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Abstract

Breast cancer is the most common cancer among women, being a major public health
problem. Worldwide, X-ray mammography is the current gold-standard for medical
imaging of breast cancer. However, it has associated some well-known limitations. The
false-negative rates, up to 66% in symptomatic women, and the false-positive rates, up to
60%, are a continued source of concern and debate. These drawbacks prompt the devel-
opment of other imaging techniques for breast cancer detection, in which Digital Breast
Tomosynthesis (DBT) is included. DBT is a 3D radiographic technique that reduces the
obscuring effect of tissue overlap and appears to address both issues of false-negative
and false-positive rates. The 3D images in DBT are only achieved through image recon-
struction methods. These methods play an important role in a clinical setting since there
is a need to implement a reconstruction process that is both accurate and fast.

This dissertation deals with the optimization of iterative algorithms, with parallel
computing through an implementation on Graphics Processing Units (GPUs) to make the
3D reconstruction faster using Compute Unified Device Architecture (CUDA). Iterative
algorithms have shown to produce the highest quality DBT images, but since they are
computationally intensive, their clinical use is currently rejected. These algorithms have
the potential to reduce patient dose in DBT scans.

A method of integrating CUDA in Interactive Data Language (IDL) is proposed in or-
der to accelerate the DBT image reconstructions. This method has never been attempted
before for DBT. In this work the system matrix calculation, the most computationally ex-
pensive part of iterative algorithms, is accelerated. A speedup of 1.6 is achieved proving
the fact that GPUs can accelerate the IDL implementation.

Keywords: Digital Breast Tomosynthesis, Iterative Image Reconstruction, Parallel Pro-
gramming, GPU, CUDA, IDL
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Resumo

O cancro da mama é o tipo de cancro mais comum entre as mulheres, sendo um im-
portante problema de satide publica. Em todo o mundo, a mamografia de raios-X é o
gold-standard da imagiologia de cancro da mama. No entanto, tem associada algumas li-
mitagdes bem conhecidas. A taxa de falso-negativos, até 66% em mulheres sintomaéticas,
e a taxa de falso-positivos, até 60%, sdo uma fonte constante de preocupacado e debate.
Estas desvantagens propiciaram o desenvolvimento de outras técnicas de imagem mé-
dica para a dete¢do de cancro da mama, no qual a tomossintese aplicada & mama (DBT,
do inglés Digital Breast Tomosynthesis) esta incluida. A DBT é uma técnica radiografica 3D
que reduz o efeito de obscurecimento da sobreposi¢do de tecidos e parece resolver ambas
as questdes das taxas de falsos negativos e falsos positivos. As imagens 3D em DBT ape-
nas sdo obtidas através de métodos de reconstrug¢do de imagem. Estes métodos tém um
papel importante num contexto clinico uma vez que ha a necessidade de implementar
um processo de reconstrucao que seja simultaneamente preciso e rapido.

Esta dissertagdo propde a otimizacdo de algoritmos iterativos, com computagdo para-
lela através da implementacdo em unidades de processamento grafico (GPUs) para tornar
a reconstrugdo 3D mais rapida usando Compute Unified Device Architecture (CUDA). Al-
goritmos iterativos tém demostrado produzir imagens de DBT da melhor qualidade mas,
uma vez que sdo computacionalmente exigentes, o seu uso clinico é atualmente rejeitado.
Estes algoritmos tém o potencial de reduzir a dose do paciente em exames de DBT.

Um método de integragdo de CUDA em Interactive Data Language (IDL) é proposto
no sentido de acelerar a reconstrucdo de imagens de DBT. Este método nunca antes foi
tentado para DBT. Neste trabalho o cédlculo da matriz do sistema, a parte computaci-
onalmente mais exigente dos algoritmos iterativos, é acelerado. Um speedup de 1,6 é

conseguido provando o fato de que GPUs aceleram a implementa¢do em IDL.

Palavras-chave: Tomossintese para Mamografia, Reconstru¢do de Imagem Iterativa,
Programacdo Paralela, GPU, CUDA, IDL
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Introduction

Breast cancer is the most common cancer among women, being a major public health
problem. In the United States it is projected [1] that a total of 232,670 new cases and 40,000
deaths will occur in 2014 due to breast cancer (Figure 1.1). In Portugal, breast cancer in
women is the leading type of cancer, both in terms of new cases and deaths, 6,090 and
1,570 in 2012 respectively [2]. In fact, all countries in Europe showed in 2012 that breast
is the most common site for cancer in women [2]. In Portugal alone, the statistics show
that one in eleven women are likely to develop breast cancer throughout their lives.

There are several risk factors that are already well-established [3] for the development
of breast cancer: age [4], family history [5], [6], early menarche [7]-[9], late menopause [10],

Other

Breast 232670 29% Brain & other 214 Lung & bronchus
Lung & bronchus 108,210 13% “e"v°“;;ys‘e‘“ o
Colorectum 65,000 8%
Uterine corpus 52,630 g%  Liver l‘i“'jfﬂ“éﬁi”””“
Thyroid 47,790 6% 3%
Non-Hodgkin lymphoma 32,530 4% Non-Hodgkin
Melanoma of the skin 32,210 4% lymphoma
Kidney & renal pelvis 24,780 3% 3%
Pancreas 22,890 3% U“‘"ir;eo/f‘""“ Bll':;st
Leukemia 22,280 3% ) 0
Leukemia Ovary  Pancreas Colorectum
All Sites 810,320  100% 4% % % o%
() (b)

Figure 1.1: Most common cancer types for women in the United States, 2014. (a) Esti-
mated new cases. (b) Estimated number of deaths. Adapted from [1].



1. INTRODUCTION

nulliparity [11], late age at first full-term pregnancy [12] and use of hormone replace-
ment therapy [13]. Other risk factors include: geographic location and socioeconomic
status [14]-[17], ionizing radiation [18]-[20], diet [21]-[24], alcohol consumption [25]-
[27] and body weight [28]-[31].

In the 1990s, the rising trend of death rates due to breast cancer in women has changed
in the United States and in most European countries (including Portugal). Over the past
25 years the death rates have been decreasing [32]-[34] as a consequence of improved
treatment and early detection through screening and increasing awareness [35].

All over the world, X-ray mammography is the current gold-standard for medical
imaging of breast cancer [36]. However, it has associated some well-known limitations.
The false-negative rates, up to 66% in symptomatic women [37]-[39], and the false-positive
rates, up to 60% [40], [41], are a continued source of concern and debate. These draw-
backs prompt the development of other imaging techniques for breast cancer detection,
in which Digital Breast Tomosynthesis (DBT) is included. DBT is a 3D radiographic tech-
nique that reduces the obscuring effect of tissue overlap and appears to address both
issues of false-negative and false-positive rates [42], [43]. Besides being a new tech-
nique that was recently approved by the United States Food and Drug Administration
(FDA) [44], studies [45]-[47] have been showing that it is subjectively better than con-
ventional mammography in highlighting masses and areas of architectural distortion.
Therefore, tomosynthesis has great potential to be a valuable tool in routine screening
for breast cancer. In fact, the acquisition is performed with the same equipment as dig-
ital mammography and it is even possible to obtain a 2D mammography image from

tomosynthesis images without the need of an extra acquisition.

The 3D images in DBT are only achieved through reconstruction methods. These
methods play an important role in a clinical setting since there is a need to implement
a reconstruction process that is both accurate and fast. There are two major groups of
reconstruction algorithms, the analytical and the iterative. The former include Filtered
BackProjection (FBP) and the latter the Simultaneous Algebraic Reconstruction Tech-
nique (SART), the Maximum Likelihood — Expectation Maximization (ML-EM) and the
Ordered Subsets — Expectation Maximization (OS-EM) reconstruction algorithms. In an-
alytical algorithms, such as FBP, analytical models that simplify reconstructions are em-
ployed [48]. On the other hand, iterative algorithms use geometric models with much
more precision, producing higher-quality images, but are much more computationally
intensive [49]-[51]. Therefore, the application of these reconstruction methods in clinical
practice requires performance optimization, which can be achieved via parallel comput-
ing by implementation on platforms such as Graphics Processing Units (GPUs) to make
the 3D reconstruction faster. In fact, with the recent progress in this type of hardware,
GPUs have the potential to change the picture of medical image reconstruction algo-

rithms in a very dramatic way.



1. INTRODUCTION 1.1. Objectives

1.1 Objectives

This work is part of a large-scale two-year research project which is concluding its first
year. This larger project is entitled "Improvements of image quality and dose reduction
in digital breast tomosynthesis using statistical image reconstruction algorithms", is con-
ducted in straight collaboration between multiple people from different institutions —
Instituto de Biofisica e Engenharia Biomédica, Campus Tecnolégico e Nuclear, Hospital
da Luz and Laboratério de Instrumentacado e Fisica Experimental de Particulas — and

aims to:

e increase clinical value of tomosynthesis by improving image quality;

decrease patient dose in DBT scans;

develop a tool to optimise the exam regarding dose and image quality;

create a new dosimetry system for mammography screening.

This dissertation, which was conducted at the Instituto de Biofisica e Engenharia
Biomédica (Institute of Biophysics and Biomedical Engineering), proposes the develop-
ment of a fast and accurate DBT-based image reconstruction method that includes the
optimization of three iterative algorithms (SART, ML-EM and OS-EM) with parallel pro-
gramming, using NVIDIA® CUDA®! to program GPUs. The time-optimization of such
algorithms can be of great importance since if they have turnaround times compatible
with their use in a real clinical setting they could reduce the radiation dose the patients
receive per medical examination as suggested by some studies [52], [53]. This is par-
ticularly important since nowadays there is an increasing concern about reducing the

radiation dose received by patients during a medical examination [20].

1.2 Dissertation Overview

This dissertation is organized in five main chapters, being the first one this introduc-
tion. The remainder of the dissertation is organised as follows: Chapter 2 details the
background of the work developed in this dissertation, in particular the physiological
background related to the breast and tumours, a brief review of the breast cancer imag-
ing modalities (focusing on tomosynthesis), image reconstruction in tomosynthesis and
finalizes with a first introduction to parallel programming. Chapter 3 provides the ma-
terials and the methodology followed throughout this work. Chapter 4 is devoted to
summarizing the key results of this dissertation and Chapter 5 presents overall conclu-

sions and perspectives of future work.

INVIDIA and CUDA are registered trademarks of NVIDIA Corporation in the United States and other
countries.
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Background

In this chapter the background information necessary for the understanding of this work
is addressed. First the physiological background is discussed in Section 2.1, followed
by the review of the different techniques to access breast cancer, focusing on DBT, in
Section 2.2. The different algorithms for DBT image reconstruction are described in Sec-
tion 2.3, and finally in Section 2.4 an introduction to parallel programming and a state of

the art of image reconstruction through the use of parallel programming is provided.

2.1 Physiological Background

2.1.1 Outline of the Anatomy and Physiology of the Breast

In order to understand breast cancer, it helps to have some basic knowledge about the
normal structure of the breast, shown in Figure 2.1. The female breast is mostly consti-
tuted by fibrous, glandular and fatty (adipose) tissue. As women become older, adipose
tissue gradually replaces glandular tissue, decreasing the mammographic density [55].
The fibrous and glandular tissues are structured into ducts and lobules, which are sur-
rounded by fat. Additionally, within the adipose tissue is a network of nerves, lymph
vessels, lymph nodes, and blood vessels.

The lymphatic system is a network of lymphatic vessels and lymph nodes running
throughout the entire body. Lymph nodes are bean-shaped collections [56] of immune
system cells that are connected by lymphatic vessels. Clusters of lymph nodes are fixed
in areas throughout the lymphatic system. Lymphatic vessels carry a clear fluid called

lymph away from the breast, acting as filters. Lymph contains tissue fluid and waste

5



2. BACKGROUND 2.2. Breast Cancer Imaging

-

Lymph //\/ -

nodes Lymph
vessels

Figure 2.1: Anatomy of the female breast [54].

products, as well as immune system cells [56]. Most lymphatic vessels in the breast con-
nect to lymph nodes under the arm (axillary nodes), being the first place a breast cancer
will spread to. The understansing of the lymphatic system is therefore essential since
breast cancer cells can enter lymphatic vessels and begin to grow in lymph nodes.

2.1.2 Breast Cancer

There are different types of breast cancer, being the most common those that affect the
ducts or lobules (Figure 2.1). They can be in situ, within the terminal duct lobular unit
and adjacent ducts, or invasive, when they penetrate the basement membrane [57]. The
earliest form of breast cancer is Ductal Carcinoma In Situ (DCIS) [58], in which the can-
cer cells are confined to the breast ducts; Lobular Carcinoma In Situ (LCIS) is when it is
confined to the lobules. Both DCIS and LCIS can degenerate into invasive carcinoma,
also known as Invasive Ductal Carcinoma (IDC) and Invasive Lobular Carcinoma (ILC),
respectively, in which IDC is the most common type of invasive breast cancer (approxi-
mately 75% [57]).

When a carcinoma is found in the breast there is a need to verify how far the cancer
has spread. In order to do that, a sentinel lymph node biopsy can be performed, detecting
if and which lymph nodes are cancerous.

2.2 Breast Cancer Imaging

There are two main diagnostic pathways [57]: screening and symptomatic. Breast screen-
ing will be covered in this section.



2. BACKGROUND 2.2. Breast Cancer Imaging

The current gold-standard for medical imaging of breast cancer [36] is the X-ray mam-
mography despite its well-known limitations. However, due to the different types of
cancer, each imaging technique presents a different ability of detecting tumours. Besides
X-ray mammography, breast ultrasound and Magnetic Resonance Imaging (MRI) are also
established diagnostic techniques.

Breast ultrasound is mainly used in follow-up examination when suspicious masses
are initially detected with X-ray mammography — has the capacity of distinguishing tu-
mours from cystic masses (fluid in nature and almost always benign) — and also for ex-
amination of a palpable breast mass in pregnant women and in women with dense breast
tissue (usually younger females) [59]. Ultrasound is a low-cost non-ionising technique,
but is a difficult technique to detect and characterise smaller tumours (due to image res-
olution), produces very noisy images, depends on the skills of the operator, and do not
allow an accurate differentiation between benign and malign pathologies [60].

MRI is well-known for its high contrast and spatial resolution. Nevertheless, the false-
positive rates can be a significant problem while interpreting a breast MRI [61]. The use
of intravenous contrast, the actual lack of commercially available biopsy systems and its
costs, are also some drawbacks of MRI.

