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3D Path Planning for Radiation Scanning of Cargo Containers

Patrick D. Braun

(ABSTRACT)

Every year, the ports of entry of the continental United States receive millions of containers
from container ships for processing. These containers contain everything that the country
imports, and sometimes regulated items can be hidden inside them in attempt to smuggle
them illegally into the country. Some of these items may be radioactive material meant
for criminal purposes and represent a threat to national security. The containers are cur-
rently being scanned for radioactivity as they leave the port, but before leaving the port,
containers can sit inside the port for weeks. It can be beneficial to scan these containers
before they are picked up to catch the illegal material sooner and reduce the risk of danger
to those nearby. Uncrewed Aerial Systems can be useful for scanning container stacks in
container fields since they can be attached with sensors and reach heights that are difficult
for humans. They can also scan autonomously, requiring less over watch from people. This
thesis attempts to solve the problem of autonomous search by using an initial 3D scan of
the search area to input into a 3D path planning algorithm to generate a flight path that
will sufficiently scan the search area while minimizing flight time. Coverage is a main area
of concern, as well is computational complexity and time. In order to maintain security of
the aircraft, the path must be generated on-board the aircraft, and as such use on-board,
lightweight, computers. The approach taken in this thesis is by breaking the problem down
into 2D layers, and then developing paths on each layer based on where the obstacles are.
In order to maximize coverage, contours are generated around the obstacles. The vertices

of the contours are then treated like points to visit in a Travelling Salesman Problem. To



incentivize paths that run alongside the obstacles for better radiation detection, paths that
do not run close to the obstacles are given a higher cost than those that do, resulting in a
cost-minimizing path planning algorithm yielding paths that stay close to obstacles. The
Travelling Salesman Problem algorithm then yields the most time effective path to cover the

area while maintaining a distance healthy for radiation scanning from the obstacles.



3D Path Planning for Radiation Scanning of Cargo Containers

Patrick D. Braun

(GENERAL AUDIENCE ABSTRACT)

Every year, the ports of entry of the continental United States receive millions of containers
from container ships for processing. These containers contain everything that the country
imports, and sometimes regulated items can be hidden inside them in attempt to smuggle
them illegally into the country. Some of these items may be radioactive material meant for
criminal purposes and represent a threat to national security. It can be beneficial to scan
these containers before they are picked up to catch the illegal material sooner and reduce the
risk of danger to those nearby. Uncrewed Aerial Systems can be useful for scanning container
stacks in container fields since they can be attached with sensors and reach heights that are
difficult for humans. They can also scan autonomously, requiring less over watch from people.
This thesis attempts to solve the problem of autonomous search by using an initial 3D scan
of the search area to input into a 3D path planning algorithm to sufficiently scan the search

area while minimizing flight time.
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As technology rapidly develops new and exciting prospective applications for UAS’s, the
use of these aircraft is becoming more and more common in various industries. Enhanced
portability, improved autonomous navigation and control, and more innovative designs all
allow for expanding use-cases. An exciting new use-case for this technology is helping humans
investigate hard to reach places that would be easier for a UAS to reach and send back
information collected from sensors [21]. One particular use in this sense is scanning for
radioactive material in hard to reach places. This can be useful to investigate large parking
lots of vehicles, container yards, and possibly even container ships before they come in to
port as a method to increase security for Customs and Border Protection (CBP) personnel.
The ability of drones to access hard to reach areas, as well as cover large areas quickly, make
them a convenient new tool to use that would allow the searchers some knowledge of the

environment before possibly putting themselves in danger.

When it comes to parking lots full of vehicles, a 2D radiation search is a viable solution.
This might include an aerial image taken directly down towards the earth over a search area.
A simple rastor scan, also known as a rectangular lawnmower pattern, a few meters over the
search area would then be sufficient and could be conducted over the search area, with the
aerial image used as a reference. If the UAS is hovering perfectly still with no wind in any
direction when the image is captured, the image can be easily overlaid onto a satellite image

with no distortion other than that internal to the lens and sensor. With wind, the aircraft
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might be forced to pitch and roll in order to combat the affect of the wind on the location
or velocity of the aircraft. Since it is very unlikely that at any given point the aircraft is
not moving with zero pitch and roll, in order to properly overlay the image taken onto a
map, the aircraft’s roll, pitch, and yaw at the time of capture must be taken into account to

overlay the aerial image onto a satellite image.

