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ABSTRACT

As part of an initiative to develop methods to certify and confirm the integrity of nuclear
waste storage casks, a team of researchers lead by Penn State is working to create an inspection
robot to inspect dry-storage casks. This thesis focuses on the development of localization
technologies that can be used inside the casks. The interior of these casks is accessible via
narrow cooling channels, which present a low-feature, high-temperature and high-radiation
environment. The work in this thesis explores various localization methods, develops visual
simulations of the cask internals, evaluates identified methods using those simulations, and
finally constructs and tests a hardware prototype of the localization system in a physical mockup. We show that selected computer vision methods utilizing lasers and edge detection perform
well in simulation, and could be applied for real-world localization with further work.
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Chapter 1

Introduction

Within a nuclear power plant, there is a minimum temperature required of the fuel rods
for efficient energy generation. Once fuel rods drop below this minimum temperature, they are
removed from the reactor core. While this fuel is no longer considered useful for power
generation, it is still very hot and radioactive. During the dawn of the nuclear age, experts
developed a common plan for processing the national stockpile of nuclear waste. First, the waste
cools in wet storage, typically within large, on-site pools of water. After an average of about 10
years [1], the fuel is cool enough to move into dry storage casks: large concrete and steel
structures. The fuel is then stored in these casks until it can be transported to a national
permanent storage site. In 1987, the Nuclear Waste Policy act was signed into law, allowing
work to begin on such a site: the Yucca Mountain nuclear waste repository. However, in 2009,
funding for further development of this site was largely reduced, effectively cancelling the
project [2]. Currently, there are no plans to resume construction, nor funding to characterize any
other sites. The ramifications of this are that dry storage, once intended only as a temporary
measure, is now assumed to be the effective end of this waste stream, at least while alternative
repository and processing options are being debated.
In order to use Dry Cask Storage Systems (DCSSs) for long-term storage, a recertification process may benefit from inspection methods to verify the continued integrity of the
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casks over an extended period. Unfortunately, there are limited technology options to perform
non-destructive inspection of dry storage cask systems. This thesis focuses on the development
of some of these technologies.
A typical dry storage cask consists of two major components: an inner Multi-Purpose
Canister (MPC) that holds fuel, and an outer overpack. Between these two components is
ventilation space, to convect heat away from the canister.
This thesis will focus specifically on the Holtec HI-STORM family of dry-storage casks,
as it is one of the more common DCSSs in use today [3]. The inner canister of a HI-STORM
consists of welded stainless steel, and rests within an overpack of steel-clad concrete. Once the
cask enters service, the canister is carefully filled with spent fuel rods, welded shut, and then
backfilled with inert gas. Finally, the canister is lowered into the overpack, and a lid is affixed. A
cut-away schematic showing the components of a HI-STORM 100 is shown in Figure 1.
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Figure 1: Exploded view of a Holtec International HI-STORM 100 storage system [4]

