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AUTOMATICALLY GENERATING TRAJECTORIES FOR A
DISTRIBUTED SPACECRAFT MISSION IN A MULTI-BODY
SYSTEM

Cole Gillespie* and Natasha Bosanac’

This paper focuses on automatically generating conflict-free paths for a distributed
spacecraft mission in a multi-body system by using motion primitives in a conflict-
based search. A library of motion primitives summarizes natural motion in a se-
lected region of the Earth-Moon circular restricted three-body problem. These
primitives support rapid constraint evaluation, are geometrically distinct, and can
be automatically sequenced to form initial guesses for each spacecraft path. Conflict-
free initial guesses that minimize the total maneuver requirements are efficiently
generated using a conflict-based search. These initial guesses are then corrected
to produce continuous trajectories for multiple spacecraft.

INTRODUCTION

A distributed spacecraft mission (DSM) is composed of a set of multiple spacecraft that coop-
eratively achieve a common mission goal.! DSMs may be useful for scientific, exploration, and
infrastructure objectives in multi-body regimes throughout the solar system. For example, a net-
work or constellation of communication and navigation satellites could support a growing number
and cadence of cislunar operations.” Alternatively, DSMs could support remote sensing missions
of planetary bodies. In these cases, trajectories must be designed for multiple spacecraft to satisfy
their individual constraints in a sensitive dynamical environment while also achieving the goals of
the DSM and, potentially, with similar maneuver requirements. This trajectory design task may
need to be repeated throughout the mission design process and in time-critical reconfiguration sce-
narios. Automating a rapid and efficient approach to solving this trajectory design problem can
support reducing the workload of human decision-makers as well as autonomous operations.

Traditional DSM trajectory design strategies such as Walker> or Streets-of-Coverage*> constel-
lations and more geometric methods® have been used to meet coverage requirements in two-body
systems. Reconfiguration strategies for such constellations have also been studied.” However, these
designs are not easily adaptable to multi-body systems. More recently, the HelioSwarm mission
used lunar resonant orbits to achieve recurring geometries of its satellites through its trajectory de-
sign.® Creating a general framework for designing trajectories for multiple, cooperative spacecraft
could support expanding the array of DSMs throughout the solar system.

Multi-agent path-planning has been studied in the robotics community, with applications includ-
ing self-driving cars, robot swarms, or warehouse robots. In these scenarios, multiple robots must
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traverse an environment to meet a goal while avoiding collisions and obstacles.” There are multiple
approaches to solving this path-planning problem, with various levels of computational complex-
ity and likelihood of recovering a feasible solution. Coupled path-planning approaches consider
designing trajectories for all the robots simultaneously in a higher-dimensional solution space at
the expense of higher computational time and burden.'® Alternatively, decoupled path-planning
approaches generate a set possible paths for each robot and then identify combinations of feasible
paths from this smaller set of options.” Depending on the approach, the computational complexity
may be reduced at the expense of producing suboptimal paths.!!

The capability to automatically generate geometrically distinct paths for each member of a multi-
agent system supports definition of a structure to efficiently organize configuration guesses, evaluate
conflicts, and prioritize replanning, known as a conflict tree. One existing approach to path-planning
that may provide these benefits involves the use of motion primitives, which are defined as discrete
“building block” representations of possible motions, actions, or tasks.!? Sequences of these motion
primitive support rapidly generating complex motion plans with distinct characteristics.'> Motion
primitives have been applied to a wide variety of problems such as predicting pedestrian motion or
path-planning for a small helicopter.!3-13

In recent years, the concept of a motion primitive has been applied to spacecraft trajectory design
in multi-body gravitational systems. Smith and Bosanac defined motion primitives to summarize
geometrically distinct arcs that exist in similar regions of the phase space, extracting them from
periodic orbit families and hyperbolic invariant manifolds via clustering.'® Gillespie, Miceli, and
Bosanac'” have recently improved upon this procedure by using differential geometry and updated
clustering methods to generate higher quality and more diverse motion primitives summarizing
natural and controlled motions in a multi-body system. Bodin, Bosanac, and Gillespie have also
introduced voxelized regions of existence that summarize the regions of the phase space spanned
by geometrically similar arcs near the motion primitive.'® Smith and Bosanac also implemented
trajectory design as a motion primitive sequencing problem by formulating a graph representation,
searching the graph, and correcting the resulting initial guesses to produce continuous maneuver-
enabled trajectories.!” More recently, Miceli and Bosanac have substantially improved this process
to better reflect the potential for sequentially composing two primitives, formulating a more accu-
rate motion primitive graph, searching the graph to produce geometrically distinct solutions, and
generating higher quality initial guesses.’’ Minor updates that reduce the computational burden
have been presented by Bosanac?! as well as Bodin, Bosanac, and Gillespie.'®

