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PREFACE

The PhD program in Information Technology (IT) is organized within the Dipartimento
di Elettronica, Informazione e Bioingegneria (DEIB) and offers the opportunity to
develop a PhD thesis in the research areas of Computer Science and Engineering,
Electronics, Systems and Control, Telecommunications.
Nowadays, these fields of research are of enormous scientific and technical interest
to companies, governmental organizations, and the society in general. Scientific
collaboration of DEIB with prestigious research institutes abroad facilitates the entrance
into the world of international research through meetings with scientists, common
research, and visits to laboratories worldwide.

The goal of this report is to present some summary information about the status of the
programme and its teaching and research activites.

PHD COURSE IN INFORMATION TECHNOLOGY

Intense industrial collaboration of DEIB in application research allows the doctoral
student to become acquainted with the activities of technologically advanced companies,
thus acquiring the necessary elements for an informed choice between a career in
industrial or academic organizations.
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THE NUMBERS

Academic year 2020 - XXXIII, XXXIV e XXXV cycles.
PhD students enrolled in the Program: 218 including 31 foreign students.

119
73

Assistant Professors

Associate Professors

Full
Professors
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PHD IN IT - NUMBERS

60

Research
Assistants

Tech and
Administration
Staff

15

47

215

BIO PhD
Students

CNR

DADS PhD
Students

83

Computer
Science and
Engineering

187

Italian
Students

55

Electronics

37

System
and Control

43

Telecommunications

31

Foreign
Students

85
10
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ENROLLMENT TREND

PhD student enrollment trend in the last three years
Italian PhD Students

Foreign PhD Students

187

161
150
143
136

PHD IN IT - ENROLLMENT TREND

100
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63
50
40
31

2017

2018

2019

2020
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COURSES
PLANNED FOUNDATIONS COURSES
FOR EACH DEIB DEPARTMENT AREA
SECTION OF COMPUTER SCIENCE AND ENGINEERING

PHD IN INFORMATION TECHNOLOGY

PHD IN IT - COURSES

2018/2019
» Advanced Topic on Reconfigurable FPGA-Based Systems Design
» Advanced Topics in Computer Security
» Advances in Deep Learning With Applications in Text and Image Processing
» Artificial Intelligence on the Web: Web Search, Recommender Systems
and Crowdsourcing
» Complex Networks
» Concurrent Object-Oriented Programming
» Data and Information Quality
» Formal Languages and Automata to Model Complex Structures: Two-Dimensional
and Operator Precedence Languages
» Genomic Computing
» Intelligent Multiagent Systems
» Internet Economics
» Learning Sparse Representations for Image and Signal Modeling
» Stream and Complex Event Processing in the Big Data Era
» Virtual and Mixed Reality
2019/2020
» Advances in System-on-Chip Design
» Automated Verification and Monitoring of Timed Systems
» Business Process Management
» Computer Architectures for Deep Neural Networks
» Data and Results Visualization
» Machine Learning for Non-matrix Data
» Online Learning and Monitoring
» Parallel Computing on Traditional (Core-Based) and Emerging (GPU-Based)
Architectures Through Openmp and Openacc / Opencl
» Selected Topics in Cryptography
2020/2021
» Blockchain and distributed ledger technologies: principles, applications, and research
challenges
» Advanced Topics on Heterogeneous System Architectures
» Embedded Software Research: Methodologies and Concrete Cases
» Human-Computer Interaction for AI (HCI4AI)
» Learning Sparse Representations for Image and Signal Modeling
» Energy-aware and Approximate Computing
» Data and Information Quality

11

» Parallel computing on traditional (core-based) and emerging GPU-based)
architectures through OpenMP and OpenACC / OpenCL
» Digital Design of Embedded Systems in the IoT and RISC-V Open Core Era
SECTION OF ELECTRONICS
2018/2019
» Beyond CMOS Computing
» Digital Circuits and Systems for DSP and FPGA-Based Processing
» Embedded Sensor Systems
» High Resolution Electronic Measurements in Nano-Bio Science
» Nuclear Microelectronics
2019/2020
» Advanced MEMS Gyroscopes
» Microcontrollers for Embedded Systems
» Organic Electronics: Principles, Devices and Applications
» Signal Integrity in Very-High Speed Digital Circuits
2020/2021
» The Digital Imaging Pipeline: from photons to modern cameras
» High Resolution Electronic Measurements in Nano-Bio Science
» Digital Circuits and Systems for DSP and FPGA-based Processing
SECTION OF SYSTEMS AND CONTROL
2018/2019
» Data-Driven Approaches to Uncertain Optimization: Theory and Applications
» Hybrid Systems
» Nonlinear System Identification
» Stochastic Programming

PHD IN INFORMATION TECHNOLOGY

2020/2021
» Feedback control in finance
» Hybrid Systems
» Data-Driven Approaches to Uncertain Optimization: Theory and Applications

PHD IN IT - COURSES

2019/2020
» Analysis of Complex Networks: Theory and Applications
» Distributed Algorithms for Optimization and Control Over Networks
» Model Predictive Control
» Sliding Mode Control: Theory and Applications
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SECTION OF TELECOMMUNICATIONS
2018/2019
» Advanced Topics in Music Informatics
» Fiber Optic Sensing
» Location, Navigation and Cooperative Systems for Smart Mobility
» Numerical Methods for Electromagnetics
2019/2020
» Biological Communication System Design and Modelling
» Introduction to Quantum Mechanics for ICT
» Machine Learning Methods for Communication Networks and Systems
» Statistical Signal Processing in Engineering
2020/2021
» Numerical Methods for Electromagnetics
» Network Traffic Measurement and Analysis
CROSS-AREAS

PHD IN INFORMATION TECHNOLOGY

PHD IN IT - COURSES

2020/2021
» Synthesis and Design Techniques for RF Filters
» Large Scale Optimization
» Applied Quantum Machine Learning
» How to observe a distance of one thousandth of the proton diameter? The detection
of Gravitational Waves
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THE ACTIVITIES

The attainment of the PhD title in Information Technology requires a study and research
activity of at least three years equivalent to full time study, research and development of
PhD thesis.

CANDIDATE SELECTION

PHD START

3rd year admission
to final exam

PHD TITLE

PHD IN INFORMATION TECHNOLOGY

FINAL EXAM

THE ACTIVITIES

2nd year evaluation

Courses
Seminars
Summer-School

PhD Thesis Research Activity
Experience Abroad

1st year evaluation
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LIST OF TOPIC
SCHOLARSHIPS
2020/2021

PHD IN INFORMATION TECHNOLOGY

PHD IN IT - LIST OF TOPIC SCHOLARSHIPS

COMPUTER SCIENCE AND ENGINEERING
» Art: A Framework To Support Development of Mixed Reality Services and
Applications for Interaction-Intensive Environments
» Artificial Intelligence for Telecommunications With Quantum Computing
» Change and Anomaly Detection in Multivariate and Heterogeneous Datastreams
» Codesign Methodologies for Fpga-Based Computing Infrastructure To Support
Genomics Research
» Computational Oncogenomics
» Data-Driven Resilience in Business Process for Industry 4.0
» Deep Learning and Natural Language Processing for Advanced Industrial Process
Mining
» Design of Hardware Accelerators for the Internet of Things
» Explainability of Analysis and Semantic Interpretation of Human-Generated Content
and Behavior
» Extracting Value From Scientific Data
» Hardware Implementation of Post-Quantum Cryptographic Algorithms for the Iot
» Harnessing Deep Learning in Support of Citizen Scientists
» High Level Synthesis To Modelling Analog Circuits With a Digital Device
» Innovative Methods for Targeting Native Tumors Integrating 3d Cell Culture With
Genomic Computing (Gecoid)
» Machine Learning for Visual Anomaly Detection in the Manufacturing Process
» Methods and Tools To Support Architectures for Deep Neural Networks
» Modeling, Extraction and Analysis of Sequence Data From Heterogeneous Data
Sources, With Specific Focus on Viral Sequences
» New Approaches and Methodologies for the Security Analysis of Embedded Devices
» Novel Malware Analysis Techniques
» Quantum Machine Learning for Cybersecurity
» Tiny-ML Toolchain for Ultra-Constrained Processors
» UX Personalization for Innovative Digital Media Services

»
»
»
»
»
»
»
»
»
»
»
»
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ELECTRONICS
3D Printing of Materials of Relevance for the Microelectronic Industry
Advanced Asics for Scientific Instrumentation for Astrophysics
Advanced Asics for Scientific Instrumentation for Astrophysics
Analogue Circuit Design for in-Memory Computing
Development of an Electronic Nose for Non-Invasive Cancer Diagnosis With LowNoise Sensing and Digitization
Electronic Systems for Calibration and Control of Photonic Integrated Circuits in
Deep-Tech Applications
Innovative DC-DC Converters Architectures
Integrated Electronics for Single Photon Detection
Low Power Pzt Mems Driver Architecture
Study and Development of Application Specific Integrated Circuits (Asics) for High
Resolution and High Speed X and Gamma Ray Spectroscopy
Study of Forming and Programming Characteristics in Materials-Engineered
Embedded Phase Change Memories
Synaptic Devices and Arrays for Neuromorphic Computing

» SYSTEMS AND CONTROL
» Analysis and Development of Technologies for the Automation of Autonomous and
Semi-Autonomous Road Vehicles and Off-Highway Vehicles
» Analysis and Development of Methods and Technologies for Automated Vehicles and
Mobility Systems
» Human Activity Segmentation for Intelligent Collaborative Robotics
» Optimizing Innovative Last Mile Logistic Services
» TELECOMMUNICATIONS

THE ACTIVITIES

» Deep Learning in Sar Data Processing
» Molecular Communication for Human Health Applications: Back and Forth From
Theory To Practice
» Sensing, Communications and Learning Co-Design Opportunities for Distributed and
Autonomous AI-Based Industrial Processes
» Signal Processing Methodologies for Acoustic Characterization of Structures and
Environments
» Signal Processing Methodologies for Small-Size Transducers in Consumer Electronics
» Statistical Machine Learning for v2x Wireless Systems

PHD IN INFORMATION TECHNOLOGY
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RESULTS ACHIEVED BY
PHD STUDENTS
PUBLICATIONS
Publication of results at international level is encouraged by the PhD Program, since
the presentation of the results to the national and international research communities
provides an optimal forum for students to discuss research results, to get feedback,
and to validate the achieved results.
An average of papers published for each PhD student at the end of their third year in the
last three cycles is provided below.
0,5

0.7

0.8

0.7

Conferences
Journal
0.4

THE ACTIVITIES

Computer Science
and Engineering

0.1

Electronics

Systems
and Control

In addition to international journals and conferences, dissemination of results is also
achieved through book chapters and publications.
The total number of publications by PhD students at the end of their third year in the last
three cycles are listed in the following chart.
Computer Science and Engineering
Electronics

85
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Telecommunications

Systems and Control

34

Telecommunications
72
25

95

52

8

10
10

192

PhDs

41
30

Journals

142

Conferences

9

Book Chapters

2

2

Patents

1
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AWARDS TO PHD STUDENTS
Each year students receive awards for their scientific activities. In particular, two students
from the PhD Program are awarded the Chorafas Foundation scholarship. The award is
proposed by the PhD Board and evaluated by the Chorafas Foundation.
The awards received by the students in the last three years are listed below:
2018
»
»
»
»
»
»
»

ACM CHI2018 PhD Student Best Paper Award - 3rd place - Gelsomini Mirko
IEEE SSP 2018 Best Student Paper Award - Brambilla Mattia
IEEE Inertial 2018 Best Student Paper Award - Marra Cristiano Rocco
Outstanding Student Paper Award per Cristiano Marra - Marra Cristiano Rocco
Chorafas Award - De Nittis Giuseppe, Falsone Alessandro
RecSys Challenge 2018 – 2nd place - Ferrari Dacrema Maurizio
2018 IEEE Nuclear Science Symposium Best Student Paper Award - 2nd place Montagnani Giovanni Ludovico
» 2018 IEEE Emilio Gatti and Franco Manfredi Best Ph.D. Thesis Award in Radiation
Instrumentation - Schembari Filippo

2020
» 2019 IEEE AP/ED/MTT North Italy Chapter Thesis Award: “Best Master Thesis
Electron Devices Society” – Matteo Farronato
» Photonics West 2020 Young Investigator Award – Giulia Acconcia

PHD IN INFORMATION TECHNOLOGY

» Prof. Emilio Gatti Best Master Thesis Award issued by “Istituto Lombardo Accademia
di Science e Lettere” – Idham Hafizh
» Young Academics Award of the Alpine Convention – 1st prize – Zaniolo Marta
» ECIO 2019 Best Student Poster Award – Milanizadeh Maziyar
» ACM International Conference on Computing Frontiers Best Poster Award 2019 –
Cherubin Stefano
» 2019 Best Master Thesis Award “Il Quadrato della Radio” – Brambilla Mattia
» IFAC Young Author Award at the 15th IFAC LSS 2019 – La Bella Alessio
» IEEE ISCAS 2019 Best Paper Award – Buonanno Luca, Montagnani Giovanni Ludovico
» BalkanCom 2019 Best Student Paper Award and BalkanCom 2019 Best Paper Award
– Linsalata Francesco
» 2019 CAiSE PhD Award – Meroni Giovanni
» Intellectual Property Award for “ICT, Intelligenza Artificiale, IoT, Big Data, Logistica,
Costruzioni” – Pedretti Giacomo
» Global Materialise Mimics Innovation Award issued during the ESB 2019 – Caimi Alessandro
» ACM Europe Council Best Paper Award – Ferrari Dacrema Maurizio
» Chorafas Award – Bernardini Alberto, Cherniak Dmytro
» 2019 HiPEAC Scholarship – Reghenzani Federico
» ISSCC 2019 Student-Research-Preview Poster Award – Santiccioli Alessio,
Mercandelli Mario
» 2019 IEEE Nuclear Science Symposium Best Student Paper Award – Luca Buonanno
» 2019 Colloquia Doctoralia Best Poster Award - 1st place - Sara Mandelli; 2nd place Andrea Masciadri, Riccardo Tommasini, Federica Bertoni
» PoliMi, the only university participating in the first submission of MLPerf –Vitale Emanuele

THE ACTIVITIES
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2019
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» 2020 CAEN Best Young Speaker Award at Vth Topical Workshop on Modern Aspects
in Nuclear Structure – Luca Buonanno
» ISSIP-IBM-CBA-JST-CISCO Student Paper Award – Micol Spitale, Fabio Catania,
Pietro Crovari
» Chorafas Award – Marchesi Alberto, La Bella Alessio.
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PHD THESES
IN 2019 AND 2020

COMPUTER SCIENCE AND ENGINEERING
»
»
»
»
»
»
»

»
»
»
»
»
»
»
»

»
»
»
»
»
»
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»
»
»
»

THE ACTIVITIES

PHD THESES AWARDED

»
»
»
»
»

Affetti Lorenzo, New Horizons For Stream Processing
Alhaddad Ahmad Yaser, Safe And Adaptive Social Robots For Children With Autism
Balduini, Marco, On The Continuous And Reactive Analysis Of a Variety Of Spatio-temporal Data
Bardaro Gianluca, Models, Code Generation, And Abstraction A Triple Approach To Enhance
Robot Software Development
Bernaschina Carlo, Tools, Semantics And Work-flows For Web And Mobile Model Driven Development
Brondolin Rolando, On The Management Of Power And Performance Trade-offs In Distributed
Cloud-native Infrastructures
Carrera Diego, Learning And Adaptation To Detect Changes And Anomalies In High-dimensional Data
Celli Andrea, Coordination And Correlation In Multi-Player Sequential Games
Cenceschi Sonia, Speech Analysis For Automatic Prosody Recognition
Cherubin Stefano, Compiler-Assisted Dynamic Precision Tuning
Del Sozzo Emanuele, On How To Effectively Target FPGAs From Domain Ppecific Tools
D’eramo Carlo, On The Exploitation Of Uncertainty To Improve Bellman Updates And Exploration In Reinforcement Learning
Filgueira Mendonça Danilo, Self-Management Of Geographically Distributed Infrastructures
And Services
Frajberg Darian, Artificial Intelligence And Augmented Reality For Entertainment Applications
Gadioli Davide, Dynamic Application Autotuning For Self-aware Approximate Computing
Guerriero Michele, Model-driven Engineering For Privacy-aware Data-intensive Applications
Lopes Silva de Oliveira Ewerton, Learning Models To Optimize The Player Experience In Robogames
Marchesi Alberto, Leadership Games: Multiple Followers, Multiple Leaders, And Perfection
Masciadri Andrea, Heterogeneous Data Collection And Analysis For Wellness Assessment
Natale Giuseppe, On How To Design Optimized Spatial Architectures: From Iterative Stencils
To Convolutional Neural Networks
Peng Xuesong, Monitoring Data Utilization In Fog Computing Environments
Perna Stefano, Data-driven Techniques For Knowledge Discovery In Regulomics
Pogliani Marcello, Security Of Industrial Systems For Manufacturing
Rabozzi Marco, CAOS: CAD As An Adaptive Open-platform Service For High Performance
Reconfigurable Systems
Ramicic Mirza, Perception As Behaviour Inducing Mechanism: a Reinforcement Learning Perspective
Riva Alessandro, Development And Analysis Of Algorithms For Information-gathering In
Autonomous Mobile Robotics
Sadeghi Mersedeh, A Model-centered Solution For Taming The Heterogeneity Of Smart Devices
Scolari Alberto, Optimizing Data-intensive Applications For Modern Hardware Platforms
Tateo Davide, Building Structured Hierarchical Agents
Tommasini Riccardo, Velocity On The Web
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»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
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»
»
»
»
»
»
»
»
»

SYSTEMS AND CONTROL
»
»

Amodio Alessandro, Automatic Systems For Unsafe Lane Change Detection And Avoidance
Baur Marco, Autonomous Driving At The Limits Of Handling

PHD THESES AWARDED

»
»

Ambrosi Elia, Characterization Of Resistive Switching Devices For Memory And Computing
Amirkhani Aidin, Design Of Analog ASICs for X-ray Detectors
Bertulessi Luca, Frequency Synthesizers Based On Plls For Cellular Radio Applications
Bricalli Alessandro, Fabrication And Characterization Of Resistive Switching Memory Devices
For High-density Storage And In-memory Computing
Carboni Roberto, Characterization And Modeling Of Spin-Transfer Torque (Stt) Magnetic
Memory For Computing Applications
Cherniak Dmytro, Digitally-intensive Frequency Modulators For Mm-Wave FMCW Radars
Cominelli Alessandro, High-speed, Low-distortion Solutions For Time-Correlated Single Photon
Counting Measurements
Conca Enrico, Time-Gated Single Photon Counting Cmos Circuits
Giorgio Michele, High-Resolution Direct-Written Field-Effect Transistors For High Frequency Applications
Grandola Massimo, Low-noise, Low-power Front-End ASICs For High-Resolution X And Gamma Ray Spectroscopy For Radiation Semiconductor Detector
Grimaldi Luigi, Frequency Synthesizers Based On Digital PLLs For Cellular Radio Applications
Guglielmi Emanuele, Electronics Boosts Photonics: Detector And Electronic Design For
non-invasive Monitoring And Control Of Silicon Photonic Systems
Hafizh Idham, Readout Electronics For High-rate High-resolution Energy-dispersive X-ray
Detection System
Marra Cristiano Rocco, Time-switched Frequency-modulation For Low-offset-Drift, Wide
Range, Fully Integrated 3-axis Mems Accelerometers
Mercandelli Mario, Techniques For Low-Jitter And Low-Area Occupation Fractional-N Frequency Synthesis
Milo Valerio, Modeling And Simulation Of Spiking Neural Networks With Resistive Switching Synapses
Montagnani Giovanni Ludovico, Development Of A 3” Labr3 Sipm-Based Detection Module
For High Resolution Gamma Ray Spectroscopy And Imaging
Mussi Giorgio, SUB-µa Polysilicon Mems Real-Time Clock with Deterministic Jitter Compensation
Nicosia Gianluca, Performance And Reliability Issues Of NAND Flash Cells At The Transition
From Planar To 3-D Array Architectures
Pedretti Giacomo, In-Memory Computing With Memristive Devices
Portaluppi Davide, Microelectronics And Instrumentation For Single-photon Imaging
Ragni Andrea, High-Speed And Low-Noise Multichannel Electronics For Broadband Coherent
Raman Imaging
Renna Marco, Time- Resolved Multichannel Optoelectronic Instrumentation Based On Pulsed
Lasers And Single- Photon Detectors
Santiccioli Alessio, High-Efficiency Inductorless Frequency Synthesis
Scuratti Francesca, Printed Carbon Nanotubes Based Transistors: From Charge Transport
Studies To Biosensing Applications
Sesta Vincenzo, Microelectronics For Single-Photon Time-Of-Flight Measurements
Tajfar Alireza, High Speed And Intensity Laser Diode Drivers For Time-of-Flight 3D Ranging
And Pico-Projectors
Vo Tuan Minh, A Study Of High-Performance Frequency Synthesizer Based On Digital BangBang Phase-Locked Loop For Wireless Applications

»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»

»
»
»
»

»
»
»
»
»
»
»
»

Akgül Özgür Umut, Real Time Trading Of Mobile Resources In Beyond-5g Systems
Alvares Villanueva Maria Antonieta, Distributed Synchronization For Dense Wireless Network Systems
Andreoletti Davide, Privacy-Preserving Service Delivery In Internet
Aslani Hamid, Printed Patch Antennas For Modern Wireless Communication Systems
Ayoub Omran, Resource Management And Planning In Cloud-enabled Optical
metro-area Networks
Barzegar Hamid Reza, Wireless Partial-duplex Communications
Bernardini Alberto, Advances In Wave Digital Modeling Of Linear And Nonlinear Systems
Bondi Luca, Data-driven And Handcrafted Features For Forensics Analysis And

PHD IN INFORMATION TECHNOLOGY

TELECOMMUNICATIONS

EMPLOYEMENT DATA FOR PHD

»

Bernini Alba, Temporal Network Models For The Spread Of Infectious Diseases,
With a Special Fcus On Livestock Farm Systems
Bertoni Federica, Advancing Joint Design And Operation Of Water Resources
Systems Under Uncertainty
Bianchi Federico, A Randomized Model Structure Selector For Complex Dynamical
Systems
Casalino Andrea, Allowing A Real Collaboration Between Humans And Robots
D’avico Luca, Analysis And Design Of Advanced Anti-Lock Braking Systems
Dao Le Anh, Microgrids Energy Management With a Hierarchical Distributed Model
Predictive Control Approach
Farooqi Hafsa, Design Of Collaborative Eco-drive Control Algorithms For Train
Networks
Galluppi Olga, Innovative Approaches To The Lateral Control Problem In Cars
Gelmini Simone, Accident Prevention, Detection, And Early Response: Using Machine Learning And Data Analysis To Improve Driver And Pedestrian Safety
Giudici Federico, Optimal Design Of Off-Grid Water-Energy Systems In Small
Mediterranean Islands
La Bella Alessio, Optimization-Based Control Of Microgrids For Ancillary Services
Provision And Islanded Operation
Lauricella Marco, Set Membership Identification And Filtering Of Linear Systems
With Guaranteed Accuracy
Marelli Stefano, Analysis And Development Of Electrochemical Model-based State
Estimation Algorithms For Li-ion Batteries
Nava Dario, Sensing AndV Dynamics Control For Assisted And Automated Drive In
Motorcycles
Nicolis Davide, A General Framework For Shared Control In Robot Teleoperation
With Force And Visual Feedback
Onesto Luca, Advanced Driver Assistance Systems For Off-Highway Vehicles
Pancerasa Mattia, Data Analysis And Models For Long-distance Bird Migration.
From Correlations On Ring Recoveries To Machine Learning On Geolocator Measurements
Pozzato Gabriele, Advances In Propulsion Systems Modeling, Optimization, And
Control
Rastegarpour Soroush, Model Predictive Control Approaches For Energy Efficiency
In Buildings With Heat Pump And Storage Systems
Sabatini Stefano, An Autonomous Navigation Use Case For Last Mile Delivery In
Urban Environments
Terzi Enrico, Learning-Based Model Predictive Control: Theory And Applications
Zaniolo Marta, Feature Representation Learning In Complex Water Decision Making
Problems
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»
»

Source Attribution
Borra Federico, Space-Time Processing For Sound Field Reconstruction (Sense)
Combi Lorenzo, Radio-relaying Over Optical Fiber For Cloud Radio Access Networks
Dev Kapal, Synthesis Of Attenuation Time Series Across FSO Link For The Design
Of a Backhauling Solution For 5G Beyond Networks
Devoti Francesco, Context-Aware Resource Management And Network Design In
5g Millimeter Wave Access Networks
Elghary Osama Mohamed Mostafa, Resource Allocation For Mobile Networks
Machado Luciano Tomaz, A Total Attenuation Time Series Synthesizer For Non-Geostationary Satellite Links
Mandelli Sara, Forensics And Counter-Forensics Methods For Source Device Identification
Matera Andrea, Interference Mitigation Techniques In Hybrid Wired-wireless Communications Systems For Cloud Radio Access Networks With Analog Fronthauling
Mizmizi Marouan, Network Sensing And Context Awareness
Moaveninejad Sadaf, Data Transmission And Analysis Over Hybrid Wireless/Narrowband-Powerline Communication (Winplc)
Oliveira Morais De Aguiar Douglas, Reconfigurable Photonic Integrated Circuits For
High Capacity Optical Networks
Sanvito Davide, Traffic Management In Networks With Programmable Data Planes
Shahnawaz Muhammad, A Morphoacoustic Approach Towards The Head-Related
Transfer Function Personalization
Shehata Mohamed Khaled, Energy Efficiency And Survivability in 5G Centralized
Access Networks
Tagliaferri Dario, Visible Light Communications For Next Generation In-flight Systems
Troìa Sebastian, Machine-Learning Defined Networking: Applications For The 5g
Metro-Core
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EMPLOYMENT DATA
FOR PHD

The 2019 official employment survey of Politecnico di Milano by the Career Service,
targeter PhD graduates of 2017 and 2018.
PhD graduates in Information Technology at Politecnico di Milano were 110 in the two
years considered. Total interviews: 72, accounting for 65,5% of the total number.

38%

110 PhD graduates

Abroad

WHERE
THEY WORK

Of those:

96%

61%

62%
Italy

18%

Permanent

TYPE OF
CONTRACT

9%

Fixed Term. Full Time

Research/post
-doc grant

Other

TYPE OF EMPLOYER

35%

Private Sector

Public University

COMPANY SIZE in *number of employees

43%
1-250*

16%

251-1000*

Average Net Monthly Salary:

41%
+1000*

€ 2.310

12% 4%
Other

Startup
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49%

THE ACTIVITIES

12%

Were employed 12 months
after graduation
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»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»

Giorgio Ancona, Atos
Matteo Bogana, Cleafy
Mario Caironi, IIT
Paolo Cederle, Everis
Luigi Cicchese, Concept Reply
Cristina Cremonesi, The European Ambrosetti
Riccardo De Gaudenzi, European Space Agency
Giuseppe Desoli, STMicroelectronics
Alessandro Ferretti, Tre-Altamira
Giuseppe Fogliazza, MCE Srl
Bruno Garavelli, Xnext s.r.l.
Sabino Illuzzi, Prospera
Renato Marchi, KPMG
Renato Lombardi, Huawei Technologies
David Oliva Uribe, Head Industrial Doctoral School, EIT Digital
Giorgio Parladori, SM Optics srl
Francesco Prelz, INFN
Enrico Ragaini, ABB S.p.A.
Paolo Giuseppe Ravazzani, CNR
Fabrizio Renzi, IBM
Carlo Sandroni, RSE S.p.A.
Massimo Valla, TIM
Luisa Venturini, Vodafone Italy
Stefano Verzura, Huawei Technologies
Roberto Villa, IBM Italy
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BOARD OF
PROFESSORS

CHAIR OF THE PHD PROGRAM
» Barbara Pernici, barbara.pernici@polimi.it
» AREA 1: COMPUTER SCIENCE AND ENGINEERING
»
»
»
»
»
»
»
»

Cristina Silvano - Vice Chair Computer Science and Engineering, cristina.silvano@polimi.it
Cesare Alippi
Francesco Amigoni
Nicola Gatti
Raffaela Mirandola
Barbara Pernici
Matteo Pradella
Letizia Tanca

» AREA 2: ELECTRONICS
Angelo Geraci - Vice Chair Electronics, angelo.geraci@polimi.it
Giuseppe Bertuccio
Giorgio Ferrari
Ivan Rech
Alessandro Sottocornola Spinelli

» AREA 3: SYSTEMS AND CONTROL
Luigi Piroddi - Vice Chair Systems and Control, luigi.piroddi@polimi.it
Luca Bascetta
Andrea Castelletti
Fabio Dercole
Lorenzo Fagiano
Simone Garatti

AREA 4: TELECOMMUNICATIONS
»
»
»
»
»

Matteo Cesana - Vice Chair Telecommunications, matteo.cesana@polimi.it
Paolo Martelli
Andrea Monti Guarnieri
Carlo Riva
Massimo Tornatore