There have been no known in-use failures of storage canisters, and to continue this
unblemished record, expert knowledge must infer modes by which storage casks might fail under
any possible scenarios. The most likely failure scenarios, according to experts, include Stress
Corrosion Cracking (SCC) [5] and concrete degradation [6]. SSC refers to the process where
chemical attack combined with residual stress from the manufacturing process can lead to the
development of hairline fractures in a weld-affected zone. In a typical cask, the canister is
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fabricated by welding rolled stainless steel, which introduces the residual stress at the welding
site. As air circulates around the cask, it may deposit chlorine from salts, and even other
chemicals dissolved in atmospheric moisture onto the canister surface. If combined deposition
and stress conditions are met, cracking of the canister may initiate, which if left unmitigated for a
long enough duration, risks exposing radioactive material to the environment. Similar physical
processes may lead to the degradation of concrete by decalcification and sulfate attack [7], and
extended exposure to high temperatures have been shown to weaken concrete [6]. These
processes may result in a weakening of the outer cask structure. Furthermore, there are instances
of concrete used in casks developing cracks from moisture expansion during freeze-thaw cycles
[8].
An effective inspection strategy must determine if the failure-possible environmental
conditions are present within the cask. If damage is measureable, then another goal is to estimate
the extent of damage. Current inspection methods are mainly visual, using borescopes in
conjunction with temperature probes [9]. These actions alone are insufficient for detecting the
hairline cracks and chemical conditions associated with SCC and concrete degradation.
With these goals in mind, researchers at The Pennsylvania State University organized a
project to develop a robotic inspection system with the goal of developing processes and
techniques to re-certify storage casks [10]. The robot should traverse the cooling channels within
the overpack and thereby take measurements for characterization using a variety of sensors. One
of the challenges to the development of this robot is the extreme conditions that may be present
inside the cask, requiring the use of robust hardware. Temperature and radiation conditions vary
widely with age of the stored fuel and location within the cask. Some worst-case values are
estimated to be 205°C for newly loaded fuel, and 2.71 × 104 rad/hr activity after 5 years [5]. A
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major facet of this project is the development of robot-supported sensors that can collect useful
data and operate under these harsh conditions.
As part of the inspection process, the robot must be able to accurately determine its
position within the cask. This is essential for locating trouble sites, correlating sensor data with
position, and revisiting areas of concern during follow-up inspections. The design of the cask is
particularly troublesome in this aspect, as it contains homogenous surfaces, tight confines, and
attenuating materials. These troublesome aspects largely rule out or reduce the effectiveness of
popular robot localization methods.
With these considerations in mind, this thesis investigates the use of visual navigation
and inspection techniques. Cameras are already required sensors for the robot to perform visual
inspection, and so using optical methods does not require any additional hardware. One of the
advantages of applying visual techniques to this problem is that the interior of the cask is pitch
black, which would normally pose an issue, but in this case means that we will have complete
control of the lighting conditions. Because of this, our research focuses on how lighting can be
used to enhance visual techniques, and how the data from these methods can be used to localize.
We have already discussed our focus on the HI-STORM 100 model of cask, but we will
further constrain the problem by primarily considering movement within the ventilation channels
around the circumference of the canister. These channels are defined by the inner surface of the
overpack, the outer surface of the canister, and rails which form the sides and serve to center the
canister (see Figure 2). These vertical ventilation channels are narrow and long, and due to
curvature (see Figure 3), constrain a rectangle with dimensions of roughly 7.44” wide and 1.81”
high [11]. The height is slightly variable, as it depends on how well the canister is centered
within the overpack. The overpack surface is of high concern for inspection, as the curved outer
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surface of the canister is at the highest risk of developing SCC. Because the channels are
relatively narrow and restrict motion, we are primarily concerned with longitudinal motion, but
an effective localization strategy should fully define the robot position in all degrees of freedom.

Figure 2: Unrolled view of the air gap between the MPC and overpack [5]

Figure 3: Rectangle as constrained by channel dimensions [11]
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The conceptual design of the inspection robot is that it is inserted into the vertical channel
using a large arm that rests on the top of the canister. The robot itself consists of one or more
inspection cars which are lowered from the end of the arm via a winch into the channels. The
goal of this design approach is to locate nearly all actuation components out of the narrow
confines of the channel and either outside of the case or onto the top surface. This allows the
inspection cars to act almost wholly as carriers for the sensors. Figure 4 shows a drawing of this
concept robot within the cask prior to entry into the vertical air gap, which is to the bottom left of
the robot in this figure.

Figure 4: Concept of the inspection robot resting on top the MPC [11]
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Chapter 2

Literature Review of Localization Approaches

General Inspection Robots

To our knowledge, the ventilation channels of the cask impose tighter than usual
constraints on the size and cooling of our robot than usually encountered in nuclear inspection.
The majority of nuclear inspection robots are designed to investigate the nuclear plant itself, and
so are generally larger. To this end, we focus specifically on robots designed to inspect smallspace and/or low feature environments.
We begin our review with a robot designed to explore steam chests, an environment
similar in material and appearance to DCSSs. Tache et al. developed this robot, which they call
MagneBike, named for its bicycle style design. The MagneBike provides an interesting case
study, as it is one of the few inspection robots to attempt localization in full 3D. Steam chests as
an environment are similar to nuclear storage casks in that they are constrained, dark, and
metallic. However, unlike storage casks, they have a complex 3D interior structure. The
MagneBike, the design of which can be seen in Figure 5, posses large (relative to the body)
magnetic wheels that allow it to climb inside the pipe network within these chests. Because of
the complex 3D shape of the target environment, the MagneBike must have robust methods to
accurately determine its location within space for effective inspection. In order to achieve this,
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Tache et al. fuse data from wheel encoders with an accelerometer to calculate 3D odometry. A
map is generated from 3D laser scans, which are periodically matched using Iterative Closest
Point (ICP) to correct drift in the odometry predictions [12].