This paper focuses on automatically generating a set of conflict-free paths for a distributed space-
craft mission in a multi-body system by using motion primitives in a conflict-based search approach.
Leveraging an existing library of natural motion primitives in the Earth-Moon circular restricted
three-body problem (CR3BP) along with their voxelized regions of existence,!” these primitives
are used to independently generate a set of geometrically distinct possible primitive sequences for
each spacecraft. We then outline the computation of conflicts from the voxel representation of
each region of existence along a primitive sequence. Then, this paper presents a formulation of
the conflict-based search for DSM trajectory design. Given a set of predefined starting locations
and goal locations for each satellite considered in the DSM, we search the conflict tree to construct
primitive sequences and associated initial guesses for conflict-free paths. Finally, we correct the set
of initial guesses to produce continuous trajectories for each satellite in the DSM.



BACKGROUND
Circular Restricted Three-Body Problem

The circular restricted three-body problem (CR3BP) is a simplified representation of the dynam-
ics within a system of two primary bodies (P} and P») with a third, much less massive, body orbiting
around them.??> Further assumptions of the CR3BP include that the primaries travel on circular or-
bits around their mutual barycenter with gravitational fields consistent with constant point masses.>”
Systems in the CR3BP are characterized by the mass ratio, y, of the mass of P to the total system
mass.?? In the Earth-Moon system, ;1 ~ 0.012151.

The CR3BP is typically formulated in a frame that rotates with P, and P> and with physical
quantities represented in nondimensional units. The rotating frame is defined with 42 pointing from
P to P», +2 aligned with the orbital angular momentum vector of the primaries, and +¢ completing
the right-handed orthogonal set.?2 The origin of this frame is located at the P, — P» barycenter.22
Length values in the Earth-Moon CR3BP are nondimensionalized by the average distance between
the Earth and the Moon,?? equal to [* = 384,400 km. Time values are nondimensionalized to
produce a mean motion for the orbits of the Earth and Moon that is equal to unity,?” using t* ~
3.751903 x 10° s. Mass values are nondimensionalized by the total system mass of the Earth and
the Moon, m* ~ 6.046804 x 10%* kg.?

Equations of motion are written nondimensionally in the rotating frame. Consider the spacecraft
state represented by the vector X = [r” vT|T = [z, y, z, &, 7, 2|T. The pseudo-potential function
U* is defined as ) )

U= -+ + —L+ £ (1)
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where 11 = \/(z + )2 +y2 + 22 and 1o = /(¥ — 1 + p)2 + y2 + 22. Using these definitions,

the equations of motion for the spacecraft are expressed as>?
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The Jacobi constant is defined as*?
Cy=2U"—i?—4? - 22 (3)

and is an integral of motion.

The solution space in the CR3BP includes fundamental solutions that have been studied using
dynamical systems theory. Lagrange points are equilibrium points in the system numbered L,
to Ls.2%> Spacecraft located at these points will not depart from them in the rotating frame if their
velocity is zero. Periodic orbits are trajectories within the CR3BP that exactly repeat after a minimal
time interval, P,>>?* and exist in continuous families. Unstable periodic orbits possess eigenvalues
of the monodromy matrix (the state transition matrix propagated for one period) that do not lie on
the unit circle.” These unstable periodic orbits produce stable and unstable manifold pairs that
asymptotically approach or depart the periodic orbit.?

Differential Geometry

Geometric investigation of curved paths provides valuable insight into the characterization of
trajectories. Physical properties such as arclength and curvature are used in this paper to describe a



trajectory. The arclength is defined as
ty
Spos = / \/ %2 + y'2 + 22dt (4)
to

and describes the distance traversed along a curve over the time interval ¢ € [to, t f].27 This quantity
provides a parameterization of the curve that is not strongly affected by rapid changes in speed in
dynamically sensitive regions of the system. In this paper, an additional scalar quantity is defined
over the time interval t € [to,ty] as

ty
Svel = / V 2 + ij + Z2dt (5)
to

to represent the arclength along the velocity hodograph.

The deviation of a curve from a straight line is reflected by the curvature.?® In the rotating frame

of the CR3BP, curvature is calculated from the velocity and acceleration, a = [Z, ¥, z]T as?®
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States at a local maximum in curvature identify locations where the trajectory bends the most.?

