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1.1 Introduction

In this chapter, we introduce a range of tomography problems, including X-
ray imaging, limited data problems, electron microscopy and radar imaging.
We are interested in the recovery of the singular features of the medium or
object rather than exact inversion formulas. Toward this end, we show how
microlocal analysis helps researchers understand the strengths and limitations
inherent in the reconstruction of these and several other tomography problems.
Microlocal analysis aids researchers in understanding those singular features
that can be stably recovered, which could be very important when only limited
or partial data is available. Furthermore, it helps explain the presence of
artifacts present in certain image reconstruction methods and in some cases
might help distinguish the true singularities from the false ones. We emphasize
these issues in this chapter.

In Section 1.2, we will introduce tomography problems including X-ray
tomography, electron microscope tomography, and radar imaging. We will
present reconstructions for each problem and examine how well they image
the original objects with the goal of finding strengths and limitations for each
method. In Section 1.3, we introduce some basic properties of some tomo-
graphic transforms and then introduce microlocal analysis in Section 1.4. Fi-
nally, we give several applications in tomography and radar imaging in Section
1.5 emphasizing the microlocal properties of these transforms. This powerful
tool allows us to understand the strengths and limitations that are really
intrinsic to the data, as is shown in Section 1.5.

1.2 Motivation

In this section, we provide an introduction to several modalities in tomog-
raphy, including X-ray tomography, limited data tomography, and electron
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microscope tomography. For each type of data, we first provide some history
and then examine strengths and weaknesses of reconstructions using such
data. The goal of this section is to observe, for each problem, object features
that are well reconstructed and features that are not. We provide these re-
constructions to motivate the study of microlocal analysis, which we will use
in Section 1.5 to explain these reconstructions.

1.2.1 X-ray tomography (CT) and limited data problems

In the 1970’s, X-ray tomography revolutionized diagnostic medicine. For the
first time, doctors were able to get clear and accurate pictures of the inside of
the body without doing exploratory surgery. One part of this story began in
the early 1960s. At that time, Allan Cormack consulted as a medical physicist
at the Groote Schuur hospital in Cape Town, South Africa, and he checked
whether X-ray machines were calibrated properly. He felt that there should
be more information in the X-ray data than just what is obtained from single
pictures, which project all organs onto the same plane, and he believed that
X-rays could be used to image the cross-sectional internal structure of objects.
He posited that, if one takes X-ray images from multiple directions, one should
be able to piece together the internal structure of the body. He then developed
two algorithms [10, 11] for the problem. To give a proof of concept, he built a
prototype scanner that showed his second algorithm was effective. Along with
Godfrey Hounsfield of EMI in England, he received the 1979 Nobel Prize in
Medicine. You can read more about him in the excellent biography [94].
X-ray CT is now used routinely in medicine and in industrial nondestruc-
tive testing, and it allows doctors to image the internal structure of the body
without exploratory surgery. Here is how we turn the physics of X-ray CT
into mathematics. Let ¢ be a line along which X-rays travel, and for € ¢
let I(x) be the intensity (number of photons) at the point z. Let f(x) be
the attenuation coefficient of the body at x. For monochromatic light, f is
proportional to the density at x and by using a scale factor they become the
same. Beer’s Law [65] states that the decrease in intensity at x is proportional
the intensity, I(x), and the proportionality constant is —f(x):
i’
o (1)

This makes sense heuristically because the more dense the material at x, the
more the beam is attenuated and the greater the decrease of I at z. Equation
(1.1) is a simple differential equation for I that can be solved using separation
of variables. If Ij is the intensity at the X-ray emitter—the point zy € {—and
I; is the intensity at the detector, x; € ¢, then we can integrate (1.1) to find

In G?) _ J f(@) do = Ldf(x) dz .

So, we define
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where in this case, do is the arc length measure on ¢. The transform Rp
was studied by the Austrian mathematician Johann Radon [81] in the early
twentieth century because it was intriguing pure mathematics. This transform
is called the Radon line transform (or X-ray transform).

To proceed mathematically, we now establish more notation. Let w € S!
and let p € R. Then, the line

lw,p)={zeR?: z -w=p} (1.2)

is perpendicular to w and contains pw. Sometimes it will be useful to let w be
a function of polar angle ¢ € R,

w(p) = (cos(yp), sin(p)) -

In this parameterization

Rifwp) = | fedo= [ fowrwha 0
zel(w,p) teR
where w™ is the unit vector 7/2 radians counterclockwise from w. This integral

is defined for f € C.(R?) and in fact Ry is continuous on many spaces (see
Section 1.3.3). We will prove the basic properties of this transform in Section
1.3.

First, we consider the forward problem and a simple case that will show
in a naive sense how the X-ray transform detects object boundaries.

Example 1. Let f be the characteristic function of the unit disk in R2. Then,
using the Pythagorean Theorem,

2¢/1-p* [p| <1

. 1.4
0 ol > 1 (14)

RLf(wap) = {

The function Ry, f(w, p) in (1.4) is smooth except at p = +1, that is, except for
lines ¢(w, £1) as can be seen from Figure 1.1. The data are not smooth at those
lines and these lines are tangent to the boundary of the disk. This suggests
that lines tangent to boundaries give special information about the specimen.
In Section 1.4, we will discover what is mathematically special about those
lines and we will relate this back to limited data tomography in Section 1.5.

For complete data, that is data over all lines through the object, good
reconstruction methods such as Filtered backprojection (Theorem 9) are ef-
fective to reconstruct from X-ray CT data.

However one cannot obtain complete data in many important tomography
problems. These are called limited data tomography problems, and we will now
describe several important ones. Our goal at this point is to observe how the
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Fig. 1.1. This graph shows the calculation of the Radon transform in (1.4). The unit
disk is above the graph. For |p| < 1, one can see that the length of the intersection

of ¢(w,p) and the disk is 24/1 — p2.

reconstructions look compared to the original objects. We will use this to help
understand these problems.

Here are some guidelines as you read this section. For each problem and
reconstruction, conjecture what is special about the object boundaries that
are well reconstructed in relation to the limited data set used. Also, think
about what is special about those boundaries that are not well reconstructed.

Exterior X-ray CT Data

Exterior CT data are data for lines that are outside an excluded region. Typ-
ically, that region is a circle of radius r > 0, so lines ¢(w,p) for |p| = r are
in the data set. Theorem 5 in the next section shows that compactly sup-
ported functions can be uniquely reconstructed outside the excluded region
from exterior data.

The exterior problem came about in the early days of tomography for CT
scans around the beating heart. In those days, a single scan of a planar cross
section could take several minutes, and movement of the heart would create
artifacts in the scan. If an excluded region were chosen to contain the heart
and be large enough so the outside of that region would not move, then data
exterior to that region would be usable. However, scanners soon began to use
fan beam data (see Section 1.3.6) and data could be acquired much more
quickly. If the data acquisition is timed (gated) then data are acquired while
the heart is in the same position over several heartbeats. Because more data
can be taken more quickly with fan beam data, the heart can now be imaged
using newer scanners, and movement of the heart is not as large a problem.

Exterior data are still important for imaging large objects such as rocket
shells. Even with an industrial CT scanner, the X-rays will not penetrate the
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thick center of the rocket [85]. However, they can penetrate the outer rocket
shell, and this gives exterior data.

One can recover functions of compact support from exterior data, at least
outside the excluded region (see Theorem 5). Effective inversion methods were
developed for exterior data by researchers including Bates and Lewitt [3],
Natterer [64], Quinto [74, 76] and a stability analysis using a singular value
decompositions was done in [57].

We now present a reconstruction from exterior data: integrals are given
over lines that do not meet the black central disk. The reconstruction method

Fig. 1.2. Phantom (left) and exterior reconstruction [74, ©IOP Publishing. Repro-
duced by permission of IOP Publishing. All rights reserved| from simulated data.
The outer diameter of the annulus is 1.5 times the inner diameter.

uses a singular value decomposition for the exterior Radon transform that
includes a null space; it recovers the component of the object in the orthogonal
complement of the null space and does an interpolation to recover the null
space component [74].

Note how some boundaries of the small circles are clearly reconstructed
and others are not. In this case, how can you describe the boundaries that are
well reconstructed in relation to the data set? Another question is whether
the fuzzy boundaries are fuzzy because the algorithm is bad or could there be
an additional explanation?

Allan Cormack’s first algorithm [10] solved the exterior problem, but the
algorithm did not work numerically. The integrals in his algorithm were dif-
ficult to evaluate numerically with any accuracy because the integrand grew
too rapidly. Other mathematicians tried to improve this method but it was
difficult. Because of this problem, Cormack developed a second method that
uses full data and that gave good reconstructions [11].

It would be useful to know if limitations of Quinto’s and Cormack’s al-
gorithms are problems with their algorithms or reflect something intrinsic to
this limited data problem.
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Limited Angle Data

Limited angle tomography is a classical problem from the early days of tomog-
raphy [3, 59, 60]. In this case, data are given over all lines in a limited range of
directions, or data for {(w(¢),p) : ¥ € (a,b),p € R} where b—a < 7. It is used
in certain luggage scanners in which the X-ray source is on one side of the
luggage and the detectors are on the other and they move in opposite direc-
tions. One can uniquely recover compactly supported functions from limited
angle data but this is not true in general (see Theorem 3). Limited angle data
are used in important current problems including dental X-ray scanning [47],
tomosynthesis (a tomographic technique to image breasts using transmitter
and receiver that move on opposite sites of the breast) [70]. Other algorithms
were developed for this problem such as [50, 12, 47, 24].

The reconstruction in Fig. 1.3 is from limited angle data. Data are taken
over all lines ¢(w(y),p) for p € R and ¢ € [—7/4, 7/4]. The algorithm used in

Fig. 1.3. Original image (left) and a truncated Filtered Backprojection (FBP) re-
construction algorithm (right) using data in the angular range, ¢ € [—7/4,7/4].
Note the streak artifacts and the missing boundaries in the limited angle recon-
structions [24, ©IOP Publishing. Reproduced by permission of IOP Publishing. All
rights reserved].

this reconstruction is a truncated Filtered Backprojection (FBP) algorithm
which is given in (1.26). Some boundaries in this reconstruction are well-
reconstructed and others are not. How do these boundaries relate to lines
in the data set? There are streak artifacts along certain lines. How do these
streaks relate to the data set?

Region of Interest (ROI) Data

One chooses a subregion of the object, also called a region of interest (ROI),
to reconstruct. ROI data consist of all lines that meet this region, and the
ROI problem is to reconstruct the structure of the ROI from these data. This
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is also called interior data (and the interior problem). ROI CT is important
in the CT of small parts of objects, so called micro-CT [16, p. 460]. Other
algorithms in ROI CT include [98] (if one knows the value of a function in
part of the interior), [99] (if the density is piecewise constant in the ROI) and
others including [49]. A singular value decomposition was developed for this
problem in [62].

ROI CT is useful for medical CT and industrial nondestructive evaluation
in which one is interested only in a small region of interest in an object, not
the entire object. An advantage for medical applications is that ROI data
gives less radiation than with complete data.