REPRESENTATIVE FROM THE BIOENGINEERING AREA
» Giancarlo Ferrigno
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LORENZO AFFETTI
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Stream processing has gained tremendous attention over the last years and many Stream
Processors (SPs) have been designed and engineered to cope with huge volumes of data coming
at high velocity. Streams could contain stock options, user clicks in web applications, customer
purchases in an e-commerce application, positions of robots in a warehouse, or temperature
measurements from sensors. The common requirement for streaming applications is to
process unbounded streams of elements and continuously compute queries like “what is the
top purchased product?”, or “what was the average temperature in the server room in the last
second?” in order to take rapid compensating actions such as ordering a new stock of the top
purchased product, or prevent fire in the server room. In order to continuously process huge
amounts of elements and take real-time decisions, SPs exploit the computational power offered
by multiple machines by distributing the computation and dividing data in shared-nothing
partitions to avoid expensive data race management while processing. Stream processing is
also a programming paradigm suited for designing novel event-driven applications with high
throughput and low-latency requirements. Streams offer decoupling among the processing
modules and, thus, enhance application modularity and composability. Indeed, SPs are playing
a central role in the technology stacks of modern companies and they are covering more
and more tasks that, in standard deployments, compete to other tools. The employment of
one system instead of multiple ones reduces system integration complexity, communication
latency, and facilitates application maintenance and modeling. Novel event-driven applications
require a Database Management System (DBMS) for state management that is, indeed,
embedded in the state of computation of the SP. However, due to its embedding, the DBMS
suffers from some limitations such as the lack of multi-key transactions and consistent external
querying. Eventually, their central role requires SPs to conform to a standardized execution
semantics in order to improve their usability, interoperability, and interchangeability. This
thesis takes a step towards SPs standardization through highlighting the discrepancies between
them, and a step towards their integration with DBMSs by extending their computational
model to deal with transactional computation. For SPs standardization, we use SECRET, a well
recognized mathematical model to express their execution semantics, to model five distributed
SPs that were developed after the introduction of SECRET itself and are today widely used
in companies at the scale of Google, Twitter, and Netflix. We show that SECRET properly
models a subset of the behavior of these systems and we shed light on the recent evolution
of SPs by analyzing the elements that SECRET cannot fully capture. In order to decrease
system integration overhead and to overcome the limitations of the current approaches for
DBMS over SP, we enhance the capabilities of the SP with DBMS’s ones by extending the SP
computational model with transactional semantics: we develop a unified approach for multikey transactions on the internal state of the SP, consistent external querying with respect
to transactional operations on the state, and streaming data analysis. We implement TSpoon,
a prototypal implementation of our extended model, as an extension to the open-source SP
Apache Flink. We evaluate our prototype using synthetic workloads in various configurations
to understand which metrics mostly impact its performance. Eventually, we evaluate a real
use-case scenario and compare the results with the ones obtained from VoltDB, a commercial
in-memory database known for its excellent level of performance: TSpoon outperforms VoltDB
in the execution of multi-key transactions and proves to be a promising future direction for the
integration of DBMSs and SPs.
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SAFE AND ADAPTIVE SOCIAL ROBOTS FOR CHILDREN
WITH AUTISM
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Social robots are being considered to be a part of the therapy for children with autism due
to the reported efficacy of such technology in improving the outcomes. However, children
diagnosed with autism exhibit challenging behaviors that could cause harm to themselves and
to others around them. Throwing, hitting, kicking, and self-harming are some examples of the
challenging behaviors that were reported to occur among this population. The occurrence of
such behaviors during the presence of a social robot could raise some safety concerns. For this
reason, the research presented in this dissertation attempts to identify the potential for harm
due to the diffusion of social robots and investigate hardware and software means to mitigate
them. Considering the advancement in technology and the progress made in many computer
science disciplines are making small and adaptable social robots a foreseeable possibility,
the studies presented in this dissertation focus on small robotic form factors. The first study
quantifies the potential harm to the head due to one of the identified risky scenarios that might
occur between a child and a social robot. The results revealed that the overall harm levels based
on the selected severity indices are relatively low compared to their respective thresholds.
However, the investigation of harm due to the throwing of a small social robot to the head
revealed that it could potentially cause tissue injuries, subconcussive or even concussive events
in extreme cases. The second two studies are aimed to make small robots safer by optimizing
their design. Hence, studies are conducted investigating how robot design can be made safer
by investigating different design factors. The first study investigated the influence of the
mass and shape on the linear acceleration of a developed dummy head. The results revealed
that the two design factors considered (i.e. mass and shape) affected the resultant response
significantly. The second study investigated the influence of the storage modulus and thickness
of three different soft materials on the same response. The findings showed that the control
factors considered are not statistically significant in attenuating the response. Finally, the last
two studies attempt to make small robots more adaptable to promote safer interactions. This
is carried out by embedding the recognition of unwanted physical interactions into companion
robot with the appropriate timing of responses. The findings of the first study highlight the
possibility of characterizing children’s negative interactions with robotic toys relying on an
accelerometer sensor. The second study showed that producing a late response to an action
(i.e. greater than 1.0 s) could negatively affect the children’s comprehension of the intended
message. The work presented in this dissertation is multidisciplinary that involves the field of
Mechanical Engineering and Information Technology.
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ON THE CONTINUOUS AND REACTIVE ANALYSIS OF
A VARIETY OF SPATIO-TEMPORAL DATA
In recent years, an increasing number of situations call for reactive decisions making process
based on a heterogeneous streaming data. In this context, the urban environment results
particularly relevant, because there is a dense network of interactions between people and
urban spaces that produces a great amount of spatio-temporal fast evolving data. Moreover,
in a modern city there is a multitude of stakeholders who are interested in reactive decisions
for urban planning, mobility management, tourism, etc. The growing usage of location-based
social networks, and, in general, the diffusion of mobile devices improved the ability to
create an accurate and up-to-date representation of reality (a.k.a. Digital footprint or Digital
reflection or Digital twin). Five years ago, the state of the art was exploiting only a single
data source either social media or mobile phones. However, better decisions can result from
the analyses of multiple data sources simultaneously. Multiple heterogeneous data sources,
and their simultaneous usage, of- fer a more accurate digital reflection of the reality. In this
context, we investigate the problem of how to create an holistic conceptual model to represent
multiple heterogeneous spatio-temporal data and how to develop a streaming computational
model to enable reactive decisions. The main outcomes of this research are FraPPE conceptual
model and RIVER streaming computational model with its implementations. FraPPE is a
conceptual model, more precisely an ontology, that exploits digital image processing terms
to model spatio-temporal data and to enable space, time, and content analysis. It uses image
processing common terms to bridge the gap between the data engineer perspective and visual
data analysis perspective. It does so to enable visual analytics on spatio-temporal data. During
my PhD, we first formalize the spatial and temporal concepts in FraPPE 1.0, and, then, we add
concepts related to the provenance and the content in FraPPE 2.0. We check the adherence
of both versions of FraPPE to the five Tom Gruber’s principles, and demonstrate the validity
of the conceptual model in real world use cases. RIVER is a streaming computational inspired
by two principles:(P1) everything is a data stream – a variety-proof stream processing engine
must indifferently ingest data with different velocities from any sources and of any size,
and (P2) Continuous Ingestion – the data in input is continuously captured by the system
and, once arrived, it is marked with an increasing timestamp. Most of the stream processing
engines in the state of the art transform and adapt data at ingestion time. Contrariwise,
RIVER is built around the idea of Lazy Transformation. So,a system that implements RIVER
postpones data transformations until it can really benefits from them. Our hypothesis is
that Lazy Transformation saves time and resources. RIVER relies on two main concepts: the
Generic Data Stream (S<T>) and the Generic Time-Varying Collection (C<T>) and it proposes
five different operators in order to ingest, process and emit data. The IN<T>operator is the
entry point of the system, it takes an external data flow and injects the items into the system
creating a new S<T>. The S2C<T>, C2C<T, TI> and C2S<T> operators in RIVER, inspired
to the Continuous Query Language(CQL, the work on streaming data proposed by the
Stanford DB Group) processing model, allows to move from S<T> to C<T> and vice-versa. The
OUT<T> operator transform an S<T> into a new external data flow. Exploiting the Pipeline
Definition Language (PDL) – our graphical language to abstract the operators’ implementation
complexity, RIVER allows users to define computational plans, in the form of pipelines. In
this thesis, we propose three different implementations of RIVER: Natron a single-threaded
vertically scalable implementation, rvr@Spark and rvr@Hive – two horizontally scalable
implementations based on distributed technologies (Spark and Hive). In order to prove the
validity of the Lazy Transformation approach, we first evaluate Natron against our Streaming
Linked Data engine that performs the data transformation at ingestion time. The result of this
evaluation shows that Natron is cheaper – it consumes less resources in terms of memory and
CPU load – and better approximates the correct answer under stress conditions. Moreover,
we evaluate the cost effectiveness of Natron against rvr@Spark to prove that a distributed
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solution does not pay in all the situations. Indeed, in a mobile telco analysis, we observe that
Natron is more cost-effective than rvr@Spark up to the scale of a nation. The results of those
evaluations demonstrate the validity of the Lazy Transformation approach and confirm, in
the stream processing engine field, that the distributed solution does not pay at all scale. In
order to prove the feasibility and the effectiveness of FraPPE and RIVER in enabling reactive
decision-making processes on heterogeneous streaming spatio-temporal data, we present five
real world use cases in Milan and Como. Moreover, during those case studies, we propose the
data visualizations to different audiences (public users and stakeholders) in order to prove the
guessability of our visual analytics interfaces. Finally, we reflect on limitations and state the
future directions of this research work. In particular, those reflections involve the reasoning
capabilities enabled by FraPPE, the future evaluations of RIVER against longer and more
complex use cases and the evolution out the Pipeline Definition Language (PDL).
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MODELS, CODE GENERATION, AND ABSTRACTION: A TRIPLE
APPROACH TO ENHANCE ROBOT SOFTWARE DEVELOPMENT
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In recent years, robotic applications have surged and the popularity of robotics has increased
both in academia and industry. Researchers of different fields are imagining new ways to
intertwine their expertise with robotics, creating challenging and remarkable applications.
Companies are developing a new generation of service robots targeted to the general public
and meant to be part of our everyday life. Robotics is evolving from its mechatronics roots,
more focused on the development of the ideal hardware platform, to explore the advanced
functionalities offered by complex applications. We are entering a new software age for robotics.
Unfortunately, the tools available to developers are not on par with the expectations. Nowadays,
developing an application for a robot is more similar to craftsmanship than engineering. An
all-around robotic expert with a combined knowledge about the application, the capabilities of
the platform, and the underlying framework is necessary to guide the design and development
process. The objective of this thesis is to provide a collection of methodologies, techniques and
tools to support all the actors involved in the development process of a robotic system. Our
contribution is threefold, with each part targeted to a specific development role. For the system
designer, we provide a modelling approach to design, build and analyse the robot architecture,
without worrying about the underlying framework. For the component developer, we created
a code generation toolchain, which removes the burden of implementing framework-related
boilerplate and let the developer focus on the component functionalities. For the application
developer, we designed an abstraction layer on top of the robotic platform, it decouples the
robot from its capabilities, creating the equivalent of robot APIs. All these contributions are
built for a single purpose but using self-contained technologies, hence they are, at the same
time, independent and part of a continuous design and development process.
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TOOLS, SEMANTICS AND WORK-FLOWS FOR WEB
AND MOBILE MODEL DRIVEN DEVELOPMENT
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Web enabled mobile devices are becoming more an more ubiquitous in our lives. Application
development for these devices opens newer and newer challenges. Model Driven Development
was proposed as a solution able to reduce complexity and enhance productivity. This
methodology was, and is still, not broadly adopted due to a proven, or perceived, high costs/
advantages ratio making it difficult to reach a break-even point. The goal of the research
presented in this thesis is to propose tools, semantics and work-flows aimed at reducing the
costs of Model Driven Development, especially in the field of web and mobile applications.
We will focus on tooling, by presenting an agile model transformation framework enabling the
introduction of the Model Driven methodology in existing tools or the bootstrapping and rapid
iterative development of new environments. We present a formal semantics for the Interaction
Flow Modeling Language, focused on web and mobile applications, having as objective a simple
tool independent interpretation of IFML models enabling tools interoperability. We present an
on-line tool for the rapid prototyping of web and mobile applications, showing how the proposed
framework and semantics can be easily integrated together to produce a production ready
Model Driven environment. We eventually present a Model and Text co-evolution work-flow
which facilitates the interaction between code generators and human developers, by treating the
application source code as the central artifact and the code generator as a virtual developer, i.e.,
yet another member of the team.
The experimental results show how the proposed methodology can reduce both the amount of work
needed to obtain a production ready application and the level of expertise required in the process.
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Monitoring a datastream to detect whether the incoming data departs from normal conditions is
a problem encountered in many important applications, ranging from quality control in industrial
process to health monitoring. Many solutions in the literature adopt a model that describes
normal data and check whether this model is not able to describe new data, detecting anomalous
instances or permanent changes affecting the data-generating process. Pursuing this approach is
challenging when data have high dimensions or feature complex structures (as in case of images
or signals), and these are the settings we consider in this thesis. We address this problem from
two different perspectives. At first, we model data as realization of a random vector, i.e., we
assume that data can be described by a smooth probability density function.
In these settings we focus on the change-detection problem, where the goal is to detect
permanent changes affecting the data-generating process. In particular, we prove the
detectability loss phenomenon, namely that performance of a popular change-detection
algorithm that monitors the likelihood decreases when the data dimension increases. We
also propose QuantTree, a novel algorithm to define histograms as density models for high
dimensional data that are perfectly suit for change detection purposes. In fact, we prove that
adopting QuantTree leads to an important property, i.e., that the distribution of any statistic
computed over histograms generated by QuantTree does not depend on the distribution of the
data-generating process. This enables non-parametric monitoring of multivariate datastreams
with any statistic. Our experiments also show that combining several histograms computed by
QuantTree into an ensemble can effectively mitigate the detectability loss phenomenon. In
the second part we focus on data that feature complex structures, that cannot be described by
a smooth probability density function. We adopt dictionaries yielding sparse representations
to characterize normal data and propose a novel anomaly-detection algorithm that detects
as anomalous any data that do not conform to the learned dictionary. To make our anomalydetection algorithm effective in practical application, we propose two domain adaptation
algorithms that adapt the anomaly detector when the process generating normal data changes.
The proposed algorithms have been successfully tested in two real world applications: a quality
inspection system monitoring the production of nanofibrous materials through the analysis of
Scanning Electron Microscope (SEM) images, and ECG monitoring using wearable devices.
Finally, we investigate convolutional sparse representations, translation invariant extensions
of traditional sparse representations that are gaining much attention in the last few years.
In particular our analysis focuses on image denoising and show that convolutional sparse
representations outperform their traditional counterparts only when the image admits an
extremely sparse representation.
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ANDREA CELLI
COORDINATION AND CORRELATION IN MULTI-PLAYER
SEQUENTIAL GAMES
Computing game-theoretic solution concepts is fundamental to describing the behavior of
rational agents taking part in strategic interactions. The large majority of equilibrium-finding
techniques are only suited for two-player, zero-sum games, where it is possible to compute
strong solutions in theory and in practice. In this thesis, we make a step in the direction of
solving more general problems, by focusing on multi-player, general-sum, extensive-form games.
In many real-world problems, agents may exploit some form of communication to achieve
coordinated behaviors. We mainly focus on the problem of reaching coordination under minimal
communication requirements, that is by assuming agents can communicate only before the
beginning of the game. We identify three different settings in which communication facilitates
coordinated behaviors, and study each of them from a computational perspective. First, we
study problems where teams of agents interact against an opponent. In doing so, we define the
appropriate solution concepts, and classify their computational complexity and inefficiencies.
We study how to compute an optimal solutions in each of these settings. Then, we focus on
the case in which only preplay communication is permitted, and develop the first scalable
algorithm to learn an approximate solution for the problem. The second problem we investigate
is computing correlated equilibria and coarse correlated equilibria in multi-player, general-sum,
sequential games. We characterize the computational complexity of computing optimal and
approximate solutions for these problems, providing both positive and negative results. Then,
we describe algorithmic results, and adapt a state-of-the-art regret minimization technique for
the two-player, zero-sum setting to find an approximate coarse correlated equilibrium in our
setting. The last problem we study is how to coordinate agents’ behavior through the strategic
provision of payoff-relevant information. We study information-structure design problems in
which multiple agents can interact in a sequential game. We propose a novel notion of persuasive
signaling scheme, and characterize its computational complexity.
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SPEECH ANALYSIS FOR AUTOMATIC PROSODY RECOGNITION

This thesis presents a wide-ranging research work on prosody. Prosody is defined as the
group of audio paralinguistic and suprasegmental clues involved in the communicative and
understanding process of human speech. According to the main Universals in language, each
Speech Act expresses common needs (e.g., talking about past or future events) similar for
all humans, which are acoustically realized according to linguistic and phonotactics language
related rules. At the same time, a spoken message can be uttered with a variable prosody
because of countless factors as social context, emotions, intentions, rhetoric or spatial
dislocation. This work starts proposing a new descriptive model in order to analyze prosody
complexity in a structured and orderly manner, within which the sound of an utterance is
considered as the final product of many exogenous and endogenous influences referring to
the speaker. An Italian recited speech corpus and a psychoacoustic experiment were built in
order to validate part of the model and to analyze the influence of semantics, phonotaxis and
intonation on understanding processes. Results have been useful to defining the feature set to
rely on the following parts of the work, regarding automatic recognition. Two neural network
architectures have been developed, both of them regarding the Italian language. The first
concerns the recognition of statements, questions and exclamations (using both textual and
sound inputs), while the second identifies the presence of corrective focus into utterances
(sound inputs only). A last section is focused on the semi-automatic characterization of
prosody, laying the groundwork for further automatic recognition systems focused on prosodic
skills. A monitoring protocol of expressivity and vocal qualities based on features extraction is
then described, followed by practical applications to clinical, educational and forensics fields.
The main contributions of this thesis are the definition of a new multi-dimensional conceptual
model describing prosodic forms, two NNs based architectures for structures and corrective
focus detection, two new audio/textual corpuses composed by recited and read speech used
to feed NNs, and a proposal for the semiautomatic analysis of some aspects of prosody and
expressiveness.
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Given the current technology, approximating real numbers with finite-precision is unavoidable.
Determining which finite-precision representation to exploit for each variable in the program
is a difficult task. To face this problem, several precision mix solutions have been proposed so
far in the state-of-the-art. However, the best precision mix configuration may vary at runtime
along with input data. In this thesis we aim at suggesting two effective approaches to solve the
precision tuning problem. The first approach follows the static precision tuning paradigm, i.e. it
generates a single mixed precision version from the original code, which is designed to be used
in place of the original version. Given the current technology, approximating real numbers with
finite-precision is unavoidable. Determining which finite-precision representation to exploit
for each variable in the program is a difficult task. To face this problem, several precision mix
solutions have been proposed so far in the state-of-the-art. However, the best precision mix
configuration may vary at runtime along with input data. In this thesis we aim at suggesting two
effective approaches to solve the precision tuning problem. The first approach follows the static
precision tuning paradigm, i.e. it generates a single mixed precision version from the original
code, which is designed to be used in place of the original version. We later allow the possibility
of changing the input conditions that may affect the best precision mix configuration. To solve
this problem we propose a novel approach and a new toolchain that automitizes a large portion
of this process. We present each component of the toolchain, and we provide guidelines to use
them properly. We refer to this second approach as \emph{dynamic precision tuning}.
We evaluate the static and the dynamic precision tuning solutions on a set of high performance
computing and approximate computing benchmarks. We show how the dynamic precision
tuning toolchain can be used -- under certain conditions -- also for static precision tuning.
Our second toolchain is capable of achieving good results in terms of performance gain while
maintaining acceptable precision loss threshold. In the future we aim at further improving
this toolchain to extend its applicability to other use cases. Additionally, we highlight which
improvements on the current toolchain may provide greater benefits on the quality of the
output. Our proposed approach to static precision tuning exploits program profiling to
understand which is the best precision mix configuration for the given accuracy requirements.
We later allow the possibility of changing the input conditions that may affect the best
precision mix configuration. To solve this problem we propose a novel approach and a new
toolchain that automitizes a large portion of this process. We present each component of the
toolchain, and we provide guidelines to use them properly. We refer to this second approach as
dynamic precision tuning. We evaluate the static and the dynamic precision tuning solutions
on a set of high performance computing and approximate computing benchmarks. We show
how the dynamic precision tuning toolchain can be used - under certain conditions - also for
static precision tuning. Our second toolchain is capable of achieving good results in terms of
performance gain while maintaining acceptable precision loss threshold. In the future we aim
at further improving this toolchain to extend its applicability to other use cases. Additionally,
we highlight which improvements on the current toolchain may provide greater benefits on the
quality of the output.
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ON HOW TO EFFECTIVELY TARGET FPGAS FROM DOMAIN
SPECIFIC TOOLS
Heterogeneous System Architectures (HSAs) represent a promising solution to face the
limitations of modern homogenous architectures, in terms of both performance and power
efficiency. Indeed, thanks to the combination of hardware accelerators like GPUs, FPGAs,
and dedicated ASICs, such systems are able to efficiently run performance demanding
applications belonging to different application scenarios (like image and signal processing, linear
algebra, computational biology, etc.) on the most suitable device for that domain. In order
to fully take advantage of HSAs, in the last years new programming models and tools able
to efficiently target such architectures, in terms of both final performance and productivity,
emerged. Domain Specific Languages (DSLs) and Machine Learning (ML) frameworks are two
significant examples. Both permit users to quickly and easily develop portable and efficient
designs for multiple architectures. However, although DSLs and ML frameworks are highly
effective in assisting users towards the generation of efficient designs for CPUs and GPUs,
they still lack a concrete support for FPGAs. Indeed, even though FPGA toolchains have
significantly improved and increased their features over the last years, the whole FPGA design
process remains complex and the integration with high-productivity tools and languages is still
limited. For these reasons, this research project focuses on the development of tools able to
efficiently and easily target FPGAs from domain-specific scenarios. In particular, it consists in
both a framework for the fast-prototyping and deployment of CNN accelerators on FPGA,
and FROST, a unified backend to efficiently hardware-accelerate DSLs on FPGAs. On one
hand, the goal of the CNN framework is to bridge the gap between high-productivity ML
frameworks, like TensorFlow and Caffe, and FPGA design process. The framework automatizes
the CNN implementation flow on FPGA, supports Caffe descriptions of the network,
and provides a C++ library to design dataflow accelerators, as well as an integration with
TensorFlow to train the network. On the other, starting from an algorithm described in one of
the supported DSLs, FROST translates it into its Intermediate Representation (IR), performs
a series of FPGA-oriented optimizations steps, and, finally, generates an optimized design
suitable of FPGA tools. In order to better leverage the features of the FPGA and enhance
the performance, FROST provides a high-level scheduling co-language the user can exploit to
guide the optimizations to apply, as well as specify the architecture to implement. This allows to
easily evaluate different hardware designs and choose the most suitable to the input algorithm.
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The issue of sample efficiency always constituted a matter of concern in Reinforcement
Learning (RL) research, where several works have been proposed to address the problem.
It is historically well-known that this issue arises from the need of the agent to explore the
environment it is moving in to improve its knowledge about it, and to exploit simultaneously
the actions it considers to be the best to maximize its return, creating a trade-off known in RL
as exploration-exploitation dilemma. The addressing of this trade-off is central and constitutes
a measure of effectiveness of any algorithm available in literature. Moreover, the recent
exponential growth of RL research, made possible by the comparable significant improvement
in computational power, allowed researchers to extend the study of RL methodologies to
high-dimensional problems that were unpractical before, opening the line of research that is
now commonly known under the name of Deep Reinforcement Learning (DRL). However,
the groundbreaking results that DRL is achieving are obtained at the cost of a huge amount
of samples needed for learning, along with very large learning times usually in the order of
days. One of the reasons why this is happening, besides the outstanding significance of the
results that fundamentally poses the problems of the efficiency of these methodologies in
the background, relies on the fact that often experiments are run in simulations in which the
sample efficiency problem is not such an issue as in real applications. The purpose of this thesis
is to study the previously described problems proposing novel methodologies that explicitly
consider the concept of \textit{uncertainty} to speed up learning and improve its stability.
Indeed, since a relevant goal of an RL agent is to reduce uncertainty about the environment in
which it is moving, taking uncertainty explicitly into account can be intuitively an effective way
of acting. This solution is not new in RL research, but there is still a lot of work that can be done
in this direction and this thesis takes inspiration from the available literature on the subject
extending it with novel significant improvements on the state of the art. In particular, the works
included in this thesis can be grouped into two parts: one where uncertainty is used to improve
the behavior of the Bellman equation and the other where it is used to improve exploration.
The works belonging to the former group aim to address some of the problems of action-value
estimation in the context of value-based RL, in particular in the estimate of the maximum
operator involved in the famous optimal Bellman equation, and more generally in the estimate
of all its components. On the other hand, the works belonging to the latter group study
different methodologies to improve exploration by studying the use of Thompson Sampling in
RL or by introducing a variant of the Bellman equation that incorporates an optimistic estimate
of the action-value function to improve exploration according to the principle of Optimism
in the Face of Uncertainty. All the works presented in this thesis are described, theoretically
studied, and eventually, empirically evaluated on several RL problems. The obtained results
highlight the benefits that the explicit exploitation of uncertainty in RL algorithms can provide;
indeed, we show how in a large set of problems that have been chosen in order to highlight
particular aspects we were interested in, e.g. exploration capabilities, our methods prove to be
more stable and faster to learn than others available in the literature.
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ON THE EXPLOITATION OF UNCERTAINTY TO IMPROVE BELLMAN UPDATES
AND EXPLORATION IN REINFORCEMENT LEARNING
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The paradigm of edge computing emerged in the last decade aiming to fill the gap between
cloud data centres (accessible through multiple hops of networking) and the prosumers
of information residing at the network edge. In edge computing, computing and storage
resources are co-located with different kinds of infrastructures: with cellular infrastructures
like base stations and aggregation sites; with core network components like ISP gateways; and
with private infrastructures. Among the main goals of edge computing are the mitigation of
network delay and the increase of bandwidth required by latency-sensitive and data-intensive
applications hosted on mobile and Internet of Things (IoT) devices, including Autonomous
Vehicles, Augmented/Virtual Reality, Mobile Multi-player Games, Natural Language
Processing, Real-time Data Analytics, and Industry 4.0. The decentralised nature of the edge
computing paradigm entails many challenges. First and foremost, the fine-grained distribution
of edge nodes impose limitations to the capabilities offered by each node. Resources must
be managed efficiently, and collaboration among surrogate nodes is paramount to enable
more customers and services to be admitted into the system. Operational (Ops) aspects
like the placement, deployment and scaling of edge-based services make automation and
self-management properties first-class requirements. Last but not least, existing application
and service models need to be adapted to cope with the characteristics of densely distributed
infrastructure: heavyweight, monolithic applications may not fit into edge node resources or
may fail to scale. In this thesis, we tackle the materialisation of edge computing from two main
perspectives: architectural, in which we focus on the application and service models that enable
the offloading of computation from latency-sensitive and data-intensive applications to edge
nodes; and management, which handles the autonomic configuration, deployment, and scaling
of services by geo distributed infrastructures. At the heart of our proposal is the paradigm
of serverless computing and the Function-as-a-Service model. We leverage this alternative
approach to cloud computing and propose a Serverless Architecture for Multi-Access Edge
Computing. We then expand our contribution landscape with heterogeneous resources from
mobile, edge, and cloud platforms, which we refer to as the Mobile-Edge-Cloud Continuum.
To tackle the life-cycle of serverless functions deployed to the Continuum, we propose A3-E
framework. A3-E moves away from centralised orchestration and management in favour of
opportunistic, autonomic and decentralised provisioning of Function-as-a-Service to mobile
applications with distinct requirements such as latency and battery consumption. We conclude
our contributions with PAPS, a comprehensive framework that tackles the effective and
efficient placement and scaling of serverless functions onto densely distributed edge nodes
through multi-level self-management and control theory.

COMPUTER SCIENCE AND ENGINEERING

THE ACTIVITIES

SELF-MANAGEMENT OF GEOGRAPHICALLY DISTRIBUTED
INFRASTRUCTURES AND SERVICES

43

DARIAN FRAJBERG
ARTIFICIAL INTELLIGENCE AND AUGMENTED REALITY FOR
ENTERTAINMENT APPLICATIONS
Outdoor Augmented Reality applications are an emerging class of software systems that
demand the fast identification of natural objects on mobile and embedded systems. They arise
as an interesting tool to support the creation of entertainment and educational applications.
Artificial Intelligence has recently exhibited superior performance in a variety of Computer
Vision tasks and can lead to novel Augmented Reality solutions. Nonetheless, their execution
remains challenging and requires non negligible resources for devices with hardware constraints.
The goal of the research presented in this thesis is to exploit the commoditization of Artificial
Intelligence methods and the forthcoming wave of low-cost mass market Augmented Reality
devices, to propose methods, architectures and components to support the creation and
evaluation of solutions for outdoor Augmented Reality applications efficiently executable on
low-power portable devices. Specifically, the focus is set on entertainment applications that
can play a fundamental role to motivate citizens to contribute for environmental crowdsourcing
purposes, such as data collection. The experimental results demonstrate how Artificial
Intelligence, Computer Vision and Augmented Reality can be successfully integrated for the
construction of novel entertaining solutions for limited-capacity portable systems.
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DYNAMIC APPLICATION AUTOTUNING FOR SELF-AWARE
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In the autonomic computing context, we perceive the system as an ensemble of autonomous
elements capable of self-managing, where end-users define high-level goals and the system
shall adapt to achieve the desired behaviour. This runtime adaptation creates several
optimisation opportunities, especially if we consider approximate computing applications,
where it is possible to trade off the result accuracy and the performance. Given the power
consumption limit on modern systems, autonomic computing is an appealing approach to
increase the computation efficiency. I divided this PhD thesis into three main sections.
The first section focuses on a dynamic autotuning framework, named mARGOt, which aims
at enhancing the target application with an adaptation layer to provide self-optimisation
capabilities at the production phase. In this context, the end-user might specify complex
high-level requirements, and the proposed approach automatically tunes the application
accordingly. The second section evaluates the mARGOt framework, by leveraging its features
in two different scenarios. On the one hand, we evaluated the orthogonality between resource
managers and application autotuning. On the other hand, we proposed an approach to enhance
the application with a kernel-level compiler autotuning and adaptation layer in a seamless way
for application developers. The third section focuses on two application case studies, showing
how it is possible to significantly improve computation efficiency, by applying approximate
computing techniques and by using mARGOt to manage them.
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MODEL-DRIVEN ENGINEERING FOR PRIVACY-AWARE DATAINTENSIVE APPLICATIONS
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The pervasiveness of the modern digital ecosystem is leading to dramatic changes in our society
and in the way software systems are designed. Nowadays smartphones, wearables, sensors and,
in general, smart devices sensing the environment, allow to continuously collect huge volumes
of data. Having the ability to deal with and to make sense of this data can give to companies
and institutions important advantages. This is known as the “Big Data” phenomenon and is
pushing significant investments in order to re-design software solutions in a more data-centric
way. By leveraging several results from Model-Driven Engineering (MDE), DevOps, formal
methods and data protection techniques, this thesis provides three research contributions
along this direction. First, we present a model-driven approach for the development and
prototyping of DIAs across different target platforms. Then, we complement our first result
with a model-driven approach to simplify and automate the deployment of DIAs by means of
the Infrastructure-as-Code paradigm. Finally, we present an approach for embedding privacyawareness in DIAs to help simplifying the compliance with privacy requirements. Overall the
evaluation of the three research contributions shows that, despite various limitations, the
proposed approach is promising and reasonably achieves the research goals of this thesis.
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LEARNING MODELS TO OPTIMIZE THE PLAYER EXPERIENCE IN
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As technology progresses new game experiences emerges. Among these, a new type of game
appears, where human players are involved in a physical activity against robotic agents. This
type of games has been introduced as Physically Interactive Robogames (PIRG). In this work,
we have developed methods and insights for modeling players in a PIRG environment with
data from on-board sensors processed in real-time. This new type of game environment has as
main characteristic the exploitation of the real world as environment (in both its dynamical,
unstructured, and structured aspects), and of one or more real, physical, autonomous robots
as game opponents or companions. The ultimate direction for PIRG is to obtain a robotic
player purposefully aiming at maximizing human player entertainment. In our work, we
provide a panorama of design for such robotic applications, advocating, in the process, the
benefits of Machine Learning techniques to tackle the challenges. We present methods and
insights for player modeling using Machine Learning techniques, as well as direction for future
research to achieve full adaptation. Besides being an interesting field for testing approaches
from Machine Learning, a PIRG scenario provides a challenging application for several other
disciplines, among which: (general and specific) Artificial Intelligence, Statistics, Human-Robot
Interaction, Robotics, Psychology, Design.
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LEADERSHIP GAMES: MULTIPLE FOLLOWERS, MULTIPLE
LEADERS, AND PERFECTION

THE ACTIVITIES
PHD IN INFORMATION TECHNOLOGY

Over the last years algorithmic game theory has received growing interest in AI, as it allows
to tackle complex real-world scenarios involving multiple artificial agents engaged in a
competitive interaction. These settings call for rational agents endowed with the capability
of reasoning strategically, i.e., taking into account not only how their actions affect the
external environment, but also their impact on the behavior of other agents. This is achieved
by exploiting ideas from game theory, and, in particular, equilibrium concepts that prescribe
the agents how to behave strategically. Thus, the challenge faced by the researchers working
in algorithmic game theory is to design scalable computational tools that enable the adoption
of such equilibrium notions in real-world problems. In this thesis, we study the computational
properties of a specific game-theoretic model known as the Stackelberg paradigm. In a
Stackelberg game, there are some players who act as leaders with the ability to commit to a
strategy beforehand, whereas the other players are followers who decide how to play after
observing the commitment. Recently, Stackelberg games and the corresponding Stackelberg
equilibria have received considerable attention from the algorithmic game theory community,
since they have been successfully applied in many real-world settings, such as e.g., in the
security domain, toll-setting problems, and network routing. Nevertheless, the majority of the
computational works on Stackelberg games study the case in which there is one leader and one
follower, focusing, in most of the cases, on instances enjoying very specific structures, such as
security games. A comprehensive study of general Stackelberg games with (possibly) multiple
leaders and followers is still lacking. In this thesis, we make substantial steps towards filling
this gap. In particular, in the first part of the work, we address the largely unexplored problem
of computing Stackelberg equilibria in games with a single leader and multiple followers,
focusing on the case in which the latter play a Nash equilibrium after observing the leader’s
commitment. We analyze different classes of games, from general normal-form Stackelberg
games to games with a compact representation, namely, Stackelberg polymatrix and congestion
games. Then, in the second part of the thesis, we study Stackelberg games with multiple
leaders, proposing a new way to apply the Stackelberg paradigm in such settings. Our idea is
to let the leaders decide whether they want to participate in the commitment or defect from
it by becoming followers. This is orchestrated by a suitably defined agreement protocol, which
allows us to introduce interesting properties for the commitments. Finally, in the last part of
the thesis, we focus on Stackelberg games with a sequential structure, addressing, for the first
time in such setting, the problem of equilibrium refinement. This problem has been widely
investigated for the Nash equilibrium, as it is well-known that refinements can amend some
of its weaknesses, such as sub-optimality off the equilibrium path. In this work, we show that
such issues also arise in Stackelberg settings, and, thus, we introduce and study Stackelberg
equilibrium refinements based on the idea of trembling-hand perfection so as to solve them.
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Wellness Assessment refers to the evaluation of physical, mental, and social well-being. This
thesis studies the possibility of applying technological tools to assist clinicians and professionals
to improve the Quality of Life of people through continuous monitoring of their wellness.
The contribution of this thesis is manifold: a Coarse-Grained localization system and other
environmental sensors are responsible for monitoring and collecting data related to patients;
a novel Wellness Assessment methodology is proposed to extract quantitative indicators
related to the well- being of patients from the collected data; finally, a preliminary study on
Behavioural Drift Detection is proposed to detect changes in patient’s behaviour. This system
promotes the progress of research towards a more sustainable approach to the elderly care: the
goal is to enable people to live their daily lives peacefully, gradually accompanying them in their
aging process first in their home environment and then in specialized facilities. This has been
successfully tested in a sensorized domestic environment and in a residential facility for people
with Alzheimer’s disease.
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We are approaching the end of Moore’s law and Dennard scaling, while demand for computing
power increases constantly. Traditional processors are struggling to keep up with performance
requirements, and both scientific research and industry are exploring reconfigurable
architectures as an alternative. It is common knowledge that an increasing number of
technology leaders, such as Microsoft, IBM, Intel, Google, Amazon to name a few, are
currently exploring the employment of reconfigurable architectures as hardware accelerators.
Fine grained inherent parallelism and low power consumption thanks to direct hardware
execution are the key aspects that make reconfigurable architectures an attractive choice for
High-Performance Computing (HPC). This thesis is focused on a set of algorithms sharing a
similar computational pattern, namely iterative stencils and Convolutional Neural Networks
(CNNs). The key computation for both algorithms consists in sliding a filter on the input
data, computing new elements using a submatrix of the input. Iterative stencil algorithms
are heavily employed in physics, numerical solvers and even finance, while CNNs are one
of the recently developed deep learning algorithms, currently used in industry to perform
image classification, analysis of video and even speech recognition and recommender systems.
While High-Level Synthesis (HLS) capabilities have improved dramatically over the recent
years, the synthesis tools have yet to reach the level of sophistication required to properly
optimise these algorithms, and extract sufficient parallelism or generate highly scalable
solution, or automate the acceleration creation and integration in a way that resembles the
development experience that is in place for CPUs and GPUs. Indeed, the process of designing
and deploying hardware accelerators for iterative stencils of CNNs is still a hard and complex
task that requires expertise in FPGA programming and knowledge of hardware design tools.
The complex dependencies that arise from the filtering conditions, the iterative nature of the
algorihtms, and the low operational intensity, make current HLS solutions inadequate to really
optimise the resulting implementations. This thesis objective is to improve with respect to the
proposed solutions targeting all the presented challenges. For both the target algorithms, we
designed optimized spatial architectures that are able to exploit different sources of parallelism
of such algorithms, reduce the cost of data movements alleviating the burden on external
memory and that can easily scale up to multi-FPGA systems. In particular, we propose spatial
accelerators for iterative stencils, small CNNs and the features extraction stage of deep
CNNs. The resulting designs, consisting of distributed architectures of independent elements
communicating using read- and write-blocking FIFOs, can scale in size if enough resources
are available, unfolding the algorithms computation in space. Such architectures can exploit
different levels of parallelism offered by the target algorithms. Moreover, we address the
scalability of the proposed solutions implementing the accelerators on very big Stacked Silicon
Interconnect (SSI) FPGAs or even on custom-designed multi-FPGA systems. Finally, we
provide automation flows and performance models that can automate completely or support
the automation of the design process, starting from high-level specification of the algorithms,
either being C/C++ for iterative stencils, or standard formats as the one implemented in Caffe
for CNNs. The validation performed shows that for iterative stencils, the proposed solution
is comparable with the state of the art for the single FPGA implementation, but we are able
to perform substantially better on multi-FPGA, thanks to an approximately linear scaling
in performance. Moreover, for deep CNNs our implementations for AlexNet and VGG-16
achieve a throughput of respectively 1.61 and 2.99 TOPS, where for VGG-16 we are the
second-best implementation - by a narrow margin - available in the State of the Art, while for
AlexNet we substantially outperform the previous work.
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STENCILS TO CONVOLUTIONAL NEURAL NETWORKS
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This thesis proposes a framework to improve monitoring data utilization in fog computing
environments, reducing the data volume while maintaining the data quality and structure
performance. Over the past few years, there has been a significant increase in the use of
Monitoring Data for various domains such as IoT, cloud computing, smart spaces. In all the
mentioned domains, applications use Monitoring Data as a critical pipeline to observe the
target system (space) and to support the smart decision-making process. This work has been
motivated by the increasing attention of monitoring data and the rising volume and dimensions
of monitoring data, which brings the rapid grow of maintenance cost to the system owners in
various aspects: energy, network bandwidth, storage, etc. In this work, we try to understand
the situation and the environment of monitoring data utilization and how the monitoring data
are collected and transmitted and modeled during its lifecycle. We propose a correlation-based
approach to reduce the volume of monitoring data where some monitoring variables can predict
some other variables based on their quantitative relation, which has been derived by analyses.
We propose execution profiles to capture the resources demands of software modules and
services to enable better management of computational resources. We propose a deployment
methodology in fog computing environments, with hierarchical environment model and
resources capacity constraints. We also offer a fault-tolerant scheme to ensure the data quality
of raw sensor outputs in the monitoring system, to improve the performance of data utilization
in the whole lifecycle. Combining the aspects above, we propose an adaptive monitoring data
framework for fog computing environments. The framework learns the relationships between
monitoring variables and reduces the monitoring dataset using data reduction services. It
can respond to changes in the surrounding environment, keeping these relations updated. It
distributes individual reduction services to the fog environment and optimizes the deployment
of data reduction services. It also exploits the fault-tolerant scheme to the edge side of the
monitoring system for reliable data collection.
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Novel technologies have led to exponentially increasing amounts of genomic data. However, while
costs have been constantly reducing, modeling and analysis techniques have only just started
to catch up in effectiveness and efficiency. Regulomics is a sub-field of genomics which studies
the mechanics of gene expression regulation, i.e. how cells select and express different genes
to respond to the different situations. Among those, Transcription Factors (TFs) are proteins
that attach themselves the DNA of prokaryotic and eukaryotic organisms in highly specific
Transcription Factor Binding Sites (TFBS), and modulate how accessible the surrounding DNA
areas is by RNA transcription machinery. Such areas usually contain coding sequences of
genes. For this reason, they are of great importance in regulomics. TF activity has been studied
in isolation by various means, such as wet-lab experiments and computational methods, but
the interplay of several TFs has not been studied as much. TF co-regulation is significantly
harder to analyse directly, requiring novel computational methods. This thesis discusses a novel
model aimed at predicting and classifying TF-TF interactions using a data-driven, model-based
approach. The fundamental idea is that TFBS and coding sequences can be represented as
a set of oriented, linear coordinates with features attached, and that the distance between
binding sites in this coordinate system is an informative feature which can be used to predict
TF-TF interactions. This approach relies on the properties of the distribution of genomic
distances between matched, closest binding sites of potential interactors. To further refine this
model, firstly protein-protein interaction (PPI) network data is mined to compute additional,
independent features used in classification of TF-TF interactions, under the assumption that
the more shared interactors two TFs have in the PPI network, the more likely it is that they are
co-operating as opposed to competing for another partner; secondly, the number of detected
copies of each TF at the relevant binding sites is used to infer whether the TFBS itself it
highly bound or instead disrupted. The resulting classifiers are named TICA, NAUTICA and
ESTETICA; the first two show good performance with respect both to reference databases and
existing literature. Taken as a whole, they represent a powerful framework for inferring and
classifying TF-TF interaction phenomena.
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Modern manufacturing systems are composed by a plethora of network-interconnected
computer-controlled systems. Although originally isolated, these systems are nowadays highly
integrated, in line with the Industry 4.0 vision. This results in a wide attack surface being
open to both casual and sophisticated attackers. In this dissertation, we aim to understand
and analyze the security panorama of manufacturing systems. This dissertation is composed
of two parts. In the first part, we analyze the threats targeted at industrial control systems
used in the manufacturing sector, by designing and deploying low-interaction honeypots to
study probing traffic directed towards Internet-exposed systems, as well as high-interaction
honeypots to study more sophisticated attacks. In the second part, we analyze the resilience to
attacks of industrial control systems used in manufacturing at three levels. First, we study the
components of the attack surface of an entire manufacturing system, showing the existence
of multiple attack vectors that can act as entry points. Second, we analyze the security of a
specific class of devices, “controlled” manufacturing systems: using industrial robots as a case
study, we perform a comprehensive experimental analysis, which takes into consideration both
the deployment of industrial robots in a typical factory network, and security challenges that
arise from the interaction between operators and machines. Third, as manufacturing machines
are controlled through sophisticated programming languages, we analyze the security impact
of the complexity of such languages, in the context of domain-specific languages for industrial
robots. After studying the robot’s language primitives with potential security implications,
we implement a prototype static source code analyzer for programs written in two languages
(KRL and RAPID), and we validate it by quantifying the presence of unsafe patterns in a set
of publicly available programs. Doing so, on the one hand, we show that vulnerable patterns can
indeed be found in publicly available RAPID and KRL source code, and, on the other hand, we
showcase the effectiveness of such a tool to analyze and vet task programs before commissioning.
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In current years we are assisting at a new era of computer architectures, in which the need for
energy-efficiency is pushing towards hardware specialization and the adoption of heterogeneous
systems. This trend is reflected in the High Performance Computing (HPC) domain that, in
order to sustain the ever-increasing demand for performance and energy efficiency, started
to embrace heterogeneity and to consider hardware accelerators such as Graphics Processing
Units (GPUs), Field Programmable Gate Arrays (FPGAs) and dedicated ApplicationSpecific Integrated Circuits (ASICs). Among the available solutions, FPGAs, thanks to their
advancements, currently represent a very promising candidate, offering a compelling trade-off
between efficiency and flexibility that is arguably the most beneficial. FPGA devices have also
attained renewed interests in recent years as hardware accelerators within the cloud domain.
Tangible examples of this are the Amazon EC2 F1 instances, which are compute instances
equipped with Xilinx UltraScale+ FPGA boards. The possibility to access FPGAs as on
demand resources is a key step towards the democratization of the technology and to expose
it to a wide range of application domains. Despite the potential benefits given by embracing
reconfigurable hardware both in the HPC and cloud contexts, we notice that one of the main
limiting factor to the widespread adoption of FPGAs is complexity in programmability, as
well as the effort required to port a pure software solution to an efficient hardware-software
implementation targeting reconfigurable heterogeneous systems. The main objective of this
dissertation is the development of CAD as an Adaptive Open-platform Service (CAOS), a
platform able to guide the application developer in the implementation of efficient hardwaresoftware solutions for high performance reconfigurable systems. The platform aims at assisting
the designer starting from the high level analysis of the code, towards the definition of the
functionalities to be accelerated on the reconfigurable nodes. Furthermore, the platform guides
the user in the selection of a suitable architectural template for the FPGA devices and the
final implementation of the system together with its runtime support. Finally, CAOS has been
designed to facilitate the integration of external contributions and to foster research on the
development of Computer Aided Design (CAD) tools for accelerating software applications on
FPGA-based systems.