Figure 5: Design of the MagneBike inspection robot [12]

Outside the nuclear industry, development of the sewer pipe inspection robot KANTARO
is heavily documented by Nassiraei et al. The most unique feature of KANTARO is its passive
steering system, which allows it to naturally follow the curvature of pipe networks without
operator input. Localization is performed by a combination of odometry and laser scans. As can
be seen in Figure 6, the laser scanner is mounted on the end of the robot, so that it takes a radial
scan of the pipe. As the robot drives through the sewer, the laser traces forms a spiral along the
pipe surface. This laser range data is fused with odometry readings to form a map of the interior
of the sewer system, which is compared to official schematics. The pipes sections are generally
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uniform and therefore provide no useful information for odometry correction, so comparisons are
made between the distances of more apparent features (drains, plumbing intersections, man
holes, etc.) [13] [14].

Figure 6: The KANTARO sewer inspection robot [14]

Morris et al. provide an overview of various robots designed for mine exploration,
broadly classifying platforms by borehole or portal access, submersible/dry, and ability/lack of
ability for locomotion. Borehole access is of particular interest to us, as the challenges of
borehole exploration are similar to those of cask inspection: narrow, dark spaces that preclude
the use of radio. One classification of robots discussed is Borehole Deployable Lasers (BDLs),
cylindrical devices designed to be lowered into a cavern by way of a borehole, and take laser
scans of the structure [15]. Figure 7 illustrates this process.
The other type of robot of interest to this project are the Subterranean Mobile Robots
(SMRs), for their sensing and navigation techniques. The SMRs presented are shown in Figure 8.
They are robust and slow-moving, such that any control algorithms may ignore any dynamics.
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For sensing, they are equipped with gas sensors for methane detection, float switches for
standing water, and laser scanners and IMUs for navigation.

Figure 7: The process of using a BDL for void inspection [15]

Figure 8: Groundhog (left) and Cave Crawler (right), two SMRs [15]

While the designs presented are proven to be effective, it is apparent that they all rely on
laser scanners to sense the environment. Unfortunately, in the cask inspection application, we
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cannot mimic this approach as, to our knowledge, there are no LIDAR devices commercially
available which are compact enough to be used in our target environment. However, as we will
discuss later, lasers are not the only technology that can be used to acquire dense point clouds,
and the core concept of accurate localization is the fusion of information. To that end, it may be
possible for us to record odometric measurements from our inspection robot either by tracking
the rotation of a free wheel along the channel wall, or from an encoder embedded within the
winch of the arm. However, these devices will only provide us with a total distance, and cannot
be used to measure lateral movement or rotation within the channel, necessitating additional
sources of information.

Unconventional Sensing Techniques

It can be observed from our review of inspection robots that many depend on a
combination of odometry and lasers scans for localization. As previously discussed, there are no
LIDAR units suitable for our application, and so a focused search for other localization
technologies was performed.
Realizing that radio-based techniques have poor penetration of soil, Markham et al.
develop a technique to perform subterranean tracking of wildlife using low-frequency magnetic
fields. The system consists of a collection of transmitting coils placed in known locations above
ground, and remote detector coils on a tracking collar (see Figure 9). The transmitting coils are
energized in sequence, and are modulated (at a low-enough frequency for the magnetic field to
be considered quasi-static) to transmit a message encapsulating the antenna ID and a timestamp,
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which are recorded along with the signal strength by the collar. When the animal leaves the
tunnel system at night, the collar uploads the recorded data to a monitoring computer over a
conventional radio link. The data is later collected, and a particle filter processes the data to
determine location based on the signal strength from each transmitter and their known layout.
Markham et al. report a 3D RMS error of 0.45m, but note a reduction in accuracy when ferrous
objects are present [16].