Lambda tomography [15], [16] is one important algorithm for ROI-CT
which will be described in section 1.3.4, and our ROI reconstruction uses this
algorithm. In this case, note that all the singularities of this simple object are

Fig. 1.4. ROI reconstruction from simulated data for the characteristic function of
a circle using the operator £, , given in (1.23) [4, ©Tufts University].

visible, even though the data are severely limited—they include only lines near
the disk. On the other hand, the ROI transform is not injective (see Theorem
6), so why do the reconstructions look so good?

Limited Angle Region of Interest Tomography

In this modality data are given over lines in a limited angular range and that
are restricted to pass through a given ROI. It comes up in single axis tilt
electron microscopy (ET) (see Oktem’s chapter in this book [69]). However,
in general, ET is better understood as a three-dimensional problem and we
will discuss it that way in the next paragraph.

1.2.2 Electron Microscope Tomography (ET) over arbitrary curves

Now we consider a full three dimensional problem, electron microscope tomog-
raphy (ET), and we follow the notation in Oktem’s chapter in this book [69],
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which has detailed information about the physics, biology, model and mathe-
matics of ET. We show a reconstruction from a simple 3D phantom, the union
of the following disks: with center (0,0, 0) radius 1/2, center (0,0, 1) radius 1/2
center (1,—1,1) radius 1/4 center (—1,1, —1/2) radius 1/4. The disks above
the © — y-plane have density two and the others have density one.

We consider conical tilt ET data, which is described in Oktem’s chapter in
this book [69]. In our case, line integrals are given over all lines in space with
angle a = /4 with the z—axis. We will consider reconstructions from two
algorithms that are described in Section 1.2.2. The operators are L (given
in equation (1.28)) and Lg (given in equation (1.29)).

Fig. 1.5. Cross-section with the x —y plane of the phantom described in this section
(left), LA reconstruction (center, see eq. (1.28)) and Lg reconstruction (right, see
eq. (1.29)). The center of the cross-section is the origin and the range in z and y is
from —2 to 2 [79, Reproduced with kind permission from Springer Science+Business
Media: ©Springer Verlag].

Artifacts are added in the £ reconstruction in Figure 1.5 and in Figure
1.6 which shows the plane containing the centers of the disks and the z—axis
(axis of rotation of the scanner). These figures are remarkable because the £

1
R )

Fig. 1.6. Cross-section of phantom in the plane x = —y (left) and £ a reconstruction
in that plane(right). The = — y-plane cuts the picture in half with a horizontal
line. [79, Reproduced with kind permission from Springer Science+Business Media:
(©Springer Verlag]

reconstruction has so many added artifacts compared to the Lg reconstruction
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although these operators are not very different (see Section 1.3.7. Why are the
reconstructions so different?

Reconstructions of real specimens from single axis tilt data show some of
the same strengths and limitations (see, e.g., [77, 80] and Oktem’s chapter in
this book [69]). However, the added artifacts have different properties, and
since the data are so noisy, other factors affect reconstructions.

1.2.3 Synthetic aperture radar Imaging

In synthetic aperture radar (SAR) imaging, a region of interest on the sur-
face of the earth is illuminated by electromagnetic waves from an airborne
platform such as a plane or satellite. For more detailed information on SAR
imaging, including several open problems in SAR imaging, we refer the reader
to [7, 8] and to the chapter in this handbook by Cheney and Borden [9]. The
backscattered waves are picked up at a receiver or receivers and the goal is
to reconstruct an image of the region based on such measurements. In mono-
static SAR, the transmitter and receiver are located on the same platform.
In bistatic SAR, the transmitter and receiver are on independently moving
trajectories. While monostatic SAR imaging is the one that is widely used,
bistatic SAR imaging offers several advantages in certain imaging situations.
The receivers in comparison to transmitters are not active sources of elec-
tromagnetic radiation and hence are more difficult to detect if flown in an
unsafe environment. Since the transmitter and receiver are at different points
in space, bistatic SAR systems are more resistant to electronic countermea-
sures such as target shaping to reduce scattering in the direction of incident
waves [46]. The reconstruction of the image based on the measurement of the
backscattered waves is in general a hard problem. However, ignoring contri-
butions of multiply backscattered waves linearizes the relation between the
image to be recovered and the backscattered waves and is easier to analyze.
Due to this reason, a linearizing approximation called the Born approxima-
tion that ignores contribution from multiply scattered waves is widely used in
SAR image reconstruction.

The linearized model in SAR imaging

Let vr(s) and vyg(s) for s € (sp,s1) be the trajectories of the transmitter
and receiver respectively. The propagation of electromagnetic waves can be
described by the scalar wave equation:

(4= 52) B0 = ~P)3( ~72(9), (15)

where ¢ is the speed of electromagnetic waves in the medium, F(z,t) is each
component of the electric field and P(t) is the transmit waveform sent to the
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transmitter antenna. The wave speed c is spatially varying due to inhomo-
geneities present in the medium and we assume that it is a perturbation of
the constant background speed of propagation ¢y of the form

w3t e

We assume that ‘N/(x) only varies over a 2-dimensional surface; the surface of
the earth. Therefore, we represent V as a function of the form

V(x) = V(2)do(x3)

where we assume that the earth’s surface is represented by the z = (1, z2)
plane. The background Green’s function ¢ is the solution of the following
equation:

1
(4= %) ate.0) = ~sa(a)n(0),

0
This is given by

g(z,t) = W

Now the incident field E'™ due to the source s(z,t) = P(t)6(x — yr(s)) is

(1.6)

Ein(m7 t) = fg(x —y,t —7)s(y, 7)dydT

Pt — | =7 (s)] /co)
Am @ = yr(s)|

Let E denote the total field of the medium, E = E™ 4+ E*¢, where E* is the
scattered field. This can be written using the Lippman-Schwinger equation:

E*(z,t) = Jg(z —a,t — 1)0ZE(x, 7)V (z)dadr. (1.7)

We linearize this equation by replacing the total field F on the right hand side
of the above equation by E™. This is known as the Born approximation. The
linearized scattered wave-field ES (vr(s),t) at the receiver location yg(s) is
then

fﬁ;<v3<sxt>::‘[g<x—-wR<s»t-—7»63Eh%x,7>va>dxdT

Substituting the expression for E™ into this equation and integrating, we
obtain the following expression for the linearized scattered wave-field:

Eﬁmﬁwxw=J£*““%””mAwaunvwmﬂm, (1.8)

where
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R(s,z) = |vr(s) — z| + [z — vr(s)|
and
A(s,z,0) = Wp(w)((47)? |yr(s) — 2| [vr(s) — =), (1.9)

where p is the Fourier transform of P. The function A includes terms that
take into account the transmitted waveform and geometric spreading factors.
The inverse of the norms appear in A due to the background Green’s function,
(1.6).

The following image reconstruction of a disc centered on the positive y-
axis from integrals of it over ellipses with foci moving along the z-axis offset
by a constant distance (which is simplified model of (1.8)) highlights some of
the features in SAR image reconstruction. Some part of the boundary is not
stably reconstructed and an artifact of the true image appears as a reflection
about the z-axis along with streak artifacts. Looking at the reconstructed
image, one sees that, at least visually, the created artifact is as strong as the
true image. Microlocal analysis of the operators appearing in SAR imaging
will make precise and justify all these observations. We will address them in
Section 1.5.4.

Fig. 1.7. Reconstruction of a disk centered on the positive y—axis from integrals
over ellipses (with constant distance between the foci) centered on the x-axis and
with foci in [-3,3]. Notice that some boundaries of the disk are missing, and there
is a copy of the disk below the axis. This was originally from the Tufts University
Senior Honors Thesis of Howard Levinson and published in [54, Reproduced with
kind permission from Springer Science+Business Media: (©) Springer Verlag].

1.2.4 General Observations

In each reconstruction for two dimensional X-ray CT in this section, some
object boundaries are visible and others are not. In fact, if one looks more
carefully at the reconstructions, one can notice that, in each case, the only
feature boundaries that are clear defined are those tangent to lines in the data
set for the problem. Example 1 illustrates this in a naive way: one sees sin-
gularities in the Radon data exactly when the lines of integration are tangent
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to the boundary of the object. The goal of this chapter is to make the idea
mathematically rigorous.

The conical tilt ET reconstructions in Section 1.2.2 have artifacts if one
uses a certain algorithm but not when one uses another similar one. The
reconstruction related to Radar in Figure 1.7 has an artifact that is a reflected
image of the disk.

In Section 1.4, we will introduce deep mathematical ideas from microlocal
analysis to classify singularities and understand what operators do to them. In
Section 1.5 we will use these microlocal ideas to explain the visible and invis-
ible singularities for limited data X-ray CT as well as the added singularities
in ET and Radar.

1.3 Properties of Tomographic Transforms

In this section, after introducing some functional analysis, we present the
basic properties of transforms in X-ray tomography and electron microscope
tomography. We will study the microlocal properties of Radar in Section 1.5.4.

1.3.1 Function Spaces

We start with some basic notation. The open disk in R? centered at the origin
and of radius r > 0 will be denoted D(r).

The set C*(R™), consists of all smooth functions on R™, that is functions
that are continuous along with their derivatives of all orders, and D(R")is
the set of smooth functions of compact support. Its dual space-the set of
all continuous linear functionals on D(R™) (given the weak-* topology)-is
denoted D’(R™) and is called the set of distributions. If u is a locally integrable
function then wu is a distribution with the standard definition

.y =ulf) = | ule)f(@)ds

for f € D(R™) since u(z)f(z) is an integrable function of compact support.

The Schwartz Space of rapidly decreasing functions is the set S(R™) of all
smooth functions that decrease (along with all their derivatives) faster than
any power of 1/|lz| at infinity. Its dual space, S'(R™) is the set of all con-
tinuous linear functionals on S(R™) with the weak-* topology (convergence is
pointwise: up — u in §'(R™) if, for each f € S(R™), ux(f) — u(f)). They are
called tempered distributions. Any function that is measurable and polynomi-
ally increasing is in §’(R™) since its product with any Schwartz function is
integrable.

A distribution u has support the closed set K if for all functions f € D(R™)
with support disjoint from K, u(f) = 0.
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Ezample 2. The Dirac Delta function at zero is an important distribution
that is not a function. It is defined (do, f) = do(f) = f(0). Note that if f is
supported away from the origin then d§o(f) = 0 since f(0) = 0. Therefore, the
Dirac Delta function has support {0}.

We let £'(R™) be the set of distributions that have compact support in R™.
If 2 is an open set in R™, then £'(2) is the set of distributions with compact
support contained in {2. For example, on the real line, § € £’ ((—1,1)).

If f € L'(R™) then the Fourier transform and its inverse are

F1O =1 (2771)"/2 Lew CrHEa (1.10)
F @) = o) = Gy | eSO

The Fourier transform is linear and continuous from L!'(R") to the space
of continuous functions that converge to zero at oco. Furthermore, F is an
isomorphism on L?(R™) and an isomorphism on S(R") and, therefore, on
S'(R™). More information about these topics can be found in [83], for example.

