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ADAPTIVE ROADMAP GENERATION FOR TRAJECTORY DESIGN
IN THE EARTH-MOON SYSTEM

Kristen L. Bruchko; and Natasha Bosanac'

In this paper, probabilistic roadmap generation is used to summarize a region of
the solution space near the Moon in the Earth-Moon circular restricted three-body
problem. This roadmap is a directed, weighted graph formed by adaptively select-
ing nodes that reflect states and edges that capture their connectivity. Then, the
roadmap is rapidly searched using graph search algorithms to construct distinct
initial guesses for transfers between periodic orbits. The goal of this approach is
to reduce the reliance on a human-in-the-loop by constructing a single roadmap
that can be repeatedly searched to construct initial guesses for various transfers.

1 INTRODUCTION

Designing spacecraft trajectories in chaotic multi-body systems currently relies heavily on pre-
liminary analysis in low-fidelity models as well as the expertise and intuition of a trajectory designer.
Current state-of-the-art approaches often leverage dynamical systems theory applied to simplified
models such as the circular restricted three-body problem (CR3BP) to predict the types of natural
motion in a system and their associated transport pathways. Then, a trajectory designer examines
these solutions to select arcs that may satisfy a variety of constraints or possess desired geometries.
These arcs are assembled to form an initial guess that is corrected to produce a continuous trajectory.
However, as mission requirements, hardware capabilities, or path constraints become increasingly
complex, an expert trajectory designer may struggle to both examine the space of feasible motions
or identify a viable initial guess. Furthermore, with continuous control, the array of possible mo-
tions may deviate significantly from natural dynamical structures generated in low-fidelity models.
As a result, there are scenarios where it may be difficult to use existing approaches for initial guess
construction and to examine a broader solution space. Inspired by these challenges, path planning
techniques may offer alternative approaches that reduce the reliance on a human-in-the-loop as well
as the a priori knowledge required to rapidly design trajectories in a multi-body system.

Path planning techniques are used in various disciplines to construct collision free paths that ad-
here to geometric and dynamical constraints.! Path planning algorithms, also commonly referred to
as motion planning, are often used in robotics, artificial intelligence, and control theory.> Sampling-
based planning, specifically, relies on sampling to construct a graph of the environment. Proba-
bilistic roadmap generation is one sampling-based technique that focuses on constructing a graph,
called the roadmap, that is a summarized representation of the environment. The graph consists
of nodes, which are valid configurations that an object may possess within its environment, and
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edges, which are valid directed paths between neighboring nodes and are weighted to reflect the
difficulty of traversing the path.? Valid nodes or edges in the graph adhere to static and/or dynamic
constraints. Once the roadmap is considered complete, it may be rapidly queried to construct mul-
tiple unique paths between specified start and goal configurations that have been projected onto the
roadmap. Sampling-based planners have been demonstrated to solve high-dimensional problems
in complex spaces with probabilistic completeness, i.e., the probability of finding a solution if one
exists approaches unity as the number of nodes increases.’

In astrodynamics, path planning techniques have previously been applied to trajectory design
problems. Rapid search methods have been implemented by Das-Stuart, Howell, and Folta to
search the accessible regions of a spacecraft with a database of possible trajectories to autonomously
construct initial guesses for trajectories.* Additionally, Trumbauer and Villac have constructed
weighted and directed graph representations from precomputed databases of known dynamical
structures in lower-fidelity models, and heuristically searched the graph for transfers during on-
board trajectory redesign.’ Sampling-based motion planning, in particular a tree algorithm, has
been applied for real-time, propellant-optimized autonomous spacecraft trajectory generation by
Starek et. al.° Our ongoing work has built upon the foundation supplied by these contributions
by using probabilistic roadmap generation to construct initial guesses for natural and maneuver-
enabled transfers between Lyapunov and halo orbits, incorporating information from their stable
and unstable manifolds into the roadmap.”-3

In this paper, we construct a roadmap as a directed and weighted graph that summarizes part of
the solution space near the Moon at a single energy level in the Earth-Moon CR3BP. In our previ-
ous papers, we generated these graphs using information predominantly sampled from precomputed
stable or unstable manifolds and with fixed parameters that govern the number and length of edges
generated. However, this paper focuses on an updated approach that reduces the reliance on a pri-
ori knowledge, fixed parameters, and natural dynamical structures that exist in low-fidelity models.
The goal of these updates is increasing the generality of the approach and diversity of the solution
space that can be represented. First, nodes are iteratively added to the roadmap using both random
sampling and the centroids of tetrahedra constructed via Delaunay triangulation in the configura-
tion space. Next, natural and maneuver-enabled edges are added between a subset of the nodes to
sufficiently capture the connectivity of the graph and characteristics of the solution space. During
this step, local Lyapunov exponents, which capture the sensitivity of a trajectory to variations in the
initial conditions, are used to adjust the number and length of edges that connect two neighboring
nodes.” Nodes and edges are iteratively added to the graph until the nodes sufficiently cover the
desired region of the solution space and the edges sufficiently capture their connectivity.

Once the roadmap is considered complete, a graph search method is used to construct initial
guesses for trajectories between specified start and goal configurations from the roadmap. Dijk-
stra’s search algorithm is used to search for paths within the roadmap that are optimal with respect
to a selected heuristic, such as minimizing the cumulative edge weight across the trajectory. In this
paper, we apply Dijkstra’s search algorithm multiple times to subgraphs of the roadmap, following
the procedure for Yen’s algorithm.!® This enables the identification of multiple initial guesses for
transfers with distinct geometries connecting a fixed combination of start and goal configurations.
These initial guesses are then input to a corrections scheme that uses collocation to produce a set
of continuous trajectories with distinct geometries. To demonstrate this process, we search a sin-
gle roadmap, constructed at C; = 3.15, to identify two initial guesses for geometrically distinct,
natural, and planar transfers from an L; Lyapunov orbit to an Lo Lyapunov orbit.



