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2009

~2,500
Inactive satellites

~35,000
Objects (> 10cm) orbiting Earth

~5,300 
Active satellites 

~75,000 
Active satellites

(projection)

Kessler Syndrome
Crash between the American satellite Iridium-33 and Russian Kosmos-2251

2019

2030

“Trending analysis of historical conjunction data messages”, 2019
“Space Navigator: a tool for the optimization of collision avoidance maneuvers”,  2019
”

~22,300 (64%)
Tracked by SSN

~13000 (37%)
Debris from collisions

> >

330 pieces of debris from the Iridium satellite 
were successfully catalogued |  

1,400 pieces of debris 
for the Kosmos-2251 satellite
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Orbit Debris Analysis

NASA Orbital Debris Quarterly News
(https://orbitaldebris.jsc.nasa.gov/quarterly-news/pdfs/odqnv23i1.pdf)

Summary of all objects in Earth orbit officially cataloged by the U.S. Space Surveillance Network since 1956 Causes analysed for spatial debris to be 
created in LEO

Types of debris

Fengyun-1C 
destruction

Iridium vs 
Kosmos

CubeSats,
Starlink 

constellation…
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Data usage for Conjunction 
Assessment
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Cunjunction Event Prediction
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Cunjunction Event Prediction

Objects type: Near-earth orbiting objects ( < 225min 
revolution)

Raw  TLE (Two-Line Elements) received from Sensors & 
Radars Tracking 
(TDRSS, C-band, GPS)

Global Objective: Determine within 7 days into the future 
which space objects/debris will come within 
proximity/cunjunction of a primary/protected asset (i.e. a 
satellite)

How: Assess the  future predicted positions of both 
objects

State vector & Covariance 7-day projection (/min)
(Simplified General Pertubations-4 propagator)

…

https://www.nasa.gov/cara/conjunction-event-prediction

https://www.nasa.gov/cara/conjunction-event-prediction
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What is the uncertainty in the propagated orbits ?

- Normally distributed uncertainty  [1]

- SGP4 model has an error ~1 km at epoch and grows 
at ~1–3 km per day [2]

What is behind the SGP4 Propagator algorithm ? [3]

1. Long-term propagation from Keplerian elements
(Line 2 of TLE)

1. Short-term perturbations from external data
(Line 1 of TLE)

[3] https://celestrak.org/NORAD/documentation/spacetrk.pdf

[1] https://stacks.stanford.edu/file/druid:dg552pb6632/Foster-estes-parametric_analysis_of_orbital_debris_collision_probability

[2] https://celestrak.org/publications/AIAA/2006-6753/AIAA-2006-6753.pdf

Cunjunction Event Prediction



Cunjunction Event Prediction



Cunjunction Event Prediction



Cunjunction Event Prediction – Cataloguing by Space Surveillance Network (SST)

Initial Cataloguing Catalogue update



Cunjunction Event Prediction – Uncertainties Everywhere

Osculating orbit

*Space Mechanics by B. Escudier & J.Y. Puillard



Cunjunction Event Prediction – Uncertainties Everywhere
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Close Approach Risk Assessment

- Using projected trajectories, assess if secondary object enters screening volume

- Screening volume is centered on the primary object (i.e. satellite)

- Probability of collision (Pc): likelihood that the actual miss distance between the two 
satellites will be smaller than their combined size

=> this likelihood calculation assumes a probabilistic form because the ephemerides used 
to identify the conjunction represent predictions with uncertainty

https://nodis3.gsfc.nasa.gov/OCE_docs/OCE_51.pdf
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Close Approach Risk Mitigation

- CDM sent 3 days prior 
- Either propulsion system or differential drag

- Manoeuver required when PoC > 1E-04 [4]

Maneuver trade-space plot

[4] A Parametric Analysis of Orbital Debris Collision Probability and Maneuver Rate for Space Vehicles
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Existing data types

Data usage

[2] https://www.space-track.org/documentation#api-Overview
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From sensory data to decision making