The Frenet frame is defined by a set of vectors that evolve with the shape of a trajectory. The
frame is defined by a tangent vector, V:a principal normal vector, N'; and a binormal vector, B.
The tangent vector is aligned with the velocity vector, V' = v/||v||. The binormal vector is normal
to the osculating plane, equal to B=vxa /]]v x aH Flnally, the principal normal vector points
towards the center of curvature and is calculated as N = B x 1'%

Volume Representations

Several algorithms exist to represent the volume that encompasses data. In this paper, voxels,
three-dimensional cube analogs to pixels,>® are used as a discrete representation of a continuous
volume that encompasses the data. In addition to representing where data exists in an environment,
voxels can also encode metadata describing selected characteristics.>°

Conflict Based Search

The conflict-based search algorithm3! is used in path planning to generate conflict-free paths of
multiple agents in an environment. The conflict-based search creates and searches a conflict tree
for a set of optimal conflict-free paths. Each node of the tree contains a set of optimal paths with
one for each agent and an overall cost for all agents.?! Within a node, optimal paths for each agent
are identified individually, without considering the locations of the other agents.>! Then, if two or
more agent paths represented by a node are in conflict, the node splits and produces one child node
for each of the agents in conflict.3! In each child node, one of the conflicting agents is assigned
a path constraint to avoid the conflict of the parent.>! Each child node possesses either the same
or a higher cost than the parent.?! The algorithm continues to expand the tree down from the root
until conflict-free nodes are created.3! The algorithm then returns the set of agent paths from the

conflict-free node with the lowest cost.



Library of Motion Primitives and Their Regions of Existence

A library of motion primitives is used as an input to this paper. The motion primitives provide
fundamental representations of motion within the system while their regions of existence describe
the volume for which they represent. This library was previously generated by Gillespie, Bosanac,
Bodin, and Miceli*? with subrepresentatives following the approach of Bodin, Bosanac, and Gille-
spie'® as described later. Accordingly, only a brief, high-level overview of its definition and formu-
lation is provided here.

The library of motion primitives summarizes a set of building-block sized arcs that correspond
to motion that naturally approaches or departs unstable periodic orbits in the Earth-Moon CR3BP.
A set of reference trajectories are propagated along the stable and unstable manifolds of selected
periodic orbits. Each trajectory is propagated for a duration that is equal to three months plus a
linear estimate of the time for a perturbation in the stable or unstable eigenspace to grow by one
order of magnitude. These trajectories are terminated early upon 1) impacting the Earth, modeled as
a sphere with a radius of 6,378.137 km; 2) impacting the Moon, modeled as a sphere with a radius
of 1,738 km; or 3) exceeding a nondimensional distance of unity from the Moon. Each trajectory is
then discretized into smaller, overlapping arcs that are defined to span up to five curvature maxima
and/or initial or final states, with four segments between them. Between two subsequent reference
states, three sections of equal arc length are defined. Totaling up to thirteen per arc, these samples,
along with the curvature maxima and/or initial or final states, describe the continuous arc at dis-
crete and geometrically meaningful points. Each arc is described by a set of feature vectors that
captures its shape. Groups of arcs exhibiting geometrically similar motion are then identified using
a trajectory clustering algorithm, modeled after a convoy detection scheme. The medoid of each
cluster, calculated by comparing the position vectors at all sampled states along the arcs, supplies
the motion primitive.

In this paper, the motion primitive library contains 8,595 entries. Table 1 lists the number of
primitives associated with arcs that approach or depart members along each family with Jacobi
constants above 3.0. These arcs span both planar and spatial motions, but do not exhaustively
summarize the solution space near the Moon.

Each cluster of arcs that resembles a motion primitive spans a volume in the phase space. As
defined by Smith and Bosanac,® regions of existence approximate the volume that encompasses
all trajectories within the cluster. Howell et al.>* use “cells” to approximate hyperbolic invariant
manifold surfaces. Similarly, this work leverages voxels to describe the regions of existence follow-
ing a procedure demonstrated by Gillespie, Bosanac, Bodin, and Miceli.*? In addition to describing

Table 1. Number of motion primitives in the library, approaching or departing members of a specified
periodic orbit family

Family Number of Motion Primitives
L, Lyapunov 1268
L1 northern halo 2041
L1 southern halo 2041
Lo Lyapunov 935
L5 northern halo 1155
L5 southern halo 1155




the location and shape of regions in the configuration space, these voxels also include additional
metadata that encodes further properties of the trajectories that pass through them.

Each region is composed of a set of hierarchical voxels with each three-dimensional position
voxel containing a set of three-dimensional velocity voxels that describe the velocities of trajectories
passing through the position voxel. Voxels are described by their center, ¢ps Or €, in position or
velocity space and their side length, /), or [,;. Voxels are associated with sections of the region
of existence, defined from the sections of the trajectory arcs between two subsequent feature vector
samples. Voxel sizes may vary over a region, but remain consistent within a section. Elapsed time
ranges from the start of the region are associated with each section and each voxel contains metadata
associating it with a subrepresentative within the region, discussed in a subsequent paragraph.