2 BACKGROUND: DYNAMICAL MODEL

The CR3BP is an autonomous dynamical model used to approximate the motion of a spacecraft,
under the point mass gravitational influence of two larger primary bodies, P} and P,. The primaries
are assumed to have a constant mass and travel in circular orbits about their mutual barycenter,
whereas the spacecraft is assumed to have negligible mass relative to P; and P5.!" Mass, length,
and time quantities are nondimensionalized such that both the mean motion of the primaries and
the assumed constant distance between the primaries is unity. Furthermore, the mass ratio of the
system, u, represents the ratio of the mass of the smaller primary to the total mass in the system
and the nondimensional mass of P». Then, a P;- P> rotating frame is defined with the origin at the
barycenter of the system and axes &, g, 2: & is directed from P; to P>, Z is aligned with the orbital
angular momentum vector of the primary system, and ¢ completes the right-handed orthogonal
triad.!! The nondimensional spacecraft state in the rotating frame is x = [, y,2,,7, ,é]T and the
associated equations of motion are written as'!
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where U = %(1132 +y?) + (1 — p)/r1 + p/re and the distances of the spacecraft from P; and Py
arer; = \/(z 4+ p)2 +y2+ 22 andro = \/(x — 1+ p)2 + y2 + 22, respectively. This dynamical
model possesses an integral of motion in the rotating frame, the Jacobi constant, that equals'!
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At a single value of the Jacobi constant, a variety of fundamental solutions exist such as five equi-
librium points, continuous families of periodic and quasi-periodic orbits, and their associated hy-
perbolic invariant manifolds.'?

3 BACKGROUND: NUMERICALLY CORRECTING TRAJECTORIES

To compute a continuous transfer, a two-point boundary value problem is solved using a free
variable and constraint vector formulation of collocation. This approach closely follows the gener-
alized formulation used by Grebow and Pavlak and Pritchett to recover continuous trajectories in a
multi-body system. ! 14

3.1 Collocation

Collocation is a numerical technique for implicitly integrating differential equations of a dynam-
ical system.'> A solution is recovered by computing piecewise polynomials that approximate a
trajectory and satisfy the dynamics at collocation points. First, an initial guess for a trajectory is
discretized into a mesh of boundary nodes along the trajectory consisting of s segments, resulting
in s 4 1 boundary nodes. Then, the i-th segment is discretized into p; arcs, each sampled to produce
several nodes. For clarity, the following notation will be used for the remainder of this paper: the
state and time measured from the beginning of the trajectory at the k-th node on the i-th segment
and j-th arc are denoted as 27" and tg ok respectively. The time 7 along the j-th arc along the i-th

(2
segment is normalized to [—1, 1] using the following transformation:
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where the integration time along the arc is At{ = tgil — tg .

Each arc is discretized into boundary nodes and collocation nodes using an n-th order polyno-
mial and a node spacing strategy. The accuracy of the final solution depends on the selection of the
polynomial and node spacing strategy: lower order polynomials may be used in conjunction with
a finer mesh, while higher order polynomials may achieve a higher order accuracy with a coarser
mesh. A 7" order polynomial is used in this paper, consistent with previously demonstrated trajec-
tory design implementations in multi-body systems.'3! Therefore, 7 collocation nodes are placed
along each segment and the location of these nodes is selected by the node spacing strategy. A
Legendre-Gauss-Lobatto (LGL) node spacing strategy is employed in this paper due to its higher
order of accuracy and simplified design problem due to placing collocation nodes at the boundary
nodes of each segment.'3 !4 For this method, collocation nodes are placed at the boundary nodes of
each segment as well as at the roots of the derivative of the (n — 1)th polynomial at time 7.

Along each arc, the collocation nodes are categorized into free nodes and defect nodes. The free
nodes are the odd-numbered nodes for a given arc while the defect nodes are the even-numbered
nodes. The free nodes, labeled @ are used to construct the polynomial representation for each state
component along an arc while the defect nodes, labeled p, are the locations where the polynomi-
als are evaluated and compared to the system dynamics. Figure 1 conceptually depicts a segment
discretized into two arcs using 7 collocation nodes described by the 7th order polynomial represen-
tation.'* Free nodes are depicted as blue triangles, defect nodes are depicted as red circles, and the
arc boundaries are the free nodes outlined in black. Because the i-th segment is discretized into
p; arcs, the final state along arc j and the initial state along arc j 4+ 1 are shared, but consecutive
segments do not share any nodes.

® Defect Node J7  —j+11
A Free Node B

Figure 1. A conceptual example of the collocation nodes for arc j and j + 1 along
segment ¢ using a 7th degree polynomial and a LGL node spacing strategy (Figure
adapted from Pritchett, and Grebow and Pavlak.!>14

The design variables are the collection of all unique states at the free nodes along each arc as well
as the nondimensional time for each arc so that the total time of flight may vary. Assuming each
segment is discretized into p; arcs, the free variable vector is the defined as:
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and X is then reshaped into a single column vector.



The constraint vector captures both the continuity constraints between segments and the defect
constraints for every defect node along the trajectory. First, the continuity constraint between the
end of the i-th segment and the start of the ¢ + 1-th segment is defined as
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where 7 = [z,y, z]T. Then, the constraint vector that enforces continuity between neighboring

segments along the entire trajectory is defined as

T

F.=[F., F, ... F._|] (6)

Next, the defect constraints evaluate how well the polynomial satisfies the system dynamics at
the defect nodes. The defect constraints for the j-th arc along the i-th segment for a 7th order
polynomial are defined as
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where w; are the quadrature LGL node weights and p is the derivative of the polynomial state
with respect to normalized time. Then, the defect constraints for the ¢-th segment are written as
Fy, = [Fa}i, Fin, cey FCZ ]T. Finally, the complete constraint vector is defined as
:| T

F(X)=[F. Fy, F;, ... F, ®)

To recover a solution, the free variable vector is iteratively updated from an initial guess by applying
Newton’s method. These iterations continue until the norm of the constraint vector equals zero
within a tolerance of 10712,

3.2 Mesh Refinement

Once the initial collocation problem is solved with a pre-specified discretization, the dynamics
at each defect node are sufficiently satisfied by the polynomial constructed, but the trajectory may
not be accurately approximated at other locations. Therefore, to improve the accuracy of the final
solution, a mesh refinement process is used to remove and/or add arcs and adjust the location of the
boundary points in the initial mesh. Following the approach presented by Pritchett, Control with
Explicit Propagation (CEP) is used in this paper to update the number of arcs in the mesh.!?