Figure 9: A magneto-inductive tracking system showing transmitters (L1-L4), receiver (A), and a basestation (N1) near
the tunnel exit (B) [16]

Facing a problem similar to that in this thesis, Qi et al. develop a radio system for
communication and localization of a pipeline inspection robot. This system is designed
specifically to deal with the issues of radio propagation through metallic pipes, by using periodic
Extremely-Low-Frequency Electromagnetic Pulses (ELF-EPs). By using an emitter that creates a
signal with two large lobes and an array of sensors (as illustrated in Figure 10), the position of
the robot along the length of the pipe can be determined from the relative signal strength at each
receiver. In practical tests, Qi et al. report their system achieves errors typically less than 0.45m
[17].
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Figure 10: Localization by measuring the strength of ELF pulses [17]

The first system described presents an intriguing method of localization, but as noted, it
loses accuracy in the presence of ferrous material. This renders it unsuitable for our application,
as the cask is steel-clad. It may be possible to model the interactions between the cask and an
applied magnetic field in order to account for the distortion, but such analysis is outside the
scope of this thesis. The second system is interesting, as the data required for localization is
collected by external equipment as would be the situation in this study. However, the
implementation detailed is 1D only, and both methods described provide accuracy of only
approximately 0.45m; this is sufficient for large-scale pipes and sprawling burrows, but
insufficient for our relatively small channel.
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Computer-Vision Based Techniques

Thus far we have effectively ruled out the use of LIDAR and radio-based techniques,
leaving computer vision for mapping and navigation. As discussed previously, our robot already
requires cameras, and so, in general, optical techniques will not require any additional hardware.
A drawback of many of these techniques is a high computational cost, but this processing can be
performed off-board the robot. The main difficulty faced in implementing visual methods to our
application is the lack of distinct visual features within the cask, which consists mainly of very
homogenous surfaces, specifically polished stainless steel. For this reason, we reviewed
techniques devised to overcome this.
Stereo vision is perhaps the one of the most common sensing methods for robots.
However, stereo depends on the ability to pick features out of each image and match them to the
other, and as mentioned, our environment is feature-deprived. A simple technique to enhance the
captured images with more features is texture projection, where a light pattern is projected on to
the physical scene. The cameras then capture this scene, which now appears to have texture on
each surface. The improvement in matching from this texture is illustrated by the disparity maps
in Figure 11. By creating and analyzing a model of the camera-projector system that considers
the effects of pixelization and blurring, Konolige attempts to create an optimal texture pattern for
projection [18]. Leeper et al. apply this concept to integrate a compact stereo camera system onto
a gripper for improved close-range grasping performance. They perform no optimization of the
projected texture, and claim that even a simple grid of dots created from a compact laser can
improve the quality of stereo matching [19].
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Figure 11: Scene and disparity map under normal conditions (top), and with projected texture (bottom) [18]

Careful control of lighting to enhance visual techniques is not a new concept, and is
studied under the name of structured lighting [18] [20]. Similar to how stereo vision uses the
disparity in separate images to calculate depth, structured lighting uses a single camera and
projector to observe the deformation of a known light pattern to infer details about the
environment.
Zhang et al. review the basic principles of structured light, and apply those principles to
design a system for inspecting the internal surfaces of pipes and other tubular structures. The
system, as illustrated in Figure 12, consists of a laser directed at a camera with an attached
reflector. The laser bounces off the reflector and forms a ring of light on the interior surface of
the pipe. The camera observes the light to determine the profile of the pipe, translating down the
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length of the pipe to develop a scan of the entire interior. In physical tests, Zhang et al. report a
worst-case RMS error of 0.041mm [20].

Figure 12: A system for inspecting pipe interiors using circle structured light [20]

Beyond the modeling of patterns required for structured light systems, Martin describes
how just careful selection of light source and location can drastically improve the quality of
camera images for thresholding and other vision algorithms [21]. Figure 13 shows how just a
simple filter can make desired visual features much clearer.

Figure 13: A red (>510nm) filter blocks ambient light (right), showing the UV reflected by the nylon ring [21]

The final class of visual methods we would like to review are more “traditional”, in that
they have no special interaction with the lighting source. One of these methods is visual
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odometry, which tracks the movement of features through the image to estimate ego-motion.
Hansen et al. present development of an algorithm to localize by measuring the movement of
corrosion patterns on the interior of a pipe. By applying the known diameter of the pipe in
question, they are able to resolve the scale ambiguity associated with monocular vision. In
addition, they use this odometric data to stitch imagery and form appearance maps such the one
shown in Figure 14 [22].