Voxels are constructed around a high-resolution set of sampled states along the trajectories,
known as a point cloud. The sampling frequency is defined to meet a user-specified tolerance
of missed voxel detection events, characterized by a trajectory entering into the region of a voxel
without a sample along it registered within the voxel bounds.'® In this work, samples are spaced
evenly in the position-based arclength every 0.0SZ;},@” as well as every 0.0BZng in the velocity-
based arclength where the superscript min indicates the minimum voxel position voxel size, 0.01
non-dimensional length units, and the superscript des represents the desired velocity voxel size as

described in a subsequent paragraph.

Position voxels are scaled to better represent parts of the region that may be insufficiently sampled
to fully capture the range of motion present within the cluster. As the density of trajectory arcs in
clusters of the training dataset varies, some clusters may contain arcs that exceed a distance of lgffs”
from each other. Despite the fine sample frequency along trajectories, gaps may form between
trajectories for these less dense clusters. Once a voxelized region is constructed, each section is
evaluated by the following criteria: 1) the third largest distance between sampled points at either
of the section boundaries must be less than the current position voxel size and 2) the longest arc
length within the section must be less than a user-specified multiple of the voxel size. If either of
these two criteria are not met, the position voxel size is increased to either 3 x l;’é@” or 9 x lgg’;”.
Scaling by factors of three ensures that voxel centers remain on the same grid defined by the centers
of l;’g@". Limiting the total growth to 9 x lgg@” bounds the loss of resolution and ensures that the
voxels remain a realistic approximation of the data contained within them.

Unlike position voxels, the desired size of the velocity voxels is determined as the regions are
constructed. Curves in the velocity hodograph tend to traverse a larger nondimensional distance
than their corresponding curves in the configuration space, especially in dynamically sensitive re-
gions like those near the Moon. As a consequence, many more minimum-size velocity voxels are
required to fully capture the shape, contributing to larger data volumes and higher computational
requirements when comparing regions. Considering the purpose of velocity voxels is to support
AV estimates when transitioning between regions, it is less critical to fill velocity gaps and main-
tain a high resolution than in the configuration space. Furthermore, positioning of velocity voxels
on a grid is not required. Consequently, velocity voxel sizes may grow unbounded to any integer
multiple of ;’”” = 0.01 non-dimensional velocity units. The value of lffgf is selected such that

el
approximately ten velocity voxels span a section, balancing resolution with computational burden.

In addition to the voxels and section metadata, each region is characterized by a number of rep-
resentative arcs. These representatives are selected using k-medoids clustering applied to their
position-based feature vector spaces f, evaluated along the entire trajectory. The number of medoids



Figure 1. Position voxels (left), velocity voxels (right), and their representatives

is selected such that there is approximately one representative for every three position voxels across
the region’s widest section. Each position voxel is associated with its nearest representative or rep-
resentatives. These representatives support initial guess construction with trajectory arcs that are
representative of geometrically similar arcs near the voxels of interest.

An example region is shown in Figure 1. Position voxels R, are shown on the left with section
S; highlighted blue. The red position voxel within S; is associated with red velocity voxels, R,.
Representatives P; through P, are shown in both position and velocity.

TECHNICAL APPROACH

The library of motion primitives and their associated regions of existence are used to construct
trajectories of each agent in a DSM. In this work, a start and goal region are selected for each
spacecraft, or agent, such that the agent’s path begins in the first section of the start region and
ends in the final section of the goal region. Between the boundary conditions, the initial guess
algorithm identifies sequences of motion primitives, via their overlapping regions of existence in
the configuration space, for each agent free of conflicts between other agents.

To demonstrate the technical approach, consider a scenario where two agents are operating near
the Moon. The first agent starts from a trajectory that departs an L; Lyapunov orbit with periods
P € [2.6917,2.7698] and Jacobi constant C; € [3.1675,3.1883] and ends on a trajectory that
is approaching an Ly Lyapunov orbit with P € [3.3952,3.4160] and C; € [3.1519,3.1612]. At
the same time, agent 2 starts on a trajectory that is departing an L; southern halo orbit with P €
[2.6720,2.7796] and C; € [3.0221, 3.0664] and ends on a trajectory that approaches an Lo northern
halo orbit with P € [3.1637,3.2373] and C; € [3.0664,3.0835]. The start and goal regions for
each agent are shown in Figure 2a) and b), respectively. Each agent starts in section one of the
start region, colored in cyan on the left of each subfigure, and must reach section twelve of the goal
region, colored in magenta on the right of each subfigure.

