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ABSTRACT

The close-proximity inspection of objects in low Earth orbit is important to operations such as rendezvous, debris
removal, servicing, and resident space object (RSO) characterization, all which are of increasing interest to commercial
and government organizations. Complex relative motion dynamics in low Earth orbit make the problem of path
planning for autonomous multi-agent inspection challenging. Agents must be able to fully inspect an object subject
to illumination constraints while avoiding collision with the RSO or—in the multi-agent case—each other. In this
paper, autonomous satellite inspection with impulsive maneuvers is considered by learning a policy on a multi-agent
semi-Markov decision process formulation of the inspection task while ensuring safety via an optimization-based
shield for collision avoidance based on analytical equations of relative motion. This work demonstrates closed-loop,
autonomous, safe multi-agent inspection of an RSO with shielded deep reinforcement learning over all low Earth orbit
(LEO) orbits.

1. INTRODUCTION

With the proliferation of satellites in low Earth orbit (LEO), rendezvous and proximity operations (RPO) are becoming
increasingly important. These include servicing and interacting with active spacecraft, deorbiting defunct satellites, or
inspecting assets for damage. Prior to many of these operations, the resident space object (RSO) must be inspected
to determine docking points, damage, or other properties. This inspection task is complex, requiring the servicer to
maneuver around the RSO, inspecting all illuminated surfaces while avoiding collision. Currently, close-proximity
operations are challenging to operate and require significant ground support to upload open-loop command sequences
and monitor the resulting performance. Close relative motion maneuvers must be fuel efficient, avoid the potential
for collisions, and satisfy any imaging requirements. In some cases, multiple servicers may be in operation around a
single RSO at the same time.

A variety of path-planning methods have been proposed for the problem. References [1, 2, 3] demonstrate pipelines for
global planning of inspection trajectories for a swarm of satellites, for impulsive and continuous thrust control. These
plan a set of stable relative orbits that should provide coverage of the RSO, then assign orbits to individual servicers
within the swarm, calculating optimal transitions between orbits. Another paper [4] decomposes a large RSO into
primitive shapes and projects inspection paths onto them. In [5, 6], traditional A*-based path-planning methods are
combined with methods for robustness to thruster failures.

More recently, reinforcement learning (RL) has been posed as a method for closed-loop autonomy on the inspection
task. RL has the benefits of directly finding a policy to maximize a reward function in an arbitrary environment. In [7],
a neural network-based policy is used for high-level planning between predetermined inspection waypoints. Another
paper [8] approaches the problem with a continuous action space for continuous, low-thrust control, considering
lighting conditions. In recent work [9, 10], the waypoint-based approach is used for distributed and centralized control
of a swarm of servicers. In [11, 12], the problem is considered with a simultaneous localization and mapping (SLAM)
component. However, a drawback of this class of methods is a lack of safety guarantees. While penalties can be
included to disincentivize unsafe actions, there is no guarantee that the agent will not take an unsafe action.

To address this challenge, a variety of methods for bounding the performance and guaranteeing safety of RL-based
polices have been developed [13]. Several references combine RL with trajectory optimization steps: A few authors
[14, 15] leverage the transformer architecture for RPO, while [16] uses RL with traditional path planning methods
as a way of directing the search of the traditional methods while maintaining robustness. Shielded RL [17] has been
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Fig. 1: The multi-agent inspection task with N = 2 servicers.

demonstrated as an effective method for various other spacecraft tasking problems, including resource management
[18], small-body proximity operations [19], and agile Earth observation under various conditions [20, 21]. Control
barrier functions (CBFs) are an alternative to shields that provide guarantees on performance: Most similar to this
work, two recent papers [22, 23] ensure safety in RL-controlled inspection task with continuous control inputs using
a CBF. Their safety constraints include the keep-out zone present in this work, fixed-horizon passive safety, velocity
constraints, a Sun pointing constraint, and a keep-in zone.

To develop safety guarantees for these tasks, existing work on safe coordinated motion planning in LEO can be lever-
aged. Morgan [24, 25] uses sequential convex programming (SCP) to plan collision-free continuous thrust trajectories.
Others [26, 27] use analytical methods to derive swarm reconfiguration laws with impulsive thrusts in terms of relative
orbital elements.

In this work, the RSO inspection problem is considered for an RSO in an eccentric orbit with a Hill-frame-fixed attitude
and multiple impulsively thrusting servicers, subject to range, pointing, and lighting constraints for inspection. This
builds on [28], which considers only a single servicer and Clohessy-Wiltshire-Hill (CWH) circular orbit dynamics,
which is a common constraint in existing literature. Considering multiple servicers creates a more complex collision
avoidance scenario. In addition to single-agent analysis, this study researches if multi-agent training is able to create
novel cooperative inspection behavior not seen when a single-agent policy is used by multiple agents in the same
environment. The problem is formulated as a Markov decision process (MDP) and solved using deep reinforcement
learning (DRL), with a formulation that is specifically designed to reflect the operations of an impulsively maneuvered
spacecraft. Unlike other RL-based approaches to the inspection task, a shield that guarantees safe trajectories relative
to the RSO or any other nearby objects in orbit is employed; this shield is based on an optimization-based analysis of
relative motion dynamics for eccentric orbits under impulsive control.