1.3.2 Basic properties of the Radon Line Transform

In this section we derive fundamental properties of the Radon line transform
R, and this will allow us to make a connection between the transforms and
the microlocal analysis in Section 1.4.

Theorem 1 (General Projection Slice Theorem). Let f € L*(R?). Now
let he L®(R) and w € S*. Then,

Q0

f f@)h(z - w) dz = j Ruf(w,)h(p) dp. (1.11)
zeR?2

p=—00
Proof. Let w € S'. First, note that the function x — f(x)h(z-w) is in L*(R?)
since h is bounded and measurable. For the same reason, the function
(p, 1) = f(pw + tw)h(p)

is in L'(R?). We have that

f f@)h(z w)dz = JOO JOO f(pw + twb)h (p) dtdp (1.12)
reR2 =—0 Jt=—w0

_ f C Rufwp)h() dp (1.13)

p=—0

where (1.12) holds by rotation invariance of the Lebesgue integral and then
Fubini’s theorem and since p = w - (pw + twr). The equality (1.13) holds by
the definition of Ry. o
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The partial Fourier transform is defined for g € L*(S! x R) as

Fpg(w, ) = e_ipTg(w,T)dT. (1.14)

1
\% 2w peR

Because the Fourier transform is an isomorphism on S(R), this transform and
its inverse are defined and continuous on &’'(S! x R).
The Fourier Slice Theorem is an important corollary of Theorem 1.

Theorem 2 (Fourier Slice Theorem). Let f € L'(R?). Then for (w,T) €
St xR,
1

V2r

To prove this theorem, we apply the General Projection Slice Theorem 1
to the function h(p) = e =7,

The Fourier Slice Theorem provides a quick proof that Ry is invertible
on domain L'(R?) since F, is invertible on domain L'(S' x R). Zalcman
constructed a nonzero function that is integrable on every line in the plane
and whose line transform is identically zero [101]. Of course, his function is
not in L(R?).

This theorem also provides a quick proof of invertibility for the limited
angle problem.

Ff(rw) FpRf(w,T).

Theorem 3 (Limited Angle Theorem). Let f € £'(R?) and let a < b and
b—a<m IfRpf(w(p),p) =0 for p € (a,b) and all p, then f = 0.

However, there are nonzero functions f € S(R?) with Rpf(w(¢),p) = 0
for v € (a,b) and all p.

Proof. Let f € &(R?) and assume Ry f(w(p),p) = 0 for ¢ € (a,b) and all p.
By the Fourier Slice Theorem, which is true for £'(R?) [42],
1
= —F,Rrf(w(p),7) =0 for e (a,b), 7eR 1.15
SRR, T o (@) (1.15)
and this expression is zero because Ry f(w(p),7) = 0 for such (¢, 7). This
shows that F f is zero on the open cone

Ff(rw(e))

V={rw(p) : 7 #0,0€ (a,b)}.

Since f has compact support, Ff is real analytic, and so Ff must be zero
everywhere since it is zero on the open set V. This shows f = 0.
To prove the second part of the theorem, let f be any nonzero Schwartz

function supported in the cone V and let f = F~! ( f) Since f is nonzero
and in S(R?), so is f. Using (1.15) but starting with Ff = 0 in V, we see
Rrf is zero in the limited angular range. o
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Another application of these theorems is the classical range theorem for
this transform. We let S(S1 x R) be the set of smooth functions on S x R
that decrease (along with all their derivatives) faster than any power of 1/|p|
at infinity uniformly in w.

Theorem 4 (Range Theorem [38, 26]). Let g € S(S! x R). Then g is in
the range of Ry on domain S(R?) if and only if

1. g(w,p) = g(~w, —p)

2. for each m € {0,1,2,...}, ‘[ g(w,p)p™ dp is a polynomial in w € S!
peR
that is homogeneous of degree m.

Proof (Proof Sketch). The necessary part of the theorem follows by applying
the General Projection Slice Theorem to h(p) = p™ for m a nonnegative
integer:

Rerf(w,p)p™dp = f f(@)(z - w)™ de

peR reR2

and after multiplying out (x - w)™ in the coordinates of w, one sees that the
right hand integral is a polynomial in these coordinates of order at most m.
The sufficiency part is much more difficult to prove. One uses the Fourier
Slice Theorem to construct a function f satisfying Ff(rw) = ﬁfpg(u),r).
Since Fpg is smooth and rapidly decreasing in p, Ff is smooth away from
the origin and rapidly decreasing in . The subtle part of the proof in [38] is
to show Ff is smooth at the origin, and this is done using careful estimates
on derivatives using the moment conditions, 2. Once that is known, one can

conclude Ff € S(R?) and so f € S(R?). o

The support theorem for Ry, is elegant and has motivated a large range
of generalizations such as [39, 6, 5, 56, 52, 75].

Theorem 5 (Support Theorem [10, 26, 38]). Let f be a distribution of
compact support (or a function in S(R?)) and let r > 0. Assume Ry f is zero
for all lines that are disjoint from the disk D(r). Then supp(f) < D(r).

There are null functions for the exterior transform and they do not decrease
rapidly at infinity [71, 73] and simple examples are given in [100, 40].

This theorem implies that the exterior problem has a unique solution; in
this case D(r) is the excluded region. The proof is tangential to the main
topics of this chapter, so we refer to [10, 26, 38, 40, 89] for proofs.

Counterexamples to the support theorem exist for functions that do not
decrease rapidly at oo, (e.g., [40] or the singular value decompositions in [71,
73]).

A corollary of these theorems shows that exact reconstruction is impossible
from ROI data where D(r) is the disk centered at the origin in R? and of radius
r>0.
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Theorem 6. Consider the ROI problem with region of interest the unit disk
D(1). Let r € (1,00). Then there is a function f € D(D(r)) that is not identi-
cally zero in D(1) but for which R f is zero for all lines that intersect D(1).

Proof (Proof Sketch). Let h(p) be a smooth nonzero nonnegative function
supported in (1,7) and let g(w,p) = h(|p|). Since g is independent of w, the
moment conditions from the Range Theorem, 2, are trivially satisfied, so that
theorem shows that there is a function f € S(R?) with Ry f = g. By the
support theorem, f is supported in the disk D(r). To show f is nonzero in the
ROI, D(1), one uses [10, p. 2725, equation (18)]. This is also proven in [65, p.
169, VI.4], and Natterer shows that such null functions do not oscillate much
in the ROL. We will show in Section 1.5 that null functions are smooth in the
ROI, too. o

1.3.3 Continuity results for the X-ray Transform

In this section we present some basic continuity theorems for Ry.

A simple proof shows that Ry, is continuous from C.(D(M)) to Cc(Snr)
where Sy = S x [—M, M]. First, one uses uniform continuity of f to show
Ry f is a continuous function. Then, the proof that R, is continuous is based
on the estimate

[Rif(w,p)| < 7M?|f],

where | f|,, is the (essential) supremum norm of f. A stronger theorem has
been proven by Helgason.

Theorem 7 ([38]). R : S(R?) — S(S! x R) is continuous.

The proof of our next theorem follows from the calculations in the proof
of the General Projection Slice Theorem.

Theorem 8. R, : L}(R?) — L'(S! x R) is continuous.

Proof. By taking absolute values in (1.11) with A = 1 and then integrating
with respect to w, one sees that | f|| 1 ge) = (27) [RLf| 1 (514g) and so Ry

is continuous on L. o

Continuity results for Ry, in Sobolev spaces were given in [58, 42, 37] for
functions of fixed compact support.

1.3.4 Filtered Backprojection (FBP) for the X-ray Transform

To state the most commonly used inversion formula, Filtered Back Projection,
we begin by defining the Dual Line Transform. For g € L'(S' xR) and z € R?,

Rig(z) = J g(w,z - w) dw. (1.16)

weS1t
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For each w € S, z € f(w,z - w), so R¥g(x) is the integral of g over all lines
through x. The transform R} is the formal dual to Ry, in the sense that, for
feS(R?) and g e S(S* x R),

<RLf, g>L2(51 xR) = <f7 Rzg>L2(R2) .

Because Ry, : S(R?) — S(S* x R) is continuous, R¥ : §'(S* x R) —» S'(R?)
is weakly continuous.
The Lambda operator is defined on functions g € S(S* x R) by

Apg(w,p) = Fy (17 (Fpg(w, ) - (1.17)

Theorem 9 (Filtered Backprojection (FBP) [82, 84, 65]). Let f €
S(R?). Then,

1
f= ERiApRLf (1.18)
This formula is valid for f € £'(R?).

Filtered backprojection is an efficient, fast reconstruction method that is
easily implemented [66] by using an approximation to the operator A, that
is convolution with a function (see, e.g., [65] or [84]). Note that FBP requires
data over all lines through the object—it is not local: in order to find f(z),
one needs data R, f over all lines in order to evaluate A, R, f (which involves
a Fourier transform).

To see the how sensitive FBP is to the number of the angles used in the
reconstructions, we show reconstruction using 18, 36, and 180 angles. One can
see that using too few angles creates artifacts. An optimal choice of angles and
values of p can be determined using sampling theory [65, 14, 13].

Fig. 1.8. FBP reconstructions of phantom consisting of three ellipses. The left
reconstruction uses 18 angles, the middle 36 angles, and the right one 180 angles.

Proof (Proof of Theorem 9). Let f € S(R?). We write the two-dimensional
Fourier inversion formula in polar coordinates.
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f(x): ! J J e”'(m)f(Tw)|7'|dew (1.19)

27T weSt JreR

i ()
= 7| (FpR w,7)dr dw 1.20
L651L6Rf" L) @7) (1.20)
1
== . (ApRLf) (w,w-z)dw = 7TRf/lpRLf(x). (1.21)
weSt

The factor of 1/2 in front of the integral in (1.19) occurs because the integral is
over 7 € R rather than 7 € [0, 0). In (1.20), we use the Fourier Slice Theorem
(Theorem 2), and in (1.21) we use the definitions of A, and of R¥. All of the
integrals above exist because f, Ff, and Ry f are all rapidly decreasing at
infinity.

We now explain why the FBP formula is valid for f € £&'(R?).

If g(w,p) is a distribution of compact support, then we claim A,g is a
tempered distribution. This is true since g has compact support. Therefore, its
Fourier transform is polynomially increasing and smooth [83]. So, |7| Fpg(w, T)
is a polynomially increasing continuous function and therefore in S’(S1 x R).
Since the inverse Fourier transform maps S’ to §’, A,g is a distribution in
S'(S' x R).

Now, since f € £'(R?), Ry f is a distribution of compact support on S x R
and so A,Rpf is a distribution in &'(S' x R). By duality with S, R¥ :
S'(S' x R) — S'(R?), so RE¥EA,RLS is defined for f € &(R?). The Fourier
Slice Theorem holds for f [42] so the FBP formula can be proved for f as is
done above for S (see [24] more generally). o

1.3.5 Limited Data Algorithms

In limited data problems some data are missing, and we now go through
several methods for limited data problems including ROI CT, limited angle
CT, and limited angle ROI CT.

