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Abstract

In recent years, new image-guided interventional procedures, such as interventional Com-
puted Tomography (iCTJ), have been explored to tackle the increasing number of tumors.
During these interventional procedures, surgeons track the needle used for tumor ablation
within the patient’s body with the support of Computed Tomography (CT)) or multi-
modal [CTVPositron Emission Tomography (PET])/Magnetic Resonance Imaging (MRI)
techniques. While scanners for tumor diagnosis have been typically designed as cus-
tom closed systems, new scanners for interventional procedures aim to be adaptable and
configurable for multimodality scanning, providing real-time images. Therefore, from the
system designer perspective, these scanners are considered Cyber-Physical System (CPS)
devices, where components must be controlled, and data must be acquired and processed
in real time.

The “Konfigurierbarer, Interfaceo [eder, Dosissparender Computertomograph” (KIDS-
CT) scanner is the first open-interface scanner assembled by Academia aiming to
provide new features: extension for adding new components in a plug-and-play fashion,
and user-accessible sensor/actuator parameters (e.g., individual settings of detector, X-ray
tube voltage, Time-of-flight cameras). These features allow researchers and/or physicians
to explore new multimodality techniques and interventional procedures with the aim of
optimizing the X-ray dose and enhancing reconstruction algorithms.

This thesis addresses the problem of real-time data acquisition and processing in
and their extension capabilities for adding components in a plug-and-play fashion. It
focuses on the scanner, for which multimodality functionalities and real-time
support must be provided in order to conduct and explore iCT]|procedures. To address these
problems at the system and hardware design level, this research work firstly contributes in
the design process of the scanner, modeled as a device, by proposing a System
Architecture and the associated Communication Infrastructure; Secondly, it proposes a new
Control-Data Acquisition System (CDAS)) architecture for Multi-Processor System-on-Chip
Field Programmable Gate-Array (MPSoC-FPGA) platforms. Although the proposed work
has been implemented and validated targeting the scanner, it is configurable for
various applications where data must be collected and processed on the fly, while
components must be controlled in real time. In fact, the plays a crucial role in
controlling components at the device level, collecting and processing data in real time,
and providing plug-and-play capability for the target application, such as the
scanner.

In order to reach these aims, various methodologies have been proposed: Real-time
and non-real-time tasks are properly mapped between the Programmable Logic and the
Processing System of the MPSoC-FPGA} The Communication Infrastructure has been
modeled in layers and classes that contain dilerknt protocols on the base of the task



type; A dataflow-module and a data-processing module have been proposed to collect,
and preprocess data on the fly, without using external memory. In addition, data can be
pre-processed in di[erknt formats, making it suitable for exploring the design space by
tuning data formats to determine the most appropriate design configuration to pre-process
data for interventional procedures.

As part of this work, a guideline for designing an open-interface scanner has
been provided at the system level and digital signal processing level. The proposed
communication protocols for the plug-and-play capability and the real-time support
have been described. Furthermore, the hardware/software architecture has been
described through its three main components: the Control-synchronization Module, the
Data-flow Module, and the Data-processing Module. Moreover, a novel hardware isolation
method to enable isolation support on [MPSoC-FPGAS has been proposed; the proposed
isolation method solves the problem of isolation between hardware modules inside the
MPSoC-EPGA|

Finally, this work describes the realization of the System Architecture, the Communica-
tion Infrastructure and the [CDAS architecture in the specific case of the KIDS-CT] scanner.
For this purpose, the XC7Z045 has been used for implementing the
architecture. Here, the proposed optimizations have permitted to achieve an e [cieht
solution, which use only 7.81% of Look-Up Tables, 5.82% of Flip-Flops, 5% of Digital
Signal Processors, and 7.89% of Block RAMSs, and collect and process pixel data in an
estimated time of 467.8 ns. Since pixel data are processed on the fly during the acquisition
of each projection, and this processing is faster than the “integration period” required
to acquire a projection, the proposed pre-processing solution adds zero latency to the
acquisition time. Therefore, the Graphics Processing Unit (GPU)) on the reconstruction
system only needs to perform the rest of the processing, resulting the entire acquisition
and reconstruction time much faster than before. Such a solution could not be achieved
with the standard approach, as it would exceed the capacity of the available Digital Signal
Processors in the selected MPSoC-FPGAl Furthermore, the proposed optimized solution
is 6.4 times faster than the standard approach. In conclusion, this thesis answers to
the problem of how to provide real-time support and plug-and-play capability within
complex such as the scanner, and enables this scanner to explore new
multimodality techniques and interventional procedures.




Zusammenfassung

Um die zunehmende Zahl von Tumorerkrankungen zu bekdmpfen, wurden in den letzten
Jahren neue bildgesteuerte interventionelle Methoden erforscht, wie z. B. das Interven-
tional Computed Tomography (iCT)-Verfahren. Bei diesen interventionellen Verfahren
verfolgen die Chirurgen die bei der Tumorentfernung verwendete Nadel im Korper des
Patienten mit Computed Tomography (CT]) oder multimodalen [CTVPositron Emission
Tomography (PET))/Magnetic Resonance Imaging (MRI)-Techniken. Wahrend diagnosti-
sche [CT}FScanner in der Regel als zugeschnittene, geschlossene Systeme konzipiert werden,
sollen neue Scanner fir interventionelle Verfahren anpassungsfahig und fir multimodales
Scannen konfigurierbar sein sowie Echtzeitbilder liefern. Daher funktionieren diese Scanner
auf der Ebene des Systemdesigns als Cyber-Physical System (CPS)-Geréte, bei denen die
Komponenten gesteuert und die Daten in Echtzeit erfasst und verarbeitet werden mussen.

Der “*Konfigurierbare, Interfaceo [ede, Dosissparende Computertomograph® (KIDS-
CT)-Scanner ist der erste von der akademischen Welt fertiggestellte [CTFScanner mit
o Leder Schnittstelle, der neue Funktionen bietet: Erweiterungen fir das Hinzufligen neuer
Komponenten im Plug-and-Play-Verfahren und fiir den Benutzer zugéangliche Sensor/Aktor-
Parameter (z. B. individuelle Einstellungen des Detektors, der Spannung der Rontgenréhre
und der Time-of-Flight-Kameras). Diese Funktionen ermdglichen es Forschenden und/oder
Arzten, neue multimodale Techniken und interventionelle Verfahren mit dem Ziel zu erfor-
schen, die Rontgendosis zu optimieren und die Rekonstruktionsalgorithmen zu verbessern.