PHD IN INFORMATION TECHNOLOGY

54

MIRZA RAMICIC
PERCEPTION AS BEHAVIOUR INDUCING MECHANISM: A
REINFORCEMENT LEARNING PERSPECTIVE

PHD IN INFORMATION TECHNOLOGY

COMPUTER SCIENCE AND ENGINEERING

Rapid advancement of machine learning make it possible to consider large amounts of data to
learn from.
In most of the implementations of reinforcement learning facing this type of data, approximation
is obtained by neural networks and the process of drawing information from data is mediated by
a short-term memory that stores the previous experiences for additional re-learning, to speed-up
the learning process, mimicking what is done by people. In this work, we are proposing a range
of novel computational approaches able to selectively filter the informational or cognitive load
for the agent’s short-term memory, thus simulating the attention mechanism characteristic also
of human perception. Using the proposed attention ﬁlter block architecture, we were able to
devise a variety of frameworks of agent’s perception that are able to adapt to its environment by
selecting the most suitable experiences. The adaptation also resulted in an emergence of different
behavioural characteristics or traits among artificial learning agents.
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The gathering of information is a problem that implicitly appears in a large number of
autonomous mobile robotics tasks. Some examples are exploration, coverage, and surveillance,
in which the abstract concept of information assumes different meanings, e.g., representation
of parts of an unknown environment or the presence of entities or objects. In recent years,
applications involving information gathering have received growing attention from both
public institutions and private organizations. The development of proper algorithmic solutions,
however, is still particularly challenging, being most of the problems involved computationally
hard. In practice, several autonomous mobile robots adopt a layered architecture. Bottom
levels include sensing and actuation, while the finding of a global plan to follow is demanded to
higher levels. When a task requires to gather information by means of one or more autonomous
mobile robots, the high-level plan often consists of a navigation plan, i.e., a sequence of
locations (or poses) to orderly reach, where information is gathered. A navigation plan is
usually computed on a high-level representation of the environment, in which most of the
geometrical features and the robot dynamics are neglected, and that is commonly based on
grids or graphs. On this abstract model, the information-gathering tasks can be formulated as
optimization problems, in which an objective has to be minimized (e.g., the completion time
or the energy consumption) and some application-dependent constraints must be satisfied.
Unfortunately, most of the so-formulated problems are NP-hard and an effort has been made
in the literature aimed at finding efficient sub-optimal algorithmic solutions. Although the
approaches implemented can be broadly grouped in some standard classes (e.g., heuristics,
greedy algorithms, linear programs relaxations), little is known about the quality of the
navigation plans found. A typical tool to assess the performance of sub-optimal approaches is
the analysis based on the approximation factor, that is, the ratio between the objective value
of a sub-optimal solution and that of an optimal one. In this thesis, we address two different
topics related to the gathering of information by means of one or more autonomous mobile
robots. The tasks addressed in these two contexts are here formalized as high-level optimization
problems, for which offline algorithmic solutions are developed and analyzed. The first topic is
that of coverage of a known environment using tools mounted on the robots. In their classic
formulation, coverage models assume that the tools are operated by independent actions of the
robots (e.g., the sensing of the surrounding environment). However, the concept of coverage
can be extended to encompass a larger number of tasks, in which actions may require the joint
operations of two or more robots to cover some features of the environment. A first notable
example is that of the measurement of the signal strength among pairs of locations. In this
broader coverage framework, we address two problems of practical interest. (a) A robot that
has to cover with a finite-range tool (e.g., a sensor or a brush) all the points of the free space
of a given known environment. (b) A team of robots that has to jointly perform a given set of
pairwise measurements in a given known environment. The second topic we consider is that of
planning robot paths to reach given target locations. Differently from the typical path planning
settings, we consider two scenarios in which communication constraints are imposed by
practical application-dependent needs. These problems can arise in a number of informationgathering tasks, as robots deal with finite storage capabilities and it may be needed to flush
data through a networked infrastructure, especially in long-term mission scenarios. Another
critical aspect, emerging in multirobot tasks, is that of keeping robots connected in order to
exchange information to enhance the decisions taken online. In this framework, the specific
problems we address are the following. (c) A robot, moving from a start to a goal location, is
required to gather data along its path (e.g., a video feed in a monitoring scenario). The robot has
at its disposal only a limited amount of memory and hence gathered data has to be periodically
delivered to a base station using transmission zones spread within the environment. (d) A team
of robots moving in an environment must plan a set of start-goal joint paths which ensures
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global connectivity at each (discrete) time step, under some communication model. We assess
the hardness of all the above problems by reduction from well-known hard problems. Once
we have given strong evidence that optimal solutions are (in general) out of reach, we develop
sub-optimal algorithmic solutions with particular attention to their efficiency, e.g., polynomialtime complexity. In some cases, an approximation factor guarantee is also devised. Finally,
all the algorithms developed in the thesis are tested in simulation to provide an empirical
evaluation of their performance. The results contained in this document can be considered
a significant contribution to the field, as we provide the formalization of novel problems of
practical interest, original analyses of the problems and their attribution to the proper complexity
classes, polynomial-time algorithmic solutions, approximation factor results, and experiments in
simulation. In a broader view, our achievements can provide useful insights for future analyses of
similar (or related) problems, as well as be useful in the implementation and the deployment of
efficient autonomous mobile robotics systems for specific applications.
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Recent progress of Internet of Things (IoT) technologies has led to a competitive market
and heterogeneity of communication protocols, a large diversity of smart device types, and a
multitude of widely used Application Programming Interfaces (API) and standards. Even if,
these advancements enhance the development of IoT domains including smart spaces, they
intensify the interoperability challenge. In other words, the co-operability of smart devices is
compromised by the numerous enabling technologies. Smart spaces are becoming more tightly
bounded to the technology and standard proffered by their underlying frameworks. Moreover,
the construction of pervasive environments could be subject to the thread of monopolistic
smart spaces in which devices and technologies are exclusively harvested in the favor of giant
companies. Thus, there is a pressing need for integration and possibly unified standardization.
The current literature tackles this issue within bottom layers of IoT stack, and, predominantly
toward the establishment of unified programming interface and communication means.
Nevertheless, the harmonization of the interfaces to exchange data does not fully address the
problem. In fact, a seamless integration and comprehensive interoperability do not accomplish
if the exchanged data remain unstandardized and diversified. In this direction, although
ontologies and shared vocabularies had promised the interoperability at the semantic level,
yet, the upsurge of a competing domain-dependent and vendor-specific ontologies stirrers up
the diversity trouble. This thesis aimed to provide a comprehensive solution for tackling the
heterogeneity of smart devices and allow developers to integrate them seamlessly. It proposes
a generic model, called TDeX, that encapsulates the peculiarity of a wide variety of objects
and describes them in a unified manner. The TDeX that extends the W3C proposed TD (Thing
Description), decouples devices from their enabling technology and envisions a device and
technology agnostic modeling. Needless to remark that the smart devices are not isolated
entities but they are essentially characterized in their relationship with other objects, human
and the environment. Furthermore, their smartness becomes actually tangible for the end-user
in the front-end application which visualizes and facilitates any interaction with the device.
Consequently, to envisage a truly seamless integration, it is vital to feed the application with a
multifaceted model covering the essential aspects. To this end, TDeX incorporates information
about context and access rights, along with the elements to create device-agnostic Graphical
User Interfaces (GUI) to interact with the devices. It thus paves the ground for additional
contributions: (I) REST middleware infrastructure called M4HSD governs the interaction with
the different devices by homogenous interfaces, harmonizes the diversified characteristic in
the unified model and eventually cast them to the application as a proper instance of TDeX.
(II) An innovative feature-oriented permission model for access management in IoT systems
is proposed which is well integrate with TDeX. It enables M4HSD to offer a granular and
context-aware access control mechanism to address the demanding privacy requirements of
today smart space. (III) A model-driven solution for the automated GUI creation in front-end
application is proposed. The TDeX model allows the application to visualize a smart device that
automatically adapts to changes in the context of fruition and access rights.
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OPTIMIZING DATA-INTENSIVE APPLICATIONS
FOR MODERN HARDWARE PLATFORMS
Data-intensive applications have become widespread in the years, especially in cloud-like
environments. Among them, Data Analytics (DA) and Machine Learning (ML) applications
are particularly important categories that deeply impacted business and science in the last
decade, and are expected to have an even higher impact in the upcoming years. In the latest
years, we also saw hardware platforms evolving along different directions to overcome the
limitations of Dennard’s scaling and the end of Moore’s law. While heterogeneity is coming
into play for several applications, Central Processing Units (CPUs) have also evolved towards
a growing number of cores, specialized Single Instruction, Multiple Data (SIMD) units, high
memory hierarchies and, in general, a more complex and diverse set of features. On the other
side, also data-intensive applications became more complex, to the extent that a current ML
model may comprise tens of diverse operators to compute a single prediction value, while
taking in input data of multiple types like text, number vectors and images. Oftentimes
these applications are structured as “data pipelines” and go through many steps like input
parsing, data pre-processing, analysis and possibly loading the output to some “data sink” at
the end. Mastering this complexity to achieve the best implementation and deployment of
an application in a given setting (hardware platform, software stack, co-located applications,
etc.) is becoming a key issue to achieve best usage of the infrastructure and cost-effectiveness.
This problem is especially hard with heterogeneous platforms, whose hardware features may
not suit some parts of an application to be accelerated or may require a long redesign effort.
Here, where the inevitable complexity of applications determines the diversity of operations,
CPUs are still central, as they provide the flexibility and the maturity to efficiently run most
of these workloads with sufficient performance even for today’s needs, while being easier to
program than other architectures. Moreover, their general-purpose design naturally fits the
diversity of data-intensive applications. This work explores the performance headroom that
lies unused in modern CPUs with data-intensive applications. This headroom encompasses
several dimensions, each one with specific problems and solutions. A first problem to solve is
the performance isolation of co-located applications on the CPU, which has to take in account
the sharing of the Last Level Cache (LLC). Here, we propose and evaluate a mechanism
for partitioning the LLC that works on recent server-like CPUs and requires software-only
modifications in the Operating System (OS), thus not impacting hardware nor applications.
This solution proves to be effective with a diverse set of benchmarks and allows meeting
Quality of Service (QoS) goals even in a contentious, hardly predictable environment. The
second problem is the optimization of data-intensive applications, which can be composed of
multiple, diverse computational kernels. This work explores the limitations of current solutions,
revolving around a black-box approach: application kernels are individually optimized and run,
disregarding their characteristics and their sequence along the data path; indeed, a simple case
study shows that even a manual, naïve solution can achieve noticeable speedups with respect
to the current state of the art. Building on these findings, we generalize them into a white-box
approach for applications optimization: while applications should be written as sequences of
high-level operators, as current development frameworks already do, this sequence should also
be exposed to the system where these applications run. By looking at this structure during the
deployment of the application, the system can optimize it in an end-to-end fashion, tailoring
the implementation to the specific sequence of operators, to the hardware characteristics
and to the overall system characteristics, and running it with the most appropriate settings;
in this way the application can make the best use of the CPU and provide higher QoS. Such
a re-thinking of current systems and frameworks towards a white-box also allows a cleaner
support of heterogeneous accelerators. Indeed, the high-level description that we advocate
allows the system to transparently map some operations to more specialized accelerators if
need be. However, optimized solutions need to keep a sufficient degree of flexibility to cover
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the diversity of computational kernels. As an example, we explore a case study around Regular
Expression (RE) matching, which is a ubiquitous kernel in data-intensive applications with
limited performance on CPUs, and we propose an architecture that enhances previous work
in terms of performance and flexibility, making it a good candidate for the integration with
existing frameworks. Overall, this work proposes several solutions for the main issues around
modern CPUs and data-intensive applications, breaking some common abstractions and
advocating for an appropriate description level of those applications. The solutions proposed
here leverage this level of description that enables various optimizations, providing novel
guidelines in order to make the best use of the architecture. From this work, several research
directions arise, especially around extending these abstractions and the related solutions
to work with heterogeneous devices, whose usage for the masses calls for more automated
optimization strategies and prediction models.
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BUILDING STRUCTURED HIERARCHICAL AGENTS

There is an increasing interest in Reinforcement Learning to solve new and more challenging
problems. We are now able to solve moderately complex environments thanks to the advances
in Policy Search methods and Deep Reinforcement Learning, even when using low-level
data representations as images or raw sensor inputs. These advances have widened the set of
application contexts in which machine learning techniques can be applied, bringing in the near
future the application of these techniques in other emerging fields of research, such as robotics
and unmanned autonomous vehicles. In these applications, autonomous agents are required
to solve very complex tasks, using information taken from low-level sensors, in uncontrolled,
dangerous, and unknown scenarios. However, many of these new methods suffer from major
drawbacks: lack of theoretical results, even when based on sound theoretical frameworks,
lack of interpretability of the learned behavior, instability of the learning process, domain
knowledge not exploited systematically, extremely data hungry algorithms. The objective of
this thesis is to address some of these problems and provide a set of tools to simplify the design
of Reinforcement Learning agents, particularly when it comes to robotic systems that share
some common characteristics. Most of these systems use continuous state and action variables
that may need a fine-grained precision, making a good variety of deep learning approaches
ineffective. They may exhibit different dynamics between different parts of the system, leading
to a natural division based on different time scales, variable magnitudes, and abstraction
levels. Finally, some of them are even difficult to formalize as a Reinforcement Learning task,
making it difficult to define a reward function, while some human (or non-human) experts
may be able to provide behavioral demonstrations. Based on these assumptions, we propose
two approaches to improve the applicability of Reinforcement Learning techniques in these
scenarios: hierarchical approaches to Reinforcement Learning, to exploit the structure of the
problem, and Inverse Reinforcement Learning, which are a set of techniques able to extract
the reward function i.e., the representation of the objective pursued by the agent, and the
desired behavior from a set of experts’ demonstrations. From these ideas follow the two major
contributions of this work: a new Hierarchical Reinforcement Learning framework based on the
Control Theory framework, which is particularly well-suited for robotic systems, and a family of
Inverse Reinforcement Learning algorithms that are able to learn a suitable reward function for
tasks (or subtasks) difficult to formalize as a reward function, particularly when demonstrations
come from a set of different suboptimal experts. Our proposals make it possible to easily design
a complex hierarchical control structure and learn the policy either by interacting directly with
the environment or providing demonstrations for some subtasks or for the whole system.
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The Web is a distributed environment populated by resources and agents that identify,
represent, and interact with them. The decentralised nature of Web applications is one of the
reasons for the popularity of the Web. Nevertheless, the Web results in an unbounded and
noisy environment populated by heterogeneous resources. As part of the Web environment,
applications must take resource heterogeneity into account. The Web of Data is the Web
extension that addresses this challenge, known as Data Variety, using a stack of semantic
technologies that include RDF, SPARQL, and OWL. Recently, a new generation of Web
applications is showing the need for taming Data Velocity, i.e., processing data as soon
as they arrive and before it is too late. New protocols are emerging to improve the Web’s
data infrastructure. Web Sockets and Server-Sent Events respectively enable continuous
and reactive data access. Data velocity is related to the whole data infrastructure, and new
abstractions are required, i.e., streams and events that are the fundamental entities of the
stream processing. Although seminal work on Stream Reasoning and RDF Stream Processing
paved the road for addressing Velocity on the Web, the following research question remains
unanswered: Can we identify, represent, and interact with heterogeneous streams and
events coming from a variety of Web sources? This PhD thesis investigates how to represent
and interact with streams and events on the Web, assuming that existing technologies for
identification are sufficiently mature to be used in this innovative context and they do not need
further investigation yet. The investigation follows the structure of design science research
projects. It identifies design problems and knowledge questions and solves them according to
the Design Science methodology. In particular, this PhD thesis elicits two research problems
from the research question: the representation problem and the processing problem. The
former problem calls for an improvement in the Web of Data by representing streams, events,
and to audit the provenance of Web stream transformations. The latter problem calls for
an improvement in the Web of Data by enabling expressive yet efficient processing of Web
streams and events. This PhD thesis breaks these two problems into feasible sub-problems,
and it presents the formulation, the investigation, and the validation of the proposed solution.
Moreover, this PhD thesis identifies yet another problem related to validation research in the
context of the processing problem. The problem is named validation problem, and it calls for
an improvement in comparative research for stream and event processing on the Web. This
PhD thesis ends identifying the assumptions that limit the generality of the investigation.
These assumptions are then relaxed, endeavouring to envision alternative research
directions and future works.
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Moore’s law of downscaling has driven the evolution of the semiconductor industry for more
than fifty years, but is now approaching its end. Furthermore, the physical separation between
memory and processing units in conventional von Neumann computing systems leads to an
inevitable bottleneck due to the necessary data movement between the two units, causing
significant latency and energy consumption. Emerging memory technologies promise to tackle
these obstacles by complementing the memory hierarchy with massive amount of non-volatile
memory fabricated on the CMOS chip. Moreover they enable novel computing paradigms,
such as in-memory computing and neuromorphic computing, where memory and logic
functions are distributed within the same network, naturally overcoming the von Neumann
bottleneck. Resistive switching memory (RRAM) is one of the most promising emerging
technologies, thanks to its excellent scalability, high writing speed, good endurance, low
fabrication cost and good compatibility with the back-end-of-line of standard CMOS process.
However, RRAM faces serious reliability issues due to programming variability and resistance
fluctuations over time, which prevent its adoption as a commercial technology. This Doctoral
Dissertation focuses on the characterization of RRAM devices for high-density crosspoint
arrays, and on their application in novel in-memory computing systems. First, novel memory
and selector devices based on a silicon oxide (SiOx) technology are presented and studied from
the point of view of the switching characteristics. The non-volatile memory is then compared
with a HfO2-based RRAM technology, at fixed electrode materials and device geometry, to
investigate the material parameters driving device performance and reliability. Subsequently,
an extensive reliability study of the non-volatile SiOx-based RRAM is carried out to enable
low-current operation in high-density memory array. The last part of the Dissertation focuses
on the RRAM applications in digital and analogue computing. First, a neural network-based
reconfigurable RRAM circuit is implemented, and several logic functions, along with a 1-bit
full adder, are experimentally demonstrated. Then, incremental programming techniques are
investigated to achieve gradual set and reset operations, enabling a controllable tuning of the
RRAM conductance. RRAM devices are arranged into a crosspoint circuit to perform analogue
computations within the memory.
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This research project is focused on the development of readout ASICs for two main
applications. The first part is mainly focused on the ASIC development for the SIDDHARTA
experiment. The SIDDHARTA experiment is designed to investigate strong nuclear
interactions using exotic atoms in the field of nuclear physics. Silicon Drift Detectors (SDDs)
used in this experiment are arranged in arrays of 2×4 elements with total area of 612 mm2.
At the final stage of SIDDHARTA experiment, 48 SDD arrays are needed to be utilized in
a gantry structure to perform X-ray spectroscopy of exotic nuclei, like kaonic deuterium.
Each single SDD unit in 2×4 formation of arrays is coupled to a charge sensitive preamplifier,
namely CUBE, which is followed by shaping amplifier, and consequent analog and digital
electronics that are all integrated on a custom developed multichannel chip called SFERA. In
the first chapter of the thesis, we introduce SIDDHARTA experiment in details. After giving
an insight about the main objective of the SIDDHARTA experiment and its requirements,
main characteristics and working principles of SDDs will be discussed with a focus on
SDDs that will be employed in SIDDHARTA Experiment. The chapter then continues with
recalling basic concepts of detector signal processing as they will be used frequently in the
following chapters. Finally, the charge sensitive preamplifier that will be coupled to SDDs
in SIDDHARTA experiment will be introduced and discussed briefly. The second chapter
introduces SFERA ASIC. SFERA (SDDs Front-End Readout ASIC), is a 16-channel ASIC
that is composed of a 9th order semi-gaussian shaping filter with selectable peaking times of
0.5us, 1us, 2us, 3us, 4us and 6us as well as peak stretcher, pile-up rejection logic and different
readout modalities. A dedicated digital logic, manages the data transfer to the downstream
DAQ system, synchronously providing it both the “firing channels” addresses and related
stretched pulse-peaks in the same time order the events are detected. This chapter then
continues with the description of the detector characterization procedure as well as DAQ
system used to characterize and troubleshoot detectors that will be used in final SIDDHARTA
experiment. The third chapter focuses on the crosstalk and timing analyses made on SFERA
and SIDDHARTA detection modules. In the SIDDHARTA experiment, in order to reject
asynchronous background events, only X-rays detected within a time window opened by a kaon
monitor trigger are selected. To test this detection operation, a beta source (90Sr) was used
to provide a trigger and simultaneously excite fluorescence X-ray lines on a multi-element
target. This chapter aims to investigate the anomalous behaviour, observed in both time and
energy spectra of the SDD acquisition chain, when the detectors were exposed to radiation
dominated by charged particles. The fourth chapter introduces the modifications made to
SFERA ASIC to make it in-line with the experiment requirements. These modifications include
but are not limited to increase of the ASIC time resolution as well as introducing new inhibit
strategies that are vital for the final SIDDHARTA experiment. The second part of my research,
is focused on the development of a 128-channel low-power ASIC for the readout of silicon
microstrip detectors with high energy resolution and counting rate efficiency for diffractometry
applications. In chapter five, we introduce the microstrip detector read-out chain and we will
continue our discussion on the choice of the best filter for our application. Then the chapter
continues describing the criteria considered for the choice of the filter family and its order.
After this choice, count-rate linearity of the filter will be studied and statistically discussed.
Later, different implementation topologies will be discussed. After deciding the filter topology,
we will demonstrate on how to tune the corresponding filter components. By implementing
the shaper, gain and peaking time spread will be studied through Monte Carlo analyses and by
realizing the layout of the shaper, post-layout results and effects of parasitic capacitances will
be discussed. In the last part of the chapter, we will discuss on the overall performance of the
shaper after fabrication.
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FREQUENCY SYNTHESIZERS BASED ON PLLS FOR CELLULAR RADIO APPLICATIONS

New 5G communication standards have to cover different frequency ranges to face the
increasing demand of high data rate wireless access and the growing number of devices
simultaneously connected to the network. The legacy mobile radio frequency spectrum, located
below 6GHz, is not able to satisfy these new requirements alone due to the limited channel
bandwidth. Therefore, 5G radio devices need to exploit also a new spectrum segment above
30GHz in the so-called mm-wave range. Phase noise requirements for the sub-6GHz and for
mm-Wave frequency ranges are different. Due to the narrow channel spacing and the crowded
spectrum segment, sub-6GHz devices have to meet stringent phase noise masks while in a
mm-Wave device, due the high output frequency, low jitter is mandatory to guarantee the
target bit error rate (BER). The target of this thesis is to identify which phase locked loop (PLL)
and oscillator architectures are the best candidates to reduce the output phase noise and satisfy
the 5G stringent specifications in both frequency ranges. For sub-6GHz PLL the analysis faces
the trade-off between phase noise and the power consumption. To deal with some realistic
and stringent spot phase noise requirements, in the absence of detailed 5G specifications, the
ETSI GSM 05.05 standard was therefore considered. Demanding phase noise specifications
force one to increase the efficiency of noise critical blocks. Energy efficiency of CMOS LC
oscillators is discussed, and the best topology to meet the out-of-band phase noise mask
without increasing too much the power consumption is identified. The adoption of a digital
PLL architecture based on a single bit phase detector (bang-bang) improves the power
consumption with respect to the power-hungry multi-bit time to digital converter. But on the
other hand, the trade-off between bandwidth and locking transient is exacerbated due to the
limited bang-bang dynamic range. To overcome this issue, a novel technique based on nested
DCO control loops is presented, thus speeding-up locking in bang-bang digital PLLs. The
implemented sub-6GHz fractional-N synthesizer has an output frequency from 3.59GHz to
4.05GHz with an integrated output jitter of 182fs. Fractional spurs are below −50dBc and
the system has a power consumption of 5.28mW from 1.2V power supply leading to a FoM
of −247.5dB. Measured output phase noise is compliant with the stringent ETSI GSM 05.05
phase noise requirements and thanks to the implemented locking technique the loop can
perform a frequency step of 364MHz, to within 10 MHz from the final frequency, in only
5.6μs. These figures advance the state of the art in terms of power-jitter FoM and locking time
of a digital PLL. The challenging mm-wave targets were instead defined to push performance,
thus reducing the existing gap with respect to the sub-6GHz synthesizer. A new sub-sampling
bang-bang phase detector topology has been investigated. A low-power divider-by-six prescaler
has been adopted in the feedback path to reduce the overall power consumption. The resulting
implemented synthesizer can operate in the mm-Wave range between 30.4 and 34.2 GHz with
an integrated RMS jitter below 180 and 197.6 fs for the integer-N and fractional-N channels,
respectively. The fractional spurs, measured at the 5-GHz prescaler output, are below −54 dBc,
even considering near-integer channels. The power dissipation of 35 mW from the 1.2-V supply
leads to a −238.6 dB jitter-power figure of merit for fractional-N channels that advances the
state of the art in terms of power-jitter FoM.
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FABRICATION AND CHARACTERIZATION OF RESISTIVE SWITCHING MEMORY DEVICES
FOR HIGH-DENSITY STORAGE AND IN-MEMORY COMPUTING
Modern computing systems are facing fundamental challenges in processing large amounts of
information efficiently, mainly due to the latency gap existing between the CPU and storage
devices. Many approaches to solve this problem have been proposed, from the development of
novel high-performance memories, to the implementation of non-Von Neumann computing
paradigms such as neuromorphic computing and in-memory computing. Emerging nonvolatile memories and devices based on 2D materials are promising candidates for this kind
of application. In this work, the fabrication and characterization of novel resistive switching
devices for high-performance memories and in-memory computing are discussed; moreover,
the implementation of innovative in-memory computing systems based on such devices is
addressed.
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With the ubiquitous diffusion of mobile computing and Internet of Things (IoT), the amount
of data exchanged and processed over the internet is increasing every day. For the past 50
years, microelectronics has evolved according to Moore’s Law, which describes the exponential
growth of the number of transistors on integrated circuits (IC). Such trend is now slowing down
due to the increasing heat dissipation and the growing impact of charge/dopants discretization
on device performances. In addition, von Neumann architecture-based digital processors are
hindered by the performance gap between the central processing unit (CPU) and memory,
which makes them generally inefficient in terms of both energy and latency particularly in
data-centric applications such as machine learning. To face such challenges, emerging memory
technologies, such as resistive switching random access memory (RRAM), phase change
memory (PCM), ferroelectric memory (FERAM) and spin-transfer torque magnetic memory
(STT-MRAM) have been proposed as solutions thanks to their non-volatility, area scalability,
low current and fast operation, and compatibility with the CMOS process. Moreover, various
approaches to overcome the von Neumann bottleneck, such as stochastic and neuromorphic
computing, are under intense scrutiny by both academia and industry. In this regard, in addition
to enabling improved memory performances, STT-MRAM peculiar stochastic switching
variability has drawn considerable attention since it can be exploited for the emulation of braininspired spiking behavior. This doctoral dissertation deals with the experimental characterization
and modeling of the conduction, switching and reliability of STT-MRAM. On the one hand,
this effort aims to understand the limitations of STT-MRAM in terms of breakdown-limited
cycling endurance and stochastic switching towards an implementation of STT-based memory
circuits. On the other hand, the proposed compact models allow for the exploration of possible
applications of STT-MRAM as hardware primitive for security and computing.
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DIGITALLY-INTENSIVE FREQUENCY MODULATORS
FOR MM-WAVE FMCW RADARS
The vast number of FMCW radar applications generates the demand for highly-linear,
low-noise and reconfigurable fast chirp synthesizers implemented in high-volume deep
sub-micron CMOS technologies. Conventional analog PLL-based chirp synthesizers realized
in bipolar or BiCMOS technologies demonstrate an excellent phase noise performance,
however, the modulation speed is typically limited by a narrow-bandwidth PLL. The emerging
digital PLL-based synthesizers demonstrate prominent phase-noise and modulation-speed
performance along with high degree of reconfigurability. The first part of the thesis derives the
specification of the FMCW frequency synthesizer employing a new radar system model which
was developed within the scope of this work. The proposed system model allows to analyze
the impact of the chirp synthesizer impairments, such as phase noise and nonlinearity, on
the performance of the FMCW radar system. The second part is focused on the analysis and
design of two digital PLL prototypes in CMOS, which includes a novel pre-distortion scheme
for DCO and DTC nonlinearity correction. The first implemented digital PLL-based FMCW
modulator prototype is fabricated in 65-nm CMOS technology and demonstrates abovestate-of-the-art performance of fast chirp synthesis. It is capable of maximum chirp slope of
173 MHz/μs and idle time of less than 200ns after an abrupt frequency step with no over or
undershoot. The 23-GHz digital bang-bang PLL consuming 19.7 mA exhibits the phase noise of
-100 dBc/Hz at 1MHz offset from the carrier and the worst case in-band fractional spur level
is below -58 dBc. The second PLL prototype was developed and fabricated in 28 nm CMOS
technology focusing on low-fractional spur operation. The novel digital pre-distortion scheme
was applied to mitigate DTC nonlinearity in an 18-GHz digital bang-bang PLL which achieves
in-band fractional spur level below -63dBc and exhibits the phase noise of -100 dBc/Hz at 1
MHz offset from the carrier.
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Nowadays, Time-Correlated Single Photon Counting (TCSPC) represents a key measurement
technique in many scientific and industrial applications demanding for the acquisition of extremely
fast and faint luminous signals with picosecond resolution. In particular, in life sciences time-resolved
imaging by means of TCSPC is the enabling technology for several powerful analytical techniques,
such as Fluorescence Lifetime Imaging Microscopy (FLIM), Förster Resonance Energy Transfer
(FRET) or Fluorescence Lifetime Correlation Spectroscopy (FLCS). At the same time, it is becoming
a gold standard in remote sensing applications, like Light Detection And Ranging (LIDAR). In a
typical TCSPC experiment, a sample is excited by means of a periodic laser source. Then, photons
re-emitted by the sample are recorded to form a histogram, depending on their arrival times within
the excitation period. In this way, after many periods the histogram represents a measurement of the
average waveform of the luminous signal. Given most modern time-measurement circuits, TCSPC
permits to reach a timing precision as low as 10 ps, that is well below the minimum resolution
achievable by any analog recording technique. Unfortunately, the many advantages of TCSPC come
along with a major drawback, that is a relatively long acquisition time. In particular, two effects concur
in limiting the maximum measurement speed of a TCSPC acquisition channel. First of all, a
conventional TCSPC system can detect only one photon per excitation cycle. As a consequence, if
more than one photon impinges on the detector during a period, the reconstructed wave-form
undergoes a distortion, which is known as classic pile-up. In order to avoid this issue, the intensity of
the excitation source is typically adjusted to keep the average number of impinging photons in a
period well below 1 (typical values range between 0.01 and 0.05). It follows that a relatively high
number of excitation cycles is required to accumulate a statistically relevant number of events in the
histogram. The second limit to the measurement speed is related to a relatively long dead time of both
detector and time-measurement electronics, which typically ranges in the order of 100 ns. In this
scenario, a TCSPC experiment can undergo a significant loss of events, thus leading to a further
reduction of the measurement speed. In the last decade, TCSPC acquisition systems have been
subject to a fast trend towards the parallelization of many independent channels in order to speed up
the measure. On one hand, some multichannel modules based on discrete components are already
available in the market, featuring the best in- class performance in terms of resolution and linearity,
but the high power dissipation and the volume occupied by a single channel have limited the degree of
parallelism to only 4 or 8 channels so far. On the other hand, the exploitation of CMOS technology
has permitted the integration of hundreds and even thousands of independent channels on the same
chip, including detectors, represented by Single Photon Avalanche Diodes (SPADs), and the whole
acquisition and conversion electronics. Nevertheless, large arrays proposed so far with detectors and
electronics integrated on the same chip suffer from a trade-off between number of channels and
performance. In particular, the integration of both detectors and conversion electronics in the same
pixel area has imposed tight constraints on power dissipation and area occupation of the electronics,
limiting timing performance, both in terms of linearity and precision. At the same time, the
exploitation of standard CMOS technologies has prevented designers from having the necessary
degrees of freedom to pursue the best detector performance, in terms of photon detection efficiency,
dark count rate and afterpulsing probability. Even worse, large multichannel systems are typically
affected by a data-transfer bottleneck, which strongly limits the achievable measurement speed. In
particular, the presence of a huge number of detectors can give rise to a considerably high data rate at
the output of the system, which can easily reach 100 Gbit/s. Unfortunately, the real-time
management of such a high rate demands for a huge bandwidth of the bus directed toward the
external processor and for a considerable complexity of the system design. Instead, the maximum
available transfer bandwidth is typically limited in the order of 10 Gbit/s. As a result, the efficient
exploitation of a limited transfer bandwidth is, to date, one of the major challenges designers have to
face to pursue the highest speed in TCSPC experiments. Recently, different readout architectures
have been proposed in literature to cope with a limited transfer bandwidth, trying to maximize its
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exploitation under typical operating conditions. Nevertheless, solutions proposed so far are affected by
relatively low efficiency and the measurement speed still lies well below the limit imposed by the saturation of
the transfer rate towards the elaboration unit. The goal of this thesis work is to investigate novel approaches to
speedup TCSPC measurements, avoiding at the same time any trade-off with performance. First of all, I
deeply investigated the problem of pile-up distortion, which currently represents the major limitation to
measurement speed in a single TCSPC acquisition channel. In this context, I propose a novel solution to keep
pile-up distortion below a negligible value, paving the way to a remarkable increase of the excitation power,
well above the classic pile-up limit, thus leading, in turn, to a significant speedup of TCSPC experiments. In
particular, I theoretically demonstrated that negligible distortion (below 1%) is guaranteed if the dead time
associated with the converter is kept below the dead time of the detector, and at the same time the detector
dead time is matched to the duration of the excitation period. In this way, the speed of TCSPC experiments
can be increased by a factor larger than 7.4, that is almost an order of magnitude, while providing negligible
distortion regardless of the experimental conditions. It is worth noting that the proposed technique allows a
single acquisition channel to reach a remarkable measurement speed, which can be achieved, to date, only
using eight independent TCSPC measurement channels operating in parallel. In this scenario, my solution
requires a considerably lower complexity of the system design and, even better, it can be easily extended to a
multichannel approach to further increase the measurement speed. Moreover, a practical use of my solution
is already feasible exploiting recently-proposed electronics, that is time-measurement circuits with negligible
dead time and a SPAD coupled to a fast active quenching circuit, featuring a short and finely tunable dead
time. In this work, I also investigated different approaches to address the trade-offs which currently affect
large multichannel arrays, trying to maximize, at the same time, measurement speed and timing
performance. In particular, I present a novel readout architecture, which has been conceived starting from a
completely different perspective with respect to readout architectures proposed in the literature: a large
detector array is shared with a limited set of high-performance time-measurement circuits, whose number is
calculated starting from the maximum manageable data rate; then a smart routing logic has been designed to
dynamically connect a large number of SPAD detectors to the external time-measurement electronics, in
order to take full advantage of the available bus bandwidth. In addition, the proposed router-based
architecture permits to exploit different technologies to design the various parts of the system, i.e. detectors,
sensing electronics and time-measurement circuits, in order to optimize their performance. The core of the
router-based architecture is a selection logic, whose task is to select a subset of the detectors carrying a valid
signal during each excitation cycle, to connect them to the external converters. It is evident that a certain
elaboration time is required to carry out this operation, so a low-jitter delay line has been designed to be
integrated along with each pixel of the array, in order to preserve the timing information related to a photon
detection, until the logic elaboration has been carried out. Then proposed delay line is able to provide a
digitally-programmable delay up to 50 ns, while timing jitter is kept around 0.1% of the average delay, thus
permitting excellent timing performance. At the same time, particular care has been devoted to the
minimization of power dissipation and area occupation of the circuit, to make it compatible with the
integration of a delay line for each pixel of a large array. Then, I designed a novel routing algorithm exploiting
digital gates distributed in a tree structure, aimed at the future realization of a 32_32 array. The proposed
algorithm is able to dynamically connect the array to five shared conversion channels operating at 80 MHz,
thus providing an overall throughput up to 10.4 Gbit/s, including 2 bytes for the timing information and 10
bits to address the selected pixels within the array. In addition, the designed logic has a double advantage: it
permits to minimize at the same time the elaboration time and the number of interconnections crossing the
system, which is a major issue in dense multichannel arrays.
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Single-photon sensitive measurements have shown their effectiveness in many industrial and
research applications. The increasing trend to deploy portable and wearable devices is pushing
towards the development of fully solid-state detectors and light sources. For this reason,
CMOS Single Photon Avalanche Diodes (SPADs) are becoming increasingly attractive for the
development of large “smart” and low-cost array sensing systems. On the other hand, timegated operation of SPADs is a desirable feature to filter incoming light and enhance detector
performance and sensing capabilities. This thesis describes the development and deployment
of monolithic time-gated, time-resolved SPAD array photodetection chips, in 0.16 µm BCD
and 0.35 µm CMOS technologies. A first work described in this thesis is the development
and testing of a fast-gated digital Silicon Photomultiplier with larger than 8 mm2 active-area,
built-in Time-to-Digital Converter (TDC) and histogram generator, specifically designed for
Time-resolved Near Infrared Spectroscopy (TD-NIRS), to be embedded in a compact multimodal imaging system for breast cancer diagnosis. Afterwards, this thesis describes smart pixel
architectures for time-resolved 0.35 µm CMOS SPAD imagers, then exploited in 32 × 32,
128 × 1 and 8 × 8 array imaging chips, aimed at applications requiring very low noise SPAD
detectors to be operated in gated-mode. Finally, the thesis shows the design of a fast-gated
SPAD imager in BCD technology, featuring high-resolution TDCs, differential sensing and
event-driven readout for 3D Non-Line-Of-Sight (NLOS) imaging.
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MICHELE GIORGIO