Additionally, other techniques have also been investigated for breast imaging, such
as scintimammography and Positron Emission Tomography (PET), both nuclear imaging
modalities [62] that provide useful complementary information. However, since both
these techniques are tuned for whole body imaging, they lack in the detection of small
lesions in the breast.

Newer techniques that are now under investigation for breast imaging, where the
tests are in the earliest stages of research, include optical imaging [63], [64], positron
emission mammography [65]-[67] and microwave imaging [68]-[70].

The current limitations of the breast cancer imaging techniques led to the emergence

of a new interest in research on breast tomosynthesis, being this a promising technique.

2.2.1 Breast Tomosynthesis

Systems for Digital Breast Tomosynthesis (DBT), commonly called 3D mammography,
are now being used for clinical work in several parts of the world, including the United
States, Canada, Asia and Europe [71]. Particularly, in Portugal seven systems for DBT are
installed in some hospitals (e.g. Instituto Portugués de Oncologia de Lisboa and Hospital
da Luz), three from Siemens®? and four from Hologic®3. DBT is a new emerging tech-
nique that was in 2011 approved by the United States FDA [44], besides being available
for clinical use in several other countries since 2009 [72].

DBT is a method that performs 3D X-ray mammography at doses similar to conven-
tional X-ray mammography, being the total radiation dose per acquisition approximately

2Sjemens is a registered trademark of Siemens AG.
3Hologic is a trademark of Hologic, Inc., in the United States and other countries.
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Figure 2.2: Basic principles of breast tomosynthesis. Image data are acquired from var-
ious angles as the X-ray tube moves according to the (a) step-and-shoot method or the
(b) continuous exposure method. (c) Image data acquired from different angles. Fur-
ther, these images are reconstructed to provide a 3D image of the breast where the two
overlapping structures would be located in different planes. Adapted from [42].

twice the current dose per exposure of Digital Mammography (DM) [43], [73]. DBT ac-
quisition is similar to conventional mammography with regard to breast positioning and
compression; the difference is that the X-ray tube arcs over the breast taking multiple
low-dose exposures (typically 9-25 [74]) that last several seconds (ranging from 4 to 25
seconds [74]) (Figure 2.2). This motion can be continuous (pulsed short exposures during
continuous motion of the X-ray source) or performed with the step-and-shot method (one
exposure at each position of the tube between movements). The all set of projections is
then reconstructed by a computer algorithm, obtaining a 3D image of the breast on which
one can analyse sections that usually have a thickness of one millimetre. In this way, it is
possible to eliminate the biggest problem of X-ray mammography: the overlap of differ-
ent structures [75]-[78]. With X-ray mammography small breast cancers may be hidden,

resulting in a false-negative result (Figure 2.3) [37]-[39], or normal structures can blend
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Figure 2.3: Tissue overlap in X-ray mammography (2D), which hides pathologies (pink
lesion). With digital breast tomosynthesis (3D), the cross-sectional slices make the lesion
less likely to be obscured [72].

together giving the appearance of pathology, resulting in a false-positive reading [40],
[41] that leads to unnecessary recalls and biopsies. The overlapping occurs because the
signal detected at a location on the detector is dependent upon the total attenuation of all
the tissue between the detector and the X-ray beam. The attenuation can be represented
by the Beer-Lambert law:

IIO =e M (2.1)
where [ is the measured intensity, y the incident intensity, x the thickness of the material
the beam travels through and x the linear attenuation coefficient, which is higher for
denser tissues.

Early findings mention that DBT may replace X-ray mammography as the standard
tool for screening [71] because of its improved effectiveness (sensitivity and specificity).
DBT might be the greatest technological milestone in the field of breast diagnosis by
mammography, since the invention of mammography. In particular, DBT may offer the
following potential clinical benefits:

e Improved cancer detection (elimination of overlapping tissues) [79]-[81];
e Reduced recalls (fewer biopsies) [80]-[82];

e Less painful compression [83], [84];

o Clearer images [43], [47], [82], [85];

e Faster review and tissue localization (biopsy methods) [86]-[88];

e Improved radiologist confidence [89].

Despite its many advantages, DBT has limitations that should be taken into account.
Potential disadvantages of DBT include: large number of reconstructed images to anal-
yse per patient, no significant value is added in interpreting lesions that are well demon-

strated with X-ray mammography, dense tissue within the plane of interest has the same
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limiting effect as with X-ray mammography, additional radiation exposure if used as ad-
junct to X-ray mammography, image artefacts and the fact that the appearances of the
parenchyma and normal structures on DBT images may vary from those on X-ray mam-
mography. For this reason it is suggested [42] for radiologists to have additional training

in order to interpret DBT images.

Nowadays, DBT still has several areas for improvement, including the distribution
of radiation dose among the projections, the reconstruction algorithm, image processing
and the overall user interface. The dose reduction from current levels is a potential benefit

that is worth pursuing since it can facilitate the acceptance of tomosynthesis.

2.3 Image Reconstruction in Tomosynthesis

In DBT, as with Computed Tomography (CT), a 3D image is created from a sequence of
projection views using reconstructed algorithms. This is an extremely challenging task
since the image data are inherently incomplete, mainly with DBT — lower number of
projections and limited angle in which the DBT system arcs around the breast.

Mathematically, the reconstruction problem can be thought of as an undetermined
linear system. In fact, it is an inverse problem in which one uses the results from the
projections to infer the value of the attenuation coefficient of each of the voxels in the 3D
image — there will not be a unique solution (even with ideal data). The voxels determine
how that portion of the image affects the X-ray intensity. In linear imaging problems, the
following model is used:

Y=Ax+n (2.2)

where Y corresponds to the measured data, A is the system matrix which gives the data
measurement process in the image (geometric model of the transmission and detection
processes), x is the image to be estimated and 7 is the additive noise (in DBT it can be for
instance X-ray scatter and electronic noise), which is neglected in order to simplify the

problem. However, for DBT there is multiple projections, therefore:

Y; Ay
Y, | =14,z (2.3)
Yn]  LAN]

being N the total number of projections and n a single projection such that 1 < n < N.
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Furthermore, considering that each projection has I pixels and that x has J voxels:

aip - ayy occcoaigy| (21
yi oo Yoo yz]z 17 N I ¥ Zj (2.4)
lary - arj - ary] |2

where y; is the it pixel of Y;,, a;; is the system matrix value for the combination of the
pixel i and the voxel j and z; is the j'* voxel of x. Finally, for a pixel i of a single projec-

tion:

Yi = Zaijl'j (2.5)
J

In order to obtain the attenuation coefficient for each voxel j, it is important to take
into consideration the DBT system, the inhomogeneity of the breast and the Beer-Lambert

! J

for each projection, where: In (ITO)Z represents the X-ray beam attenuation in the direction

law (Equation 2.1), that is:

i, which is the direction defined by the focal point of the emission and the i’ bin of
the detector (from now on this direction will be called ray ¢, R;); 1; is the attenuation
coefficient in the voxel j and x;; represents the probability that a photon in R; has to be
absorbed in the voxel j. From Equation 2.6 it is possible to conclude that the attenuation
coefficient for a voxel j is not possible to identify with only one measurement, due to the
high number of unknown values in the equation. The attenuation coefficients can only be
separated with multiple projections. Through the assignment of gray levels to different
ranges of attenuation coefficients, the 3D gray-scale image can be produced, representing
the different structures in the breast with different X-ray attenuation characteristics.

Every image reconstruction algorithm should fulfil Equation 2.2. This equation can be
adapted to DBT by comparing Equation 2.5 with Equation 2.6: In ([—IO) _corresponds to y;;
_j Hjxij corresponds to . a;;x;, where pi; corresponds to x; and a:z; to a;;, depending
the system matrix only on the scanner’s geometry.

Reconstruction algorithms are a critical element for DBT as they affect the image qual-
ity. These algorithms can be divided, based on the mathematical approach, in two ma-
jor groups: iterative and analytical. The focus of this dissertation will be the iterative
algorithms, which can be classified as algebraic or statistical. In turn, statistical algo-
rithms can be approached as having two different types which depend on the nature of
the noise in the acquired data (the assumption of a Poisson distribution or the Gaussian
noise). Analytical algorithms are based on an idealized mathematical model for the data,

over-simplifying the physics inherent to the processes in DBT, which limits the accuracy
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of the reconstructed images. Several analytic algorithms have been employed in DBT,

including:

e Shift-And-Add (SAA) [90], [91] — algorithm based on shifting and adding projec-
tions to sharpen the plane focus. It is frequently used in DBT [73] due to its simplic-
ity and speed, being the initial idea for DBT image reconstructions [92]. However,
due to the characteristics of the reconstruction, a considerable amount of out of fo-
cus slice blur occurs. This algorithm has been modified by several research groups
(e.g. image stretching shift-and-add [93]).

e Filtered BackProjection (FBP) [94]-[96] — most used and common known algo-
rithm in medical image reconstruction [97]-[100], due to the fast execution time
and easy implementation. Despite its efficiency, FBP tends to yield conspicuous
artefacts [48], [99], [101]. Therefore, the limited number of projections in DBT makes
the reconstruction with FBP inexact. FBP performs better with wider angles [74],
[102].

Analytic algorithms present multiple problems that iterative algorithms can improve.
The fact that iterative algorithms include accurate physical and statistical models usu-
ally results as an improved image accuracy, which is an advantage upon analytical al-
gorithms that employ simplifications in the reconstruction model (e.g. unable to handle
scatter) [48]. However, since iterative algorithms frequently have to solve large sets of
nonlinear equations, they take much more time when compared to the analytical algo-
rithms [49]-[51], which explains the default clinical choice of analytical algorithms. Nev-
ertheless, with the recent improvements made in the computers” hardware field, iterative
reconstruction algorithms must now be considered in order to improve image quality
and, consequently, the diagnosis and treatment. In fact, with the rise of parallel com-
puting in the medical physics field, it is now possible to accelerate several processes that
could not be done a couple of years ago. Furthermore, by using iterative algorithms, the
reduction of radiation dose that is induced to patients in these exams becomes a possibil-
ity [52], [53], since these algorithms deal better with noise than the analytical ones.

Generally, every iterative image reconstruction algorithm can be explained using the
scheme presented in Figure 2.4 (being this scheme adapted to DBT). The reconstruction
process begins with an initial image estimate (Initizalization), 7{°), usually a constant. A
Forward Projection operation — to estimate each bin value from the linear attenuation co-
efficients stored in voxels — is then applied to the current "Estimated 3D Image", 7(*),
yielding a set of "Estimated Projections". After, a Comparison is completed between those
projections and the "Original X-ray projections” (Y’), obtaining "Projection Errors". Next,
with the process of Backprojection — to update voxels based on differences between esti-
mated and measured bin values — an "Errors Map" is obtained which is used to Update
z(¥), obtaining Z(*+1), In both the Forward Projection and the Backprojection processes, the

system matrix A is taken into account to model the radiation transmission and detection
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Figure 2.4: Schematic of iterative image reconstruction algorithm for DBT.

process for DBT. The method used for the calculation of A is independent of the algo-
rithm used — the same A can be used in all iterative algorithms. To sum up, iterative
algorithms in DBT can be seen as a step-by-step procedure to determine a 3D image 7 as
close as possible to the real attenuation coefficients that originated a certain set of X-ray
projections, Y. In Figure 2.4 each loop represents one iteration. Each step of the diagram
will be exposed in detail, for the relevant algorithms for this work, since it is essentially
here where they differ.

In iterative algorithms each successive estimation should converge to the solution of
the problem. However, due to the noise present in the "Original X-ray projections”, as the
iterative procedure proceeds, firstly the reconstruction converges to an image that can be
recognized and then diverges to noise [94]. Therefore, in order to obtain the best results,
it is important to know when to stop the iterations.

In this work, three different iterative algorithms will be implemented, one algebraic
algorithm, SART, and two statistical algorithms, ML-EM and OS-EM.

2.3.1 Simultaneous Algebraic Reconstruction Technique

The Simultaneous Algebraic Reconstruction Technique (SART) is a particular instance
of algebraic reconstruction methods. These methods pose the problem of reconstruction
from projections as a set of simultaneous equations — Equation 2.2 to 2.5. Multiple al-
gebraic algorithms have been proposed to solve this problem. The classical Algebraic
Reconstruction Technique (ART) [103] has fast convergence speed but will converge to a
least squares solution which can be very noisy for DBT. In order to improve ART, varia-
tions of its implementation have been proposed in which are included both the Simulta-
neous Iterative Reconstruction Technique (SIRT) [104] and the SART [105] methods. SIRT
resulted in good noise suppression but had slow convergence rates and the reconstruc-

tion could be overly smoothed [49]. SART was the chosen algebraic method because it
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combines the high convergence speed of ART with the noise suppression of SIRT, pro-
ducing a superior reconstruction result. Moreover, ART is not suitable for the GPU, since
each iteration only processes a single projection line.

For SART, an update is performed after all rays in one projection have been processed.
The update step is given by:

yi—zaij'ff
.. J S—
ezy a”< 2 ai )
~ 5 Yi€Yn ;
CL‘?+1 = :Uf A2 =" ! (2.7)
D, aij

where ) is known as the relaxation parameter and its value is chosen in order to maximize
Signal-to-Noise Ratio (SNR).

It is possible to relate Equation 2.7 to the scheme presented in Figure 2.4. By multiply-
ing the estimate resulting from the previous iteration by the system matrix, we are calcu-
lating the "Estimated Projections" (Forward Projection process). Further, these "Estimated
Projections" are compared with the "Original X-ray Projections" (Comparison process) by
subtraction. The next step consists in multiplying the difference obtained by the equiv-
alent system matrix element, performing the Backprojection operation. Finally, an Update
of the estimate from the previous iteration is performed by adding the correction factor
obtained from the Backprojection operation.

2.3.2 Maximum Likelihood - Expectation Maximization

In the Maximum Likelihood — Expectation Maximization (ML-EM) method it is assumed
that the measurements follow Poisson stratistics. The ML-EM formula for emission to-
mography [106] is given by:

" Y;

~k+1 J . 2 (2 8)
T = = E Qjj =7 .
! > aij =Y ay
i t

In [107] an algorithm for transmission tomography is proposed. However, an exact
analytical solution for this problem cannot be specified, being a mathematically more dif-
ticult problem than for emission tomography. Thus, and since the algorithm for emission
tomography has become much more popular than the one for transmission [108], [109],
we chose to focus our work on the emission tomography formulation.

Similarly to SART, Equation 2.8 of ML-EM can be related to the scheme presented in
Figure 2.4 in the following way: Forward Projection — ", a;;F; Comparison — dividing
Y; by the result from the Projection; Backprojection — the results of the Comparison are
summed and weighted by the system matrix elements; Update — multiplying the result
of the Backprojection by the estimation obtained from the previous iteration.