2. PROBLEM STATEMENT

In the multi-agent inspection task, N servicer spacecraft {S1, ...,SN} have the objective of inspecting all facets of an
RSO S0 in LEO, subject to illumination constraints. To achieve this, the servicers must use discrete thrusts to control
their motion relative to the RSO while avoiding collision between themselves and any other spacecraft.

2.1 RSO Model

The RSO is a nadir-pointing satellite in LEO. This attitude assumption is reflective of the attitude control for many
active LEO satellites. The RSO has a set of body-fixed inspection points pi ∈ P , each with an associated normal
vector n̂nni. In this work, the RSO’s geometry is modelled as a 1-meter radius sphere of |P |= 100 uniformly distributed
points with surface normals in the radial direction. The RSO’s orbit is perturbed by J2 effects and atmospheric drag.
The RSO’s orbit is a randomly sampled LEO orbit in each instance of the environment. The altitude of apogee and
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perigee are uniformly sampled between 500 and 1100 km, and the angular orbital elements are uniformly sampled in
their respective domains.

2.2 Servicer Spacecraft Model

Each servicer spacecraft is equipped with a body-fixed camera ĉccs to inspect the RSO. A flight software algorithm
controls the attitude of the spacecraft using reaction wheels to point the camera boresight at the RSO. To inspect a
point on the RSO, the angle between the normal n̂nni and the camera boresight ĉccs must satisfy

θi,s = ∠(n̂nni,−ĉccs)< θmax (1)

A servicer must also be within rinspect = 250 m of the RSO to inspect a point. When a point is inspected, it is added
to the global inspected set I . Since the servicers are close to each other, it is reasonably assumed that they can freely
communicate information with one another.

As with the RSO, each servicer’s orbit is modelled to high fidelity, including J2 perturbations and atmospheric drag.
As a result, the relative motion between the servicer and the RSO is governed by perturbed equations of relative motion
for an eccentric chief [29]. Each servicer can control its relative motion with a cluster of impulsive thrusters. These
thrusters can produce impulsive thrusts ∆vvv of magnitude up to ∆vmax = 1 m/s in an arbitrary direction. Because the
period between thrusts tends to be long, this could be achieved by a variable-thrust thruster on an actuated platform
that reorients between maneuvers. At most, each servicer may use 10 m/s of ∆v to complete the task.

For each pair of satellites Sd and Sc, a keepout ellipsoid is defined. Taking Sd to be the deputy and Sc to be the chief
(which may be the RSO or another servicer), the Hill frame centered on the chief is Hc and the displacement of the
deputy in that Hill frame is rrrd/c. A Hill-frame-fixed keepout ellipsoid KKKd/c is defined for the satellite pair. If any
pair of satellites violates their keepout ellipsoid, the inspection task is considered a failure. Mathematically, collision
between Sd and Sc is defined as

rrrT
d/c(t)KKKd/crrrc/d(t)≤ 1 (2)

being satisfied at any time t.

The initial position of each servicer is uniformly sampled between 250 and 750 m from the RSO in a random direction.
The initial velocity of each servicer relative to the RSO is uniformly sampled between 0 and 1 m/s in a random
direction.

2.3 Illumination Constraints
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Fig. 2: Percent of RSO meeting illumination conditions for
inspection due to orbit geometry.

In addition to the view incidence angle, the inspection
points on the RSO must be illuminated by the Sun. To
be sufficiently illuminated for imaging, the incidence an-
gle between the Sun and the point normal must be less
than φmax = 60◦. The RSO also must not be eclipsed
by Earth. Because the RSO is modelled as a spherical
satellite, no self-shadowing is considered in this work.
Likewise, inspector shadowing of the RSO is neglected.
The subset of the points P that are illuminated at some
point during the orbit is L.

Fig. 2 shows the percent of the RSO that is illuminated
over 1000 random cases as a function of the β angle, the
angle between the orbital plane and the Sun vector. Or-
bits that are closer to a Sun-synchronous orbit (SSO) at
the dusk-dawn boundary tend to have the smallest frac-
tion of points ever illuminated, as the orbit-frame-fixed
attitude leads to one side of the spacecraft constantly fac-
ing away from the Sun.

2.4 Objective Function

Mathematically, the objective of the problem is to maximize the percentage of the RSO that is inspected, subject to
a penalty for fuel consumption, non-collision constraints, and the environment dynamics. The full problem can be
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expressed as

maximize
{∆vvv1,1,...,∆vvvN,nN }

|I |
|P | −α

N

∑
s=1

ns

∑
i=1
|∆vvvs,i| (3)

such that rrrT
i/ j(t)KKKi/ jrrri/ j(t)> 1 ∀ t ∈ [0,∞), (i, j) ∈ {0, ...,N}2, i ̸= j (4)
ns

∑
i=1
|∆vvvs,i| ≤ ∆vavail ∀ s (5)

tsuccess ≤ tavail (6)

The maximization is performed over the set of ns burns and their times for all satellites s. The first term of the objective,
|I |/|P |, is the fraction of points inspected due to the servicer trajectories under that control. In the second term, the
sum of fuel used for all burns across all servicers is subtracted from the objective function, weighted by the fuel use
penalty α . A keepout constraint (4) is enforced at all times for all pairs of satellites. Finally, a per-satellite maximum
fuel (5) and maximum time (6) constraint are also specified.