Creating Initial Guess Paths

Initial guesses for the trajectories of these two agents in a DSM are constructed by iteratively
implementing three steps. First, an initial guess for each agent’s individual trajectory is constructed
using a multi-level graph search method developed by Bodin, Bosanac, and Gillespie.'® Next,
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Figure 2. Start and goal regions for agent 1 (left) and agent 2 (right)

initial guesses for each agent are compared with each other for conflicts. Finally, constraints on
each conflicting agent are applied as in the conflict-based search algorithm and the process repeats.

Single-Agent Initial Guess Construction At each level in the conflict-based structure, each agent
must identify an initial guess for a path that minimizes the AV. To encode the transitions be-
tween subsequent primitives and their regions of existence as well as support accurate and efficient
searches, a hierarchical graph structure is employed. This graph structure follows the process de-
veloped by Smith and Bosanac,!® refined by Miceli and Bosanac,?’ and combined into a hierarchy
by Bosanac.? In this work, the layers of the hierarchy are each represented by a graph of distinct
fidelity, defined as follows:

1. High-level region graph: connecting sequentially composable regions of existence
2. Low-level section sequence graph: connecting sequentially composable sections within region-
to-region connections

These two graphs are searched hierarchically to produce a sequence of sections that is processed to
form an initial guess. First, the high-level region graph is searched to produce a candidate sequence
of motion primitives with overlapping regions of existence. Then, the low-level section sequence
graph is searched to determine if the sequence of identified regions can be traversed in forward
time. The section sequences are then refined to ensure composability of arcs through the sections.
However, if a viable initial guess is not generated, these steps are repeated with new paths through
the high-level region graph until one is identified or a maximum iteration limit is reached.

To support generating both graphs, connections between sections along a pair of regions of ex-
istence is precomputed and stored. As edge weight calculation carries the highest computational
burden of any step, this preprocessing step supports much faster initial guess generation.'® First, a
pair of regions of existence within the library are compared to identify whether any of their position
voxels intersect. In that case, their velocity voxels are compared to approximate the AV required
to connect the two geometrically distinct types of motion at their intersection in the configuration
space. To further reduce computational burden, an approximation of the velocity voxels for all in-
tersecting position voxels within a section is employed using an axis-aligned bounding box (AABB)
that encompasses them. The AV is then approximated as the shortest distance between the bound-



ing boxes of the two intersecting sections. If the distance is greater than 0.001 non-dimensional
velocity units and the angle between the two velocities is greater than 30°, the velocity change is
too large to be considered a useful connection.

The high-level region graph is defined following the formulation presented by Bodin, Bosanac,
and Gillespie.'® Specifically, the nodes correspond to regions within the library and undirected,
weighted edges indicate the cost of connecting two intersecting regions. Searching this graph pro-
duces a sequence of regions of existence that overlap in the configuration space. However, it is
necessary to determine whether a spacecraft can traverse a sequence of sections along each region
in forward time.

For a sequence of overlapping regions of existence, a subgraph is created to find the lowest cost
path through the sections of each region. This low-level graph is constructed with nodes representing
sections and edges weighted by the AV to transfer from one section to the next. However, edges
between sections of the same region are defined with a weight of zero. Paths in this graph determine
when and where an agent should transition from one region in the higher level graph to the next.

Each graph is searched to produce one or more paths that connect the selected start and end nodes
and minimize the total AV In this paper, Yen’s algorithm?® is used to find a user-defined number of
paths, sorted in increasing order of cost as defined by the sum of edge weights along the path. Yen’s
algorithm finds the k shortest paths in a graph using Djikstra’s algorithm on deviations around the
optimal path.3® This graph search algorithm has previously been used in astrodynamics problems
by Bruchko and Bosanac?” as well as Miceli and Bosanac.?’

Path refinement, developed by Miceli and Bosanac?® and extended by Bodin, Bosanac, and Gille-
spie,'® selects individual trajectory arcs from the sequence of sections that form the components of
the initial guess while ensuring composability between them. Candidate arcs are selected from the
representatives of a region that span the sequence of sections defined by the paths of the previous
step. These candidate arcs supply nodes of a refinement graph, the lowest-level graph of this pro-
cess, and are sampled at the initial and final state of each section. In this graph, nodes are connected
if any intersecting voxels are associated with the representatives in both regions and the velocities of
samples bounding the sections meet the same criteria of the velocities in the region-level graph con-
nections. Edge weights, w, are defined from the position discontinuity between two samples along
the arcs, Ar, and the angle between the velocity vectors, 6, as w = ¢, |Ar| 4 ¢,(1 — cos §) where
¢p and ¢, are weighting coefficients for position and velocity set to 10 and 1 respectively. The graph
search is performed using a modified A* search presented by Miceli and Bosanac,?” producing the
sequence of arcs that supply the initial guess for the agent.