ROI Tomography

Lambda Tomography [15, 16, 93] is an effective easy to implement algorithm
for ROI CT. The fundamental idea is to replace A, by —d?/dp? in the FBP
formula. The relation between these two operators is that /1127 = —d?/dp?,
which will be justified in Example 9. This motivates the definition

d2
Lof = ﬁnz ( y 2RLf> (1.22)

The advantage is that £, is local in the following sense. To calculate L, f, one
needs the values of (—d2 /dpz) Rrf at all lines through x (since R} evaluated
at = integrates over all such lines). Furthermore, (—d2 / dp2) is a local operator
and to calculate (—dQ/dpQ) Ry f at aline through z, one needs only data Ry, f
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over lines close to x. Therefore, one needs only data over all lines near x to
calculate L. f; thus £, can be used on ROI data. Although Lambda CT
reconstructs L, f, not f itself, it shows boundaries very clearly [15].

Kennan Smith developed an improved local operator that shows contours
of objects, not just boundaries. His idea was to add a positive multiple of
RERrLf to the reconstruction to get

1 d?

for some p > 0. Using (1.35) one sees that

RE (RLf) () = (f’j . f) (a), (1.24)

so this factor adds contour to the reconstruction since the convolution with
2u/ || emphasizes the values of f near x. Lambda reconstructions look much
like FBP reconstructions even though they are local. A discussion of how to
choose u to counteract a natural cupping effect of £, is given in [15]. This
operator is local for the same reasons as £, is, and it was used in the ROI
reconstruction in Figure 1.4.

Lambda CT can be adapted to a range of limited data problems including
limited angle tomography(e.g., [55, 50]), exterior tomography [76], and three
dimensional problems such as cone beam CT [48, 2, 97, 23] and conical tilt
electron microscopy [21]. We now talk about one such application.

Limited Angle CT

There are several algorithms for limited angle tomography (e.g., [3, 12, 60,
50, 98]), and we will discuss ones that are simple generalizations of FBP
and Lambda CT. The key to each is to use the limited angle backprojection
operator that uses angles in an interval (a,b) with b —a <=

b
R () = f 9(w(@), 2 - w(p))de (1.25)

w=a
The limited angle FBP and limited angle Lambda algorithms are
2

RrjimApRef and  Rrlim <_CW

>RLf (1.26)

respectively. The objects in Figure 1.3 are reconstructed using this limited
angle FBP algorithm. Limited angle Lambda CT is local so it can be used for
the limited angle ROI data in electron microscope tomography [77, 80].



20 Venkateswaran P. Krishnan and Eric Todd Quinto
1.3.6 Fan Beam and Cone Beam CT

The parallel beam parameterization we use of lines in the plane is more con-
venient mathematically, but modern CT scanners use a single X-ray source
that emits X-rays in a fan or cone beam. The source and detectors (on the
other side of the body) move around the body and quickly acquire data. This
requires a different parameterization of lines, the so-called fan beam param-
eterization, if the X-rays are collimated to one reconstruction plane. Let C

be the curve of sources (typically a circle or helix surrounding the specimen),
and let (w,0) € C x S. Then,

L(w,0) = {w+th : t >0}

is the ray starting at w in direction 6, and the cone beam line transform is

CFw,0) = fcof(w + 10) dt.

In this case the analogues of the formulas we proved are a little more com-
plicated. For example, the Lambda operator can be calculated by taking the
negative second derivative in § € S'. The other formulas are similar and one
can find them in [87, 65].

In cone beam tomography, the source is collimated to illuminate a cone
in space. This images a volume in the body, rather than a planar region as
R, and the fan beam transform do. However, the reconstruction formulas are
more subtle [51, 23].

These data acquisition methods have several advantages over parallel beam
data acquisition. First, the scanners are simpler and acquire data more quickly
than old style parallel beam scanners since the fan beam X-ray source and
detector array move in a circle around the object. The original CT scanners
took data using the parallel geometry, and so a single X-ray source and de-
tector were translated to get data over parallel lines in one direction and then
the source and detector were rotated to get lines for other angles.

This is all discussed in Herman’s Chapter in this book [41].

1.3.7 Algorithms in Conical Tilt ET

Conical tilt ET [102] is a new data acquisition geometry in ET that has
the potential to provide faster data acquisition as well as clearer reconstruc-
tions. We will briefly review the algorithms we used for the conical tilt ET
reconstructions in Section 1.2.2. This will lay the groundwork to understand
why the reconstructions in that section from two very similar algorithms are
so dramatically different. The model and mathematics are fully discussed in
Oktem’s chapter in this book [69].

First we provide notation. For w € S2, we denote the plane through the
origin perpendicular to w by
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wP ={zxeR®: z-w=0} (1.27)
The tangent space to the sphere S? is
T(5%) = {(w,z) : we % zewh}

since the plane w’ is the tangent plane to S? at w. This gives the parallel
beam parameterization of lines in space: for (w,z) € T'(S?), the line

L(w,z) ={z +tw : teR}.

If w is fixed, then the lines L(w,x) for z € w! are all parallel. As noted in

Oktem’s chapter in this book [69], ET data are typically taken on a curve
S < S2. This means the lines in the data set are parameterized by

Ms ={(w,z) : we S, zew}.

So, for f € L1(R?), the ET data of f for lines parallel S can be modeled as
the parallel beam transform

Psf(w,z) = flz +tw)dt for (w,z) e Mg.
teR

Its dual transform is defined for functions g on Mg as

Pig(e) = | gloa— (z-wh)de,
wes
where dw is the arc length measure on S. This represents the integral of g
over all lines through z.
In this section, we consider conical tilt ET in which an angle « € (0, 7/2)
is chosen and data are taken for angles on the latitude circle

Se = {(sin(a) cos(¢p), sin(a) sin(p), cos(a))} : ¢ € [0,27]}.
Let C, be the vertical cone with vertex at the origin and opening angle a:
Cop ={tw : we Sy}

Note that C,, is the cone generated by Sg.
We describe the two algorithms for which reconstructions were given in

Section 1.2.2. The first algorithm is a generalization of one developed for cone
beam CT by Louis and Maaf [61]:

Laf=Ps(=As)Psf, (1.28)

where Ag is the Laplacian on the detector plane, w?. We also define the
operator
Lsf =7P5(~Ds)Psf, (1.29)

where Dg is the second derivative on the detector plane w® in the tangent

direction to the curve S at w (see Oktem’s chapter in this book [69]). To better
understand these operators, we will write them as convolution operators.
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Theorem 10. Let Pg be the conical tilt ET transform with angle o € (0,7/2).
Let f € &' (R3). Then

" flz+y)
PEPsf = f=1= d .30
L R e (130
Laf=(=A)(f=*1) (1.31)
Lsf = (—A + CSCQ(Oé);jg) f=I (1.32)
where I is the distribution defined, for f € D(R?) by

1
Hﬂ=L%ﬂww®

and dy is the surface area measure on the cone Cl,.

Equation (1.30) makes sense since P§ integrates Psf over all lines in
the data set through z, and these are exactly the lines in the shifted cone
x + Cy. The theorem shows that each of the operators are related to a simple
convolution with a singular weighted integration over the cone C,.

Proof. We first prove the theorem for f € D(R3), and we calculate (1.30):

PéPsf(z) = J < Rf(x — (- w)w + tw)dt dw

=J fz + sw)dsdw
weS JteR

where we made the substitution s = ¢t — (z - w). Now, we convert this to an
integral over Cy:

1
PéPsf(x) = f [z + sw)i |s|dsdw
weS JseR |S|

_ J flz+y) dy
veco Yl

since the measure on the cone C,, is dy = |s| ds dw where y = sw.
To prove (1.31), one moves A inside the integral. Then one uses rotation
invariance of A (to write A in coordinates

(s,t,p) — (sw+ tw" + pw x W)

where w’ is the unit vector in the tangent to S at w and in direction of increas-
ing ). Finally, one uses an integration by parts to show that P intertwines
A and Ag. To prove (1.32), one uses (1.31) and a calculation to show that

(—A + CSCQ(a)%) and Dg are intertwined by P¥.
Finally, let f € £'(R?). Since f has compact support, the convolution f * I
is defined by [83, 6.37 Theorem]. Then, the rest of the proof uses the fact that

the equalities are true for f € D(R?) and continuity of the operators (since Pg
is a Fourier integral operator, which will be discussed in Section 1.5.3). ©
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1.4 Microlocal Analysis

Now that we have seen some differences in reconstructions we will develop
deep mathematics to understand those differences. The key is that we were
evaluating each reconstruction depending on which singularities or boundaries
of objects they imaged properly and when artifacts were added in some cases.

1.4.1 Singular support and Wavefront Set

Definition 1. Let u € D/(12). The singular support of u, denoted by ssupp(u)
s the complement in (2 of the largest open set on which u is C* smooth.

In other words, we say a point x € {2 is not in the singular support of u if u
is smooth in a neighborhood of (. Let us consider some examples.

Ezample 3. Consider the square S = [0,1]? in R2. Let f be the characteristic
function,

1 if (z,y) € S;
Ly) = 1.33
u(®,y) {O otherwise. ( )

Then ssupp(u) is the boundary of the square because that is where u is
not smooth; see Figure 1.9.

Pl
N g
- f=1 S
oy e .
AR T
j j

Fig. 1.9. The function f = 1 in the interior of the square and f = 0 in the
complement. The singular support, ssupp(f), is the boundary of the rectangle, and
the wavefront set directions are shown in the figure.

Smoothness of a distribution « (we will assume u € £’(§2)) is related to the
rapid decay of the Fourier transform of u. We recall the following definition:

Definition 2. We say a function f : R™ — C is rapidly decaying at infinity
if for every N = 0, there is a Cn such that |f(x)] < Cn(1 + |z|)~ for all
r e R™.
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Theorem 11 ([83]). A distribution u € E'(£2) is in CL(82) if and only if its
Fourier transform is rapidly decaying at infinity.

This theorem implies that if a distribution w is not C* smooth, then there
are non-zero frequency directions £ such that the Fourier transform @ does not
satisfy the estimate of Theorem 11 in any conic neighborhood I" containing &.
However, this is global information; it does not yet relate to singular support—
the points where u is not smooth. To make this connection, we need to consider
directions near which a localized Fourier transform of u does not satisfy these
estimates. This leads us to the concept of C* wavefront set.

Definition 3. Let u be a distribution defined on an open set 2 < R™. We
say that (xo,&) € 2 x R™0 is not in the wavefront set of u, if there is a
Y e CP(X) identically 1 near xg and an open cone I' containing &y such that
given any N, there is a C such that

[u(©)| < Cw(1+ e ™ for e T

The C* wavefront set of a distribution u will be denoted by WF(u).