Of course, directly optimizing this objective function for a complex path planning problem is prohibitively challenging.
Instead, RL can be used to find a closed-loop policy that aims to maximize this objective.

3. REINFORCEMENT LEARNING

Reinforcement learning provides a generalized framework for formulating and solving sequential decision-making
problems, a broad category that includes path planning, scheduling, and control. As a hybrid of these problem types,
the RSO inspection task is a strong candidate for RL-based solution. This section will include a brief overview of RL,
specialized modifications to the framework necessary to accurately represent this problem, and the MDP formalization
of the RSO inspection problem.

3.1 Learning on Markov Decision Processes

MDPs are a framework for representing sequential optimization problems [30]. An MDP is defined by a state space S,
action space A, transition function T (s,a,s′), and reward function R(s,a,s′). In an MDP, the state s evolves in response
to some action a according to the transition function, yielding a new state s′ and reward r. The goal of reinforcement
learning is to find a policy π(a|s) that maximizes the expected γ-discounted sum of rewards

V π
MDP(s) = r+ γE

[
V π

MDP(s
′)
∣∣T (s′|s,a),π(a|s)] (7)

= r0 + γr1 + γ
2r2 + · · ·=

∞

∑
i=0

γ
iri (8)

at all states s ∈ S. However, the transition and reward functions are not directly known to the learning agent. Instead,
the agent must iteratively interact with the environment, balancing exploration of new regions of the state space with
exploitation of known reward-rich regions to determine the best policy.

While exact methods exist for discrete, low-dimensional state and action spaces, larger and continuous problems are
intractable for these approaches. To find solutions to the more challenging (but often more relevant) class of problems,
deep RL has been identified as an effective set of methods. In DRL, portions of the RL algorithms are replaced with
neural network function approximators, which tend to perform well with high-dimensional and continuous data. DRL
algorithms such as proximal policy optimization (PPO), used in this work, have been shown to find strong policies for
challenging problems across many domains, including robotics and control [31].

3.2 Semi-Markov Decision Processes

Many sequential problems have a fixed decision interval associated with them, such as a control frequency or a turn in
a game. However, the best solutions to planning and scheduling problems often have dynamically determined decision
intervals. The RSO inspection problem follows this observation: When performing impulsive maneuvers, a spacecraft
generally thrusts then drifts (i.e., does not perform any control inputs) until the next thrust is scheduled. To represent
this type of problem, the MDP must be extended to allow for variable-duration timesteps.
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A MDP with variable-duration timesteps is called a semi-Markov decision process (sMDP). In a sMDP, each step has
some ∆t associated with it, which represents the time-opportunity cost of the step, and a reward density ρt(t) instead
of reward rt [32]. The γ-discounted reward for a step is then given by the integral

r(γ)t =
∫ tt+∆tt

tt
eγ(t−tt )ρt(t)dt (9)

When computing value, Equation 8 also needs to be modified to discount according to the sum of times elapsed over
preceding steps

VsMDP(s0) = γ
∆t0r(γ)0 + γ

∆t0+∆t1r(γ)1 + γ
∆t0+∆t1+∆t2r(γ)2 + · · ·=

∞

∑
t=0

γ∑
t
i=0 ∆tir(γ)t (10)

and any value-like discounted computations in the learning algorithm must be similarly modified.

3.3 Partial Observability

In an MDP with partial observability, the agent learns on observations of the state o = Z(s) instead of the full state.
In some cases, estimating the true state is of great importance to solving the problem. The RSO inspection problem
has a weaker form of partial observability—the true state of the simulator is very high dimensional, but only a subset
of those states are particularly relevant for the control problem. An observation space is hand-crafted to give agents
sufficient, but not excessive, information about the state.

3.4 Decentralized Asynchronicity

Two final modifications to the standard MDP framework are necessary to express the multi-agent case: decentralization
and asynchronicity. In a decentralized MDP, each agent individually receives and learns on individual observations of
part of the environment. As a result, decentralized MDPs are inherently partially observable to each agent, and may
still be partially observable in the joint observation space.

The combination of decentralization and sMDPs yields asynchronicity: If agents are acting individually with actions
of different durations, their decisions will likely occur at different times [33]. This can be both advantageous and
challenging.

3.5 MDP Formulation

The inspection task is formalized as (asynchronous, decentralized, partially observable, semi-) MDP for N agents,
which are the N servicer spacecraft. The elements of the MDP tuple for the inspection task are as follows:

• State Space: The state of the simulator providing the generative model for the MDP. This includes satellite
dynamic states, flight software states, and environment states. Terminal states for a servicer are encountered due
to various conditions:

– ≥ 90% of illuminated points are jointly inspected by all servicers, |I |/|L| ≥ 0.9. This threshold is set
since some points on the limb of the spacecraft may only be instantaneously illuminated.

– A servicer collides with the RSO or another servicer, in violation of Equation 4.

– A servicer leaves the RSO: |rrrd/rso|> 1 km. This condition is included to encourage “good” behavior when
training, but is not a hard constraint enforced by the shield when using the policy.

