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Abstract

The past 100 years of research and development in the fields of nuclear power, weapons,
and industrial radiation applications have imbibed regions across the world with facilities
and terrain which is contaminated with radioactive material. Such locations can pose
significant hazards to human health, thus requiring vigilant monitoring and mitigation
efforts. The use of autonomous robots is well suited to this task. Motivated by this
fact, this work contributes a holistic perspective on the deployment, design, and use of
autonomous robots for the characterization of radioactively contaminated environments.
The set of developments presented in this dissertation incorporate principles of gamma
radiation detection and measurement, techniques for mapping and localizing a variety of
radioactive sources, path planning strategies tailored to both ground and aerial platforms,
as well as prototype systems implementing methods for perception and navigation in dirty,
dangerous, and degraded conditions.

Specifically, Chapter | presents the motivation behind this work, including its prac-
tical application, as well as a brief description of the approach utilized to accomplish
environmental radiation characterization. Chapter Il presents a detailed overview of the
presented radiation mapping contributions and associated publications in addition to a
brief note on other synergistic contributions made towards enabling autonomy in the
perceptually degraded environments associated in particular with waste decommissioning
facilities. Subsequently the core contributions of this thesis are presented in detail. Chap-
ter Il presents a method for autonomous single source localization using an aerial robot,
alongside details regarding principles of radiation measurement and detection. Chapter IV
describes a technique developed to map distributed radiation fields in 2D using a ground
platform, while Chapter V extends the work to perform the mapping task in 3D using
a collision tolerant micro aerial vehicle. Subsequently, Chapter VI presents autonomous

distributed 3D radiation mapping coupled with an intelligent path planning algorithm tai-



lored to source seeking behaviors in confined environments. Finally, conclusions and an
outlook for future research are discussed in Chapter VII.

Overall, this dissertation contributes a body of work enabling autonomous radiological
surveying in challenging conditions, demonstrating robust functionality through a series of
field experiments using real radiation sources. Each of the presented methods is associ-
ated with a tested and reliable robotic system purpose-built for its designated task. This
combination of performance robotic hardware demonstrating novel autonomous function-
ality in realistic use-case scenarios showcases the applicability and dependability of the

presented systems and methods.
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Chapter |

Introduction

.1 Motivation

Decades of nuclear power generation, weapons development, medical research, and indus-
trial applications from rare earth metals mining to food processing have created a plethora
of contaminated facilities requiring frequent, reliable and potentially hazardous monitor-
ing, surveying, and maintenance [1{8]. Waste from nuclear power plants in the United
States alone contributes an estimated 2000 metric tons of highly contaminated material
to storage facilities every year [9]. In the United States, this waste is typically stored
within concrete casks placed at sites surrounding the plant in which it was generated [10].
Other nations have chosen to store their waste in underground repositories at tens if not
hundreds of meters below the surface. Regardless of the waste storage methodology, no
storage system is perfect, and regular monitoring of waste facilities is required to mitigate
the risk of serious environmental catastrophes [3].

Furthermore, as aging nuclear weapons development facilities reach their end of life, con-
taminated buildings and infrastructure require monitoring and careful treatment. One

such example is the Hanford Nuclear Reservation in Washington State [11]. Established



in 1943 as a critical part of the Manhattan Project, the facility housed the world's rst
plutonium production reactor, generating material for the earliest nuclear weapons, as well
as an additional 60,000 nuclear weapons throughout its life-cycle. Hanford is currently
recognized as the most contaminated site in the United States, hosting an array of build-
ings, storage tunnels, and piping heavily contaminated with highly radioactive material.
In 2017, a 6 meter portion of a tunnel belonging to the Plutonium Uranium Extraction
(PUREX) Facility [12] collapsed, revealing the hazards posed to cleanup workers. The
utilization of autonomous robots in such scenarios is highly desirable given the level of
contamination and the structural risks associated with aging infrastructure.

Additionally, gamma radiation surveying is frequently used in mineral prospecting. The
presence of gamma emitting isotopes can be indicative of the underlying geology, and their
relative concentration can assist in the initial search for particular metals and rare earth
minerals. Such techniques have been employed onboard low- ying aircraft for decades
providing low resolution gamma radiation maps of extremely large portions of the United
States.

In spite of these facts, there are few examples in the literature dedicated to the devel-
opment of autonomous systems purpose-built for mapping radiation elds. This work,
organized based on a sequence of publication contributions, presents a comprehensive set
of developments towards enabling the autonomous characterization of gamma radiation
contaminated environments. The paper presented rst provides a simple geometric strat-
egy for rapidly localizing a single radiation source autonomously. This work is motivated
by lost source scenarios in which a dangerous radiation source is nefariously stolen or
negligently misplaced. This technique is robust to the e ects of variable shielding and
requires only a minimum of three high con dence measurements to localize the source.
The second work is motivated by environmental monitoring applications where a ground

robot is capable of autonomously navigating a nuclear waste storage facility to detect



leaks and other radiological anomalies which must be addressed by a human operator.
Finally, the third and fourth contributions are suited to a variety of applications in which
an autonomous aerial robot must respond to the presence of complex source distributions
in con ned environments. Once such example are the aforementioned PUREX tunnels at
the Hanford Nuclear Reservation. Collapsed tunnels, crumbling walls, and narrow access
points provide di cult requirements to autonomous operation, while the platform and

techniques developed are well suited to the task.

