build off of the work of Becnel and Chang in [5] and further develop an
application of the Radon transform to probability theory: recovering a random variable from its conditional
expectations. Hence, in Section 2 we begin with a brief introduction to the Radon transform, its properties
and relevant results. We present an algorithm for recovering a function from samples of the function’s Radon
transform via a powerful result relating the Radon transform of a function to the Fourier transform of that
function. Next we will discuss the geometric dual of the Radon transform, the backprojection operator, and its
relationship to the filtered backprojection algorithm—one of the primary algorithms used to reconstruct functions
from Radon transform samples. Following the description of the Fourier algorithm, we provide a brief remark
on the sources of error; we conclude the chapter with a theorem giving the error components of the filtered
backprojection algorithm, and a brief discussion of the sources of those error components.

In Section 3, we present results found primarily in [5] establishing a Gaussian measure on the hyperplane in
R" and defining the Gauss Radon transform. Again, we present most results without proof; the interested reader
is directed to [5]. In particular, we present results that relate the Gauss Radon transform to the Radon transform,
and a representation of the Gauss Radon transform as the conditional expectation of a random variable defined
over an appropriate probability space.

In the final chapter, we adapt the Fourier and filtered backprojection algorithms to the recovery of a random
variable from samples of its conditional expectation. We also develop results that allow us to establish error
estimates when the random variable (function) of interest is not of compact support—a common assumption in
Radon transform reconstruction problems. The chapter concludes with a full error analysis of the Gauss filtered
backprojection algorithm, along with some heuristics for minimizing each error component in practice. We part
with a few remarks on the future of this research.

We have also included an appendix which catalogs the necessary results outside the purview of the contents
of this article. For the sake of brevity we have omitted proofs for most results; in lieu of proof for these results
we have one or more references.

2 Radon Transform and Reconstruction

In this chapter, we begin by introducing the Radon transform and describing its action on functions of a
suitable variety. We state some of the properties of the Radon transform that are integral to the analysis ahead.
After defining the Radon transform, we will introduce two of the most prominent methods of reconstruction
developed in the literature of mathematical tomography: Fourier Reconstruction and Filtered Backprojection.
The mathematical results motivating each reconstruction method will be presented; the reader is referred to
the appendix for several auxiliary results necessary to obtain the algorithms. In conclusion we will discuss the
error incurred by the reconstruction algorithms and the dependence of that error on data filtering and sampling
schemes.
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2.1 The Radon Transform
We denote the set of hyperplanes in R” as P". That is,

P" ={af +60*; a €R,6 € R"is a unit vector }.

where in the above #* is the orthogonal complement of the the singleton set {6} containing the unit vector 6.
Observe that each hyperplane af + 6* is specified by the parameters @ and §. We may think of 6 as the vector
normal to the hyperplane, while || represents the distance from the hyperplane to the origin. At times we may
find it convenient to use an alternative representation of the hyperplane a6 + 6*:

af+ 6+ ={xeR"; (x,0) = a}.

From this representation we gain a conceptually nice interpretation of a hyperplane as the set of all vectors with
“@ direction coordinate” equal to a.

Definition 2.1. The Radon transform of a function f : R" — R is a function R, on the set P" given by

Ri(ad+6") = f(x)dx 2.1

af+6+

where dx is the Lebesgue measure on the hyperplane a6 + 6.

Remark 2.1. From the definition above, we can think of the Radon transform as a function of @ and 6.
Henceforth we will typically write the Radon transform of f as R/(«, 6). There are several ways to express the
Radon transform. At times we may find it more convenient to use one of the following equivalent expressions:

Ri(a,0) = Re(f + 6*) = f f(aB + y)dy = f f(x)dx.
6+ (x.0)=a

When we apply the Radon transform to a function, we are integrating that function over all of the points in
a plane defined by the pair (a, 6). Lacking restrictions on f the function R may not exist for every element of
P". To ensure that the Ry is defined and finite for every element of P", one typically assumes that f is rapidly
decreasing, i.e.
sup [x[*|f(x)| < 0 forallk >0

xeRM
or that f is in the Schwartz space . (R").

Alternatively, we can also assure the existence of R, by assuming that the function f is infinitely differentiable
with compact support; that is f € C;’(R"). This is a commonly used assumption in much of the literature on
reconstruction, justified for practical purposes. In such applications, the function f sometimes represents the
density of an organ such as the brain which, at least for most of us, is of finite extent. Thus for most practical
purposes, those studying the Radon transform have been principally interested in deriving algorithms and error
bounds for compactly supported functions. Foreshadowing to later chapters, we will endeavor to remove the
assumption of compact support in the derivation of reconstruction algorithms and error bounds for the Gauss
Radon transform.

2.2 Fourier Reconstruction

The Fourier reconstruction approach exploits a powerful result, the Fourier Slice Theorem. The algorithm to
follow is essentially a numerical approximation to this algorithm broken down into four distinct steps. Before
delving into the algorithm, let us state the two main results we will need. For proofs the interested reader may
consult [5, 6, 2].

Theorem 2.1. (Fourier Slice Theorem). The n-dimensional Fourier transform of a function f € Z(R") is
equivalent to the one-dimensional Fourier transform of Ry(a, 6). That is,

Ri(@,0) = 2m)'7 f(ab), (2.2)
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where ﬁf(a, 0) is understood to the be the Fourier transform with respect to the first argument a € R, treating
0 as a fixed constant.

The Fourier Slice Theorem, along with the inverse Fourier transform (see appendix), can be used to derive
an inversion formula for the Radon transform. See [5, 6, 7]

Theorem 2.2. The inversion formula for a function f € . (R") in terms of the Radon transform is

f(x)=(27r)(%*'” f f ) f Re(a, Oe P~ dadBdo(6). (2.3)
sn=1.Jo R

2.3 Fourier Reconstruction Algorithm

The idea behind this algorithm is to (1) gather Radon transform samples from a polar grid covering the support
of the function, (2) approximate the Fourier transform of the Radon data, (3) use Fourier transform data from (2)
to approximate the Fourier transform of the original function, and (4) then perform a discrete Fourier inversion
to recover the original function.

Algorithm—Fourier Reconstruction: Let f € C7(Qr), where Q] is the closed ball of radius r in R", centered at
the origin.

Step 1: Sample the Radon transform of f at (s;,6;) for j = 1,..,p; [ = —q,...,q, obtaining samples
R (s1,0;). Here §; € "', and s, = hl,h = r/q.

Note that in this case we are following a “naive” sampling scheme sampling at points evenly spaced r/q
units apart in each direction 6;.

Step 2: Approximate f. This is accomplished by a discrete approximation to the Fourier transform of /ﬁf
based on the sampled points above, followed by application of the Fourier Slice Theorem (2.1). For j = 1, ..., p,
approximate R(rm, 0;) by ‘R(/.j") , where

q-1
RV = @y 3 h )" ™R (51,0,) , 7= =g, 0srg = 1. (2.4)
l=—q
Note that (2.4) is simply the discrete Fourier transform of R, in R. Also notice that we took Radon
transform samples from points in Q7 and now have an approximation to the Fourier transform of f on the polar
grid
Gpg=1{nrb;: r=—q,...q—1; j=1,..,p}
Hence _ e
frno;) = (2n)%”R<ff”), (2.5)

up to discretization errors.

Step 3 (Interpolation): This step is necessary in order to make use of a fast Fourier transform (FFT)
algorithm; otherwise the Fourier algorithm cannot compete in computational efficiency with other reconstruction
algorithms. The FFT cannot be used on the polar grid G, , [3]. Thus we must interpolate to a suitable Cartesian
coordinate grid. For now we will only consider nearest neighbor interpolation.

For each k € Z", k| < g, find the point & = 7rf; in the polar grid closest to 7k and set

1-n

fe=m TR 26)
Step 4: approximate f(hm),m € Z", using a discrete inverse Fourier transform,

m\2 ; .
In = (E) e f iml < q, @7

lkl<gq

where 2.7 is the discrete inverse Fourier transform in R".
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2.4 Filtered Backprojection

An alternative to the Fourier algorithm, the filtered backprojection algorithm exploits a key relationship between
the Radon transform, backprojection operator, and convolution. First, we define the backprojection operator,
the dual of the Radon transform. We will go on to characterize the backprojection operator in terms of integral
geometry in relation to the Radon transform.