– A servicer runs out of available fuel: ∆vavail = 0.

– The episode times out: t ≥ 10 orbits.

• Observation Space: The observation for each servicer is composed of a subset of the elements of the state
space and transformations thereof. The elements of the observation space are given in Table 1. Two reference
frames are used: the RSO Hill frameH, and the Earth-Sun Hill frame S .

The region inspection status %inspect(P) is used as a more compact way of representing what points on the RSO
have been jointly inspected, rather than a vector of |P | Booleans. For this observation, M clusters of inspection
points are defined by vectors. Each element of the observation is the fraction of points in the cluster that have
been inspected. For this environment, M = 15 clusters evenly spaced on the surface of the sphere are used, as
it results in regions roughly the same size as a servicer’s field of view. This observation does not tell the agent
what points will be illuminated at some point; the agent must infer that from the observations of the orbital state.
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Table 1: Elements of the observation space for each servicer.

Inclusion Element Dim. Description

Single- and
Multi-Agent

Training

rrrHd/rso 3 RSO-relative position
vvvHd/rso 3 RSO-relative velocity

ŝssH 3 Sun direction
eeeS 3 orbital eccentricity vector
hhhS 3 orbital angular momentum vector
rrrSDE 3 orbital position

∆vavail 1 available ∆v
t 1 time since start of episode

[τo
ecl,τ

c
ecl] 2 next eclipse start and end times

%inspect(P) M region inspection status
Multi-Agent

Training Only
rrrHs/rso 3(N−1) RSO-relative position of servicer s
vvvHs/rso 3(N−1) RSO-relative velocity of servicer s

Some elements of the observation are always included, while others are only included when training in a multi-
agent environment (as opposed to training in a single-agent environment and deploying in a multi-agent en-
vironment). The additional elements give each servicer information about the other servicers’ positions and
velocities. Since these elements are “baked in” to the policy network, the resulting policies do not generalize to
different agent counts N. Practically, the number of servicers would be known well before a mission and has a
low upper bound.

• Action Space: Each servicer’s action space is a ∈ ∆vmaxB3× [0,∆tmax]. The first three elements specify the
direction and magnitude of an impulsive thrust within a ball, and the last element specifies the duration to drift
before executing the next thrust.

• Reward Function The reward density ρ(t) for each servicer is the sum of four functions. First, reward is
yielded for inspecting points on the RSO that have not yet been inspected by any servicer.

ρinspection(t) =
1
|P |

d
dt
|I |. (11)

A reward is also given to all agents for jointly reaching the goal state of |I |/|L| ≥ 90% inspection of illuminated
points, using the Dirac delta function.

ρsuccess(t) = βsuccessδ (t− tsuccess) (12)

A penalty for fuel use is given at the time of a burn, weighted by the fuel use penalty α .

ρfuel(t) =−α|∆vvv|δ (t− tburn) (13)

Finally, a failure penalty is given to a servicer that reaches any of the negative terminal states (collision, running
out of fuel, or leaving the region of space around the RSO)

ρfailure(t) =−βfailδ (t− tfailure) (14)

Objective completion or failure of all agents terminates the episode.

• Transition Model: Instead of a probabilistic transition function, the transition model is implemented as a
deterministic generative model. When an action is taken, the environment propagates the simulation forward in
time until the next action is to be taken. The sMDP ∆t is the duration for which the simulator propagated the
step, as selected by the action.
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The environment is implemented in accordance with the Gymnasium API [34] using BSK-RL1, a package for creating
modular, high-fidelity RL environments for spacecraft tasking [35]. The underlying spacecraft simulation is Basilisk2,
a high-performance spacecraft simulation package [36]. Rigid multi-body dynamics in the perturbed orbital environ-
ment and flight-proven flight software algorithms are used to simulate the environment. Basilisk is ideal for offline
agent training as its high computation speed enables efficient training with a complex physics-based simulation.

The RLlib implementation of PPO is used to train policies in this environment [31, 37]. The algorithm and training
pipeline are modified to use semi-Markov discounting for advantage estimation and to retask agents asynchronously,
only when their previous action has completed. There are two options for obtaining policies for the multi-agent case:
deploying the single-agent policy in a multi-agent setting with cooperation induced via the sharing of task completion
status (which was effective in [21]), and directly training agents in the multi-agent environment with awareness of the
other agents’ activities through additional observation elements and the sharing of task completion status. In the latter
case, all agents act independently but contribute experience to the same policy, which is duplicated across the team.

4. OPTIMIZATION-BASED SHIELD

Collision with other spacecraft is of high concern for each servicer spacecraft. Shielding is a method for guaranteeing
operational safety of a RL-based agent by preventing the selection of actions that are known to be unsafe. For this
problem, a shield is developed that prevents the servicer from executing a burn that may lead to eventual collision with
another spacecraft under natural dynamics.

4.1 Shielding to Guarantee Safety

A shield interacts with a policy in order to prevent unsafe actions (i.e. those actions that may cause a transition into
s′ ∈ Sunsafe in the next step, or for more robustness, in any future step) [17]. The shield in this work uses the action
projection approach to shielding [13]: if the desired action falls in the space of disallowed actions, the closest safe
action is selected instead.