The ML-EM algorithm has two major limitations when applied: convergence speed

of the algorithm, which is very slow, and stability, since with noisy data the method
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will reach a convergence point that corresponds to a noisy solution. The latter problem
has two possible solutions: using a filter to the reconstructed image aiming to smooth the
solution, or stopping the algorithm before it reaches the convergence but while the image
is smooth.

2.3.3 Ordered Subsets — Expectation Maximization

In order to overcome the very slow convergence rate of ML-EM algorithm, it is possible to
group together multiple projections and update the attenuation coefficients based on each
one of the subsets. This is the principle underlying the Ordered Subsets — Expectation
Maximization (OS-EM) algorithm [110].

The equation that describes OS-EM iterative process is the following:

fgm _ Z aij Za (2.9)
ic Sn i 1E€ESy itd

being very similar to the Equation 2.8 of ML-EM with the difference that it is just applied
to a specific subset S,. Thus, each iteration of OS-EM is composed of n subiterations
leading the estimated image to be updated n times per iteration. This enables a faster

convergence speed but leads to the sooner appearance of significant noise.

2.4 Parallel Programming

Today, all computer architectures include multiple Central Processing Units (CPUs). In
order to take advantage of such architectures new programming techniques are needed,
sometimes associated with the scientific area of parallel programming. Parallel program-
ming aims to mimic the natural world in the sense that many complex events happen
at the same time. Thus, parallelism is a known and ubiquitous concept (e.g. in a house
construction several workers can perform separate tasks simultaneously). In medical
physics, many computing applications can be formulated as data-parallel tasks, which
can reduce the processing times. The move from sequential programming to parallel
programming has been a major change in the field of computer science.

Recently, the performance of a single-core processor has stopped obeying Moore’s
law [111] (i.e. stopped doubling the performance every 18 months) due to excessive
power dissipation at GHz clock rates. Therefore, the need to make complex algorithms
computationally feasible led to thinking about parallelism in computer programs and to
an increase in the number of cores. One of the aspects of this hardware evolution has
been the widespread use of what are called accelerators — devices that are normally in-
stalled in the system bus (PCI) and that perform intensive computations offloaded by the
main CPU(s). Accelerators can be custom built for a specific purpose and thus dedicate
silicon to special functions, making them particularly effective in the tasks they were de-

signed for. The most successful use of accelerators in recent years has been the use of
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GPUs for performing scientific calculations. Particularly, medical physics is increasingly
converting its algorithms to parallel computing architectures to exploit the capabilities
of the GPUs for practical processing times. Although there is some controversy about
this, it is generally believed that GPUs offer a better relationship performance/cost when
compared with conventional CPUs; the same applies to the relationship performance/-
consumption. Naturally, some problems remain, the most important being the difficulties
in programming GPUs, or more specifically the difficulty in achieving the performance
levels of the raw hardware. The use of GPUs in irregular problems (those that do not
conform to the data-parallel paradigm) is also an open question. Nevertheless, GPU
speed grows much faster (2.4 times/year) than the Moore’s law for CPU [112]. In fact,
NVIDIA [113] indicated that from 2008 to 2014 the number of university courses on GPU
computing increased from 60 to 738.

241 GPU

The GPU was originally designed for high-speed graphics, having emerged as a plat-
form for running massively parallel computing. In fact, the video game industry had
extreme importance in the fast-growing of GPUs [112], aiming to advance massive num-
ber of floating-point calculations. Thus, this hardware has the advantage of supporting
floating-point arithmetic which is an asset for processing medical physics data. Nowa-
days, GPU stands as a reference in medical physics, each time with more on-going re-
search such as in MRI [114], [115], ultrasound [116], [117] and CT [118], [119].

The reason of the large discrepancy in floating-point capability between the CPU and
the GPU lies in the differences in the design of the two types of processors. CPU is opti-
mized for sequential code performance, while GPU is specialized for compute-intensive,
highly parallel, multithreaded, manycore processor. Therefore, many applications exe-
cute sequential parts on the CPUs — when it is not possible to parallelize these portions
— and numerically intensive parts on the GPUs. In order to evaluate the maximum ex-
pected improvement to an overall system (speedup), the Amdahl’s law [120] provides a

theoretical upper limit on parallel speedup:

speedup = (2.10)

p

s n

where n is the number of processors that run the same portion of code, and r; and r,, the
ratio of the sequential and parallelized portions, respectively. By taking into account that
rs + 1, = 1 and considering n to tend to infinity, Equation 2.10 can be reduced to:

1
-7,

speedup = (2.11)

which shows that the higher the parallelization, the higher the speedup that can be achieved.

Thus, in order to reduce execution time of a real application, one should take into account
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that the time spent in the parallel portion should be the vast majority, reducing the com-
ponent 1 — 7, to the smallest possible value. However, Amdahl’s law assumes that there
are no costs for CPU-GPU communications, which in reality have an important impact
in the degradation of performance and must be taken into account.

Several Application Programming Interfaces (APIs) expose GPUs to the developer in
a C-like programming paradigm. These commonly used APIs include, among others,
NVIDIA CUDA and OpenCL™ software? [122]. CUDA was the API chosen to be used
in this dissertation, being currently the most popular GPU computing AP]I, released in
2007 by NVIDIA [123]. Nevertheless, all the concepts are rapidly applied to other APIs.
In fact, who are familiar with CUDA can pick up OpenCL relatively easy, due to the
similarity between the key concepts and features. Therefore, it is fair to compare OpenCL
with CUDA since both can be executed on NVIDIA GPUs. However, their goals are
rather different, CUDA is specific to NVIDIA GPUs (directly connected to the execution
platform) whereas OpenCL promises the key feature of portability (through its abstracted
memory and execution model). Moreover, being CUDA more mature than OpenCL, it
has been used and optimized more heavily. CUDA provides the best performance [124].
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Figure 2.5: Execution of a CUDA program, using a multidimensional example of a CUDA
grid organization. Adapted from [121].

*OpenCL is a trademark of Apple Inc. used under license to the Khronos Group Inc.
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24.2 CUDA

Compute Unified Device Architecture (CUDA) is a parallel computing architecture de-
veloped by NVIDIA which allows the programmer to use the C programming language
(besides the existence of other supported languages such as FORTRAN). CUDA pro-
vides, at its core, three key abstractions — a hierarchy of thread groups, shared memo-
ries, and barrier synchronization — that are simply exposed to the programmer as a set
of language extensions. Furthermore, CUDA has already reached scientists throughout
industry and academia [125].

The structure of a CUDA program reflects the coexistence in the computer of a host
(CPU), which executes the sequential code, and one or more devices (GPUs), responsible
for the execution of the parallelization (Figure 2.5). The host launches the kernel, a mul-
tithreaded program, in which the parallel task is executed. Kernels are like C functions
that instead of being executed once they are executed N times in parallel by N differ-
ent threads, which are grouped into a grid of blocks (thread hierarchy). There is a limit
number of threads per block and the thread blocks are required to execute independently
(must be possible to execute in an arbitrary order), which allows to boost the parallel
factor of the GPUs.

The CUDA memory model mimics the hierarchy of the threads, it coordinates the
memory access per-thread, per-block and per-grid, dividing the memory between grids,
and structuring the memory spaces (Figure 2.6). In this memory scheme, the global and

constant memory can be written and read by the host (i.e. the host has full access). Global

Grid

Block (0, 0) Block (0, 0)

=

Host

Figure 2.6: CUDA memory model. Adapted from [121].
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memory is randomly accessible for reading and writing by all threads in the application,
having the potential of traffic congestion (which prevents all but a few threads from mak-
ing progress). Shared memory is an efficient means for threads to cooperate by sharing
data and synchronizing their execution, coordinating memory accesses. Registers and
shared memory are located on the GPU chip and can be accessed at very high speed
in a highly parallel manner. However, global memory can store far more data and this
data persists beyond the lifetime of the kernels. Local memory is allocated to threads for
storing their private data. Each thread in this memory model can:

e Read/write per-thread registers.

e Read/write per-thread local memory.

Read /write per-block shared memory.

Read /write per-grid global memory.

e Read only per-grid constant memory.

In parallel programming, often all threads need to do their computation before pro-
cessing the next phase of their execution. This is known as barrier synchronization (Fig-
ure 2.7) — point in the program where all threads stop and wait; only when all threads
have reached the barrier, they can proceed. However, this ability to synchronize imposes
execution constraints. Furthermore, CUDA does not allow barrier synchronization for
threads in different blocks. In fact, this explains CUDA being able to execute blocks in
any order — none of them have to wait for each other.

In CUDA, conflicts can arise when the same memory location is attempted to be writ-
ten simultaneously by multiple threads. In such a case, only one thread succeeds in

Thread 0

Thread 1

Thread 2

Thread 3

Thread 4

[N

Thread N-3

Thread N-2

Thread N-1
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Figure 2.7: An example of barrier synchronization [121].
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the writing. In order to overcome this major issue, threads must use an atomic opera-
tion (operation that cannot be interrupted by concurrent operations). The GPU processes
conflicting atomic writes in a serial manner, avoiding data write problems.

An optimal performance with CUDA can only be achieved with a careful allocation of
compute and storage resources. A first priority should be to parallelize as much sequen-
tial code as possible. In order to minimize global memory access, GPU codes should use
shared memory (e.g. by grouping threads into blocks such that threads work on common
data). Constant memory can provide a faster access than global memory when memory
is only read. However, for many applications it is not possible to avoid the use of global
memory, being necessary to carefully coordinate memory accesses. Additionally, host-
device memory transfer should be minimized for high-performance computing.

One concern with parallel programming is the reliability of memory operations. Par-
ticularly, in medical physics, image reconstruction can be tampered due to errors intro-
duced while reading or writing memory and therefore should be dealt with caution.

2.4.3 State of the Art of Image Reconstruction using Parallel Programming

Several studies have already demonstrated the efficacy of the GPU implementation of
reconstruction algorithms. Iterative algorithms are computationally challenging, making
GPU acceleration a need. Analytical algorithms are fully parallel whereas the iterative
ones are essentially sequential. Thus, methods performing none or almost none com-
putation within each iteration should not be implemented on the GPUs — insufficient
parallel workload. This is the reason why;, for instance, ART is not suitable for GPU (each
iteration only processes a single projection line) but SART is. Besides SART, ML-EM
and OS-EM, several other iterative algorithms were also adapted to the GPU, including
the ordered-subsets convex algorithm [126], [127], and Total Variation (TV) reconstruc-
tion [128], [129]. In [130] the authors show that their implementation of both analytical
and iterative reconstructions in GPU for CT allow speed-ups of more than one order of
magnitude and the quality of the image is comparable. Further, the state of the art of the
relevant algorithms for this work is provided:

e SART. Keck et al. [131] implemented SART on the GPU using CUDA, obtaining a
higher speed-up than 64.

e ML-EM. ML-EM was already implemented for DBT by Goddard et al. [132] on a
GPU, in which they reported a 113-fold speed-up in processing time and verified
that the high image quality was maintained. In [133], Schaa et al. accelerated ML-
EM on multiple CUDA-enabled GPUs for DBT, reducing the execution time for
eight iterations to less than 20 seconds.

e OS-EM. Pratx et al. [134] implemented OS-EM with a GPU approach reconstructing
51 times faster than an equivalent CPU implementation and with no differences in
the image quality.
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Materials and Methods

The present chapter presents an overview of the main technical characteristics and the
followed methodology in this dissertation. Firstly, the DBT system that was used is de-
scribed in Section 3.1. Then, in Section 3.2 an IDL®® implementation already developed
within the group, which is the basis of this work, is exposed, particularly the system
matrix calculation that motivates the use of GPUs. In order to familiarize the reader
with CUDA programming concepts, Section 3.3 addresses this matter and provides the
advantages of using GPU-accelerated libraries and development tools. Finally, a new
DBT-based image reconstruction method is explained in Section 3.4.

3.1 DBT System

The DBT system used in this work was the Siemens MAMMOMAT Inspiration (Fig-
ure 3.1) installed in Hospital da Luz (Departamento de Imagiologia), Lisbon, Portugal.
The Siemens MAMMOMAT Inspiration system enables both the acquisition of DBT
and DM. In DBT, breast positioning and system operation do not change comparing to
the DM system, which enables radiologists to easily adapt to the system. For the DBT
acquisition, the X-ray tube arcs over the breast with an angular range of 50° (-25° to
+25°), the widest angle in the industry. It performs pulsed acquisition in the continuous
sweep, avoiding mechanical instabilities when compared to the step-and-shot method,
and obtains 25 projections — approximately 2° angle increment per image — on a sta-
tionary detector, each projection sizing 19.7 MB [136]. The radiation dose is equivalent
to two incidences of mammography. Currently, the DBT acquisition takes approximately

20s [137]. From the 25 projections it is then possible to reconstruct images 1 mm thick.

SIDLis a registered trademark of Exelis Visual Information Solutions.
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siew

MAMMOMAT Inspiration

Figure 3.1: Siemens MAMMOMAT Inspiration [135].

The analytical reconstruction algorithms that are used in this system — FBP — take ap-
proximately 60s to reconstruct the 3D image, with a total file size of 2.1 GB for 60 mm
thickness [136].

The exact geometry of the DBT system while performing the exam is essential for the
reconstruction — Figure 3.2. Thus, the exact angle of each projection is measured on-
line during the scan to be used in the reconstruction algorithm. The rotation center is
4.7 cm above the detector surface and the distance between the X-ray tube and the axis
of rotation is 62.5cm. The detector is an amorphous selenium flat panel with an array
of 2816 x 3584 bins in which each bin has 85pm x 85um, rendering an active area of
approximately 24 cm x 30 cm.

This work uses the projections of a DBT examination of a 60 mm compressed breast.
The 3D reconstructed image is intended to be 1mm thick, thus the number of slices,
Nslices, is 60. The Field Of View (FOV) is defined as the volume irradiated by the X-ray
source and its dimension is given by:

Detector pim, x Detector pim, X NSlices = 2816 x 3584 x 60 (3.1)

resulting in 605,552,640 voxels. Due to memory constraints, this is not the amount of
voxels used in this work. This matter will be addressed in Section 3.4.
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Figure 3.2: Diagram of the Siemens MAMMOMAT Inspiration system performing DBT.
An X-ray source covers a 50° arc (-25° to +25°, 0) emitting low-dose X-rays at 25 locations
(in this image is only presented 15 locations for simplicity). Twenty five corresponding
projections are acquired by the detector. The most relevant dimensions of the system are:
65.5 cm between the X-ray tube in the initial state (when 6§ = 0°) and the breast support
table, 3 cm between the axis of rotation and the breast support table and 1.7 cm between
the breast support table and the detector. The compressed breast in this work is 6 cm and
it is related with the number of slices in the 3D reconstructed image (N slices). y focus and
z focus represent, respectively, the coordinates y and z of the detector, both depending on
6. Adapted from [133].