Diese Arbeit befasst sich mit der Problematik der Echtzeit-Datenerfassung und -Ver-
arbeitung innerhalb von und deren Erweiterungsmaoglichkeiten fur das Hinzufligen
von Komponenten in Plug-and-Play-Weise. Der Fokus liegt auf dem [KIDS-CT}Scanner,
fur den multimodale Funktionalitaten und Echtzeitunterstiitzung bereitgestellt werden
mussen, um iCT}Verfahren durchzufiihren und zu erforschen. Um diese Probleme auf der
System- und Hardware-Entwurfsebene anzugehen, tragt diese Forschungsarbeit erstens
zum Entwurfsprozess des als CPS-Gerat modellierten CT-Scanners bei, indem sie eine
Systemarchitektur und die zugehérige Kommunikationsinfrastruktur vorschlagt; zweitens
schlagt sie eine neue Control-Data Acquisition System (CDAS)-Architektur fir Multi-
Processor System-on-Chip Field Programmable Gate-Array (MPSoC-EPGA))-Plattformen
vor. Obwohl die Arbeit fir den [KIDS-CTFScanner implementiert und validiert wurde,
ist sie fUr verschiedene CPS-Anwendungen konfigurierbar, die unter Verwendung der
entwickelten Systemarchitektur entwickelt werden kénnen. Tatsachlich spielt das
eine entscheidende Rolle bei der Steuerung von CPS-Komponenten auf Geréteebene, bei
der Erfassung und Verarbeitung von Daten in Echtzeit und bei der Bereitstellung von
Plug-and-Play-Fahigkeiten fur die Zielanwendung, wie z. B. den [KIDS-CT}Scanner.

Um diese Ziele zu erreichen, werden verschiedene Methoden angewandt: Echtzeit- und
Nicht-Echtzeit-Aufgaben werden auf geeignete Art und Weise zwischen der programmier-




baren Logik und dem Verarbeitungssystem des abgebildet; die Kommuni-
kationsinfrastruktur wird in Ebenen und Klassen modelliert, die verschiedene Protokolle
auf der Grundlage des Aufgabentyps enthalten; ein Datenflussmodul und ein Datenverar-
beitungsmodul werden implementiert, um Daten zu sammeln und vorzubehandeln, ohne
externen Speicher zu verwenden. Dariber hinaus kann das Datenverarbeitungsmodul
Daten in verschiedenen Formaten vorverarbeiten.

Diese Flexibilitat ermdglicht die Erkundung des Designraums durch Anpassung der
Datenformate. Eine solche Abstimmung hilft bei der Bestimmung der am besten geeigneten
Designkonfiguration flr die Vorverarbeitung von Daten bei interventionellen Verfahren.

Im Rahmen dieser Arbeit wird ferner ein Leitfaden fur die Entwicklung eines[CTFScanners
mit o [eder Schnittstelle auf Systemebene und auf Ebene der digitalen Signalverarbeitung
bereitgestellt. Die integrierten Kommunikationsprotokolle fur die Plug-and-Play Fahigkeit
und die Echtzeitunterstitzung werden beschrieben. Dartber hinaus wird die Software-
/Hardware-Architektur von mit ihren drei Hauptkomponenten beschrieben: das
Steuerungs-/Synchronisationsmodul, das Datenflussmodul und das Datenverarbeitungs-
modul. Daruber hinaus wurde eine neuartige Hardware-Isolationsmethode entwickelt, um
die Isolationsunterstitzung auf MPSoC-FPGAE zu ermdglichen; die dazugehdrige Isola-
tionsmethode 16st das Problem der Isolation zwischen Hardware-Modulen innerhalb des
MPSoC-FPGA

Insgesamt beschreibt diese Arbeit die Realisierung der Systemarchitektur, der Kom-
munikationsinfrastruktur und der [CDAS-Architektur im speziellen Fall des
-Scanners. Zu diesem Zweck wurde der XC7Z045 fur die Implementierung
der [CDASArchitektur verwendet. Mit den hier implementierten Optimierungen wurde
eine e [ziehte Losung erreicht, die nur 7,81% der Look-Up Tables, 5,82% der Flip-Flops,
5% der Digitalen Signalprozessoren und 7,89% der Block RAMs verwendet und Pixeldaten
in einer geschatzten Zeit von 467,8 ns erfasst und verarbeitet. Da die Pixeldaten wahrend
der Erfassung jeder Projektion “on-the-fly” verarbeitet werden und diese Verarbeitung
schneller ist als die flr die Erfassung einer Projektion erforderliche Integrationszeit, flgt
die vorgestellte Vorverarbeitungslésung der Erfassungszeit keine Latenz hinzu. Daher
muss die Graphics Processing Unit (GPU) auf dem Rekonstruktionssystem nur den Rest
der Verarbeitung durchftihren, wodurch die gesamte Erfassungs- und Rekonstruktionszeit
deutlich schneller ist als bei bisherigen Losungen. Eine solche Lésung kdnnte mit dem
Standardansatz nicht erreicht werden, da sie die Kapazitat des verfligbaren Digitalen Si-
gnalprozessoren in dem ausgewahlten Ubersteigen wirde. AuRerdem ist die
vorgeschlagene optimierte Losung 6,4-Mal schneller als der Standardansatz. Zusammenfas-
send wird die Frage beantwortet, wie Echtzeit-Unterstitzung und Plug-and-Play-Fahigkeit
innerhalb komplexer [CPSk, wie dem [KIDS-CT}Scanner, bereitgestellt und wie damit neue
multimodale Techniken und interventionelle Verfahren erforscht werden kénnen.
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1 Introduction

Interventional Computed Tomography {(CT) procedures are increasingly being used to
treat the growing number of tumors. To perform such medical procedures, surgeons need
Computed Tomography CT) scanners capable of acquiring and reconstructing images
in real time. In such an environment, these devices can be modeled as Cyber-Physical
Systems CPSs), where di erent sensors/actuators need to be controlled and synchronized
while data are acquired and processed in real time [1]. Due to the interoperability
di culties between components from di erent vendors that often acquire and store data
0 ine, supporting plug-and-play capability and real-time controlling/synchronization
and data processing is still an open challenge for ma§PS applications, like in CT
scanners [2 4]. Often, these tasks are distributed across di erent Control Syster®$)
and Data Acquisition System (DAS) architectures [5].