Servicer 1

unshielded unsafe
controlled trajectory

shielded safe 
controlled trajectory
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Fig. 3: Shield guaranteeing safety when a servicer performs a maneuver.

The conceptual behavior of the shield is shown in Fig. 3. All servicers are assumed to be on trajectories that are
passively safe over an infinite horizon relative to all other spacecraft, due to previous iterations of the shield. Since the
agents act asynchronously, at any time only a single servicer will need to select a new action. The policy selects some
∆vvv; then, the shield determines the smallest deviation δvvv that makes the new trajectory passively safe under relative
motion dynamics relative to every other spacecraft. Since the servicer was already known to be on a passively safe
trajectory from the previous iterations of shielded tasking, there is always at least the trivial solution δvvv = −∆vvv that
satisfies the safety constraints by keeping the servicer in the same passively safe orbit as before.

1avslab.github.io/bsk_rl/
2avslab.github.io/basilisk/
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4.2 Relative Motion Dynamics

Analysis of the system dynamics is necessary to formalize the shield constraints. The motion of the spacecraft is
described with a relative motion state transition matrix for the unperturbed motion of a deputy spacecraft relative to a
chief spacecraft in an eccentric orbit. In the Hill frame of the chief satellite Sc, the state transition matrix for the state
vector xxxd/c =

[Hcrrrd/c
Hc vvvd/c

]T
composed of the Hill-frame position and velocity of the deputy relative to the chief

is given by
ΦΦΦ

x
c(t, t0) = AAAc(t)ΦΦΦδoooeee

c (t, t0)AAA−1
c (t0) (15)

where AAAc(t) is the linearized relative orbital element to Hill frame mapping matrix, and ΦΦΦ
δoooeee
c (t, t0) is the relative orbital

element state transition matrix (see [29], chapter 14.5 for the full 6×6 matrices for AAAc, AAA−1
c , and ΦΦΦ

δoooeee).

It is also useful to bound the long-term trajectories of a deputy relative to a chief, in order to provide infinite horizon
safety guarantees in the event that the satellite becomes uncontrolled (simply put, satellites should never be on a
collision course). Considering the closed-form solution to relative motion with first order eccentricity (see [29],
chapter 14.6.3), two cases lead to passive safety: Either the relative motion is periodic, requiring δa = 0, or some
secular term dominates, and the deputy is moving away from the chief.

Only the y component has such a secular term. The x and z components both oscillate through zero as t→ ∞, so they
cannot be used to improve the lower bound on the distance between spacecraft. The y component motion is described
in terms of orbit element differences

y( f ,δM)≈ a
(

δM
η

+δω + cos iδΩ

)
−aδy sin( f − fy)−

ae
2

sin(2 f )δe (16)

where

δy(δM) =

√
4δe2 + e2

(
δM
η
−δω− cos iδΩ

)2

(17)

By minimizing and maximizing the terms that are periodic in f , the y component motion is bounded by

y(δM)≥ ⌊y(δM)⌋= a
(

δM
η

+δω + cos iδΩ

)
−aδy(δM)− ae

2
δe (18)

y(δM)≤ ⌈y(δM)⌉= a
(

δM
η

+δω + cos iδΩ

)
+aδy(δM)+

ae
2

δe (19)

which are increasing in δM for δa ̸= 0. If δṀ > 0 (equivalent to δa < 0), the deputy is guaranteed to be clear of the
chief keepout KKK for all t > t∗ if

⌊y(δM(t∗))⌋ ≥ (ŷyyT KKKŷyy)−
1
2 (20)

Likewise, if δṀ < 0 (equivalent to δa > 0), the condition is

⌈y(δM(t∗))⌉ ≤ −(ŷyyT KKKŷyy)−
1
2 (21)

As mentioned earlier, the final case δa = 0 is always acceptable as it yields periodic motion. These three cases can be
combined into two concurrently active constraints, leveraging the increasing nature of the functions so that the cases
overlap:

glow(oooeee,δoooeee) = δa
(
⌊y⌋− (ŷyyT KKKŷyy)−

1
2

)
≤ 0 (22)

ghigh(oooeee,δoooeee) = δa
(
⌈y⌉+(ŷyyT KKKŷyy)−

1
2

)
≤ 0

4.3 Formalizing the Optimization Problem

With the relative motion dynamics defined, the shield can be formulated as an optimization problem. In short, the
problem is to find the thrust for spacecraft d closest to that selected by the policy π(s) = ∆vvv that does not lead to
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collision with the RSO or any other inspector under the relative motion dynamics. Let δvvv be the change in selected
thrust required for safety. The optimization problem can be written as

minimize ∥δvvv∥ (23)
such that ∥∆vvv+δvvv∥ ≤ ∆vmax (24)

for each c ∈ {0, ...,N},c ̸= d

xxxd/c(t0) =
[ Hcrrrd/c
Hc(vvvd/c +∆vvv+δvvv)

]
xxxd/c(t) = ΦΦΦ

x
c(t, t0)xxxd/c(t0)([

III 000
]

xxxd/c(t)
)T KKKd/c

([
III 000

]
xxxd/c(t)

)
> 1 ∀ t ∈ [t0, t0 + tmax] (25)

glow,high(oooeee(tmax),δoooeee(tmax) = AAA−1
c (tmax)xxxd/c(tmax))≤ 0 (26)

The objective (23) minimizes the change in requested thrust. The first constraint (24) ensures that the thrust does
not exceed the maximum thrust the servicer can produce. Collision constraints are added for each other spacecraft:
Constraint (25) ensures that the shielded action does not lead to collision over some upcoming timespan [t0, t0 + tmax].
The final constraint (26) uses Equation 22 to maintain long term passive safety on domain [t0 + tmax,∞), finding the
relative orbital elements using the same mapping matrix AAA−1

c used in the state transition matrix.