3.2 IDL Implementation

An implementation for the DBT image reconstruction made in IDL is the basis of this
work. IDL stands for Interactive Data Language and is a vectorized programming lan-
guage used for data analysis, in which it is possible to transform complex numerical data
into meaningful visualizations. IDL provides support for several operating systems, in-
cluding Microsoft® Windows ®°, Mac® 0OS X®7 and Linux®3. IDL is commonly used in
the field of medical imaging [138]-[142] as it is a simpler and therefore easier program-
ming language to be used by non-computer scientists when compared with, for example,
CUDA and C which are both lower-level programming languages. IDL development re-
quires the purchase of a license thus, the option to use GNU Data Language (GDL), a free
alternative, was also taken into consideration but discarded due to the fact that it does

®Microsoft and Windows are registered trademarks of Microsoft Corporation in the United States and
other countries.

"Mac and OS X are registered trademarks of Apple Inc., registered in the United States and other coun-
tries.

8Linux is a registered trademark of Linus Torvalds in the United States and other countries.

23



3. MATERIALS AND METHODS 3.2. IDL Implementation
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Figure 3.3: Schematic of the iterative image reconstruction algorithms for DBT applied to
the IDL implementation.

not have yet every needed functionality.

The already existent IDL implementation in the research group provides a DBT re-
construction with several algorithms: SART, ML-EM and OS-EM. The TV algorithm is
also available in the IDL implementation which can be used in combination with each
one of the other three as post-processing to minimize the noise. Every iterative algorithm
in this implementation is according to the scheme presented in Figure 3.3, in which the
system matrix is calculated on the fly due to memory constraints.

IDL’s high-level language prevents programmers to know the details of the internal
structures of a computer which can be an issue when one thinks about accelerating com-
putational processes. IDL lets programmers avoid several difficult elements of low-level
languages (e.g. memory management), but has the drawback to tend to run slower. In
fact, compiled languages like C and CUDA have several advantages over interactive lan-
guages, as compilers can often organize the object code so that it is optimized to execute
very quickly. In this work, a simple IDL application is not a viable solution since the im-
plementation of the DBT reconstruction requires optimisations that only lower-level lan-
guages allow. Multi-threading capability is available in IDL [143] to accelerate specific
numerical computations on machines with multiple processors (including binary and
unary operators, array manipulation and type conversion routines), which was tested in
this work for the already existent IDL implementation. However, when top-notch effi-
ciency is required, developers are turning to the use of GPUs (despite its difficulty).

As seen in Sub-section 2.4.1, two different APIs were considered (CUDA and OpenCL).
With IDL, there is other possibility called GPULib®? [144] which enables to access high
performance computing with minimal modifications to the existing IDL programs and
without required knowledge about GPU programming. This possibility was disregarded

GPULIib is a registered trademark of Tech-X Corporation.
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for two different reasons: cost and maladaptation between the GPULib computing model
and the algorithm used for the system matrix calculation. This led us to choose the most
popular option: CUDA.

Multiple parts of the DBT iterative reconstruction process (Figure 3.3) can be consid-

ered when thinking about parallelization, mainly:
1. The system matrix calculation.
2. The forward projection.
3. The backprojection.

In this work the calculation of the system matrix, detailed in the next Sub-section, is
parallelized using CUDA as it is the most computationally intensive part.

3.2.1 System Matrix Calculation

As noted in Section 2.3, the system matrix describes the geometric model of the transmis-
sion and detection processes being the very core of all iterative algorithms (regardless
if algebraic or statistical). The system matrix calculation is independent of the type of
iterative algorithm and depends only on the geometry of the DBT system.

B
Y, ©
3F X,
D X,
Y2
@
d; Ox
% 3
Yl' 9X,
(6] X,
YU
—®
OXO
X

Figure 3.4: Two-dimensional example on the zy plane of the ray driven approach. The
AB ray intersects the horizontal (filled circles) and vertical (open circles) lines. ds rep-
resents the 5 intersection length of the ray within the image — Euclidean distance be-
tween the points with z-coordinate X» and X3. The extension to three-dimensional is
straightforward.
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The calculation of the system matrix in the IDL implementation uses a ray driven
approach [145], [146]. This approach efficiently calculates the distances between inter-
sections by following the path of each ray through the volume. Without loss of gen-
erality, Figure 3.4 illustrates a two-dimensional example (zy plane) of a single ray path
with its intersections with the vertical and horizontal lines. An example of intersection

length is shown by dj, the 5"

intersection length of the ray within the image, which is
calculated through the Euclidean distance between the points with z-coordinate X5 and
X3. The generalization to three-dimensional is straightforward as the ray from point A

(A, Ay, A;) to point B (B,, By, B,) may be represented parametrically as
Y(a)=Ay+ a(By — Ay) (3.2)

where 0 < o < 1, being zero at point A and unity at point B.

The ray driven approach applied to the DBT system consists on drawing rays from
each detector’s bin i to the X-ray beam focus, determining the intersections of each ray
R; with the FOV (Figure 3.5). The intersection lengths are then calculated, which after
normalization represent the relative contribution of the voxels to the attenuation of the

corresponding ray. This means that, for a specific R;:
Z Ai5 = 1 (33)
J

where a;; is a system matrix element which gives the influence of the j!* voxel in the

X-ray Tube
\ 5 g

Ray ¢

Field Of View

|

|

Detector’s Bin 7

Figure 3.5: Illustration of a ray i (R;) from a detector bin i to the X-ray beam focus, illus-
trating that R; is attenuated only by voxels that are crossed by it (green voxels).
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it" ray. For each projection, a different system matrix is required so that it is possible to

reproject or update with the correct model.

In order to compute the intersections, it is necessary to solve Equation 3.2. For this
process several specific geometric considerations of the system must be considered, mainly
the position of each bin of the detector, point A, and the position of the X-ray source focus,
point B. A is calculated as follows:

Az = (ng +0.5) X xbinsize
Ay = (ny +0.5) x ybinsize (3.4)
A, = —17mm

in which xbinsize = ybinsize = 85um and n,, n, € N such that 0 < n, < Detectorpim,
and 0 < n, < Detectorpin, - Regarding to the calculation of B:

Detectorp; 2816
B, = w X xhinsize = 5 x 0.085 mm
= 119.68 mm
Detect ;
By = d; x sin(9) + w x ybinsize
3584 (3.5)

= 625 mm X sin(6) + —5 X 0.085 mm
= 625mm x sin(f) + 152.32 mm

B, = dy x cos(0) + da
= 625mm x cos(f) + 30 mm

y X-ray Tube
Compressed
Breast Compression
\ Paddle
5 Breast Compressed
> e Support Breast
Table
o | x
Detector’s Bin 1 Bins’ Row Detector
(@) (b)

Figure 3.6: Focus positions on (a) zy and (b) yz planes.
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where d; is the distance between the axis of rotation and the X-ray tube and d is the dis-
tance between the breast support table and the axis of rotation. B, is constant throughout
the DBT acquisition which implies geometrical symmetry (Figure 3.6). Thus, there is no
need to calculate the system matrix on the right-half of the z-dimension. Therefore, every
ray drawn from the bins with coordinates (B, £ Zpin, Ybin, 0) are processed equally.

With the calculation of A and B it is now possible to find the intersections of the
ray with the grid of voxels. Firstly, we assume that R; always intersects a given axis (z,
y or z) when a point of the ray is equal to a natural number times the bin size along
that direction. Secondly, for each intersection coordinate in an axis, the parameter « is
calculated which allows to determine the coordinates of the remaining two axis. For
instance, from Equation 3.2 for the intersections with the z-coordinate:

B X(a)— A,
T B, A,
V(o) = Ay + a(By — 4y) (3.6
Z(a)=A,+a(B, — A,)

being « first calculated, followed by Y («) and Z(«). Thirdly, the FOV dimensions are
considered in order to remove extra intersections that occur outside of the FOV — the
breast thickness to be reconstructed is much smaller than the detector to X-ray tube dis-
tance, which results in obtaining many ray intersections in planes above the reconstruc-
tion volume. Finally, the calculation of the Euclidean distances between consecutive in-
tersections is performed (/N intersections lead to N — 1 distances) and each distance is
attributed to its specific voxel. In order to identify the voxel coordinates to which a dis-
tance is associated, each ray is considered to be in the direction from the bin to the X-ray
tube and the coordinates from the exit intersection of the voxel is considered. The ray

. . o<— % X_—>° O O
%
x* X
21\ I .
I S : x—
*x xi
X/ L] L] .\Z
Z Z |_
X y

(@) (b)
Figure 3.7: Matching of the intersection points of a ray and the voxels on the (a) zz plane

(which has always a positive slope) and (b) yz plane (which in this case has a negative
slope).
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slope can be either positive or negative and the voxel coordinates are calculated differ-

ently. If:

e positive — voxel coordinates are obtained by subtracting 1 from intersection co-
ordinates anytime the latter is multiple of the bin size and by rounding otherwise
(Figure 3.7 (a));

e negative — all intersection coordinates are rounded (Figure 3.7 (b)).

Based on the fact that there is only need to consider the rays on the right-half of the z-
dimension, all the considered rays have a positive slope in 2z plane. In the yz plane the

ray slope can be both positive and negative.

3.3 Fundamentals of CUDA Programming

The system matrix calculation can be parallelized by distributing the rays between avail-
able threads. Therefore, basic concepts regarding CUDA programming are presented in
this section so the reader can better understand the proposed method to reconstruct DBT
images (Section 3.4).

The main concepts behind CUDA programming are introduced by outlining how
they are exposed in C. As presented in Sub-section 2.4.2, a kernel is a C function that,
when called, is executed N times in parallel by N different CUDA threads, as opposed to
only once like regular C functions. A kernel function (kernel_name) runs on the device

and is defined using the __global__ declaration as:
__global__ void kernel_name (arguments_declaration)

To invoke a kernel one must specify, besides the arguments as done in a C-function,
the number of thread blocks (number_blocks) and the number of threads per block
(number_threads) to be executed:

kernel_name<<<number_blocks, number_threads>>> (arguments);

in which both variables number_blocks and number_threads can be of type int or
dim3. The total number of threads is equal to: number_blocks X number_threads.
Each thread that executes the kernel has a unique combination of thread ID and block
ID that is accessible, within the kernel, through the built-in variables threadIdx and
blockID, respectively. Both these variables are 3-component vectors, so that each one
can be identified using a one-dimensional, two-dimensional, or three-dimensional index.
The dimension of threads in a block is accessible within the kernel through the built-in
blockDim variable and the dimension of blocks in a grid by gridbDim, which are both
also 3-component vectors.

CUDA memory constraints must be taken into consideration while programming to

enhance the execution times. A relevant constraint addressed in this work is the limited
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3. MATERIALS AND METHODS 3.3. Fundamentals of CUDA Programming

number of threads per block — current GPUs may contain up to 1024 threads in a thread
block. The reason for this is that every thread in a block resides on the same processor
core to cooperate between each other by making use of that core’s limited memory re-
sources. However, for threads within a block to share data they must coordinate their
memory access by synchronization — one can specify synchronization points in the ker-
nel with the function __syncthreads ().

As seen in Table 3.1, CUDA uses the C-functions to allocate memory and free it on the
host, but in the device instead of usingmalloc () and free (), uses cudaMalloc () and
cudaFree (), respectively. While malloc () returns a pointer to the allocated object,
cudaMalloc () writes to the pointer variable of which the address is given as the first
parameter, having two parameters and a return value to report errors. In order to transfer
data from host memory to device memory and vice-versa, cudaMemcpy () is typically
used — similar to the C-function memcpy but with the extra argument of the type of
transfer (usually cudaMemcpyHostToDevice or cudaMemcpyDeviceToHost), which
specifies the direction of the copy.

Table 3.1: Functions used on the host and device to allocate and free memory in CUDA.

Host (CPU) Device (GPU)

Allocate memory malloc() cudaMalloc ()
Free memory free () cudaFree ()

For a better understanding of the major differences between C and CUDA program-
ming, a simple problem of vector addition is solved using these two languages (List-
ings 3.1 and 3.2). The problem is the following: given A and B, two float vectors of

dimension n, perform one pair-wise addition and save it on C, another float vector.

Listing 3.1: Vector Addition — C Code.

void vecAdd (float* A, floatx B, floatx C, int n) {

int i;
for (i = 0; 1 < n; i++)
C[i] = A[i] + BI[i]
}
int main() {
int n = ...; // size of the vectors

size_t size = n » sizeof (float);
// Allocate input vectors h_A and h_B and output vector h _C
floatx h_A = (floatx)malloc (size);
float* h_B (float*)malloc (size);
floatx h.C = (floatx)malloc (size);

// Initialize input vectors
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3. MATERIALS AND METHODS 3.3. Fundamentals of CUDA Programming

vecAdd (h_A, h_B, h_C, n);

// Free host memory
free(h_A);
free (h_B);
free(h_C);

Listing 3.2: Vector Addition — CUDA Code.

// Device code

// Each thread performs one pair-wise addition

__global___ void vecAdd(floatx A, float+ B, floatx C, int n) {
int i = blockDim.x * blockIdx.x + threadIdx.x;
if (i < n)

Clil = A[i] + B[i];

// Host code
int main () {
int n = ...; // size of the vectors

size_t size = n x» sizeof (float);

// Allocate input vectors h_A and h_B and output vector h_C in host memory
float+ h_A = (floatx)malloc(size);
floatx h.B = (floatx)malloc (size);
floatx h_.C = (floatx)malloc (size);

// Initialize input vectors (in the host)

// Allocate vectors in device memory
floatx d_A;

cudaMalloc (&d_A, size);

floatx d_B;

cudaMalloc (&d_B, size);

float+ d_C;

cudaMalloc (&d_C, size);

// Copy vectors from host memory to device memory
cudaMemcpy (d_A, h_A, size, cudaMemcpyHostToDevice);

cudaMemcpy (d_B, h_B, size, cudaMemcpyHostToDevice);

// Invoke kernel

// This makes sure that there are enough threads to cover all elements
// Run ceil (n/256.0) blocks of 256 threads each

dim3 DimGrid(ceil (n/256.0),1,1);

dim3 DimBlock (256,1,1);

vecAdd<<<DimGrid,DimBlock>>>(d_A, d_B, d_C, n);

// Copy result from device memory to host memory

31




42

43

44

45

46

47

48

49

50

51

52

53
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cudaMemcpy (h_C, d_C, size, cudaMemcpyDeviceToHost);

// Free device memory
cudaFree (d_A);
cudaFree (d_B) ;
cudaFree (d_C);

// Free host memory
free(h_A);
free (h_B);
free(h_C);

}

These two different solutions for this simple problem illustrate several differences be-
tween C and CUDA programming. From these differences one can reason how parallel
programming with CUDA can easily become a very hard tool to solve a complex prob-
lem. To help with this task, several GPU-accelerated libraries and development tools are
included in the NVIDIA CUDA Toolkit.