This thesis addresses these challenges and proposes a solution considerin@C Bt
System Architecture, its Communication Infrastructure, and the Control-Data Acquisition
System (CDAS) architectures. A Centralized System Architecture not only enhances
interoperability for plug-and-play capabilities but also improves the estimation of Worst-
Case Execution Time WCET) for communication tasks which are typically distributed
across various components. The Communication Infrastructure employs distinct layers
and classes to segregate control/data and non-real-time/real-time tasks. In contrast
to other systems whereCS and DAS exist in separate architectures, all these elements
permit to join Control and Data Acquisition architectures in a novel CDAS architecture
based onMPSoC-FPGA platforms. In this way, the various components are coordinated
within a single chip where also data are processed, while the plug-and-play capability and
the real-time support are provided in the targetCPS. Indeed, this new hardware/software
architecture is responsible for controlling/synchronizingCPS device components while data
are being acquired and processed on the y. Finally, in order to demonstrate the impact of
the proposed solution, this work focuses on th€T application and the K on gurierbarer,

I nterfaceo ener, D osisparender Computert omograph KIDS-CT) scanner, where it has
been realized, validated and evaluated.

1.1 Motivation

The motivation for this thesis is manifold. Starting from the relevance of the targeted
application and its impact, the motivation can be condensed to the following questions:




1 Introduction

1.1.1 Why interventional and multimodality CT matter?

The increasing number of tumors is pushing researchers to explore new medical procedures
where single or combined radiological images are used during diagnosis and surgery [6].
SinceCT imaging is one of the most e ective support in cancer diagnosis, surgeons started
to exploit it during tumor ablation [7]. Due to the di erent application requirements
associated to interventional procedures, di erent radiology scanners can be used. For
this purpose, these must be synchronized to generate images simultaneously and obtain
useful combined images. So, thi€T multimodality imaging became a key element during
interventional procedures, contrasting tumors [8]. These factors motivate researchers and
underscore the importance of thes€T procedures for health and human life. In addition,

to fulll the requirements of this new CT application, the real-time support and the
plug-and-play capability became essential requirements for their realization.

1.1.2 Why KIDS-CT?

KIDS-CT is the rst open-interface CT scanner assembled by and in Academia [9]. It
is an open-interfaceCT platform where it is possible to add and exchange components
such as X-ray tubes and detector systems in a plug-and-play fashion. Moreover, it has
been designed to exploit and explore multimodality techniques. For instance, it can be
combined with other devices like Time-of-Flight cameras and Ultrasound scanners. These
features allow researchers to explore and test new reconstruction algorithms and new
sensors/actuators suitable for new diagnostic and interventional procedures [10].

1.1.3 Why a CT scanner for multimodality/interventional like KIDS-CT is a CPS?

A CT scanner for diagnostic procedures acquires and reconstructs images o ine without
real-time interactions between the physical and the cyber world [11]. In contrast, scanners
for iCT procedures provide real-time images used to control the needle insertion and
its position inside the patient's body. These real-time images guide surgeons in the
tumor ablation intervention [12, 13]. In addition, based on the needle position, the
scanner parameters are manually or automatically adjusted to save X-ray doses. This
medical procedure is a mere example of real-time interaction between the cyber and the
physical world, given by theCT scanner and surgeon/patient, respectively. This real-time
interaction de nes the distinction between an embedded system andGPS, such as the
KIDS-CT scanner.

1.1.4 Why use MPSoC-FPGASs?

As explained above, aCT scanner for interventional procedures can be modeled as a
CPS, where tasks are executed in real time, and the plug-and-play capability should
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be provided for enabling multimodality techniques. To ful Il these strict requirements,
powerful reprogrammable architectures are the most suitable platforms [14]. In recent
years,MPSoC-FPGAs have become the de-facto architecture for reprogrammable archi-
tectures [15]. They o er the computation capability of an accelerator and the hard-
ware/software reprogrammability capability that gives the exibility to extend the architec-

ture for new components and use cases, such as in the targeted medical application [10, 16].
Furthermore, these platforms are suitable for ensuring the security and the dependability
level of these Mixed-Criticality Systems KCSs) such as theKIDS-CT scanner, providing

di erent levels of security and isolation between tasks and peripherals associated with
di erent application domains.

1.2 Research Questions

Pursued by the importance of providing an open-interfac€T scanner such as th&IDS-CT
scanner for interventional and multimodality exploration and by the o ered potentiality of
the MPSoC-FPGA platform in providing real-time support and plug-and-play capability
in CPS applications, this work will answer the following research questions:

" How can aCSand aDAS be combined into aCDAS architecture for MPSoC-FPGAs
targeting CPS applications such as the KIDS-CT scanner?

How canCDAS tasks be partitioned onMPSoC-FPGAs to provide real-time support
and plug-and-play capability?

How can aCDAS architecture be designed for aMPSoC-FPGA to acquire and
process data on the y?

Which data formats optimize computing performance and hardware cost of tHeT
pre-processing steps while keeping the image quality suitable for iICT?

How can task isolation be achieved in low-cosiPSoC-FPGAs while adhering to
the speci ¢ requirements of CPSs as MCSs?

1.3 Research Contributions

In relation to the above questions, this work provides the following research contributions:

A Communication Infrastructure with the related centralized control unit that
supports custom and standard vendor-protocols. It also proposes various application
protocols for real-time and non-real-time commands and data communication tasks.
Here, the centralized control unit is part of the proposedCDAS. This solution,
facilitates the interoperability betweenCPS components and the support for plug-
and-play capability within CPS devices [DP 2].
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A hardware/software architecture for CDAS within CPS applications. The proposed
architecture targets MPSoC-FPGAs. It provides support for real-time data pro-
cessing and plug-and-play capability for adding components to tHePS. It is also
optimized for ICT applications [DP 3, DP 4].

A system architecture for diagnostic and interventional CT that guides hardware
and system designers in identifying design requirements of a Medical Cyber-Physical
System (MCPS) like the di erent CT scanners [DP 3].

A task partitioning methodology for MPSoC-FPGAs, where control, communication,
and processing tasks are distinguished and mapped on Processing Systeé) and
Programmable Logic PL) in relation the timing requirements and criticality [DP 4].

A lightweight data ow architecture that can be con gured at design time and run
time for collecting data from various devices with di erent acquisition requirements
(e.g., various protocols and data rates) [DP 5].

A processing core architecture for real-time data processing, con gurable for standard
and custom data formats. In this processing core, a hardware optimization of the
algorithm for the 10-correction CT pre-processing step is proposed [DP 1].

A Design Space Exploration DSE) of data formats applied to CT data in the
pre-processing steps of the Feldkamp, Davis, and Kress (FDK) algorithm [DP 1].