Figure 14: Render of pipe interior created from camera imagery and odometric data [22]

In addition to providing data useful for localization, De Paz et al. present a technique
directly applicable to inspection: crack detection. De Paz et al. note that one of the most common
problems with image thresholding is the variability associated with different lighting conditions.
To overcome this, they perform several operations on the image, including logarithmic
transformation of intensity, subtraction of the known illumination pattern from the lighting
system, and a wavelet transform. After these processes, thresholding is applied using Otsu’s
method, resulting in the image shown in Figure 15 [23].
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Figure 15: Original grayscale image with crack (left), and binary image after processing (right) [23]

Comparing the visual methods presented, projected texture seems to be a simple to
implement and effective sensing technique, and so we select it for further investigation. The high
precision of the structured light technique described by Zhang et al. could be used to capture
features for localization, but as the investigators note, this would require development of
projection system integrated with the camera assembly, such that it can be inserted into blind
holes. Visual odometry could be used to directly measure movement; however, unlike Hansen et
al., our environment lacks apparent visual features. It may be possible to setup a close-range
system to capture small surface features for tracking. While crack thresholding may seem at first
ideal for our application, we expect the damage associated with SCC to either be microscopic
and thus not visible, or not present at all.
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Chapter 3

Simulated Environment

Selection of Simulation Package

Having selected a variety of sensing and localization techniques to pursue, we next
decided to develop a set of simulations with which to evaluate those techniques. Many software
packages for robot simulation exist, each with various advantages and disadvantages. Having
determined that the most promising techniques were vision algorithms, it was decided that, most
importantly, a suitable simulation package must provide us with photorealistic renderings of the
cask environment. This capability allows a simulated environment to be used for testing of
vision-based guidance and mapping algorithms to determine how they respond to various
lighting conditions, surfaces, imaging errors, etc.
Beyond visual quality, there are several other features desired from an ideal simulation
system. The Robot Operating System (ROS) is a middleware commonly used for passing sensor
data between programs and over networks, and the Brennan research group uses this software
extensively. Since ROS will likely be used in the final robot architecture, a simulator that
integrates with this middleware will greatly ease the transition from prototype to implementation.
In the context of this thesis, we are mainly concerned with visuals; however, software capable of
rigid- and soft-body physics simulations would also prove useful for additional work. Finally,
there is the practical requirement that the simulator software should have little to no cost.
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Given these requirements, the software packages shown in Table 1 were compared. The
selected packages for comparison consisted of the rendering software Blender, the official ROS
simulator Gazebo, general robotics simulators Morse and Webots, and the video game engine
Unity.
Table 1: Comparison of simulation packages

Physics

Blender

Gazebo

Morse

Unity

Webots

Bullet

ODE, Bullet,

Bullet

PhysX

ODE

Free

$1500 (for

$3500 (for

Pro)

Pro)

Simbody, Dart

engine
Free

Price

ROS

Free

None

Full

Full

With plugin

Full

High

Low

Low

Medium

Low

integration
Visual
quality

After examining the pros and cons of each package, the open-source rendering software
Blender was selected for further development. Of the packages evaluated, it offered the most
realistic renders, and had the most permissive license. Furthermore, despite not having any
official ROS support, a work-around exists that enables Blender outputs to be saved to images
and videos which can be played back over the ROS messaging system.
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Simplified Model

For initial testing, we approximated the channel as a perfectly 189x46mm rectangular
shape. A topic of some concern was the application of realistic textures and shaders to model in
order to simulate the interaction of light as accurately as possible. We have observed that during
assembly, the outer surface of the MPC is polished to a very fine, highly reflective finish. While
a brand new cask may have interior surfaces like this, we do not know how casks that have been
in service (in some cases for over 40 years) will weather. It is possible that the overpack will
protect the channel, and it will maintain a near-factory finish, or it may become corroded, pitted,
and/or covered with dust. With insufficient information to accurately model the channel walls,
we opted for a moderately reflective finish and very fine texture that qualitatively appeared
realistic, based on our observations of new casks at a Holtec assembly plant.
Noting that the robot itself will subtly influence the appearance of the environment, it
was also modeled. At this stage, the robot was represented as a simple white prism with a set of
cameras and a lamp/projector. An editor level view of this system is shown in Figure 16.
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Figure 16: Unrendered view of robot and channel for basic simulation

Complete Model

The simplified simulation model allows rapid testing, but not does capture the true
geometry of the channel, various materials, and interactions from ambient lighting. For more
realistic testing, we extended the basic simulation by replacing the simplified channel with a
model of the cask based on engineering drawings. The MPC used the same stainless steel shader
as the basic simulation, and the overpack appearance was based on the drab paint seen in photos
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of storage sites. The robot model was unchanged from the basic version. An editor level view of
this more realistic environment is shown in Figure 17.