Remark 1. To be more precise, we view elements of the wavefront set to be
elements of the cotangent bundle T*(2\0 using the notation

gdx = &1day + -+ + Euday, for € € R™MD.

Through this, one can make sense of wavefront sets for distributions on man-
ifolds.

Note that the cutoff function, ¢, in this definition is somewhat more restric-
tive than what is sometimes given (just that ¥ (z¢) # 0) but it is equivalent
[45].

Theorem 12 ([45]). Let u be a distribution defined on an open set 2 < R™
and 7, denote the x-projection WF (u). Then 7, (WF(u)) = ssupp(u).

Ezample 4. Consider the Dirac delta distribution g in R™. Then ssupp(dg) =
{0} because dg is zero away from the origin and supported at the origin. So,
by Theorem 12, x = 0 is the only point above which there can be wavefront
set. Furthermore, if ¢ is a cutoff function at g = 0, then F(¢)dy) = 1/(2m)"/2,
so WF(dg) = {(0,&dx), € # 0}.

Ezample 5. We will now show for the f given in Example 3 that WF(f) con-
sists of the non-zero normal directions at all the singular support points except
the four corner points. At these corner points all non-zero directions are in
the wavefront set, as illustrated in Figure 1.9.

Consider first a non-corner point zq in the singular support We can assume
that this point is on the z-axis, o = (a,0) where a € (0, 1). Fix a direction
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€0 = (€9,€9) with £ # 0. We will show that the localized Fourier transform
is rapidly decaying in a conic neighborhood of £°. We can find a narrow conic
neighborhood I' containing £° such |¢1| > ¢ €] for some ¢ > 0 and all £ € I’
(here £ = (£1,£2)). Let ¢ € CP(R?) be a function of the form ¢(z1,xs) =
©1(x1)p2(2z2) that is identically 1 near . Without loss of generality, we may
assume 1 is even about a and 5 is even about 0. Consider

21O = — f g e —— [ e (e due.

Denote the left-hand integral in this expression by L(fl) and the right-hand
integral by R(&2). Note that the R is bounded in &, because the integrand is
uniformly bounded and of compact support. Because ¢; is in S(R), L(&) is
also in S(R), since it is the one-dimensional Fourier transform of ¢;. Therefore
L(&) is rapidly decaying at infinity as a function of &;. Since |£1] > c||€]| in
I, the function £ — L(&;) decays rapidly at infinity for £ in I'. Since R is
bounded, we see that Ef (&) decays rapidly in I'. This shows that the only
possible vectors in WF(f) above xy = (a,0) are vertical ones.

Since f is not smooth at xg, at least one vertical vector at xy must be
in WF(f) by Theorem 11. Therefore, R(§2) must not rapidly decay in either
the positive direction ({3 > 0) or the negative direction. Since s is an even
function in S(R), F(p2)(&2) = R(&2) + R(—&2) is rapidly decreasing at +oo,
so R(&) must not be rapidly decaying for & > 0 and for & < 0 (since
R(&2) is not rapidly decaying in at least one direction and the sum is rapidly
decaying in both positive and negative directions). Therefore, both vertical
vectors are in WF(f) at zg. (In another proof, one shows R(&) = O(1/&2])
by performing two integrations by parts on that integral.)

We now show all directions are in WF(f) above (0,0). We use symmetric
cutoffs in 1 and x5 at 0. Then

—196252

of(€) =

o0
o(z2)das Je iz1-b1, 1(z1)day.
0

1
V2T f V2T
The proof for R(£2) above can be used to show that neither integral decays
rapidly at infinity in this case. This shows that WF(¢f) consists of all direc-

tions at xg = 0. The proofs at the other corners are similar.

Ezxample 6. If f is the characteristic function of a set, {2 with a smooth bound-
ary, then WF(f) is the conormal bundle

N*(2) = {(x,&dx) : = €bd(£2), £ is normal to bd(£2) at x}

This is suggested by Example 5 and it follows from results in [45].

If f is a linear combination of characteristic functions of sets with smooth
boundary, then WF(f) is the union of the normal sets of the individual sets
unless cancellation occurs along shared boundaries.
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1.4.2 Pseudodifferential Operators

To motivate the definition of these operators, we start with an example.
Theorem 13. For f € S(R?),

*Rou(z) = 61162 _ 1 el

Proof. Using a polar integration about z one shows that

RERLf = f s — (1.35)

H I
Then, since F (1/||z|]) = 1/]|€|| [40, Lemma 6.2, p. 238], we see that

2 2
RERu=F1F <u * ) =F <27ru>
L ] H

using the fact that the Fourier transform of a convolution in R? (with our
normalization) is the product of the Fourier transforms times 2m. Writing
F~! as an integral in the right-hand expression proves the theorem. o

We should point out that the left-hand integral in (1.34) converges for
f € S(R?), but the right-hand integral in (1.34) does not converge. However,
one can do integrations by parts at infinity to make it converge for f € S(R?)
or f e &'(R?) for pseudodifferential operators (e.g., [72]).

With this as model, we consider operators with integral representation

Pu(z) = j S,y €uly)dyde (1.36)

The study of the operator P is important in imaging for the following
reasons:

1. Assuming p satisfies certain estimates (see Definition 4), we can describe
precisely the action of P on the singularities or the sharp changes of w.

2. If we have a procedure to invert or approximately invert the operator P
by another operator Q having a similar integral representation as that of
P, then by (a), we would have that the singularities of QPu are identical
to those of u. We see that through this approximate inversion process, we
have a procedure to recover the singularities or the sharp changes of u.

An operator P of the form (1.36) with p satisfying certain estimates is
called a pseudodifferential operator (#DO) [31, 91, 45, 86, 90]. We define this
below (see Definition 5).

In order to motivate the appropriate conditions and estimates that p should
satisfy, let us look at the following simple example:

Consider a linear partial differential operator of the form,
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P(x,D)= > a,(z)DY. (1.37)
lvi<m
Here v = (11, -+ ,vp) is a multi-index and
o o
DY = (—i)ittm) L )
x ( Z) 621311/1 axfr’ln

For simplicity let u be a compactly supported function. Applying the
Fourier transform,

5@(5) = fe_m'fD;u(x)dx. (1.38)

1
(2m)n/2

Integrating by parts |v| times, we obtain,

Dyu(€) = £"u(€). (1.39)
With this we have
Pa Dju(r) = s [ Dl Gulpdyde (140)

where

p(2,6) = Ya, ()&,

The function p(z,£) is called the symbol of the partial differential operator
(PDO), P(z, D).

The function p(z, £) satisfies the following property: Differentiating p with
respect to £ lowers the degree with respect to £ of the resulting function by
||, whereas differentiating with respect to #° for any multi-index 3 does not
alter the degree of homogeneity with respect to £ of the resulting function.

More precisely we have the following estimate:

Let a and 8 be any multi-index. For z in a bounded subset of R™, there
is a constant C' such that

|08 07 p(, )] < C(1+ )1, (1.41)

Here m is the order of the PDO, P(x, D). In order to get this inequality, we
first rewrite the terms of p(z, §) by combining terms of the same homogeneous
degree with respect to the & variable.

Differentiate £ « times with respect to &1, -+ ,&,, where the number of
times we differentiate £V with respect to a particular & depends on «;. We
see that this reduces the degree of homogeneity of £” by || and the highest
order terms dominate. On a bounded subset of R™, all derivatives of the a,
are bounded. This gives the estimate (1.41).

Now we can generalize the class of operators that have Fourier integral
representations of the form (1.40) by admitting a larger class of functions
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p(x, &) to be symbols. We consider those functions p that satisfy the estimate
as in (1.41) and that behave like polynomials or the inverse of polynomials in
& as |£] — oo. In other words, we want p(x, &) to grow or decay in powers of
|€] and differentiation with respect to £ lowers the order of growth or raises
the order of decay. Furthermore, in order to include R¥ R, in our class of
operators (see Example 13), we allow some latitude at & = 0.

In the interest of flexibility, we will also let the function p depend on z,y
and £. We will denote such functions as amplitudes [31, 91, 45, 86, 90].

Definition 4. Let X < R™ be an open subset. An amplitude of order m is a
function that satisfies the following properties:

1. p(x,y,£) € CP(X x X x R"\{0}),
2. For every compact set K and for multi-index o, 5,7,
a) there is a constant C = C(K, «, B,7) such that

|De DDy p(z,y, &) < CL+ €)™ for €] > 1, and

b) p(z,y,&) is locally integrable for x and y in K and |&| < 1.

It is important to note that in Definition 4, p need not be a polynomial in
& and m can be any real number. The local integrability condition can be
relaxed if p is a sum of homogeneous terms in & [72].

Now let us define pseudodifferential operators.

Definition 5. Let X < R"™ be an open subset. A pseudodifferential operator
(@DO) is an operator of the form,

1
2r)"

Pu(z) = f (. Eule)dyde,

where p(x,y,£) is a function that satisfies the properties of Definition 4.

The operator P has order m if its symbol is of order m, and P is elliptic
of order m if for each compact set K < {2, there is a constant C'x > 0 such
that for x and y in K and || > Ck

Ip(z,y,8) = Cr (1 + €)™ (1.42)

The next theorem highlights two fundamental properties of ¥DOs.

Theorem 14 (Pseudolocal Property [91]). If P is a WDO, then P satis-
fies the pseudolocal property:

ssupp(Pu) < ssupp(u) and WF(Pu) € WF(u).
If, in addition, P is elliptic, then

ssupp(Pu) = ssupp(u) and WF(Pu) = WF(u).
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Note that, although ¥YDOs can spread out the support of the function w,
they do not spread out its singular support. Elliptic ¥DOs preserve singular
support and wavefront set.

Equation (1.34) shows that the composition R} Ry, is a pseudodifferential
operator since its symbol (47)/ €| satisfies the conditions in Definition 4. Fur-
thermore, because the symbol satisfies the ellipticity estimate (1.42), RT Ry,
is an elliptic ¥DO of order —1.

Ezample 7. We now express powers of d/dp and A as ¥DOs.

According to (1.40), the symbol of —d2/dp? is |r|* where 7 is the dual
variable to p. So, the symbol of 1/—d?/dp? should be |r|. The rationale is
that, if one calculates

d? - _ -
—gpd =T Ff = P A F (P FS)

(1.43)
[ @2 | @
==
Ay = ~/—d2/dp? . (1.44)

~A=D? +---+D?

This justifies why

Since
n b)

its symbol is [¢|*. Using the symbol for A in (1.40), we can easily define
powers of the Laplacian. For example, v/— A will have symbol || and Fourier
representation

1
(2m)"
and (~2)™ has symbol 1/ ¢]

V=2 -

f D€ ¢ uy)dyde

_AYVY2,, = 1 i(e—y)e 1 dudé.
() o [ i

Now, as a calculation in distributions using Fourier transforms (similar to
(1.43)), one sees that (—A)_l/2 04/—A is the identity map.
Note that 1/—d?/dp?, v/—A, (—A)fl/2 are all elliptic ¥DOs.