An isolation method for MPSoC-FPGAs that allows guaranteeing temporal and
spatial isolation [DP 6].

An MPSoC-FPGA prototype of the proposed architecture, integrated into the
KIDS-CT scanner. Here, it is responsible for controlling and synchronizing the
various internal components and collecting and pre-processing data in real time [9].

1.4 Thesis Outline

Part I, containing this Chapter, introduces the research area of this thesis. Chapter 2
explains the technical background on which this work is based on. Subsequently, Chapter 3
provides an overview of the related work, focusing on hardware/software architectures for
controlling components and acquiring data in CPSs for medical applications.

Part Il explains the process that led the author to the plug-and-play real-time architec-
ture. Here, Chapter 4 systematically de nes the problems of actu&PS devices and in the
speci c case of theCT application, and Chapter 5 illustrates the proposed methodology
for this research work. Then, Chapter 6 and Chapter 7 describe the proposed System
Architecture with the Communication Infrastructure, and the CDAS architecture for
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CPS devices, respectively. This last Chapter describes the di erent aspects of tdAS
architecture that contribute to achieving the research objectives.

Part Il focuses on the targetedCPS use case: th&KIDS-CT scanner. Here, Chapter 8
de nes the requirements and describes how the proposed methodology and System Ar-
chitecture for CPSs ts to model the KIDS-CT scanner. Chapter 9 then illustrates the
CDAS architecture implemented on the XC7Z043PSoC-FPGA and integrated into the
KIDS-CT scanner. This includes all the proposed mapping solutions, the modules for
controlling-synchronizing components, and for collecting and processing data in real time.
Furthermore, this Chapter focuses on the speci ¢ optimization proposed for the pixel
processing part of theFDK algorithm, which is implemented in theCT reconstruction
system. In addition, it describes how metrics and parameters have been selected to explore
the design space related to the pixel processing part.

Part IV discusses the validation and evaluation of the proposed work, focusing on its real-
ization and implementation for the KIDS-CT scanner use case. Here, Chapter 10 explains
how the CDAS architecture was validated in the design, in the post-implementation, and in
the post-integration phases, along with the System Architecture and the Communication
Infrastructure. Chapter 11 evaluates the computing performance and the hardware cost
of the implementedCDAS architecture implemented for theKIDS-CT scanner; it also
considers other con gurations of the di erent modules to show how the proposed archi-
tecture can also be extended to support additional components. Chapter 12 reports the
results of the image quality analysis applied to the reconstructed images, where di erent
data formats have been used in the reconstruction algorithm; it explores the design space,
considering which data format is more suitable for interventional procedures. Chapter 13
evaluates and compares the proposed functionalities with the related work, focussing on
the plug-and-play capability and real-time support.

Finally, in Part V, Chapter 14 concludes this thesis by discussing the achieved research
objective and presenting open problems for future research work.
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This Chapter introduces the fundamental concepts on which this thesis is based on.
Initially, it de nes a CPS device, clarifying the di erence with an Embedded SystemHS).

In this context, it reports the various aspects of designin@PSs and introduces the case
of MCSs, which are computing systems lik&KIDS-CT that can run tasks of di erent
criticality. Then, it describes the MPSoC-FPGA, which is the ES platform selected for the
proposedCDAS architecture. It also discusses the hardware isolation challenges focusing
on the targeted platform. After that, it describes the background of theCT application,
focusing on theKIDS-CT scanner that is the selectedCPS use case of this thesis. Finally,

it explains the xed-point and oating-point representations used in this work as input
parameters of theDSE for the CT pre-processing steps. The contents of this Chapter have
also been presented by the author in Ref. [DP 1, DP 2, DP 3, DP 4, DP 5, DP 6, DP 7,
DP 8].

2.1 Cyber-Physical Systems

From the computing and communication perspectives, various de nitions of Cyber-Physical
Systems CPSs) [17] can be found in the literature. The closest to this work is given by A.E.
Lee, who focuses on the computational aspects and de néRSs as follows: Cyber-Physical
Systems are integrations of computation and physical processgs]. This de nition takes
into account two elements: the computation and the physical environment (i.e., physical
processes). The link between these two elements allo@BSs to be distinguished from
Embedded SystemsKSs), such as smartphones, where there is no physical environment
to consider in the modelling and designing process [18]. In fact, @GPS comprises an
embedded system (the information processing part) and a (dynamic) physical environment,
or CPS = ES + (dynamic) physical environment [17], as shown in Fig. 2.1.

Figure 2.1: Integration of computation and physical environment
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Furthermore, in order to understand the concept oCPS, it is important to de ne the
meaning of system E.A. Lee de nes it as follows: A system is simply a combination
of parts that is considered as a wholg¢18]. In fact, a CPS device can be de ned as
a system composed of physical subsystems with their interconnections and computing
units. For instance, the CT scanner contains several components that are standalone
systems; the interaction of these interconnected components with the physical environment
constitutes the CT scanner asCPS. Although, there are several de nitions ofCPSs, which
also emphasize the concept of interaction between devices connected to the Internet, this
thesis considers<CPSs as a device made up of components (sensors/actuators/processing
systems) interconnected through a point-to-point connection or a local area network where
the hardware platform selected for theeSs becomes crucial. In fact, this research work
analyses and proposes solutions to solve problems such as the plug-and-play capability
and the real-time support through the use oMPSoC-FPGA platforms, independently of
the physical environment of the application.

2.1.1 Physical environment

As mentioned above, &CPS comprises a physical environment, also called physical system.
This refers to the real-world settings in which theCPS operates, including everything
from the physical machines and sensors to the natural environment around them [18].
Di erent models can be used for describing a physical environment based on the interesting
aspects to represent the physical environment. For example, designers can use data-driven
models, mathematical models, formal models et cetera. Modeling the physical environment
accurately is crucial for the e ective design, implementation, and operation @PSs, as it
directly impacts decision-making, system e ciency, and safety.

This thesis targets the CT scanner for interventional procedures, which is a medic&aPS
where the surgeon interacts with the patient through the ablation needle and is guided by
real-time images from theCT scanner. These elements and their interactions represent
the physical environment, which is strictly application-dependent, as well as the input
parameters for the proposed plug-and-play real-time architecture faMPSoC-FPGAs.

De ning modelling solutions for the physical environment of the target application is out of
the scope of this thesis, instead a System Architecture and Communication Infrastructure
models are proposed. These permit to realize existing physical environments such as the
autonomous CT scanner for interventional procedures proposed by the author in [DP 8].