Organic electronics is gaining more and more attention from scientific public and from
industries because of his unique properties such as flexibility, transparency, and solution
processability. High throughput manufacturing methods such as roll- to-roll coating and inkjet
printing allow organic electronics to be suitable for new and diverse applications and to be an
attractive viable way to make low-cost electronics. Before employing this technology for the
production of complex circuits, the performance of the elementary block, i.e. the transistor,
has to be optimized. The willingness to fabricate transistors capable of high-frequency
operation is spurred by possible applications like high-resolution flexible displays or devices able
to communicate via wireless. So far, a record frequency of transition of 27 MHz is achieved for
transistors with lithographic contacts and evaporated semiconductors, while of 20 MHz for
transistors fabricated without using masks in the production flow. Such record frequencies of
operation were not measured directly but they were extrapolated due to bandwidth limitation,
typically in the order of 1 MHz, present in the measurement setups used. Thanks to recent
improvements in polymers charge carrier mobility, further enhancement of devices maximum
operational frequency is in sight, and therefore it is not possible to rely further on such
measurement methods for characterizing the upcoming organic high-frequency devices. In this
thesis work, we resorted to Scattering parameters (S-parameters) for reliable determination
of the frequency of transition without extrapolations. We report n-type FETs based on a
solution-processed polymer semiconductor where the critical features have been realized by
a large-area compatible direct-writing technique, allowing to obtain record frequencies of
transition of 19 MHz in the case of n-type and 24 MHz for p-type polymer transistors. This
is the first report of solution-processed organic FETs characterized with S-Parameters. We
then made a step forward in the improvement of the OFETs maximum operational frequency
by reducing the gate to source and gate to drain geometrical overlap to some hundreds of
nanometers by fabricating also the gate contact by laser sintering. In this way we succeeded
in the demonstration of the fastest n- and p-type organic transistors ever realized, showing
transition frequency of 70 MHz and 100 MHz, respectively. Finally, in order to fabricate highperformance organic circuitry, we propose a method for self-assembled monolayers (SAMs)
formation by using inkjet printing techniques, allowing to grow different SAMs on the desired
contacts on the same substrate. We demonstrated both n and p unipolarized devices starting
from a single ambipolar semiconductor uniformly bar-coated on the substrate, with mobilities
higher than 1 cm^2/Vs in both cases.
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LOW-NOISE, LOW-POWER FRONT-END ASICS FOR HIGH-RESOLUTION X AND GAMMA
RAY SPECTROSCOPY FOR RADIATION SEMICONDUCTOR DETECTOR
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The aim of this thesis is the study, the design and the characterization of two ASICs (named
RIGEL and LYRA) employed in projects of the Agenzia Spaziale Italiana (ASI) and of
the European Space Agency (ESA) regarding the study of deep space objects and other
astrophysics applications. A dedicated readout electronics has been developed separately for
each project in order to acquire and elaborate the signals coming from a SDD (Silicon Drift
Detector) that detects X radiation. The design phase has been carried out carefully in order
to satisfy the most important requirements for the ASICs: the low electronic noise and the
reduced power consumption.
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LUIGI GRIMALDI

Current and future mobile communication standards are targeting a new 10x increase in data
rate in the following 10 years, as it is required from 5G standard for instance. To meet these
expectations, new and more complex modulation schemes are being standardized, and wider
bandwidths at higher carrier frequencies are being employed. Modern transceivers are asked
to manage a continuously increasing data rate while keeping high spectral efficiency at a
restrained power consumption. Nowadays techniques as the beamforming and phased-arrays
proved to be effective solutions to meet the stringent targets imposed by the standard, in terms
of SNR of the signal chain and power efficiency. In this context, frequency generation circuits,
in both transmitter and receiver side, are asked to reach lower phase noise and spur levels at
lower power consumption, while operating in the range of several tenths of gigahertz. At the
same time, the implementation of such circuits in new and more scaled CMOS processes
imposes a radical change in the design methodology. In the last few years, digitally-assisted
analog design, applied not only to frequency synthesis, has been proven to be effective in
improving performance in more scaled CMOS nodes. In this scenario, the Ph.D. activity has
been devoted to study and implement digital phase-locked loops (DPLLs) for future mobile
communications standards, to get a deeper understanding of the adaptive filtering techniques
employed in such circuits and to extend their application with the aim of improving the
noise and spur-versus-power compromise. From this perspective the focus of this work is on
the dissertation of digital techniques to improve the overall system performance to make
it suitable for tight standard requirements. The digital approach makes it possible to exploit
calibration techniques, working in the background of the PLL operation, to correct for the
analog impairments, providing all the advantages of low-power operation, low area occupation,
repeatability and portability to more scaled technology nodes. This work demonstrates the
effectiveness of DTC-assisted digital PLL based on a single bit (bang-bang) phase detector
when used as frequency synthesizer for modern transceiver architectures: the adoption of
digital calibration algorithms leads to low-spurs and low-jitter whereas the utilization of the
bang-bang phase detector, instead of a power-hungry multi-bit time-to-digital converter
(TDC), is the key point to achieve low-power operation. Two test-chip in 65-nm CMOS
technology, the first one in the sub-6GHz band at a center frequency of 3.7GHz, the second
one in the mm-Wave band around 30GHz, have been implemented to show the validity and
the performance of such approach.
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Electronics is an essential tool that can unlock the true potential of modern Silicon Photonic
technologies, overcoming their limitations. My thesis contributes to the field of electronicphotonic integration, studying and improving the innovative CLIPP detector and developing
the electronics to use it in novel scientific applications. Silicon Photonic technologies can
achieve outstanding datarates, low losses, and power consumption, but require the closedloop control of the optical devices, to compensate for their extreme sensitivity to fabrication
tolerances and temperature fluctuations. The large-scale implementation of feedback control
systems is halted by the inadequate state-of-the-art photo-detectors, that introduce losses
to monitor the working point of the photonic circuits. The CLIPP, ContactLess Integrated
Photonic Probe, is an innovative detector developed at Politecnico di Milano that overcomes
these limitations by enabling non-invasive light monitoring in silicon photonic circuits,
through an impedance measurement of the waveguide. My thesis explores the disruptive
applications in Silicon Photonics that an innovative device like the CLIPP has unlocked. The
work has mastered the electronic detection of the signal coming from the CLIPP, designing
specific circuit implementations, in both standard discrete electronics and integrated CMOS
technology. In particular, a new pseudo-resistor topology has been designed and tested to bias
low-noise Trans-Impedance Amplifiers with capacitive feedback, achieving high linearity, wide
bandwidth, three decades of resistance tuning range and dynamic compensation of the output
offset. In order to improve the tiny signals available when measuring very low optical powers,
this thesis has also addressed the sensor itself by demonstrating that more efficient designs can
be achieved by exploiting the deep implantations at the same level of the waveguide, offered
by active Silicon Photonics technologies. The new design achieved the best sensitivity ever
measured with CLIPPs, while giving an insight into new aspects of the device to be studied
in the future. The effectiveness of CLIPP-assisted circuit control was exploited for light path
tracking, reconfiguration, and thermal crosstalk compensation on a switch fabric router,
and for light mode unscrambling on a novel topology for Mode-Division Multiplexing, that
requires non-invasive monitoring to avoid disrupting the orthogonality of the spatial modes.
The results would not have been possible without advanced control strategies implemented on
a reconfigurable FPGA-based electronic platform specifically conceived for Silicon Photonic
applications.
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My doctoral thesis focuses on the preliminary study, design, and characterization of readout
electronics, both in circuit-level and system-level, adapted for high-rate high-resolution
energy-dispersive x-ray detection system. X-ray spectroscopy is a technique widely used in
applied physics, e.g. X-ray Fluorescence (XRF), X-ray Absorption Spectroscopy (XAS), X-ray
Microprobe (µXRF), and many other beamline-enabled X-ray experiments, as well in many
industrial instruments, e.g. energy-dispersive system for SEMs, portable XRF analyzers, macro
XRF scanner, X-ray diffraction, etc. Therefore, the possible applications could range from
fundamental research to cultural heritage analysis, mining and mineralogy measurements, as
well as safety, food and pharmaceutical studies. In the past few years, detection module for
X-ray spectroscopy based on Silicon Drift Detector (SDD) with a concentric anode, coupled
with CMOS monolithic Charge Sensitive Amplifier (CSA), has shown to be very competitive
in terms of performances and ease of fabrication. CMOS-based CSA is characterized by high
transconductance, when coupled to SDD that has relatively small anode capacitance, it results
in excellent noise performance and thus, good energy resolution. The combination is also known
to be compatible with high-rate operation, provided several conditions such as small detector
unit dimension, low-temperature operation, and fast detector pulse processing system. Highrate operation is essential to some applications, for example, in energy-dispersive detector in
synchrotron beamlines performing experiments such as XRF, XAS, and µXRF. The requirement
is driven by the ever-increasing flux of x-ray incident beams in upgraded synchrotron facilities,
leading to higher fluorescence flux available for the detector, potentially improving the quality
of the acquired data and/or reduce significantly experiment time. The first part of the thesis
focuses on this question: can we develop an X-ray spectrometer, adapted for experiments
in synchrotron beamline, that can provide good energy resolution and high throughput
capability, with immunity to electrical disturbances typically present in the beamlines? The
conclusions for these questions have been achieved through the milestones in the ARDESIA
project. ARDESIA (Array of Detectors for Synchrotron Radiation Applications), is an
SDD-based, 4-channel X-ray spectrometer, optimized for synchrotron experiments such as
X-ray fluorescence (XRF) and X-ray absorption fine structure (XAFS). Its detection module,
has been established previously, is able to achieve high-count rate (>1Mcps/channel) and
high-resolution (≈ 125eV of FHWM Mn-Kα line at optimum shaping time, ≤ 200eV at short
shaping times) X-ray fluorescence detection. During the course of my doctoral study, the
complete instrument, including internal and auxiliary electronics, has been assembled and
tested successfully in both laboratory and synchrotron beamline settings. In DAфNE-Light
DXR1 beamline, satisfactory results of XRF and XANES acquisition have been achieved in
soft X-ray regime. In LISA BM-08 ESRF beamline, measurements including long-duration
XAFS measurements and XAFS measurement on trace elements confirm the qualification
and performance of the instrument, in terms of energy resolution, throughput capability,
immunity against external disturbances, and stability over time. High-rate spectroscopy can
only be realized with SDD-CSA based detection system, only if the following stages provide
fast pulse processing. In a system with a limited number of detection channels (<10 channels),
Digital Pulse Processor (DPP) is the most commonly adopted pulse processing solution, thanks
to its satisfactory spectroscopic performance, high throughput, and robustness of digital
system. On the other hand, when high-density multichannel detection is needed, as in future
synchrotron-based experiments, or when the power and/or area constraints apply, Analog Pulse
Processor (APP), implemented in an integrated circuit, is still an attractive solution, since it
can provide compact and cost-effective solution compared to DPPs. ASIC-based APPs, if
exist, with relatively high-throughput capability, appear to be a desirable solution to equip a
compact instrument with high-density multichannel readout electronics (50-100 channels)
within a reasonable cost and power budget. The second part of the thesis raises these questions:
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is it conceptually feasible to create an analog pulse processor with throughput capability above
1Mcps output count rate with satisfactory energy resolution and spectrum quality? If yes, can
we implement it in ASIC and demonstrate experimentally such performance? In my doctoral
study, the questions are first tackled by theoretical study of a fast APP solution. Systematic
assessment of various shaping amplifiers has been conducted, considering series noise, ballistic
deficit immunity, and pile up immunity. Estimation and validation on its ballistic deficit effect
to additional spectrum broadening are also explored. The study is concluded with analysis of
analog-based pile up rejection (PUR) strategies and maximum throughput estimation taking
into account several parameters on analog processing channel. The assessment provides some
relevant insights to define the specification of TERA (Throughput Enhanced Readout ASIC),
an APP implemented as an ASIC with a purpose to demonstrate experimentally the results
obtained in the study. The ASIC development has been started from its predecessor, SFERA
(SDD Front-End Readout ASIC), designed in the same 0.35um technology node. Each pulse
processing channel includes a 7th-order semi-Gaussian shaping amplifier with controllable
shaping times and full scale ranges, followed by a peak stretcher and a switched-capacitor
analog memory. Each channel is also equipped with a dedicated peak detector and a novel pile
up rejection (PUR) logic. Each pair of channels can be optionally digitized by a 12-bit on-chip
SAR ADC. The architecture enables to achieve high throughput and satisfactory energy
resolution. In fact, in Fe-55 spectroscopy measurements, when using the shortest shaping pulse
width of 200 ns, 2.5 times shorter than the smallest shaping time implemented in SFERA,
a FWHM Mn-Kα line of 159.4 eV was obtained at low rates (10 kcps). This energy resolution
can be achieved thanks to the minimization of the effect of the ballistic deficit, achieved by
optimizing the SDD detector in terms of optimum biasing, low operating temperature (-37oC),
and small size (1 mm diameter). At 1.61 Mcps/channel input rate, an output count rate of
1.09 Mcps/channel and a resolution of 205.1 eV were achieved with a 4mm-diameter SDD
and optimum PUR settings. Such high-rate performances are, to our knowledge, the best ones
reported so far for an APP, based on a spectroscopy-grade ASIC, and very close to those achievable
by a standard DPP. Therefore, TERA can represent an attractive, compact, and scalable pulse
processing solution for high-rate multichannel energy-dispersive X-ray detection systems.
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In this PhD thesis, a novel working principle for 3-axis frequency-modulated (FM) MEMS
accelerometers is proposed. Indeed, the differential frequency readout is performed through
the innovative time-switched approach: this methodology is based on a double sampling of the
oscillation frequency of a single resonator, consecutively biased in two different configurations
in time. The technique enables to avoid offset thermal drift contributions typical of differential
resonant accelerometers based on two distinct resonators with unavoidable mismatch in the
temperature coefficient of frequency. After a complete behavioral modeling of the conceived
system, a compact tri-axis MEMS structure is designed and fabricated using an industrial
process. The encouraging results obtained from the characterization of the sensor motivated
the design of an integrated analog oscillator, in order to prove the possibility to keep the same
key performance coupling the device with a low-power, small-footprint ASIC. To this aim, two
different feedback oscillator loops are analyzed and fabricated, theoretically and experimentally
identifying the optimum topology in terms of power-noise trade-off. Finally, the tri-axis
MEMS-ASIC combo is coupled to an integrated frequency-to-digital converter, demonstrating
the feasibility of a fully integrated, digital output, consumer grade tri-axis FM time-switched
MEMS accelerometer. The designed system solves the trade-off between offset thermal
drift and full-scale-range experienced by state-of-the-art capacitive AM accelerometers.
The ratio between these two critical parameter results improved by more than an order of
magnitude, without any post-acquisition digital temperature compensation. At the same time,
the other key parameters (as resolution, power consumption and bandwidth) remain in line
with consumer devices currently on the market. Thus, the presented approach represents a
promising strategy to face tight requirements of next-generation applications as mixed-reality
and pedestrian inertial navigation.
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TECHNIQUES FOR LOW-JITTER AND LOW-AREA OCCUPATION
FRACTIONAL-N FREQUENCY SYNTHESIS
In the last decades, wireless connected mobile devices became pervasive in the consumer
market, thanks to the constantly increasing datarate capability and power efficiency offered
by modern transceivers. To sustain the forecasted demand for higher communication
bandwidth, the current research trend is to adopt complex modulation schemes at higher
carrier frequencies. Moreover, to enable the expected ubiquitous diffusion of devices capable
of wireless connection, the transceiver cost has to be kept low. This poses significant challenges
on the frequency synthesizer implementing the transceiver local oscillator (LO), which has
to operate under stringent low output jitter requirements, with low area occupation and
integrated in the same CMOS technology as the digital baseband processor. In this thesis, two
viable alternatives to meet these stringent requirements are presented. First, an extremely
low-jitter and low area occupation frequency synthesizer is presented (Chapters 1-3), based
on a sampling type-I analog PLL, which avoids the large integrating loop-filter capacitance
of type-II analog PLLs. To suppress the phase detector (PD) noise contribution, a high-gain
sampling PD is used, which is also functional to achieve a low reference spur, thus overcoming
one of the conventional issues of type-I architectures. Recently published sampling type-I
PLLs are bounded to integer-N operation, due to the phase detector narrow-range. In this
work, fractional-N operation is enabled by canceling the quantization noise before phase
comparison, thus overcoming this limitation and extending the benefits of sampling type-I
PLLs also to fractional-N frequency synthesis. A number of digital calibration algorithms
is presented to assist PLL operation and improve system performances, via the correction
of analog impairments. The proposed sampling type-I PLL has been fabricated in a 28nm
bulk CMOS technology process. The measured fractional-N RMS integrated jitter is 58.2
fs around a 12.5 GHz carrier, with a reference spur as low as −73.5 dBc and fractional spurs
lower than −63.2 dBc. With a power consumption of 18 mW, the achieved figure-of-merit
(FoM) is −252 dB, outperforming other recently published fractional-N frequency synthesizer.
Thanks to the type-I architecture and the proposed digital algorithms, the area occupation is
only 0.16 mm2, including decoupling capacitances and routing space, which is the smallest
among published sub-100fs jitter PLLs. Second, an attractive alternative for the frequency
synthesizer implementation is presented (Chapters 4-5), which relies on a fractional-N digital
PLL. In the presented architecture, the phase detector is replaced with a 1-bit time-to-digital
converter (TDC), and the analog loop-filter is substituted with its digital implementation, thus
reducing area occupation and power consumption. Extensive use of digital adaptive algorithm is
leveraged, and a technique to accurately control the PLL bandwidth, desensitizing the loop gain
from any analog dependence, is proposed and analyzed. The digital bang-bang PLL has been
fabricated in a 65nm CMOS process, with the emphasis on the adaptive bandwidth control
performance. Even in the presence of an input noise level higher than 14 dB with respect to
the nominal condition, the discussed algorithm is able to track and compensate the loop-gain
variations, guaranteeing a constant PLL bandwidth with an accuracy better than 4%. The
fractional-N frequency synthesizer occupies a core area of 0.22 mm2, with a 400fs RMS jitter
around a 3.6GHz carrier.
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VALERIO MILO
MODELING AND SIMULATION OF SPIKING NEURAL
NETWORKS WITH RESISTIVE SWITCHING SYNAPSES
Nowadays, functions such as the recognition of speech, image, and faces are becoming
essential features in various applications, from smartphones to driver-less cars. However, the
development of these cognitive systems offers critical challenges, in terms of accuracy, speed,
energy efficiency, and cost. In this context, achieving brain-inspired circuits and algorithms
seems a very promising pathway, given the unrivaled energy efficiency and computing
performance of the human brain. Toward this goal, nanoscale devices capable of mimicking the
biology of learning in silico, such as resistive switching memory (RRAM), are highly valuable.
In this Ph.D. dissertation, the implementation of spike-timing dependent plasticity (STDP)
and spike-rate dependent plasticity (SRDP) biological learning rules by RRAM-based synaptic
structures is first described. Afterward, moving from device to network level, simulation and
experimental results supporting the capability of two-layer feedforward spiking neural networks
with RRAM-based synapses to achieve unsupervised learning of visual patterns are presented.
Finally, the ability of Hopfield-type recurrent spiking neural networks with RRAM-based
synapses to capture other fundamental brain-inspired primitives such as associative memory,
pattern completion and error correction is also investigated by simulations.
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GIOVANNI LUDOVICO MONTAGNANI
DEVELOPMENT OF A 3” LABR3 SIPM-BASED DETECTION MODULE FOR
HIGH RESOLUTION GAMMA RAY SPECTROSCOPY AND IMAGING
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Gamma radiation detection finds many applications in different fields, including astrophysics,
nuclear physics and medical diagnostics. Nowadays large Lanthanum Bromide crystals coupled
to Photomultiplier Tubes (PMTs) represent the state of the art for gamma detection modules,
in particular for spectroscopic measurements. Nevertheless, there is an interest in substituting
photomultiplier tubes with solid state photodetectors like Silicon Photomultipliers (SiPMs),
owing to the latter’s significant advantages. These include insensitivity to magnetic fields,
low bias voltage, compactness, fast response and mechanical robustness. The aim of this
thesis work, which was carried out within the context of the GAMMA project supported by
Istituto Nazionale di Fisica Nucleare (INFN), is the design, development and experimental
characterization of a gamma-ray spectrometer based on large Lanthanum Bromide scintillator
crystals coupled with Silicon Photomultipliers, for nuclear physics experiments with energies
ranging from 100 keV to 20MeV, characterized by state-of-the-art energy resolution and
imaging capability, in a compact, modular and robust structure. In order to perform the readout
of large scintillator crystals, a matrix of 144 Silicon Photomultiplierswas designed using NUVHD SiPMs from Fondazione Bruno Kessler (FBK). These were chosen due to their high Photon
Detection Efficiency in correspondence with the peak emission wavelength of the crystal,
the high cell density and low Dark Count Rate. This thesis work entails the design of each
element of the instrument, starting from the SiPM tile and the optimization of the instrument
mechanics, through to the development of the electronics boards and custom ASICs. The Gain
Amplitude Modulated Multichannel ASIC (GAMMA) was developed in order to match the
project requirements for a large charge dynamic range and full scale range. Data acquisition and
the biasing of the detectors were also designed in order to simplify the use of the instrument
in operative conditions. Experimental measurements were performed in intermediate
development steps, confirming the high performance of the developed instrument.
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GIORGIO MUSSI
SUB-UA POLYSILICON MEMS REAL-TIME CLOCK WITH DETERMINISTIC
JITTER COMPENSATION
Real-Time Clocks have been object of intense studies for about a century, with innovations
both on the resonator side and in the related electronics. Recent advancements have seen the
introduction of MEMS devices as the fundamental resonant element, fabricated with tailored,
dedicated and expensive processes. This Thesis proposes an exploration of the advantages
- and limits - of relying on MEMS resonators built with a standard, large-scale and cheap
epitaxial polysilicon process, regardless of their intrinsic 20-fold poorer thermal stability,
that is ±2000 ppm versus ±100 ppm over the temperature range. The ambitious proposal is
based on the hypothesis - verified over the course of the project - that polysilicon devices are
characterized by a thermal frequency instability that is more repeatable than their custommade counterparts, thereby achieving a great reduction of long calibration procedures in an
industrial, large-scale application. The implications of worse thermal properties at system-level
are then investigated in detail and the overall feasibility of the integrated system, based on a
ΣΔ-modulated digital divider, is assessed, both in theory and on silicon, under the constraint
of a power budget of 1 μA. Additionally, the spurious phase noise due to the ΣΔ operation is
suppressed with an alternative, low-power approach that, to the author’s knowledge, had never
been implemented at hundreds of nW. The designed integrated circuit is tested to prove the
implemented concepts.
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PERFORMANCE AND RELIABILITY ISSUES OF NAND FLASH CELLS AT THE
TRANSITION FROM PLANAR TO 3-D ARRAY ARCHITECTURES
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NAND Flash memory technology is, nowadays, the most successful integrated solution for the
nonvolatile storage of information. Its success stems from an uninterrupted increase in storage
density, and, therefore, reduction of cost per gigabyte, that has continued during the past 20
years. Until around 2015 this was achieved thanks to scaling, i.e. the reduction of the feature
size of each memory element. However, both physical limitations arising from the discrete
nature of charge and matter and the soaring manufacturing costs due to process complexity
have pushed the industry to a shift of paradigm. This is represented by the introduction of
three-dimensional (3-D) NAND Flash arrays in which vertical stacking of many memory
layers replaces cells miniaturization, thus allowing to break the traditional trade-off between
the size of each memory element and storage density. In spite of the fact that the transition
from a planar to a 3-D architecture has brought to a general improvement of the reliability
of memory arrays, 3-D integration requires to implement a polycrystalline silicon channel
in place of a monocrystalline one. The high density of spurious states at the polysilicon grain
boundaries is responsible, first of all, for an increase in the resistivity of the channel material.
Moreover, charge trapping/detrapping at these trap states represents an additional contribution
to threshold voltage instabilities, negatively affecting array reliability. In this framework,
this Ph.D. thesis aims at understanding the main reliability issues affecting NAND Flash
technology at the transition from planar to 3-D arrays, highlighting the physical constrains
that have halted horizontal scaling and discussing the new emerging issues that affect next
generation 3-D NAND Flash arrays and that arise from the polycrystalline nature of the
channel implemented in them.
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GIACOMO PEDRETTI
IN-MEMORY COMPUTING WITH MEMRISTIVE DEVICES

Microelectronics industry has been driven by the Moore’s Law in the last decades, which led to
robust cooperation between technologist, architects and packaging engineers to exponentially
increase the performance of microprocessor, every couple of year. Unfortunately, many issues
are tackling the mirage of eternal performance growth. Modern chips need to slow down their
clock speed to control their intensive heating during computation and protect themselves
from damage. Large amount of energy is spent for moving data from the memory to the
processor in conventional Von- Neumann architectures, resulting in a bottleneck for the
data-intensive era, which requires many memory accesses, dictated by the communication.
To overcome these challenges, from one side new low-energy nano-scale devices are desired,
from the other unconventional efficient architectures are needed. A proposal is heterogenous
computing, where different specialized computing block carry on different tasks. For example,
accelerating algebra problems, such as training and inference of a neural networks, requires
highly specialized multiply-accumulate units able to perform matrix vector multiplication
in one-step. One could imagine a computing system where these kind of computation are
executed by a specialized processor. Human brain is another source of inspiration for designing
a new computing architecture. In the brain, computing and memory happens in the same
place without the need of transferring data between memory and logic units. Neuromorphic
engineers are trying to mimic the behavior of human brain in hardware, to achieve high
performance computation with a low energy system.
Emerging memory devices such as Resistive Random Access Memories (RRAM) and Phase
Change Memories (PCM) have recently attracted the interest of industry as an enhancement
of conventional memory technology thanks to their two terminal compact structure, low
energy operation, fast access time, non volatility and compatibility with CMOS process.
Interestingly, these new devices offers the possibility of analog programming, thus memorizing
arbitrary number inside the material structure of the memory cell. Merging novel in-memory,
brain inspired and specialized architectures with nanoelectronics emerging memories is the goal
of this Ph.D. dissertation. Different computing paradigms, namely spiking neural networks and
analog computing, have been explored and networks based on different emerging memories
have been realized, demonstrating in hardware new computing concepts.
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DAVIDE PORTALUPPI
MICROELECTRONICS AND INSTRUMENTATION
FOR SINGLE-PHOTON IMAGING
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In recent years, an increasing number of applications have emerged which can significantly
benefit from the ability of detecting fast and faint light signals, requiring sensitivity down to
the single-photon level and sub-nanosecond resolution; these requirements are usually paired
with the necessity of acquiring high frame rate, two- and three-dimensional movies of the
scene under analysis. These applications range from industrial and automotive uses, such as
object or obstacle recognition, road safety, depth-resolved ambient surveillance, to biomedical
applications like fluorescence lifetime microscopy or time-resolved spectroscopy, and even
to consumer applications such as gaming and gesture recognition. A number of technologies
exist which can reach single-photon sensitivity; however, among those, SPADs (Single-Photon
Avalanche Diodes) are the only solution capable of simultaneously achieving single-photon
sensitivity, time-resolved detection and high frame rate, in a rugged and compact solution
that can be realistically employed outside of a laboratory environment. As an example, Charge
Coupled Devices (CCDs) can reach very high sensitivity, almost to the single photon, but
suffer from very long integration times and require cooling systems to reduce their noise;
electron multiplying or intensified CCDs can indeed detect single photons, but still require
cooling and their bulky and delicate setups make them ill-suited for uses outside of a laboratory
environment. Lastly, technologies such as Photomultiplier Tubes (PMTs) or Microchannel
Plates (MCPs) also exist, but their vacuum-tube nature hinders integration with per-pixel
electronics. SPAD arrays however are excellent candidates for such applications, due to
their high detection efficiency, relatively low voltage operation, high timing resolution and
compatibility with standard CMOS fabrication processes, thus allowing the development and
exploitation of monolithic circuits integrating both sensor and processing electronics. This
Ph.D. project aims at developing new CMOS SPAD imaging chips able to satisfy the numerous
requirements that arise from such a varied set of applications: namely, high resolution (tens
of picoseconds) time measurement capabilities, time-gated detection of incoming photons,
simultaneous measurement of the photon counts and their time of arrival for reconstructing
intensity and depth resolved images, and flexible readout systems to allow the end-user to tune
the detector data- and frame-rate.