4.4 Iterative Shield Solution

Evaluation times in Equation 25, the keepout constraint, must be discretized to make the number of constraints finite.
However, if the discretization is too coarse, this introduces the possibility for interstep collisions. To address this while
keeping the number of constraints low (relative to the naı̈ve method of using a small fixed ∆t), an iterative scheme to
dynamically determine the step size. The position and velocity at each discretized point is used to bound the interstep
motion of the deputy.

The minimum distance between the deputy and keepout region Rd/Kc is defined as the objective of the optimization
problem

Rd/Kc = minimize
∣∣rrr∗− rrrd/c

∣∣ (27)

such that rrr∗T KKKd/crrr∗ ≤ 1 (28)

which is a simple convex problem for nonspherical keepouts and trivially

Rd/Kc = |rrrd/c|−Rd/c (29)

for spherical keepouts with radius Rd/c. It follows that the worst-case maximum timestep between ti and ti+1 that could
at most violate the keepout by ε is given by

ti+1− ti ≤
Rd/Kc(ti)+ ε

max
t∈[ti,ti+1]

|vvvd/c(t)|
(30)

Since this expression still contains a continuous term, it is approximated using the maximum of the endpoints of the
segment

ti+1− ti ≤min

(
Rd/Kc(ti)+ ε

max
(
|vvvd/c(ti)|, |vvvd/c(ti+1)|

) ,∆tmax

)
(31)

This approximation is exact when vvv is monotonic on [ti, ti+1] and is otherwise reasonable due to the slow speed of
orbital dynamics, as long as some ∆tmax is selected that is small relative to the dynamics. Additionally, since the
timestep must be smaller in higher-risk situations with a higher velocity or lower distance, the period covered by the
step is more likely to be monotonic and thus the approximation exact.

The method solves the optimization problem, updating the time discretization each iteration until Equation 31 is
satisfied at all sample points. Separate sets of sample points are maintained for each other satellite, as it is unnecessary
to optimize over dense sampling times if a satellite is far away. The complete method is given in Algorithm 1 and
Algorithm 2.
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Algorithm 1 Iterative Shield Solution

ttt(c)← [t0 : ∆tmax : tmax] ∀c ∈ {0, ...,N},c ̸= d ▷ Seed the sample time vector for all satellites.
while not converged do

solution← solve Equation 23-26 ▷ Solve the optimization problem with discretization ttt
if Equation 31 ∀ ti ∈ ttt ∀c ∈ {0, ...,N},c ̸= d then ▷ Check for possible interstep violations across satellites

return solution
else

for c ∈ {0, ...,N},c ̸= d do
ttt(c)← RESAMPLETIMES(solution(c)) ▷ Resample the time vector for each satellite with Algorithm 2

end for
end if

end while

Algorithm 2 Resample Times

function RESAMPLETIMES(solution, κ = 0.1)
ttt ′← [t0]
∆tinterp(t)← linear interpolation of the first argument of Equation 31 at all points in solution
if ttt ′−1 ≥ t0 + tmax then ▷ Check if the desired timespan has been resampled

ttt ′−1 = t0 + tmax
return ttt ′

else
ti = ttt ′−1
tnew← tnew− ti = (1− ε) min

t∈[ti,tnew]
∆tinterp(t) ▷ Find the next time satisfying the required ∆t interpolator

if ∃ told ∈ ttt s.t. ti < told < tnew then ▷ Check for existing sample from ttt to add
append(ttt ′, told)

else ▷ Otherwise, add the new sample
append(ttt ′, tnew)

end if
end if

end function

The purpose of retaining all old sample points when resampling the time discretization in Algorithm 2 is to prevent
chatter between two different classes of solutions with different discretizations. By retaining the old points, the con-
straints that lead to previous iterations’ solutions are always maintained.

5. RESULTS: SINGLE-AGENT INSPECTION

The single-servicer (N = 1) formulation of the problem is examined first. Policies are trained and benchmarked for a
range of fuel use penalties α in order to expose the Pareto front between fuel use and inspection time; this Pareto front
is expected from the interaction between the explicit penalty on fuel use and the implicit penalty on time caused by
discounting. The performance and effectiveness of a chosen policy is investigated on various cases with and without
the shield.

5.1 Training a Single-Agent Policy

PPO is used to train policies in the single-agent environment. A hyperparameter search finds discount rate γ = 0.9999,
learning rate 5×10−6, and batch size 4650 perform well, along with RLlib defaults for other hyperparameters. Seven
single-agent policies are trained for fuel use penalty α ∈ [0.0 : 0.05 : 0.3]. Training is performed until the policy
converges on 32 cores; this takes 48 to 96 hours for each policy, yielding at least 10M and up to 20M environment
interactions.
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Fig. 4: Training curves for the single-agent environment.