3.3.1 GPU-Accelerated Libraries

The CUDA Toolkit includes the following GPU-accelerated libraries:

e cuFFT — Fourier transforms;
e cuBLAS — Complete BLAS (Basic Linear Algebra Subroutines) library;

e cuSPARSE — Sparse matrix library (a sparse matrix is a matrix in which most ele-

ments are zero);
¢ cuRAND — Random number generator;
e NPP — Primitives for image & signal processing;
o Thrust — Templated parallel algorithms & data structures;

e CUDA Math Library — High performance math routines.

Several other GPU-accelerated libraries are available online and can be easily incor-
porated in a CUDA program by just calling the library function. For an extensive list of
libraries available today refer to [147].

The most relevant libraries that one can think of for the DBT image reconstruction
problem are: cuBLAS, cuSPARSE, NPP and Thrust. NPP is discarded for the system
matrix calculation besides being a possible candidate to be used in processing the recon-
structed images. cuSPARSE is also rejected since in the IDL implementation of the system
matrix calculation the resulting matrices” elements are mostly non-zero. Both cuBLAS
and Thrust were the most adequate. However, Thrust presents more appropriate func-
tions (which will be presented next) that were essential for this work, being therefore the
selected CUDA library.
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3.3.1.1 Thrust

Thrust [121] is a C++ template library for CUDA based on the Standard Template Library
(STL) [148]. GPU-accelerated sort, scan, transform and reduction operations are some
of the functionalities that can be used through this library. In order to use Thrust in
a CUDA program it is necessary to have some concepts first, such as containers and
iterators. Thrust provides two containers, host_vector (stored in host memory) and
device_vector (stored in device memory), and each container has a pair of iterators,

begin () and end () . For instance, having:
thrust::device_vector<int> d_vec (4);
it is possible to access the iterator begin () by:
d_vec.begin();

which returns the iterator at first element of d_vec. The end () would return an iterator
one past the last element. For the mentioned example, the pair of iterators defines a
sequence of 4 elements, acting like pointers that provide means to access the data stored
in the containers. Several other specific iterators are used in Thrust, being one of the
most relevant for this work the zip_iterator which takes multiple input sequences
and yields a sequence of tuples.

The implementation of several algorithms in parallel are much harder comparing to
the sequential implementation, such as sorting, stream compaction (also known as stream
reduction) and a simple sum of every element in an array, which can be seen in parallel
programming as a reduction operation. Thrust is a library of generic functions (indepen-

dent of any particular type) that provides many of the standard algorithms:
e Transformations — apply an operation to each element in a set of input ranges;

e Reductions — use a binary operation to reduce an input sequence to a single value
(e.g. a sum of an array of numbers is obtained by reducing the array through a plus

operation);

e Prefix Sums — also known as scan operations or cumulative sum of a sequence of

numbers;

e Reordering — supports for partitioning and stream compaction through several

algorithms including copy_if, remove_if and unique;
e Sorting — sorts data or rearranges data according to a given criterion.

All these algorithms from Thrust have implementations for both the host and the device.
Moreover, these functions are optimized in such a way that the programmer does not
have to define the number of thread blocks and threads per block to be used in each

function.
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The system matrix calculation benefits from most of the Thrust algorithms. Partic-
ularly, reordering algorithms, which were necessary in this work to remove the inter-
sections out of the FOV and the zero elements through remove_copy_if, and sorting
algorithms, which were indispensable to sort the bins with the intersections before com-
puting the distances through sort_by_key. For simplicity reasons, two brief examples
concerning the remove_copy_if (Listing 3.3) and sort_by_key (Listing 3.4) functions
are presented next:

Listing 3.3: remove_copy_if —

Thrust function example. Listing 3.4: sort_by_key — Thrust
const int n - 4; function example.

int v[n] = {-2, 0, 1, 4}; const int n = 4;

int s[n] = { 0, 1, 0, 1}; int keys[nl = {1, 4,2, 71};
int result[2]; char values[n] = {'a’,’'b’,"'c’","f"};

thrust::remove_copy_if(v, v + n, s,
result, thrust::identity<int>());

// v remains (-2, 0, 1, 4}

// result is now {-2, 1}

thrust::sort_by_key(keys, keys + n,

values, thrust::greater<int>());
// keys 1is now {7, 4, 2, 1}
// values is now {’f’,’b’,’c’,’a’}

R S B IOV ST

The applications of these functions for the system matrix calculation are much more chal-
lenging since it is necessary to make use of more complex iterators, such as the type
zip_iterator, and to create new specific operators which are more complex than the
predefined thrust operators identity<T> and greater<T>, as seen in the above ex-
amples. The operators that are necessary for this work have to be manually programmed
in order to compute exactly what is expected from the system matrix calculation.

3.3.2 Development Tools

The CUDA Toolkit includes the following development tools: Nsight integrated devel-
opment environment, Visual Profiler, CUDA-GDB command line debugger and CUDA-
MEMCHECK memory analyzer.

Nsight has two different editions: Visual Studio Edition and Eclipse Edition. The
latter is part of the CUDA Toolkit Installer for Linux and Mac and was the tool explored
in this dissertation due to the use of computers with Linux. The main functionalities that
were exploited were the:

e debugger

debugs code running on the host and on the device simultaneously;

visualizes the variables of a program across multiple threads;

maps the kernels and examines the state of the execution;

sets breakpoints and executes single-step instructions;

detects memory access errors as it includes CUDA-MEMCHECK.
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e profiler

— accurately locates optimization opportunities;
— pinpoints potential performance problems within kernels.

A GPU that is running on Linux X Window System™ (X11TM)10

, a windowing sys-
tem for bitmap displays, cannot be used to debug a CUDA application, which means
that the GPU must be exclusively used for debugging purposes. As the computers in
this work contain a single GPU, the proposed solution is to remotely access the system
through Secure Shell (SSH), a protocol for securely getting access to a remote computer.
Another way to debug is by printing computed data through the bash command line. In
this case, since it is not possible to print data directly from the GPU, it is always neces-
sary to transfer it back to the host and then print it to the command line (as it is done with
a C program). In this method it is also possible to use CUDA-MEMCHECK simply by
passing the application’s name as a parameter to CUDA-MEMCHECK on the command

line, as shown next:
cuda_memcheck ./application_name.out

A GPU that is running X11 can still be used for profiling GPU applications. In fact,
the Nsight Profiler is an excellent tool to use after the program is running and producing
the expected results, delivering vital feedback for optimizing the application.

3.4 CUDA Integration in IDL

This dissertation proposes the development of a fast DBT-based image reconstruction
method that includes the best attributes of the CPU and the GPU, where the latter is
used in the most computationally expensive parts. Thus, a heterogeneous CPU+GPU
configuration is used where each part of the computation is allocated to the most suit-
able processor. In 2012, Sharma et al. [149] developed hybridMANTIS, a Monte Carlo
package, using a similar approach. They used a CPU-GPU technique with C+CUDA and
were able to successfully reduce in hours the program execution, comparing to a CPU-
implementation, by running parts in parallel.

Integration of CUDA in IDL (Figure 3.8) allows an incremental approach, replacing
sequential parts of the computation by parallelized ones, as soon as available. This dis-
sertation focuses in integrating the system matrix calculation completed on the GPU in
the IDL implementation. The greatest advantage of this method is that the quality of re-
sults can be assessed by comparison with pure-IDL implementation. To the best of the

author’s knowledge this area of work has never been attempted before.

10X Window System and X11 are trademarks of The X.Org Foundation.
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Figure 3.8: Execution of an IDL program invoking CUDA and using a multidimensional
example of a CUDA grid organization.
3.4.1 Hardware & Software

The hardware used in this work is detailed in Tables 3.2 and 3.3. The devices of the
two systems are both CUDA-enabled GPUs [150]. For more information concerning the

devices’ specifications refer to [151], [152].

Table 3.2: Systems used in this work.

System 1 System 2
Operating System CentOS 6.5
CPU Intel Xeon E5530 (4x 2.40 GHz) Intel Xeon W3505 (2x 2.53 GHz)
Main Memory 11.6 GB 23.4GB
GPU Quadro FX 3800 Quadro 600
Device Drivers 331.62

Table 3.3: Devices used in this work.

Quadro FX 3800 Quadro 600

CUDA Cores 192 96
Memory Bandwith (GB/s) 51.2 25.6
Memory (GB) 1

Compute Capability 1.3 2.1
Microarchitecture Tesla Fermi
Maximum Power Consumption (W) 108 40
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In this dissertation the 6.0 CUDA Toolkit version was used, in which the Thrust ver-
sion 1.7.0 and a compiler for NVIDIA GPUs known as NVCC, which stands for NVIDIA’s
CUDA Compiler, are included. The IDL Version that was used was the 8.2.2 for System
1 and 8.0 for System 2. In order to visualize and study each reconstructed image, Quasi-
Manager was used, an image visualization and data analysis software developed within
the group.

In order to guarantee accurate execution time measurements, all the computer pro-
cesses alien to the reconstruction process were kept to a minimum. Otherwise, the recon-

struction times would increase.

3.4.2 CUDA Code

The implementation of the system matrix calculation needs to thoroughly address two

major questions:
1. How to handle the huge amount of data regarding memory resources?
2. How to set its elements?

As stated in Sub-section 2.4.1, GPUs are specialized for intensive computation. How-
ever, their memory is quite limited. In fact, in this work the GPUs that were used only
had 1 GB of memory each, leading to some memory constraints. In the medical imaging
field 1 GB is far from enough to contain all the necessary data for image reconstruction
due to the detectors” high resolution.

For the system matrix calculation of a single projection, it is necessary to have in
memory a matrix that corresponds to the estimation of the attenuation coefficients of the
object, sizing the dimension of the FOV (Detector pim, x Detector pim, X NSlices) times
sizeof (float), being sizeof (float) the dimension of a f1oat variable which in
memory corresponds to 4 bytes. Therefore, the size of this matrix can achieve approxi-
mately 2.26 GB (2816 x 3584 x 60 x 4 bytes = 2,422,210, 560 bytes). Note that this memory
allocation is related to the system matrix for a single projection. For the simultaneous cal-
culation of the 25 projections with this system matrix calculation approach it would be
necessary to have more than 56 GB available, which is not viable as there are currently no
commercially available GPUs close to this amount of memory. For the CUDA code, ex-
tra memory allocation is needed due to the use of the sort_by_key function of Thrust.
However, even the 2.26 GB necessary memory allocation is more than twice the avail-
able 1 GB in each GPU, which is a matter that needs to be dealt with caution in order to

successfully transfer data to the device.

The CUDA code implementation of the system matrix calculation copes with a single
group of bins in order to address the memory limitations. This group possesses 88 x 56

bins, which means that it is necessary to compute multiple groups of bins in order to
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achieve a complete system matrix for a single projection (2816 x 3584 bins). The maxi-
mum space that every step of the calculation could occupy was considered in the calcu-
lation of the GPU memory occupation. The general idea of the CUDA code is as follows:
the determination of the intersections is parallelized by distributing the rays between
available threads; for the calculation of the distances between intersections, each thread

is responsible to calculate a distance between intersection n and n + 1.

The code was implemented in order to allow its incorporation within the pure-IDL
program. Due to the length of the CUDA code, this sub-section does not intend to explain
in depth how the program works. Instead, for a more detailed view of the program, a
pseudocode (Listing 3.5) is presented which covers the key stages of the entire code.

Listing 3.5: Pseudocode of the CUDA code for the system matrix calculation.

// This code takes care of a single group of 88#56 detector bins (x*y)
foreach thread // Obtain the intersections, where each thread is associated
— with a single bin (x, y) = (thread ID_ x, thread ID_y)
// Considering Slopevector = B-A in Equation 3.2

Slopevectorx = xfocus - (thread ID_x+0.5)xxbinzise
Slopevectory = yfocus - (thread_ID_y+0.5)*ybinzise
Slopevectorz = zfocus - (distance_from_breast_support_table_to_detector)

// Determine ray xx intersections
foreach x_integer (thread_ID_x+1 -> detector_dim_x/2)
// Solve Equation 3.6
x = x_integer * xbinsize
alpha = (x - (thread_ID_x+0.5)xxbinsize) / Slopvectorx
// Determine corresponding y and z
y = (thread_ID_y+0.5)*ybinsize + alphaxSlopevectory

z = distance_from_breast_support_table_to_detector + alphaxSlopevectorz

Add the coordinates of the intersections (x, y and z) and the bin to an

< array (one array per coordinate)

Find ray yy intersections (analogous to xx intersections)

Find ray zz intersections (analogous to xx intersections)

// Deletes all intersections that occur outside the FOV
foreach intersection
if (x_intersection < 0 OR xX_intersection > detector_dim_x/2 OR
— y_intersection < 0 OR y_intersection > detector_dim_y OR
<3 z_intersection < 0 OR z_intersection > NSlices) // NSlices
< corresponds to the number of slices, in this work 60

Exclude intersection
Group the intersections obtained with different axis - put all the x

< coordinates into one array and do the same for y and z coordinates

Sort intersections using the x-coordinate and then by bin
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foreach thread // Calculate the distances, where each thread is responsible
— to calculate a distance between intersection n and n+l
// Calculate the Euclidean distance between each intersection:

distance = | |next_intersection - intersection] |

// From the intersections’ coordinates find the corresponding bin:

if (x_intersection == integer (x_intersection))
coordinate_voxel_x = x_intersection - 1
else
coordinate_voxel_x = floor (x_intersection)

Find coordinate_voxel_z (analogous to coordinate_voxel_x)
if (y_intersection < yfocus)
if (y_intersection == integer (y_intersection))

coordinate_voxel_y = y_intersection-1

else
coordinate_voxel_y = floor(y_intersection)
else
coordinate_voxel_y = floor(y_intersection)

// After these steps the system matrix 1is obtained, comprising 3 arrays:

— bins, voxels and distances

3.4.3 Invoke CUDA from IDL

IDL offers a few ways of interfacing with external programs. For this dissertation the
options CALL_EXTERNAL [153] and LINKIMAGE [154] were studied in order to invoke
CUDA from IDL. Despite LINKIMAGE being a more challenging and less simpler tech-
nique compared with CALL_EXTERNAL (in which developers do not need a broad under-
standing of IDL internals), it revealed to be a more resourceful method to link a CUDA
program with IDL. It has the advantage of routines written in this format behave like
built in IDL routines, requiring a separate LINKIMAGE call that must be done before any
of the routines. Thus, LINKIMAGE demonstrated to require a steep learning curve.