There is a possibility that the refinement process produces no viable initial guesses for a given
region and section sequence. In the case that a path is not found, the process repeats, returning to the
high-level motion primitive graph and searching for additional paths via Yen’s algorithm. To reduce
computational burden, batches of ten region paths are created at a time and input to the refinement
process. Should any path successfully be refined, the algorithm terminates, returning the initial
guess for the agent. Otherwise, the algorithm continues until a maximum number of paths that fail
to refine is reached.

Multi-Agent Path Constraint Evaluation Conflicts are any user-defined constraint that the initial
guess paths for each agent must follow. In this paper, conflicts are defined to prevent any number
of agents from being in the same place at the same time. Two formulations of this constraint are
implemented to provide options regarding how conservatively the constraint should be considered.



The first implementation prevents two agents from occupying the same region and the same section
at the same time. The second, more conservative, approach checks that two agents can not occupy
two intersecting sections of any regions at the same time.

Time compatibility, i.e., ensuring that two agents are not in conflicting locations at the same time,
is checked by comparing ranges of possible elapsed times, regardless of the approach used to de-
termine intersection. Let ;7 represent the possible elapsed time ranges from the start of region ¢ to
section k. Lower bounds of the time ranges are represented by ; 7, with upper bounds represented
by ﬂ?. Possible transit times for a spacecraft that enters region ¢ at section n and departs the
region at section m > n are constrained by lower bounds T = T © T, and upper bounds
T = ;17 © 4T, . If the spacecraft then continues into region j, similar j’T_, and jT+/ bounds
are associated with the possible times within this region. The total possible times to transit both
regions i and j are bounded by 7~ = ;7 @ ;7 belowand T+ = ;7+ @ ;7" above. Possi-
ble elapsed time ranges are accumulated for each agent in this manner for each region that it passes
through. If two agents are deemed to be in the same location at sufficiently similar times, then the
time ranges, “7 and 7T, for agents v and /3 in their respective sections of intersection are compared
through differences in their possible time ranges with lower bounds £ = #7~ & “T+ and upper
bounds i =TT oT— . If31 | £;<0<U : I =1...n(L) = n(l), then a difference in
elapsed time of zero is possible between the two agents within the section, meaning that they could
be in the section at the same time.

Conflict-Based Tree Search 1If a conflict has been identified, alternative path options are gener-
ated and evaluated in a tree structure following a conflict-based search approach.?! In this work, a
recursive approach is used to build a conflict tree. Starting from a single root node, each node in
this tree includes a path for each agent as well as the total cost for all the paths in the node. If the
paths within the node are in conflict, child nodes are created where each child is assigned a different
constraint to avoid the conflict.

In the example case described earlier, the section-intersection formulation of the constraint is
used. Consider two paths for agent 1 traversing between the regions of Figure 2a) and agent 2
traversing between the regions of Figure 2b). The root node selects a path for agent 1, A1, that tra-
verses from its start region #1247 through region #629 to its goal region of #5592 while A2 starts
in #3472, transitions to #8384, and reaches its goal of #7026. However, a conflict is identified
between regions #629 in Al and #8384 in A2 because some voxels are intersecting between them
and it is possible for the two agents to be in intersecting sections at the same time. For instance,
agent 1 could be in section 2 of region #629 anywhere between 0 and 2.29 non-dimensional time
units after the epoch. Additionally, agent 2 could be in section 8 of region #8384 anywhere be-
tween 2.11 and 5.26 non-dimensional time units of the epoch. Because these two sections contain
intersecting voxels and there is a possibility that the two agents are in the respective section at the
same time (anywhere between 2.11 and 2.29 units of elapsed time), a time conflict is conservatively
deemed to occur.

A set of forbidden regions of existence for each agent is tracked through the nodes of the conflict
tree. When a child node is created, the conflicting regions, excluding start or goal regions, for
the respective agent are added to the list of forbidden nodes. Before searching the graph for the
agent in conflict, the weight of all edges leading into or out of forbidden nodes are set to infinity.
After searching the graph, the edge weights are reset to ensure that nodes of other branches are
not affected. In a node, if no new constraints are added to any particular agent, the agent path is
inherited from the parent to reduce redundant individual agent graph searches.
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Figure 3. Conflict tree (left) grown from conflicting regions (right)

Figure 3 demonstrates a) growth from the root node with the conflict tree and b) the initial guess
region sequence represented in the root. Consistent with the example of a potential intersection
from the previous subsubsection, there is a conflict between regions #629 of Al and #8384 of
A2, prompting a split of the root node into two child nodes. The leftmost child node is assigned
a new constraint that region #629 is forbidden from the A1l path. A new graph for agent 1, Gla,
is constructed with all incoming and outgoing edges of region #629 are set to infinity. In this
node, the A2 path remains the same as the root and the graph for agent 2 is not modified. In the
rightmost child node, the other side of the conflict is explored by forbidding A2 from containing
region #8384 and leaving A1 unchanged. Within each child node, new paths are found through the
updated graphs. Then, the resulting paths are checked for conflicts with each other.