Figure 17: Unrendered view of robot inside cask for comprehensive simulation

The simulated environments presented allow us to rapidly test and evaluate visual feature
extraction methods, without the need for investing the resources in a hardware implementation.
Having designed these virtual test environments, we proceed to apply our selected visual
methods on the rendered scenes.
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Chapter 4

Feature Extraction

Projected Texture Stereo

A dense point cloud represents a fantastic feature set to use for localization. The most
typical device for producing one is a laser scanner, but as discussed, this is unsuitable for our
target environment. Another common method to create point clouds is via stereo vision, which
depends on the successful detection and matching of visual features. As the cask is visually
sparse, this method alone might also be insufficient. However, by projecting light patterns on to
the environment, we can artificially add features to the images, which may improve the quality
of stereo matches.
To test the effectiveness of this projected texture technique, we simulated the projection
of a laser grid on to the surfaces of the cask, as shown in Figure 18. Stereo images of this
simulation were then rendered and processed with a simple block-matching stereo algorithm.
The results of this testing with and without projected texture can be seen in Figure 19, which
clearly shows an improvement in the quality of the disparity map.
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Figure 18: A grid pattern projected by a laser onto the simulated channel

Figure 19: Disparity maps with (right) and without (left) laser-projected grid
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Corner Detection

Given the known dimensions of the channel, if we are able to detect known features, we
can use our prior knowledge to resolve the scale ambiguity. Noting that in the simplified
simulation, shadows that outline the corners of the channel would form, we chose to filter the
image with a Harris corner detector. As shown in Figure 20, the detector was easily able to find
these features, and so it would be possible to derive the homography matrix, which coupled with
a known scale factor, would give us the associated transformation and rotation.

Figure 20: Corner detection in simplified simulation
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Unfortunately, due to the different materials used in the more realistic simulation, these
corners were less apparent (as seen in Figure 21). Another issue encountered was a lack of
uniform illumination from the robot-mounted lamp. With fewer reflective surfaces, less light
reached the bottom of the channel, leaving the end mostly in darkness. Increasing the output of
the light source did lighten the environment, but the corners did not become any more apparent.

Figure 21: Corner detection in complete simulation
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Laser Separation

After moving to testing in the realistic simulation, we became aware of a technique used
in ROVs for range finding [24]. By simply aiming two lasers at a distant surface, the apparent
separation of their resulting reflections in the camera image can be used to infer range. As shown
in Figure 22, we are easily able to pick out these points by using color thresholding.

Figure 22: Two blue circles mark the detected reflections from two laser pointers
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Edge Detection

While the corners within the realistic simulation are less apparent, the lines formed at the
edges of the channel remain very visible. This inspired us to attempt to use them as a feature for
localization. Due to the right-angle geometry, if we can detect these edges and fit lines to them,
we can infer the coordinates of the corners by finding the intersections of the line segments. To
extract these line segments, we apply a Canny edge filter and a probabilistic Hough transform.
Using our prior knowledge that there should be a total of four lines in the image whose
intersections give two points, we split the image vertically at the center, and process each half
separately. We use K-means to cluster the many short segments given by the Hough transform
into two lines, based on slope and intercept. We then equate these two lines to find their
intersection, giving us the resultant image shown in Figure 23.
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Figure 23: Two blue circles highlight the identified intersections, green lines show the extracted edges, and a red line
shows where the image is split into left and right halves
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Chapter 5

Physical Implementation and Testing

Based on the results of testing in the simulated environment, we chose to move forward
to physical testing with the laser separation and line fitting techniques. These techniques showed
promising results in simulation, and required a minimum of hardware to test.