Example 8. The last example justified why the operator Ay, is really \/—d?/dp?.
So, the FBP inversion formula (1.18) can be written

f= %Rj («/fdQ/dpQRLf> . (1.45)

Equation (1.34) shows that R¥ R = 4w (—A)fl/z. Using the observation
at the end of the last example, one obtains a different version of the Filtered
Backprojection inversion formula for Ry,
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1
f = -V=ARIRLE. (1.46)
m

These calculations can be justified for distributions of compact support [42,
40].

Ezample 9. We now explore the Lambda operators given in (1.22) and (1.23).
To get the Lambda operator, L., from the FBP operator, one replaces the
\/—d?/dp? in (1.45) by its square, —d?/dp?.

Here is another way to understand Lambda tomography. By evaluating
another v/—A in (1.46), we see that

d2

[TAf = - AR, = e (D
7Af— 47‘(‘ARLRLf_ 47TRL ( dp2

Rrf )

where the second equality holds because R¥ intertwines —A and —d?/dp?
(this is proven using an argument similar to the intertwining argument in the
proof of Theorem 10). Because R} Ry, is an elliptic ¥DO with symbol 47/ | €],
the symbol of £, , is

o

&l

and it is elliptic of order one. Therefore, £, , and L, (corresponding to = 0)
are both elliptic ¥DOs.

Lambda tomography does not reconstruct f but ((—A)1/2 + u) f- The

natural question then is, how different is this from f. We have just established
that £, and £ , are elliptic WDOs. Therefore, by Theorem 14 this means that
these operators recover ssupp(f) and WF(f).

€l +

1.4.3 Fourier Integral Operators

In our analysis thus far, we studied the composition of a generalized Radon
transform with its adjoint. This composed operator, as we learned, is a pseu-
dodifferential operator. Theorem 14 shows us how WDOs act on singularities
and wavefront sets. In this section, we will study more general operators and
learn how they change wavefront sets.

Ezample 10. Now we write R, in a special Fourier representation.

Rif(wp) = e Fy (RLf) (w, ) dr

1
(27)1/2 LER
= J eipr(Tw)dT (1.47)
TeR

. 1
= J J el P @)™ f(2)dadr .
T€R JzeR?2 27

The last expression in (1.47) looks like a WDO except that the 7 and x integral
are over different sets and the exponent is not the one for ¥DOs.



1 Microlocal Analysis in Tomography 31

In many applications, it might be necessary to understand the properties
of the Radon transform directly, rather than the composition with its adjoint.
In our last example we saw that the Radon transform R had an integral
representation of the form,

Pu(y) = f OOy o €)ule)dade. (1.48)

The important differences between the operator P in (1.48) and a YDO are
the following:

e The functions Pu and u, in general, are functions on different sets Y and
X, respectively. The spaces Y and X can be of different dimensions as
well.

e The phase function is more general than that of a ¥DO, but is shares
similar features. See Definition 6.

e The dimension of the frequency variable £ can be different from that of
the spaces Y and X, unlike as in the case of a ¥DO.

A simple example where an integral representation of (1.48) arises is when
we use Fourier transform techniques to determine the solution to a constant
coefficient wave equation:

(0f —Ay)u=0, wu(z,0)=0, Jdu(z,0)=g. (1.49)

Now by taking Fourier transform in the space variable, we have the following
integral representation for the solution to the wave equation,

R A v
o) = gy (J 7 ppotouae
- f ei(x—y)‘ﬁ—tHfHH?lng(y)dydf).

Note that the phase functions in the above solution are ¢4 (z,y,£) = (z —y) -

]l
If f:R™ - R, then we will use the notation
of

of

02 f(2)
for the differential of f with respect to z. If g is a function of (¢, p) then

0 0
Opp9(p,p) = %dw + %dp

will denote the differential of g with respect to the variables (g, p).

Definition 6. Let Y < R™ and X < R"™ be open subsets. A real valued func-
tion ¢ € CP(Y x X x RN\{0}) is called a phase function if
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1. ¢ is positive homogeneous of degree 1 in €. That is ¢(y, x, 7€) = ré(x,y, &)
for allr > 0.
2. (0y, 0c9) and (0z0, 0c@) do not vanish for all (y,x,€) € Y x X x R™"\{0}.

Definition 7. A Fourier integral operator (FIO) P is defined as

Puly) = f ARy . Eyule)dade,

where the amplitude p(y, z, &) € C*(Y x X x R™) and it satisfies the following
estimate: For every compact set K €'Y x X and for every multi-index «, 5,7,
there is a constant C = C(K, «, 3,7) such that

DEDED)p(y,x,€)| < C(1 + €)™ for all z,y € K and for all £ € R™.
Finally, we define two important sets associated with this FIO.

Yo ={(y,z,8) €Y x X x (R™\0) : deo(y,x,§) = 0}

and the canonical relation

C = {(y,0y0(y, x,8); 1, —0ud(y, x,8)) : (y,7,8) € Ty} (1.50)

One can also include the local integrability condition 2b of Definition 4 for
the amplitude of FIOs.

Note that Ry, satisfies these conditions with phase function ¢(w,p, z, 7) =
(p — x - w)T and amplitude p(y,z,7) = 1/(27) so Ry is an FIO. Guillemin
originally proved that a broad range of Radon transforms are FIOs [32, 33, 35].
We will study Ry more carefully in the next section.

Every DO is an FIO with phase function ¢(y, z,§) = (y—x)-£. However,
R is a FIO that is not a ¥DO since its phase function is not of that form.

Definition 8. Let C < T*Y x T*X, and CsubsetT*X x T*Y and A c T*X.
We define

CoA={(y,ndy) : 3 (z,&dx) € A with (y,ndy; z,{dz) € C}
CoC ={(9?, gda:;;v,fdx) 3 (y,ndy) with (Z, gdx;y,ndy) eC,
and (y,ndy; z,&dx) € C’}.

Theorem 15 ([45]). Let P be an FIO and let C be the associated canonical
relation. Then
WEF(Pu)  C o WF(u).

Ezample 11. In this example, we calculate the canonical relation of any ¥DO.
First note that

Opp =&dx Oyp = —Edy 0O = (v —y)d&.
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Therefore, Xy = {(z,y,£) : = —y = 0}. Now, we use (1.50) and these calcu-
lations to see that the canonical relation for ¥DOs is

C = {(z,&dx; z,&dx) : € # 0}

which is the diagonal in (7*(R™)\0) and which we denote by A. Using The-
orem 15, we have that if P is a ¥DO, WF(Pu) ¢ WF(u).

We end this section with an important result on the wavefront set of the
composition of two FIOs known as Hérmander-Sato Lemma.

Theorem 16 (Hérmander-Sato Lemma [45]). Let Py and Py be two FIOs
with canonical relations C1 and Cy respectively. Assume P1 o Ps is defined
for distributions of compact support, and let u be a distribution of compact
support. Then

WF(Pl o Pz) c Cl o 02
WF((Pl o Pg)u) c (Cl o CQ) o WF(U)

From an imaging point of view the operator that is studied is the image
reconstruction operator P*P where P* is the adjoint of the FIO P. Using
Hoérmander-Sato Lemma, one can study the wavefront set of the image re-
construction operator. For this we require the canonical relation [44] of the
adjoint P* which is given by

C* = {(y,ndy; z,&dx) : (, &da; y,ndy) € C}.
Now from Hérmander-Sato Lemma, we have,
WF(P*P) < C'oC
so, when the composition is defined, WF(P*Pf) c (C* o C) o WF(f).

1.5 Applications to Tomography

In this section we apply what we’ve presented about wavefront sets to ex-
plain strengths and limitations of the reconstruction methods we presented in
Section 1.2.

1.5.1 Microlocal Analysis in X-ray CT

In section 1.2.1, we saw reconstructions from different limited data prob-
lems had different strengths and weaknesses. To understand why, we use
the information in the last chapter to understand the microlocal analysis
of Rp. To make the tangent coordinates simpler, we will use coordinates
on ST x R (p,p) — (w(p),p) where we recall w(p) = (cos(y),sin(p)) and
wh(¢) = w(p + 7/2). Thus, functions on S* x R will be written in terms of

(¢, D).
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Theorem 17. The Radon transform Ry, is an elliptic FIO associated to the
canonical relation

Cr = {(¢,p, a(—z - w*(p)dp + dp); 7, aw(p)dz) (151)
s (p,p) €[0,27] x R,z e R% o # 0, - w(yp) = p} '

Furthermore, C% o Cp, = A is the diagonal in (T*(R2)\0)2.

Proof. In Example 10, we showed that R, is a FIO associated to phase func-
tion
oo p,,7) = 7(p—x - w(p)).
To calculate the canonical relation for Ry, we follow the general methods

outlined in Section 1.4.3 (see also [45, p. 165] or [92, (6.1) p. 462]). We first
calculate the differentials of ¢,

00 = —Tw(p)dz, Oppd=T (—x . wL(ga)dcp + dp)
0r¢ = (p—2x-w(p))dr.

Note that the conditions for ¢ to be a nondegenerate phase function [92,
(2.2)-(2.4), p. 315] hold because 0,¢ and 0, )¢ are not zero for 7 # 0.
Therefore Ry, is a Fourier integral operator. Ry, has order —1/2 because its
symbol 1/27 is homogeneous of degree zero, 2 = dimR? = dimY, and o
is one dimensional (see [92, p. 462 under (6.3)]). Since the symbol, 1/2m, is
homogeneous and nowhere zero, R, is elliptic (see [44]).

The auxiliary manifold Xy is

(1.52)

By = {(pp a7 € ([0,27] x R) x B2 x (R\0) : p— - w(i) = 0}. (1.53)
The canonical relation, C, associated to Ry, is defined by the map

E¢ 3 (z7(pap7 T) = (@7 (l‘ : w(<p)) ;a(<p,p)¢;xa *ax(]ﬁ) .

One uses this and a calculation to justify the expression (1.51).

To show C% o O, = A we let (z,£dz) € T*(R?) and follow it through the
calculation of C% o C, using (1.51). Choose ¢ € [0,27] such that & = aw(yp)
for some a > 0. Then, there are two vectors associated to (x,£dx) in Cp,

M= g,1w(p)ia(—z - w (p)de, dp)),
Ay = (p+mx-wlp+n);—a(—z - w(p + 7)dp + dp).
Under C%, \; is associated with (z-w(p))w(¢) + 7w (), aw(p)dz) and this
is exactly (z,&dx), and there is no other vector in 7*(R?) associated with A

(ie., (x,&, A1) € CL). In a similar way, one shows the only vector in T*(R?)
associated with \g is (z,£dz). Therefore

C} o Cp = {(z,&dz;z,&dw) : (2,&dx) € T*(R?)\0} = A.



1 Microlocal Analysis in Tomography 35

Note that the fact C% oCy, = A implies that WF (R¥R(f)) € WF(f), by
the Hérmander-Sato Lemma (Theorem 16), and this and the theorem about
composition of FIO [44, Theorem 4.2.2] provides another proof that R} Ry, is
a ¥DO.