Data handling framework



Automating Spacecraft Collision Avoidance 
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Modeling
Literature Review

&
Knowledge Gathering

Gravitational Physics & Orbital Basics

Collision Avoidance Systems

Applications of POMDPs & Machine 
Learning for Collision Avoidance

Reinforcement Learning & Dynamic 
Programming Principles

POMDP CAM Model

Observation

General Framework

y

Project Framework

Solving Solving Methods Review Model Simulation <𝒮𝒮tates ,𝒜𝒜ctions , 𝒪𝒪bservations, 𝒯𝒯ransition , ℛeward ,γ>
POMDP:

Deep-learning to train the 
agent 

Data generation using a 
simulator



Collision avoidance

1.  Data gathering
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2. Data Format 3. Orbital projection (SGP4 perturbator)

or
Ground based
(USSPACECOM)

Signal Based
(GNSS / GPS)Relay

SGP4
TLE

Date

Position 
(x,y,z)

Velocity 
(dx,dy,dz)

Cara: Conjunction Assessment Risk Analysis 

1. Conjunction Event 
Prediction

2. Close Approach 
Risk Assessment

3. Close Approach 
Risk Mitigation

Consequence
+

likelihood



TLE

DATA FORMAT
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CDM

Private databases

Scarcity of collision data

PykepOrbital 
Simulator

PykepOrbital 
Simulator

Our proposed approach

DRQN
Solver



Model: POMDP
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<𝒮𝒮tates ,𝒜𝒜ctions , 𝒪𝒪bservations, 𝒯𝒯ransition , ℛeward ,γ>

𝒮𝒮:  Continuous
u, v : (x, y, z, dx, dy, dz)

𝒜𝒜:  Discrete (625 actions)
[0.0, 0.01, 0.05, 0.1, -0.05, time]

𝒯𝒯:  Model Free

ℛ:  Collision probability
Fuel level
Trajectory deviation

𝒪𝒪:  Epistemic noise from SGP4
Noises from sensors

γ:  Discounting rate
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Solver – Deep learning



● Actual simple pipeline helps understand the 
astrophysics -> helps to model the 
observations of our 3D problem

● BUT frequency of TLE data appears 
stochastic and object-dependent

Next steps:
● Propagate each received TLE with SGP4 to a 

state vector ?

● Lambert method ?
● Use only TLE as observations ?
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Dataset & Model 07/02

SIMULATOR DATASET MODEL

● Simple pipeline:

TLE Data Collection (SpaceTrack API/  Celestrack 
JSON)

Data Preprocessing (tle-tools/pandas)

Orbit Simulation (poliastro)

Next steps:
● A more ready-to-use python simulator available 

?

● Historical TLE dataset publicly available

● BUT no precision on conjunction events -> 
hard to train RL algo without conjunction 
situations

Next steps:
● Generate artificial TLE ? 
● Correlate CDM with TLE ?



Pipeline

Agent(
protected_pos,
protected_vel,

debris_pos,
debris_vel)

utils.py

read_environment()

api.py

Create SpaceObject

utils.py

Create Environment

simulator.py

Simulator

Simulator
Agent



Experiments
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Evaluating best hyper parameters

Best loss

Best total reward sums

Best episode rewards
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1 environment
All the runs Converging vs diverging
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200 environments
All the runs Converging vs diverging



CREDITS: This presentation template was created by 
Slidesgo, including icons by Flaticon, and infographics 

& images by Freepik

Thank You
Asst. Prof. Adam Abdin – CentraleSupelec - @ESA_Lab 
CentraleSupelec

Students  : 
Nicolas BOURRIEZ - Adrien LOIZEAU – Susmitha Patnala
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adam.abdin@centralesupelec.fr

http://bit.ly/2Tynxth
http://bit.ly/2TyoMsr
http://bit.ly/2TtBDfr
mailto:adam.abdin@centralesupelec.fr
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