Definition 2.2. Let g : S""! x R —. We define the backprojection operator to be the function R¥, Rfg : R" —
defined by

R'g(x,0) = f g((x,0),0)do (2.8)
sn-1

Recall that R acts on a function f by integrating over all points in a hyperplane. The backprojection
operator R¥ forms a natural dual to R in terms of integral geometry since it integrates over all planes through
a point. Furthermore, it turns out that the backprojection operator is the formal adjoint of the Radon transform

2].

Theorem 2.3. Let (f,g);2 = fR" f(X)g(x)dx and let f(x),g(x) € L*(R"), where f and g are assumed to be
nonnegative and measurable functions. Then

Ry, &2 = ([ R ). 29
At this point we might ask if it is possible to recover a function from its Radon transform using the
backprojection operator. The next theorem, which can be found in [2, 3], suggests that any attempt to reconstruct

f using this strategy will yield poor results.

Theorem 2.4. (Backprojection Theorem). If f is a nonnegative Lebesgue measurable function on R" then
R'R; =T % f, (2.10)

where
T(x)=[s"7| i,
|x|

and |S d' is the “surface area” of the unit sphere in R¢.

While it is perhaps unfortunate that R¥ alone failed to achieve reasonable reconstruction, the following
theorem leads us to a very successful approach known as filtered backprojection.

Theorem 2.5. Let f € Z(R") andw € Z (R x S"™"), where w is bounded and measurable. Then

(Rfw) * f = R*(w x Ry). (2.11)

Proof. Using the definition of convolution (see 6.1) and the backprojection operator we have
R ) = [ Rowtr= sy
R7
= [ [ =005y
Rﬂ SIX*

- f f W({(x = 1), ), 6) £ )y,
sn-1 Jgn
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where in the last step we used the Fubini Theorem to change the order of integration. To disintegrate the integral
over R” to the integral of hyperplanes moving through R, let y = 56 + z, z € 6*. Hence

f IMWwwmmmwifjJWWﬂﬂ@mmmmw
sn-1 R sn—1 R Jot
= f f w((x,0) — 5, 0)0R, (s, 0)d'sd6
sn=1 JR

- f (w x R)((x, 6), )6
Snfl
= R w % R)(x),

which is the desired result. )

We can think of the term R¥w as a “filter” for the backprojection defined above. In the next subsection, we
will investigate some of the desirable properties for this filter, and how we might practically use such a filter to
reconstruct a function from its Radon transform.

2.5 Filtered Backprojection Algorithm

The filtered backprojection algorithm is a numerical implementation of

Wy(&) * f = R (wy *x R), Wy = R, 2.12)

In order to use Theorem 2.5 to accurately reconstruct a function f, we choose w;, so that W, approximates
the d-distribution. More specifically, in most literature W, is called a low-pass filter with cutoff frequency b.
Accordingly, we can represent W, as

Wy(&) = (2,0—%@)(%), (2.13)

where:
l.o<db<1
2. &(4)=0for ¥ > 1.

Observe that as b gets arbitrarily large, & approaches a constant, which is the Fourier transform of &, up to a
constant multiple (27r)‘% .

Algorithm—TFiltered Backprojection: Let f € C3 ().

Step I: We first sample the Radon transform of f at points (s;,6;) , j = 1,2,...,p, l = —q,....q , 0; €
Sl s =hl= gl.

Step 2: Perform discrete convolution of w;, x Ry(s;, 6;). That is

q
Wy % Ry(,0,) = h > wolor = )Ry (s1.6)). (2.14)
I=—q
In this step we are performing a 1-dimensional convolution of w;, and R(s;, 8;) for each direction 6;.
Step 3 (Discrete Backprojection): We now require a quadrature rule on S™', based on the choice of
01,6, ...,0;, with positive weights a@,;. Furthermore we assume that this quadrature rule is exact in H), , the
even spherical harmonics of degree 2m, for some m (see [3]). Hence

p
f W0)d6 = Z a,0;), forveH,, (2.15)
Sn—l

=



Becnel and Riser-Espinoza; AJPAS, 3(1): 1-31, 2019; Article no.AJPAS.46373

Thus we may interchange the backprojection on the right side of 2.5 for the discrete backprojection defined
by R[’ﬁ

)4
R v(x) = Z @, V(0% 0)). (2.16)
j=1
Therefore
n P q
frn = Riwy, % Ry(@,0)) = 3" apih D wiy(or = spRy(s1,6)) .17
J=1 l=—q

where frp is the filtered backprojection algorithm approximation of f.

2.6 Error Analysis

2.6.1 Fourier Error

Following the development of these reconstruction algorithms, it is natural to ask what kind of error each
algorithm incurs. For the sake of brevity we omit a detailed analysis of the error in the Fourier algorithm;
however we will provide a summary of the relevant sources of error. As delineated in [3], the Fourier algorithm
only has one major source of error: the interpolation step. Assuming that the Radon transform is properly
sampled, according the Nyquist—-Shannon sampling theorem (Theorem 6.6), steps 1, 2, and 4 are effectively
error free. Interpolating from the polar grid G, , to the Cartesian grid Z" is necessary in order to use a FFT
algorithm—otherwise the Fourier algorithm cannot compete in computational efficiency with other algorithms.
In the algorithm above we took a naive approach, using nearest neighbor interpolation. It turns out that this
method produces large artifacts in the recovered function. In Chapter 5 of [3], the author derives the necessary
sampling geometry to minimize the error incurred by interpolating to the Cartesian grid, and provides examples
in R2,

2.7 Filtered Backprojection Error

We have established the Filtered Backprojection Algorithm for recovering the function f from its Radon
transform sampled at discrete points in Q7. It is natural to investigate the error incurred by this numerical
routine and establish an upper bound on this error. The following theorems adapted from [3] provides an error
bound for the filtered backprojection algorithm applied to compactly supported functions on the ball of radius
r.

Theorem 2.6. Let w(0, @) € .#(S"! x R). Then

el oo
RiIw(E) = (2m) = €] (W(Ifl’lfl AV R (2.18)

Theorem 2.7. Let f € C7(Q;). Assume that (2.15) holds on H}, and that, for some 9 with 0 < <1,
b<9m, b<n/h. (2.19)
Define the approximate reconstruction of f as
fr=Wyx f+e +e :R#wb*‘Rf-rel + es, (2.20)

where
h
e = Rf,(w;, * 'Rf — Wy X Rf)

and

e = (RE = R")(wy, * Ry).
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Then,
1 —arD) el A
muzm)zwwwpf laf"|f(@O)lda (221)
oesn=1 Jlalzb
and
W ) () 7 N
le2l < 208" @0 F O F W lwisy D, 7 Em @20+ B

I>m

_ =) -n
<Is"" @0 ()7 (| fllLw@)n@d. m)

This Theorem 2.7 suggests several sources of error in the reconstruction of f from its Radon transform in
practice. The term e, includes the error contributed by using a discrete approximation to the convolution on the
right side of Theorem 2.5. Observe that e; is a function of f and b; note that in practice we only have control
over b through the sampling distance A. If f is b-band limited or essentially b-band limited (see section 6.2)
then the integral bounding e; will be negligible. In practice we do not know f but if we choose b large enough
(or i small enough) then we make e; small. The assumption b < 7 ensures that the discrete convolutions and
Fourier transforms are essentially error-free.

The e, error term results from discretizing the backprojection in 2.5. The interpretation of this term is
not readily apparent from the statement of the theorem. The assumption that b < {¥m ensures that the discrete
backprojection is indeed exact on H;, . The derivation of e, involves expanding w;, * R, in terms of a series
involving spherical harmonics. The series must be truncated after finitely many terms. It turns out that the tail
of the series being truncated is bounded by the exponentially decaying term n(:}, m). The interested reader can
refer to the proof of 2.7 found in [3] for an unbowdlerized account of the error terms.

3 Gauss Radon Transform

In this chapter we will construct the Gauss Radon transform and discuss its relationship to the Radon transform.
Motivation for the Gauss Radon transform will be provided along with illustrative examples. For this chapter
we have borrowed heavily from [5]. The interested reader is directed to this paper for further details.

3.1 Gaussian Measure

To construct the Gauss Radon transform, we must first construct a Gaussian measure on a hyperplane a6 + 6.
. 2 .