2.1.2 Embedded system

An Embedded SystemES) can be de ned as follows: An embedded system is a microprocessor-
based system that is built to control a function or set of functions and is not designed to be
programmed by the end user in the same way as a Personal Compul)(.[19]. This
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de nition immediately points to the problem of control, which is an essential element of
ESs. Further, it highlights the impossibility for the end user to program anES as aPC,
since anES requires an external system to be programmed. This makes a di erence with
general purpose systems like PCs. An ES consists of three parts:

Sensor: It is a device that measures a physical quantity from the physical environ-
ment [18]. Here, the physical quantity is sampled and holdas an analog signal and
converted into a digital signal to be processed.

N

Actuator : It is a device that modi es a physical quantity of the physical environ-
ment [18]. Here, a digital signal is properly converted into an analog signal that is
responsible for modifying the physical quantity.

Processing Unit : It collects and processes sensor data and controls actuators.
It also implements the functionalities of theES (i.e., use cases of the targeEPS
device). The proposed plug-and-play real-time architecturefor MPSoC-FPGA is
part of the Processing Unit in the CPS.

2.1.3 Physical architecture

Modern CPSs contain many sensor/actuator components that generate a vast amount of
data that cannot be sent and processed in time using the Cloud [20]. Therefore, these data
must be processed on Edge at the device level [20]. For instance, Heinrich [21] reports
that car sensors can generate about 22 GB for an event of 35 seconds. It means that a
car may generate over 18 TB of data in 8 hours of driving. The same problem also exists
for the KIDS-CT scanner that can generate about 24 GB of data in 30 seconds [22], only
from the detector sensors.

Furthermore, to coordinate and synchronize these complex systems and to provide
the control and processing algorithms at the device level, di erent control architectures
exist [23 25]. As shown in Fig. 2.2, the various solutions can be classi ed into three types
of control architectures: centralized, distributed, and decentralized along sensors and
actuators on single or multiple chips [24, 25].

Figure 2.2: Control architectures

In CPS applications with reliable and hard real-time requirements, such as automotive
systems,CPS vendors tend to choose the centralized solution [26]. For instance, AMD-
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Xilinx [27] and Tesla [28] have introduced a Full-Self DrivingkSD) system for Advanced
Driver-Assistance SystemsADASS) that implements a centralized control architecture.
Following the same trend, the system architecture proposed in this thesis is based on the
centralized control architecture [DP 3].

2.2 Multi-Processor System-on-Chip Field-Programmable Gate Array

In recent years, technological advances have allowed the developmenE&6 on Multi-
Processor System-on-ChipdMPSoCs) [29]. These platforms have multiple Central Pro-
cessing Units CPUs) and peripherals that permit data processing and sensor/actuator
communication in a single integrated circuit [29].

Multi-Processor System-on-Chip Field Programmable Gate-ArraysMPSoC-FPGASs) go
one step further, providing programmable logic intdIPSoCs allowing the implementation
of custom peripherals for custom protocols and application-speci ¢ functions with great
performance and power e ciency [16]. These capabilities makdPSoC-FPGAs appealing
architectures for CPSs, compared to traditional processing unit platforms [30]. Following
the AMD-Xilinx taxonomy, MPSoC-FPGAs have thePS and PL parts, as shown in
Fig. 2.3. The former comprises the Application Processing UniAfU) and peripherals
implemented in the xed silicon logic. The latter comprises reprogrammable logic capable
of implementing Processing Elements (PEs) [31].

Figure 2.3: MPS0oC-FPGA Micro-architecture: Zyng-7000 SoC and Cyclone V SoC

Unlike Application-Speci c Integrated Circuits (ASICs), the Field Programmable Gate
Array (FPGA) part (i.e, PL) is con gured at boot time by the PS, and can also be
recon gured at run time [31]. This technological capability permits upgrading the hard-
ware/software architecture at boot and at run time for possible expansion or replacement
of components [32], which has been essential for realizing the proposed plug-and-play

10
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capability.

2.2.1 On-chip communication architecture

In modern MPSoC-FPGAs, we can have hundreds oPEs, peripherals, and storage
elements, providing exibility and performance. In order to establish communication
between them, designers de ne on-chip communication technologies and architectures [33].
In the past, each manufacturer de ned its communication infrastructure and protocol, which
made it di cult to integrate third-party elements, such as soft Intelectual Property (IP)
cores. During these years, various bus standards have also been proposed to solve this
problem, and the Advanced Microcontroller Bus Architecture AMBA ) was one of the
most used. ARM proposed this bus to support the communication between their cores.
Nowadays, the de-facto standard interface for on-chip communication is Advanced
eXtensible Interface AXI), which is part of the AMBA 4 speci cation [34]. In contrast
to most other communication standards, it does not specify a bus infrastructure but a
communication interface. In this way, the interfaces may be connected by direct connection,
bus, or Network-on-Chip (NoC) architectures also using di erent technologies and clock
frequencies, facilitating the extension of th&S bus to the PL. It describes a point-to-point
communication between two complementary master and slave interfaces, o ering the
following two protocols [35]:

Memory-mapped protocol : Master and slave interfaces are connected by an
interconnect component that routes or manipulates transactions between the master
and slave. All transactions are associated with a destination address within a system
memory space and data to be transferred. For the memory-mapped protocol, AXlI4
provides the Full and the Lite versions. While AXI4-Lite performs single transactions
using few logic signals, AXI4-Full supports 256 burst transactions in a single address
phase.

Stream protocol : It consists of a direct unidirectional connection between a master
and a slave interface, without the use of addresses.

While the stream communication between two components uses a dedicated physical
link, the memory-mapped communication uses an interconnect component, potentially
permitting communication between a master and a slave interface and causing isolation
problems. For this reason, designers and researchers consider only the memory-mapped
protocol for the isolation issue.

In order to read/write data in memory-mapped mode, AXI4 interface uses ve channels:
Read Address channelRA), Read Data channel RD), Write Address channel (VA),
Write Data channel (WD) and Write Response \WR) [36]. Thanks to the separation
between read and write channels and between address and data channels, the protocol

11
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allows data to be moved between master and slave simultaneously. In the read transaction,
the master requests data through thdRA channel. Then, the slave responds through the
RD channel as shown in Fig. 2.4.

Figure 2.4: AXI4: channel architecture of read operations [36]

In the write transaction, the master rst sends the address to write through theNA
channel as shown in Fig. 2.5. Then, it sends the data to write through thé&/D channel.
Finally, the receiver sends the acknowledgment message through the WR channel.