89

ANDREA RAGNI
HIGH-SPEED AND LOW-NOISE MULTICHANNEL ELECTRONICS
FOR BROADBAND COHERENT RAMAN IMAGING
The main objective of this study is to present an innovative 32-channel readout and acquisition
system for broadband Raman imaging, combining a low-noise pseudo-differential front-end
based on the lock-in technique, with a parallel acquisition and real-time data elaboration. This
work is conducted as part of VIBRA - Very fast Imaging by Broadband coherent RAman - an
ERC project headed by Prof. Dario Polli of the Physics Department of Politecnico di Milano
(Italy). The final aim of VIBRA is to develop an innovative Raman microscope for real-time
and non-invasive imaging of cells and tissues, which promises to make a revolutionary impact
on many fields of biology and medicine as a ground-breaking tool for tumour identification
and analysis. A broadband laser, containing the Raman information over a wide range of
wavelengths, is spatially diffused on a photodiode array so that each wavelength of the
spectrum can be separately acquired by a specific element of the array and amplified
simultaneously with a custom multichannel lock-in amplifier. An analog pseudo-differential
processing of the signals reduces the noise added by the laser allowing a shot noise limited
detection of the Raman signal. Once validated the acquisition scheme with a discretecomponents prototype by acquiring a first Raman spectrum, a 4-ch system, operating a custom
IC based on the same scheme, is designed and tested. Finally, particular emphasis is placed
on the hardware description of a 32-ch modular platform for high-speed Broadband Raman
Imaging, based on a Xilinx FPGA and the custom IC. With an average power of approximately
300μW on each photodiode, both the 4-ch and 32-ch systems can correctly acquire a Raman
image with a time constant of 10μs, goal of VIBRA, validating the proper operation of the
whole Raman microscope, from the optics to the electronics and graphical user interface.
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TIME-RESOLVED MULTICHANNEL OPTOELECTRONIC
INSTRUMENTATION BASED ON PULSED LASERS AND SINGLEAdvancements of optoelectronic instrumentation and measurement techniques based on
single photon detection fostered a wide diffusion of photonic components in a large variety
of different applications, from the automotive and the industrial fields, to material sciences,
quantum communication networks, biomedical and clinical applications. The technique to
non invasively probe diffusive media in depth by means of near infrared light is known as
Near InfraRed Spectroscopy (NIRS), and has been successfully adopted for brain and muscle
oximetry, optical mammography, in vivo molecular imaging and many other applications.
Pulsed laser sources and single photon detectors, thanks to the Time Correlated Single
Photon Counting (TCSPC) technique, enable for time resolved NIRS measurements,
allowing to exploit the strong connection between depth penetration into the sample and the
photon arrival times, and to retrieve absolute concentration of constituents and discriminate
contributions coming from different layers of the sample. The first part of my Ph.D. research
activity focuses on the design of a complete system for time resolved NIRS, featuring eight
fiber coupled custom pulsed diode lasers emitting in the 630 – 1050 nm range, two wide
area single photon detectors based on Silicon Photomultipliers, and two time measurement
instruments based on a custom Time to Digital Converter. The instrument aims at improving
state of the art of time resolved NIRS instrumentation, thanks to enhanced optical
performance still guaranteeing noteworthy reductions of both costs and dimensions. The
system has been designed within the framework of the E.U. funded H2020 LUCA project to
develop a complete multimodal instrument based on Ultrasound and Diffuse Optics techniques
for the early and non invasive analysis of thyroid nodules. The achieved advancements on
photonic components have been adopted also to improve optical performance of a portable
dual wavelength system for time resolved NIRS, previously designed during my M.Sc. thesis,
allowing for an in-vivo measurement campaign on freely moving subjects. Finally, a stand¬
alone single channel version of the developed laser diode pulser has been designed to drive
different commercially available laser diodes in gain switching regime with state of the art
optical performance. The second part of my research activity focuses on the design and
development on single photon detectors based on the fast gated operation of Single Photon
Avalanche Diodes (SPADs). SPAD detectors are nowadays gaining ever increasing interest
thanks to low noise, picosecond timing resolution and ease of use. Additionally, SPADs can
be operated in gated mode regime by driving the detector ON/OFF with sub nanosecond
transitions, allowing to perform a sharp time filtering of the incoming light signals and increase
measurement dynamic range and signal to noise ratio. With the aim to overcome current
limitations of state of the art time gated single photon detectors, two instruments have been
designed: a single pixel fast gated SPAD module and a 16 × 1 fast gated SPAD array module.
The single pixel module has been designed to operate silicon and InGaAs/InP SPADs in
high count rate applications such as Quantum Key Distribution (QKD), thanks to high gate
repetition frequency and sub nanosecond optical gates. Silicon SPAD based module foresees
its adoption for the development of a complete QKD network within the framework of the
E.U. funded H2020 QuantERA SQUARE project. The 16 × 1 fast gated SPAD array module
is based on an array of CMOS SPADs driven in fast gated regime by an Active Quenching
Circuit (AQC) array ASIC. The system has been specifically designed for Non Line Of Sight
(NLOS) imaging applications within the DARPA REVEAL project for the development of a
complete imaging system for the reconstruction of scenarios hidden from the direct field¬ of
view of the detection system.
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The roaring demand for wireless connectivity at a low price point has, in recent years, spurred
the interest for highly-integrated transceiver solutions able to cut down on expensive silicon
area requirements. In this context, one of the major limiting factors is generally represented
by the frequency synthesizer used to generate the local oscillator signal for the transceiver.
Conventionally implemented as phase-locked loops (PLLs) based around LC-oscillators, they
require large amounts of area due to their use of integrated inductors, that additionally do
not benefit from process scaling. However, they are generally preferred to ring-oscillatorbased solutions, as they offer a superior jitter-vs-power tradeoff, which benefits the overall
transceiver efficiency. A promising alternative to LC-based PLLs, which overcomes the
efficiency limitations of conventional inductorless implementations, is represented by the
recently proposed multiplying delay-locked loop (MDLL) architecture. Leveraging injectionlocking, these kinds of systems provide aggressive filtering for ring-oscillator phase noise,
ensuring both low-jitter and low-power operation in integer-N mode. Unfortunately, when
extended to fractional-N frequency synthesis, MDLLs suffer from a large jitter penalty due
to the noise introduced by the digital-to-time converter (DTC), which is required to perform
edge-synchronization. This, in turn, leads to a substantial performance gap between integerand fractional-N mode, which prevents their use in demanding applications. This work aims
at closing the performance gap, by proposing a number of design methods and techniques
to improve the jitter-power tradeoff of fractional-N MDLLs. First, an accurate time-variant
model for MDLL phase noise is developed and analyzed to derive close-form expressions
for the output spectrum. Then, leveraging the results obtained from this model, the MDLL
jitter-power tradeoff is examined and conditions for optimum performance are identified.
Finally, the DTC design tradeoffs are evaluated and a technique to significantly reduce its jitter
contribution is proposed. To validate these results, a fractional-N MDLL has been designed
in 65nm CMOS. The prototype occupies a core area of 0.0275 mm2 and draws 2.5 mW
power from a 1.2 V supply. The maximum RMS jitter is 334 and 397 fs for the integer-N and
the fractional-N case, respectively. Achieving a jitter-power figure-of-merit (FoM) of −244 dB in
fractional-N mode, the proposed system effectively bridges the gap to integer-N implementations.
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PRINTED CARBON NANOTUBES BASED TRANSISTORS: FROM CHARGE
TRANSPORT STUDIES TO BIOSENSING APPLICATIONS
Solution-processable high mobility semiconductors, such as polymers and single-walled
carbon nanotubes (s-SWCNTs), offer a concrete opportunity to develop high performance
electronics integrable in novel large-area and lowcost technological applications, ranging from
flexible and wearable devices to soft bioelectronics and biosensors. The possibility to formulate
stable dispersions of carbon nanotubes by noncovalent functionalization through conjugated
polymers allows the adoptin of solution-based printing deposition techniques, cheap and
suitable for scalable fabrication processes. A deep knowledge of charge transport mechanisms
in s-SWCNTs networks is crucial in order to address an efficient processing and realize highperformance devices and circuitry. Unfortunately, it is still unclear how the polydispersity of
the semiconducting nanotubes and their interaction with the functionalizing polymer affect
charge injection and transport in such networks. The interest in unraveling the dynamics of
transport to enhance the devices’ figures of merit is transversal to multiple fields, as carbon
nanotubes networks can be employed also for bio sensing, thanks to their excellent stability
in aqueous environments and biocompatibility, making them ideal candidates for developing
a pervasive bridging technology for a variety of applications both in vitro and in vivo. This
dissertation reports the investigation of charge transport dynamics in printed SWCNTs-based
transistors and their application as cell-proliferation monitors. Charge accumulation and
transport are first studied in monochiral and mixed networks of carbon nanotubes using chargemodulation spectroscopy, a technique ideally suited to study the nature and distribution of
mobile carriers in working transistors. In agreement with previous experimental and theoretical
studies, the mobile carrier distribution changes with applied gate voltage. Subsequently, several
analytical tools were employed to assess the impact of network density and functionalizing
polymer on charge transport mechanisms in inkjet printed networks of polymer-wrapped
nanotubes, demonstrating the possibility to tune their ambipolar behavior and their charge
transport efficiency by tailoring the printing process. Our findings provide useful insights on
the mutual interplay between polymer and nanotubes, as well as on the dynamics of charge
redistribution on the SWCNTs chiralities upon changes in network density. We then propose a
practical application for such networks, introducing carbon nanotube based electrolyte-gated
transistors as a novel tool to electrically monitor cell adherence and proliferation, able to
operate consistently in aqueous environment and in conjunction with more established optical
techniques. By establishing a direct relation between presence of adhered cells and electrical
output, we demonstrate that carbon-based electrolytegated transistors constitute a promising
technology to perform large-scale and cost-effective in vitro monitoring for toxicology and
drug development applications.
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MICROELECTRONICS FOR SINGLE-PHOTON TIME-OF-FLIGHT MEASUREMENTS