The CEP mesh refinement method involves two phases: arc removal and arc addition. After the
initial collocation problem is solved, consecutive arcs are examined to determine if they can be
combined using explicit propagation. First, the initial boundary node on the i-th arc is propagated
for t = At] + At] *1_ The error is then defined as the difference between the state at the end of
this propagation time and the final boundary node on the subsequent arc. If the norm of this error is
below 10~ !2, then the shared boundary point between the two arcs is removed and the two arcs are
combined into a single arc. Then, the free collocation nodes are recomputed using the LGL node
spacing strategy using numerical propagation. If any arcs were merged during this first phase of
mesh refinement, the collocation problem is solved again using the updated mesh. This process is
repeated until the number of arcs does not change. Next, arcs are added where the accuracy of the



solution is not met to within some tolerance. The initial boundary node of each arc is numerically
propagated for the integration time associated with the arc. The error for a specific arc is then
computed as the difference between the final state from the numerical propagation and the final
boundary node of the arc. If the norm of the error is above 10712, then the arc is split into two
separate arcs of equal integration time. The collocation problem is then solved with the new mesh,
repeating until no new arcs are added. Using mesh refinement in collocation results in a higher level
of accuracy along the entire solution, verified via explicit propagation, and the accuracy of the final
solution is no longer dependent on a user-defined initial mesh.!3

4 BACKGROUND: PROBABILISTIC ROADMAP GENERATION

Probabilistic roadmap generation (PRM) is a sampling-based path planning method that con-
structs a summarized representation of an environment by creating a directed, weighted graph con-
taining nodes and edges; this graph is referred to as the roadmap. PRM is a common path planning
technique because it is a probabilistically complete planner: the planner will eventually compute a
solution path as the number of nodes and edges in the graph grow.? The path planning process for
PRM is divided into two main phases: the learning phase and the query phase. The learning phase is
where the roadmap is constructed by sampling nodes and edges until the environment is sufficiently
summarized. Once the roadmap is constructed, the graph can be queried rapidly and repeatedly for
valid paths between start node(s) and goal node(s) using a graph search algorithm.

The two key elements within the roadmap are nodes and edges. Nodes are valid configurations
within the environment that adhere to all static or dynamic constraints and do not intersect with
any obstacles. Edges are paths between neighboring nodes that represent valid motion in a specific
environment. Nodes added to the graph are determined by the selected sampling scheme, such as
uniform, random, or informed sampling, or a combination of techniques.®> Valid configurations are
added as nodes until a sufficient number of nodes are contained within the graph. While this number
is often one of the most difficult parameters to select, especially in unknown or complex environ-
ments, common methods include sampling a fixed number of nodes or sampling until a coverage
or density metric is successfully evaluated. When a node evaluation metric is combined with incre-
mental sampling, the resulting roadmap produced is often a sufficiently summarized representation
of an environment. These two methods combined determine when to stop sampling nodes and may
limit unnecessary or redundant information being added to the roadmap.!>-!"

Once the desired number of nodes are added to the graph, determined by the node evaluation
metric, edges are then constructed as valid paths between neighboring nodes. For each node, a lo-
cal planner is used to determine which neighboring nodes to connect through edges. Choosing an
appropriate technique for determining the best neighbors for a given node may help increase the con-
nectivity within the graph, ideally capturing all sensitive or narrow regions within an environment.
Common techniques to identify neighbors include attempting to connect all nodes in simple envi-
ronments, connecting nodes within a specified radius, or connecting nodes to only their k-nearest
neighbors where £ is either pre-defined or determined by local environment parameters.> Edges are
either directed, meaning the node pair can only be traversed in one direction, or undirected. Edges
may also have an edge weight that reflects either a desired characteristic of the environment or the
likelihood of a specific edge being traversed. Selecting a heuristic for a given environment may aid
the search algorithm in finding optimal paths with respect to this heuristic, e.g. if time along an
edge is selected as the edge weight, a path with the shortest total time from the start node to the goal
node may be found.



Given a completed roadmap, a graph search method is then used to query the roadmap for various
paths from a given start node(s) to a goal node(s). A conceptual example of path planning using
PRM appears in Figure 2, where nodes are indicated by circles, obstacles are indicated by squares,
and directed edges are indicated with a dashed arrow. Each edge in the conceptual example also
has an edge weight that the graph search algorithm aims to minimize across the final path from the
start node, indicated by the blue circle, and the goal node, indicated by the red circle. A completed
roadmap may then be queried additional times to produce a variety of paths between the same start
and goal node(s) after the optimal path has been identified.

Figure 2. Example of probabilistic roadmap generation: a) sample valid nodes,
b) connect nodes to create directed, weighted edges, and c) search the completed
roadmap for an optimal solution path with respect to the sum of edge weights. Image

reproduced from Bruchko and Bosanac 2022.3

5 BACKGROUND: GRAPH SEARCH METHODS

A graph search algorithm is used to solve a path planning query using a completed roadmap.
Many graph search methods are commonly used in path planning problems, such as classical depth
first searches or breadth first searches. However, the implementation depends on the desired charac-
teristics of the algorithm for a given problem, such as computational efficiency or how many nodes
need to be explored. For instance, Dijkstra’s algorithm is a search algorithm used to find the shortest
paths with respect to a selected heuristic between a source and destination within a graph. This al-
gorithm is a best-first search algorithm that explores a graph by expanding in ‘promising’ directions;
‘promising’ nodes and edges have smaller weights or costs. Exploring the roadmap in this manner
ensures Dijkstra’s algorithm is computationally efficient because it does not need to explore every
node in the graph and still guarantees it will find the optimal path with respect to a given heuristic.>
It is also a complete algorithm, meaning it will terminate in finite time, even if no solution exists.