We will denote such a measure by ftyg,g+ . SUPPOSE ditggrgr (X) = coe™™ /% dx, where dx is the Lebesgue measure

on the hyperpla.ne. We need to determine the constant ¢, such that L g6 AHasrer = 1. To this end, note that by

a change of variables we have

“x? _ 2
f e M2 gy = f o0+ 2 g
af+ot oL

‘(2+ﬂ/z
= f 5 dx since |#] = 1 and (6, x) = 0
HJ.

_a? _kP
:ea/z e 2
HL

= e m)" V2,
Using this calculation we define the Gaussian measure on @6 + 6* as follows:
Definition 3.1. The Gaussian measure 1,9, 0on the hyperplane 6 + 6* is defined by
_ e e
Altgprgr (X) = We dx 3.1

where dx is the Lebesgue measure on the hyperplane a6 + 6*.
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Remark 3.1. If x € af + 6+, we have that

lx — @b = |x* = 2(x, @0) + |0 = |x)* = 202 + @ = |x|* —= &

allows us also to express the diyg.9r as

xeatty 4%

dpggsor (x) = € W

3.2 Properties of Gaussian measure on the hyperplane

We now describe some properties for this measure. We begin by computing the measures characteristic function.

Proposition 3.1. The characteristics function of the Gaussian measure on the hyperplane a6 + 6* is
. . . K _l | 2
f Mg, (x) = 0100 foranyy e R”
af+0+

where yg1 denotes the orthogonal projection of y onto the subspace 0*.

A useful and fundamental property of the probability measure piq9.0. is that every vector in R” can be
understood as a normally (or Dirac) distributed random variable in its probability space, as illustrated by the
following proposition.

Proposition 3.2. There is a mapping given by

R" — Lz(ﬂaewi)
u > i(x) = {u, x)
such that it is normally (or Dirac) distributed with mean a{0, u) and variance |ug. |*.
Note that if uy,. = 0 the random variable i, as stated above, takes on the Dirac distribution. In all other
cases, it ~ N(a(0, u), lug.|?).
As we continue, Proposition 3.2 will provide us with a convenient way of studying many functions in terms
of the Gauss Radon transform. Before we begin, we make one more observation about the random variable i.

Proposition 3.3. Ifu,v € R" satisfy (ug,vor) = 0, then the random variables ii, v are independent with respect
10 Hagro+-

3.3 Gauss Radon Transform Definition

With the definition of the Gaussian measure on the hyperplane securely behind us, we can turn our attention
to defining the Gauss Radon transform. Just as the Radon transform finds the integral of a function over a
hyperplane using the Lebesgue measure for the hyperplane, the Gauss Radon transform will output the integral
of a function over a hyperplane using the Gaussian measure for the hyperplane.

Definition 3.2. The Gauss Radon transform of a function f : R" — R is a function G on the set P" given by

Grab+6") = J () dtagror (x) (3.2)

af+6+

where p1,9+¢+ is the Gaussian measure on the hyperplane a6 + 6*.

Again, with no restrictions on f, the function G, may not exist for every element of P". For example, it
is fairly easy to justify that G, does not exist when f(x) = e, That said, it is important to note that using
the Gaussian measure in place of the Lebesgue measure ensures the existence of G for a much broader class
of function, including polynomials. We will now compute some examples of the Gauss Radon transform for
common functions.
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3.4 Gauss Radon Transform as a Conditional Expectation

In this section we provide an interesting result relating the the Gauss Radon transform to a conditional expectation.
We will exploit this relationship heavily in the final chapter. In the following, u represents the standard Gaussian
measure on R”.

Theorem 3.1. Let f : R" — R be a integrable function on the probability space (R", i) such that Gy exists for
all hyperplanes in P". Then the Gauss Radon transform of f : R" — R on a hyperplane af + 8* is equal to the
conditional expectation of f under the condition 0 = «. i.e.

Gl +6°) = E[f|6=al (3.3)

3.5 Gaussian Bounded Functions

The rapidly decreasing functions and Schwartz space functions used in the Radon transform seem too restrictive
for the Gauss Radon transform. A class of functions suitable for the Gauss Radon transform were defined in [5]
as follows:

Definition 3.3. A function f € C®(R") is §-Gaussian bounded if for any polynomial function p, there exist
constants M, > 0 and 0 < k, < ¢ such that

1p(B1, 02 ... 0,) f(X)| < Mt forall x € R".

2
Remark 3.2. From the definition it is clear that if f is %-Gaussian bounded, then f (x)e‘% e SR

Notice that the class of §-Gaussian bounded functions holds a much broader class of functions than the
usual Schwartz space. In particular, polynomial functions are 6-Gaussian bounded for all ¢ > 0.

3.6 Relationship between Radon and Gauss Radon transform

The relationship between the Radon transform and the Gauss Radon transform is really the key to developing
inversion formulas for the Gauss Radon transform. For our results we extensively use the following proposition
from [5].

Proposition 3.4. Suppose f is an %—Gaussian bounded function. Then

o?
G (@b +6%) = T Ry(ab + 6™), (3.4)

or equivalently by Theorem 3.1
~ ﬂ/z
E[f10=ca]l=e7R,(al+6), 3.5)

k2

where g(x) = f(x)al‘;)_(%w.
3.7 Inversion Formulas for the Gauss Radon Transform

Theorem 3.2. The inversion formula for a %-Gaussian bounded function f in terms of its Gauss Radon
transform is

0 L 0 . a2
f(x) = Qny it f ] fo f G (@8 + 61)e P O=F gl doy dB dor(6).
sn= R
for any x € R".

—X2 o, .
Proof. Simply replace f in Theorem 2.3 with g(x) = f(x)(z‘;)‘(%f/z. Then use Proposition 3.4 to replace R (a6 +

6*) with e 2G (af + 6*). o

10
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We now recast the above theorem in terms of a conditional expectation using Proposition 3.4.

Corollary 3.1. Let X be a %—Gaussian bounded random variable on the probability space (R, i) where y is the
standard Gaussian measure. Then X can be expressed in terms of the conditional expectations E[X |0 = a] as
follows:

n bR 0 o ) a2
X() = 2n)te'T f f fE[X 16 = ale P05 g1 4o dB dor(6).
sn=1.Jo R

foranyy € R".

4 Reconstruction from Conditional Expectation

We have explored the reconstruction of functions from discretely sampled Radon transforms and the construction
of a Gaussian measure over hyperplanes to motivate the Gauss Radon transform. Furthermore, the Gauss Radon
transform can also be interpreted as the conditional expectation of a random variable in the probability space
(R”, u). We use this representation of the Gauss Radon transform as we explore the reconstruction of a random
variable f from its conditional expectations by adapting reconstruction methods for the Radon transform to the
Gauss Radon transform. In parallel to Section 2, we begin the main results of this work by briefly exploring
a Fourier reconstruction algorithm before developing the Gauss Radon analog of the filtered backprojection
algorithm. With the algorithm in hand, we present a rigorous analysis of the error incurred by the Gauss Radon
analog of the filtered backprojection algorithm. We conclude by discussing the sources of error—in particular,
the error derived from relaxing the assumption that the function (random variable) of interest is of compact
support—and how to approach mitigating those sources of error.

4.1 Gauss Fourier Reconstruction from E[f | 0 = a]

As in Section 2 this numerical approximation is a discretization of the Fourier Slice Theorem and inverse Fourier
transform. This algorithm differs with respect to the samples, now conditional expectations E[f | 6 = a], and
we need to add a step where we use (3.4) to transform each conditional expectation into the corresponding
Radon transform.

The idea behind this algorithm is to 1) gather conditional expectations of the random variable f from a
polar grid covering €, 2) transform the conditional expectations from 1) into Radon transforms via (3.1) and
(3.4), 3) approximate the Fourier transform of the Radon transform samples, 4) use Fourier transform data from

P
3) to approximate the Fourier transform of g(x) = f (x)(z;')(,—f,)/z, 5) interpolation, 6) perform a discrete Fourier

. . . b
inversion to recover g, and 7) multiply by (27)"~"/2¢"> to recover f.

Algorithm-Gauss Fourier Reconstruction: Let f be a %—Gaussian bounded random variable on the probability
space (R", ).

Stepl: Collect the conditional expectations E[f | §; = s;] of f sampled at (6,5, for j = 1,...,p; [ =
—q, ...,q where ; € S™ ! and s; = hl,h = r/q.