For the scenario in which a 3D solution is required, such as searching for radiation sources in
container stacks, a more intelligent method is necessary to plan a path quickly that avoids
obstacles, sufficiently covers the search area, and can handle a more complex environment.
A 3D solution is required in situations which a 2D scan would be insufficient. This would
be due to environmental factors, such as having an environment that a 2D plane would not
get close enough to all the areas that require scanning. In order to allow for a 3D path
throughout such a complex environment, a 3D map of the area must be generated first, so
that a path may be developed based on the information from the map, which allows for
the optimization of the route. This thesis proposes a solution to plan a path for a UAS
through a given 3D occupancy map that accomplishes the task of coverage of the area as
well as obstacle avoidance, while at the same time minimizing the space between the UAS
and obstacles in order to increase the likelihood of radiation source detection. With a more
optimized route comes shorter flight time to cover the same area, which can increase the
scan area, increase the detail radiation sensors might be able to provide, or both [14]. With
radiation scanning, a large factor in the accuracy and resolution of the scan is dwell time.
Dwell time, or collection period, is the sample period of the radiation sensor readings. With
more optimized flight paths, higher dwell times might be used to cover the same area with
higher accuracy and resolution. The method proposed accomplishes coverage of the given
area by breaking down the 3D environment into various 2D layers, defining a Travelling

Salesman Problem (TSP), and connecting the resulting paths created to form a 3D path



throughout the environment.
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In order to develop a system that creates its own path through a complex 3D environment a
few different problems materialize, and there are many different strategies of path planning
for the purposes of developing flight paths. Many of these strategies can be split up into path
planning, or a Travelling Salesman Problem, which includes problems involving coverage of

a given area. The following sections consider some of these strategies and approaches.

00 0bob 0igooiod

There are many different studies and documentation on the optimality of path planning
algorithms, most of which are 2D. It should also be noted that the goal of path planning
algorithms in general is usually to find an optimal path from a given point A to a given
point B. This is not the same problem as coverage, however it can be an intermediary step

in the development of a path that provides coverage of the desired areas.

Some path planning algorithms can be implemented on a network graph, which can be of
arbitrary dimensions, instead of just in 2D. This is quite easy to implement as a network
graph, since the engineer can choose which nodes have edges with which other nodes. In
3], the author discusses implementation of the A* path planning algorithm in both Python
and C++4, which can be implemented either on 2D maps or on a network graph map,

depending on the heuristic used in the A* algorithm. It also discusses the implementation

4
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of Dijkstra’s algorithm, and the differences in how the algorithm expands between Dijkstra’s
algorithm and A*. In [2], the author discusses various heuristics that are often used in the
implementation of A*, including Manhattan distance, Diagonal distance, Euclidean distance,
Euclidean distance squared, and the use of multiple heuristics for multiple goals. An ideal
heuristic is one that accurately predicts the cost from the given node to the goal node.
This depends on the type of graph used in the environment. An admissible heuristic is any
heuristic that does not overestimate the cost to get to the goal node from the current node.
It also discusses exact/precomputed heuristics, as well as approximate heuristics. The more
the heuristic underestimates the cost to the goal node, the less of an effect it has on the
total cost at that node. This is represented in Equation 2.1 where £(n) is the total cost of a
given node n, g(n) is the cost to get to node n from the start node, and h(n) is a heuristic

estimate of the cost to get from node n to the final node.

f(n) =g(n) + h(n) (2.1)

When the heuristic cost is greatly underestimating the cost to get to the final node (h(n)

a(n)), where a(n) is the actual cost to get to the final node from node n, the algorithm
performs closer to Dijkstra’s algorithm, and expands more in all directions instead of ex-
panding more toward the goal. When the heuristic cost is equal to the actual cost to get
to the final node (h(n) = a(n)), the algorithm performs in it’s optimal state, guaranteeing
an optimal solution while only searching the nodes necessary to find the optimal solution.
Once the heuristic cost is overestimating the cost to get to the final node (h(n) > a(n)), the

A* algorithm performs very fast and very direct, but the guarantee of optimality is lost.

In [15], the researcher discusses implementation of A* for the purposes of maintaining radio

health with a ground vehicle in order to use a UAS as a radio repeater. It compares the
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use of A* to other “naive” radio repeating variants, and displays the benefits of A* over
the variants. The results of Dijkstra’s algorithm are also tested against the A* algorithm,
showing that the A* algorithm produces optimal results in the same way Dijkstra’s algorithm
does, while at the same time vastly reducing computational effort. A discussion is had on
the use of heuristics that overestimate the cost from a given node to the goal node, which are
generally considered to be “inadmissible” heuristics for use with the A* algorithm because
it removes the A* algorithm’s promise of optimal results. As a trade off, it allows for faster

computation and search.