The conflict tree is grown until a conflict-free path is identified or a user-defined maximum re-
cursion depth is reached. Because each individual agent path represents the minimum cost within
its graph and the node cost is the sum of individual agent costs, lower cost DSM initial guesses are
higher up on the tree. Paths that contain conflicts are stored and returned along with the solution
path, if it exists before the recursion depth is reached. It is still possible, though somewhat less
likely, that these paths may still be correctable in the subsequent step, especially those rejected by
the more conservative constraint evaluation approach.

Correcting Initial Guesses

Once the initial guesses have been constructed, they are corrected for each agent individually
using a multiple-shooting approach.’® Using the same formulation as Bodin, Bosanac, and Gille-
spie,'® the representative arcs selected from each region are segmented at section boundaries from
each region. Additionally, these arcs are also segmented based on perilune passages.'® Thus, each
initial guess is segmented into a sequence of ng. smaller arcs. A free variable vector is constructed
from the initial states, X, along each of these smaller arcs along with the propagation time of the
arc, T. This vector is defined as:!®

V= (X1, 11, X3 Do, X2 Ty By B2y ooy Brare) -

Nare?

Slack variables, 3, are included at the end of the free-variable vector and used to enforce a non-
negative propagation time along each arc and are initialized as 3; = +/1;. The ith arc, described by
this free variable vector, is also used to generate the associated state transition matrix, ®;.

In the corrections scheme, position continuity is enforced between all arcs in the multiple-shooting
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problem whereas velocity continuity is only enforced between arcs where an impulsive maneuver
is not allowed. Maneuver locations between subsequent arcs are represented by a logical vector, b,
with a value of b; indicating if the i** node of V' occurs immediately after a maneuver. Furthermore,
the initial state along a trajectory is constrained to equal a desired value of Xy. However, the final
state is only constrained in position to match a desired value 7,,;, allowing for a final impulsive
maneuver to match the velocity of a desired state vector. Thus, the constraint vector is defined as:

- XO . X,LO -
Fy
F _ Fnarc_l F o Ir:Lf - TZOJ,_l lf b’L = 1
= = )
T;_‘a'rc _(ﬁrg)OQCll Xif - X?+1 if brL =0
1= 1
—Tnarc - (/Bna7'c)2—

where a superscript 0 indicates the initial state of an arc and a superscript f represents the propagated
final state of the arc. The gradient of the constraint vector, F', with respect to the free variable vector,
V, is expressed as the following DF matrix:

—Isx6  O6x14nq,et1

M,
— Mnarc_l _ o T
bl = [03X13narc7 @rrna'rc’ (ﬁrvnarc7 Vnare) ngnarc] ®= |:(I)VI' (I.VV:|
B
B

L Narc .

M = 3 108x7-1), @70 @i 00— L33, Ogaang—76-1)] 1f0i =1
T T *, .
[06x7(i—1)> ®is Xi, —I6x6, 06 x14n0,0—7(i—1)] ifb; =0

B; = [01x7i-1,1,01x13n0c+i—1: =284, 01 xngpe—i

This matrix possesses a dimension of (6 + 67coast + 3Nburn + 3 + Nare) X (TNgre) Where neoqst is
the number of natural segments and ny,,,, is the number of segments with a maneuver.

The free variable vector is updated using Newton’s method. The update equation is defined as
Vitl = Vi —DFT[DF DF?]~! FJ for each iteration j. The iteration continues until | F7| < ¢ opr
where €0y is a user-defined tolerance, set to 1 x 10719 in this work. The resulting free variable
vector provides states along the continuous corrected agent trajectory.

Resulting paths from the example above using the less-conservative constraint criteria are indi-
vidually corrected for each agent and shown in Figure 4. The blue trajectory shows the path after
corrections with the initial guess plotted using unique colors for each arc. Maneuver locations are
circled in black. Note that two maneuvers occur in close succession at the end of the path for agent
1. After corrections, the maneuver magnitudes are 49.6547, 40.2970, 9.7707, 20.1084, 139.2805,
7.9998, 2.1200, and 0.2131 m/s, respectively, for agent 1 and 192.0648, 91.4334, 115.6365, and
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Figure 4. Individually corrected paths for a) agent 1 and b) agent 2

42.2644 m/s for agent 2. Agent 1 traverses its corrected path in 22.46 days whereas agent 2 requires
a flight time of 4.68 days. In these examples, the corrected trajectory retains the geometry of the
initial guess.