In the last years, the accurate measurement of time intervals is required in many single-photon
detection applications, based on time-of-flight (TOF) and Time-Correlated Single-Photon
Counting (TCSPC) techniques, such as fluorescence lifetime microscopy, time-resolved
spectroscopy or 3D ranging based on LiDAR (light detection and ranging). A number
of technologies can reach single-photon sensitivity; however, among those, only SPADs
(Single-Photon Avalanche Diodes) are the only solution capable of simultaneously achieving
single-photon sensitivity and time-resolved detection in a rugged and compact solution that
can be realistically employed in outdoor environments. Arrays of CMOS SPADs or Silicon
PhotoMultipliers (SiPM) are attractive sensor choices for these applications, due to their
high detection efficiency, relatively low-voltage operation, high timing resolution, and full
compatibility with standard CMOS processing, thus allowing the development and exploitation
of monolithic circuits integrating both sensor and processing electronics. This PhD research
aims at developing state-of-the-art time-interval measurement microelectronic integrated
circuits, with few picoseconds of resolution, low non-linearity and high conversion rate, as
required by so many applications. Advanced time-interval electronics was designed to be
integrated into CMOS SPAD arrays and also as stand-alone integrated circuit, for TCSPC and
TOF based applications. The first step of my PhD research was the design of a novel Time-toDigital Converter (TDC), to be the core of the following time interval measurement chips,
capable of high performance and with an architecture easily expandable for SPAD arrays.
The successive step was the characterization and testing of the developed TDC to prove the
architecture and performance and successively the integration of the designed TDC into large
CMOS SiPM and SPAD arrays.
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In the last decade, the ability to drive lasers with high frame-rate (higher than standard videorate), with very faint illumination, has become more and more important in many fields, like
ambient surveillance, road safety, identification of people and objects, biomedical imaging,
studies on physics of materials as well as commercial applications such as gaming, laser-based
projection and augmented virtual reality glasses. There is a growing interest in devices capable
of projecting or acquiring high framerate 2D or 3D videos. This work presents the design of
a 4-channel integrated laser diode driver (LDD) fabricated in 160 nm BCD technology for
a low-power pico-projector application based on micro-electromechanical systems (MEMS)
micro-mirrors and the design of a high-power and intensive single chip LDD in the same
technology for direct time of flight (TOF) measurement in Light Detection and Ranging
(LiDAR) application. The embedded 10-bit current DAC in pico-projector LDD known as
video DAC, can produce 300MHz sharp current pulses with 1ns rise/fall time, less than 7%
overshoot, 3-4ns settling time while the full-scale range (FSR) is also programmable through
a static 10-bit current DAC, known as scale DAC, in the range of 160uA up to 160mA.
These performances are guaranteed thanks to the novel active bootstrap presented in this
work. TOF LDD, as the second part of this Ph.D. thesis, can produce a fully programmable
sharp current pulses up to 20A with less than 1ns duration and a repetition rate of 40MHz.
to reach such high performances, a new driving topology is proposed which has brought new
challenges in the design that must be mitigated by innovative solutions. Chapter 1 illustrates a
general introduction about both applications, pico-projection and time of flight measurements,
focusing on the lase driving part and introducing well-known solutions, their drawbacks and
possible improvements as would be explained in detail in this work. Chapter 2 presents a
brief overview of the laser principles, specifically the semiconductor laser diode operation.
This section is written to be more generic to cover both applications, but the main focus is
on the ToF application as it is more sensitive to Laser behavior due to the high-frequency
requirements. It gives a fundamental background about the laser operation and behavior
according to the driving pulse, threshold current, temperature variation, and current pulse
shapes. Chapter 3 focuses on the pico-projection LDD. The operation principle in system
level and the laser driving role in such a system. The high-frequency compatibility, low power,
high range FSR programmability, dynamic performances such as rise time, fall time, settling
time are the challenges of the design that must be studied carefully. The solutions for such
challenges end up with innovative solutions that are illustrated in detail within this chapter.
The simulation and measurement results are shown in this chapter for each dedicated block.
Chapter 4 focuses on the time of flight LDD. The dToF principle and its differences with
respect to indirect ToF (iToF) are well described and its distinct design considerations such as
optical pulse width, repetition rate, rise time, optical power are clarified as design challenges
for such LDD. To improve the conventional laser driving approach, which is a limiting point
to get further improvement in the dToF specs, a new driving topology is introduced. The new
topology has some challenging drawbacks that require innovative solutions to deal with, such
as, clamping circuit, PVT compensated monostable, eye-safety fault detection and out sync
drift-less level shifter to drive TDC. In this chapter, the proposed solutions and their validations
are described in detail and testified by means of simulations.
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High-performance frequency synthesizer is a fundamental part of almost any modern wireless
communication device, for example, used for coherent demodulation/modulation in wireless
transceivers. The frequency synthesizer based on phase-locked loop (PLL) architecture, serving
as a local oscillator in a transceiver, is indeed a negative feedback control system generating
an output signal whose frequency is multiple of the reference signal frequency. The multiple
can be an integer or a fractional number. Though fractional-N PLLs entail the key advantage
of a finer frequency resolution, the noise-power figure-of-merit (FoM) of state-of-the-art
integer-N PLLs is still better than in the fractional-N case. In addition, digital PLL synthesizers
are taking over conventional analog ones, because of their benefits in terms of power
consumption and area occupation in ultra-scaled CMOS technologies. The digital solution
simplifies the design and, as this is portable to the next technology nodes, may potentially
reduce the time-to-market. In this study, a type-II fractional-N digital PLL having a phase
detector (PD) with only two output levels of 1 and −1 is of interest. Though this topology of
fractional-N digital PLL has been demonstrated in practice being able to obtain a FoM close
to the best of the integer-N ones, there is a lack of theoretical literature that explains in detail
adopted techniques in the system. It is known that the one-bit (also known as bang-bang, BB)
phase detector, when employed in frequency synthesizers, only acts like a linear element when
phase (time) error at the PD input is dominated by random noise. Since the quantization noise
of the digital Delta Sigma modulator (DSM) dithering the modulus control of the frequency
divider is not white and much larger than other thermal random noise in the system, this noise
may cause a limit cycle in the BB-PLLs. To address this issue, a digital/time converter (DTC) is
placed in the feedback path between the divider and the BBPD. The control gain of the DTC
is automatically adjusted in background by a calibration loop operating based on the principle
of the leastmean-square (LMS) adaptive filter. The calibration loop helps the PLL to adapt to
changes in the digitally-controlled oscillator (DCO) period as well as the DTC characteristics
in practice. By far, in the presented publications, to guarantee a short convergence time, an at
least second-order DSM is required when a fine frequency resolution is desired. This follows
a large DTC range of twice of the DCO period in the system and this compromises jitter
performance. In addition to the issue related to the quantization noise, the BB-PLLs also face
an extremely long transient process when a large jump of the output frequency is required.
Indeed, the frequency locking time of the BB-PLLs is shown to be inversely proportional
to the values of the loop filter gains while these gains are very small to guarantee the loop
stability. To solve the problem, a frequency-aid technique has been proposed. This technique
is essentially based on exploiting digital ternary phase detectors (TPDs) to create multi filters
in the feed-forward path of the BB-PLL. The outputs of the filters are used to tune a multibank DCO in corresponding order. The frequency-aid circuit is only triggered when the time
error at the BBPD input is larger than a fixed value, i.e., the dead-zone of the TPD. In the
published report, the lower bound of the dead-zone is large which may not be optimum for
the frequency locking time. Furthermore, even when this technique is adopted, the frequency
locking transient in the conventional system still requires relatively long time in cases the
DCO tuning words are at their worst conditions. The objective of this thesis is firstly to give
an insight, for the first time, into the behavior during the transient of the fractional-N digital
BB-PLL in two separated cases, i.e., with the frequency aid technique in the first case and with
the LMS calibration loop in the second one. In order to reach this goal, analysis is carried on
in the time domain for the frequency aid technique. Based on the analyzed result, we propose
a novel frequency aid technique to further improve the frequency locking speed. In the worst
case of the frequency locking, the proposed technique reduces the transient time by a factor
of 3.5. The LMS calibration loop is evaluated in accordance to the value of the fractional part
of the frequency control word (fcw). The analysis, that is carried on in both the time-domain
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and the z-domain, not only gives the qualitative results but also quantity results in some
particular cases. Moreover, two novel calibration schemes are proposed in order to use a smaller
delay range DTC while keeping a short convergence time. At the same convergence time, the
required DTC time range in the first proposed scheme is 0.57 times, and, the one in the second
proposed scheme is 0.55 times as of the one in the conventional schemes, respectively. All the
analysis are verified by simulation based on accurate behavioral models. The models are built
with real design parameters, and, designed for the BB-PLLs synthesizing an output frequency
from 3.2 GHz to 4.0 GHz from a reference frequency of 52 MHz. The original contributions of
the thesis are: a novel frequency aid technique; a detailed explanation to the convergence and
the noise of the LMS calibration loop; and, two novel schemes for the DTC calibration loops.
The results of study have been published in three articles on international conferences.
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Road safety is currently recognized to be among the major societal issues, mainly due to road crashes
being one of the major causes of death. In the past recent years, car manufacturers have been
responding to this increasing need for safety by developing electronic systems called Advanced Driver
Assistance Systems (ADAS), and increasingly deploying them on board of commercial vehicles. ADAS
are systems designed for two- and four-wheeled vehicles which have the goal of increasing comfort
and safety during everyday driving; in some cases, such systems are only asked to report information
or alert the driver in dangerous situations, while in other cases they directly intervene on the vehicle
dynamics to avoid potential hazards. This thesis proposes a composite and integrated system that
helps the driver avoid safety hazards due to unsafe lane change maneuvers. The reasons that may
lead to such maneuvers are manifold, and for this reason vehicle crashes are very often caused by
unsafe lane change maneuvers. In order to avoid such dangerous situations, the proposed system is
designed to perform to tasks: Prevention: The goal is to give alert signals to the driver to advise him
about potentially dangerous situations that may lead to a lane change crash. This is done by checking
the drunkenness state of the driver before the drive start, and by monitoring the vehicle surroundings
during the drive. Intervention: The goal is to actively intervene to correct the vehicle trajectory in case a
lane change maneuver is being performed in unsafe condition. The typical scenarios that are considered
are twofold; the first is a vehicle drift towards the adjacent lane due to the driver losing control as
a consequence of micro-sleep occurrence or drowsiness. The second is an intentional lane change
performed during inattentive driving, without the driver noticing a potential danger in the adjacent lane.
The thesis first introduces the ADAS systems and their main components, among which the sensors
play a crucial role. For this reason, an extensive description of some of the main sensing technologies
is given, namely stereo cameras, radar and lidar, and the results of on-road tests are presented to
compare the different considered sensors. Then, the structure of the proposed system is presented,
being composed by a Warning Module, in charge of performing the Prevention task, and the Control
Module, which addresses the Intervention task. A Supervisor is presented that regulates activation
and deactivation of the Control Module, together with experimental results to validate to proposed
methodologies. In particular, the Supervisor is shown to allow timely activation of the controller,
without providing excessive false alarms. The Warning Module is composed by two blocks; the first is
a system for revealing the drunkenness condition of a driver by analyzing the dynamics of its Pupillary
Light Reflex; a light stimulus is applied to the subject’s eye, and the pupil constriction is recorded
through cameras. A method is presented to extract the pupil’s diameter profile from video sequences,
from which a set of features is computed; such features are used by a classifier to discriminate between
“sober” and “drunk” states of the subject. Experimental results obtained with different classification
techniques on a database experimentally acquired reveal a good classification performance. The second
block implements a lane change warning function, which is in charge of monitoring the vehicle’s rear
surroundings and give alert signals to the driver in case an object is detected in the adjacent lane in the
vehicle’s blind spot or approaching at high speed. Extensive validation is performed on an instrumented
motorbike to show the effectiveness of the proposed solution. The Control Module is composed by
a vehicle’s lateral position control loop, where the actuation variable is the differential torque at the
wheels. A linear controller in the PID form is tuned within the H-infinity framework, with anti-windup
and gain scheduling schemes. Different actuation and activation strategies are proposed, and results
of experimental and simulation tests show the effectiveness of the control system, which is able to
stabilize the system and correct the vehicle trajectory in each of the considered cases of interest. In
the Appendix, a vehicle’s lateral position estimation method is proposed which makes use of a set of
magnetic sensors mounted on the road surface. Upon transit of a target vehicle, each sensor records a
magnetic signature for a different vehicle section; such signatures are then compared with a database of
previously acquired signatures of known vehicles transited at known position. A classifier then identifies
the unknown vehicle’s model and its lateral transit position: the results obtained on real experimental
data show the effectiveness of the algorithm, with an evaluation of the sucess rate.
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To be safer than their human counterparts, automatic pilots must be able to control the car up to its
limits of handling. Therefore, this PhD thesis focuses on the analysis and design of autonomous vehicles
path tracking controllers, able of exploiting all the grip made available by tyre-ground interaction. In
particular, two subtopics have been investigated. Firstly, attention has been devoted to path tracking
controllers able to manage the so-called drifting technique, which consists of taking a turn in the
presence of large values of vehicle sideslip angle and counter-steering. Such an aggressive and complex
manoeuvre is typically used by expert rally drivers to go as fast as possible on low-grip terrains, but it
has also been recognized as a driving technique expanding vehicle mobility, and it can be potentially
adopted for autonomous emergency obstacle avoidance manoeuvres. In light of this, an autonomous
drifting stabilization controller has been designed and experimentally tested. Then, the proposed
approach has been extended to let the vehicle autonomously follow a circular trajectory while keeping
in a sustained drifting dynamic equilibrium. Secondly, the analysis of a control oriented model, originally
conceived by a Stanford research group, to simplify the design of a path tracking controller which is
able of exploiting all the grip made available by tyre-ground interaction, has been carried out. This
model is a variant of the well-known single-track model, featured by front tyre lateral force as the
control input, in place of front tyre steering angle. This allows to easily (say linearly) express the hard
saturation constraint on the lateral force developed by front tyre, which is dictated by tyre-ground
friction coefficient. However, undamped yaw rate oscillations, the so-called fish tail phenomenon,
occurs when operating the vehicle at high speed. Therefore, a control-oriented analysis of this affine in
the control input model, which explains and analytically demonstrates the reason behind the fish tailing
phenomenon, has been conducted. After that, a possible solution to the previously described problem
has been proposed and assessed, by means of simulations performed on a realistic multibody Dymola
vehicle. Last but not least, to effectively test the proposed control strategies, a dedicated experimental
platform, which consists in a 1:10 scale radio controlled car, made autonomous by the addition of a set
of sensors (inertial measurement unit, odometer, marker for an optical motion tracking system) and
processing units (Arduino, Odroid XU4), has been designed and assembled. A nonlinear single-track
model has been used to describe the vehicle dynamics: its parameters have been measured or identified
and its accuracy has been assessed. The dynamic similarity between the scaled car and a real vehicle,
which has been verified, allows to use this setup as a realistic experimental setup for the evaluation of
the proposed control strategies.
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TEMPORAL NETWORK MODELS FOR THE SPREAD OF
INFECTIOUS DISEASES, WITH A SPECIAL FOCUS ON LIVESTOCK
Epidemics in livestock systems represent a major concern as they may compromise animal welfare,
reduce productivity, induce large costs for their control and eradication, and have negative social
impacts. The ongoing shift towards diets highly demanding for animal products will make coping against
infectious diseases in domestic animals an even more important issue for policy makers and populations.
Epidemiological models represent a powerful tool to both investigate the dynamics of diseases and
support better informed decisions aiming at either reducing the risks of outbreaks or, at least, limiting
their impacts. This being the context, the goal of this Thesis is two-fold: on the one hand, it aims at
exploring the complex interrelations between different pathogen transmission routes occurring in farm
systems, on the other hand, it investigates the trade-offs emerging in disease control problems. The
work carried out in this Thesis is structured as follows. Chapter 1 provides a general introduction on the
potential impacts of livestock epidemics. Chapter 2 is about knowledge acquisition on transmission
routes of diseases in livestock farm systems and on models used to study them. From this review
it emerges that farm systems are characterized by complex contact structures featuring several
potential routes of disease transmission. Two important transmission routes are analyzed in detail in this
Thesis: infected animal movements (called direct contacts) and fomites mediated infections (indirect
contacts), caused by trucks and operators visiting several farms during their activities. While data on
direct contacts are systematically collected in harmonized databases in several EU countries, accurate
information on indirect contacts are still lacking, which limits the potential for in-depth analyses. The
importance of detailed information about indirect contacts is assessed in Chapter 3. In particular,
considering as focal case study a dairy cattle system in the Emilia Romagna Region, information
derived from a 3-month comprehensive data collection campaign on the routes of trucks for calf
transportation (generating indirect contacts) are coupled with the commonly available data about
animal exchanges (resulting in direct contacts). Contacts between farms are studied through the use
of temporal multiplex network models, over which the disease spread is described through stochastic
epidemiological models. Results reveal that an accurate description of indirect contacts is important
for a deep understanding of epidemic spread processes and for the identification of farms playing a
crucial role in shaping disease spread patterns. Sensitivity analyses performed in Chapter 4 corroborate
these findings also in the case of resistant pathogens and of different disease dynamics. Taken together,
these results suggest that indirect contact routes of transmission should be properly incorporated in
epidemiological models to achieve a better understanding of transmission processes and to detect
farms playing a key role in the case of epidemics. This information is crucial for the design of effective
surveillance and control plans. Finally, Chapter 5 focuses on the potential trade-offs that emerge in
finding optimal control actions against disease outbreaks. Different scenarios of implementation of
on-farm biosecurity measures (i.e. preventive measures reducing the risk of disease introduction) are
investigated and their performances are assessed in terms of reduction of the probability of either
frequent or extreme outbreaks in the farm system. The outcomes show that the definition of the
best strategies to protect the system against epidemics is not trivial and only the discussion between
modelers and decision-makers can help in finding proper solutions. Chapter 6 summarizes the main
findings of this Thesis, gaps and ideas emerged for future research and general conclusions.
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Globally, many countries are actively seeking to maximize the hydropower potential of
major river basins, yielding proposals for constructing approximately 3,700 major dams in
the near future. The planning of new water reservoir systems raises several major challenges
that must be conjunctively accounted for within the system design phase, namely (i)
potentially conflicting and heterogeneous objectives; (ii) interdependency between dam size
and operations; (iii) future uncertainties in the main external drivers (e.g., climate, human
demands); and (iv) vast amount of information that is becoming increasingly available to system
planners at different temporal and spatial scales. Such issues must be jointly addressed through
novel, integrated approaches in order to design efficient yet sustainable infrastructures able to
satisfy multiple water needs and perform well under a wide range of external future changes.
Building on these research challenges, the main goal of this thesis is to advance the current
planning and operation of water reservoir systems, focusing on the coupling of dam sizing and
operation design in order to thoroughly capture their interdependencies also with respect
to uncertainty in the main external drivers. In addition, the role of exogenous information
(e.g., streamflow forecasts) in dam design is investigated to further analyze how dam design
is shaped by information feedbacks. We contribute novel methodological approaches as the
primary outcome of our research, which have been developed by extending and integrating
existing optimization techniques traditionally applied to the water management field in order
to additionally account for the planning dimension of the problem, cover all the challenges of
current planning and operation of water resource systems, and eventually provide supporting
tools to water system planners intended to design water reservoir systems in complex,
highly uncertain decision making contexts. The first outcome of this research is a novel
Reinforcement Learning (RL)-based approach to integrate dam sizing and operation design,
while significantly containing computational costs with respect to alternative state-of-the-art
methods. Our approach is tested on a numerical case study, where the water infrastructure
must be sized and operated to meet downstream users water demand while minimizing
construction costs. Secondly, robustness of dam designs with respect to uncertainties in the
main external drivers is addressed, by developing a robust dam design framework that jointly
considers sizing and operations while explicitly accounting for key human and hydro-climatic
uncertainties. Bridging the Multi-Objective Robust Decision Making and Evolutionary MultiObjective Direct Policy Search methods, our dam design framework jointly optimizes planning
(i.e., dam size) and management (i.e., reservoir release policy) in a single optimization process.
In the end, we explore the added benefits of including valuable information, and in particular
streamflow forecasts, during the optimal dam design phase to identify more efficient system
configurations. Building on the robust dam design framework mentioned above to solve coupled
dam sizing and operation design problems, in this third contribution we want to assess whether
searching for more flexible operating policies informed by streamflow forecasts allows to design
smaller reservoir sizes with respect to solutions that do not rely on forecast information. The
potential of the last two contributions is demonstrated through an ex-post design analysis of
the Kariba dam in the Zambezi river basin.
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A RANDOMIZED MODEL STRUCTURE SELECTOR FOR COMPLEX
DYNAMICAL SYSTEMS
This thesis addresses the problem of choosing suitable model structures for dynamical systems
when the data-driven model learning is pursued with parametric methods. The model structure
selection (MSS) problem is known to be challenging due to its combinatorial nature which
requires in principle to exhaustively search for the model terms to be included into the model
within a space that might be large. Accordingly, many strategies have been proposed with the
aim of exploring in a smart way the model structure space, ranging from greedy incremental
policies, regularization based techniques, evolutionary methods, and probabilistic approaches.
This thesis extends a recent randomized approach based on a probabilistic reformulation of
the MSS problem for nonlinear systems, to the case of distributed data, switched nonlinear
systems, and also to the estimation of the process covariance matrix in Kalman filter
applications. When data are distributed among multiple agents and cannot be made centrally
available, the MSS and the parameter estimation tasks have to be solved cooperatively. Within
the NARX modeling framework, we address this issue by resorting to a distributed scheme
which aims at reaching a common value for both the model structure and the parameter
estimates in an integrated fashion, taking advantage from the probabilistic reformulation
of the MSS problem. Switched (nonlinear) systems are characterized by the interaction
between continuous and discrete dynamics, the former representing the system behavior in
different operational conditions (modes), indexed by a discrete switching signal. In this case,
the MSS problem encompasses the selection of a model structure for each mode, and also the
reconstruction of the switching signal. Unfortunately, since switchings can occur arbitrarily
in time, the model structure space grows rapidly with the number of data, thus aggravating
significantly the MSS problem. This thesis proposes an iterative identification method which
alleviates the combinatorial complexity by adopting a two-stage approach. More precisely, in
the first stage, candidate mode switching instants are fixed and adopted to jointly reconstruct
the switching signal and solve the NARX structure and parameter identification via a sampleand-evaluate strategy; in the second stage, the positioning of the switching instants is refined.
Data-driven model learning plays an important role also in the Kalman filtering context, where
the output and process noise statistics are generally unknown and must to be estimated from
data. A particularly challenging problem is the estimation of the process noise statistics that
account for the unmodeled dynamics on which typically no prior knowledge is available. This
thesis addresses the problem of choosing a suitable parameterization for the process noise
covariance matrix, viewing it as a specialization of a classical MSS problem. The solutions we
proposed in this thesis to the three mentioned problems are supported by the results obtained
in several simulation studies.
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Collaborative Robotics is emerging as one of the most active lines of research in automation.
This term indicates a group of methodologies and techniques that allow robots to work side
by side with humans. The human should execute highly cognitive tasks, like e.g. assembly
operations that could be too difficult to fully automatize, while robots have to both undertake
autonomous operations and assist the humans in many ways. The combination of the human
flexibility and the robots efficiency can significantly improve the production process. This
level of interaction requires at least the sharing of a common space. This topic has attracted
the interest of many researchers in the recent years and many controlling algorithms have
been developed to allow a safe coexistence of humans and robots. In this context, tracking
the human motion is of paramount importance. Then, a safe motion controller can optimize
the trajectory of the robots with the aim of dodging humans. We can state that the safe
interaction of humans and robots, while performing disjoint tasks, is something achieved.
For this reason, the aim of this thesis was to study more in depth the collaboration between
human and robot. In particular, this was done by focusing on industrial contexts, where typical
applications are collaborative assemblies (or co-assemblies). In such scenarios, humans and
robots have to execute alternating tasks, with the aim of realizing a set of possible finite
products. The robots have to adapt and synchronize with the humans, since the collaboration
was conceived as human-centric: it’s the human that regulates the interaction. To this purpose,
robots have to interpret the human intentions as well as to predict them in order to take the
best actions for providing a reliable assistance. Such an interpretation is possible only through
increased cognitive capabilities. For this, sensors can be exploited to produce a large amount
of data describing the workspace surrounding a robot, which are at a second stage interpreted
by machine learning techniques. Within the above scenario, this thesis proposes the three
following main contributions: - introduce algorithms and methodologies for inferring the
current action that a human operator is undertaking, from the simplest ones, as for instance
those for reaching tools or objects, to the more complex ones, as performing a screwing. Two
inferring algorithms will be proposed. The first one analyzes the motion of the hands, as well
as the orientation of the gaze, for inferring the next reaching target of an operator adopting
a Gaussian Mixture model. The second algorithm takes into account the motion of the entire
body and is based on Markov Random Fields. - predict the actions performed by human
operators in the near-far future. The proposed solution is made of two parts. One models the
sequence of operations, while the other one the time durations. The first kind of modelling can
be done by making use of two alternative approaches, one based upon Higher Order Markov
model and the other one based on the construction of a Suffix Tree. - optimally schedule the
operations assigned to robots, with the aim of assisting the human and minimizing the inactivity
times. This must be done by properly taking into account the time variability of human actions.
All the developed scheduling approaches consider a particular class of Timed Petri Nets,
specifically derived for describing collaborative tasks. The optimal commands to be sent to
robots are extracted from a reachability tree representing many alternative evolutions of the
system. Although collaborative robots are intrinsically safe, an additional minor objective of
the thesis was to investigate how to optimally control their motion in collaborative cells. This
problem was solved as similarly done for the aforementioned scheduling, i.e. by taking into
account a prediction of the human motion. All the proposed methodologies were tested in
realistic robotic co-assemblies.
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The dissertation addresses the problem of management and coordination of energy resources
in a typical microgrid, including smart buildings as flexible loads, energy storages and
renewables. The overall goal is to provide a comprehensive and innovative framework to
maximize the overall benefit, while still accounting for possible requests to change the load
profile coming from the grid and leaving every single building or user to balance between
servicing those requests and satisfying his own comfort levels. The user involvement in the
decision-making process is granted by a management and control solution exploiting an
innovative consensus-based distributed model predictive control approach with coordination.
In addition, a hierarchical structure is proposed to integrate the distributed MPC user-side
with the microgrid control, also implemented with an MPC technique. The proposed overall
approach has been implemented and tested in several experiments in the laboratory facility for
distributed energy systems (Smart RUE) at National Technical University of Athens - NTUA,
Athens, Greece. Simulation analysis and results complement the testing, showing the accuracy
and the potential of the method, also from the perspective of implementation. On the other
hand, special attention was also put into the work of estimating the production of Renewable
Energy Resources (RESs) in general or photovoltaic in this dissertation. Specifically, short-term
and medium-term predictions of the day-ahead generated power (GP) of a photovoltaic plant
using predicted regional solar radiation (SR) are concerned. In this work, different predictors
are developed, which are then combined with the weather forecast service using ensemble
methods. Afterwards, under a similar ensemble framework, the impact of the accuracy in the
prediction of meteorological variables on the quality of the GP prediction is evaluated. The
validation of the approach is performed by using a pilot PV plant and several meteorological
stations situated in Northern Italy.
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LUCA D’AVICO
ANALYSIS AND DESIGN OF ADVANCED ANTI-LOCK
BRAKING SYSTEMS
Safety is one of the major concerns on vehicles and one of the most safety-critical situation
is the braking manoeuvre. The focus of this work is the analysis, design and experimental
validation of anti-lock braking systems on aircrafts and bicycles. Since the early 1900s, antiskids have been used on aircrafts based upon industrial practice and, up to now, with almost
no variation of the control logic. A formal description of commercial anti-skids is provided
in this thesis and the experimental comparison between the designed and the commercial
one is reported as well. Innovative anti-skids have been proposed and proved to improve the
performances of current solutions. Safety devices are an important features of vehicles and
more often part of the mandatory equipment. However there is a physiological gap in time
between the formation of well established mobility trends and the introduction of safety
regulations. Bicycles are increasing popularity in most of the urban areas but not all the cyclists
are expert enough to avoid dangerous situations due to the lack of appropriate safety devices.
For these reasons, an anti-lock braking system for bicycles has been designed, implemented
and tested on different road conditions (asphalt, clay ground, gravel/sand) showing the
improvement in terms of safety without compromising the braking performance.
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In today’s age, green transportation remains one of the most important topics of research. The
main goal is to promote vehicle technologies and driving styles which are energy efficient and
environment friendly. In this thesis, the main focus is on the Energy Efficient Train Control
(EETC) or eco-driving strategies of railways. For this purpose, two main research paths have
been explored. The first research direction is associated with a single train control problem,
where the control problem is to find the best driving strategy for the train to go from one
stop to another, given an optimal timetable. EETC strategies can be either fully automated
(ATO) or serve as an advisory system to the driver (DAS) for the purpose of assisting drivers
in following an energy efficient driving style. For this purpose, three control strategies using
Model Predictive Control (MPC) have been presented. In the first two strategies, shrinking
horizon techniques have been combined with input parametrization approaches to reduce the
computational burden of the control problem and to realize the nonlinear integer programming
control problem which arises in the DAS scenario, while the third strategy is based on switching
MPC with receding horizon. All the strategies have been tested on the official simulation tool
CITHEL of our industrial partner Alstom, and the obtained results in comparison with the
existing techniques have proven to be more energy efficient. The second research direction
falls under the paradigm of collaborative eco-drive control strategies, involving multiple trains
belonging to a substation network. The main aim is to use the energy regenerated by the
braking trains through collaboration among the trains connected and active in the network. In
this case, three strategies to decide the collaborative law have been presented along with the
extensions from the single train control strategies presented in the first part of the thesis. For
the design of collaborative laws, techniques such as manual supervision, substation modeling
and dissension based adaptive laws with concept similar to Markov chains have been used.
The strategies have been validated with simulation examples. Finally, comparisons of energy
efficiency with and without collaboration have been presented, which show the advantage of
using the developed collaborated laws as compared to no collaboration.
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INNOVATIVE APPROACHES TO THE LATERAL CONTROL
PROBLEM IN CARS
Cars represent the primary means of passenger transport in the world and road accidents are
one of the mainspring of premature human death. Although, a decrease in the number of road
deaths is observed throughout the last years. Technology advances in vehicle dynamics control
are considered one of the reasons for this trend: the automotive industry is transforming, by
becoming software intensive rather than mechanically intensive. Road vehicles are nowadays
very complex systems, composed of several subsystem which are often interacting among
each other. Although each module is responsible for a specific function, all of the subsystems
influence the vehicle dynamic behaviour and, perhaps more importantly, the quality of
the driving experience which is perceived by the driver and passengers, in terms of both
performance and safety. The research studies of this Thesis describe innovative approaches
to the lateral control problem in cars. The derived argumentations are human-oriented: they
assort and embrace relevant perspectives on the lateral control question entailing sensibility
over passengers safety, over the attainment of high-performance dynamical car behaviour, but
also over the ecological burden. Throughout the discussion, multiple aspects which comprehend
different layers of the problem are investigated and integrated. Placing in nowadays original
core research on the subject, some of the studies are re-intepreted in an autonomous driving
framework, though most of them mainly being conceived for the operation in all driving
settings. Contemplated theorethical and applicative advances are endorsed by experimental
and simulation studies. Concerned vehicle investigations include hybrid vehicles eco-routing,
electrification of driving users, data-driven MIMO nonlinear control steering input solution,
sideslip angle and longitudinal speed estimation, semi-active suspension control.
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ACCIDENT PREVENTION, DETECTION, AND EARLY RESPONSE: USING
MACHINE LEARNING AND DATA ANALYSIS TO IMPROVE DRIVER AND
PEDESTRIAN SAFETY
The benefits of personal mobility are unquestionable. However, with its high number of
fatalities every year, road traffic accidents are still one of the top causes of death world- wide.
Despite enormous efforts by the scientific community and industry to make vehicles safer,
traditional technological development has proved unable to cope with this issue entirely.
Studies show that human factors, rather than vehicle performance, are contributing to the
numerous vehicle fatalities. More than ever, drivers are distracted by external factors and
electronic devices, reducing their capability to counteract unexpected situations and increasing
the likelihood of a crash. Furthermore, emergency calls are often delayed when nobody
witnesses the accident, increasing the risk of serious injury or fatality if the injured person(s)
are incapable of calling for help. Inspired by standard medical practices, this thesis presents a
set of methods that aim to reduce the number of accidents, both for motorists and pedestrians,
and mitigate their consequences. Overall, the proposed strategy can be broken down into
three main phases: prevention, prompt diagnosis, and immediate therapy. First, we discuss
an algorithm that promotes safe driving practices by enabling driver awareness, focusing on
the driver’s average driving behavior. In this context, we investigate how to account for the
use of smartphones while driving, which is a known dangerous habit. Then, in the unfortunate
occurrence of a crash, we propose a method for automatically detecting it, grading its severity,
and calling for rescue in case the person is injured or needs immediate assistance. Following
the same approach, we present a similar strategy for pedestrians, in which we detect when the
subject loses consciousness, becoming incapable of calling for rescue. Additionally, for some
specific anomaly events, we provide a methodology that deploys an airbag cushion placed
inside a garment, aiming to mitigate the injuries severity. Thanks to the increasing availability
of smart devices, we have chosen to leverage ma- chine learning and data analysis techniques
to tackle the aforementioned challenges. Special attention has been devoted to designing a
flexible, methodical sounding algorithmic structure, whose outcome could be easily interpreted
and the overall system adapted to different problems. The proposed framework has also been
designed considering the limited resources of telematics e-Boxes, smart devices already used
by a large number of drivers due to widespread use and promotion by automotive insurance
companies. All the proposed methods have been validated against data collected during
dedicated experimental campaigns, involving both regular drivers, riders, and pedestrians, but
also professional riders on high-speed track tests and professional stuntmen for characterizing
the most dangerous dynamics.
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Small Mediterranean islands represent a paradigmatic example of remote, off-grid systems
facing a large number of sustainability issues, mainly due to their distance from the mainland,
the lack of accessible water sources, and the high seasonal variability of both water and
electricity demand. Energy security is generally reliant on carbon intensive diesel generators,
which are usually oversized to meet peak summer electricity demand driven by high touristic
fluxes. Potable water is often produced by energy intensive desalination technologies,
which strongly impact on the electricity system, increasing air pollution and greenhouse
gas emissions. In order to improve the economic and environmental sustainability of small
islands, the design of hybrid energy systems, combining traditional power generation with
renewable energy sources and storage technologies, represents a viable and promising solution.
However, traditional methods for designing such systems usually neglect important aspects and
challenges. Major challenges include (i) the optimal control of the electricity system as well as
its interconnection with other energy vectors (e.g., gas, heat) and domains (e.g., water system)
for fully exploiting renewable power, (ii) the interdependency between system planning and its
operation, (iii) the presence of multiple, potentially conflicting, objectives reflecting economic,
environmental and other sustainability aspects, (iv) deep uncertainty in climate, technological
and socio-economic conditions that may affect the system performance over a medium-tolong term horizon. Driven by these challenges, this thesis contributes novel methodologies
for supporting energy systems transition towards decarbonization, helping decision makers to
identify viable solutions at different temporal scales in light of plausible future conditions that
might unfold. In particular, we develop a set of modelling and optimization tools for optimizing
both the design and the operations of off-grid water-energy systems, also considering the
uncertainty related to future changes in the main external drivers. The proposed methodologies
allow us to (i) investigate the benefits of explicitly considering the interdependency between
system design and operation with respect to multiple economical, environmental and efficiency
objectives, (ii) assess the vulnerability of hybrid energy systems to the future uncertainty
in the main external drivers, and (iii) design solutions that are robust with respect to this
uncertainty. The first deliverable of this research is a novel multi-objective, dynamic approach
for conjunctively optimizing design and operation of water-energy systems by focusing on
the interconnection between electricity generation and water supply through the optimal
control of desalination plant. Secondly, we propose a methodological framework to assess the
vulnerability of hybrid energy systems with respect to changes in the main climate drivers
(i.e., solar radiation, wind speed, temperature). More precisely, we evaluate how historical
variability and future uncertainty in these climate variables affect the performance of highly
renewable hybrid energy systems, designed under average historical conditions, in terms of
different sustainability indicators. Finally, we focus on the challenge of directly including deep
uncertainty in future climate drivers within the system design phase. Since the performance
of hybrid energy systems in small Mediterranean islands strictly depends on multiple, deeply
uncertain co-varying drivers, a very large number of future scenarios should be considered and,
consequently, included within the optimization process for generating robust solutions, leading
to very high, or even intractable, computational time for solving the problem. To address this
issue, we develop ROSS (Robust Optimal Scenario Selection), a novel algorithm that uses
active learning for adaptively selecting the smallest scenario subset to be included into a robust
optimization process. We test our novel approaches on the real case study of the Italian Ustica
island, which represents a paradigmatic example of off-grid Mediterranean island. Main thesis
outcomes show that considering the interdependency between system design and operation
by dynamically modelling the nexus between water production and electricity generation
allows to significantly improve system performance by reducing the structural interventions,
the investment costs and the environmental impacts. In addition, results suggest that wind
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speed represents the climate variable that mainly influences the performance of hybrid energy
systems, which will likely degrade on a medium-to-long term horizon. Finally, our novel ROSS
algorithm allows to obtain robust hybrid energy system designs reducing computational
requirements between 23% and 84% compared with traditional robust optimization methods,
depending on the complexity of the robustness metrics considered. Moreover, it is able to
identify very small regions of the scenario space containing the most informative scenarios
highlighting the main system vulnerabilities.
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ALESSIO LA BELLA
OPTIMIZATION-BASED CONTROL OF MICROGRIDS FOR ANCILLARY
SERVICES PROVISION AND ISLANDED OPERATION
The interdisciplinary research presented in this doctoral thesis concerns the investigation and
design of control, optimization and identification techniques to facilitate the upcoming energy
transition to a more distributed and sustainable electrical system. Microgrids, i.e. small-scale
grids incorporating renewable sources, storage systems, controllable loads and dispatchable
units, are considered the fundamental bricks of this future electrical paradigm. This is due to
their extreme flexibility, being able to operate either connected to the main grid or in islanded
mode. The design of dedicated control architectures, allowing the efficient and safe operation
of microgrids in these two modes, is the main focus of this doctoral thesis. Precisely, the work
is structured in two parts. Firstly, the design of optimization-based control algorithms for
coordinating aggregated microgrids to provide external supporting services, usually denoted
as ancillary services, is addressed. In fact, the diffusion of intermittent and non-deterministic
renewable sources and the increasing world power demand require the cooperation of the
different grid elements to ensure the secure operation of the whole electrical system. The
second part of the doctoral thesis focuses on the design of novel hierarchical control schemes
for the islanded operation. Given the absence of the main grid support, this condition is
significantly critical, requiring the efficient management of the local units and the prompt
regulation of the internal frequency and voltages. All the designed approaches have been tested
through extensive numerical simulations considering real network benchmarks, showing their
effectiveness in fostering the integration of microgrids, as well as their beneficial effects for the
electrical system.
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SET MEMBERSHIP IDENTIFICATION AND FILTERING OF LINEAR SYSTEMS
WITH GUARANTEED ACCURACY
This thesis addresses the problems of model identification and output filtering for linear
time-invariant systems affected by measurement noise, under an unknown but bounded
uncertainty framework. The objective is twofold: identify one-step-ahead models providing
guaranteed accuracy, in terms of worst-case simulation error bounds, and obtain a filtered
version of the unknown system output providing tight and minimal filtering accuracy bounds,
with respect to the true system output. To attain these goals, new theoretical results are
derived under the Set Membership identification framework, allowing one to use a finite set of
sampled data to estimate the unknown measurement noise bound, together with the system
order and decay rate. The estimated quantities are then used to provide a refined definition
of the Feasible Parameter Set (FPS), which contains all possible models compatible with the
available data, the estimated noise bound, and the resulting prediction error bound, where
the estimated decay rate is used to enforce the desired converging behavior of the identified
models’ impulse response. Moreover, guaranteed simulation error bounds for an infinite future
simulation horizon are derived, and their properties and convergence conditions are analyzed,
improving over existing results pertaining to finite simulation horizon only. These bounds and
the decay rate constraints of the FPS are the basis of a new theoretical finding that allows one
to guarantee the asymptotic stability of the identified models, providing a method to include
this structural property in the proposed identification approaches. The presented results are
then used to derive a novel data-driven direct filtering approach, allowing one to compute
tight guaranteed uncertainty intervals for the system output. The proposed filtering algorithm
relies on the intersection of the uncertainty regions of different predictors, all having different
prediction horizon lengths, and computes the filtered version of the unknown output as the
center of the obtained tight uncertainty set. Such filtering method is able to achieve good
filtering accuracy, quantified in terms of average filtering error, and to attain optimality, in a
worst-case error sense. Finally, the performance and the validity of the presented identification
and filtering approaches are illustrated on a numerical example, and on an experimental dataset
pertaining to a real-world application. To conclude this thesis, we present an experimental case
study, concerning the forecasting of non-residential buildings energy consumption. We propose
a novel approach to derive a forecasting algorithm able to obtain high accuracy on the one-dayahead load forecast using a small dataset, which has a simple, linear structure, and allows one
to compute guaranteed bound on the forecasting accuracy resorting to the Set Membership
framework presented in this thesis.
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Lithium ion (Li-ion) batteries are the most widely adopted technology for electric mobility
and consumer electronics, thanks to their ability to store and deliver electric energy more
efficiently and effectively than other chemistries. However, costs, performance limits and
safety concerns are aspects that still require investments and research efforts. Since fully
electric or Battery Electric Vehicles (BEVs) are still seen as a costly solution by consumers, less
onerous solutions like Hybrid Electric Vehicles (HEVs) and Plug-in Hybrid Electric Vehicles
(PHEVs) are more appealing choices. In these vehicles the battery pack is compact, because
it is not the main or the only source of energy onboard, thus entailing less initial cost for the
batteries. This puts even more attention on battery performances: a smaller battery is typically
required to stand higher powers, compared to its size, than those required to larger BEVs
batteries. Given the non-negligible costs and the need for compact yet high-performance
solutions, batteries need to be exploited to their limit; a conservative approach would be too
costly both for companies and customers. Unfortunately, Li-ion batteries are chemically
unstable systems, that require Battery Management Systems (BMSs) to be operated safely
and efficiently. The BMS continuously monitors and controls the battery states, such as:
temperature, current, voltage, amount of remaining energy, and battery degradation. Many of
these states cannot be directly measured; one of the key functions of the BMS is therefore to
provide an estimate of these states. The more accurate this estimate is, the closer the battery
can be exploited to its fundamental limits, which allows for an efficient and cost-effective
utilization. Accurate state estimation and physical insights into cells behavior are enabled
by electrochemical models. In the present thesis, two physics-based electrochemical and
thermal models are implemented with efficient formulations, namely a Single Particle and
Thermal Model (SPTM) and a Pseudo 2-Dimensional Thermal (P2DT) model. These models
describe the dynamics of lithium concentrations and temperatures at different levels of detail.
The parameters of the former model are identified experimentally on a commercial Li-ion
cell. The latter model is implemented by solving the algebraic constraints on the states via a
model decomposition and a control-oriented coupling of the equations. The SPTM is used to
develop a Sliding Mode Observer, to estimate lithium concentration inside the model particles
from the measured terminal voltage. An analytic computation of the gain matrix allows to
enforce mass conservation in the cell; an extremely efficient, yet robust observer is obtained.
The State of Charge (SoC) estimation error converges to less than 2.5%. Also, this model is
used to design a backstepping observer, which is another computationally efficient solution.
Thanks to the inclusion of bulk thermal dynamics, this observer is validated with experimental
tests, showing less than 2% SoC estimation error; importantly, local concentrations and bulk
temperature estimates are provided by the observer. The P2DT model is first used, without
thermal dynamics, to develop an Unscented Kalman Filter (UKF), for which observability
issues are solved via a soft-constraint on total lithium mass, and computational burden is
reduced by more than a factor 3 with a parallel computation implementation. This approach
gives SoC estimation errors of less than 5% in realistic conditions, and local concentration
errors of less than 3%. With the inclusion of distributed thermal dynamics, a Dual Unscented
Kalman Filter (DUKF) is designed, again with a soft-constraint on lithium mass and a parallel
implementation. This structure not only allows to estimate the SoC with less than 1.5% error
and the local concentration with less than 4% error, but also to estimate the temperature in
any point of the cell with an error of only 0.2°C, under currents as large as 50C and noisy
measured voltage.
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ANALYSIS AND DEVELOPMENT OF ELECTROCHEMICAL MODEL-BASED
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SENSING AND DYNAMICS CONTROL FOR ASSISTED AND AUTOMATED
DRIVE IN MOTORCYCLES
Autonomous driving represents the biggest challenge towards the future of automotive
industry. On the long run, the benefits possibly deriving from the introduction of such
paradigm are numerous and relevant: from the improvement of vehicle’s safety, resulting
in a significant reduction of road accidents related casualties, to the enhancement of users
comfort, cancelling downtime and stress associated with driving. Even though we are still
distant from reaching the goal of full automation, the advantages related to the extensive
research along these lines are already noticeable and substantial. In this sense, it is worth
mentioning Advanced Driver Assistance Systems (ADAS), that are electronic systems
designed to help the driver when facing many challenging driving situations. ADAS constitute
a clear example of technological advance introduced as a direct consequence of research
aiming towards unmanned vehicles, representing a first step in the introduction of on-board
automation. What stated above is true in general regarding four-wheeled vehicles. Considering
the motorcycle field instead, the development of such technologies is still at an embryonic
stage, despite the possible benefits that could derive from their large scale adoption. In fact,
even if an autonomous two-wheeled vehicle could be hardly conceived to carry any passenger,
its intrinsic agility and inclination to avoid remaining stuck in traffic make it suitable to be
employed in deliveries and similar applications. Moreover, as for the four-wheeled vehicle case,
the research in such direction could speed up the development of rider assistance systems,
enhancing the safety of a vulnerable road users category, subject to a high risk of serious
injuries in the event of a crash. For these reasons, this Dissertation deals with the design and
implementation of sensing and control algorithms oriented towards autonomous and assisted
drive of single-track vehicles. Given the broadness of the general topic, that encompasses a
wide number of different sub-problems, the Work is focused on a number of systems - listed in
the following - considered particularly relevant for the field of application. Firstly, the problem
of designing a two-wheeled vehicles oriented lane detection algorithm based on a single
calibrated camera is assessed, robust with respect to roll angle dynamics. The system aims at
recognizing the current driving lane, thus retrieving a key information to plan the motorcycle
motion and reconstructing the driving environment. The output of the lane detection stage
is also exploited to develop a braking manoeuvre detection algorithm for vehicles preceding
the motorcycle, conceived to rapidly react to hazards deriving from possible frontal crashes.
Then, an autonomous parking strategy for a three-wheeled scooter based on a low resolution
Lidar is presented, designed to help the user to drive the vehicle inside very narrow parking
spots delimited by two physical obstacles, a particular use case that would make it difficult
and uncomfortable for the rider to get off at the end of the parking manoeuvre. At last, the
development of a path tracking algorithm for a two-wheeled scooter is discussed, with the
objective of correctly following a reference trajectory, an issue of primary importance in the
autonomous driving context. While the presented algorithms are mainly designed as different
subsystems to be integrated in the two-wheeled oriented autonomous drive framework,
nevertheless they could be easily adapted to function as standalone rider assistance systems
aimed to improve comfort and safety of the final user.
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DAVIDE NICOLIS
A GENERAL FRAMEWORK FOR SHARED CONTROL IN ROBOT
TELEOPERATION WITH FORCE AND VISUAL FEEDBACK
Since the ‘50s, robot teleoperation has been employed in a variety of applications where a
human user is required to operate from a distance a robotic device, often a robot manipulator.
The use of telerobotics is often motivated by the inaccessibility of the environment where
the task must be performed, caused by hostile conditions, such as on-orbit maintenance, and
decommissioning of hazardous materials, or simply by the different scale of the workspace in
robot-assisted surgery. Currently, the topic of interaction between user and robotic devices
has been receiving increasing attention from the research community and the industry. As
teleoperation applications and platforms grow more complex, the employed control framework
should be able to relieve the user of some of the burden caused by operating such devices,
establishing a sort of shared control. This work aims at proposing a comprehensive control
framework for teleoperation systems comprising robot manipulators. At a local lower control
level, sliding mode control theory is employed to achieve a prescribed system behavior, by
robustly shaping master and slave manipulators impedances irrespective of uncertainties. An
outer hierarchical optimization layer considers control and motion constraints. To help and
guide the operator, the specification of hard and soft virtual fixtures is tackled at this level, with
virtual force feedback rendered through the analysis of the dual solution of the optimization.
A stability analysis of the overall control scheme in presence of variable communication
delays during contact is performed by relying on small gain theorem and absolute stability
requirements, which provide clear tuning guidelines for master and slave robot control
parameters. Furthermore, optical feedback by means of visual servoing is integrated and
experimentally validated on a teleoperated dual-arm platform. The proposed controller
helps the user in navigating cluttered environments and keep a line of sight with its target
by completely avoiding occlusions, reducing the operator workload required to complete a
reaching task. Finally, machine learning techniques are employed to infer the user intention
and predict his/her motion to actively assist in task execution and reduce fatigue.
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Cars represent the primary means of passenger transport in the world and road accidents are
one of the mainspring of premature human death. Although, a decrease in the number of
road deaths is observed throughout the last years. Technology advances in vehicle dynamics
control are considered one of the reasons for this trend: road vehicles are nowadays very
complex systems, composed of several subsystem which are often interacting among each
other. Car manufacturers have been responding to this increasing need for safety by developing
electronic systems called Advanced Driver Assistance Systems (ADAS), and increasingly
deploying them on board of commercial vehicles. ADAS are systems designed for two and
four-wheeled vehicles which have the goal of increasing comfort and safety during everyday
driving; in some cases, such systems are only asked to report information or alert the driver in
dangerous situations, while in other cases they directly intervene on the vehicle dynamics to
avoid potential hazards. The literature has mostly focused on the prevention of casualties for
road vehicles, while only limited interest has been paid to off-highway vehicles. They are also
interested by a less established legislation concerning licensing, safety education and minimum
age. Even though, the popularity and the diffusion of these vehicles is rising, the open scientific
and technical literature is rather scarce on ADAS for this class of vehicles. This is due to several
factors: a smaller market and the fact that in most cases, solutions developed for road vehicles
are also applicable to this minor class. The research studies of this Thesis propose innovative
ADAS for different off-highway vehicles, dealing with a specific environment for each
application. In particular, the following case studies are investigated: an Antilocking Braking
System (ABS) for snowmobile, a road gradient estimator for an agricultural tractor, an obstacle
detection system for a snow groomer, an automatic steering system for an agricultural tractor
focused for the navigation in a vineyard. The proposed systems are tested and validated through
experimental results.
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Climate is one of the fundamental shapers of ecosystems, thus its ongoing changes deeply
influence the behavior, distribution and dynamics of plant and animal populations. Migratory
birds are among the species most affected by this phenomenon, as they need to fine-tune
their phenology according to the climatic conditions of their breeding and wintering areas. To
investigate how and to what extent alterations of climate regimes may determine key changes
in the movement ecology of migratory birds, a detailed knowledge of their staging sites, a
trustable reconstruction of their migration routes and of the time schedules of their journeys
is very necessary. The classic methods for studying migration, such as bird ringing, can now be
complemented by new technologies, such as GPS loggers or light level geolocators, that allow
to record proxies of organisms’ positions throughout their routes. Focusing on a model species,
the barn swallow (Hirundo rustica), in this work we first developed a method to investigate
the occurrence of climatic connections between the African wintering and European breeding
areas of this migratory passerine bird: surprisingly significant correlations between the
average temperatures in the wintering and breeding locations of individuals emerged at the
precise weeks of individuals’ spring migration. Correlations have high significance only in the
proximity of barn swallow wintering sites and if the temperature series refer to the precise
weeks of migration. Second, we reconstructed migratory routes of 88 barn swallows using the
measurements provided by light level geolocators, verifying the repeatability of the estimation
method we used. The results obtained allowed us to identify four groups of individuals, as well
as a possible effect of the year of migration on many indicators of the migration schedules
obtained from the reconstructed routes. Third, using the routes data as reconstructed in
the second research step, we have automated a long manual phase of data pre-processing
by implementing filters based on Machine Learning algorithms. The migratory routes
reconstructed using the automated pre-processing are completely comparable with those
obtained from the manual selection of geolocator data. The work confirms that models based
on data gathered with ICT devices may be helpful tools to let us gain insights on the influence
of environmental and climate changes on species and ecosystems connectivity.
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The quest for improved fuel economy, lower vehicular emissions, and higher energy efficiency
has led automotive companies to devote resources, in terms of both money and time, for
the development of new powertrain solutions for the next generation of vehicles. Against
this background, the main focus of the doctoral research is the modelling, optimization, and
control of propulsion systems. Different powertrain architectures, namely, internal combustion
engine vehicles, electric vehicles, and hybrid electric vehicles are considered. With the goal of
improving their energy efficiency, attention is focused on problems specific to the architectures
mentioned above, that is: knock control for internal combustion engine vehicles – to optimize
the air/fuel mixture ignition, battery aging control for electric vehicles – to maximize the
battery lifetime, and the development of energy management strategies for hybrid electric
vehicles – to determine the optimal power split between the available movers. The pursuit of
efficient and optimized mobility solutions has instigated research activities that eventually led
to the development and formalization of new tools and methods.
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SOROUSH RASTEGARPOUR
MODEL PREDICTIVE CONTROL APPROACHES FOR ENERGY EFFICIENCY IN
BUILDINGS WITH HEAT PUMP AND STORAGE SYSTEMS
Air-to-water heat pump is one of the most common and energy efficient way for a building
heating system, particularly floor-heating plants. One way to further improve its effectiveness
is to control the heat pump exploiting the load dependency of its coefficient of performance,
and exploit it in the control decision in a predictive manner, anticipating its effect on the
building temperature. This dissertation studies the impact of using different types of energy
storages integrated with a heat pump for energy efficiency in radiant-floor buildings. In
particular, on one hand, the performance of the building energy resources management system
is improved through the application of model predictive control to better anticipate the effects
of disturbances and real-time pricing together with following the modular structure of the
system under control. To this end, the load side and heating system are decoupled through a
3-element mixing valve, which enforces a fixed water flow rate in the building pipelines. Hence,
the building temperature control is executed by a linear model predictive control, which in
turn is able to exchange the building information with the heating system controller. On the
contrary, there is a variable action of the mixing valve, which enforces a variable circulated
water flow rate within the tank. In this case, the optimization problem is more complex than
in literature due to the variable circulation water flow rate within the tank layers, which gives
rise to a nonlinear model. Therefore, nonlinear model predictive control is used to deal with
many physical constraints and nonlinear problems. Alternatively, linear time-varying MPC
is also used, based on successive linearizations around a reference trajectory. The other goal
of the dissertation is to analyze the advantages and disadvantages of those MPC techniques
for temperature control in radiant-floor buildings. Moreover, a robustness analysis has been
conducted, showing the impact of the heat pump efficiency on the control performance.
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Autonomous mobile robots are changing many industrial fields. Up to now their use has been
limited to indoor confined applications (e.g. warehouse logistics) or outdoor applications in
isolated areas (e.g. agriculture applications). In the last couple of years, due to the boom of the
e-commerce, a great interest has been raised around the possibility of using robots to deliver
parcels navigating city’s sidewalks. Despite the enormous recent scientific and technological
progress, urban environments still represent a challenge for robot autonomous navigation.
In the first place, it is clear the need of a robust sidewalk level localization solution that is
able to cope with GPS inaccuracies typical of urban environments. Furthermore, to navigate
urban sidewalks, robots need to be extremely maneuverable and able to handle even the
worst sidewalk surface conditions without getting stuck. This research aims to address these
challenges by developing and experimentally validating a complete autonomous navigation
solution capable of navigating urban sidewalks. An autonomous mobile robot named YAPE
(Your Autonomous Pony Express) is designed from scratch based on a two wheeled selfbalancing configuration. This design, although more difficult to control compared to other
robots, guarantees great maneuverability and the flexibility to handle sidewalk irregularities.
A method to map large scale urban areas is also developed. Using a map-based localization
system, sidewalk level localization is proved even in GPS degraded and denied environments.
The complete autonomous navigation system has been extensively tested in real-world
situations on Milan urban sidewalks.
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LEARNING-BASED MODEL PREDICTIVE CONTROL: THEORY
AND APPLICATIONS
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This thesis deals with the problem of controlling and optimizing the behavior of a system, by
means of the design of a suitable regulator, starting from a dataset collected on the system
itself. In the literature this issue is generally addressed by clearly distinguishing the model
identification and control design phases. On the contrary, Part I of the thesis is devoted to
the development of a learning algorithm for identification and control design that considers
these two steps in an integrated manner. The model identification phase considers a number of
independent models, each tailored to predict the p steps ahead output value, and is based on a
Set Membership [138] algorithm. Thanks to these models, it is possible to derive an uncertainty
model for a 1-step state space representation directly from data, then applicable to the design
of a robust model predictive controller, inspired by the tube-based philosophy [135]. In Part
II of the thesis we consider neural networks, which are meeting an extraordinary popularity in
these years, as a surrogate model of the system to be included in an advanced control scheme.
In particular, we focus on a couple of Recurrent Neural Networks architectures (RNNs),
namely Echo State Networks (ESN) and Long Short-Term Memory Networks (LSTM), both of
which are widely used for several tasks, but not as much for control objectives. In the literature,
neural networks are generally investigated empirically and their properties are obtained by
means of a multitude of experiments, rather than by theoretical analysis. In this thesis, we
instead analyze their stability-related system theoretical properties, and derive sufficient
conditions for their Incremental input-to-state stability (δISS, [14]) property; then, we
design asymptotically convergent observers and stabilizing model predictive control schemes,
eventually tested in simulation. With reference to Echo State Networks, a particular focus is
also devoted to their nonstandard training algorithm, with respect to which three variants are
proposed: a model order reduction, a training algorithm with stability guarantees, and a training
algorithm with probabilistic guarantees based on the Scenario theory [31]. Finally, Part III deals
with a real case study, concerning the cooling station serving a large business center in Milan.
A dataset of the plant is available, but a lot of information is missing about the plant, which
prevents the derivation of a model through physical equations. For this reason, a semi-physical
model is first derived, by considering black-box correlations and basic balance equations where
possible, in order to take advantage of the little available information. Then, since this model
turns to be intractable for control design, a learning-based approach is pursued, a model
based on LSTM is learned, and embedded in a Model Predictive Control (MPC) scheme, with
linearization along predicted trajectories to lighten the computational burden. The numerical
results, tested on the semi-physical model confirm the effectiveness of the learning-based
approach.
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FEATURE REPRESENTATION LEARNING IN COMPLEX WATER
DECISION MAKING PROBLEMS
The success of a control policy highly relies by its feature representation, i.e., the information
set it is conditioned upon. In real world control problems, defining an appropriate feature
representation is a complex task, given the coexistence of multiple interacting processes
whose relevance for the control task is often unclear. In this thesis, we address the control
problem of water resources systems, where a dam release policy is designed accounting for
multiple water demands. This decisional problem is challenged by the presence of nonlinearities, strong disturbances, possible alternative problem framings, and multiple conflicting
objectives. Currently, the control rules of most water reservoirs are conditioned upon basic
information systems comprising reservoir storage and time index, however, the value of a more
informative feature representation is generally undisputed. We capitalize on recent advances
in monitoring and forecasting water availability to develop novel feature representation
learning strategies to enhance water systems resilience towards their crucial vulnerabilities,
including droughts, critical phases in reservoir development (i.e., construction and filling),
and multisectoral conflicts. Additionally, in multi-purpose systems, different control targets
might be heterogeneous in their dynamics and vulnerabilities, and likely benefit from a tailored
feature representation that varies across different objectives tradeoffs. We revise current
literature on feature representation learning, and propose a taxonomy comprising a priori, a
posteriori, and online approaches. For each approach, we propose novel contributions targeting
the control problem of multipurpose water systems. Among the methodological contributions
included in this thesis, (1) we propose FRIDA, a feature extraction-based framework to design
basin-tailored drought indexes, and (2) we employ FRIDA index to inform water reservoir
operations; (3) we extend the concepts of feature representation learning beyond pure
control applications to a problem of dam planning and filling; (4) we use Artificial Intelligence
to capture the state of multiple climate signals to improve seasonal forecast in a framework
named CSI; (5) we propose an original multi-objective neuro-evolutionary algorithm,
NEMODPS, that evolves tradeoff-tailored policy architectures, and (6) we combine it with
a feature selection routine to learn a policy representation online and tradeoff-dynamically.
A common thread of the outcomes generated in this collection of works is that learning an
appropriate policy information set is an asset to improve water system performance, especially
by targeting its most critical failures. Specifically, by mitigating the damages associated with
hydrological extremes (e.g., drought emergencies), critical stages reservoir development (i.e.,
construction and filling), and social tensions deriving from conflicts between different users
and their demands. Part of this research has appeared (or will appear) in the following journal
publications:(1) Zaniolo, M., Giuliani, M., Castelletti, A.F., Pulido-Velazquez, M., 2018b.
Automatic design of basin- specific drought indexes for highly regulated water systems.
Hydrology and Earth System Sciences 22, 2409-2424. (Capitolo 2); (2) Zaniolo, M., Giuliani,
M., Castelletti, A., 2019. Data-driven modeling and control of droughts. IFAC- Papers On
Line 52, 54-60. (Chapter 3);. (3) Zaniolo, M., Giuliani, M., Burlando, P., Castelletti, A.,
2020a When timing matters - misdesigned dam filling impacts hydropower sustainability.
Nature Sustainability (under review). (Capitolo 4); (4) Giuliani, M., Zaniolo, M., Castelletti, A.,
Davoli, G., Block, P., 2019. Detecting the state of the climate system via artificial intelligence
to improve seasonal forecasts and inform reservoir operations. Water Resources Research
55, 9133-9147. (Capitolo 5); (5) Zaniolo, M., Giuliani, M., Castelletti, A., 2020b. Neuroevolutionary direct policy search for multi-objective optimal control. IEEE transactions on
neural networks and learning systems (under review). (Capitolo 6); (6) Zaniolo, M., Giuliani,
M., Castelletti, A., 2020c. Dynamic retrieval of informative inputs for multi-sector reservoir
policy design with diverse spatiotemporal objective scales. Environmental Modeling and
Software (in preparation). (Capitolo 7).
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5G is expected to offer download speeds as high as 1 GBps and latency lower than 1 ms.
Although 5G networks are planned to be fully operational by 2020, the unprecedented
technical and economic challenges still need to be solved. The biggest problem from a network
operator’s perspective is the tight profit margins. The lofty expectations from 5G connectivity
lead to the need for enormous investments on infrastructure. However, many small operators
simply do not possess the necessary revenue in order to deploy the required infrastructure,
while the rich operators are unwilling to burden this extreme cost due to the very long return
of investment duration. Moreover, 4G technology is reported to reach a fairly close to the
Shannon capacity in the available spectrum, and the further improvements on the physical
layer are very expensive with respect to the capacity gains. This techno-economic pressure is
forcing mobile operators to make pivotal changes in their modus operandi. A simple solution
is to extent the conventional infrastructure sharing agreements to cover the active network
components, e.g. radio access network and the spectral resources, and decrease the total costs
as well as increasing the spectral efficiency. From a regulatory perspective, the most reasonable
scenario is the sharing of the resources brought by a neutral 3rd party, i.e. infrastructure
provider. However, despite the offered cost efficiency, the conventional sharing approaches
rely on well-defined service level agreements that cover very long-time intervals (e.g. years).
However, this static sharing attitude cannot provide the envisioned flexibility and the efficiency
in next generation networks. On the other hand, while the aforesaid techno-economic
pressure is forcing the operators to share their networks, the heterogeneity of the service types
requires revolutionary changes in the network management. The 5G network is envisioned to
host a multitude of services and devices with unique requirements and service priorities. The
traditional solution of optimizing the complete network for a particular service type is no longer
applicable due to the conflicting requirements posed by different services. A way out is to
vertically group network resources, i.e. slicing the network, in order to create virtual dedicated
networks per service. This way, each resource group (i.e. slice) can be customized to serve the
respective service in the best possible way. The simplest form of this approach is slicing the
network in a static manner, based on some statistical information. However, the conventional
network provisioning techniques show that static resource allocation has a tendency towards
over-provisioning the network, which causes the inefficient usage of scare spectral resources.
Dynamic network slicing can increase efficiency, yet enabling inter-service and inter-tenant
priorities in a dynamic negotiation and resource allocation framework is still open in the
literature. In order to address the aforementioned challenges, the main research question in
this PhD thesis revolves around how to achieve flexibility and efficiency in a shared mobile
network. More specifically, this thesis targets answering the following research questions. •
How can the network resources dynamically and flexibly be shared in a multi-tenant network?
• How can the tenants differentiate their services in a shared infrastructure? • What are the
long- and short-term implications of anticipatory network sharing and resource trading? The
proposed dynamic negotiation and resource allocation framework proposes a novel service
level agreement formulation that allows the operators to renegotiate their shared resources in
very short time scales, i.e. in the order of seconds. Moreover, we demonstrate how to exploit
anticipatory information regarding the users’ achievable rates in order to improve the real time
scheduling and resource trading. Lastly, we present a novel self-dimensioning algorithm in order
to exploit the short-term observations on the traffic demand in order to fine-tune the network
capacity. A number of simulations with both synthetic and real data have been performed in
order to investigate the characteristic of the proposed framework.
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Distributed synchronization on dense wireless network constitutes a new regime for network
synchronization, mainly due to the challenges involved on the inter-connectivity of large number of
devices for management and coordination of the network. This inter-connectivity enables various
services that are envisioned for Internet of Things (IoT), such as smart meters, smart traffic, public
safety, medical metering, smart homes, etc. IoT paradigm embeds the inter-communication of
massive number of devices that is challenging in terms of scalability, sustainability and improved
efficiency. The inter-connectivity of massive number of devices is an open issue, and it is expected to
be part of 5G ecosystem. Therefore, time and carrier frequency synchronization are critical aspects
to be considered to guarantee the proper network communication. In this context, there are some
characteristics to be taken into account for a proper synchronization solution in dense networks. On
PHY-level context, the multiple connectivity for heterogeneous communication devices require
scalability, and the constraint consumption of energy due to the capacity of the devices, requires a
fast convergence and optimum processing. The proposed synchronization methodology considers
the following statements: i) to allow scalability of the network; ii) to allow fast synchronization of the
whole network; and iii) to mitigate power consumption. The network scenario consists of a dense
and not coordinated wireless connected nodes without any external agent as a reference, where the
internode distance is small (compared to the bandwidth) to neglect any propagation delay. Each node
is equipped with a local free-running reference that skews from the others, and local control is by
changing timing offset (TO) and carrier frequency offset (CFO) on each node independently of the
others. The periodic synchronization allocates specific signatures in data communication to exchange
the synchronization state by every node so that the network iteratively reaches a global convergence.
In this Doctoral Dissertation, a distributed synchronization algorithm based on consensus paradigms
is proposed, that enables the network to reach asymptotically a global convergence based on the
exchange of a common beacon (i.e., the same synchronization beacon is used by all nodes in the
network) with features that enable a fast and accurate timing and carrier frequency synchronization.
Each node broadcasts the same signature that superimpose (collide) with the others and compound
signal of multiple collisions represents a reference signature that embeds the TO and CFO reference
for the entire network. Once the network reaches a convergence, the frames are aligned giving
the start of time-slot. Contrary to conventional synchronization methods, the feature of the
proposed distributed synchronization algorithm is that the collision of signatures does not impair
the synchronization, rather it is used by the receiving node as ensemble reference to enable its
synchronization. The design of a unique synchronization signature (beacon) largely simplifies the
setting and it is based on chirplike sequences with good correlation properties (e.g. Zadoff-Chu
sequences used on LTE), that allows the join estimation of TO and CFO errors. The accuracy of the
correlator-based estimator is analyzed, and the impact of stochastic perturbations product of the
oscillator’s instability and estimator’s error is studied to evaluate the convergence condition of the
proposed distributed synchronization algorithm. The proposed distributed synchronization algorithm
is implemented on a hardware demonstrator, based on software-defined radios programmed
in GNU radio, showing the algorithms ability to decouple the TO and CFO estimate and it is
analyzed the convergence time of TO and CFO synchronization. Then, the optimization of the
distributed synchronization is carried out based on i) an optimal duplexing strategy, and ii) an optimal
synchronization protocol. In context of dense inter-connected networks with oscillators affected by
drifts, two synchronization approaches are compared based on: collision-avoidance and collision of
signals, to investigate the impact of the network scalability by comparing the convergence time and
synchronization dispersion error. Finally, the impact of synchronization is evaluated for a resource
management scheme (spectrum allocation) in Device-to-Device (D2D) communications. The
selection of the resources to be added or released in the allocation is performed by minimizing the
boundary extension of the time-frequency (TF) spectrum region, this criteria avoids fragmented
region allocations with large boundary areas that could increases the cross-interference due to TF jitter.
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PRIVACY-PRESERVING SERVICE DELIVERY IN INTERNET