1.2 Approach

Each of the presented works in this dissertation feature a method for radiation eld es-
timation and characterization, an autonomous planning strategy to improve the estimate
of the detected eld, a robotic platform purpose built to accomplish such a task, and an
experimental demonstration of the eld characterization technique using actual gamma
radiation sources. Each work also addresses fundamental issues with the employed tech-
nigque; the aerial methods account for the limited endurance of aerial platforms, while
the rover work accounts for traversability analysis and demonstrates operation in a real-
istic scenario complete with obstacles. This dedication to confront real-world conditions
makes this work stand out from the majority of literature where studies are performed
completely in simulation or utilize simulated radiation sources. There are signi cant chal-
lenges imposed on the demonstration of such techniques in real world conditions which
can render them hard to simulate and even harder to verify their delity. The actual noise
of radiation measurement, the careful development and maintenance of robotic software
and hardware from perception to state estimation and control all serve to demonstrate

the work's stability and robustness to real world conditions.



.3 Content

This dissertation is organized as follows. Chapter Il provides a broad overview of the indi-
vidual contributions made by each publication included in this work. Chapter Il presents
a method for autonomous single source localization using an aerial robot. Motivated by
the fact that often radiation sources are spatially distributed, Chapter IV contributes the
development of @D distributed radiation mapping technique, demonstrating the method-
ology using a ground robot deployed in an environment containing real uranium sources.
This work also presents a simple curiosity-based strategy for autonomously guiding the
robot to radiologically interesting parts of the environment. Chapter V preseB» a
distributed radiation mapping technique relying on local linear regressions of neighboring
measurements to determine a radiation gradient. This work is presented using a collision
tolerant platform named the Resilient Micro Flyer Gamma (RNIFBased on all the pre-

vious experiences, Chapter VI presents a uni ed radiation mapping technique which maps
radiation elds in3D alongside an intelligent, graph-based path planner which strives
to obey the endurance constraints of aerial robots while providing su cient coverage of
radiologically contaminated areas. All of the presented works include thorough evaluation

and experiments utilizing actual gamma radiation sources.



Chapter I

Contributions

This chapter summarizes the main concepts and contributions of each publication included
in this dissertation. Each publication presents a method for radiation eld mapping and
localization, alongside an autonomous robot platform build to demonstrate the mapping
method, as well as an intelligent planning strategy to support the mapping task. Fur-
thermore a brief overview of some di erent in topic but highly synergistic publications
is provided, alongside a complete list of published papers both for when their theme is

strictly within the scope of this dissertation but also in relation to other contributions.

1.1 Autonomous Radiation Mapping Publications

Paper |

Frank Mascarich, Taylor Wilson, Christos Papachristos, and Kostas AReagsation

Source Localization in GPS{denied Environments using Aerial Robots . An earlier
version of this work has been published and appeared at the International Conference on

Robotics and Automation, 2018, in Brisbane, Australia [13].

Overview



This work addresses the problem of single radiation source localization using an aerial
robot. The aerial robot is equipped with a Cesium lodide scintillator and photomultiplier
to allow the measurement of local radiation elds. A geometric-based method is presented
which uses a series of dwell points to estimate the position of a radiation source. The
localization strategy is demonstrated alongside a method for source seeking path plan-
ning. The method exploits the current iteration's source position estimate to select the
next waypoint. The method is demonstrated in a pair of experiments using a real cesium
radiation source. In one of the presented experiments, the source is partially shielded by
concrete cinder blocks, demonstrating robust estimation capabilities given poor measure-
ments.

Contributions

This work contributes two crucial components. First, it presents a simple geometric
solution for single source radiation localization, capable of accurately localizing a source
using only three measurement positions. Second, a strategy for scintillator calibration and
evaluation is presented, detailing the procedure for relating a detector's count rate to the
corresponding dose rate, as well as a procedure for evaluating the orientation response of
the scintillator. The orientation evaluation is critical in the utilization of such sensors in the
eld, and it's ndings assist in determining the ideal mounting conditions of such a sensor
dependent on the utilized robotic system and the anticipated environmental conditions.
Interrelations

This work provides the basis for detector calibration for each of the following works, as
well as a detailed overview of the fundamental principles involved in gamma radiation
measurement and mapping. The developed electronics for radiation count measurement
and spectroscopy are also utilized in all of the following works. This is the only contribution
in this dissertation that solely focuses on single-source localization, while all the subsequent

contributions focus on the broader problem of distributed radiation eld characterization.



Paper Il

Frank Mascarich, Christos Papachristos, Taylor Wilson, and Kostas Abesigbuted
Radiation Field Estimation and Informative Path Planning for Nuclear Environ-

ment Characterization . An earlier version of this work has been published and appeared
at the International Conference on Robotics and Automation, 2019, in Montreal, Canada

[14].