In [22], the researcher explores a method to allow a UAV and UGV to collaborate to probe
into a new environment. The algorithm design allowed for the UGV to take intermediary
steps while a complete path was still being developed. The rationale for allowing intermediary
movement before a complete path was formed was to improve mission tempo, instead of
having the vehicles stop during path planning. This is similar to how people behave in the
study done in [11], where people spend less time beforehand planning out a trip, and more
time executing said trip, possibly figuring out the next location, or several locations, to
visit in real-time. This is discussed further in Travelling Salesman Problem. Comparing a
form of Dijkstra’s algorithm for exploration to a Rapidly-expanding Random Trees (RRT)
exploration algorithm, [22] seeks to keep the UGV at a distance from certain unexplored,

“dangerous”, areas, while sufficiently exploring a given environment.

In [24], the research group provides a detailed overview of a wide variety of 3D path planning,
taking vehicle dynamics and a variety of environments into account as well. It acknowledges
that finding an optimal 3D path is an NP-hard problem, as well as the fact that even
modelling a 3D environment in a manner sufficient for path planning can be a challenge. It
discusses the use cases and differences between node-based optimal algorithms, mathematical

model based algorithms, bio-inspired algorithms, multifusion algorithms, sampling based
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algorithms, including many RRT variants. It explains the upper and lower limits of time

complexity for each type of path planning algorithm in a way that is easy to understand.

00 oobooobo boibidoo boobiot

Once the cost to travel between points has been established and optimized using path plan-
ning techniques, it must be determined how to visit the points in such a manner to suffi-
ciently cover the desired area in a timely manner. To determine the order of visiting points,

a Travelling Salesman Problem (TSP) must be solved.

In [11], the researcher makes contributions to sampling-based 3D coverage path planning.
This is an interesting use case for 3D coverage, since its main application is for ship structures
underwater. It uses sonar to map the area prior to a coverage mission, and then explores
various sampling solutions, back and forth sweeping paths, and algorithms to smooth the
paths that are developed. The OUID00O0 DUUCD 00000O is also introduced, with Englot saying
that it is similar to the coverage path planning problem that is being discussed. Given a
map of an area, the goal of the U0OIIDLOIO DUOMD DO0DMOO is to find the shortest path that a
guard should take in order to make sure that he has seen the entire map. If the map contains
no obstacles, or holes, in it, meaning that the map is a simple polygon, the problem can be
solved in polynomial time. Englot goes on to discuss that when obstacles are added, or if the
map is in 3D, it becomes an NP-hard problem. This is also true even for simple polygons
when the guard can only see in discrete location samples, or if the guard doesn’t have infinite
range vision, meaning he has to get within a certain distance threshold of an area for that
area to be considered “covered”. This problem is strikingly similar to the problem posed in
this thesis. In [11], one of the solutions developed is using path planning algorithms to solve

for the cost to travel from all goals to all other goals, and then an efficient visitation order
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can be determined by a TSP algorithm.

As far as TSP solutions, a study shown in [23] makes an interesting comparison between
how humans solve TSPs and nearest neighbor solutions as well as region-based solutions.
Since finding optimal solutions to TSPs can be a costly computation, and according to [23]
humans often solve TSPs quickly and efficiently, this allows interesting insight into some
strategies that humans use. For example, during the experiment, subjects were asked to
visit up to nine different locations. On average, the people took less than 20 seconds before
starting their route, with the paths having less that six percent overshoot on average, with

overshoot being defined in Equation 2.2.

pathLength
optimalP athLength

overshoot = ( 1) 100 (2.2)

These results were more optimal than the Nearest Neighbor algorithm used, suggesting that
humans do not completely rely on such methods. The second experiment revealed that
people use strategies more similar to region-based planning heuristics [23]. In practice, this
looks like planning a coarse route first through the various “regions”. From there, using the
Nearest Neighbor strategy yielded similar results to the solutions developed naturally by

people. This is a similar strategy used by [20].

In [20], the researcher focuses on how a UAS might autonomously visit and cover multiple
areas for the purposes of agricultural spraying as well. Two methods are evaluated for
their ability to determine an optimal order to tour the various regions, which includes entry
and exit points to each region, as well as the coverage of each region. The there are a
few interesting TSP problems presented, since both the order of the regions visited is a
TSP, and included in that is a sub-TSP, since the entry and exit points of each region

matter, and would affect the larger, region-based TSP solution. Inside each region, the
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researcher employs a similar back and forth lawnmower or sweeping pattern to that used in
[16] to sufficiently cover each region. In [16], the researcher discusses coverage algorithms
for agricultural fields. It includes multiple strategies based off of greedy algorithms. It also
uses trapezoidal decomposition to make simpler shapes for back and forth sweeping coverage

paths of fields with complex shapes.

