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1 Benchmark Description

1.1 2D Spacecraft Docking

In the 2D spacecraft docking environment, the state of an active deputy space-
craft is expressed relative to the passive chief spacecraft in Hill’s reference
frame [1] FH := (OH, îH, ĵH). The origin of Hill’s frame OH is located at the
mass center of the chief, the unit vector îH points away from the Earth along
a line connecting the center of Earth to OH, and the unit vector ĵH is aligned
with the orbital velocity vector of the chief. The state of the deputy is defined
as x = [x, y, ẋ, ẏ]T ∈ X ⊂ R4, where, r = xîH + yĵH is the position vector and
v = ẋîH + ẏĵH is the velocity vector of the deputy in Hills Frame. The control
for the system is defined by u = [Fx, Fy]

T=[u1, u2]
T ∈ U ⊂ R2.

Dynamics A first order approximation of the relative motion dynamics between
the deputy and chief spacecraft is given by Clohessy-Wiltshire [2] equations,

ẍ = 2nẏ + 3n2x+
Fx

m

ÿ = −2nẋ+
Fy

m

(1)

where n is spacecraft mean motion and m is the mass of the deputy.

Success Criteria The deputy is considered successfully docked when its dis-
tance to the chief is less than a desired distance ρd.

φdocking : (∥rH∥ ≤ ρd) (2)
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Fig. 1. Hill’s reference frame centered on a chief spacecraft and used to
describe the relative motion of a deputy spacecraft conducting prox-
imity operations (not to scale).

Safety Constraint The RL agent must learn to dock while adhering to a dy-
namic velocity safety constraint that restricts the relative velocity of the deputy
to velocity limit that decreases as it approaches the chief. The system is defined
to be safe if it obeys the following safety constraint for all time,

φs2DSC
:= ∥vH∥ ≤ ν0 + ν1∥rH∥ (3)

where, ν0, ν1 ∈ R≥0, and

∥rH∥ = (x2 + y2)1/2, ∥vH∥ = (ẋ2 + ẏ2)1/2. (4)

The constraint in Eq. (3) enacts a distance-dependent speed limit, with ν0
defining the maximum allowable docking speed and ν1 defining the rate at which
deputy must slow down as it approaches the chief. The values ν0 = 0.2 m/s, and
ν1 = 2n s−1 are selected based on elliptical closed natural motion trajectories
(eCNMT), and further insight into this choice is given in [3, 4].

Parameters The value of the parameters used in the equations above and the
ranges of the control inputs are described in Table 1.

2 Neural Networks

The provided neural network controller operates with full state feedback. In-
put pre-processing and output post-processing performed during training was
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included within the network architecture using matrix multiplications and tanh
activation as shown in Figure 2. The means that the NN input is simply the
state vector and the output is simply the control vector.

Fig. 2. AINNCS Model with inlcuded input pre-processing and output
post-processing

The Neural Network controller was trained on the Docking 2d environment
with reinforcement learning using the training procedure described in [5]. How-
ever, the training procedure differed in providing only the full state (position
and velocity) as input and with hard clipping of output actions replaced with
soft tanh clipping.

The Neural Network architecture was a shallow Multlayer Perceptron with
hidden layer widths of 256 and tanh activation functions.

3 Benchmarks Specifications

3.1 State

x =


x
y
ẋ
ẏ


Where

– x (m)
• x-component of position in meters

– y (m)
• y-component of position in meters
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– ẋ (m/s)
• x-component of velocity in meters per second

– ẏ (m/s)
• y-component of velocity in meters per second

3.2 Control

u =

[
Fx

Fy

]
Where

– Fx ∈ [−1, 1] (N)
• Thrust in x direction in Newtons

– Fy ∈ [−1, 1] (N)
• Thrust in y direction in Newtons

3.3 Dynamics

ẋ =


0 0 1 0
0 0 0 1

3n2 0 0 2n
0 0 −2n 0

x+


0 0
0 0
1
m 0
0 1

m

u

Where

– m = 12 (kg)
• Spacecraft mass in kilograms

– n = 0.001027 (rad/s)
• Clohessy-Wiltshire reference frame orbital mean motion

3.4 Timestep

The neural network controller was trained with a timestep of 1 second. i.e. Every
1 second, the neural network was polled for a new control value.

t = 1 second (5)

3.5 Safety Constraint

φs2DSC
:= ∥vH∥ ≤ ν0 + ν1∥rH∥

Where

– ∥rH∥ = (x2 + y2)1/2

– ∥vH∥ = (ẋ2 + ẏ2)1/2

– ν0 = 0.2 (m/s)
– ν1 = 2n (s−1)
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3.6 Initial Conditions

Training The initial conditions of the system state where determined by ran-
domly selecting a location in polar coordinates parameterized by a radial distance
from the origin and an azimuth angle. The ranges of this random sampling are
described in Table 1.