Remark 4.1. In this case we are once again following a “naive” sampling scheme sampling at points spaced
r/q units apart in the direction 6. Note that f no longer needs to be of compact support. Later in this chapter
we will discuss how to choose r in order to achieve a reasonable reconstruction.

Step 2: Multiply each sample by the appropriate Gaussian term as per Proposition 3.4; that is

_s2
s7

Rg(sl, 91) =e?

E[f16; = s] 4.1)

Step 3: Approximate §. We accomplish this by a discrete approximation to the Fourier transform of R,
based on the sampled points above, followed by application of the Fourier Slice Theorem (Theorem 2.1).

11
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For j = 1,..., p, approximate R(6;, ) by ﬁ;j”), where

q-1
R = Qn)? hz ™IRO, 1) T =Gy q = 1. “.2)

I=—q
Note that (4.2) is simply the discrete Fourier transform in R.
Step 4: Applying Theorem 2.1 to the Fourier Radon samples of g we obtain
20m)) = 2m) T RU", 4.3)
up to discretization errors. Note that we took conditional expectation samples from points in Q! and now have
an approximation to the Fourier transform of g on the polar grid
Gpg=1{nrb;: r=—q,...q—1; j=1,..,p}

Step 5 (Interpolation): It is now necessary to make use of a fast Fourier transform (FFT) algorithm in order to
efficiently calculate the Fourier transforms, as in step 3 of the Section 2 Fourier algorithm; but first we must
interpolate to a suitable Cartesian coordinate grid.

For each k € Z",|k| < g, find the point & = 7r6; in the polar grid closest to 7k and set

&= @n) TR (4.4)
Step 6: We now approximate g(hm), m € Z", using the discrete inverse Fourier transform,
m\3 N
an=(5) D ezl < g, 4.5)
lkl<q

where 4.5 is the discrete inverse Fourier transform in R”.
Step 7: By Proposition 3.4

—lhm>
. e 2
gthm) = f(hm)——, (4.6)
(2m)=
which implies
" .
f(hm) =~ ez Yy ¢™ki.g by (4.6),
7t ) (g s
= e2 Y ™M 2m) T RYY by (4.4),
V2n %‘; ¢
n i) i imm-k/ S inlr/
=a1"Q2r)"7 e 2 Z e . h Z ™R (8, 51) by (4.2),
iki<q I=—q
1) WmP-s? ok ot ; -
=a"Qn)" 7 e 2 Z emmkla ™R | 0; = s,
|kl<q I=—q

by Proposition 3.4.

4.2 Gauss Convolution

We also develop a filtered backprojection based reconstruction algorithm for the Gauss Radon transform. This
not only provides another way to reconstruct the random variable f from its conditional expectations; we also
have a promising method of attack for deriving the error incurred by such an algorithm. In Chapter 2 we saw that
Theorem 2.5 was instrumental in the filtered backprojetion algorithm for the Radon transform. Unfortunately
the same theorem does not hold when we exchange R;(6, @) for G,(6, @) and use the Gaussian measure yg.g
in place of the Lebesgue measure. In light of this obstacle, we define a new convolution type operator, ¢, and
use it to prove the Gauss Radon analog to Theorem 2.5.

12
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Definition 4.1. Let f and g be %—Gaussian bounded functions on R”. Define the Gauss convolution of f and g
to be f ¢ g, where

b2 dy
Fon®= [ fa-smet S (4.7)
From this definition we immediately derive the relationship between Gauss convolution and standard
convolution.

Theorem 4.1. Let f and g be %-Gaussian bounded functions on R". Then
(fog) @)= *h ), 4.8)

where
I

e 2
h(x) = .
(%) = g(x) o)

‘We are now ready to show filtered backprojection for the Gauss Radon transform using the Gauss convolution
operator.

(4.9)

Theorem 4.2. Let f and g be %-Gaussian bounded functions on R". Then
(R*g) o f=R* (g0 Gy). (4.10)

Proof. Using the the Gauss convolution operator defined above we have

(R0 ) = [ Retx-mroe™ =

2n )
w2 d

= f f g(0,{(x—y),0)dof(y)e o yﬂ

rRr Jsn-1 (27‘[) 7

-2 d
= f f gO.((x = ). N> —db
sn=1 Jgn (2m)2

where in the last step we used the Fubini theorem to change the order of integration. Decomposing the integral
over R” to an integral over the hyperplane parallel to 8* at distance |s| from the origin, and an integral over all
seR,foryeR"lety = 58 + z, z € 6*. Hence

-+ dzdsdf

(R'g) o ) = f f f 4(0.4x.0) - )f(s0+ e
n-1 L (277)2

f fg(G (x.0) - ) [f f(s9+z)eT| ¥ o dsdb

sn=1 JR 2m) 7 2m)2

9

f f (0,¢x,0) — 5) Gs(s, 6’)6 =

sn— 1 R j

= f g(@, (x, 9)) N gf(gs <X, 9>)d0
sn-1
= R'(g ¢ Gp)(x),

which is the desired result.

]

Since ultimately we are interested in reconstructing the random variable f from its conditional expectations,
we implement the filtered backprojection algorithm with the following corollary.

Corollary 4.1. Let f be a %-Gaussian bounded random variable on the probability space (R",u) and w a
%—Gaussian bounded function on R". Then

(R*w) o f =R*(wo E[f 18 =al). A.11)
Proof. The result follows directly from applying Theorem 3.1 to Theorem 4.2. O

13
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4.3  Gauss Filtered Backprojection from E[f | 6 = a]

In practice, we are forced to reconstruct a random variable f from a finite set of conditional expectations. Thus
we need to discretize Theorem 4.2. In the filtered backprojection algorithm of Section 2 we defined the discrete
backprojection operator Rjﬁ and used discrete convolution. We now define the discrete analog of the Gauss
convolution ¢ .

Definition 4.2. Let f and g be %-Gaussian bounded functions on R”. Define the discrete Gauss convolution by

h
¢, where

S e iygtne ™ “.12)

h
& =
fog nt 2

In parallel to the filtered backprojection algorithm for the Radon transform we now implement Corollary 4.1
numerically to recover f from its conditional expectations, appropriately sampled over the support of f:

Wy o f=Rw, 0 E[f|8=al), W, =Rw,. (4.13)

As before, in order to accurately reconstruct f we choose w;, so that W, approximates the d-distribution
and satisfies the properties of 2.13.

Algorithm—Gauss Filtered Backprojection: Let f be a %—Gaussian bounded random variable on the probability
space (R", ).

Step 1: Sample the conditional expectation of f, E[f | §j = s, at points (s;,0;) , j = 1,2,..,p, [ =
-q,....q , 0/' € Sn_l , S = hl = :_ll

Step 2: Perform discrete Gauss convolution of wy, ¢ E[f | 67/ = g;]. That is

—Jni?

q
w6 ELf 16, = 1= h Y wylor = sDELS 16, = hil ™% 4.14)

I=—q

In this step we are performing a 1-dimensional Gauss convolution of w;, and E[f | éj = g] for each
direction ;.
Step 3 (Discrete Backprojection): We use the same quadrature rule on S"~! defined in (2.15).

)4
f WO)do = Z a,M0;), forveHy, (4.15)
gn-1 = X X

Thus we may interchange the backprojection on the right side of Theorem 4.2 for the discrete backprojection
defined by R*,

P q N
fors = Riow, & ELF 16, = s = Y aph > wolor = sOELF 16, = hi) ™% (4.16)
j=1

I=—q

where fgrp is the approximation of f given by the filtered backprojection algorithm via Corollary 4.1.

S Error Analysis for Gauss Radon Algorithms

5.1 Gauss Fourier Error

The Fourier algorithm for the conditional expectation (Gauss Radon transform) is effectively the same as that
for the Radon transform. After using Proposition 3.4 to convert the conditional expectation samples to Radon
transforms the algorithm is exactly the same as the Fourier algorithm of Section 2 2. Hence this algorithm will
be subject to the same error estimates summarized in Section 2.6.1.