Today’s Internet is a complex system through which users are provided with the most varied services.
Internet is composed of several different and (generally) independent entities, such as Internet
Service Providers (ISPs), Content Providers (CPs) and Online Social Network Providers (OSNs) that
cooperate to deliver services to final users. For instance, ISPs deliver to final users the Internet traffic
that carries the contents (e.g., a movie) that is originally hosted in a data center owned by a CP. By
exploiting several enabling technologies (e.g., in-network caching) and the different information the
involved entities have (e.g., about the final users and the network infrastructures), this cooperation
can be taken even further to improve the QoE perceived by users. For instance, the ISP can maintain
cache servers within its network and make the CP remotely manage them (e.g., by selecting the most
popular contents worth caching), thus reducing contents’ retrieval latency and network congestion
probability. Whilst being beneficial to all the involved parties, such improved cooperation may require
the exposition of sensitive and business-critical information (e.g., about network infrastructure)
that raises severe privacy concerns. The overall objective of this research is the development of
methodologies to enable the main Internet players to cooperate and exchange information for
realizing improved services while fulfilling their privacy requirements. In general terms, guaranteeing
privacy comes at the expenses of service effectiveness degradation and/or at the cost of introducing a
non-negligible overhead of data exchanged between the cooperating parties. In this thesis, we propose
feasible and readily applicable privacy-preserving solutions for several Internet-based services, such
as video content delivery and online social networking. Firstly, we focus on the application of video
contents’ caching strategies jointly performed by ISPs and CPs. We design privacy-preserving
protocols based on data perturbation and secure multiparty computation to ensure caching
effectiveness (e.g., maximization of hit-ratio and minimization of retrieval latency) while guaranteeing
that sensitive information are not disclosed (e.g., contents’ popularity, users’ requests and locations
are only known to the legitimate party). Then, we also propose a protocol based on Shamir Secret
Sharing (SSS) to realize caching strategies that are both privacy-preserving and compliant with
Network Neutrality principles. Moreover, we propose a machine-learning-based tool that Twitter
users can employ to measure the vulnerability to attacks aimed at inferring their location from
publicly-available data. This tool also allows to quantitatively evaluate the effects that several factors
(e.g., the frequency of exposition of location data) have on users’ privacy, thus enabling their proper
control. Finally, we study the problem of optimally deploying a virtual graph over a wide-area network
composed of several independent and mutually-distrustful ISPs. We develop a reinforcement learning
algorithm based on SSS which is capable to effectively deploy the virtual graph while not requiring the
exposition of salient infrastructural information (e.g., cost of embedding into the physical nodes).
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The increasing demand for higher bandwidth and higher speed wireless communication
motivates the exploration of modern wireless communication. Ultra-wide band (UWB)
technology is one of the most promising solutions for future communication systems due to
the high data rate and excellent immunity to multi-path interference. Also, The IEEE 802.11ad
and IEEE 802.11ay operating on 60 GHz mmWave are the two most expected wireless local
area network (WLAN) technologies for ultra-high-speed communications. The 802.11ad
standard (WiGig) provides throughput speeds of multi-Gb/s covering tens of meters by
offering a wide beamforming channel in 60GHz ISM band channel. In the proposed work, we
will focus on both the above-mentioned technologies. As a first approach, a novel wide band
microstrip patch antenna (MPA) configurations that can be used for UWB applications with
enhanced performance is designed and discussed. The impedance bandwidth of the proposed
antennas has been enhanced by using techniques such as patch slotting, as an improved
technique. An impedance bandwidth between 5 -11 GHz has been achieved. The antenna has
been examined in terms of the return loss, peak gain and radiation characteristics. We also
present an efficient microstrip patch antenna (MPA) with superstrate Technique. The antenna
configuration can be used for UWB applications. Based on the interference problem in modern
wireless communication systems, the proposed work has been extended in order to design an
efficient UWB antennas with band notch characteristics at centre frequency of 5.2 GHz. The
Simulations were performed using different EM software such as Ansys HFSS which uses the
Finite Difference Time Domain (FDTD), and Finite Element Method (FEM). We follow the
strategy as the first step by designing patch antenna suitable for Ultra Wide Band (UWB)
bandwidth range and the next step, an anisotropic filter ring resonator imposed and etched
on the UWB antenna patch to produce band rejection properties. Several investigations and
analysis of printed antenna arrays with high-gain characteristic are performed for mm-waves
wireless systems. The structure presented based on microstrip arrays antennas, the proposed
antenna is designed for 60GHz high gain backhaul transceiver systems. Several array antenna
structures have been also proposed to cover 360 degree. In order to analyse and validate
the antenna performance designs, several numerical analyses have been done by using
electromagnetic software simulators.
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The Internet is experiencing an exponential increase in terms of number of users, data traffic,
connected devices and latency-stringent services. It is foreseen that the introduction of new
technologies, like 5G, will boost this growth even further. To cope with this growth, future
communication networks are required to provide unprecedented performance in terms
of enhanced throughput, increased coverage, reduced latency and power consumption.
Moreover, these networks must be continuously evolved, by resorting to novel technologies and
architectural solutions, to meet such requirements. A promising solution consists in enhancing
nodes at the network edge, taking advantage of Network Function Virtualization and Cloud
Computing, with cloud capabilities, i.e., with storage and computing capabilities, such that
services can be terminated locally. In this context, a strategic planning of the deployment
of cloud-enabled edge nodes is needed to efficiently enhance the network performance. In
this thesis, we investigate the deployment of cloud-enabled edge nodes and propose novel
strategies for improved network resource management. We focus on optical metro-area
networks, which are currently evolving from a rigid ring-based aggregation infrastructure to a
composite cloud-network ecosystem where novel 5G cloud-based services can be implemented
and supported. Specifically, we consider Video-on-Demand (VoD) content delivery service,
which poses the strongest pressure on the network infrastructure being responsible for roughly
70% of the global Internet traffic, and assume a case study where edge-nodes (e.g., caches)
host and terminate VoD services. First, we examine energy and techno-economic aspects of
cache deployments and then propose integer linear programming formulations for efficient
VoD content caching and distribution. In addition, we propose simulation-based optimization
strategies and derive an analytical model to optimally plan the deployment of caches in
hierarchical metro-area networks considering emerging network architectures such as fixed
mobile convergence and filterless optical networks. Based on the obtained results, we provide
a framework to identify the optimal cache deployment which minimizes the overall network
resource occupation due to VoD delivery considering network and service characteristics.
Moreover, complementary to the deployment of services, we focus on moving (i.e., migrating)
services hosted on Virtual Machines (VMs) between cloud-enabled edge-nodes and data
centers. Specifically, we focus on online VMs migration due to its advantages such as allowing
the migration of a service from one data center to another with minimal service interruption.
However, online VMs migration consumes high amount of network resources. In this
context, we propose efficient routing and bandwidth assignment algorithms and integer linear
programming formulations aimed at minimizing the overall network resource consumption due
to online VMs migration.
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Wireless communication exploits electromagnetic signals that are broadcast by a transmitter
device acting as a sender or as an intermediate relay. The communication between two devices
occurs when the receiver device captures these signals creating a wireless communication
bridge with the sender device. Wireless communications express technologies in many
different system families, such as Wireless Personal Area Networks (WPAN), Wireless Local
Area Networks (WLAN), Metropolitan Area Networks (MAN), mobile cellular systems,
satellite communication, etc. So far wireless systems cannot transmit and receive on the same
frequency band at the same time (Full-Duplex wireless communications) due to the strong
Self-Interference (SI). The duplexing of transmission and reception must be done via either
frequency division, i.e. Frequency Division Duplex (FDD), or time division, i.e. Time Division
Duplex (TDD). In fact, Full-Duplex (FD) wireless communication means facing a high amount
of SI that should be canceled. The SI (or echo) canceler is indeed one of the most critical
components and key-factors of wireless FD communication systems: in this context, it offers
the potential to complement and sustain two-way communications and, in general, SelfInterference Cancellation Schemes (SICS) are expected to have a tremendous impact on the
implementation of two-way communications. Wireless FD potentially has the ability to make
double the spectral efficiency with respect to traditional Half-Duplex (HD) operation. This
phenomenon happens by exploiting the same wireless resource to transmit and receive at the
same time, with the cost of a large power difference between its own transmitted signal, i.e. SI
from its own transmitted signal, and the low-power received signal from the other transceiver.
The SI can be reduced gradually, thanks to the different Self-Interference Cancellation (SIC)
techniques at radio frequency and baseband levels. However, this potential still suffers from the
residual SI and the resulting short distance range of communication. This research activity has
been focused on the analysis and design of new schemes for wireless communication based on
the reuse of the same channel for both communication directions (FD) in order to increase link
performance in terms of transmission range or capacity. The proposed solutions are intended
to relax the challenging constraints of the self-interference cancelers; in addition they provide,
especially in multicarrier systems, an additional flexibility degree in the resource allocation
strategies in presence of multiple channels and interfering devices. Therefore, in order to
overcome these issues, this research introduced a new scheme, named as Partial-Duplex (PD)
approach: this solution consists of a communication link with the capability of supporting
the connection in both directions at the same time in a portion of the bandwidth and with a
frequency division for the two communication directions (for example uplink and downlink)
in the rest of the band. The rationale behind this approach is to limit the level of SI finding
a compromise between HD and FD transmission and relaxing consequently the constraints
on the echo canceller design in order to increase the distance range between transmitter and
receiver. Equivalently, PD transmission aims to increase the overall bidirectional system rate
w.r.t. an equivalent HD system, relaxing at the same time the high SIC requirements that
practical FD systems have to provide. This hybrid transmission method between classical HD
and FD is considered for point-to-point single carrier and multi-carrier (Orthogonal Frequency
Division Multiplexing (OFDM)) links experiencing Additive White Gaussian Noise (AWGN)
channels and also random fading, flat or frequency selective. In the first part of the study, the
regions of SIC performance where PD systems outperform HD ones in terms of achievable
spectral efficiency are analyzed by deriving the analytical distributions of the spectral efficiency
gain regions in presence of random frequency-selective fading, for different strategies in the
selection of FD sub-carriers in PD schemes; therefore, it is investigated the potential of this
hybrid method, highlighting the role of the different parameters involved and the peculiarities
of this flexible system design approach. Nevertheless, we have wondered also how to see this
approach in the upcoming next generation of wireless networks Fifth Generation of mobile
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communications (5G), where some common trends and promising technologies have been
already identified. In addition to capacity gain and improvement of performance, which are
expected from network densification, device-to-device communication, and small cells, we can
mention an increased spectrum sharing and integration as well as spectrum enhanced carrier
aggregation and other advanced wireless communication technologies like massive MultipleInput Multiple-Output (MIMO) and resource management based on machine learning. As an
example, massive Machine Type Communication (mMTC) is one of the use cases of 5G and
it is expected to increase significantly both the number of connected devices to the network
and the traffic. In these cases, a proper use of wireless PD communication can improve the
overall throughput of the mobile network. In this context, the second part of this study has
been focused on the channel encoding for PD. One of the best candidates for efficient channel
coding and error correction is the class of Low Density Parity Check (LDPC) codes. We have
identified that, in Partial Duplex Communication (PDC), the receiver faces a mixture of
high and low bit (symbol) Signal-to-Noise Ratio (SNR) in the same codeword, a condition
associated with a scheme in which part of the bits/sub-carriers is subject to FD interference.
LDPC codes have shown, also w.r.t. turbo and polar codes, the best performance for PD and
we have studied how to optimize further their performance in this specific context. The Digital
Video Broadcasting- Second Edition (DVB-S2) was one of the standards that includes the use
of LDPC. These codes were implemented for long codewords and we proposed to create LDPC
codewords with arbitrary length, derived from the original DVB-S2 but maintaining the same
parity check matrix structure. Then, the application of this class of LDPC codes, derived from
DVB-S2 to PD communication can be improved by a specific allocation techniques of the high
and low SNR bits, suited to PD communications. The main innovative results of this activity are
related to the fact that, in the Partial Duplex Scheme (PDS), part of the band is transmitted
in FD and the rest in HD and, consequently, some transmitted bits (in single carrier) and subcarriers (in OFDM) will be characterized by high SNR and the others by low SNR according to
a pattern which is known, a-priori, by the system. Therefore, combining properly the patterns
of these high and low SNR bits affects the coding performance of the system in a way that
depends also on the parity check matrix structure of the code used in the transmission. In
addition, in order to validate further the results and according to upcoming 5G standardization,
this channel encoding procedure has been applied also to the 5G encoding schemes recently
considered by 3rd Generation Partnership Project (3GPP). Mainly two types of channel
coding are adopted in 5G, Polar and LDPC codes. Therefore, in this part of the study, we have
investigated and compared our approach in the context of 3GPP standard for 5G and Long
Term Evolution (LTE), showing the performance of encoded PD. Results have turned out to be
really promising for a specific class of LDPC codes, when, as in PD, we can exploit the a-priori
knowledge of high and low SNR bits in the transmitted codeword with a specific bit allocation.
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This thesis presents my contribution to the recent evolution of modeling and implementation
techniques of linear and nonlinear physical systems in the Wave Digital (WD) domain. The
overarching goal of WD methods is to build digital implementations of analog systems, which
are able to emulate the behavior of their analog counterpart in an efficient and accurate
fashion. Though such methods usually focus on the WD modeling of analog audio circuits; the
methodologies that we address in this thesis are general enough as to be applicable to whatever
physical system that can be described by an equivalent electric circuit, which includes any
system that can be thought of as a port-wise interconnection of lumped physical elements.
Such systems, in fact, are fully described by a “dual” pair of Kirchhoff variables per port (e.g. a
current-voltage pair, a force-velocity pair, etc.), and the circuit connecting such elements
implements the topological relations that exist between them (e.g. Kirchhoff laws, laws of
dynamics/fluid-dynamics, etc.). The possibility of describing systems through electrical
equivalents has relevant implications not only in the field of numerical simulation of physical
phenomena, but also in the field of digital signal processing, as it allows us to model different
kinds of processing structures in a unified fashion and to easily manage the energetic properties
of their input-output signals. However, digitally implementing nonlinear circuits in the
Kirchhoff domain is not straightforward, because dual variables (currents and voltages) are
related by implicit equations which make computability very hard, as instantaneous
dependencies between input and output signals cannot be eliminated. Spice-like software,
based on the Modified Nodal Analysis (MNA) framework, is not always suitable for realizing
efficient and interactive digital applications, mainly because it requires the use of iterative
methods for solving multi-dimensional systems of equations. WD Filters (WDFs) are a very
attractive alternative. During the seventies, Alfred Fettweis introduced WDFs as a special
category of digital filters based on a lumped discretization of reference analog circuits. A WDF
is created by port-wise consideration of a reference circuit, i.e., decomposition into one-port
and multi-port circuit elements, a linear transformation of Kirchhoff variables to wave signals
(incident and reflected waves) with the introduction of a free parameter per port, called
reference port resistance, and a discretization of reactive elements via the bilinear transform.
Linear circuit elements, such as resistors, real sources, capacitors and inductors, can be
described through wave mappings without instantaneous reflections, as they can be all
“adapted” exploiting the mentioned free parameter; in such a way that local delay-free loops
(implicit relations between port variables) are eliminated. Series and parallel topological
connections between the elements are implemented using scattering topological junctions
called “adaptors”, which impose special adaptation conditions to eliminate global delay-free
loops and ensure computability. It follows that WDFs, as opposed to approaches based on the
MNA, allow us to model separately the topology and the elements of the reference circuit.
Moreover, WDFs are characterized by stability, accuracy, pseudo-passivity, possibility of
parameterization, modularity and low computational complexity, making many real-time
interactive applications easy to be realized. Most classical WD structures can be implemented
in an explicit fashion, using binary connection trees, whose leaves are linear one-ports, nodes
are 3-port adaptors and the root may be a nonlinear element. However, WDFs are also
characterized by important limitations. The first main weakness of state-of-the-art WDFs is
that WD structures, characterized by explicit input-output relations, can contain only one
non-linear element, as nonlinear elements cannot be adapted. In fact, the presence of multiple
nonlinear elements might affect computability, which characterizes classical linear WDFs, as
delay-free loops arise. As a second main limitation of traditional WDFs, up to three years ago,
there were no systematic methods for modeling connection networks which embed nonreciprocal linear multi-ports, such as nullors or controlled sources. Finally, very few studies
were presented on the use of discretization methods alternative to the bilinear transform and

THE ACTIVITIES

TELECOMMUNICATIONS

ADVANCES IN WAVE DIGITAL MODELING OF LINEAR AND
NONLINEAR SYSTEMS

136
THE ACTIVITIES
PHD IN INFORMATION TECHNOLOGY

TELECOMMUNICATIONS

potentially varying step-size in WD structures. This thesis presents various techniques to
overcome the aforementioned limitations. After a review of the state of the art on WD
modeling of lumped systems up to 2015, this thesis begins with redefining wave signals, first by
offering a unified definition that accommodates the existing ones (those based on one free
parameter per port), then by introducing a new class of waves with two free parameters per
port, which leads to WD structures that exhibit a doubled number of degrees of freedom, called
“biparametric” WDFs. The second part discusses how to implement nonlinear one-port and
multi-port elements in the WD domain; finding a compromise between accuracy, efficiency
and robustness. In particular, it shows how scalar nonlinearities can be represented in canonical
piecewise-linear form in the WD domain; it presents a technique based on the Lambert
function to make a class of exponential nonlinearities, e.g., diodes or Bipolar Junction
Transistors, explicit in the WD domain; and it provides an in depth discussion on the modeling
of nonlinear 3-terminal devices with various examples of applications on circuits containing
transistors. The third part focuses on the description of connection networks as WD adaptors.
In particular, this part discusses how to model arbitrary reciprocal and non-reciprocal junctions
in WD structures based on various definitions of wave signals and how to compute waves
reflected from the scattering junctions in an efficient fashion. The fourth part focuses on the
cases in which we cannot do without iterative solvers. In particular, it introduces a novel
relaxation method based on WD principles, developed for implementing circuits with multiple
nonlinearities. The method is called Scattering Iterative Method (SIM). A proven theorem
guarantees that SIM converges when applied to circuits with an arbitrary number of
nonlinearities characterized by monotonic voltage-current characteristics. As an example of
application of this method, I show that power curves of large Photovoltaic (PV) arrays
(constituted of thousands of nonlinear PV units) with arbitrary topologies can be obtained far
more efficiently using the proposed SIM than using MNA-based approaches, (SIM is at least
30 times faster). I also show that SIM is highly parallelizable and suitable for the
implementation of time-varying circuits. Moreover, a strategy for deriving WD models of
dynamic elements based on arbitrary linear multi-step discretization methods with potentially
adaptive time-step size is here introduced and discussed. This strategy allows us to describe
capacitors and inductors using time-varying Thévenin or Norton equivalents, and proves
particularly useful in conjunction with SIM for implementing dynamic circuits with multiple
nonlinearities. These results also motivated the simulation of some audio circuits (e.g., a
dynamic ring modulator), which proved SIM to be a promising implementation method that is
also employable for virtual analog applications, as it is characterized by high efficiency,
parallelizability and inherent capability of handling time-varying elements. The combination of
the new techniques for modeling arbitrary reciprocal and non-reciprocal connection networks
with SIM is promising for the future development of a general purpose simulation program
which might be more efficient than Spice-like software, as far as the time-domain analysis of
arbitrary nonlinear circuits is concerned. As a further example of application of WD principles,
the last part of the thesis discusses a novel approach for implementing a class of differential
beamformers using WDFs.
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The communication power associated with visual content makes digital images a powerful
and effective tool to deliver messages, spread ideas, and prove facts. Smartphones, digital
cameras, and camcorders are becoming more affordable every day, and thus constitute a rapid
and convenient way of capturing and sharing photos quickly and inexpensively. The increasing
diversity of brands, models, and devices makes the creation of new visual contents easier every
day, while the ever-growing access to social network and picture sharing platforms poses a set of
challenges, from the diffusion of illegal content to copyright infringement. The wide availability
and ease of use of image manipulation software makes the process of altering an image simple
and fast. This could severely reduce the trustworthiness of digital images for users, legal
courts, and police investigators. The fake news phenomenon is a well-known and widespread
example of the malicious use of digital pictures and manipulation software. Modified images
done with precision are used to create false proofs for made-up stories, exploiting the often
unquestionable trust with which readers take in visual content. In this thesis we face several
challenges related to the analysis of digital images. A first step in assessing image authenticity,
and tracing an image back to its origins, consists in determining which device shot a specific
picture. State-of-the-art techniques based on Photo Response Non-Uniformity (PRNU)
prove to be very effective in determining the specific sensor that shot a picture. However,
given the highly increasing number of devices, a full-range search over all the existing devices
is impractical and time consuming. One of the ways to reduce the search space is to first find
the camera model that took a picture, then test the image under analysis against the devices
from the same camera model. In this thesis we present the first data-driven method designed
to learn camera model features directly from a collection of images, showing how modern
deep-learning techniques based on Convolutional Neural Networks (CNN) can be adapted to
multimedia forensics tasks. When it comes to a large-scale search of picture-device matches
based on PRNU, at least two challenges arise: time and storage space constraints. To address
such challenges, the forensics community explored a series of techniques to compress PRNU
fingerprints and residuals. In order to reduce storage space requirements, while lowering the
computational complexity, we introduce two techniques to address PRNU compression, by
exploiting classical signal processing analysis and data reduction techniques. While determining
the origin of a digital image is important to solve copyright infringement cases, digital images
can be locally altered by adding, removing, or modifying objects with the goal of changing the
semantics of the image. We present how to exploit the features learned with a CNN trained for
camera model identification with the goal of detecting and localizing tampered regions within an
image. Under both device identification and camera model identification perspectives, we study
a set of possible antiforensics attacks tailored at anonymizing an image to prevent the correct
identification of its origin. This allows us to understand the limitations and weaknesses of the
proposed camera model and device identification techniques. Finally, we leverage the knowledge
and skills acquired in mixing together handcrafted signal processing and data-driven methods in
two different forensics applications: Laser Printer Attribution and Single versus Double JPEG
Detection. In both scenarios the key to tackle the forensics task at hand is fusing together a
proper signal pre-processing technique with a carefully designed data-driven system.
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This thesis proposes novel techniques for sound field reconstruction and analysis. The sound
field reconstruction is here conceived as the problem of estimating the sound field at points
arbitrarily placed in the space starting from the signals acquired by one or multiple microphone
arrays. This problem is strictly related to the analysis of the sound field that concerns the
extraction of relevant information such as, for example, the location of the sources and/or
the geometry of the room from microphone array signals. In particular, as far as the sound
field reconstruction is concerned, spatial distributions of microphones enable to capture and
record acoustic scene from different points of view. With proper processing algorithms it is
possible to estimate the sound field at points in space that differ from where it was measured.
This enables the navigation of a recorded acoustic scene independently of the position of
the spatially distributed microphones. This problem has been recently addressed using two
different approaches: parametric (model based) and non-parametric. In this thesis, we
propose novel techniques for both these paradigms. On one hand, for parametric methods,
we propose new approaches that keep into account the directivity of the sources in both
anechoic and reverberant environments. On the other hand, for non-parametric methods, we
exploit room impulse response measurements in order to find a direct relationship between
the field emitted by the sources and the resulting reverberant field and consequently reduce
the requirements in terms of computational costs and hardware. As far as the sound field
analysis is concerned, we propose different representations of the sound field for both source
localization and geometry inference. In particular, as regards the source localization, we extend
an approach that proposes to represent the sound field in a domain, known as ray space, where
each point is a ray. In this domain acoustic primitives, such as point sources, are mapped onto
linear patterns thus enabling the localization of the sources to be tackled with the help of
pattern recognition algorithms. This thesis extends such an approach in order to accommodate
different microphone array distributions in both 2D and 3D geometries. Furthermore we
developed a new beamforming system based on multiple differential microphones that can be
possibly employed to improve the mapping in the ray space domain. Moreover, we propose a
novel representation of the room impulse response measurements acquired from a linear array
of loudspeakers/microphones and a single microphone/loudspeaker in order to estimate the
geometry of a room. More precisely, this representation consists of a 2D polar-coordinate
map, on which the direct path and early reflections appear as distinct peaks, described by their
propagation distance and direction of arrival. Through a proper analysis of such a map, a set
of candidates geometries is obtained. The evaluation of a cost function determines the best
candidate. The solutions proposed in this thesis find potential applications in a wide range of
fields, such as virtual/augmented reality, teleconference systems, gaming and smart home
sensors.

139

LORENZO COMBI
RADIO-RELAYING OVER OPTICAL FIBER FOR CLOUD RADIO
ACCESS NETWORKS

TELECOMMUNICATIONS
PHD IN INFORMATION TECHNOLOGY

The focus of this Thesis is on analog signal transport and processing for future mobile radio
access networks, and its content can be broadly divided into four macro-areas. Analog optical
PWM is suitable for analog fronthauling as it combines the best features of digital and analog
transmission. Indeed, the 2-level waveform involves a relaxation of the linearity requirements,
still allowing for an analog signal transport that avoids the bandwidth expansion of digital
fronthauling. PWM is experimentally validated for different optical architectures. Besides
the conventional optical network layout (that can be summarized in the cascade of a laser,
fiber and photodiode), here an innovative architecture is proposed, based on reflection. In
this reflective PWM the transmitter (at the remote antennas) is equipped with a modulated
reflective semiconductor optical amplifier (RSOA) that receives, modulates and reflects back
a continuous waveform (CW) from an optical source located at the receiver (at the centralized
baseband unit, BBU). The modulated reflected signal which is the uplink fronthauling is
polarization-separated from the CW seeding signal.PWM analog fronthauling effectively avoids
the bandwidth expansion related to digitization of fronthaul signals in state-of-the-art systems,
but massive antenna arrays and larger signal bandwidth may call for additional capacity of the
fronthaul link. Mode division multiplexing is considered in this Thesis to provide an additional
multiplexing dimension and, to ensure the cost-effectiveness of the proposed solution, modal
multiplexing is all-optical and passive. To cope with the arising intermodal interference, the
mapping between radio resources and optical fronthauling resources is studied and it is shown
that appropriate resource assignment can almost overcome the limitations introduced by
intermodal interference. In particular, the resources available on the two channels (wireless
link antennas-users and wired fronthaul link) are defined in a space-frequency domain, the
space being defined by the antenna array for the radio signal and by the propagation modes for
the optical fronthaul. Massive antenna arrays and larger signal bandwidth are key features of
millimeter wave radio communication, and hybrid beamforming has been proved in literature
to provide a valid mean to overcome the channel limitations (mainly the increased path loss)
while keeping a reasonable hardware complexity and energy consumption. In this Thesis, the
integration of hybrid beamforming and analog fronthauling is tackled. In particular, realistic
analog signal processing techniques in the optical domain are considered in order to provide
wideband analog processing via tunable delay lines. Tunability is shown to be essential in dealing
with a fast-changing radio environment and with time division multiplexing (TDM) of users, but
the speed of typical optical tunable elements in achieving a time-varying delay response is not
enough. This causes a transient in system performance with degradation of the first transmitted
symbol of the TDM frame. To counteract this effect, this Thesis proposes a technology-aware
scheduling of time division multiplexed users, together with a digital precompensation of the
transient in delay response. Tuning the analog processing at the remote antennas requires a
signaling channel parallel to the fronthauling. The proposed solution is based on joint A-RoF
fronthaul transmission of the radio signals paired with a binary polarization shift keying (PolSK).
This provides a low-cost, low-complexity parallel channel between the BBU and the RRH that
can be used, e.g., to control the analog beamformer at the RRH and to feed back CSI from the
radio channel.
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SYNTHESIS OF ATTENUATION TIME SERIES ACROSS FSO LINK FOR THE DESIGN
OF A BACKHAULING SOLUTION FOR 5G BEYOND NETWORKS
FREE Space Optical (FSO) communication is one of the most widely researched technology
due to its very interesting characteristics such as high data rate, free license, no electromagnetic
interference, light weight, small volume, secure due to narrow laser beam, portability, and
low power consumption. However, some limitations due to weather dependency occur which
include scattering and absorption, caused by gases and various hydrometers, fog being the
most challenging issue which majorly impact on the performance of the FSO link. From
the application perspective, we know that in order to provide 5G technology opportunity to
users to utilize extremely large bandwidth need the use of a dense network with mini base
stations at short range (few 100 meters) which could be connected in two ways i.e. wired or
wireless. Solving backhaul connectivity is critical before any 5G small cell deployments can
scale up. There is no way to even consider adding wired backhaul drops to thousands of sites
in an urban environment which will be expensive require more time and physical efforts. In
this respect, FSO links can handle the scale, they are easy to deploy, very large capacity and
represent an economic solution over a distance of 100 meters. It is essential that operators
planning for high density small cell deployment seriously consider FSO as an option before
5G rollouts begin. In order to use FSO for backhauling, our proposed work is very useful in
providing the methodology to generate synthetic attenuation values of signal fading and its
characteristics over different low visibility conditions even before the deployment. This research
work is directed to propose a procedure for a synthetic attenuation time series synthesizer
for low visibility events along terrestrial free space optical links useful for 5G backhauling
networks design. To this aim, preprocessing for correct use of data had been done which
includes identifying the low visibility events with optimal approach, bias removal on average
and event basis, and identifying the best time integration value for all three databases. Later,
it is demonstrated that visibility is suitable to derive attenuation time series on a slow time
sampling but for fast time sampling, a general statistical technique is proposed. After doing an
extensive literature, we selected a procedure for the development of a time series synthesizer
among the ones proposed for mm wave and modified the procedure with the introduction of
visibility time series at the input instead of using large set of attenuation time series. Also, fast
variations obtained through the statistical technique will be superposed to slow fading which
made the predicted synthetic attenuation time series more accurate. Finally, after executing
detailed step by step procedure, synthetic attenuation time series is constituted by a synthetic
component (Fast Fading) each superposed to a component obtained by manipulating measured
data (Slow Fading). Large database of measured data collected at Politecnico di Milano and in
other two experimental sites of the Europe are considered to validate the proposed work. We
tested our procedure on all the events from the different sites and compared synthetic time
series attenuation with the measured one on a statistical basis. This testing is based on number
of indicators: mean value, standard deviation and RMSE. Overall, we found an excellent result
as 88.88% events have 1 dB/km and 0.5 dB/km in terms of difference in mean and standard
deviation respectively and RMSE difference is within the 1.5 when considering that it represents
the comparison of actual measurements on event basis with a statistical model based on the
data from two sites. The performance of the proposed work is excellent in reproducing moderate
visibility conditions in the presence of fog (with 88.88% accuracy), rain (100% accuracy) is
found. In the case of Milan and Prague, the full model of generating the synthetic attenuation
series is applicable and it gives very good results. Unfortunately, considering Milesovka, it works
only on generating the slow fading attenuation time series because the measurements were of
low sampling rate which doesn’t allow us to identify fast variations. The proposed procedure can
be in principle applied to any location provided visibility time series (very simple and inexpensive
to collect) are available where the optical link is required to set up.
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The exploitation of mm-wave technologies is one of the key-enabler for 5G mobile radio
access networks, potentially providing several-GHz bandwidths. However, their introduction
to cellular networks poses several challenges. The harsh propagation conditions limit the
mm-wave access availability and make necessary the exploitation of high-gain antenna
systems in order to overcome the high path loss and the limited power. Consequently, highly
directional transmissions must be used with a significant increase in the system complexity. A
further issue with mm-waves is related to their weak penetration ability, which makes every
obstacle opaque to the mm-wave propagation, and thus a potential cause of link blockage.
Therefore, to fully unleash mm-wave great potential and meet the stringent 5G requirements,
we need novel network design strategies as well as new ways of dealing with legacy network
functionalities to provide a fast and reliable mm-wave access. For guaranteeing a reliable
signaling channel, legacy access technologies and a control and user plane (C-/U-plane) split
need to be employed. This provides the opportunity to collect context information from the
users that can support network operations management. We leverage the context information
related to user positions to improve the directional cell discovery process, which is one of the
most critical network operations in mm-wave access as it can cause non-negligible latency
if not properly managed. We investigate the fundamental trade-offs of this process and the
effects of the context information accuracy on the overall system performance. We also cope
with obstacle obstructions in the cell area and propose an approach based on a geo-located
context database where past system history is stored to guide future searches. Moreover, we
investigate the coordination problem of multiple mm-wave base stations that jointly process
user access requests. Analytic models and numerical results are provided to validate proposed
strategies. The availability of a rich and accurate context is fundamental to effectively drive
network operations and overcome mm-wave propagation weaknesses. Nevertheless, the
mm-wave sensibility to the propagation environment can be exploited to enrich the context.
To prove this concept, we present a passive human detection system that passively monitors
indoor environments leveraging beamforming alignment procedures on already deployed
indoor mm-wave communication systems, detecting and locating persons with high accuracy.
We implemented our system in commercial off-the-shelf devices and deployed in an office
environment for validation purposes. A widely adopted technique to guarantee mm-wave service
reliability is to establish multiple connections from mobile to different base stations. Smart basestation selection must be made to minimize simultaneous blockage probability and maximize
multi-connectivity effectiveness. However, the cell selection process is constrained by the
network topology. The traditional approach to provide multi-connectivity is based on k-coverage
planning. However, it is not guaranteeing reliable connection alternatives. Therefore, we propose
a novel mm-wave access network planning framework specifically aimed at producing blockage
robust network layout and ensuring the required QoS. Our framework provides the desired
k-coverage while reducing the simultaneous blockage probability. The results show that our
approach provides much better connection alternatives than traditional k-coverage against
obstacle blockages. To improve the coverage and throughput of the mm-wave access network,
the Integrated Access and Backhauling (IAB) paradigm is under standardization. IAB allows
to dynamically use the large bandwidth available at mm-wave by tightly scheduling access and
backhaul links. Within this framework, we investigate the operational problems of mm-wave
multi-hop backhaul networks and propose a MILP model to address the joint optimization of
both traffic routing and transmissions scheduling, according to the IAB paradigm. The model
captures several technological aspects proper of mm-wave hardware and includes power
allocation strategies and rate adaptation. The model is followed by a thorough numerical
evaluation where the performance of the multi-hop IAB network is compared against the one of
a single base station, showing the potential of IAB architecture.
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RESOURCE ALLOCATION FOR MOBILE NETWORKS