Verification For the safety verification task, we will consider a subset of the
training initial condition states, a box in the top right corner of the x-y plane.

– x ∈ [70, 106]
– y ∈ [70, 106]
– ẋ ∈ [−0.28, 0.28]
– ẏ ∈ [−0.28, 0.28]

4 Implementation

This section provides additional details on the specific implementations of the
environment.

4.1 Configuration File

The Aerospace SafeRL Framework’s modular architecture facilitates editing a
single configuration file to change the task, environment platforms and their
characteristics, the observation space, rewards, and status. In some cases, the
classes in the framework defining components are listed, in others, specific values
are assigned such as initial condition ranges, actuator limits, individual reward
values.

4.2 Environment Platforms

The environment platforms are defined within the config file in an environment
configuration. Each environment platform is given a name, a step size, state
limitations, a controller specification, and a range of initial conditions for each
state variable.

The controller specification includes the class that defines the agent con-
troller, the name of each actuator, whether the actuator is operating in dis-
crete or continuous space, the bounds on that actuator, and the number of
discrete points in the case of discrete spaces (which include the minimum and
maximum values in the range, with the remaining points evenly spaced within
the range). For continuous actuators, the platform performs automatic rescaling
post-processing from an assumed input range of [-1, 1] to the desired actuator
range, although this behavior can be disabled.

The default configurations are shown in Table 1. In Table 1, Vsafe =
[
0, 0.2

+ 2n
√
x2 + y2

]
in 2D and Vsafe =

[
0, 0.2 + 2n

√
x2 + y2 + z2

]
in 3D.
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Table 1. 2D Docking Default Environment Configurations

Chief

x0,ẋ0, y0, ẏ0, z0, ż0 0

Deputy

Mass, m (kg) 12

Mean Motion, n (rad/s) 0.001027

State Reference Chief

Velocity @t0 (m/s) [0, Vsafe]

Rel. Distance @t0 (m) [100,150]

Rel. Azimuth @t0 (rad) [0,2π]

Thrust X, Fx (N) [-1,1]

Thrust Y, Fy (N) [-1,1]

Docking Region

State Reference Chief

Shape Circle

x offset (m) 0

y offset (m) 0

radius (m) 0.5

Table 2. Docking Environment Observations

Description Expression Normalization Const Clipping

2D Docking

Deputy Position rd = [xd, yd] [100, 100] [−∞,∞]

Deputy Velocity vd = [ẋd, ẏd] [0.5, 0.5] [−∞,∞]
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4.3 Reward

Table 3 show individual reward component values for the Docking task.

Docking The docking rewards contain both sparse rewards that reward/pun-
ish success/failure at the end of the episode and dense rewards that provide
immediate feedback during the episode. While the failure rewards are all con-
stant, the success reward includes an episode length component to incentivize
quicker solutions. The distance change reward is proportional to the change in
an exponential potential function of the distance between the deputy and the
chief. Docking also has an additional velocity constraint reward with a constant
penalty condition applied whenever the constraint is violated in addition to a
scaling penalty that grows proportionally with the degree of constraint violation,
i.e. violating the safety constraint is bad, violating it by a lot is very bad.

Table 3. Docking Reward

Description Expression

Distance Change Rd
t = 2

(
e−adt − e−adt−1

)
di = ∥rdeputy,i − richief,i∥

a =
ln(2)

100

Velocity Constraint Rvc
t =

{
−0.01− 0.01(∥vdeputy∥ − vlimit) , if ∥vdeputy∥ > vlimit

0 , if ∥vdeputy∥ ≤ vlimit

∆v −0.01(∥ u
m
∥)

Success +2− t
tmax

Failure

Crash -1

Distance -1

Timeout -1

Vel Constr. Reward Limit 0

4.4 Terminal State

Table 4 show the terminal states for the docking problem. The top row shows the
agent’s success condition and the subsequent rows show the various failure con-
dition. Of particular note, the docking problem has a velocity constraint reward
bound failure condition that terminates the episode when its reward reaches a
predetermined lower bound of -5. This terminal condition creates a hard limit
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on the soft velocity constraint, preventing reward from growing negatively un-
bounded and pruning episodes that are clearly unable to respect this soft con-
straint at all. The reward is used as a proxy to measure degree of constraint
compliance failure, although this terminal state does not necessarily need to be
directly coupled to reward and is done so here for simplicity. The soft velocity
constraint can be tightened and even made hard by decreasing the reward lower
to zero.

Table 4. Docking Terminal States

Description Condition

Success ∥rd − rc∥ ≤ 0.5, ∥vd∥ ≤ vlimit

Crash ∥rd − rc∥ ≤ 0.5, ∥vd∥ > vlimit

Distance ∥rd − rc∥ > 40000

Timeout

2D/3D t > 2000s

2D Oriented t > 3000s

Vel Constr. Reward Limit
∑t

i=0 R
vc
i < −5
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