5.1 Dijkstra’s search algorithm

Dijkstra’s search algorithm creates a tree of the roadmap and uses both a priority list and a closed
list to keep track of which nodes are currently being explored and which nodes have already been
visited.> Given a start node(s), all neighboring nodes that are connected by an edge from the start
node are added to the priority list. Then, the priority list is sorted based on the cumulative cost from
the start node to the current node. The start node is then added to the closed list, because it has been
explored and all of its neighbors have already been added to the priority list. The most ‘promising’
node at the top of the priority list is explored next. The ‘promising’ node is removed from the
priority list and added to the closed list, and all neighbors of the ‘promising’ node are added to the
priority list. All unexplored neighbors from the start node are also kept in the priority list. The



priority list is sorted again based on cumulative cost from the start node to the current node. This
process is repeated until the goal node(s) is reached or all nodes appear in the closed list.

5.2 k-Shortest Unique Paths

Once a graph is completed and an optimal path is found, if one exists, it may be useful for
additional paths to be explored. In a variety of path planning problems, using a repeating or modified
graph search algorithm to search for a specific number of paths is common. For example, in a driving
application, a second-optimal path that avoids traffic present on the time-optimal route might be of
interest to a driver if the second route is only one minute longer. Searching for these additional
paths is commonly denoted as the k-shortest paths problem. Developing algorithms for k-shortest
paths has been of great interest over the past few decades with most algorithms improving upon
Yen’s algorithm; one of the first algorithms to search a directed and weighted graph for additional
simple paths.!? In this approach, & — 1 additional paths of increasing sum of the desired heuristic,
such as length or edge weight, are identified using Dijkstra’s search algorithm to repeatedly search
subgraphs of the completed roadmap. A subgraph is a graph with nodes and edges that span a subset
of the completed graph.

Given a roadmap, a start node, and a goal node, k paths are identified from the same graph, or
until no additional paths are found. A conceptual example of the k-shortest paths algorithm for a
directed and weighted graph is depicted in Figure 3, where the start node is labeled ‘A’; and the goal
node is labeled ‘E’. First, the shortest path is identified using Dijkstra’s algorithm on the completed
graph. This path is highlighted in blue in Figure 3a. To identify the second shortest path, three
subgraphs are created because the first best path has three edges. These subgraphs are created by
removing one edge from the first shortest path at a time. The edges that are removed from the graph
have their edge weight set to infinity and are depicted in Figure 3b with dashed red arrows. Then,
Dijkstra’s graph search algorithm is used to search each subgraph for three candidates for the second
shortest path. The second shortest path is then selected as the path with the lowest weight from the
three candidate paths. The three subgraphs are displayed in Figure 3b; the second shortest path is
drawn as the bold orange path in the black graph, while the two other candidate paths appear as
light orange paths in the grey subgraphs. These two grey subgraphs and candidate paths are then
discarded; they do not correspond to the third and fourth best paths. To identify the third shortest
path (and subsequent k > 3 paths), the same process of creating subgraphs and producing candidate
shortest paths is repeated with one additional step: each candidate path identified in the subgraph
cannot be a previously identified shortest path. In this example, when the orange edge ‘C-E’ is
removed from the second shortest path to create a new subgraph, the shortest path found would be
‘A-C-D-E’, which is already the first shortest path found. Therefore, there is only one candidate
path for £ = 3, resulting in the third best path shown in green in Figure 3c. This additional check
ensures the top two paths are not repeated as the k£ > 2 shortest paths. This entire process is repeated
until k£ paths are computed or until no more paths exist.

With largely connected graphs and the k-shortest paths algorithm, the k shortest paths may share
a large number of edges that are the same. These returned paths may not be useful for certain path
planning problems, such as a driver interested in comparing two distinct routes that take separate
highways due to common traffic patterns rather than two routes that take the same highway and only
vary by the selected exit. To overcome this challenge, it is useful to find the k-shortest unique paths.
While the criteria that determine a unique, or sufficiently different, path may be different for each
path planning problem, common approaches focus on identifying paths with limited overlapping
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Figure 3. A conceptual depiction of the k-shortest paths algorithm for a directed,
weighted graph with £ = 3.

edges. These approaches often use similarity measures that compare the number of shared edges
to the number of unique edges for each new path:!® paths that share no edges have a similarity
measure of 0, while paths that share every edge have a similarity of 1. Then, if the goal is to search
for geometrically distinct paths, a designer may require that the k-th shortest distinct path must
not share, for example, 50% of its edges with a previous shortest distinct path. For the example
presented in this section, the orange path in Figure 3b would not be the second shortest distinct path
because it shares one of its two edges (edge ‘A-C’) with the first shortest path. Therefore, the second
shortest distinct path would be the green path in Figure 3c. Alternative approaches incorporate the
geometric or topological differences between paths based on partitioning the graph into cells to
determine which region the path lies in or which obstacles have been intersected.!®

6 TECHNICAL APPROACH

In this paper, probabilistic roadmap generation is used to construct transfers between periodic or-
bits in the Earth-Moon CR3BP with minimal input from a trajectory designer. Following traditional
roadmap generation methods, the approach in this paper is divided into two key phases: the learning
phase, where the roadmap is constructed, and the query phase, where the roadmap is searched for
valid paths. During the learning phase, the roadmap is constructed by: 1) sampling valid spacecraft
states, within the desired solution space, that are saved as the nodes of the graph and 2) connect-
ing nodes together to form the edges of the graph that represent valid motion between neighboring
nodes. Nodes and edges are added to the graph until coverage and connectivity evaluation methods
are successful, facilitating an efficient representation of the solution space without relying on exten-
sive a priori knowledge about the environment. During the query phase, the optimal initial guess for
a transfer between periodic orbits is identified by using Dijkstra’s algorithm to search the roadmap.
Then, additional unique initial guesses for transfers are constructed by repeatedly searching sub-
graphs of the roadmap using a modified Yen’s algorithm along with a specified similarity measure.
A conceptual overview of this approach is depicted in Figure 4. The learning phase and query phase
are each described in more detail in the remainder of this section.
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Figure 4. An overview of the key phases in roadmap generation used to construct
initial guesses for transfers between two periodic orbits in the CR3BP.