Fig. 4 shows how various metrics evolve as the policies learn to complete the task. As expected, policies for lower α

are faster (lower tsuccess) but less fuel-efficient (higher total ∆v used) at completing the task. The policies tend to prefer
relatively short drifts between a high number of small impulsive thrusts, even when additional policies were trained
with a constant per-thrust penalty to discourage this behavior.

5.2 Unshielded Single-Agent Inspection Performance

To evaluate the performance of the policies across a range of cases, each policy is executed in 1000 random instances
of the environment. Each instance samples a different orbit for the RSO and the initial relative position for the servicer.
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Fig. 5: Unshielded performance of single-agent policies
across fuel use penalty α , evaluated at 1000 trials per α .
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Fig. 6: Unshielded performance of the α = 0.20 single-
agent policy.

Fig. 5 shows the distribution of unshielded performances for each of the 7 policies. A clear Pareto front between fuel
use and inspection time is evident across the policies, with the mean of each policy’s performance marked in red.
While some improvement in inspection time or fuel use can be found, most of the performance space is dominated by
policies near the lower-left corner. This indicates that within the bounds of this formulation, there is a limited trade
space between fuel and time optimality.
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The α = 0.20 policy is selected for further benchmarking, as it balances inspection time and fuel use well. More detail
of the benchmark is given in Fig. 6. The task is successfully completed within the time and fuel bounds 99.7% of the
time. On average, the servicer uses 2.63 m/s of fuel to complete the inspection in 2.18 orbits. Almost all the cases are
successful with respect to the time and fuel limits. However, this benchmark shows the necessity of the shield. Despite
learning that collisions between the servicer and RSO are negative, 1% of the cases still ended in collision.
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Fig. 7: Trajectories generated by the unshielded α = 0.20 policy.

Two instances of the α = 0.20 policy’s behavior—a high illumination and low illumination case—are given in Fig. 7.
The servicer starts relatively close to the RSO in both cases but still requires initial large thrusts to move towards the
inspection area. In the high illumination case, the servicer makes three passes tracking the illuminated side of the RSO.
In the low illumination case, one side is almost always illuminated, meaning that the servicer only needs to maneuver
around that side of the RSO to fully inspect it.

5.3 Shielded Single-Agent Inspection Performance

The α = 0.20 single-agent policy is benchmarked again, this time with the shield enforcing a 10-meter spherical
keepout around the RSO. The initial time discretization is 500 seconds, with a 4-orbit horizon. The results are given in
Fig. 8a, with shield evaluation statistics in Fig. 8b. Most importantly, the shield eliminates the three collisions present
in the unshielded benchmark (Fig. 6). The shield is shown to be fairly unintrusive. While 36.7% of actions are effected
by the shield, the magnitude of the interventions averages 0.052 m/s. The overall impact across scenarios is an increase
of 0.24 orbits and 0.30 m/s to complete the inspection task. The worst impact is that a higher fraction of cases (2%)
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Fig. 8: Shielded performance of the α = 0.20 single-agent policy.

do not succeed within the fuel and time bounds. Computationally, the shield takes on average 0.079 seconds to solve,
with only a small fraction taking more than half a second. Even if the shield did not converge before a new action was
planned, the servicer would already be on a passively safe trajectory and could attempt again for a later thrust time.

A benefit of the shield formulation is that a more conservative keepout region than that used in training can be enforced
in deployment. In Fig. 9, a trajectory is generated with the shield enforcing a 100-meter spherical keepout around the
RSO; the initial conditions are the same as those in Fig. 7a. While the inspection task is completed less efficiently
because the shield is intervening more aggressively, the RSO is still successfully inspected and the 100-meter keepout
radius is respected over the entire duration of the task.

6. RESULTS: MULTI-AGENT INSPECTION

Next, a multi-agent formulation of the problem with N = 2 servicers is considered. In the first approach, the single-
agent policy is deployed in the multi-agent environment, using the agents’ joint observation of inspection level to
attempt to induce collaboration. In the second approach, policies are trained in the multi-agent environment so that
they actively learn to work together. These policies are trained and benchmarked across a range of fuel use penalties
α , both with and without the shield.

6.1 Single-Agent Policy in Multi-Agent Deployment

A first attempt at multi-agent inspection is inspired by [21], in which multiple Earth-observing satellites trained in
a single-agent environment were successfully deployed in a multi-agent environment. In that work cooperation was
induced via a shared task completion list. In this work, two servicers similarly execute a single agent policy while
sharing their observation of the joint inspection status of the RSO.

This method is benchmarked unshielded (Fig. 10a) and shielded (Fig. 10b) across 1000 cases. The mean inspection
time is significantly lower than in the single agent case using the same policy, but at the cost of twice as much fuel
used per time, as the agents could not know to proactively save fuel due to the other agent’s presence. The decrease in
time is likely reflective of the challenge faced by a single agent, in which a few edge points are barely missed by the
servicer (such as in Fig. 7b); with two agents, even on very similar trajectories, the effectively increased field of view
can eliminate those cases. Ultimately, the performance only barely dominates the single-agent Pareto front in Fig. 5.