Figure 2.5: AXI4: channel architecture of write operations [36]

At the microarchitecture level, each channel consists of multiple signals, some of which
di er from channel to channel. To ensure correct communication, all channels implement a
handshake mechanism between the transmitter and the receiver using the following signals:

A

READY - driven by the receiver to indicate to the sender that it is ready to receive
data.

12
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N

VALID - driven by the sender to signal the validity of a transmission data/address.

The handshake is established when both signals are high. Furthermore, to avoid
deadlocks, the master sets the VALID signal high without waiting for the READY signal
and sets it low only when the handshake is established and data are sent. To exploit
the communication infrastructure for isolation purposes, it is important to consider the
following signals of the address channels:

N

Identi er (ID) - used to di erentiate in- ight transactions; a master can be identi ed
by a xed Section of the ID.

" Address (ADDR) - address of the rst data to transfer

Lenght (LEN) - number of burst data to send through the data channel for the
related transaction

Size (SIZE) - the size of each burst to send

The signals ADDR, LEN, and SIZE describe which data will be transferred. Since AXI-Lite
does not support burst transmission, it does not have ID, LEN, and SIZE signals.

The WD and RD channels transport the data through the data signals (DATA). Finally,
when a transaction is completed, th&V/Rs channel uses the Response (RESP) signal to
indicates the success or the failure of the transaction [36].

2.3 Mixed-Criticality Systems

In Mixed-Criticality Systems (MCSs), tasks are associated with criticality levels on a
shared platform [37]. These levels range from low criticality, where failure or misbehavior
may not a ect the physical environment, to high criticality, where failure or misbehavior
could lead to catastrophic events. Therefore, each criticality level must specify a required
level of assurance against failure. In this context, the failure is a consequence of a fault
trigger [38]. In fact, the fault trigger is de ned as the set of conditions that activate a
fault and propagate the resulting errors into a failure [39]. There are two types of faults:
temporal and functional. The former usually arise from the long task execution times,
while the latter include permanent or temporary defects. Various techniques exist for fault
tolerance inCPSs [40]. Most works that are focused on temporal faults determine the
upper bounds to the execution time of the provided tasks, commonly call&tiCET [41].

In MCSs, to reach a high level of assurance, di erent con dence of thH&CET estimation

Is associated with the criticality levels [42].

13
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2.3.1 Shared resources in MCSs

Modern hardware platforms, such as Multi-Cores anPSoCs, can run multiple tasks
in parallel. On the one hand, they o er performance optimization; on the other hand,
they raise the problem ofinterference between tasks of di erent applications that share
resources [43].
The interference problem opens two critical issues MCSs: the WCET s estimation and
the lack of security. For example, arMPSoC-FPGA may run a high-critical task on one
core and a low-critical task on another core, sharing the same peripherals; in this scenario,
the low-critical task may cause a functional failure by manipulating the shared resource,
or it may cause a temporal failure by accessing the shared resources longer than expected.
For this reason, tasks in such systems are usually associated watfiticality domains.
Here, tasks of di erent domains are isolated from each other, and a shared resource can
exclusively be accessed only by tasks of a granted domain. There are two types of isolation:
temporal and spatial isolation. The former guarantees that tasks accessing a shared
resource cannot interfere with other tasks in the time domain. The latter guarantees that
tasks have exclusive access within the same shared resource.

2.3.2 CPSs and MCSs

In parallel with the evolution of separate research branches f@PSs and MCSs, it has
been noticed that many CPSs are alsoMCSs [37]. In this context, Schneider et al.
observed that numerousCPS operations must perform deadline-critical and Quality of
Service Qo9-critical tasks [44]. For example,CT scanners have critical tasks (e.g., High
Voltage (HV) control and synchronization tasks) where safety and reliability are essential
requirements. In order to meet these requirements and to avoid errors from propagating
throughout the system while critical and non-critical tasks are running, isolation is the
primary solution [45]. In addition, critical tasks can be part of two di erent applications,
which must be isolated to improve security and dependability levels.

2.3.3 MPSoC-FPGAs for MCSs

When MPSoC-FPGAs are used inCPS applications, which are alsdMICSs, tasks with a

di erent criticality and/or application domain must be isolated, as explained above. Here,
tasks can also be implemented in dedicated hardware modules on e part. In order to
guarantee isolation inMPSoC-FPGAs, which use the memory-mapped input-output, rst,

the tasks or components are associated with one or more domains. Second, the resources
refer to peripherals or speci c memory regions. Finally, the policies which grant/deny
communication transactions are de ned. For this reason, the communication infrastructure

Is crucial to guarantee isolation. The following two main approaches are utilized to provide
isolation in MPSoC and platforms:
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Protection Unit (  PU): It is a hardware unit that usually is part of a CPU
architecture or an IP core implemented on thd’L. For instance, Arm-M proces-
sors [46] integrate an Memory Protection Unit MPU) that is supported by e.qg.
FreeRTOS [47]. It controls the access to memory regions that are con gured by
privileged software, giving access rights only to certain applications. THdPU is
similar to the Memory Management Units MMU s), but does not provide address
translation, making it suitable for embedded use cases.

Hypervisor : It is an additional management and security system that is imple-
mented between the Operating Systemd0Ss) and the hardware layer, enabling
the parallel running of severalOSs in a secure way (i.e., it guarantees the isolation
between the resources accessed by the di ere@Ss). Furthermore, it o ers and
manages virtualization, where a single physical resource is divided into multiple
virtual resources. Virtualized resources can includéPUs, memory, 1/0O peripherals,
timers, and interrupts. To minimize the performance degradation associated with
virtualization, hardware platforms are designed to support this functionality. In
particular, CPU virtualization is enhanced by the introduction of additional CPU
modes [48]. Moreover, hypervisors and virtualization facilitate the deployment of
legacy applications [49]. The isolation mechanism proposed in this thesis lays the
foundation for supporting hypervisors in low-cost MPSoC-FPGA platforms.

2.4 Interventional Computed Tomography

Interventional Computed Tomography (CT), also known asCT-guided intervention, is a
medical procedure that uses th€T technique to guide a minimally invasive intervention in

a speci c area of the body. It is mainly used as a standalone system or in combination with
PET, MRI, and/or Ultrasound for guiding tumor ablation [50]. During an interventional
CT procedure, the patient lies on a table that slides into th&CT scanner, which uses
X-rays to create detailed images of the body's internal structure<CT scanners foiiCT
procedures aim to acquire and display reconstructed images in real time, allowing the
surgeon to precisely locate the Region Of InteresRQI) and guide the needle or other
medical instruments to the desired location [13]. The following Sections describe the basics
of CT scanners, the KIDS-CT scanner, and the theory of CT reconstruction.