14
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5.2 Gauss Filtered Backprojection Error

We are now ready to assess the sources and magnitudes of error incurred by using the Gauss-filtered backprojection
algorithm to reconstruct f from E[f | 8 = «]. The proof of Theorem 2.7, found in [3], motivates much of the
proceeding derivation of error. Recall that in Theorem 2.7 we assumed that f € C;(€2)). We will now relax that
assumption and allow f to be defined over all of R”. To accommodate this change we will introduce a bump
function and prove two auxiliary results that give us insight into how best to sample when f is no longer of
compact support, and a convenient way to put bounds on the filter w,.

Theorem 5.1. Let f, h be %-Gaussian bounded functions, f,h: R" — R. Let £ > 0. Then
|f() = hx)| < e@m)” 5.1)

if and only if
|G /(. 0) — Gi(e. 0)| < &, (5.2)

where x = a0.
Proof. (=) By Theorem 3.2
a2 0 —a? - R
e -ni< e ted [ [ 1600 - Guaofie ®e ¥ dale g dpaoo)
st Jo IR
n '\'2 0 *02 H
<@nyie f f f & [ePe™ dale® g dpdor(6)
sn-1 0 R
XZ 0 - 2 .
= c2m) 4T f f e 2 00871 4B (6)
sn=1.Jo
X2 -2
= e(2m)? e% f e 2 Uy
R’

o W
=e(2n) 2e T e 2 .

Thus
If(x) = h(x)| < e(27) 72,

(<) Using the definition of the Gauss Radon transform (3.2) we have

1G/(@.6) — G(@.0)] < f £ = h0) dytassen

af+6+

< f &(27) "2 dptopsn
af+6+

= £(2n)"? f dtapsor
af+0+

=e(2n) % x 1

<e,

by definition of the Gaussian measure. O

This theorem is significant in that, replacing # with O above, it tells us that G, and f decay at the same rate,
up to a constant. Alternatively, suppose we hypothesize that the unknown function f may actually be a function
h with known Gauss Radon transform G,. We can take the difference |g (@, 0) — Gu(a, 9)| between samples of
each Gauss Radon transform and note whether or not the differences are getting small within some region of
interest.

15
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Corollary 5.1. Let f,h be %—Gaussian bounded random variables on the probability space (R", u) where u is
the standard Gaussian measure. Let € > 0. Then

|f(x) = h(x)| < e(2n) "2

if and only if
|ELf16=al-Elh|6=0a] <e,

where x = af.
Proof. This follows directly from Theorem 3.1. O

Lemma 5.2. Let W), and wy, be defined as in 2.5 and 2.13. Then

1 .
Wy(0o) = 5(270%’" lo"" Dl /b), (5.3)
which implies

1
0 <Wp(o) < E(Zn)%’" ot (5.4)
Proof. Observe that by Theorem 2.6, we may express W, in terms of w;, via their Fourier transforms:

Wo() = @m'T 1€ (Wp( . 16D + i~ 5.~ 1€D)

Note that by 2.13, W, is a radial function, thus the first argument of W, is dropped. For W, even we obtain
(o) = %(270%‘" o~ (.
From the assumptions on & below (2.13), we arrive at the desired result. O
Proposition 5.1. Let w), be defined as in 2.13. Then

Iwp(s)| < 2m)™" o (5.5)

Proof. We can write w,(s) in terms of its inverse Fourier transform and use Lemma 5.2 to obtain

1 (i,S A~
b9 < = f 16269 Wy ()] dy
T JR
1

L f ()] dy
f |O_|n Ido_

—(277)'”2 f lo" ! do
2 o

Ui

b
<@2m™ o

16
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5.3 Bump Functions and Bounds

In the typical applications of the Radon transform and filtered backprojection (i.e. medical imaging), it is
assumed the function of interest f is of compact support. Now considering the reconstruction of a random
variable f from its conditional expectations, we would like to relax this assumption. In practice we will have
to limit the collection of conditional expectations within some ball of radius r. This allows us to use the Gauss-
filtered backprojection algorithm above; however we incur additional error in the information lost outside of
this sampling region. We will assess this error with the help of bump functions. The bump functions will enable
us to represent f as compactly supported function on €2} smoothly connected to (€2!)° via the bump function.
The notion of a O (‘i—l) function provides a way to bound the error outside the sampling region while invoking a
relatively weak assumptions on f.

Definition 5.1. A function ¢ : R" — R is called a bump function if ¢ is a smooth function, satisfying ¢(x) < 1,
with compact support; that is ¢ € C3*(R").

Proposition 5.2. Define h : R" —» R

¢ x| >0
h = . 5.6
(Ix0) {0 =0 (5.6)

Then h € C*(R") and all of its derivatives are 0 at x = (.

We can now construct a bump function ¢, o(|x]) from the function & defined above, which is 1 on Q] and 0
outside of Q' ,.

Proposition 5.3. Let h be defined as in Proposition 5.2. Define

1

h(r+ A —|x]) e AT
b = A T T =) e -7
Then
0 x| >r+A
dea(x) =3b(x) r<lxl<r+A (5.8)
1 x| <7

is a bump function.

Definition 5.2. Let f be a function on R". We say f is O(ﬁ) if there exists M, R > 0 such that |f(x)| < ﬁ for
all x with |x|] > R.

Proposition 5.4. Suppose f is O (ﬁ) Then for every € > O there exists r such that |f(x)| < € for every x with
|x| > r.

Proof. Lete > 0. Since f is O(i) we know there exists M, R > 0 such that

Ixd

M
fl < —.
||
for all x with |x| > R. Choose r > R so that
— <e.
|x]
for all x with |x| > r. Hence
M
fol<— <e
||
for every x with |x| > r, which is the desired result. m}
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The following lemma will be instrumental in the error analysis to follow.

Lemma 5.3. Suppose f is O ( ‘17‘) Let € > 0. Then there exists r and A such that
[f() = FO)ra(0)| < &, (5.9)

where ¢, A(x) is as defined in Proposition 5.3.

Proof. Using Proposition 5.4 with ¢, A(x) from (5.7) we have
£ = F@$a@)| = IfF@N|1 = a)| <&

since 0 < ¢, a(x) < 1. |

5.4 Error Estimates: ¢, ¢,, ¢;

We now have all the tools necessary to derive the error estimate for using the Gauss-filtered backprojection
algorithm to recover a random variable from samples of its conditional expectations.

Theorem 5.2. Let f € C™ be a O(ﬁ) random variable on the probability space (R",u) and let g(x) =
b2

f(x)(zfr;,%),z. Assume that (2.15) holds on H), and that, for some 9 with 0 <9 < 1,

b<9m, b<n/h. (5.10)
Let € and r be as in Lemma 5.3. Define the approximate reconstruction of f as
fre=Wpo ftertertes

:R#WbOE[fléZCK]+€1+€2+€3,

where }

er =R (wy 0 E[f 1= a]) = R* (w; 0 E[f¢a |8 = al),

e =R (w, 0 E[f$,a 18 = o) - Rf,(wb 8 Elfra |8, = s/]),

and \ )

ez = Rf,(wh 0 E[f¢ral 6, = St]) -R (Wb 0 E[f16,= 51])
Then,

1
lei] < 8'5”71| m,

lea] = lezal + lexbl,

1 D) el | ——
le2al < 5051 sup f ol |¢6,4(a8)| de
||>b

fesn-1

—(n+1) —n
le2b| <2120 "2 (r+ A2 gl

0 o 10,20+ k) les] <els"|

n(2hyt”

Proof. Observe that

R (wy 0 ELf 8= a])—Rf,(wh G ELf 1, = s,])|
< [R* (wy 0 ELS 16 = 1) =R (w, © Ef 0 15 = )

+

R (1, 0 ELfdns |8 = 1) = R (ws & EL 6,8 18, = 5

+

R (s 8 ELF 00 18, = 50) =R (w5 & ELF 18, = 1)

18
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We will proceed by looking at each error term individually.
e;: Using linearity in the backprojection and convolution operators,

[R (ws 0 EL£ 18 = al) = R* (w, 0 ELf¢pa |8 = al)
= [R{w o (ELF 18 = a1 = ELfgra 1= el
<R (w0 [ELf 18 = a] - E[f¢ya |8 = al)
We now invoke Lemma 5.3, with | f(x) — f(x)$,.a(x)| < &(2m)"%, and Corollary 5.1 to establish the bound

|ELf 10 =a]l - E[f¢ra |8 =al| <&

Hence
R (wy o |ELf 18 =l - E[f¢.a |0 =0l
< R (lwyl ¢ &)