6.1 Phase 1: The Learning Phase

The learning phase for this application of PRM to transfer design in the Earth-Moon CR3BP in-
volves constructing a roadmap as a graph that sufficiently summarizes the solution space. During
this phase, the roadmap is constructed incrementally with the following two steps: 1) adding nodes
until the graph is sufficiently covered, and 2) constructing edges until the graph is strongly con-
nected. Nodes are defined as spacecraft states expressed in the rotating frame while edges represent
valid natural arc or arcs with impulsive maneuvers that connect existing nodes. Nodes are added to
the graph until the desired solution space is sufficiently covered. Then, directed and weighted edges
are added to connect selected nodes. A directed edge can only be traversed in one direction repre-
senting motion forward in time, while the edge weight reflects the ease or difficulty of traversing
that edge with respect to a given heuristic. For this analysis, the heuristic used is the total maneuver
magnitude required to traverse an edge, resulting in an edge weight of zero for natural trajectory
arcs and a positive edge weight for maneuver-enabled arcs. Once the roadmap evaluation is success-
ful, meaning the graph sufficiently covers the desired solution space and is strongly connected, the
roadmap is considered completed. This iterative process helps the trajectory designer construct the
roadmap without the need to specify how large the graph should be in order to sufficiently represent
the solution space.

Nodes are defined by first randomly sampling n,. position vectors within the desired region of the
solution space from a uniform distribution. These position vectors are then checked for validity; if
any configuration intersects with any obstacles within the environment, another sample is drawn.
For this paper, position vectors must lie within the allowable regions of motion for a given Jacobi
constant and satisfy a 500km altitude constraint around the Moon. Then, the speed associated with
each position vector for a fixed Jacobi constant is computed using Eq. 2. If the roadmap spans
multiple energy levels, then the Jacobi constant is selected randomly. Once the speed is computed
for each position vector, a velocity direction must be selected to define a complete state vector that
serves as a node.

10



The velocity directions associated with each position vector are selected using the k-means clus-
tering algorithm along with local sensitivity information. The k-means algorithm is a partition-based
clustering method that partitions a dataset, described by some observations, into k clusters.?’ The
k centroids then supply k representatives of the dataset. Given the input parameter k, the algorithm
initially selects £ random members of the dataset and assigns all remaining members to the nearest
cluster defined by the least squared Euclidean distance. Then, the centroids are recomputed and
members of a dataset are reassigned to clusters using the new centroids. This process is iteratively
repeated until the centroids no longer change or a maximum number of updates have occurred.

For each position vector, k velocity directions are selected using k-means clustering, resulting
in k unique nodes that share the same position coordinates. First, for each configuration, u unit
velocity directions that span a sphere are sampled. Each of these unit vectors, ¥g, is multiplied by
the speed and the resulting state vector is propagated for a finite horizon time, 7}, to produce an
associated arc. This arc is characterized using a local Lyapunov exponent (LLE), which indicates
the effect of perturbations or maneuvers on a nominal trajectory over the selected horizon time.’
The LLE is computed along this arc, generated from an initial state «(¢) for a horizon time 7}, as

1
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where (T}, + to, to) is the corresponding state transition matrix. A feature vector, f;, that charac-
terizes the arc associated with the i-th velocity direction is then defined as

f’i = [ﬁ07)\’@(to),T;ﬂU(Th)7)\‘i(Th),Th]T (10)

where >‘|5:(Th),Th is a second LLE computed from the state x(to + 7},) propagated for a horizon
time 7},. The dataset that describes all w velocity unit vector directions and is input to the k-means
clustering algorithm is formed as F' = [f1, f2, ..., fu]. Then, the desired number of clusters k& is
calculated using the following function

k = [In (maz{\1,..., \u})] (11)

such that the number of selected velocity directions used to define k& nodes is proportional to the
estimated maximum sensitivity of any arc generated from that position vector propagated forward
for time T},. While the value of k depends on the horizon time selected, it typically ranges between
k = [2 — 6] for this example when T}, = 2 days. The k-means clustering algorithm is then applied
to F' to identify k distinct centroids and, therefore, & distinct velocity directions that are used to
define k£ nodes with the same position components. These centroids help select velocity directions
for each node that represent the sensitivity and natural motion of each cluster for the propagated
horizon time.

Next, each configuration’s neighborhood is defined by naturally propagating the states at all
unique nodes forward in time to create a natural edge. For each natural edge, its propagation time
is selected to be inversely proportional to its LLE as ¢ = 1/), ensuring more sensitive regions
have natural edges generated over shorter time intervals. The final state along each of the natural
edges is then also saved as an additional node, if it is valid, and these nodes become children of the
initial node. This information is also used to define a neighborhood in the vicinity of the k£ nodes
with the same position components. This neighborhood is defined in the configuration space with
a radius equal to the maximum distance to all of the child nodes, i.e., the states at the end of each
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of the k natural edges. As an example, 50 neighborhoods are depicted in Figure 5, where nodes
are indicated by the blue circles and the neighborhood of each computed configuration is indicated
by the red circle. These neighborhoods do not cover the desired solution space yet because there
are still neighborhoods that do not intersect any other neighborhoods, indicating they have no close
neighbors.