2.4.1 CT scanner fundamentals

A CT scanner is a medical imaging device that uses X-rays and computer technology
to create detailed images of bones and soft tissues. To do so, an X-ray detector and an
X-ray tube rotate around the patient and multiple X-ray images are taken from di erent
angles [11]. A reconstruction unit then processes these projected images cahejections
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to create cross-sectional images of the body that can be viewed on a monitor.

Nowadays,CT scanners come in a variety of sizes and con gurations, ranging from
small portable units to large, multi-slice machines that can produce high-resolution images
of the entire body taking several minutes [51]. The latest generation of CT scanners also
incorporates advanced technologies such as low-dose radiation techniques [52], iterative
reconstruction algorithms [53], and dual-energy imaging [54], which can improve image
quality while minimizing radiation exposure to the patient. In addition, di erent scanners
with speci ¢ shapes and rotation mechanisms are used depending on the body part of
interest: mammography scanners for the breast, dental cone be&@i scanners for teeth,
C-arm and helical CT scanners for scanning bones and soft tissues [55].

Although distinct scanners are used for di erent body parts, physicians initially used the
same scanners for diagnostic and interventional procedures. However, due to the di erent
timing and X-ray dose required for the two applications, companies have begun to design
scanners with identical shape and geometry parameters but di erent control mechanisms,
dose modulation techniques, and data acquisition and reconstruction components for the
two procedures. For example, Philips and Siemens have proposed two platform systems
for di erent interventional procedures [56, 57]. Furthermore, various scanners enabling
multimodality techniques have also been proposed, such as the MIYABI Angio-CT [58],
by Siemens, which is also used in surgery rooms for iCT procedures.

2.4.2 KIDS-CT scanner

This work focuses on theKIDS-CT platform, which is an open-interface CT scanner [9].
This scanner has been designed to integrate additional components in a plug-and-play
fashion and to run variousCT reconstruction algorithms. It can perform axial and helical
CT scans of the whole body, which are the most common modes for clinical applications.

Figure 2.6: Representation of the KIDS-CT scanner [DP 3]. Copyright 2019, IEEE
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In its basic con guration, the KIDS-CT scanner consists of the main components shown
in Fig. 2.6: X-ray tube system, Detector Management SystenDMS), gantry module,
patient table, collimator module, and reconstruction system. In order to de ne the
requirements for theKIDS-CT platform the main internal components are described
below.

X-ray tube system

The X-ray tube system consists of the X-ray source, the cooling unit, and the power
distribution system. The KIDS-CT platform mounts the Xpert bundle with CT6500 in
Ref. [59]. Typically, this generates an X-ray beam with multi-focal spot jumping at the
nominal voltage of 140 kV [59]. Here, the position of the X-ray source is identi ed by a
single point called focal spof, as shown in Fig. 2.9.

From a system design point of view, this component has several interfaces for real-time
and non-real-time control tasks and signals. It is mounted on the rotating side of the
gantry, where it is directly connected to the proposed CDAS.

Detector Management System

The Detector Management SystemIMS) contains the matrix of the detectors, which
are irradiated by the attenuated X-ray ux. The acquired signal is converted into digital
information and sent to aDAS, which collects and processes all data. In th€IDS-CT
platform, the DAS responsible for collecting detector data is part of the proposed archi-
tecture for CDAS. The DMS mounted on theKIDS-CT platform is the Philips - 64 row
CD300 in Ref. [22]. This is a cylindrical detector with 43008 detection elements arranged
along an arc. The detector elements are distributed as rounded rectangular. The geometry
distribution, which is essential for reconstructing the 3-Dimensional3D) voxel pixel, is
explained in Section 2.4.3.

Patient table

For making the scan, a patient lies on a table called the patient table. During the scan, it
Is used for positioning the patient between th®©MS and the X-ray source [11]. When the
scanner is set to the helical mode for a full body scan, the table is moved towards or away
from the gantry while the DMS, the collimators, and the X-ray tube systems rotate. In
this application, the patient table, the gantry, the DMS, the collimators, and the X-ray
tube system must synchronize their respective positions and speeds in order to acquire
useful images for the reconstruction. Furthermore, to center the body part to be irradiated
with the X-ray source at the iso-center, the KIDS-CT patient table has been designed with
three degrees of movement that must be controlled in real time. The patient table has
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real-time and non-real-time interfaces to communicate with the other CPS components for
controlling and synchronizing issues.

Collimator system

In CT scanners, collimators perform two primary roles: limiting unnecessary patient
exposure to radiation and guaranteeing high-quality imaging. This component is situated
between the X-ray source and the patient. This mechanical device can be manually set
before the scanning or controlled by an engine that changes the direction of the X-ray
beam on the patient. In theKIDS-CT platform, the collimator system uses a real-time
interface to communicate with the CDAS.

Gantry

The gantry is the mounting framework that surrounds the patient [11]. It mainly contains
the X-ray tube system, theDMS, and the collimators. These components are mounted
on a rotating disk (rotating side), that must ful Il positional and angular accuracy. For
high positional accuracy, the gantry has to limit the vibration in all directions. For high
angular accuracy, the disk speed rotation must be constant. For example, in the medical
application, the error for a fraction of millimeters for each collected image has an upper
bound of 500-mm radius [11].

The data are acquired on the rotating side but must be sent to the reconstruction system
on the scanner's stationary side. Slip-ring technology is used to power devices mounted on
the gantry's rotating disk and establishes communication with devices on the stationary
side. It includes an electromechanical device consisting of concentric circular rings aligned
with the gantry axes. Brushes connect both ends of the gantry to these rings, ensuring an
electrical link between the rotating and stationary parts of the device [60]. ThEKIDS-CT
scanner uses a Schleifring Gantry [61].

Reconstruction system

The reconstruction system is situated on the stationary side. It collects the acquired
data streamed via the slip-ring communication link, reconstructs them, and displays
them to the doctor. It consists of a workstationPC having an MPSoC-FPGA for the
synchronization and the data collection and &PU accelerator for the image reconstruction.
Both these platforms are connected to th€C via a Peripheral Component Interconnect
Express PCI-E) interface. The collected data are sent from thPSoC-FPGA through
the PC main memory to the GPU accelerator. Furthermore, to collect data with the
MPSoC-FPGA, the proposedCDAS architecture has been reused and con gured only for
this purpose.
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User interface system

The user interface system is situated on the stationary side. It is used by surgeons or
radiologists to control the scanner for acquiring and visualizing the reconstitutedD
images. It can also be implemented in the same workstation of the reconstruction system.