For the first contact with LINKIMAGE and how to integrate an external program with
IDL, the IDL-C interface [155] was explored by identifying the possibility to access and
create IDL variables within the C module. In order to accomplish this, several tests with
the C programming language started with simple programs while increasing their com-
plexity — from a simple variable passed from IDL to the C module (to be changed and
returned back to IDL), to complex matrices” operations to be completed in the C module
and the respective results returned to the IDL program. From this learning experience,

the key-aspects are:

e LINKIMAGE C modules must be compiled and linked before the IDL execution —
the C module has to include the location of the "export.h" header file in the compi-

lation step;

e every variable in IDL is in reality a C structure called IDL._VARIABLE;
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o the access of IDL variables must be done through a C pointer called IDL_VPTR, in
which the extracted values depend upon how it was created in IDL;

e in the data transfer between C and IDL one must consider that the representation
of a data type may be different (e.g. integers in IDL are short C integers).

The CUDA invocation from IDL is considerably similar to what is done between IDL
and the C programming language. The major difference is the compilation step, in which
with CUDA a different compiler, NVCC, is used. Before adapting the CUDA code for
the system matrix calculation to this scenario, several CUDA-IDL tests were performed.
One of the most relevant tests, was when a CUDA code received three vectors, where the
tirst two are filled with matrices” elements, and then computes on the last one a pair-wise

addition and returns it back to the IDL program.

The CUDA code responsible for the system matrix calculation was afterwards incor-
porated into the already existent pure-IDL implementation with several modifications in
both codes. In the IDL an external CUDA function call was included that is responsible
for transferring to the CUDA code the necessary information to compute the system ma-
trix calculation for a particular group of 88 x 56 detector bins. In turn, the CUDA code
suffered modifications in order to accommodate the IDL-variables and to transfer back
to IDL the computed part of the system matrix — voxels’ coordinates and respective dis-
tances. Then, IDL processes that data and, when finished, proceeds to the next group of
detector bins, repeating the same procedure several times until every bin in the left-half
of the z-dimension of the detector is addressed.

X-ray Tube Single Bin

13 14(

11|12V

9 | 10 //////%f///////% Haan

5 [6ge L | Ly X

yL 1 2::,,. y’ ‘ Voxels’
Coordinates
Group of ' ’ ! ; : ‘
Bins Distances’ ‘

o !

Figure 3.9: Illustration of how the data received in IDL from the CUDA code (the voxels’
coordinates and distances) are processed to organize it per bin.
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In order to process a group of 88 x 56 detector bins, the IDL receives the voxels’ coor-
dinates and respective distances from the CUDA code and applies the following instruc-
tions (Figure 3.9): check the z-coordinate of each two voxels and verify if they change
from 60 (the maximum z) to 0 (the minimum z); if so, the algorithm cuts between those
elements, grouping the voxels that correspond to the same bin. Finally, every voxel that
corresponds to a single-bin is processed with an iterative reconstruction algorithm, in the
same way as it would be done in the pure-IDL version. Note that this CUDA-IDL im-
plementation uses a scale factor in order to have faster reconstructions, being considered
that each bin possesses a dimension of 4, 8 or 16 times the original 0.085 mm. This scaling

results in a reduction of the computational resources involved.

3.4.4 Evaluation of the CUDA-IDL Implementation

In order to check the efficiency of the new CUDA-IDL implementation it is necessary to
assess the quality of the results. To compare the overall results arising from the CUDA-
IDL implementation and the pure-IDL implementation, two different metrics were con-
sidered: the Normalized Mean Error (NME) [156] and the speedup.

NME measures the difference between two images and is defined as the sum, for all
the voxels in the image, of the absolute difference between the image voxel j obtained
with the CUDA-IDL implementation (P;) and the corresponding voxel in the image ob-
tained with the pure-IDL implementation (O;), normalized to the sum of all O;:

S|P, - 0y

NME="21 _ (3.7)
2. 0;
J

In this work NME is calculated with MATLAB®1!! R2013b (version 8.2).
The speedup is calculated through the ratio of the computation time needed to com-

plete reconstruction in both implementations:

timepure—IDL
timecupA—IDL

speedup = (3.8)

UMATLAB is a registered trademark of The MathWorks, Inc.
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Results and Discussion

This chapter is intended to present the relevant results of this work, which aims to ac-
celerate the system matrix calculation process. First, in Section 4.1, a motivation for the
calculation of the system matrix using CUDA is given through the verification of how
computationally intensive is this calculation in the whole reconstruction process. Then,
Section 4.2 shows preliminary results of the CUDA integration in IDL using a single-
thread per kernel strategy. The chapter ends in Section 4.3 with the test of the full inte-

gration, which uses a multi-threaded scheme per kernel.

4.1 Expended Time in the System Matrix Calculation

The calculation of the system matrix is the most computationally intensive part of the
whole reconstruction process. In this section, the pure-IDL implementation was executed
to show how computationally intensive is the system matrix calculation. This test was
performed in two different systems (whose characteristics are presented in Table 3.2) for
SART, ML-EM and OS-EM iterative algorithms. Particularly, SART was performed with
a relaxation parameter, A, of 0.2, and OS-EM with four different subsets (with image up-
dates at the 6', 121, 181 and 25" projections). Three different bins’ scale factors were
also considered so that each bin corresponds to a dimension of 4, 8 or 16 times the orig-
inal 0.085mm. Scales of 2 and 1 (original size of the bin) were not tested because the
reconstruction would be very time-consuming. For each combination of system, algo-
rithm and scale, the procedure was repeated five times. The execution times of the full
reconstructions were recorded, as well as the time spent in the system matrix calculation
in each reconstruction. The average percentages of the entire computation of a single

iteration spent in the calculation of the system matrix are provided in Table 4.1.
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Table 4.1: Percentages of the entire computation of a single iteration spent in the calcula-
tion of the system matrix. These values are obtained from the pure-IDL implementation
performed in two different systems for SART, ML-EM and OS-EM iterative algorithms,
with three different bins’ scale factors. Each presented value is an average of five different
tests. The standard deviation of each value is not higher than 0.2%.

SART OS-EM
Scale \_09) MLIEM - bsets)
4 885%  891%  89.1%
System1 8 829%  834%  835%
16 786%  795%  79.3%
4 846%  849%  848%
System2 8 805%  81.0%  80.9%
16 765%  769%  769%

The results show that the lower the scale factor (i.e. the higher the amount of data
to process), the higher the time spent in the system matrix calculation. For instance,
with a scale factor of 4 with System 1, the time spent in the system matrix calculation is
approximately 89% of the total, with a lower scale factor this percentage would be even
higher. Comparing both systems, it is possible to verify that System 1 spends a higher
percentage of the total time in this task. In fact, during these tests System 1 turned out to
be slower than System 2 in the overall process of the reconstruction, which is a result of
the different CPUs and available amount of memory.

Another test conducted in this work evaluated whether the multi-threading capability
of IDL is being used in the pure-IDL implementation in both multi-core systems. For this
purpose, the multi-threading functionality was disabled by setting the number of threads
to use to one. This test revealed equal execution times compared to the ones previously
determined, which indicates that the pure-IDL implementation does not make use of the
multi-threading capability of IDL.

To sum up, the results of this section demonstrate that a promising way of signifi-
cantly accelerate the image reconstruction process can be accomplished by focusing on

reducing the system matrix calculation time.

4.2 Single-Thread Execution per Kernel Strategy

A first test of the CUDA integration in IDL was performed using a single-thread execu-
tion per kernel method. The determination of the system matrix is then completed a bin
at a time (similarly to the pure-IDL implementation), in which a single ray created from a
bin is processed by a single thread. This test can be seen as a sequential implementation
in GPU.

The test performed in this section focused on verifying the performance of the CUDA-

IDL integration by calculating the NME between the pure-IDL implementation and the
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CUDA-IDL implementation. As in the previous section, this test was performed in the
two available systems for SART, ML-EM and OS-EM iterative algorithms. For this test,
a single bins’ scale factor of 16 was used since it is extremely time-consuming to test an
implementation that uses the GPU with only one thread per kernel — the host is always
transferring information in and out from the device to process each ray. The NME values
are shown in Table 4.2.

Table 4.2: NME percentages of a single iteration obtained through the comparison of
the pure-IDL implementation with the CUDA-IDL implementation using a single thread

CUDA kernel. This test was performed in two different systems for SART, ML-EM and
OS-EM iterative algorithms and with a bins’ scale factor of 16.

SART OS-EM

(A=0.2) ML-EM (4 subsets)
System1 s 006%  0.18%
System 2

The results in the table show that both systems performed equally during the pro-
gram execution. This means that the execution is independent from the system, being
expected that the results are reproducible between systems with the minimum necessary
requirements. Moreover, from the NME results it is possible to conclude that the recon-
structed images obtained from SART and ML-EM are almost identical when comparing
CUDA-IDL implementation against pure-IDL implementation. The NME values for the
OS-EM algorithm with 4 subsets the NME is of one order of magnitude higher.

Following NME calculations, the differences between the images obtained with the
pure-IDL implementation and the CUDA-IDL implementation are analysed. In Fig-

ure 4.1 the image results for the 27!

z-plane are provided for the three different algo-
rithms for System 1 (equal results are obtained with System 2). Comparing the images
obtained from both implementations it is not possible to identify any significant visible
difference. However, the data range of the difference images is 11 orders of magnitude
lower than the reconstructed images for SART and ML-EM, and 10 for OS-EM. The pres-
ence of small disparities in every reconstructed image was already expected since the
implementation of the CUDA code is not a direct translation of the pure-IDL code. All
the other z-plane images show similar results concerning the order of magnitude and the
location of the small artefacts. Note that these images do not represent their true value as
a medical diagnostic tool, having a scale factor that considerably blurs the images.

The small artefacts seen in the difference images are more relevant to analyse in the
OS-EM algorithm due to its higher NME value. Based on these results, a study of the
influence of the number of subsets in the performance of the CUDA-IDL implementation
was conducted for this algorithm. The NME percentages were calculated for different
number of subsets (particularly, 1, 2, 4, 8 and 25) for a single iteration for System 1 with
a scale factor of 16. Note that the case of OS-EM with a single subset corresponds to ML-
EM. From Figure 4.2 it is possible to conclude that the higher the number of subsets, the
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Figure 4.1: Reconstructed images of the 27*" z-plane for a single iteration for System 1
with a bins” scale factor of 16 using (a)-(c) SART, (d)-(f) ML-EM and (g)—(i) OS-EM. Three
different images per algorithm are shown, from left to right: CUDA-IDL implementation

using a single-thread execution per kernel, pure-IDL implementation and difference be-
tween both.
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Figure 4.2: The NME percentages of the 3D DBT reconstructed image with OS-EM as a
function of the number of subsets for a single iteration for System 1 with a bins’ scale
factor of 16.

higher the NME value. This is probably due to the fact that the image is being updated
n times, being n the number of subsets. As there are already some small artefacts in the

first update, these artefacts are being continuously accumulated.

The artefacts presented in the images seem to have a pattern and they appear in sim-
ilar locations between images. It was further concluded through debugging that wrong
results appeared after the invocation of some specific Thrust functions. However, it was

not feasible to implement them from scratch in due time.

The following tests did not include OS-EM, as it was seen in this section that the
artefacts with this algorithm are more significant. It was therefore decided to focus on
the complete integration of SART and ML-EM.

4.3 Full Integration of CUDA in IDL

This final section deals with the complete CUDA-IDL integration, in which a standard
multi-threaded kernel was used. In order to accomplish this, IDL was adapted to make
use of the algorithm explained in Figure 3.9, in which IDL receives a large block of data

from CUDA and organizes the information for further processing.

The goal of this work is to accelerate the reconstruction process through the use of
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a GPU. Therefore, speedup is the most relevant metric to compare the pure-IDL imple-
mentation with the complete integration. In order to obtain this metric, the execution
times for both implementations were measured. An average of computation times is pre-
sented in Table 4.3 for a single iteration for the two available systems with a bin’s scale
factor of 16 and with SART and ML-EM. These tests were performed five times for each
combination of system, scale and algorithm, in order to have more statistical relevant
results.

Table 4.3: Average of five execution times of the pure-IDL and the CUDA-IDL implemen-
tations and resulting speedup. These tests were completed for a single iteration of SART
and ML-EM for the two available systems and for a bins” scale factor of 16. The standard
deviation of both implementations do not exceed 4 s and 0.04 regarding the execution
times and the speedups, respectively.

Pure-IDL CUDA-IDL

Algorithm Time (s) Time (s) speedup
Svstem1 SART 165 110 1.50
y ML-EM 169 107 1.58
Svstem s SART 150 111 1.35
y ML-EM 154 103 1.50

As seen in the table, the pure-IDL reconstruction times for System 2 are slightly faster
than for System 1. As for the CUDA-IDL implementation, the execution times are similar.
The speedup obtained for ML-EM is slightly higher in both systems when comparing
with the performance of SART, achieving 1.6 for System 1. This speedup can be largely
amplified with the use of a smaller bin’s scale factor since, as seen in Section 4.1, the
lower the scale the greater the time of the entire computation spent in the system matrix
calculation is, with a corresponding higher use of the GPU.

The GPU used to run the CUDA part has a significant influence on the speedup that
can be obtained. The selection of a new GPU was also pursued during this dissertation
aiming to further accelerate the reconstruction process. The selected GPU card is similar
to NVIDIA GeForce GTX 780 [157], which has 3 times more memory than the GPUs
used in this dissertation, and will be used in future work. This will enable to reduce
the sequential portion of the IDL code through the increase of the number of bins to
be processed per CUDA invocation (reducing the amount of CUDA invocations). This
will result in a sharper increase of the speedup because even a small reduction of the
sequential part of the code has a large impact in the speedup according to the Amdahl’s
law (Equation 2.10). The speedup achieved with this methodology (CUDA integration
in an IDL reconstruction process for DBT) cannot be easily compared with the literature
since this methodology was applied for the first time.