High data rate, heterogeneous networks, energy efficiency are some of the trademarks of
the current era of cellular communications. In order to fulfill these requirements, the cellular
resources allocation, including scheduling and power control, has been subject of extensive study
for years. This thesis presents some solutions and techniques in the field of resource allocation
for the modern generations of cellular networks technologies. Achieving high data rates, energy
efficiency, quality of service and latency poses contrasting and challenging problems. Here we
have worked on these performance indicators for different applications. First, we introduce
the general concepts related to users’ rate limit and global optimization techniques, which will
be helpful in the resource allocation research. Then we are going to study resource allocation
techniques for device to device communication and narrow band Internet of things. The thesis
includes the main contributions in the following topics: - A study on the maximum achievable
Signal-to-Interference and Noise Ratio (SINR) by the users of cellular systems, with an
investigation on the trade-off between strategies for the achievement of the maximum rate and
fairness, related to the position of the users in the cell. In general, this part covers the rate limit
issue of the users, which will guide us during more general applications of resource allocation.
We use the study on the users’ rate limit in order to introduce a power allocation technique
for reuse one in cellular systems and a scheduling strategy for device to device communication
within the context of narrow band Internet of things. - Fast global optimization techniques:
we present some modifications on an existing optimum global optimization technique in order
to reduce the computational complexity. This will pose some trade-offs on the accuracy but it
will work as a more efficient benchmark for our allocation techniques. - The resource allocation
problem for narrow band Internet of things devices: in the current standard, new resource
units are introduced for the narrow band Internet of things devices and there are different
requirements and operating conditions for these devices. This has led to new considerations
for the resource allocation process and novel solutions. - A study on strategies for the power
allocation in decentralized device to device (D2D) communication with possible applications
in D2D discovery process and broadcast communications. Therefore, the achievements in this
work regard current challenges and research issues in the context of resource allocation, from
different perspectives and for different applications. From a quantitative point of view, the key
results can be listed as follows: - With respect to power allocation strategies, by introducing a
hybrid power control for macro cells we managed to have increase in the throughput of edge
users and a reduction in the transmission power over conventional power allocation techniques.
Using the achieved trade off a good overall cell performance can be maintained, at the same
time the cell edge rate is more than doubled w.r.t. the minimum and also the average power
consumption is reduced of a factor around 5 dB. - W.r.t. the global optimization technique, the
calculation time has been reduced of a factor around 20, while keeping the accuracy higher than
99%. - W.r.t. NB-IoT resource allocation, by introducing specific repetition mechanisms the
packet drop rate went down from 29 % to 1.6 %. Furthermore, by using the MAPEL algorithm,
we have decreased the power consumption by 3 dB and doubled the throughput in case of high
number of devices. - W.r.t. device to device communication, a proper scheduling of the users in
case of coexistence between device to device communication users and cellular users allows a
rate improvement between 10% and 15% is achieved.
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LUCIANO MACHADO TOMAZ
A TOTAL ATTENUATION TIME SERIES SYNTHESIZER FOR NONGEOSTATIONARY SATELLITE LINKS
The development of space communications is increasingly dependent on the direct knowledge
(satellite experiments) and on the output of ad-hoc developed tools (prediction methods) that
enable to understand and quantify the main impairments affecting wave propagation. In recent
times, the high frequency bands (Ku and Ka) are extensively used in commercial and military
applications while the Q/V bands are expected to be used in the next future. It follows that the
knowledge and the study of the propagation problems at such very broad range have become a
critical issue. Moreover, the Low Earth Orbit (LEO) and Middle Earth Orbit (MEO) satellites,
widely used in remote sensing and Earth Observation (EO) applications, are nowadays becoming
more and more interesting also for television broadcasting and direct-to-user communications
due to the fact of being closer to the Earth surface. These satellite configurations have shorter
orbital periods with respect to GEO and lower signal propagation delays. Also, since the signal
propagation paths are shorter, the requested transmission power is also smaller, which allows
building small and low-cost satellites (although in a larger number). While in the geostationary
satellites (GEO) applications the position (geometrical parameters) of the link remains static
and only the weather presents variability, in non-GEO (NGEO) satellites applications, in
addition to the meteorological changes, it is necessary to consider that the satellite in the short
orbital period is seen from the ground station at variable values of azimuth and elevation thus
making the modelling task very challenging. This thesis presents a model of a Total Attenuation
Time Series Synthesizer for NGEO satellite links. The development of time series synthesizers
allows the simulation of the time varying condition of the channel and represents the today most
advanced propagation prediction tool. In fact, a time series synthesizer is the basic instrument
for the development and testing of the Propagation Impairment Mitigation Techniques (PIMTs),
which represent the best approach for an effective design of a satellite communication system
operating at microwave frequencies.
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FORENSICS AND COUNTER-FORENSICS METHODS FOR SOURCE DEVICE
IDENTIFICATION
Images and videos of various nature flood the web in an unbridled fashion everyday,
overwhelming our social network profiles. This wildfire spreading of visual content published
online can be seen as the direct consequence of a new communication paradigm, founded
on immediate and effortlessly knowledge. The concept of “social” networks itself has been
revolutionized during the last few years. Nowadays, they represent not only platforms for
connecting people around the world but actual websites for quick information, marketing
purposes and politics propaganda. As a matter of fact, visual communication is by far the most
powerful and rapid instrument to convey a message in terms of data intelligibility. Every age,
group and education can access an enormous amount of data, absorb information and share
new content in few seconds. This phenomenon inevitably injects potential dangers into the
communication process: whenever illegal or counterfeited data are uploaded on Internet,
the longer we wait, the harder is to verify the content authenticity and avoid its uncontrolled
diffusion. In this vein, performing forensics investigations on multimedia content answers the
need of smart solutions for assessing data authenticity and integrity. Tampered with and neural
network generated data, as well as unknown provenance and illicit material constantly fill days
of forensics analysts, just to mention some examples. In this thesis, we tackle a few of these
forensics challenges, specifically focusing on source device identification problems on images
and videos. As a matter of fact, determining the origin of visual data proves extremely helpful
to expose copyright violations or fight distribution of illegal content (e.g., child exploitation
clips and terroristic threats). Since state-of-the-art methods for image source identification
may suffer from memory and temporal requirements, we explore a novel strategy leveraging
convolutional neural networks (CNNs) to identify the source camera of a query image. Our
approach is a valid option to preserve important data storage and computational time. Extending
image source identification strategies to videos is far from being straightforward, and several
peculiar issues must be addressed. First of all, videos are typically acquired at lower resolution
and stronger compression than images. Furthermore, video stabilization technologies introduce
pixel misalignment in video frames which severely affects the identification performance
unless suitable countermeasures are considered. In light of this, we thoroughly investigate
the stabilization mechanism and propose multiple strategies for dealing with source device
identification on stabilized sequences. Finally, and just as important, the job of forensics analyst
usually includes investigations taken from a counter-forensics perspective as well. In case a
malicious agent manipulates visual content with the goal of hindering investigations, forensics
algorithms must be ready to address the issue and be robust to the attack. In this regard, source
device anonymization is the counter-forensics instance of the identification problem. We draw
two possible solutions to the anonymization task, aiming at testing the robustness and spotting
weaknesses of proposed identification algorithms in literature. To face these challenges, we
rely on subtle sensor traces left by each camera on its acquired content. These characteristic
footprints take the form of a random noise and are unique per device, thus enabling to directly
trace data back to their origins. Specifically, we exploit a unique device fingerprint known as
photo-response non uniformity (PRNU), without limiting our investigations to statistical
methods but opening new horizons towards automatic and data-driven approaches. The
proposed experimental campaigns are always evaluated on images and videos from well-known
disclosed datasets. The achieved results draw our strategies as competitive solutions, in terms of
accuracy and computational complexity accomplishments.
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Radio Access Network (C-RAN) is an attractive solution to handle the huge number of
user devices and antennas that are expected to populate next generation (5G and beyond)
communication networks. C-RAN is already adopted in current (4G) mobile networks, in
which BaseBand Units (BBUs) and Remote Antenna Units (RAUs) exchange In-phase and
Quadrature (I/Q) digitized signals over the so-called FrontHaul (FH) link. However, the
expected increase in radio frequency bandwidth calls into question the effectiveness of digital
I/Q stream. Among the numerous FH functional splits that have been proposed over the
last years, mostly based on digital FH, C-RAN based on analog fronthauling is considered a
low-cost and bandwidth efficient solution. In analog C-RAN, the RAUs directly relay the radio
signals to/from the BBU, thus bypassing any bandwidth expansion due to digitization, reducing
latency, and providing synchronization among multiple RAUs. In particular, C-RAN with
analog FH based on copper cables, namely Analog Radio-over-Copper (A-RoC), is a suitable
solution to enhance indoor wireless coverage into buildings and enterprises. In this thesis,
A-RoC is considered for multiple-antennas RAUs and multiple twisted-pairs copper cables, e.g.,
Local Area Networks (LAN) cables, thus leading to the Analog MIMO RoC paradigm. In the
proposed A-MIMO-RoC architecture, radio signals from multiple-antennas are opportunely
mapped over the copper cables multiplexed both in space dimension, given by the multiple
twisted-pairs, and in frequency dimension, given by the bandwidth of each twisted pair. Such
all-analog radio-cable resource mapping enables the full exploitation of the transport bandwidth
capability of copper cables. The A-MIMO-RoC system design requires the optimization over
the cascade of two different MIMO channels, i.e., the radio and cable channels, each of which
with different characteristics and constraints. As a first step, signal processing techniques have
been investigated for these two channels, separately. In particular, on the one hand, the focus
was on non-linear precoding techniques for next generation xDSL systems, namely G.fast; on
the other hand, interference mitigation techniques have been designed for wireless systems
with focus on multi-operator scenarios, and for optical wireless systems, i.e., Visible Light
Communications (VLC). Merging the knowledge acquired from this preliminary step, the core
of the thesis discusses the design and optimization of the Analog-MIMO-RoC architecture,
which is complicated by the mutual interaction between the wireless and wired communication
channels. This thesis provides extensive numerical analysis showing the benefits of the proposed
A-MIMO-RoC architecture for 5G indoor networks. As a conclusive step, the real world
implementation of the proposed architecture has been demonstrated by developing a first
A-MIMO-RoC prototype, which was able to prove experimentally and for the first time the
potentials of the proposed analog C-RAN architecture for FH indoor applications.
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Position information is one of the core element for context awareness and pervasive systems. In
recent years, with the increase of the demand for location-based services (LBS), there is more
and more interest in localization systems. In the outdoor environment, location information
is obtained from the Global Positioning System (GPS), while for indoor environment, intense
research is ongoing both form academic in industry words to achieve a global solution. In this
thesis, we focus on positioning and navigation techniques, for indoor, outdoor, and molecular
communication environment. The main achievements in the indoor scenario are related to
the fingerprinting-based localization, which is one of the most popular techniques for Indoor
Positioning System (IPS). In particular, we have developed an analytical model to predict
the performance at the design time. Therefore it is possible to tune the system parameters
without the time consuming and expensive practical implementation and testing methods.
A more important result is the introduction of the Binary Fingerprinting (BFP) technique,
where the quantization bits of the Received Signal Strength Indicator (RSSI) is reduced till
the binary level. The obtained Radio-Map and the online fingerprints are binary, therefore it is
possible to apply concepts from binary coding theory to analyze and estimate the user position.
Numerical and experimental evidence has shown the benefits of the proposed technique, in
terms of computational complexity and scalability. Moreover, we extended the concept of the
BFP beyond the mere positioning purpose, introducing the Binary Space Labeling concept,
which can serve as a network access and resource sharing strategy with less signaling and
control w.r.t state of the art techniques. For the outdoor environment, the Vulnerable Road
User (VRU) protection is presented. It is a location-based service in the network, where Road
users are localized and tracked by the network with the goal of preventing road accidents.
Within 5GCAR project, VRU protection will be demonstrated live on June 27, 2019, in Paris.
Another localization application studied in this work is related to Molecular Communication
(MC). The study of communication systems based on the exchange of molecules is currently
a fertile research direction in communications, encouraged by novel practical tools to engineer
such systems from living substrates. Position estimation in these systems, especially when
applied to the pervasive monitoring and control of biochemical environments, e.g., intra-body,
is a critical functionality. In this context, two distance estimation methods are introduced.
The first estimator is based on the measure of the peak attenuation, while the second is based
on the measure of the widening, respectively, of a diffusing pulse of emitted molecules. Their
performance is evaluated through simulations in terms of normalized Root Mean-Squared Error
(RMSE) by varying several parameters, such as the transmitter-receiver distance, the number
of released molecules, and the diffusion coefficient. The use of a variable-length smoothing
filter is also proposed to further improve the performance of the two considered methods. The
simulation results have shown that a positioning algorithm is feasible in the bio-environment,
with unlimited practical applications.
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Hybrid wireless/powerline communication has been proposed to improve reliability and
performance in smart grids. In this work we focus on a hybrid wireless/narrowband PLC
(WiNPLC) system for communication links in Smart Grids (SG) such as the link between
smart meters (SM) and in-home devices (IHD). An effective approach to enhance the data
rate in narrowband power line communication (NB-PLC) system is multicarrier modulation
based on orthogonal frequency-division multiplexing (OFDM) and multiple-input multipleoutput (MIMO) transmission over multiple power line phases. Low voltage, in-home NB-PLC
networks allow direct communication between SM and IHD. In order to minimize security
issues, in many deployment scenarios transmission takes place only towards the IHD to display
consumption data, with no backwards channel. As a result, channel estimation is difficult and a
key challenge for achieving reliable communication over NB-PLC is to use robust transmission
and detection techniques to mitigate effect of the impulsive noise within the PLC channel and
recover transmitted data. To this aim, it is fundamental to give an appropriate characterization
of such a noise. In fact, substantial components of the noise in NB-PLC systems exhibit a
cyclostationary behavior with a period of half the alternating current (AC) cycle. Moreover,
when MIMO transmission is adopted, an important issue that must be considered is the crosscorrelation between different phases. Frequency-shift (FRESH) filter is a recently proposed
approach that is able to reproduce the effects of cyclostationary NB-PLC noise obtained from
measurements. In this work, we propose to classify the noise generated by FRESH filter into
three classes, based on the estimation of the respective probability density functions and on the
evaluation of their second order statistics. First, we show that while one class exhibits a normal
distribution, the other two exhibit an impulsive behavior for which we propose a generalized
Student’s t-distribution. Simulation results show that the bit error rate (BER) of MIMOOFDM NB-PLC significantly changes between different classes of noise. Hence, we develop
an algorithm for switching data delivery between MIMO-OFDM NB-PLC and MIMO-OFDM
wireless transmission in unlicensed frequency band that takes into account knowledge of the
periodicity of the three classes of noises. The result is a hybrid MIMO-OFDM wireless/NBPLC system, which we refer to as, hybrid MIMO-OFDM WiNPLC. Our simulation results
demonstrate BER improvement of the proposed hybrid system over individual MIMO-OFDM
NB-PLC or MIMO-OFDM wireless systems. Further improvement in performance of hybrid
system could be obtained by evaluating capacity of the MIMO NB-PLC system in presence
of different classes of the noise. This thesis obtained capacity by spatio-temporal whitening of
the cyclostationary correlated noise samples generated through FRESH filtering. This capacity
is useful for adapting the modulation order and obtaining optimum performance based on
the class of noise. Due to the cyclostationarity of the noise, similar behavior is repeated in
next periods and can take advantages of this pre-processing. To support the future works of
other researchers in the field of NB-PLC, we propose a simple and more adaptive method to
generate noise samples with characteristics similar to those obtained using the FRESH filter.
To this aim, filterbank of FRESH filter is replaced by applying spectral and temporal shaping to
a white Gaussian (WGN) noise random process to obtain correlated impulsive noise samples.
In addition, by changing the slope of temporal shaping, distribution of each class could change
from Gaussian to impulsive and vice versa. The proposed noise generation approach is compared
with FRESH filter generator in terms of normalized mean square error (NMSE) in the cyclic
auto-correlation, and bit error rate (BER), between the measured and generated noise samples.
The noise introduced by electrical appliances to the communication data could be used as device
signatures which is an useful information for energy monitoring. In this regard, data received to
all SMs must be collected and analyzed for improving energy consumption management. Due
to the notable rise in the number of installed SMs, Non-Intrusive Load Monitoring (NILM) has
received growing attention in the recent years. NILM aims at replacing several SMs by a single
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SM and estimating the power demand of individual appliances from a household’s aggregate
electricity consumption. In the present work, after reviewing different categories of household
appliances, the state-of-the-art load signatures, including both macroscopic and microscopic
features, are introduced. Next, commonly used supervised and unsupervised disaggregation
algorithms, which are employed to classify the appliances based on the extracted features, are
discussed. Publically accessible datasets and open-source tools, which have been released in
the recent years to assist the NILM research and to facilitate the comparison of disaggregation
algorithms, are then reviewed. Finally, main applications of energy disaggregation, including
providing itemized energy bills, enabling more accurate demand prediction, identifying
malfunctioning appliances, and assisting occupancy monitoring, are presented.
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In this thesis, the main advances in control of complex and flexible Photonic Integrated
Circuits (PICs) are presented, and a novel control technique applied to a reconfigurable PIC is
demonstrated. It involves a complex optical chip with an array of Microring Resonators (MRRs)
that are tuned and locked to a reference optical channel. Targeting the application on high
capacity optical networks, the requirements of such networks are analyzed and an evaluation
on how they can be fulfilled by integrated photonics technology is done. Then, two integrated
photonics platforms, Silicon Photonics (SiP) and Silicon Oxynitride (SiON), are analyzed and
their key features and applications highlighted. The required tasks to fabricate, test, operate
and calibrate optical chips are discussed. Next, the key building blocks required to assemble a
complete solution making use of integrated photonics technology are addressed. State-of-theart optical devices are designed and analyzed in the level required to use them to construct a
telecom graded reconfigurable optical filter. Such device is then designed, realized, characterized
and operated with the fabrication of the optical chips being done in a commercial SiP foundry
run. The automated tuning and locking of a hitless silicon MRR filter, exploiting a novel channel
labeling scheme is demonstrated. Hitless tuning with more than 30 dB isolation is achieved. A
dynamic channel reconfiguration making use of the SiP PIC is demonstrated by measuring the
Bit Error Rate (BER) of a channel while the system is reconfigured. It is shown that the already
established channel was not affected by the newly added channel. Moreover, a technique to
measure in-band Optical Signal to Noise Ratio (OSNR) of optical channels also making use
of the labeling technique is demonstrated. All the demonstrated techniques, architectures and
strategies are key enabling technologies for the applications of PICs in add-drop reconfigurable
optical node architectures.
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TRAFFIC MANAGEMENT IN NETWORKS WITH PROGRAMMABLE
DATA PLANES
Traditional computer networks include packet forwarding and specialized devices (middleboxes) running vertically integrated data and control planes, each one with their own lowlevel vendor-proprietary configuration interface, making networks complex and difficult to
manage. Software-Defined Networking (SDN) is a computer networking paradigm based
on the decoupling of the control plane from the data plane. The control plane is logically
centralized in an external device (the network controller) while network devices just run the
data plane, effectively forwarding the traffic, and expose a common programming interface
to the controller to configure the network forwarding policies. Rather than designing complex
distributed protocols to achieve the desired global network behavior, network managers can
now directly operate on the global network view offered by the controller to configure the
network and to deploy new services and applications more easily. With SDN, innovation
happens at software speed: a network can be reconfigured by running a different application
on top of the controller, bringing to the networking domains software engineering best
practices such as code modularity and reusability. An SDN device can be re-purposed without
waiting for the slow development cycle from vendors and at the same time the introduction
of new networking programming abstractions and high-level languages simplifies the network
management and facilitates the evolution of the network. In this thesis work we analyzed
the network programmability opportunities for traffic management offered by SDN at three
different layers: control plane programmability, data plane programmability and in-network
computing. The thesis can be accordingly divided in three macro sections. We started from
the control plane programmability and exploited its global view to design a Traffic Engineering
framework to enable online traffic optimization based on periodic traffic measurements and
predictions. Even if the SDN paradigm provides the needed flexibility for frequent network
updates, the achievable network reconfiguration rate is limited by several aspects including
the uncertain nature of the traffic, the limited speed of flow programming in hardware and
the traffic monitoring overhead. In order to avoid too frequent network reconfigurations, we
defined an optimization model to cluster the observed Traffic Matrices in the time, traffic and
routing domains to build a limited set of corresponding routing configurations to be proactively
applied with a guaranteed minimum holding time. By tuning the model’s parameters we can
explore the trade-off between Static TE and Dynamic TE approaches and reduce the number of
reconfigurations with a small deviation of performance with respect to the continuous update
of the network configuration. We also allow adjacent clusters to overlap to make smoother the
transition between routing configurations and help consistent update mechanisms. Moreover,
we show how to implement our solution in a production-ready SDN platform for network
operators (ONOS) through a new service which have been included in the project’s codebase as
official open-source contribution. Despite the robust nature of each routing configuration, the
controller intervention is still required to handle exceptional events such as network failures and
congestion. These kinds of scenarios challenge the strict decoupling of the control plane from
the data plane of the SDN paradigm, because the intrinsic control channel delay and control
traffic processing time at the controller prevent a prompt and scalable reaction. Switches are
indeed unable to modify their configuration without relying on the external controller. To cope
with such events, in the second part of the thesis we designed two applications based on the
capabilities provided by advanced stateful programmable data planes which enable the offloading
of control functions to the device to support the adaptation of the forwarding configuration in
the fast-path according to the locally observable state of the network. In the first application we
offload to the data plane the detection and the recovery of network failures in order to reduce
both the recovery latency and packet loss while avoiding to rely on the external controller,
even for the case of distant failures. In the second application we instead focus on data-center
scenarios and show that we can delegate to the networking device the tasks of monitoring and
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re-routing large flows colliding on a same path in order to quickly balance the load and improve
the flow completion times without the intervention of the remote controller. Latest advances
in the data plane programmability pushed further the potential of SDN. The possibility of
programming the packet parser and defining custom per-packet actions enables a new class of
applications beyond pure packet forwarding under the in-network computing paradigm: the
network is not just a pipe which merely forwards packets among endpoints, rather it can modify
the application data while it flows into the network, effectively making the network part of the
pool of computing resources of the infrastructure. As a third contribute, we investigated the
option of offloading the execution of neural network inferences on a commodity SmartNICs.
By adopting neural network quantization techniques, we simplified the set of operations
required to execute a neural network inference to fit the computational and memory limits of
the networking hardware. The ability to run a traffic analysis task directly where the forwarding
decision is accordingly taken allows to achieve lower latency and higher throughput compared to
an equivalent system implemented on a general purpose CPU while freeing an entire CPU core.
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A MORPHOACOUSTIC APPROACH TOWARDS HEAD-RELATED
TRANSFER FUNCTION PERSONALIZATION
The head-related transfer function (HRTF) for a location describes the transfer characteristics for the
sound waves as they travel from a sound source at that location to the ear canal in free space conditions.
These transfer functions depend significantly on the individual’s head, torso, and ear morphology and
are highly idiosyncratic. The knowledge of these individualized acoustic transfer functions is crucial to
present personalized 3D audio through binaural rendering. This thesis builds on the currently available
knowledge on the HRTF personalization and aims to widen this knowledge space by presenting some
studies. These studies can aid in modeling and understanding the relationship between the morphology
of an individual and corresponding HRTFs and facilitate one to create a simple HRTF personalization
method to estimate individualized HRTFs without performing acoustic measurements or long
numerical simulations. This thesis work is a composite of many studies and concepts from different
fields. These studies include primary signal processing techniques such as spectral analysis, notch
extraction, principal component analysis (PCA), and sparse representation based modeling, the physics
of numerical simulations like Fast-Multipole Boundary Element Methods (FM-BEM), and functional
space analysis of shapes like large deformation diffeomorphic metric mapping (LDDMM), and kernel
principal component analysis (KPCA) on LDDMM data. The studies performed in this thesis can be
divided into two groups. The first set of works provides some preliminary studies which can be used to
personalize the HRTFs based on anthropometric data. These studies are mainly performed on the
CIPIC database, and focus on the personalization methods based on the anthropometric data. On the
other hand, the second set of works presents the studies based on the morphoacoustic approach and
considers 3D morphology data for subjects. This work aims to widen the understanding of the
relationship between the outer ear shapes and the corresponding acoustics by studying the variations in
both spaces separately and then finding a mapping between the variations in two spaces. All the studies
presented in this group are performed on the SYMARE database. There are two studies in the first
group. The first study provides a statistical analysis of the center frequencies of first notches in the
HRTFs of CIPIC and SYMARE databases. The notches for the HRTFs in the median plane are
extracted for both databases and clustered into three clusters using k-means. Each cluster represents
the notch created due to one of the three main contours of the ear shape, as suggested in past studies.
The centroids of the clusters show the evolution of notches in frequency as a function of elevation
angles. The results are compared for two databases showing almost the same results. The results show
that the mean value for three notch frequencies in both databases evolves monotonically for the first
two notches as a function of elevation angle from -45 degrees to 45 degrees. In contrast, for the third
notch, this frequency almost stays flat. The mean notch frequency for first, second, and third notches
range from 6 kHz to 8.5 kHz, 10 kHz to 12 kHz, and 13.5 kHz to 14 kHz respectively. This study also
compares these frequencies for left and right ears in both databases. The results show that these
frequencies are not symmetric in both ears. This asymmetry suggests either the possible effectiveness
of the binaural cues in the median plane or could be simply due to the asymmetry in the ear shapes of
the involved subjects or measurement setup. The second study provides a preliminary HRTF
personalization method based on weighted sparse representation based modeling. Like past sparse
representation-based methods this method also relies on two strong assumptions, 1) the
anthropometric features of the available subject set are rich enough to model the anthropometric
features of any new subject, and 2) a same sparse modeling (linear combination) can be used to model
both the anthropometric features as well as the corresponding HRTFs. However, the study presented
in this work is different from the past sparse representation based HRTF personalization studies for two
reasons. The first difference is that it uses a separate sparse representation for both left and right ears,
while the past studies used the same model for both left and right ears. The reason to do so is the
findings of our previous studies on notch analysis, which showed asymmetry in HRTF of both ears. The
second difference and contribution of this work is the use of weighted sparse representation. The
previous studies considered all the anthropometric parameters to be equally relevant while calculating
the sparse representation. However, our work calculates the relevance of each of the available
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anthropometric parameters and use these relevance metrics as the weights to the sparse
representation. Hence the name weighted sparse representation. Furthermore, this compares the
results of the method with some famous closest-matching based personalization schemes and shows
that it outperforms the previous techniques. In the second group of studies, the first work analyzes the
effects of affine transformations of the ear shapes on the corresponding HRTFs. As a counter product,
this study creates a synthetic database from SYMARE (one of its kind), which we call affine models for
the SYMARE population. For the affine models, the ear shapes are affine matched with the template
ear shape to have the same scale, orientation, and position. The affine matched ears are then attached
to the template head and torso shapes to create a 3D model of the head, torso, and (affine matched
ears), called an affine model. The benefits of creating an affine model can be multi-fold. The first and
most important benefit of this is that it creates a simplistic paradigm to study the morphoacoustics of
the ear shape, by limiting the variations to only ear shape variations, and removing all the variations due
to different head and torso shapes, ear sizes, ear rotations, and position of the ears on the head. The
second benefit is that it simplifies the process of modeling the ear shape as one has to model the shape
variations only using LDDMM and KPCA, not the scale and rotation. Third, it supposedly simplifies
the modeling process of the acoustics, as all the ear shapes are at the same scale, position, and rotation
and are placed on the same head and torso shape. However, this may end up creating artifacts that
outweigh all these benefits. This work investigates all these questions. In this work, we present a study
that provides an analysis of how simple corrections such as frequency scaling of the HRTFs (to correct
for the scales) and rotation of HRTF directivity patterns (to correct for the rotations) can significantly
compensate for these affine transformations. This also studies and calculate the amount of intersubject variations coming from affine matching vs. the original shape. Finally, the study calculates the
optimal frequency scaling factor from a purely acoustic point of view, which matches the affine
modeled HRTFs to the original HRTFs in the best way. These optimal scaling factors are then related
to the physical scaling factors by using linear regression. The results show these scaling factors can be
inferred simply by knowing the ear shape scaling factors coming from the affine matching process. The
second study in this group provides a simple Spatial Principal Component Analysis (SPCA) based
modeling method to analyze the variations in the acoustic directivity patterns of the HRTFs as a
function of frequency. The directivity patterns of different frequencies are modeled separately, and the
number of principal components required to model the directivity patterns for a given frequency is
quantified for all the frequency bins in the frequency range from 0.2-17 kHz. This study reasserts the
importance of the affine models by showing that the directivity patterns of the affine models can be
described by using only eight principal components at even high frequencies up to 17 kHz, keeping the
average standard spectral difference (SDD) of less than 3 dBs. Using the existing morphable model of
the ear shapes this work model the ear shapes with just first eight principal components and showing
results for some ears. Finally, using the eight principal components of the shape space, it estimates the
acoustic principal components through linear regression to provide a simple personalization method for
HRTFs. The last study in this work provides a novel idea of morphological weighting to create a
weighted morphable model for ear shapes. This study proposes to assign different weights to different
ear portions and use a weighted kernel for KPCA on LDDMM data to create a weighted morphable
model. The results of this preliminary work show a better prediction for the acoustic principal
components is achieved when weighted KPCA is used compared to traditional KPCA on LDDMM
data. These insights are very interesting and suggest that with further work, this tool can be used to not
just better prediction of personalized HRTFs but also could be an effective way to understand the
contributions of different parts of the ear shapes as a variant of morphoacoustic perturbation analysis.
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ENERGY EFFICIENCY AND SURVIVABILITY IN 5G CENTRALIZED
ACCESS NETWORKS
The continuous demand for better wireless data services in terms of very high data rates
(typically of Gbps order), extremely low latency, and significant improvement in users’
perceived Quality-of-Service, has triggered the research on the fifth generation (5G) wireless
systems that are expected to be deployed beyond 2020. Maintaining the current network
architecture will lead to an unsustainable network-cost increase as well as to a dramatic
expansion in the network power consumption. Hence, minimization of network cost and energy
consumption have become a necessity for mobile network operators. In order to do so, the
network infrastructure has to evolve from the old static architecture towards a more scalable,
dynamic and agile one by resorting to novel technologies and architectural solutions to improve
cost and energy efficiency. Centralized Radio Access Network (C-RAN) is a promising mobile
network architecture designed to support the requirements of future 5G mobile networks.
C-RAN is a new mobile access network architecture where base stations are splitted among
BaseBand Units (BBU) and Remote Radio Heads (RRH) and BBUs are centralized into
single physical location, with the consequent introduction of the new “fronthaul” transport
network. In C-RAN, the “centralization” of baseband units enables substantial savings of
computational resources and significant power savings. On the other hand, the deployment
of C-RAN requires high capacity and imposes strict latency requirements on the fronthaul
transport-network. To address these issues, various alternative architectures, known as “RAN
functional splits”, have been introduced to relax these strict fronthaul requirements. In this
thesis, we investigate the opportunities enabled by C-RAN. First we provide a quick survey on
the C-RAN stat of art. Then, we model the computational savings (what we called multiplexing
gain) enabled by C-RAN under four different functional splits. Furthermore, we show the cost
savings arises from centralization. To estimate the power savings -resulting from reduction in
the computational resources- for the various cases, we identify the main power consumption
contributors in a BS and provide a power consumption model for the different RAN split
options. Following this centralization savings, we design a survivable C-RAN against BBU pool
and link failures. We propose three different approaches for the survivable BBU pool placement
problem and traffic routing in C-RAN deployment over a 5G optical aggregation network. We
formalize different protection scenarios as Integer linear Programming (ILPs) problems. The
ILPs objectives are to minimize the number of BBU pools, the number of used wavelengths
and the baseband processing computational resources. Finally, we design survivable C-RAN
based on shared path protection schemes with the objective to minimize the number of BBU
pools and the number of used wavelengths. The results show the cost and energy advantages
of CRAN with respect to classical RANs, due to “centralization” of BBUs into a few sites.
Moreover, the results give insights on the latency and the transport network capacity on the
BBU placement problem.
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In recent years, the amount of flights have undergone a rapid increase and at the same time
also the number of passengers complaining for the lack of Internet connectivity during the
flight is increased as well. Although some airline companies currently provide an Internet
service based on both satellite communications (mostly in the Ku band) to ensure the aircrafts’
coverage and on on-board cognitive Wi-Fi systems to interface with the users’ terminals, the
capacity is limited by the large geographical coverage of the geostationary satellites. In fact,
the huge number of served airplanes forces the overall bandwidth to be subdivided in several
small portions which are insufficient to serve all the passengers. Moreover, the potentials of
cognitive-type radio frequency systems are greatly limited by the need to not generate spurious
interference to the avionic instrumentation. This thesis work aims at investigating the possibility
of providing the passengers with a radio frequency-free Internet access through optical wireless
communications, in particular by using the visible light emitted by the LED reading lamps as a
carrier for the downlink and the infrared light for the uplink.
The wireless optical channel is studied in detail both in terms of impulse response and signalto-interference-plus-noise ratio, characterizing its peculiarities. Moreover, optimized digital
transmission techniques are tested to best suit with on-board scenarios. An innovative highcapacity backbone network is proposed to interconnect the LED reading lamps one to each
other, reducing as much as possible the extra weight and limiting the energy consumption.
Finally, the development of a visible light optical transceiver with its relative preliminary
tests is reported.
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MACHINE-LEARNING DEFINED NETWORKING: APPLICATIONS
FOR THE 5G METRO-CORE
With the advent of 5G technology and an ever-increasing traffic demand, today Communication
Service Providers (CSPs) experience a progressive congestion of their networks. The operational
complexity, the use of manual configuration, the static nature of current technologies together
with fast-changing traffic profiles lead to: inefficient network utilization, over-provisioning
of resources and very high Capital Expenditures (CapEx) and Operational Expenses (OpEx).
This situation is forcing the CSPs to change their underlying network technologies, and have
started to look at new technological solutions that increase the level of programmability, control,
and flexibility of configuration, while reducing the overall costs related to network operations.
Software Defined Networking (SDN) and Network Function Virtualization (NFV) are accepted
as effective solutions to reduce CapEx and OpEx and to boost network innovation. Although the
implementation of SDN and NFV in networking gained big momentum in the last years, it also
brings a whole new level of complexity. Virtualization breaks traditional networking into dynamic
components and layers that have to work in unison and that can change at any given time. The
high complexity introduced by these new technologies has led to the research for increasingly
smart algorithms to optimize the network resource allocation. This thesis investigates new
Machine Learning (ML) based algorithms in order to efficiently optimize resources in 5G metrocore SDN/NFV networks. The main goal is to provide the modern CSP with intelligent and
dynamic network optimization tools in order to address the requirements of increasing traffic
demand and 5G technology. The present study can be divided in two main activities: 1) propose
novel ML algorithms in order to optimize the resource allocation of 5G metro-core networks;
2) implement the proposed algorithms in different emulated and real network scenarios. The
first activity starts by investigating the three branches of ML, that are: supervised, unsupervised
and reinforcement learning. Exploiting different kind of network data, we develop supervised
learning algorithms in order to predict network traffic in mobile-metro-core networks in order
to optimize resource allocation in advance and to proactively route connections. Then, we focus
on unsupervised learning algorithms in order to identify typical traffic patterns in SDN/NFV
mobile-metro networks. Taking advantage of this patterns, the goal is to predict how and when
to optimize the resource allocation in the underlying physical network. After investigating
supervised and unsupervised techniques, we focus on reinforcement learning techniques with
the aim to build an intelligent system capable of optimizing the network resource allocation
given the actual and historical observations of the state of the network. Finally, we implement
ML-based algorithms on different emulated and real SDN/NFV testbed scenarios. First, we
develop the network planner module under the framework of an European project called MetroHaul, in which ML-based algorithms interact with the control plane of the proposed SDN/NFV
orchestration infrastructure. Then, we develop an experimental SDN/NFV service orchestrator
called SENATUS, able to host and quickly test various ML algorithms. We present two testbed
scenarios to show the capability of SENATUS to integrate both Information Technology (IT) and
networking resources. As last, we develop different ML-based performance monitoring tools for
Enterprise Networking (EN) by means of Software Defined Wide Area Networking (SD-WAN)
technology. It represents a revolutionary way to simplify Enterprise networks and achieve
optimal application performance using centrally managed WAN virtualization. In particular, we
present two testbeds based on open source components with the aim to test classical and MLbased performance monitoring algorithms.
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