Controlling and data acquisition system

The Controlling and Data Acquisition System is the core of th&IDS-CT platform. The
proposed architecture controls and synchronizes all tHlDS-CT components in real time,
realizing a centralizedCDAS for MPSoC-FPGA. Usually, commercialCT scanners use
various DAS and CDAS architectures, which are custom-designed for the speci ¢ device to
implement. For this reason, there is no generiCDAS architecture de ned in the literature.
In Chapter 3, the author will describe the signi cant existing solutions forCT and other
CPS applications as related work of this thesis. Part Il of the thesis will describe the
proposed architecture that realizes the CDAS.

2.4.3 CT reconstruction theory
Fundamentals of CT reconstruction

As explained above, &CT scanner measures the X-ray ux passing through an object
from di erent angles and reconstructs the3D voxels. If there is no object between the
X-ray source and the detector sensors, the measured values in the ideal case are constant
because there is no attenuation [11]. In clinical applications, bones and soft tissues are
considered to be non-uniform objects, with di erent attenuations measured at di erent
angles. Furthermore, the generated X-ray ux is mono-energetic, so the relation between
the input X-ray photons | (generated by the X-ray source) and the output X-ray photons

| (measured by the DMS) is expressed by the Beer-Lambert law, in the equation 2.1.

I:’N
l=1l¢ge * *e 2% 3% @ " X=|pe n=1"* (2.1)

In the equation 2.1, x and are the thickness and linear attenuation coe cient of
each element inside the object, respectively. This relates the generated and measured
intensity of the X-ray photons to the density of the elements crossed by them. In fact,
reconstruction algorithms aim to nd the value for each element (e.g., soft tissue, bone)
inside the object, starting from projected images, where each pixel represents a measured
X-ray photon intensity.

A practical example is shown in Fig. 2.7, where a simple non-uniform object with four
elements has been considered. Each element has a di erentand the reconstruction
algorithm aims to compute them, starting from the four acquired projection$y, ps,

19



2 Technical Background

Figure 2.7: Example of a 4 voxel object and its projections

ps3, and ps. In this simple case, the algebraic system has a unique solution because
there is the same number of equations and unknowns. Therefore, it can be solved with
a mathematical approach using the direct matrix inversion. The same mathematical
approach was used for the rstCT scanner in 1967 [11], but in moder®€T scanners, this
solution is computationally not applicable due to the complexity of the system.
Nowadays, various methods are used in the state-of-the-art, such as back-projection,
statistical, and machine-learning methods [62]. However, the most successful algorithm
is the FDK, which uses the Filterd Back-Projection FBP) method. Due to its low
computational cost, theFDK algorithm has also been selected for th€IDS-CT platform
and this thesis.

FDK algorithm

The FDK algorithm was published in 1984 [63]. It is an analytical 3-D reconstruction
method for at panel and cylindrical detectors, usually implemented with a Itered
back-projection scheme.

Figure 2.8: CT circular trajectory. O represents the iso-center, and d is the orthogonal
distance between each point ( ) and the corresponding detector plane

This algorithm considers scanners with a circular trajectory. As shown in Fig. 2.8, the
DMS and the X-ray source rotate along the circle in the direction of .
The FDK algorithm reconstructs the3D volume of the scanned object, starting from the
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2-Dimensional @D) projected images. For matching the object, the X-ray source, and the
DMS position between the2D pixels and the3D voxel to reconstruct, di erent geometry
parameters are required. These parameters are associated with the following coordinate
systems:

N

World Coordinate System ( WCS)): It is a Cartesian coordinate system that is
xed during the acquisition.

Figure 2.9:World Coordinate System. (X,Y,Z) refer to the Left, Posterior, Superior I(PS)
orientation

The WCS is used to indicate the speci ¢ locations irBD global space where th&€T
system geometry and object projections are positioned [64]. TNECS has two types
of orientations: LPS and Right, Anterior, Superior (RAS).

In medical imaging, LPS is commonly used to represent th&V/CS. As shown in
Fig. 2.9, the LPS orientation of theWCS is illustrated, with the positive X, Y, and
Z axes positioned from right to left, anterior to posterior, and inferior to the superior
of the object body, respectively. The reference point of iso-cented 2 R®) is located
at the center of the WCS in the CT scanning system.

Voxel Coordinate System ( VCS): The 3D position vector of voxels, which are
discrete units in a3D space, is de ned with discrete indices' 2 Z2. The volume
is represented as a discretized grid &f, N, N, voxels along the x-direction,
y-direction, and z-direction, respectively. HereN,, Ny, and N, denote the number
of columns, rows, and slices in the volume. The termsx, vy, and z represent
the width, height, and depth of each voxel, respectively.

Detector Coordinate System (  DCS): It is used to locate the position of the
pixel in relation to the center of the projection; as shown in Fig. 2.10, it is orthogonal
to the X-ray source.
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Figure 2.10:Pixel Coordinate System PCS) and DCS. The rows and columns refer to
the PCS, and point the pixel index in the collected projection; the point A
has coordinate (0,0) in the PCS. Instead, the point O has coordinates (0,0),
following the DCS

" PCS: Itis used to locate a speci ¢ point in an image by combining rows and columns
to construct an image. As shown in Fig. 2.10, th€CSis ordered from left to right
and from top to bottom (rows increment downward, while columns increment to
the right). For instance, in the KIDS-CT PCSs represents the data array points of
the cylindrical detector plane. As described in Tab. 2.2, the total number of rows
and columns of the data array are de ned byN, and N, while the coordinates are
de ned asvP* 2 R: vPX 2 [1,N,] and uP* 2 R: uP* 2 [1, N,].

Figure 2.11:Fan Arc Angle (left) and Fan line height (right). The arrows X, Y, and Z
refers to the WCS with the LPS orientation

and are the sampling intervals used to calculate the physical position of the
pixel, starting from the indicesvP* and uP*, respectively. In the case of cylindrical
detectors such as the&kKIDS-CT scanner, and represent the pixel height
increment and the fan angle increment, respectively. As shown in Fig. 2.11, they are
sampled equally in angular and column and row distances, respectively.
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