Overview

This work presents a method for mapping distributed radiation elds in 2D. The paper
uses an array of three co-planar scintillators equally spaced on the periphery of a circle.
This con guration allows the associated robot to determine an instantaneous radiation
gradient. Exploiting this gradient information, the robot utilizes con dence metrics to
propagate the derived gradients to unknown parts of the environment, and constructs
a curiosity metric which is the product of the propagated radiation intensity level and
the uncertainty metric. The robot then nds RRT* paths towards the environmental
curiosity maximum, guiding it towards regions it believes to both be highly contaminated
and presenting strong uncertainty. The method is evaluated and demonstrated in realistic
environments involving real uranium ore based radioactive sources.

Contributions

This paper contributes a fast and accurate method for determining radiation gradients,
exploiting the inverse square law of radiation propagation. It is the rst work in this
collection to demonstrate curiosity based path planning for radiation eld estimation, as
well as an informative path planner employing local traversability analysis to nd collision
free paths in search of its radiation curiosity maximization goal. Crucially, this work
removes the dwell time requirement, allowing radiation eld estimation to continue even

while the platform is in motion.



Interrelations

Most importantly, this work develops the notion of a neighboring cell's contribution for
the purposes of radiation propagation. The same technique is utilized, with slight modi-
cations, in the papers presented in Chapters V and VI.

Paper IlI

Frank Mascarich, Paolo De Petris, Huan Nguyen, Nikhil Khedekar and Kostas Alexis,
tonomous Distributed 3D Radiation Field Estimation for Nuclear Environment
Characterization. An earlier version of this work has been published and appeared at

the International Conference on Robotics and Automation, 2021, in Xi‘an, China [15].

Overview

This publication presents a methodology for mapping distributed radiation elds in 3D.

It is deployed on a small, collision tolerant micro aerial vehicle named RMHie
method requires only a single scintillator and has no explicit dwell time requirements.
Discretizing the environment into 3D grid, it uses many local linear regressions over

a neighborhood of readings to derive a measured radiation mean and gradient. Using a
method for propagation similar to that developed in Chapter IV, this work also propagates
measured gradients to unmeasured parts of the map. The technique also contributes a
curiosity metric, extending the ideas developed in Chpater lll, to plan blind paths towards
high curiosity areas of the environment. The method is demonstrated in an experiment
utilizing real uranium sources.

Contributions

This work contributes two novel developments. First, it only requires a single radiation
detector, and makes no assumptions with respect to the intensity or distribution of sources.
Utilizing multiple linear regressions, the method is capable of mapping arbitrarily shaped

radiation sources such as those which would be found in radiologically contaminated areas.



Interrelations

Several developments in this work are used in the methods presented in Chapter VI.
The discretized®D mapping technique using multiple local linear regressions to calculate
radiation gradients and means, as well as the collision tolerant robot platform are shown
to be robust and crucial to the development of additional work.

Paper IV

Frank Mascarich, Mihir Kulkarni, Paolo De Petris and Kostas Al&xisgpnomous Path
Planning and Estimation for Distributed Radiation Field Characterization in
GPS-denied and Con ned Environments . This is a working version of a publica-

tion in development soon to be submitted for review.

Overview
This paper presents a comprehensive overview of a strategy for distributed radiation eld
mapping in GPS-denied and con ned environments. The work rst provides a detailed
description of the scintillator calibration process and the e ects of the various sources of
noise present when measuring gamma radiation elds. The work then details the RMF-
platform including its construction and processing capabilities. This is followed by a
description of the8D radiation mapping method similar to that developed in Chapter V.
Crucially, this paper presents a robust planning strategy that balances the tight constraints
of aerial robot endurance against the coverage requirements of distributed radiation eld
mapping. Finally, a set of experiments is presented demonstrating the mapping and
planning methods using real uranium sources.
Contributions
Primarily, this work provides a graph-based planning framework bifurcated into a global
planner which seeks to enhance the e ciency of the source seeking process, alongside a

local planner which improves the coverage of radiologically contaminated areas in order
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to derive accurate radiation eld estimates.

Interrelations

This work is deployed on the RMFplatform developed in Chapter V, although with a
more robust sensing suite tailored to performance in con ned environments. The work also
utilizes the basic calibration concepts developed in Chapter Ill, as well as the fundamental
components of the radiation mapping developed in Chapter IV and V.

As experimental evaluation has been an essential component of this work, the systems

developed and used throughout the work of the dissertation are presented in Figure 11.1.

Figure I1.1: The robotic platforms developed and used in this work. Upper row
from left to right: a) second version of the RMF- resilient micro yer, b) a previous
version of RMF- , ¢) the RadBot ground rover, and d) our early prototype of an aerial
robot for radiation detection. All ying robots integrate a Scionix V10B10 Thallium-
activated Cesium lodide CsI(TI) scintillator combined with a Silicon Photomultipler,
while RadBot integrates three of them. The central image depicts an instance of a
radiation mapping experiment utilizing RMF- , while the bottom map depicts the
nal derived radiation map generated by the method presented in Chapter VI.
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