This benchmark is the strongest test of the shield, which successfully eliminates very frequent collisions (15% of
cases) between the two servicers in all cases, even though the servicers have no knowledge of the other’s existence or
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Fig. 9: A trajectory generated by the α = 0.20 policy with a 100-meter spherical keepout.
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Fig. 10: Performance of the α = 0.20 single-agent policy in the multi-agent environment.
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intrinsic motivation to avoid collision. As a result, the shield increase fuel use by an average of 0.51 m/s. Clearly, the
shield is very necessary for this architecture.
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Fig. 11: A trajectory generated by the α = 0.20 single-agent policy in a multi-agent setting.

The performance shown in the benchmark is tempered by an undesirable behavior frequently encountered when using
this method, such as in the case shown in Fig. 11. Even though a stochastic policy is being used, the distribution of
actions it has learned to select is narrow. As a result, the agents spend initial effort reaching an inspection position
that has good illumination, then both follow a similar trajectory over the course of the episode (see the low value of
the distance between servicers |rrr1/2| over time in Fig. 11). While the slight difference in trajectory completes the task
quickly, it is a poor use of two servicers since the images they collect at any given time are likely to be very similar.
This behavior also explains the high number of collisions between servicers in the unshielded benchmark, as the agents
want to be in the same location at the same time.

6.2 Multi-Agent Training

The undesirable behavior of a single-agent policy in the multi-agent setting motivates the need for policies trained in
the multi-agent environment that can actively diversify the trajectories being executed. A single policy is learned that
all agents contribute experience to. As in the single-agent training, PPO is used with the necessary modifications for
asynchronicity and sMDPs; the same hyperparameters are also used.

In Fig. 12, the multi-agent training pipeline is shown to be successful. Training converged in a reasonable time for
three values of α (0.0, 0.1, 0.2), while α = 0.3 was slower to train than in the single-agent case. Overall, the trends
are comperable to those seen in single-agent training (Fig. 4).

6.3 Multi-Agent Inspection Performance

As in the single-agent case, a benchmark is performed over 1000 trials for the unshielded and shielded α = 0.20 policy;
the results are given in Fig. 13a and Fig. 13b, respectively. Unlike with the multi-agent-deployed single agent policies
(Fig. 10a and 10b), the fuel use does not increase proportionally to the number of agents, implying that coordination
has successfully led to fuel efficiency. However, the inspection time is worse than the single-agent case. This means
that the policy does not dominate the single-agent Pareto front in Fig. 5. The multi-agent shield is again shown to
effectively prevent collisions between all agents, at the cost of 0.57 m/s and 0.60 orbits, on average.

Fig. 14 shows how the multi-agent policy yields more desirable behavior than the single agent policy in the same
multi-agent setting as Fig. 11. The two agents travel on significantly different trajectories, often with one inspecting
while the other is out of inspection range on a larger passive maneuver. In the case of a spherical RSO this may be
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Fig. 12: Training curves for the multi-agent environment.
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Fig. 13: Performance of the α = 0.20 multi-agent policy.
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unnecessary, but as more complex geometries are considered, agents that can effectively diversify their trajectories
will be necessary.

7. CONCLUSIONS

This work demonstrates that RL can effectively learn policies for the RSO inspection task and that safety can be
guaranteed even in multi-agent environments with eccentric orbits.

In the single agent environment, policies learn what parts of the RSO will be illuminated and how to track the illu-
minated region over the course of an orbit. The fuel-time Pareto front shows that there is limited ability to choose
between fuel efficiency and time efficiency, with most solutions being dominated by those from a small range of
α ∈ [0.10,0.20]. For this formulation of the problem, this indicates that operators have relatively little choice in how
to complete the task. The overall performance is strong, using only 10-20% of the δv consumed in the continuous-
thrust formulation of the problem in [22].

For the simple sphere-like satellite considered here, multi-agent inspection is possible but not particularly beneficial.
The two methods of multi-agent tasking—single agent policies with a joint observation of inspection, and multi-
agent policies—yield different efficiencies and types of solutions, but neither strongly dominates the single-agent
Pareto front relative to the cost of having two servicers present. Most likely, the additional fuel cost for collision
avoidance from the second servicer greatly outweighs any marginal improvements in speed, and may even impede
speedy inspection. However, the method with multi-agent-trained policies is probably necessary for more complex
RSO geometries, such as a space station, where diversifying the inspection trajectories would be required to effectively
complete the task.

Across all cases, the shield formulation and solution method guarantee the safety of the agents. In cases where the
policy learned to avoid collisions, the shield’s interventions are minimal and only slightly deteriorate performance.
Even in cases where the policy leads to frequent collisions and near-misses or a greater degree of safety is desired than
the policy learned in training, the shield is able to maintain safety. This performance is aligned with the analysis of
relative orbital dynamics being leveraged.
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8.2 Code Availability

Basilisk (avslab.github.io/basilisk/) and BSK-RL (avslab.github.io/bsk_rl/) are open-source projects.
The RSO inspection environment implementation can be found at avslab.github.io/bsk_rl/examples/rso_
inspection.html. The asynchronous, sMDP-discounted multi-agent training pipeline can be found at avslab.
github.io/bsk_rl/examples/async_multiagent_training.html.
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