This theorem has the following important corollaries.

Corollary 1 (Propagation of Singularities for Ry). Let f € £'(R?).

a. Let (x9,&dz) € T*(R?)\0O and let pg be chosen so that & = aw(pg) for
some a # 0. If (29, Eodx) € WE(f), then (0o, 2o w(po); a(—zo-wt(¢o)dp+
dp) e WF(RLf).

b. Let (¢o,po) € [0,27] x R and assume (@o, po; a(—Adp + dp)) € WF(R L f).
Then, (x0,&dz) € WF(f) where 20 = pow (o) +Aw (o) and & = aw(po).

This provides the paradigm:

R detects singularities of f perpendicular to the line of in-
tegration (“visible” directions) but not in other (“invisible”)
directions.

Remark 2. The paradigm has implications for limited data tomography. A
wavefront direction (xg,&odz) € WF(f) will be visible from limited Radon
data if and only if the line through zy perpendicular to &j is in the data set.

Proof. Because Ry, is elliptic,
(x0,&odx) € WE(f) if and only if Cf, o {(xg,&odx)} € WF(RLf).

Here we use a stronger version of the Hormander-Sato Lemma for elliptic
operators [92]. Part a. follows from the = implication of this equivalence and
part b. follows from the < implication using the expression for Cp, (1.51).

Part a. implies that R, detects singularities perpendicular to the line being
integrated over, since w(pg) is perpendicular to the line L(w(yg), zo - w(¥o)),
and Part b. implies that if a singularity is visible in Ry, f at (®o,po), it must
come from a point on L(w(po),po) and in a direction perpendicular to this
line. This explains the paradigm in the theorem. O

Corollary 2 (Propagation of Singularities for Reconstruction Oper-
ators). Let f € £'(R?).

a. Let L be either the FBP (see (1.18)), Lambda (L, (1.22)), or Lambda +
contour (L, (1.23)) operators. Let f € E'(R?). Then, WF(f) = WF(Lf).

b. Let Ry 1im be the limited angle backprojection operator in (1.25) for angles
a<@<b (whereb—a<m). Let V = {(z,dx) : £ = aw(p),p € (a,b)}. If
Liim s any of the operators

d2 d2
imA' ) im |\~ 7 o ) im TG )
RrjimApRr, R, ( a2 RL) R, (( e + u) RL>

then
WFE(Liimf) nV =WF(f)n V.
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Proof. Part a follows from the fact that both £, and £, , are elliptic, as noted
in Example 9 and the strong pseudolocal property in Theorem 14.

Part b follows from the fact that, when one cuts off angles, one can see
only wavefront parallel the angles in the data set, that is, the visible directions
in V. A complete proof of this result is given in [24]. ©

Remark 3. The paradigms in Corollaries 1 and 2 have especially simple in-
terpretations if f is the sum of characteristic functions of sets with smooth
boundaries. The tangent line to any point on the boundary of a region is nor-
mal to the wavefront direction of f at that point (since in the wavefront set
at that point is normal the boundary, see Example 6).

So, a boundary at  (with conormal (z,&dz)) will be visible from the data
Rrf near (w(p),p) if (z,€) is normal to the line of integration (equivalently:.
the boundary at x is tangent to a line in the data set).

Finally, note that Example 1 provided an simple case for which Ry f is
not smooth when the line L(p, p) is tangent to the boundary of supp(f). The
paradigm show this principle is true generally.

1.5.2 Limited data X-ray CT

Now we examine each of the limited data problems we discussed in Section
1.2 in light of the corollaries and paradigm of the last section.

Exterior X-ray CT data

In the reconstruction in Figure 1.2 the boundaries tangent to lines in the data
set are clearer and less fuzzy than the one not tangent to lines in the data
set. The paradigm in Corollary 1 and Remarks 2 and 3 explain this perfectly.
When a line in the data set is tangent to a boundary, then the boundary is
visible in the reconstruction. For our exterior reconstruction in Figure 1.2,
this is true even for the inside boundary of the disk at about eight o’clock
on the circle (lower left); that boundary is imaged by only a few lines in the
exterior data set. If the line tangent to the boundary at z is not in the data
set, then the boundary is fuzzier, as is true in that figure for the “invisible”
boundaries.

This is reflected in Quinto’s algorithm [74] in the following way. That
algorithm expands the reconstruction in a polar Fourier series

Fro() = . felr)ei®s,

e

where fy(r) is approximated by a polynomial which is calculated using quadra-
ture. The calculation of f; can be done stably only up to about |¢| = 25 and
so the reconstruction is not terribly good in polar direction. However, for each
¢ for which this can be done, the recovery of fy(r) is very accurate and can
be done up to a polynomial of order about 100. Thus the algorithm has good
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radial resolution but bad resolution in the polar direction. However, this is,
at least in part, a limitation of the problem, not just the algorithm. The sin-
gularities in Figure 1.2 that are smoothed by the algorithm are intrinsically
difficult to reconstruct.

Limited Angle Data

In Figure 1.3, data are given over lines L(w(p), p) for ¢ € [—7/4,7/4] and the
only boundaries that are visible are exactly those normal to such lines. This
reflects Corollary 1 and Remarks 2 and 3. The algorithm used is FBP but
with a limited angle backprojection (see (1.25), in that reconstruction only
between @ = —7/4 and b = /4, which was described in Section 1.3.5, below
1.25. In this case, Corollary 2 shows that the only singularities of f that will
be visible in Ly, f (where Ly, is given in that corollary) are those in the cone
frule) : pe (—n/d,m/4),r # 0},

However, there is also a marked streak along the lines with angle ¢ = +7/4
that are tangent to the boundary of the region. Frikel and Quinto have re-
cently explained it using microlocal analysis [24]. They also explained why, to
decrease those streaks, one needs to make the backprojection operator a stan-
dard FIO by including a smooth cutoff function ¢ supported in [—n/4, 7 /4]
that is equal to 1 on most of that interval.

/4

Ritg(a) = f 9(w(0), 2 - w(g)) ().

p=—m/4

Region of Interest (ROI) Data

The reconstruction in Figure 1.4 is from Lambda CT and all singularities of the
circle are visible. This is true because R} Ry, is an elliptic pseudodifferential

operator as is
Ly = (_A) RﬂiRL

as explained in Example 9. Therefore, WF(L,(f)) = WF(f) for any distribu-
tion f of compact support. Recall that £, (f)(z) determined by data Ry, f for
lines near x. This means that the wavefront of f above x is the same as the
wavefront set of £, (f) above x, which can be determined by local data for lines
near x. This is why all singularities are visible in the Lambda reconstruction
in that figure.

This also means that any null function for the interior problem must be
smooth in the ROI since its Radon data are zero (e.g., smooth) for lines
meeting the ROL

1.5.3 Microlocal Analysis of conical tilt Electron Microscope
Tomography (ET)

We will use the notation of Section 1.3.7. We let
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S = {(sin(a) cos(¢), sin(a) sin(p), cos(a)) : ¢ € [0, 27]}
Co =RS,.

In Theorem 10, we showed that the operators £ (see (1.28)) and Lg (see
(1.29)) can be expressed using the convolution

1
* ] = —d
f=I(x) LeCu flx+y) Y

where dy is the surface area measure on the cone C,,. In particular we proved

PiPsf=1[=*1
Laf=(=A)(f=I)

62
Lsf = (—A + csc2(a)623) f=1.

As one can see from the cross-section in the x — y-plane of the reconstruc-
tion, Figure 1.5, there are circular artifacts. In the cross-section in the vertical
plane z = —y, Figure 1.6, there are streak artifacts coming off each of the balls
at a 45° angle.

These artifacts can be understood intuitively. Let f be the characteristic
function of a ball B. Then, f+I(x) integrates f over the cone x +C /4. When
this cone is tangent to B at a point besides z, it is normal to a singularity of f
at this point. We claim that this singularity will cause a singularity of f I at
x. The reason is, when z is perturbed, the cone moves in and out of B, so the
integral changes from 0 (when the cone is disjoint from B) to nonzero values
as the cone intersects B. A calculation will convince one that the singularity is
a discontinuity in the first derivative. Because £ 4 is a derivative of f = I, that
singularity is accentuated in L f at z. One can see this phenomenon from the
artifacts in £ reconstructions in Section 1.2.2. In the z —y-plane, the artifacts
are circular shadows from the disks outside of the plane; in the y = —z plane,
the artifacts follow along the generating lines of the cone. However, this is not
a rigorous explanation since it does not apply to arbitrary functions. It also
does not explain why the £ reconstruction has apparent singularities but
the Lg reconstruction seems not to.

Our next theorem explains this using microlocal analysis. To state the
theorem, we recall the definition of conormal bundle of a submanifold B < R3
as

N*(B) = {(y,&dz) : y € B,£ is normal to B at y} .

Theorem 18 ([21]). The conical Tilt ET operator Ps is an elliptic Fourier
integral operator. Let f € E'(R3) and let o € (0,7/2). Let L be either LA or
Ls. Then,

WE(L(f)) = (WE(f) n V) v A(f)

where
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V=R*x{neR\0 : Jwe S,, n-w=0}

represents the set of possible visible singularities and the added artifacts come
from

A(f) = {(z,&dx) : 3 (y,&dx) € N*(z + C,) n WF(f)} .

Furthermore, the added artifacts in A(f) are stronger in Sobolev scale in
LAf than in Lsf.

Here V is the set of visible singularities, those from f that should appear
in Lf. The set A(f) consists of added artifacts, those caused by wavefront of
f normal to x + C,, at points besides z. In Figure 1.5, the added artifacts in
the £ A reconstruction are exactly those that come from cones x + C,, that are
tangent to boundaries of disks in supp(f), and this gives the same conclusions
as the heuristic description given above Theorem 18.

The final statement in the theorem follows from the fact that £, is a class
of singular FIO (so called I?! classes) and Lg is in a better behaved class.
These classes of singular FIOs will be discussed at the end of the next section.

The set of visible singularities V is larger for conical tilt ET than for the
standard data acquisition geometry, single axis tilt ET and this is one reason
to use it, even though acquiring data can be more difficult.

The proof of this theorem uses the Hormander-Sato Lemma (Theorem 16).
One first calculates the canonical relation, C, and then one calculates C*t o C
and shows C! o C has two parts, One is V, the set of visible singularities,
singularities of f that will be visible in LA f. The second part generates the
set of added artifacts, A(f). Then, deep results in [29] are used to explain
why Lg is better than L.

This conical tilt transform is a so called admissible Radon transform [25].
The microlocal analysis of admissibility was first studied in [33]. A thorough,
deep analysis of the microlocal properties of these transforms in a very general
setting is given in [28] including general results for backprojection that are
related to Theorem 18.

Quinto and Rullgard have proven similar results for a curvilinear Radon
transform for which the more effective differential operator (analogous to Dg)
decreases the strength of artifacts only locally [78].