<f f| (s-p) eed L
< wy(s — —
sn-1 JR b V2
2 dt

g flw (s—1|e™ .
| R b V2

Using Proposition 5.1 and the assumption b < r/h we find

<e&

b" 2 dt
Snfl [(Zﬂ_)ﬂl _] eT
| n|Jr V2r

<els™!|@m™ %
1LY
S |n (Zh) '

First, e;: This error term is essentially the Gauss Radon analog of Theorem 2.7. We will proceed by

<e&

<e&

breaking up e, into two parts similar to Theorem 2.7.
e,a: The error incurred by using the discrete Gauss convolution on the compactly supported part of f is

h ~ ~
RE (w5 ELfdea 18y = 1 = wy 0 ELfda |0 = ).
Using Proposition 3.4 we obtain
hoog2 2
R, (Wh 0 €T Ropp =W * eTRgm)
2 _2
o2 5 o2 -5
=R, [Wb *e2 Ry, e\/ﬁ —wyx e Ry e_m)
I h
= _Rp (Wh * R&’%A —Wp X Rgd».A) :

V2r

Using Theorem 6.7, we express the term in parentheses in terms of its Fourier transform,

h —~ — 2r
(Wp * Reg,n = Wo * Reg, )6, @) = 2m)'* Wy (@) Z Retya (9, a— 71) .
I#0
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By taking the inverse Fourier transform and absolute value we obtain

©,9) = f @) Y[R

1#0

h
Wi * Ryg, o = Wo * Reg, s

f (@)l Y R

1#0

is-a

Rusa s = 1) e

Rea (W, @ = —l)‘ da.

Since b < m/h we may employ Lemma 5.2 to obtain

h
Wp * quﬁm - Wp x Rg(l’m

1 1 =
(6.5) < 7 2m f of"™ [Reg (0.0 dar
la2b
Using the Fourier Slice Theorem (Theorem 2.1) we now have

h
Wp * quﬁm - Wp x Rg@;A

1 - —

0.5 < -2m7 f " 36, 4(a6)| dev.
2 ol ’

Now, applying the backprojection operator and quadrature rule (2.15) we obtain

\/_RP(Wb * Rgtf’m —Wp X ﬂgd)m)
1
S —_—
Nor
z (n+ ) —
Z @,; sup [ 2n) f ! |g¢,’A(a6’)| da} .
=1 la|=b

gesn-1

R; 5(270’7” f| e Iﬁ,,A<ae>|da}

Observe that after applying the supremum the expression in brackets above is no longer a function of 6; .
Therefore v(0;, (x,6) = a) = 1 in the expression for the quadrature rule. Furthermore

P
Zapj = 'Sn_li.
j=1

Thus we obtain the desired result for e,a.
Now eyb: Expand (w), x Ry, ,) in terms of spherical harmonics (Corollary 6.2) noting that all spherical
harmonics of odd degree drop out since (wj, * Ry, ,) is an even function of 6:

NG

1
(Wp * Reg, )0, (x,0) = @) = Z Z Y2 O)vi(x),
where

Vie(x) = f YZ(0) (W * Res, )0, (x,0) = a)dO
sn-1

oo N(nl)

e Y (O xR, ), YEONVEO)|.

1=0 k=1

Note that, using the Funk-Hecke Theorem (Theorem 6.10) it can be shown,

YZI(H) : do = c(n, 1), 5.11)
| k
!

and, using (6.17)
v < 1. (5.12)
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Let us express (w, x Ry, ,) in terms of its Fourier transform, yielding
Vir(x) = f Y2(6) [ f Wy % Reg, )6, oz)da} de.
gn-1 R '

Using Fourier inversion and the Fourier Slice Theorem 2.1
n—1 b . —_—
vik(x) = Q)T f 1 Y2 () f ()80 (@O)der dO
sn- -b

b
=207 f RAU) f O (@)(2m) T f gben(y)dyda db.
Sn= —b RM

n

b
= 2n)? f g0 () f Wy(@) f Y (0)e™ 9 d6 da dy.
R -b gn-1
Using (6.23), the innermost integral yields

@m)# P (alx = 30 a2 (ol = )Y (;_:;) :
Also note that
X—-y
=yl
Employing Lemma 5.2 again and recalling that |¥?| < 1,

c Srl—l

[ A
o] < 5207 1= 1 [ Jeoa®] k=37 [ atia-sbdedy. 13
QA -b

Now let / > m and set k = % Also note that b < ¥m < ¥ and by construction of ¢,, we have

[x =y < 2(r + A). Then, using Proposition 6.3, we obtain

b b
f a? Jy(alx — yhda < f |2 |Jori(alx = YD)l de
b -b
n b
<t [ Unatade=yDida
b

FH
<8 f asa(alx = sl da, since # < 1,

9

9
<supl? f | ok 2(r + A)sa)| der

Isl<1 9l

1 i (r+A)91
= 12 supf [Jorsk(t5)| dt
2(r+A) <t J-grenym 2

I((r+A)I+k)
1% sup f Warilts)| dt
2(r+A) <t Joorrayh

IN

1 n
—2 2 .
2(r+A)lzm(ﬂ’ [+k)

IN

Hence,

2-n

1 -
vl < 5mF f ls0)draG)] - 1x =y 7" [
[Y[<2(r+A)

3 2
2(HA)lzm(ﬁ, [+ k)|dy

IN

1 -n - on
Jon? f 1§09, )] Q0 + ADF 1374921 + Ky
Q"+A

IN

1 - n
5(47T (r+ A2 lIgdrallia@, o2 m @, 20 + k).
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Let (wp, % g),, represent the spherical harmonic series expansion for w;, % g, truncated after the mth term. It
follows that

[lwp * gdra — Wp * €0 n)mllLe(z)

1
< n
= Z o) zk: ||Vl,k||Lm(Q,_+A>

I>m

N(n, 1)
c(n,l)

1 - n
< 5@+ ) Flgllor,) Z; (9,21 + k).

Note that

lesb| = [(RE = RF)(wp, * gra — (Wp * 861.0)m)|
= |RE Wy * g810) = RF (Wi, % gbrn) = RE(Wi, % g + RE(wy, * 86100
= [2RE(wp, % gbra — (Wo * 861.0)m))| -

Employing the quadrature rule on H;m (2.15), we obtain

|62b| < 2

S" M 1wy * gdra — W * gbradlliea)

N@LD s 9,204 k)
c(n, D)

1 -
<25 Sr o+ A Fllgdalliacer, ) )
I>m

<

S"!| @+ M) 7 llgdrallaer,n(®, m),

where

Nn,l) »
n(,m) = Z C((Zl))IZr].(ﬁ,Zl-rk)

I>m

N(n, 1)

n=2 3
< Vap B o3
I>m c(n, )

12 : 7
(1 -4

which converges for all n,m € N (see Section 6.4; for details see pages 65-66 of [3]). This completes the e,
error term.

Lastly, e5: This error term accounts for the discretization of the backprojection operator and Gauss convolution
with respect to the first error term, ;. Using linearity in the discrete backprojection and convolution operators,

R (s & EL 01 18, = 1) = R (ws & £17 18, = 1)

" h ~ -
=R wy & (ELf¢ra |8, = 511 - ELf | 8, = s11)
N h ~ ~ —|hi?
< Y @yt > wils = W) |ELfda 18, = 511 - ELf 18, = syl 2.
Jj=1 Q2n)2 7

Using Lemma 5.3 with | f(x)—f (x)qb,,A(x)' < &) % and Corollary 5.1, we obtain

P
h I
< Za,,j(z = > Iwy(s = hD| & e™?
T

J=1 )2 T
h b =l
<ol S
ema T
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by Proposition 5.1 and (2.15).

We now use the first assumption on b and bound the infinite sum over / by its integral giving us

S""|—h (%—)nZe#

<& 0
@oz™ " T
1 1 < w2
<egls™! f e 2
| nmznhnfl .
<e S""| : : —m
nmznhn—l h
e Sn—l| 1
- n(2h)y”

Several comments are in order with respect to the sources of error. Each error component of the Gauss
filtered backprojection algorithm gives us some insight into how to reduce or eliminate that component. The first
error term e, is primarily a function of » + A. Recall that for any € we could construct a bump function ¢, , with
parameters r and A such that | f(x) — f(x)¢,,A(x)| < &. Thus by choosing r + A large we can make ¢ arbitrarily
small and offset the remaining constants; however, we also want to choose b to be large to minimize some of the
other error terms. Although the parameter b is not directly within our control, a related quantity—the sampling
distance h—is chosen during sampling. We choose h < 7, satisfying the Nyquist-Shannon Theorem 6.6.
Taking A small implies b is large. Since b" appears in e¢; we must increase r + A to accommodate the choice of
b. In practical terms, this translates to sampling conditional expectations out to a greater radius.