The NME was calculated and the results are presented in Table 4.4. These results are
three orders of magnitude higher than those of Table 4.2, revealing that there is room
for improvements, mainly in the CUDA code (CUDA does not provide the needed IDL
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Table 4.4: NME percentages of a single iteration obtained through the comparison of
the pure-IDL implementation with the CUDA-IDL implementation using the standard
multiple thread kernel. This test was performed in two different systems for SART and
ML-EM iterative algorithms and with a bins” scale factor of 16.

SART
(A=10.2)

System1 24.70%  22.02%
System2 24.75%  22.00%

ML-EM

optimized functions and they must be programmed from scratch). These NME values
are in agreement with the resulting images (Figure 4.3) and the cause for these errors
was investigated through several tools, including the CUDA debugger. It was identified
that several times the IDL component was receiving an amount of data different from the
expected revealing amplified artefacts when compared with the ones seen in the previous
section. In fact, IDL was supposed to receive data concerning 88 x 56 bins, however it
was receiving data that corresponded most of the times to a different number of bins. The
above table also reveals that there are small differences concerning the NME values for
the two systems, which may be due to the different IDL versions installed in each system.

The goal of this dissertation was mainly to prove the concept that the acceleration of
this process is possible through the use of GPUs. In order to maintain the image quality
achieved with the pure-IDL implementation, the removal of the previously mentioned
artefacts that are originated from the CUDA code is mandatory.
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(d) © (®)

Figure 4.3: Reconstructed images of the 27" z-plane for a single iteration for System
1 with a bins’ scale factor of 16 using (a)—(c) SART and (d)—(f) ML-EM. Three different
images per algorithm are shown, from left to right: CUDA-IDL implementation using a
multi-thread scheme per kernel call, pure-IDL implementation and difference between
both.
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Conclusions and Future Work

Iterative algorithms have been shown to produce the highest quality DBT images but are
computationally intensive which leads to the rejection of their clinical use. This work
aimed to accelerate the DBT image reconstruction process for three of these algorithms
(SART, ML-EM and OS-EM) on GPUs using CUDA. The use of GPUs for reconstruc-
tion represents a technical breakthrough and for this work the followed methodology
consisted in integrating CUDA with an already existent implementation in IDL within
the research group, aiming to obtain a scalable application. To the best of the authors’
knowledge this method has never been attempted before for DBT.

The developed CUDA-IDL implementation makes use of a CUDA program that pro-
vides the calculation of the system matrix, which was shown in this work to be the most
computationally expensive part of the reconstruction, being a key point to be parallelized.
The integration between IDL and CUDA allows an incremental development of the im-
age reconstruction program by replacing sequential modules in IDL by paralllelized ones
as soon as they are available. The parallelization of other parts is future work, mainly the
forward projection and backprojection steps (Figure 3.3).

The integration of CUDA in IDL was successfully accomplished with promising speedups.
For SART and MLEM speedups up to 1.6 were obtained which prompt to use GPUs in
a near future in a real clinical setting. The developed implementation proved to be com-
putationally efficient, allowing to reduce computation times when compared with the
pure-IDL implementation.

This work is part of a large-scale two-year research project, developed between mul-
tiple institutions (Figure 5.1), which is concluding its first year. This project aims to im-
prove the quality of image and reduce the dose in DBT through the use of statistical al-
gorithms. The developed CUDA-IDL implementation is a key component for this project
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Figure 5.1: Larger project entitled "Improvements of image quality and dose reduction in
digital breast tomosynthesis using statistical image reconstruction algorithms" in which
this dissertation is integrated.

in order to achieve a fast process with turnaround times compatible with its use in a real
clinical setting. In this dissertation, a new GPU was selected to be used in the continua-
tion of this larger project, in order to further accelerate the image reconstruction process.

At the present state of this work, the system matrix calculation is performed on the fly
due to memory constraints. With the new GPU which has more memory, it may possible
to calculate entirely the system matrix before the image reconstruction process; compar-
isons between this new strategy and the current one should be made. The pre-calculation
provides faster reconstructions as the most time-consuming process is done before exper-
iments. On the other hand, the calculation on the fly provides more flexibility.

In order to use the methodology of this work in a real clinical setting, improvements in

the CUDA program have to be done in order to obtain artefact-free images. Furthermore,
the speedups that were obtained must be increased through several possibilities:

e More GPU memory — the GPUs used in this work with 1 GB are not enough to par-
allelize all the data that is needed to calculate the system matrix; besides, Amdhal’s
law (Equation 2.10) shows that the smallest reduction in the amount of sequential
code has extreme importance in enhancing speedup; moreover, the current state of
the application executes several transfers between CPU and GPU, which must be

minimized in order to further reduce execution times.
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e Smaller bin’s scale factor — this work showed that the use of a smaller bin’s scale
factor contributes to a more efficient use of the GPU capabilities, which also results

in an improvement of the resolution of the 3D reconstructed image.

e Profile the CUDA code and monitoring GPU occupancy — both aspects can help
to spot the code segments where modifications will bring significant performance
enhancements.

e Unified Memory in CUDA 6 — CUDA programming is a field that is changing day
by day and during this dissertation the Unified Memory concept emerged [158],
which will largely simplify the complexity of CUDA programs, namely the system
matrix calculation.

e Multiple GPUs — the use of multiple GPUs creates further opportunities for mak-
ing in parallel different parts of the global calculation.

CUDA programming is very hard, even with the several existent libraries. In this
work the Thrust library was used, which definitely enhanced the productivity by pro-
viding automatic mappings of computational tasks onto the GPU. A very significant part
of the work conducted throughout this dissertation was focused on learning a new pro-
gramming paradigm (parallel programming), which is less intuitive than single-threaded
programming, and on developing an appropriate methodology. The most significant dis-
advantage of GPU programming when compared with sequential programming is the
longer development cycle, either by the difficulty in obtaining correct code either by the
time it takes to enhance its performance. The available debuggers are, most of the times,
non user-friendly which makes the task even harder.

The work targeted at developing parallel versions of DBT-based image reconstruction
can evolve in several directions. One possibility is the use of different types of accelera-
tors like AMD®2 GPUs [159] or Intel® Xeon Phi™13 [160]: this dimension will demand
an alternative to CUDA that only targets NVIDIA GPUs, namely OpenCL [122]. An-
other direction that can be followed is the use of parallel programming frameworks like
OpenMP®4 [161] and OpenACC [162].

The developed program makes use of CPUs and GPUs in a parallel manner to maxi-
mize the utilization of computer resources. The results shown in this dissertation are very
promising and may lead to the reduction of radiation dose received by patients during a
DBT scan and also may lead to guided biopsies. The methodology of this work may be
adapted to other medical imaging modalities such as CT and MRI, so that GPUs become
a gold standard in the field of medical image reconstruction, where large amounts of data

need to be processed.

2AMD s a registered trademark of Advanced Micro Devices, Inc.

BIntel and Xeon Phi are trademarks of Intel Corporation.

"OpenMP is a registered trademark of the OpenMP Architecture Review Board in the United States and
other countries.
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5.1 Contributions

The contributions of this dissertation are as follows:

e Poster presentation in the 6 Workshop on Biomedical Engineering (WBME), held
in Lisbon, Portugal, on the 5th April 2014 — Appendix A;

e Poster presentation in the Workshop MIEI 2014, held in Caparica, Portugal, on the
270 June 2014;

e Award for the best oral presentation in the Workshop MIEI 2014, held in Caparica,
Portugal, on the 27" June 2014;

e Participation and poster presentation in the 5'® edition of the Programming and
Tuning Massively Parallel Systems summer school (PUMPS), held in Barcelona,
Spain, from the 7" to 11*} July 2014 — Appendix B;

e Participation in the 5" edition of the Fraunhofer Portugal Challenge 2014 (ap-
proved for 2°¢ phase);

e Participation in the Concurso Nacional de Inovagao BES 2014 (results pending).

e Development of a quick guide entitled "CUDA-IDL Implementation of Digital Breast
Tomosynthesis Image Reconstruction” for Users and Future Developers — Appendix C;

Further work is being prepared for submission in conferences and possibly a journal

paper.
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Poster of WBME

This appendix contains the poster presented in the 6" Workshop on Biomedical Engi-
neering (WBME), held in Lisbon, Portugal, on the 5th April 2014. Here, some initial
results obtained in this dissertation with a single GPU-implementation were shown.
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In this work a parallelized iterative algorithm (OS-EM) was implemented, using
CUDA™ to program GPUs, for Breast Tomosynthesis Image Reconstruction. The
results showed that the GPU implementation allowed a decrease in the

1 /

reconstruction times of approximately 4.6 times, compared with the CPU
implementation.

MAMMOMAT

Introduction

* All over the world, X-ray mammography is the current gold-standard for
medical imaging of breast cancer [1]. However, it is associated with some
well-known limitations which can be overcome by digital breast
tomosynthesis (DBT).

* DBTisa3D radlographlc. tEChmque S, Figure 3. Siemens MAMMOMAT Inspiration. Figure 4. Image obtained from the
that reduces the obscuring effect GPU implementation of OS-EM [5].

of tissue overlap (Figure 1) and i B

appears to address both issues of ~ in20
false-negative and false-positive

rates [3, 4]. Syn e ".\
* The 3D images in DBT are only P 0 s, * InFigure 4 it is possible to observe a section of the obtained image with the

achieved through reconstruction GPU implementation.

Figure 1. Tissue overlap in X-ray mammography

methods. In a clinical setting, (2D). With DBT (3D), the cross-sectional slices make * The reconstruction times were measured by the OS-EM algorithm with 25
these methods need to be both the lesion less likely to be obscured [2]. subsets (i.e., the Update shown in Figure 1 is done for each projection) and
accurate and fast. preliminary results are shown in Table 1.

* Two major groups of reconstruction algorithms are:
* Analytical — the most used nowadays, although employing analytical
mode_ls that simplify recgnstructlons-; . . Table 1. Preliminary results of image reconstruction times on GPU
* Iterative — uses geometric models with much more precision, producing and CPU and the obtained speedup.
higher-quality images, but are much more computationally intensive.

i i
* Generally, every iterative image reconstruction algorithm can be explained R'econstructuon Speedup (-2Y)
. S time (seconds) tepu
using the scheme presented in Figure 2.
* The performance optimization of iterative algorithms can be achieved via GPU 1011
parallel computing by being implemented in platforms such as graphics 4.64 X
processing units (GPUs) to make the 3D reconstruction faster. CPU 4692

(o

Forward Projection L P . L . P .
Iniialisation Estimated ;;}'L'Qf,f;'s . The preliminary re'sults are promising f]tOm a clinical pomt.of view — reduction

3D Image in the reconstruction time from approximately 80 to 15 minutes.
I * Improvements in the code are possible to be accomplished, which may lead to
Original even more impressive results.

Update Pr;‘;xym * The only current limitation are the memory factors — with a GPU with more
Comparison memory, it would be possible to achieve a higher speedup.
Backprojection
Errors Map Projection Errors

.
Conclusion
Figure 2. Schematic of iterative image reconstruction algorithm for digital breast tomosynthesis.

« Significant reduction in reconstruction time was achieved with GPU
(approximately 4.6 times).

. * GPU proved to be a very effective device for numeric processing.
Methods and Materials + The obtained time reduction in the image reconstruction may increase the
. . . popularity of iterative algorithms for image reconstruction, in practice.
* The iterative algorithm that was chosen to be accelerated was the Ordered « As future work, | propose to:

Subsets — Expectation Maximization (OS-EM): + Improve functions programmed in CUDA;
* good results shown; * Study the code performance in a GPU with higher memory capacity;

* CPU |mpler.’nent.at|on already available. . * Quantitatively evaluate the image quality;
* The exam used in this work was performed by a DBT system from the Hospital + Parallelize other reconstruction algorithms

da Luz, Portugal. The DBT system is the Siemens MAMMOMAT Inspiration
(Figure 3), which performs 25 projections in each exam in an angular range of

-25° to +25°.
* Both the CPU implementation and the parallelized were performed in the References
same CPU. The GPU used was an NVIDIA Quadro 600 with 1 GB of memory
a nd 96 CU DA cores. 1 M. L. Brown, F. Houn, E. A. Sickles, and L. G. Kessler. “Screening Mammography in Community Practice: Positive Predictive Value of Abnormal Findings
H H H and Yield of Follow-up Diagnostic Procedures”. In: AJR. American Journal of Roentgenology 165.6 (1995), pp. 1373-1377.
¢ The 5.5 version of the CUDA Toolkit was the one used, takmg advantage of 2. A.Smith. Design Considerations in Optimizing a Breast Tomosynthesis System. Available from http:, hologic. g
some functions of the Thrust library. papers/breastimaging/ [accessed on 2/04/2014]. Hologic Inc.
. R . . . 3. J.M.Park, E. A Franken, M. Garg, L. L. Fajardo, and L. T. Niklason. “Breast is: Present Consi and Future i "In:
* The final image resolution was changed using a scaling factor of 4 due to Radiographics 27.5uppl 1(2007), 5231-5240.
R 4. S.P.Poplack, T. D. Tosteson, C. A. Kogel, and H. M. Nagy. “Digital Breast Tomosynthesis: Initial Experience in 98 Women with Abnormal Digital
memory constraints. Screening Mammography”. In: AIR. American Journal of Roentgenology 189.3 (2007), pp. 616-623.

5. B. Azevedo. “Reconstrugio/processamento de imagem médica com GPU em tomossintese.” (2011).




Poster of PUMPS

This appendix contains the poster presented in the 5™

edition of the Programming and
Tuning Massively Parallel Systems summer school (PUMPS), held in Barcelona, Spain,
from the 7' to 11" July 2014. Here, preliminary results with the CUDA-IDL implemen-

tation were provided.
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Abstract

In this work an IDL™ program was partially parallelized for iterative algorithms, using CUDA™ to program GPUs, for Breast Tomosynthesis
Image Reconstruction. Preliminary results showed that this implementation allowed a decrease in the reconstruction times of approximately 1.5
times, compared with the CPU implementation.

Introduction
* Breast cancer is the most common cancer among women.

+ X-ray mammography is the current gold-standard for medical imaging of breast cancer [1], however it has some well-known limitations,
which prompt the development of digital breast tomosynthesis (DBT), a 3D radiographic technique (Figure 1).