RESULTS

The presented technical approach is applied to several example DSM configurations to produce
continuous, corrected paths for each individual agent. The result is a set of paths constructed from
conflict-free initial guesses that can be corrected together as a full DSM system in future work.
These individually corrected agent paths reduce the likelihood of failure for a corrections scheme
that operates over all agents at once and de-conflicts them from each other, planned for future work.
This section demonstrates the capability to produce these initial guesses for multiple agents.

Two-Agent Example

Example 1: Recall the example from the technical approach that considers two agents. Agent
1 departs an L; Lyapunov orbit to approach an Lo Lyapunov orbit whereas agent 2 departs an L
southern halo orbit and approaches an Lo northern halo orbit. Both agents start at the specified
initial states at the same time. When the initial guess is constructed using the less conservative
constraint formulation in which two agents may not occupy the same section of the same region
at the same time, agent 1 expends 269.4 m/s of AV during its 22.46-day transit time and agent 2
expends 441.4 m/s of AV during its 4.68-day transit. The two agents follow the paths shown in
Figure 5 with arrows indicating their directions of motion and the Moon, L1, and Ly shown in gray.
Maneuver locations and magnitudes follow those described in the technical approach and displayed
in Figure 4.

Example 2: If, however, the more conservative conflict definition is used with agents located in
intersecting sections (regardless of their region) at the same time are considered in conflict, then the
initial guess from the previous result is considered conflicting. In this case, the algorithm continued
until it reached its maximum recursion depth of one for this example. While a conflict-free initial
guess was not found at that level, an initial guess was still returned since there is still a possibility
of correction. Indeed, the individual agent paths were successfully refined. The path of agent 1
remains unchanged from the Example 1, however, the path for agent 2 now expends 1.5534 km/s of
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Figure 5. Agent 1 (red) and Agent 2 (blue) following their individually corrected
paths for a successful initial guess

AV during its 11.62-day transit. The paths for these agents are shown in Figure 6. Maneuvers along
the new path of agent 2 are indicated using black circles with magnitudes of 532.9587, 204.3955,
578.4002, 70.0251, 63.7899, 86.0360, 11.7235, 5.6743, and 0.4140 m/s.

Three-Agent Example

Example 3: The same technical approach is applicable to any number of spacecraft within a
DSM. To demonstrate this procedure, a third agent is added to the scenario from Example 1. This
agent starts in a region departing an Lo Lyapunov orbit with P € [3.3736,3.4160] and C; €
[3.1519, 3.1720] and must find a path that eventually approaches an L; Lyapunov orbit with P €
[2.7421,2.8237] and C; € [3.1547,3.1746]. For demonstration purposes, this scenario uses the
constraint forbidding agents from being in the same region at the same time. The resulting corrected
individual agent paths are shown in Figure 7. From the root node, the solution recovers the same
paths for agent 1 and agent 2 as Example 1 with agent 3 traversing its path in 30.78 days and
expending a total 532.8 m/s of AV. This total AV is composed of individual maneuver magnitudes
of 6.6176, 21.1261, 92.6266, 17.9860, 1.2424, 19.3155, 368.2181, 2.7839, 2.0655, 0.5928, 0.2085,
and 0.0539 m/s, with locations indicated by black circles in Figure 7.

CONCLUSIONS

This paper extends prior work in trajectory design using motion primitives to construct initial
guesses for distributed spacecraft missions and correct the resulting individual agent paths. This
paper uses as an input a library of motion primitives and their regions of existence to summarize
a subset of trajectories that exist near the Moon and approach or depart selected unstable periodic
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Figure 6. Agent 1 (red) and Agent 2 (blue) following their individually corrected
paths for an unsuccessful initial guess

orbits. The regions of existence are used to rapidly generate initial guesses for each individual agent.
Sequences through intersecting regions along with transition sections are identified through a multi-
level graph search. The resulting section sequences for each agent are compared for conflicts and
a conflict tree is grown following the principles of conflict-based search. If a conflict-free section
sequence is found before a maximum recursion depth, it is returned as the initial guess candidate.
Otherwise, a conflicting section sequence is selected as the initial guess candidate. Representative
arcs from the initial guess supply multiple shooting arcs for each agent that are then corrected into
continuous trajectories for all spacecraft within the DSM.

Future work includes correcting and optimizing the DSM trajectories together. During the indi-
vidual agent correction process, it is possible that a constraint is violated, necessitating a secondary
multiple shooting corrections of all the agents simultaneously. Next, these corrected DSM trajecto-
ries need to be optimized to reduce the cost of impulsive maneuvers between segments.
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