The second error term is entirely analogous to the two error terms in the original filtered backprojection
algorithm (2.7). If g is b-band limited or essentially b-band limited then the integral in ea is negligible or

zero. The reduction of this error term can be achieved by taking the sampling distance /4 to be small, inflating

b to include the largest frequency component of g. The term e,b is inversely proportional to (r + A)g SO as we
increase r by sampling a larger ball this term goes to zero since the remaining terms are essentially constants.
The third error term is the discrete analog of e;. This term is similarly reduced by choosing r + A to make
£ small and offset b (or equivalently /).
In summary, the choice of sampling interval 4 and the parameters r and A determine the accuracy of
the Gauss filtered backprojection algorithm. The reader will likely have noticed that, while the Gauss Radon
transform can be performed on %—Gaussian bounded functions, the error analysis required a slightly stronger

assumption, O (ﬁ) on the function (random variable) of interest. It is fairly easy to see that it was not necessary
for f to be in .”(R") for the error analysis to hold; however, we found that it was necessary to assume that the
function was “eventually” bounded by some decreasing curve outside the ball of radius r. A future research
topic would be to investigate the error bounds for reconstruction of %—Gaussian bounded functions, or the

weakest assumptions necessary to bound the error for reconstruction of %-Gaussian bounded functions.

5.5 Future Work, and Observations

The last chapter of the Radon/Gauss Radon transform has certainly not been written. There are many subtopics
in mathematical tomography that we have not touched upon in relation to the Gauss Radon transform; see
[3,2, 6,4]. We did not investigate sampling geometry for either algorithm, although we already know from the
comments following the Fourier algorithm, that sampling geometry can be a deciding factor in the utility of that
particular algorithm.

23



Becnel and Riser-Espinoza; AJPAS, 3(1): 1-31, 2019; Article no.AJPAS.46373

6 Appendix

6.1 Convolution

Definition 6.1. Let f and g € L;(R"). Define the convolution of f and g, f x g, by

f g = f o= )gdy ©.1)
YER"

€.
Remark 6.1. If F and H € L;(Rx S""!) then we define the convolution of F x H in terms of the the first variable
only. That is
(F % H)(s) = f F(s—1t,60)H(t,0)dt (6.2)

teR

Here we present several basic properties of the convolution operation.

Proposition 6.1. Let f, g, and h € Li(R"). Then the following hold:

1. (commutativity) fxg=gx f
2. (associativity) fx (gxh)=(f xg) x h
3. (distributivity) fx (g+h)=f*g+ f*xh

The space of Lebesgue integrable functions L;(R") can be considered a commutative algebra, defining
multiplication as convolution; however, the algebra is not without issue [2]. This algebra does not have a
multiplicative identity. That is, there exists no element ¢ € L;(R") such that f * ¢ = f. Fortunately we can
define a collection of functions called approximate identities that, when convoluted with a function f, return f
approximately to any degree of accuracy.

Definition 6.2. Let f € L;(R"). The function ¢.(x) € L;(R") is an approximate identity if
lim £ % ¢(x) = ()
for all x € R".

The next theorem guarantees that such functions exist and provides some insight into how we might
construct them. A proof for the following theorem can be found in [2]. For more general results consult

8].

Theorem 6.1. (Approximate Identity Theorem). Let ¢ be a nonnegative, integrable function defined on R" such
that

d(x)dx = 1.

R

For any € > 0 define
1
60 = ~6 (=), 6.3)
€' \e

Then for any function f such that f is continuous and bounded,
lim f % () = £(x) ©64)

forall x e R".
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6.2 Fourier Transform Results

There are several different conventions commonly used to define the Fourier transform of a function [7, 8].
These conventions typically differ by the location of the 27 factor. For this manuscript we will adopt the
definition to follow. We will define the Fourier transform, several key results, and present the inversion formula
based on our definition. The interested reader may consult the sources above for a more complete exposition
on the subject.

Definition 6.3. Let f € L;(R"). The Fourier transform of f is defined by

@ =@t f e f(x)dx, (6.5)

R

where dx is the Lebesgue measure on R".
Theorem 6.2. Let f € Li(R"). Then [ € #(R"), and
1Al < 1A, (6.6)

Thus the Fourier transform is a mapping from L;(R") into .#(R"), the sup-normed Banach space of
complex continuous functions on R” that vanish at infinity. The next two theorems tells how the Fourier
transform acts on f € . (R") and L,(R").

Theorem 6.3. The Fourier transform is a continuous linear homeomorphism from . (R") onto . (R").

Theorem 6.4. (Plancherel Theorem). Let f € ./ (R"). Then the Fourier transform f — _]?extends a linear
isometry of L(R") onto L,(R") and
AN, = 111z, 6.7

Theorem 6.5. (Fourier Inversion Theorem). Let f € Li(R"). Then
f)=@n3 f O f(€)de. (6.8)
R/l

The following are several useful results relating convolution operator to the Fourier transform.

Proposition 6.2. Let f, g € .7 (R"). Then the following hold:
L (Fxe=0nifg
2 (fo)=Qnyif+g
3 fxge SR
In numerous applications we are interested in studying the Fourier transform or inverting the Fourier

transform using discrete samples. We are typically unable to evaluate the integrals explicitly from sampled
data so we require discrete analogs to Fourier transforms and inverse transforms.

Definition 6.4. Let f(x) € L;(R"). Let f be sampled at intervals of length h. Define the discrete Fourier
transform as

fO=0m iy, fle ™ | kez (6.9)

k
Similarly, define the discrete inverse Fourier transform as

@8 Y fbe" | ke, (6.10)
k
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The next natural step is to establish the accuracy of such discrete approximations and determine how we
must sample in order to reliably approximate a Fourier or inverse Fourier transform. First we must define a
class of functions whose Fourier transforms disappear (or nearly so) far enough from the origin. The Nyquist-
Shannon Sampling theorem then tells us exactly the conditions that must be satisfied to accurately approximate
a Fourier transform from this class of functions. We present the following results in the vernacular of [3]. The
interested reader should consult [9] for a more in depth treatment.

Definition 6.5. Let f € L;(R") and b > 0. The function f is called b-band-limited or band-limited with
bandwidth b if f is locally integrable and f(& =0 a.e. for all £ such that |&] > b.

Remark 6.2. We call a function f essentially b-band-limited if for every € > 0 there exists b such that

f et |f)] dé < e. 6.11)
|é1=b

Theorem 6.6. (Nyquist-Shannon sampling theorem). Let f € Li(R") be b-band-limited and let h < 7. Then
the following hold in L,(R")

@O = o in Y fhe ™0 ez, (6.12)
k

and

fx) = Z f(hk) sinc (5(x — hk)) (6.13)
k

sin(z)

z

where sinc(z) =

The significance of the sampling theorem cannot be understated. If we can sample a function f such that
the distance between sampled points is at most half of the smallest "frequency” component of f then we can
reconstruct the function or its Fourier transform exactly. Put another way, we can compute Fourier transforms
(and inner products) exactly by a quadrature rule (e.g. trapezoidal) in L,(R"). This theorem plays a major role
in the reconstruction of a function from its Radon and Gauss Radon transforms due to their intrinsic relationship
to the Fourier transform via the Fourier slice theorem.

We conclude this section with a result from [3] giving the difference between the Fourier transform of
the discrete and continuous convolution of two functions from the Schwartz space. We need this result for the
derivation of error components for the filtered backprojection algorithm.

Theorem 6.7. Let f, g € S (R"). Then

(f * 9@ - F* 0@ = @mi f©) > 2 (6 - 2) (6.14)

1#0

6.3 Spherical Harmonics

Definition 6.1. Consider the following sets of polynomials:
1. Let Py be the set of polynomials of degree less than or equal to k.