(b) ©

[ c ion plate

—[ ucted planes|

—a[  Breast platform
3 Digital detector

MAMMOMAT

Compression paddle

1 Detector

Figure 1. Basic principles of breast tomosynthesis. (a) Siemens MAMMOMAT Inspiration. (b) Image data are acquired from various angles as the X-ray tube moves. (c) The cross-sectional slices make the
pathologies (pink lesion) less likely to be obscured (in opposite to the overlap that would appear in X-ray mammography — 2D). (d) Single reconstructed plane from the 3D image.

« The aim of this project is to develop a fast DBT-based image reconstruction method that includes the implementation of 3 iterative
algorithms (ART, ML-EM and OS-EM) on graphics processing units (GPUs) using CUDA™.

(a) Initialization Host (CPU)
L

Methods pe
Serial
+ The medical exam used was performed by a DBT system j ot K\s —
B Estimated — kernel [Z2€T¢
from the Hospital da Luz, Portugal.

Device (GPU)

3D Image

A sequential implementation made in IDL™ (Interactive —- s
Forward Projection.

Data Language) is the basis of our work. oot

Previous work [2] has proved that the use of CUDA™ wiill _—
enhance significantly the execution times of the Etimated to (Ko 7
reconstruction process, so we start by allowing the IDL™ Projections Sonde f
program to call CUDA™ code - Figure 2. iy IDLT™

program

Projections

6.2 speedup (i”’”) with a Comparison CUDA™ code

. GPU Figure 2. Methodology of the work. The iterative image reconstruction
GPU-lmpIementatlon of OSEM Projection Errors algorithms can be explained by (a). In both the Forward Projection and the
Backprojection processes, a matrix A, called system matrix, is used to

A recent version of the NVIDIA® CUDA® Toolkit is used ' Backprojection model the radiation transmission and detection process for DBT, being the
! calculation of A (in blue) the part we already have parallelized. The green

taking advantage of some functions of the Thrust library. ] parts are possible future work that can be parallelized. (b) Execution of an
\ Errors Map IDL™ program invoking CUDA™ and using a multidimensional example of
a CUDA™ grid organization. Adapted from [3].

Preliminary Results and Conclusions

» For now, CUDA™ code provides the calculation of the system matrix (Figure 2), which is a computationally expensive part of
the reconstruction algorithm. The parallelization of other parts is on-going work; the integration between IDL™ and CUDA™
allows an incremental development of the image reconstruction program, by replacing sequential modules in IDL™ by
parallelized ones as soon as they are available.

Preliminary results
» With this approach we expect to: with ART
1. develop an accurate and a fast process with turnaround times compatible with its use in a real clinical setting;
2. reduce the radiation dose received by patients during a medical examination. Ry

» This process may be adapted to other medical techniques such as computed tomography and magnetic ressonance imaging.
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Quick Guide

This appendix contains the quick guide entitled "CUDA-IDL Implementation of Digital
Breast Tomosynthesis Image Reconstruction". This guide is intended for users of the
program developed in this dissertation and for future developers who will make use of
this work.
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Introduction

Tomosynthesis is an emerging radiological technique used for breast imaging which produces a 3D image of a series
of views. There are two main groups of image reconstruction algorithms: iterative and analytical. This implementation
deals with the iterative algorithms which are the ones that can improve image quality when compared to the
others [1]. Here, in this CUDA-IDL Implementation of Digital Breast Tomosynthesis Image Reconstruction, three
different algorithms are available:

e SART - Algebraic Reconstruction Technique [2];
e ML-EM — Maximum Likelihood — Expectation Maximization [3];
e 0OS-EM - Ordered Subsets — Expectation Maximization [4].

All of these algorithms make use of the GPU (Graphics Processing Unit) for the calculation of the system matrix
(geometric model of the transmission and detection processes), which is the most computationally intensive part in
the reconstruction process. The system matrix calculation is done using NVIDIA CUDA (Compute Unified Device
Architecture) to program GPUs.

This guide is intended for users of this program and for future developers who will make use of this work.

System Requirements

System requirements to use this program:
e CUDA enabled GPU [5];
e CUDA software [6];
e Thrust library (it is already included in the most recent CUDA toolkit versions) [7];
e |DL software;
o NVIDIA device drivers.

During Pedro Ferreira’s dissertation, this program was tested in the following two different systems:

Table 1 — Systems used in Pedro Ferreira’s dissertation.

System 1 System 2
Operating System CentOS 6.5
CPU Intel Xeon E5530 (4x 2.40 GHz) Intel Xeon W3505 (2x 2.53 GHz)
Main Memory 11.6 GB 23.4GB
GPU Quadro FX 3800 Quadro 600
Device Drivers 331.62

Table 2 — Devices used in Pedro Ferreira’s dissertation.

Quadro FX 3800 Quadro 600

CUDA Cores 192 96
Memory Bandwith (GB/s) 51.2 25.6
Memory (GB) 1

Compute Capability 1.3 21
Microarchitecture Tesla Fermi
Maximum Power Consumption (W) 108 40




For more information concerning the devices’ specifications refer to [8], [9]. During Pedro Ferreira’s dissertation
the 6.0 CUDA Toolkit version was used, in which the Thrust version 1.7.0 and a compiler for NVIDIA GPUs known as
NVCC, which stands for NVIDIA's CUDA Compiler, are inlcuded. The IDL Version that was used was the 8.2.2 for System
1 and 8.0 for System 2. In order to visualize and study each reconstructed image QuasiManager was used, an image
visualization and data analysis software developed within the group.

Users of the program

Execute the program

In order to use this program it is necessary to have in the same folder the following files:

e export.h —required IDL header file (typically the header file is found in the idl "external" directory)
e dbtreconstruction.pro — IDL code
e system_matrix_calc.cu — CUDA code

To run this program in the IBEB computers make sure you are part of the ibeb_mi group by entering:
Id <your_username>

Then, it is necessary to compile the CUDA code. For that, the user should open the shell and go to the directory where
the above files are and then execute the following command:

nvcc -m64 -o libtest.so --shared -Xcompiler -fPIC system_matrix_calc.cu
As soon as the CUDA file is compiled, a “libtest.so” file is created. Run IDL with the following command:
idl
In order to execute the program run the following instruction in IDL:
linkimage, 'entry', './libtest.so', 1
.compile '/home/nmoliveira/QuasiManager/quasimakelog.pro’

.compile  '/home/your_username/Desktop/testing/dbtreconstruction.pro' ; directory where the
dbtreconstruction.pro file is

saveDir = '/home/your_username/Desktop/testing/ ' ; fill with the directory where you want the reconstructions
to be recorded

fileName = 'myTest' ; the names are combinations of this, such as: myTest_parameter_parameter_iterationX

projDir =
'/partilha/MI/CAD_Mamografia/TomossA-ntese/Dados/CASO2__100728952/TOMOSCAN_UNILAT_DTO_20100
503_185305_296000/TOMO_R-CC_TOMOSCAN_UNILAT_DTO_DIAGNOSIS_0003/' ; directory where the

projections to open are — if connected through SSH use this projDir, if directly in the PC use instead of
“TomossA-ntese”, “Tomossintese”

pathToFiles = FILE_SEARCH(projDir, '*', COUNT = ct)

The last instruction that is needed is the indication of which algorithm to use. Here, examples of the three different
possibilities (SART, ML-EM and OS-EM) for a bin’s scale factor of 16 and for a single iteration are shown:

e dbtreconstruction, pathToFiles, SAVEFILE = saveDir + fileName, SAVEDIR = saveDir, ALGORITHM = "ART",
DOWNSCALE = 16, ITERATIONS = 1, RELAXATION = 0.2 ; SART with a relaxation parameter of 0.2
4



e dbtreconstruction, pathToFiles, SAVEFILE = saveDir + fileName, SAVEDIR = saveDir, ALGORITHM = "OSEM",
DOWNSCALE = 16, ITERATIONS =1, SUBSETS =1 ; ML-EM

o dbtreconstruction, pathToFiles, SAVEFILE = saveDir + fileName, SAVEDIR = saveDir, ALGORITHM = "OSEM",
DOWNSCALE = 16, ITERATIONS = 1, SUBSETS =4 ; OS-EM with 4 subsets

Note that ML-EM is a particular case of OS-EM (where the number of subsets is 1). In the end, the resulting images are
generated with a log file with information about dimensions, type and date of reconstruction, which is useful to be
possible to visualize the images through QuasiManager (QM).

Visualize reconstruction through QuasiManager

The generated images are binary files that can be opened by QM, an IDL based software created by Nuno Oliveira. To
run the QM in the IBEB computers make sure you are part of the ibeb_mi group. Then copy the execution file
“quasimanager” from Nuno Oliveira’s folder to your home folder with the command:

cp /home/nmoliveira/QuasiManager/quasimanager ~/.
Finally run QM from your home directory by:

cd

./quasimanager

On the left side panel, find the generated reconstructed images and open them. QM will automatically fill in the
image dimensions according to the generated log file. In case the log file is missing, the default parameters are:

For a bin’s scale factor of 16: For a bin’s scale factor of 4:
e Data type: float e Datatype: float
e 1%t (X) dimension: 176 e 1% (X) dimension: 704
e 2" (Y) dimension: 224 e 2" (Y) dimension: 896
e 37(Z) dimension: 60 e 3"(Z) dimension: 25

Further using of QM is beyond this user’s guide.

Developers of the program

In this section several tips are provided for future developers of this program. For now, this program calculates the
system matrix on the GPU, being the only part parallelized. The greatest advantages of the way this CUDA-IDL
implementation is made are:

e The quality of results that can be assessed by comparison with pure-IDL implementation;
e A possible incremental approach, by replacing sequential parts of the computation by parallelized ones, as
soon as available.

To find out your CUDA version, please use the command:
nvcc --version

It is possible to have different CUDA toolkit versions installed in the same system. In order to change the version that
is being used at that precise moment it is necessary to change the environmental variables PATH and
LD_LIBRARY_PATH.



It is important to notice that in order to debug the CUDA part of this program some changes have to be make the
CUDA code auto-sufficient to be able to debug and profile (e.g. needs to have a main function). This is due to the fact
that the CUDA file that is used in this CUDA-IDL implementation is prepared to be called by the IDL part of the program.
Note that a GPU that is running on Linux X Window System (X11), a windowing system for bitmap displays, cannot be
used to debug a CUDA application, which means that the GPU must be exclusively used for debugging purposes. In
case the system contains a single GPU, a possible solution is to remotely access the system through Secure Shell (SSH),
a protocol for securely getting access to a remote computer. Another way to debug is by printing computed data
through the bash command line. In this case, since it is not possible to print data directly from the GPU, it is always
necessary to transfer it back to the host and then print it to the command line (as it is done with a C program). In this
method it is also possible to use CUDA-MEMCHECK simply by passing the application’s name as a parameter to CUDA-
MEMCHECK on the command line, as shown next:

cuda_memcheck ./application_name.out

A GPU that is running X11 can still be used for profiling GPU applications. In fact, the Nsight Profiler is an excellent tool
to use after the program is running and producing the expected results, delivering vital feedback for optimizing the
application. The use of dmesg may be useful when some problems are detected with cuda_memchek. dmesg prints
the message buffer of the kernel, which is useful to identify memory related problems.

For now, the CUDA code deals with a group of 88 x 56 bins per CUDA invocation, meaning that multiple CUDA
invocations are needed in order to compute every single bin of the detector (2816 x 3584 bins). The general idea of
the CUDA code is as follows: the determination of the intersections are parallelized by distributing the rays between
available threads; for the calculation of the distances between intersections, each thread is responsible to calculate a
distance between intersection nand n + 1.

The integration of CUDA in IDL was done through the use of LINKIMAGE. Please refer to [10] in order to
understand first the IDL-C interface. Here are some of the key aspects from the IDL-C learning experience:

o LINKIMAGE C modules must be compiled and linked before the IDL execution —the C module has to include
the location of the "export.h" header file in the compilation step, note that typically the header file is found in
the idl "external" directory;

e every variable in IDL is in reality a C structure called IDL_VARIABLE;

e the access of IDL variables must be done through a C pointer called IDL_VPTR, in which the extracted values
depend upon how it was created in IDL;

e in the data transfer between C and IDL one must consider that the representation of a data type may be
different (e.g. integers in IDL are short C integers).

The general idea of the IDL code to incorporate the CUDA integration is the following: IDL receives the voxels’
coordinates and respective distances from the CUDA code and applies the following instructions (Figure 1): check the
z-coordinate of each two voxels and verify if they change from 60 (the maximum z) to 0 (the minimum z); if so, the
algorithm cuts between those elements, grouping the voxels that correspond to the same bin. Finally, every voxel that
corresponds to a single-bin is processed with an iterative reconstruction algorithm, in the same way as it would be
done in the pure-IDL version. Note that this CUDA-IDL implementation uses a scale factor in order to have faster
reconstructions, being considered that each bin possesses a dimension of 4, 8 or 16 times the original 0.085mm. This
scaling results in a reduction of the necessary memory to be allocated at the same time.
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Figure 1 - lllustration of how the data received in IDL from the CUDA code (the voxels' coordinates and distances) are processed to organize it
per bin.

The CUDA entry function is expecting to receive from each IDL call 6 variables:

e x—integer value that indicates the x position of the first bin of the group of 88 x 56 bins to be processed;

e y—integer value that indicates the y position of the first bin of the group of 88 x 56 bins to be processed;

e angle — float value that indicates the angle of the detector;

e radius —float value that indicates the radius of the detector;

e bins — vector of long values empty in the beginning, to be calculated in the GPU and returned to IDL with the
voxels’ coordinates (from this value it is possible to obtain each coordinate — x, y and z);

o distArrTemp — vector of float values empty in the beginning, to be calculated in the GPU and returned to IDL
with the distances.

Concerning memory optimizations: firstly, it is necessary to consider that the Thrust library is being used and
more particularly its function sort_by key, which needs extra memory allocation; secondly, with a GPU with more
memory several modifications may be done related with the number of bins processed for each time in the GPU (both
the CUDA code and the IDL code can be easily changed to deal with more bins at the same time.

It may be useful to know how to disable the thread pool in IDL if one aims to study multithreading in the CPU [11]
and compare it with the GPU results. This can be done with the following simple instruction inside IDL:

CPU, TPOOL_NTHREADS =1

This instruction disables the thread pool for the session by setting the number of threads to use to one.

Support

For support please contact Pedro Ferreira, the creator of this program: pr.ferreira@campus.fct.unl.pt



Trademarks and Licenses

IDL is a registered trademark of Exelis Visual Information Solutions.

NVIDIA and CUDA are registered trademarks of NVIDIA Corporation in the United States and other countries.
NVIDIA

X Window System and X11 are trademarks of The X.Org Foundation.
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