-0.15
0.8 0.9

z [nd]

Figure 5. 50 neighborhoods for a roadmap that does not cover the desired solution
space (depicted in white).

Once each randomly sampled configuration gains natural edges and children that lie within its
neighborhood, additional nodes are added to the graph to minimize dispersion. The dispersion of
the graph is defined by the largest empty sphere in the configuration space.?! Under sampled regions
in the configuration space are identified using a Delaunay triangulation (DT) between the current
nodes in the graph, states along the zero velocity curves calculated at a specific Jacobi constant,
and any additional desired solution space boundaries such as the L; or Ly gateways. A Delaunay
triangulation is constructed in the configuration space of the roadmap by creating a set of tetrahedra
such that no nodes are within the circumcircle of any tetrahedra within the set. The Delaunay
triangulation is a method commonly used in roadmap generation to aid in graph construction by
identifying areas to add additional nodes or edges within the solution space since every tetrahedra
contains no information already present in the graph.??* Once the set of tetrahedra is constructed,
the volume of each tetrahedron provides information about the volume of the encompassed region
of the configuration space that does not contain any nodes. The largest tetrahedra are then used to
identify regions within the configuration space that indicate under-sampled areas by the roadmap.
For this implementation, the centroid of any tetrahedron with a volume that is greater than the top
5% of the volumes that all tetrahedra produce seeds the configuration of a potential node to add to the
graph. This results in n4 potential configurations. If a centroid selected as a potential configuration
is valid, it gains k velocity directions, k natural edges, and k neighboring children that all make up
its neighborhood that are constructed in the same manner as described previously for the randomly
sampled configurations.



Once n, + ng neighborhoods are added to the graph, the coverage of the roadmap is evaluated.
The coverage is defined by the number of neighborhoods that do not intersect any other neighbor-
hood in the graph. These two methods for constructing neighborhoods by sampling configurations
and spanning the velocity space using k-means is repeated until all neighborhoods are overlapping
with at least one other neighborhood. This coverage definition ensures each neighborhood has a
higher chance of being connected to other neighborhoods and increases the probability of creating
a well-connected graph, while also facilitating an adaptive selection of the number of nodes and
natural edges within the graph.'>

Once the graph is covered, edges that represent maneuver-enabled arcs are added to the graph
by connecting selected neighboring nodes. Each node gains up to k£ maneuver-enabled edges by
identifying neighboring children forward in time and neighboring parents backward in time. The
number of edges in each direction, k, is once again computed as a logarithmic function of the
node’s local sensitivity based on its LLE value using Eq. 11 with only one LLE value as the input.
In asymptotic motion planning, k is selected as a logarithmic function of the number of nodes in
the graph such that the number of edges increases as the number of nodes grows.?* This function
for selecting k is well-defined for linear simple spaces more relevant to robotic path planning, but
does not account for various dynamics in an environment well. Inspired by this approach, this
paper uses local sensitivity information instead to increase the number of edges in sensitive regions.
Neighbors are then selected using a distance measure that captures the distance between two nodes
in the configuration space as well as the angle between their velocity vectors and is defined as

dist = wgl|d;(t) — du(to)]| + wed (12)

where d;(t) is the position of the initial node propagated for time ¢ = 1/);, d,,(to) is the position
of the neighboring node, and 6 is the angle between the velocity vectors of the initial node after
propagation time t and the position of the neighboring node. The weights, wy and w; are selected
such that the two components of the distance metric are on the same order of magnitude. For this
implementation, they are selected as wy = 10 and w; = 1. This approach captures the connectivity
between nodes that would result in a lower edge weight while also discouraging edges that connect
nodes that naturally flow in opposite directions.

Once k neighbors are selected for a node, £ maneuver-enabled arcs are constructed to form the
edges of the graph. Each neighbor is connected to the node using a single shooting corrections
algorithm to construct a maneuver-enabled edge that allows the velocities at each node as well as
the integration time to vary. To construct the initial guess, the initial node is propagated naturally
forward in time. The time associated with the state along this arc that is closest in position space to
the neighboring node seeds the integration time initial guess, while the velocity initial guess assumes
no maneuver is required. The velocity differences between the states at the selected nodes and the
beginning and end of the transfer arc then correspond to two impulsive maneuvers, and the sum of
their magnitudes supplies the edge weight. Each edge is also subject to a 500km altitude constraint
around the Moon; if a periapsis exists along the arc and falls within the desired altitude, the edge is
not saved and a new neighbor is identified. If a maneuver-enabled edge is successfully connected,
sequential quadratic programming within the fmincon tool in MATLAB® is used to adjust the edge
to minimize the sum of the squares of the maneuver magnitudes.

After k neighbors forward in time and & neighbors backward in time are added for each node,
the graph connectivity is checked by determining if the graph is strongly connected. A strongly
connected graph guarantees that each node can reach every other node within the graph.>> A digraph
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is strongly connected if it satisfies two depth-first searches: 1) if a selected vertex can reach every
other node in the original graph and 2) if a selected vertex can still reach every other node if the
direction of all the edges were reversed. If the graph is not strongly connected, one additional
forward and backward edge is added for each node until the graph is strongly connected.

Once the graph is completed, an additional post-processing step called path smoothing occurs.
While this step can have a significant computational expense, it is included to improve the quality
of the edges in the graph and the resulting solutions.? For this application, a sequence of edges are
tested to determine if they can be combined to produce a smaller edge weight than the sum of the
two individual edges. Smoothing the edges for a specific node could remove unnecessary maneuvers
that may oppose each other. For a given node, one of its parents and one of its children are tested to
see if a maneuver-enabled edge can be constructed using the previously described single shooting
approach, bypassing the given node. If the resulting edge weight is less than the sum of the edge
weights from the neighboring parent to the node and the node to the neighboring child, then the new
edge is added to the graph. For each node, new connections are attempted between all neighboring
parents and children. Including this post-processing step may produce a graph containing smoother
edges with smaller edge weights.