2. Let PQ be the set of homogeneous polynomials of degree k, i.e. p is degree k and p(ax) = ofp(x).

3. Let Hy = {p € PX; Ap = 0}, where A is the Laplacian Operator,i.e. Ap = 31, ‘;2713’.
4. Let H; be the the restriction to S of Hy. Thatis |x| = 1.

The set H_ is the space of spherical harmonics of degree k.

Theorem 6.8. The dimension of H, is given by

o Qk+n-Dn+k=3)
N(n, 1) = dim(H}) = o= = O(K").
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See [10, 11]

The following results are presented in [11] on page 141 as Corollaries 2.3 and 2.4, and the remarks
following Corollary 2.4. This result is powerful in that it allows us to express any function restricted to S"~! as a
linear combination of spherical harmonics. Furthermore, spherical harmonics of different degree are orthogonal
on $"~'. Thus after normalizing we can construct an orthonormal basis for L>(S"™, d¢) from (J2, H;.
Theorem 6.9. The collection of all finite linear combinations of elements of \ JiZy H, is

1. dense in the space of all continuous function on S"!

2. dense in L*(S"', d6)

Corollary 6.1. If Y/ and Y' are are spherical harmonics of degree j and I, respectively, with j # I, then

f Y/(O)Y(0)do =0 (6.15)
sn—1

. o0 v . . . . .
Corollary 6.2. The collection | J;2, sz('f"l) {c(nk 1)} of normalized spherical harmonics form an orthonormal basis

for L2(S™',d6). That is if f € L*(S"', d6), then there exists a unique representation

o0 1 N(n,l)
fO=> —— > YOy, (6.16)
; c(n,l) kZ::J K
where
Vi = f Y.(0)/(6)do
sn-1
and cn, 1) = [, [Y/@)[ 6.

Remark 6.3. Using the Funk-Hecke Theorem, it can be shown that

Yo < ﬁ f Y (w)dw. (6.17)
) sn-1

see [3].

Before presenting the Funk-Hecke Theorem, a powerful result instrumental in deriving the error bounds in
both Radon and Gauss-Radon Reconstruction, we must define the Gegenbauer Polynomials.

Consider the weight function G'(x) = (1 — x*)*"% and the corresponding space L*([—1, 1], G*(x)dx) with
inner product given by

1
(frgn= f f(0g(0)G (x) dx
-1

By performing the Gram-Schmidt procedure on the set {1, x, x, . . . }, we obtain an orthogonal set of polynomials
{CHe, where k is the degree of the polynomial. That is (C,C;') = 0 when [ # k. The polynomials are often
normalized so that C{(1) = 1, in which case C} = 1.

Theorem 6.10 (Funk-Hecke Theorem). Suppose that F : R — satisfies L ]l IFOI(1 = )32 dt < oo and
S € H), then

1
f F((6.0)Sn(6)dO = S (@))S™] f FOCH0(1 = AP dt
Sn—] —1
where A = %n - 1.

Note that the above theorem assumes the normalized version of C where C(1) = 1.

Remark 6.4. Note that the assumption fl |F()] (1-£2)"=972 dt < oo is equivalent to stating that F € L'([-1, 1], G \(1)dy).
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6.4 Bessel Functions

For an extensive survey of Bessel functions the reader is directed to [12]. Bessel functions of the first kind,

Ji(x), are defined as the solutions to the differential equation

Bessel functions of the first kind can be defined by the generating function

—1
DR =N A
k

L1
where Ji(x) = 5! fsl ekl gy

i

Fact 6.1. The Bessel functions of the first kind satisfy the following growth bound for 0 < @ < 1

0< J(av) < 1l 1 30t

Vo (L= a2 °

See [3] for derivation.

Proposition 6.3. For 0 < a < 1 and m > 0 define

ni(a,m) = SUPf [Jm(ro)l dor.

—l<r<1 am

Then there exists nonnegative C,, A,, and M, such that
ni(a,m) < Cpe™'"
forallm > M,.

Proof. Observe

r]l(a',m)= sup f |Jm(r0—)|d0-

=l<r<l J-am

sup f W(rZm)| dor
m

—l<r<l J-am

let7 = Z and df = 4 to get

m

= sup mfl]m(rtm)ldt
—l<r<1 —a

apply Fact 6.1 to get

1 ~50-00"

1
< Su m —_— €
e f Vamm (L= ()17

« 1 1
Su 2m e ——e—————————
oot fo V2 (= ()

A

~30-00"

IA

_mOo2pr . .
b7 and e~ 347" are increasing functions on (0, 1)

Since W

¢ ] 1 Moy 232
<2 — 3 a4
mﬁ V27rm (1 —02)1/48

a _m1_n233/2
=(2m)”2—(1 ¢ EA
-

(6.18)
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Now we use the following: for 0 < 8 < ¢ and k € R there exists a constant M such that x*¢=* < ¢ for all
x > M. So for the above there exists an M|, such that

a _m1_n2y3/2
m(a,m) < 2]/2(1 2)1/46 A
-«

_ Q- (12)3/2

for all m > M,. Thus we arrive at the desired result, taking C, = =3 Z;)l 7 and 4, = —

O
Fact 6.2. The Bessel functions and the Gegenbauer polynomials are related via the Fourier transform as follows

(G (o) = 2

m ( )(2 )2 2" l s 7AJm+/l(o—)

See [13].

Example 6.3. If can be shown that using the Funk-Hecke Theorem and 6.2 we can compute:

f ¢S ,,(6) d6
sn-1

Q)" (oY) TsalalyDS /1D, (6.19)

as

wherey € R", c € R, and S,, € H),.
We begin by rewriting the above integral as:

f ! e_i‘r\yui%\'gSm(e) d9
N

We can use the Funk-Hecke Theorem with F(t) = e and get that the above is equivalent to

1
. t
S w/lyDIS" 2 V2r f IO - A
-1 V2

where we have multiplied and divided by \2r in anticipation for the next step. Temporarily ignoring the
constants in front, the integral above is nothing more than the Fourier transform of G*C) evaluated at oly|
(with A = %n — 1). Note here that the function G* is only defined on the interval [-1, 1] and thus the Fourier
Transform integral is only taken over [—1, 1] and not the entire real line. Thus using Fact 6.2, the previous
integral becomes

reay

Top 202D (b

(GCl)(alyl) =
where J,.., is a Bessel function. In summary

—ioy- n- ( ) - —m
f ¢S, (0)dO = S (/YIS = M2~ (oY) TmealalyD) (6.20)
sn-1 F(/l)
where A = n -1
Using the substitution y = —y in (6.20) we obtain

ey

—Aj=m -1
) Q@027 (Y™ raloly).

f 708 (6)d0 = Sn(=y/WDIS" I F
N

Since S ,, is homogeneous of degree m we have S ,(—16) = (-1)"S ,,(0) and thus

'@

—A—m -1
F(/l) (271')2 l (0-|y|) J:;1+A(0'|Y|)

f €S ,(0)do = (—1)"S ,,(y/IyDIS " 2| ===
sn-1
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—m

combining the (—1)" and i™ we get simply i"" and thus

r'2A)

f €78 (0)d0 = S (y/IDIS" | === 227" (oY) Tmea(T Iy (6.21)
gn-1 re

n=1
We now simplify (6.20) and (6.21) by using that A = %n —land|S™? = % [3] to get that the above is
T
equivalent to
rea = I'n-2
572 (aypt = gpst _L2D)
() r=hrcn— 1)

We can then apply the duplication formula (multiplication theorem) for the gamma function

¥

Qr)2-mD, (6.22)

Tz + ) = 2" Val(22),
found on page 256 of [12]. Using z = %n -1= % in the above yields
F(in-Hridn-1) =2 Val(n-2).

or equivalently

I'(n-2) = o(=3) =172
r(shrdn -1
Using the above in (6.22) yields
L, T2 - nl 3y e
n-2 2 2/l=2 22(n3) 1/22 2(2111)=2n/2
8"y @02 = 20T 2 2 (2m)
Therefore (6.20) and (6.21) become
5000 = @) b w1 (6.23)
sn=
and
f €708 () d0 = Q)" () e a(TlyDS m (/D) (6.24)
N
respectively.

Example 6.4. In the previous examples (6.20) and (6.21), we take the special case So = 1 € Hj we have
f e df = f ¢’ do = (27r)”/2(lel)_(%"_l)l%n_l(0'|y|). (6.25)
sn-1 sn-1
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