In [10], the researcher uses initial overhead images and mapping software to generate a 2D
map for the purposes of inspection. In order to generate points that are near enough to the
obstacles for inspection, it draws contours around the objects in the map and uses them to
create coverage paths around the objects in the map. It uses the A* algorithm to determine
the optimal path from point to point, and then a genetic TSP algorithm to solve for the
shortest paths, while reducing travel time between contours by changing edge cost for certain
edges in the network graph map created. While not specifically mentioned, if instead of using
only certain points in the contour, all the contour vertices were used, this is similar to the

solution discussed in [11] for solving the 00000000 00000 0000M00.

In many of the previous coverage problems, the discussion was around a use case in 2D. In
[25], a simple solution to breaking down a 3D problem into multiple 2D problems is discussed.
A description is provided for how a 3D path planning strategy for a 3D printer head can be
solved by first slicing the 3D environment into 2D planes. From there, each printing sub-area
is then treated as a location to visit in a travelling salesman problem. It then solves the TSP
using the ant colony algorithm to reduce the distance that the printing head travels for a

given print, thereby reducing print time.

The work in this thesis is a direct extension of the 2D work in [10]. This thesis also uses the
strategy of breaking down a 3D problem into multiple 2D layers, similar to that discussed
in [25]. By combining 2D layers to form a complete 3D path, the amount of points to solve

in the TSP greatly decreases , making it much easier to optimize the result. There are also
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other techniques mentioned that make it possible to reduce the amount of points input into

the TSP algorithm at the cost of increased average distance to obstacles.
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The purpose of this chapter is to outline the UAS that the mission and path planning was
developed for, tested on, and would be implemented on. The next few sections discuss the
equipment available for this use case, and will help reveal the nature of the problem. The

concept of operations developed for this UAS are shown in the block diagram in Figure 3.1.

Search Area Chosen
\ 4

Mapping Mission
Flown To Create 3D
Map

Y

[BD Path Computed }

Y
{Radiation Scan Flown]

from 3D Path

Processing

Figure 3.1: Radiation scan concept of operations. The green process step consists of the part
most relevant to this thesis, and the red process steps consist of the least relevant parts.

11
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The process steps in red are mentioned, or not discussed in this thesis, as they are outside
of the scope. The yellow process steps are mentioned and discussed, as they have an affect
on the goals or parameters of the generation of the 3D path. The green process step is the

subject matter of this thesis.

The first process step consists of the end-user choosing a search area for which the radiation
scan is to be performed. In Figure 3.2, an example search area over a container yard is

shown.

Figure 3.2: Example of a chosen search area over cargo containers is outlined by the red
polygon.

The second process step is an auto-generated rastor scan, or lawnmower pattern scan, mission
over the top of the search area to create the 3D map for path planning. This mission must be
flown at a high enough altitude that there be no chance of collision with any of the obstacles
in the search area. This is shown in Figure 3.3. The search area should be larger than the
obstacles that need to be searched, so that when generating a map the Field of View (FOV)
of the LiDAR sensor can be used to see the sides of the objects rather than just the top of

the environment.

Once a 3D map of the search area is generated, the map is handed off to the 3D path planning
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Figure 3.3: A rastor scan, or lawnmower pattern, is then flown over the chosen search area.
The rastor scan is shown in yellow.

algorithm that is discussed in this thesis. This is where the 3D map is analyzed and a path
is generated for the UAS. The overall goal of this path is to stay close to all of the obstacles
so that the radiation data collected during the mission can be used to find any radiation
sources. In order to minimize the amount of time the search takes and maximize the area
that can be covered in a given flight, the shortest or most efficient path that sufficiently

covers the area is desired.

no0 ubbnooo

This section gives background information about hardware that the research team developed
for the use case that is not necessarily related to the topic of this thesis. The research team
designed two interchangeable systems for the purpose of a radiation scan at Ports of Entry
(POEs). The main UAS designed for this application is a quadcopter shown in Figure 3.4
fitted with an Nvidia Jetson Xavier NX Developer Kit shown in Figure 3.5 as an onboard

computer. The secondary system designed has the same chassis as the quadcopter, but is an
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