1.5.4 SAR Imaging

In this section, we will describe some recent results on SAR imaging. The
results described here emphasize a microlocal analysis point of view. The
notation we follow is from Section 1.2.3. We recall that the forward operator
under consideration is

PV(s,t) = f e wlt=(lz=yr()+le=vr(s)/e0) (s, ¢, 2, W)V (z)dzdw. (1.54)

The canonical relation wherever it is well-defined is given by
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teot = [ —yr(s)] + |z = yr(s)],w # 0}~

Note that (s,z,w) is a global parametrization for C. Let us denote
Y = {(s,t) € (0,0) x (0,00)}

and {x1,z2} space as X. One is interested in studying the imaging operator
F*P. Standard composition calculus of FIOs, the so-called transverse inter-
section calculus of Hérmander and the clean intersection calculus of Duis-
termaat and Guillemin, and Weinstein do not apply in general in these sit-
uations. Therefore one approach to understanding the imaging operator is
to study the canonical left and right projections from the canonical relation
CcT*Y xT*X to T*Y and T*X respectively.

C

%\
) @ (1.56)

T*Y T*X
In order to motivate the results that follow, let us consider the following

example.

Example 12. Let us consider a simple example from SAR imaging . This exam-
ple will help us explain via microlocal analysis, some of the artifacts introduced
by image reconstruction operator in 1.7.

Assume that a colocated transmitter/receiver traverses the straight tra-
jectory y(s) = (s,0,h) with h fixed. The forward operator in this case is

PFs.t) = f@”’(t*% VPR o) (o t .y, w) f (2, y)dadyde.

The canonical relation of this operator is easily computed to be

2 2 r—S
C={s,—/(r—8)2+y2+h2 —w|— ds +dt | ;
{ COV( > +y (O\/(x_ )

C 5)2+y2+h2

x,y,—Q—w i dx + Y dy .
co \\/(z—s)2+y>+h2 V(=52 +y*+h?

Now using Hormander-Sato Lemma, we have,
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2w r— S y
‘FP*,P < s Yy T d + d 3
P {xy €0 <\/(l‘8)2+y2+h2 ERV/CEr R y)

zwz—w S dz + v dw | :
"o \ V(2 —5)2 +w? + R2 A (2= 8)2 + w? + h2 .
V(=82 +y2+h2=+/(z—5)2 + w2 + h? and

r—s B z—s w0
VE—s2+y2+h2 \/(z—s)2+w?+h? .

We then have that (z,w) = (z,y) or (z,w) = (z,—y). The first equality
contributes to the diagonal relation of the wavefront set of P*P while the
second contributes to the relation formed by reflection about the z-axis. In
other words, we have that

WF(P*P) ¢ A UG, where A = {(z,y,&dx + ndy : x,y, {dx + ndy)}
and G = {(z,y,{dr + ndy; 2, —y, {dz — ndy)}.

The presence of the set G as in the above example (the non-diagonal
part) indicates that the imaging operator introduces artifacts in the recon-
structed image. A detailed study of the class of distributions as in the ex-
ample above, called IP! classes, was introduced in (63, 36, 30, 29]. These
class of distributions have come up in the study of several imaging problems
[28, 30, 29, 43, 67, 19, 20, 21, 22, 53, 1]. In instances where the imaging op-
erator introduces artifacts, it is of interest to determine whether the artifacts
are of the same strength in a suitable sense as that of the true singularities
and whether the artifacts can be suppressed or displaced from the true sin-
gularities. These questions are answered in the references mentioned in the
previous paragraph.

Monostatic SAR imaging

In monostatic SAR imaging, the transmitter and receiver are located at the
same point. In other words, yr(s) = yr(s). Nolan and Cheney in [68] investi-
gated the microlocal properties of the forward operator P and the associated
image reconstruction operator P*P. Using microlocal tools, synthetic aper-
ture inversion in the presence of noise and clutter was done in [96]. This
operator was further investigated by Felea in [17] and she made a detailed
analysis of the image reconstruction operator for various flight trajectories.
Felea in [17] showed that for y(s) = (s,0,h) with h > 0 fixed, the opera-
tor P*P belongs to I?™9(A,G) where A = {(z,&,2,8)} € T*X x T*\{0}
and G is the graph of the function x(x1,22,&1,&2) = (v1,—292,&1, —&). If
v(s) = (coss,sins, h), it was shown in [18] that P*P e I*™0(A,G), where
G is a 2-sided fold. For mappings with singularities (such as folds and blow-
downs) we refer to [27, 34]. Furthermore, in [18], Felea showed that in some
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instances such as the flight trajectory being circular, the artifact singularities
of the same strength as the true singularities can be displaced far away from
the true singularities and those that are not displaced are of lesser strength
compared to the true singularities. In [88], the authors show that cancellation
of singularities, that is only certain singularities are recoverable, can occur
even in curved flight paths.

Bistatic SAR imaging

We now discuss some recent results by the authors and their collaborators
investigating the microlocal properties of transforms that appear in bistatic
SAR imaging. For related work, we refer the reader to [95].

Common offset bistatic SAR imaging

In common offset SAR imaging, the transmitter and receiver travel in a
straight line offset by a constant distance at all times. More precisely, let

vr(s) = (s + «,0,h) and yr(s) = (s — a, 0, h)

be the trajectories of the transmitter and receiver respectively with o and h
fixed positive quantities. A detailed microlocal analysis of associated forward
operator P and the imaging operator P*P was done in [53]. The authors
obtained the following results analogous to the ones obtained by Nolan and
Cheney in [68] and Raluca Felea in [17].

Theorem 19 ([53]). Let yr(s) = (s+«,0,h) and yr(s) = (s —«, 0, h) where
a > 0,h > 0 are fized. The operator P defined in (1.54) is an FIO. The canon-
ical relation C associated to P defined in (1.55) satisfies the following: The
projections wy, and g defined in (1.56) are a fold and blowdown respectively.

Theorem 20 ([53]). Let P be defined with yr and yr given in Theorem 19.
Then P*P € I3°(A,G), where A is the diagonal relation and G is the graph

of the map x(x1,2,&1,&2) = (21, —x2,&1, —&2).

Common midpoint SAR imaging

In common midpoint SAR imaging, the transmitter and receiver travel in a
straight line at a constant height above the ground at equal speeds away from
a common midpoint. The trajectories of the transmitter and receiver for the
common midpoint geometry we consider are

Y(s) = (s,0,h) and ~,.(s) = (—s,0,h). (1.57)

A detailed microlocal analysis of the forward operator (1.55) associated to
vt and 7, and the imaging operator P*P was done in [1]. In contrast to the
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results in [68, 17, 53], here the canonical relation C associated to P is a 4-1
relation and this is reflected in the fact the canonical left and right projections
7w, and mr drop rank on a union of two disjoint sets. More precisely, we
obtain the following results for the forward operator and the imaging operator,
respectively.

Theorem 21 ([1]). Let P be as in (1.54) with the trajectories given by (1.57).
Then P is an FIO and the canonical relation associated to P defined in (1.55)
has global parametrization

(0,00) x (R*\0) x (R\0) > (s,21,72,w) — C,

and it satisfies the following: the left and right projections my, and wr drop rank
simply by one on a set X = X1 U Xy where in the coordinates (s,z,w), X1 =
{(s,21,0,w) : s> 0,]z1] > ¢,w # 0} and Xy = {(5,0,22,w) : s > 0, |xs| >
€ w # 0} for 0 < € small enough. The canonical relation C associated to P
satisfies the following: The projections 7y, and wg defined in (1.56) are a fold
and blowdown respectively along X .

Theorem 22 ([1]). Let P be as in (1.54) with the trajectories given by
(1.57). Then P*P can be decomposed into a sum belonging to I*™°(A,Gy) +
IP™O(A,Gg) + IP™O(Gy, G3) + I*™0(Ga, G3), where Gy fori =1,2,3 are the
graphs of the following functions x; fori=1,2,3 on T*X:

x1(z,8) = (w1, —22,81, —&2), X2(2,§) = (=21, 72, —&1,82) and x3 = X1 © X2

1.5.5 Summary

Finally, we would like to point out some important themes of this chapter.
Microlocal analysis can help understand strengths and limitations of tomo-

graphic reconstruction methods. For limited data X-ray tomography, we used

microlocal analysis to show shows which singularities of functions will be vis-

ible depending on the data, and our reconstructions illustrated the paradigm.
Each of the reconstruction methods we described is of the form

L = P*DP

where the forward operator (operator modeling the tomography problem) P
is a Fourier integral operator and P* is an adjoint and D is a pseudodiffer-
ential operator. In SAR imaging, D = Id is the identity operator and the
reconstruction method is P*P—-the normal operator. Since the operator D is
a differential or pseudodifferential operator, it does not add to the wavefront
set of Pf, WF(DPf) c WF(Pf). If D is elliptic (on the range of P, which
is true in the cases we consider), WF(DPf) = WF(Pf). Then, one needs to
understand what P* does, and this is determined by the structure of C* o C
by the Hérmander Sato Lemma (Theorem 16):
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WF (P* (DPf)) (C’t o C') o WF(f).

However, in limited angle tomography, because Ry jim is not a standard
FIO, Rr1imDR adds singularities along lines at the ends of the limited
angular range.

In the case of SAR and conical tilt ET, C! o C is more complicated; it
includes A and another set. In conical tilt ET, this extra set generates the
set A(f) of extra artifacts given in Theorem 18. Also, for conical tilt ET,
we noted that a well-chosen differential operator ((—Dg) rather than (—Ag))
decreases the strength of the added singularities: they are visible if one looks
carefully at the reconstructions, but they are smoother than when (—Ag) is
used.

The only exact reconstruction method we presented is FBP (Theorem
9). The other algorithms, such as Lambda CT, involve differential operators
and backprojection. We demonstrated, using microlocal analysis, that they do
recover many (or all) singularities of the object.

Recovering singularities does not recover the object. So, these algorithms
are not useful when one needs density values, such as in distinguishing tumor
cells from benign cells in diagnostic radiology. However, in many cases, one is
interested in the shapes of regions, not actual density values, so knowing the
location of singularities is useful. The algorithm must be designed so that it
clearly shows singularities in the reconstruction. For example, an algorithm
that turns jump discontinuities in the object into discontinuities of a derivative
in the reconstruction might not provide a clear picture of the object. Lambda
CT and our algorithms for conical tilt ET actually accentuate singularities;
they make the singularities more apparent since they are operators of order
one (like a first derivative). The implementation smooths out the derivative
since it uses numerical differentiation.

In conical tilt ET and SAR the reconstruction methods, that included a
backprojection (adjoint, P*) produced added artifacts (as shown in Figures
1.6 and 1.7), and we explained them using microlocal analysis.

Microlocal analysis will not make a bad algorithm good, but it can show
that some limitations in reconstruction quality are intrinsic to the underly-
ing tomographic problem. It can point to where reconstruction methods need
to be regularized more strongly because of intrinsic instability in the spe-
cific tomography problem. In summary, microlocal analysis can be used to
understand practical and theoretical issues in tomography.
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