6.2 Phase 2: The Query Phase

After the roadmap is constructed, the query phase searches the graph for valid initial guesses
for transfers between periodic orbits. Given a state(s) on the initial periodic orbit used as the start
node(s), a state(s) on the final periodic orbit used as the goal node(s), and the heuristic to optimize
across the final path (in this paper, total maneuver magnitude on all edges), an initial guess for the
optimal path is formed by applying Dijkstra’s search algorithm to the completed roadmap. If no
path exists between the selected start and goal node(s), then the search algorithm will terminate
with no solution.

If an optimal path exists, additional unique paths between the same start and goal node(s) are
identified by applying Dijkstra’s search algorithm in conjunction with the modified similarity mea-
sure to multiple subgraphs of the roadmap. In this paper, unique paths are identified by modifying
a common similarity measure that is a ratio of the sum of the edge weights of the shared edges be-
tween two paths, P; and P;, and the path with the maximum cumulative edge weight. The similarity
measure in this paper is defined as:

L(P; N Fy)
maz{L(P,), L(P;)} + Y o_, [|67]|

Sim(P;, Pj) = 13)
where L(-) represents the cumulative weight of the path and the summation term in the denominator
represents the position difference between the d unique nodes in each path. This term is added to
reflect the geometric differences between two paths; the farther in distance the unique nodes are, the
smaller the value of the similarity measure. If the unique nodes are close for both paths P; and P;,
the similarity measure will not be affected as drastically. By using this modified similarity measure
in conjunction with Yen’s algorithm, multiple unique paths that are geometrically dissimilar may be
identified by searching one completed graph.

All the initial guesses identified from the graph or subgraph consist of a sequence of nodes and
edges that minimize the cumulative sum of edge weights across the path, where path k£ — 1 always
has a lower total edge weight than path k. The initial guesses selected for potential transfers are
then corrected using collocation with a CEP mesh refinement process. The state of each node and
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the integration time along the subsequent edge form the arcs used in the initial mesh, so the total
time of flight may vary during corrections. If impulsive maneuvers are allowed on the transfer,
or necessary if natural solutions do not exist, only position constraints are included in between
segments. The locations of these maneuvers must be user-selected prior to corrections, although
the initial guess may help the user select where to allow maneuvers by analyzing the edge weights:
higher edge weights may indicate locations where a maneuver may be beneficial in recovering a
nearby transfer.

7 RESULTS
7.1 Natural Transfers Between L, and L» Lyapunov Orbits at C'; = 3.15

To demonstrate the approach presented in this paper, a roadmap is constructed at C; = 3.15
in the lunar vicinity in the Earth-Moon CR3BP. The solution space of interest lies within the zero
velocity curves at C'; = 3.15 and possesses an xz-component within the range = = [0.8,1.2], i.e.,
just outside the L; and Lo gateways. All nodes and edges added to the graph are only considered
valid if they are located within these bounds; any edge that leaves this region will not be saved to the
graph. Two initial guesses for transfers between an L; Lyapunov orbit and an Ly Lyapunov orbit
are constructed from one roadmap by searching the graph and subgraphs repeatedly. Each initial
guess is then corrected using the collocation corrections algorithm presented in Section 3 to recover
multiple natural transfers. At this energy level, two direct heteroclinic connections exist, thus they
will be used as a straightforward verification of the results.?%

To begin the roadmap construction process, neighborhoods are constructed until the desired re-
gion of the solution space is sufficiently covered. During each iteration of sampling nodes and
adding natural edges, 10 position vectors are randomly sampled and the centroids of the top 5%
of tetrahedra, identified via Delaunay triangulation, are saved as potential position vectors for the
nodes of the graph. If a larger number of position vectors are added at each iteration, a smaller
number of iterations may be required to fully cover the solution space but also may oversample
the environment. Accordingly, a smaller number of position vectors are added at each iteration to
create a more efficient representation of the solution space. Each valid position vector is then used
to define k velocity directions and, therefore, k£ neighboring child nodes. To determine k, the LLE
is calculated using a horizon time of 7}, = 2 days. This horizon time is selected because the local
immediate sensitivity of each state is of greater interest than the sensitivity of the state much further
away from the node and the edges constructed for this graph are often shorter arcs. While the num-
ber of natural edges and neighboring child nodes is unique to each position vector, a large majority
of the nodes produce values in the range & = [3, 7], depending on if the node is closer to the Moon
or the x boundaries of the roadmap.

For this example, the roadmap requires 5 iterations of adding nodes and natural edges until the
solution space is sufficiently covered. The distribution of nodes in the configuration space after the
first iteration and after the final iteration are depicted in Figure 6a) and 6b), respectively. After only
the first iteration, the nodes are not well-distributed within the desired region. However, the nodes
sufficiently cover the solution space after the last iteration, increasing the likelihood of connectivity
to all regions of the solution space. Once the desired solution space is covered, states along the initial
and final orbits are also projected onto the roadmap. Each of these periodic orbits is computed using
collocation and discretized evenly in time into 50 states along each orbit. These states along each
orbit are used as the set of start nodes and final nodes used during the graph search.
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Figure 6. a) Distribution of nodes after the first iteration of the coverage evaluation
b) Distribution of nodes after the roadmap is completed.

Each edge gains k£ maneuver-enabled edges both forward and backward in time and then the
graph’s connectivity is evaluated. For this example and with the selection of the k parameter, the
graph is strongly connected after connecting k neighbors for each node. While only one iteration
of constructing edges could indicate redundant edges, allowing some redundant edges has been
observed to improve the quality of the original path without significant overhead caused during post
processing of the roadmap.® Future investigations will include additional analysis on an efficient
number of edges to construct a more simplified, but still summarized, representation. The completed
roadmap for this scenario, including both nodes and edges, appears in Figure 7. In the roadmap,
nodes are indicated by a blue circle, natural edges are indicated by a dark blue curve, and maneuver-
enabled edges are indicated by a light blue curve. The desired region of the solution space is well-
covered and well-connected by the nodes and edges of roadmap. Using the k-means clustering
algorithm with an adaptive selection of k, there is a larger number of natural edges near the Moon
where maneuvers may be larger, promoting natural motion in these regions during graph searches.