Mockup Cask

In order to more closely simulate the appearance of the interior of a DCSS than is
possible with software, we designed and constructed a mockup of the channel section. Our
mock-up consists of two parts: an upper element which simulates the MPC, and a lower element
which simulates the overpack. The lower element is coated with a matte paint of similar
characteristics to that used on the overpack, and the upper element is clad in a thin sheet of
aluminum, to emulate the polished metal nature of the MPC. These two parts are separated by
studs which can be adjusted to alter the standoff distance (Figure 24 and Figure 25).

33

Figure 24: Upper and lower elements of the cask mockup

Figure 25: Cask mockup assembled
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Robot Hardware

To test these techniques, we used a prototype robot inspection car named “Splinter”.
Splinter is equipped with two PointGrey BlackFly cameras, a 1.5W LED lamp, and two 5mW
lasers, as shown in Figure 26. For testing, we advanced Splinter through our mockup (Figure 27)
and captured stills from the left camera, while recording the distance to the end plate of the
mockup for use as ground truth.

Figure 26: Inspection robot prototype “Splinter” with LED lamp and lasers
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Figure 27: Robot prototype at entrance to mockup (cloth in place to block ambient light)
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Chapter 6

Results

Laser Separation

Measurement of laser separation performed well in the mockup, after tuning the
parameters used for segmentation. However, the experiments revealed a few unexpected
complications that were not predicted from simulation. First, the lasers in the mockup reflected
off the MPC surface, creating several reflections. By noting that the “true” set of laser points
appear largest and lowest in the image, it becomes easy to reject these reflections. The second
issue was that the center of the laser points appear white in the camera surrounded by a red ring,
due to their high intensity. By searching for this red ring instead of a solid blob, it was possible
to view the laser points on a camera.
In our experiment, we captured stills at five positions within the mockup, and applied our
algorithms to them offline. A representative image from this data set is shown in Figure 28, the
calibration curve applied to find the relationship between laser separation and range is shown in
Figure 29 (n = 5). This calibration was then tested on a separate data set (n = 20) to determine the
measurement performance. After removing two outliers, the errors associated with this test were
calculated and are shown in Figure 30 and Figure 31, where they exhibit an RMS value of
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13.5cm and a standard deviation of 13.6cm. Note that the data set used for calibration covers a
narrower range than the set used for evaluation, and the error shown in Figure 30 exhibits a
positive trend with range. This strongly indicates that our calibration needs adjustment, and we
may see decreased error with the application of a wider range of calibration values.

Figure 28: View from the robot inside the mockup, the green line illustrates the distance used to measure laser separation
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Figure 29: Calibration curve of the relationship between laser separation and range

Figure 30: The measurement error associated with application of the curve in Figure 29
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Figure 31: Histogram showing the distribution of error values in Figure 30

Edge Detection

Unfortunately, edge detection in the mockup performed quite poorly. As can be observed
in Figure 28, the lamp mounted on the robot had far less penetration than expected from
simulation, and as a result, the edges of the guides are not discernable. By using different
illumination and imaging hardware, we were able to obtain the image presented in Figure 32,
which shows the edges of the guides quite clearly. However, we were unable to position this
setup deep enough within the mockup to image the end plate, as required for this technique to be
successful.
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Figure 32: Edge detection as applied to an image captured by secondary test equipment inside the mockup (for an
explanation of the annotations, see Figure 23)
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Chapter 7

Conclusions

This thesis investigated various methods to localize an inspection robot inside a nuclear
storage cask, testing several both in a virtual simulation and in a physical mockup of the cask. Of
all the techniques explored, ranging via observation of the separation of lasers and edge detection
within the environment performed the best in practice. The laser separation technique performed
as expected, but does require that the inspection robot carry the lasers. This is undesirable as
space is at a premium and more components will require additional cooling. The edge detection
technique was unable to find edges in the image when used with the lamp currently installed on
our robot prototype, but worked properly with more intense illumination. This technique would
be preferable for deployment, as it does not require any additional hardware beyond what the
robot has already been designed for.
Further work will focus on real-time implementation of these algorithms, and integration
into ROS to operate alongside the other software required for the inspection robot. In addition, to
take full advantage of the planned odometry readings, methods of data fusion should be explored
to find the most accurate and precise estimates of robot position by combining the different
modes of measurement.
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