Once the roadmap is completed, the graph is searched using Dijkstra’s search algorithm to pro-
duce the path with the minimum cumulative maneuver magnitude. This path may depart from any
of the states along the I.; Lyapunov orbit that were projected onto the roadmap and arrive at any
of the states along the Lo Lyapunov orbit that were projected onto the roadmap. This path corre-
sponds to a sequence of nodes and edges that together form an initial guess for a transfer; along this
initial guess, each arc that is represented by an edge may possess velocity discontinuities between
its neighboring arcs. The initial guess, constructed from the completed roadmap in Figure 7, is dis-
played in Figure 8a). The initial and final Lyapunov orbits are plotted with dashed and solid black
lines, respectively. Each edge color corresponds to its edge weight indicated by the colorbar, where
lower cost edges appear blue and higher cost edges appear green. Next, the graph is smoothed to
produce a slightly smoother initial guess. During graph smoothing, 2308 edges with lower weights
were added to the graph that originally only contained 1253 edges. The initial guess constructed
after the completed roadmap has been smoothed in displayed in Figure 8b), using the same color
scheme for edge weights with a different colorbar. After smoothing the roadmap, the total cost, i.e.
the sum of the edge weights, of the optimal initial guess decreased from 2.44 km/s to 1.21 km/s.

Once the optimal path has been found, the graph is searched for an additional path using Yen’s
algorithm with the modified similarity measure presented in Section 6.2 with the same initial start
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Figure 7. A completed roadmap generated to summarize the solution space in the
lunar vicinity at C; = 3.15.
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Figure 8. a) The initial guess constructed from the roadmap in Figure 7 and b) the
initial guess constructed from the roadmap after it has been smoothed.
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Figure 9. Two unique initial guesses (light blue, light green) for transfers and the cor-
responding two geometrically distinct continuous transfers (dark blue, dark green).

nodes along the L; Lyapunov orbit and the same goal nodes along the Lo Lyapunov orbit. To
distinguish between unique paths, a similarity threshold must be determined. For this example, a
threshold of Sim(P;, P;) < 0.60 is selected to eliminate solutions that may vary by the number of
shared edges but still look geometrically similar. The initial guesses are plotted as transparent curves
in Figure 9. The second initial guess depicted in light green has a cumulative maneuver magnitude
of 7.8 km/s, largely because of the second edge in the initial guess having an edge weight of 4.6
km/s. Due to this large overall path cost, the second initial guess is discovered as the 57th distinct
path produced by Yen’s algorithm.

Collocation is applied to each of the two initial guesses to produce two natural, planar transfers
with no revolutions around the Moon. The resulting transfers are depicted in Figure 9 using solid
curves with the same coloring scheme as the initial guesses. While the corrected natural transfers do
not exactly resemble the initial guesses, this example demonstrates the feasibility of searching for
various initial guesses from a single roadmap. These results also reveal useful avenues for further
work. For instance, the deviations between the initial guesses and the corrected transfers indicate
the need for further improvement of the roadmap: potentially increasing the number and distribution
of nodes as well as improving the diversity of connections between nodes. The roadmap could also
benefit from efficiently representing a wider array of natural motions, without biasing the roadmap
too heavily, to guide the graph searches towards solutions with lower cumulative maneuver costs.
Future improvements also include the computational efficiency of the search algorithms used to
recover k shortest paths.

8 CONCLUSION

In this paper, PRM is used to summarize the solution space in the lunar vicinity in the Earth-Moon
CR3BP. The roadmap is constructed in two key phases: the learning phase and the query phase. The
learning phase consists of adding nodes, which represent valid spacecraft states, and edges, which
represent valid trajectory motion, to a graph called the roadmap. Nodes and natural edges are
added to the graph using a combination of randomly sampled motion and informed local region
information to fully cover the solution space. The natural edges capture various sensitivities of
distinct regions in the solution space while the nodes ensure each area within the graph is reachable.
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Nodes and natural edges are iteratively added to the graph until the desired solution space is well-
covered. Then, maneuver-enabled edges are added by connecting neighboring nodes that represent
trajectory arcs with two impulsive maneuvers. The sum of the impulsive maneuvers is then saved
as the associated edge weight, while the natural edges have an edge weight of zero. The number
of edges each node gains is adaptively selected to reflect a higher number of edges in sensitive
regions of the graph and promote better connectivity. Maneuver-enabled edges are added to the
graph until the graph is strongly connected; each node can reach every other node in the graph by
at least one path. Lastly, a post processing phase is applied to smooth edges within the completed
graph resulting in smaller edge weights that promote better connectivity of the solution space and
smoother solution paths.

Once the roadmap is completed, the graph is searched using Dijkstra’s search algorithm for the
optimal path that corresponds to a sequence of nodes and edges that minimizes the cumulative sum
of the total edge weights across the path. After the optimal path is found, additional paths are
searched for using Yen’s algorithm and a modified similarity measure on various subgraphs of the
roadmap to find unique paths. All paths found represent initial guesses that are then input to a col-
location corrections method with a CEP mesh refinement process to recover natural solutions. This
approach was employed to recover geometrically distinct natural solutions between two Lyapunov
orbits at C'y = 3.15 in the Earth-Moon CR3BP. These results for this application motivate further
exploration of PRM in the CR3BP to more efficiently summarize the solution space, increase the
likelihood of producing a nearby continuous transfer, and decrease the computational time required
to find feasible solutions.
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