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MOCAT Motivation

The growing demand for space requires modeling techniques that can support
effective operational and policy decision-making. Two leading methods:

Source-Sink Models | ( Monte Carlo Methods
Objects categorized into few * Model individual objects,
species parameters and orbits

* Generalized physical and * Individualized modeling
orbital parameters possible for fragmentation
Collision probability as input » Estimate collision probability

* Low computational cost * High computational cost

~ “ MIT Orbital Capacity Assessment Tool (MOCAT) -

Goal: prediction of space objects evolution, sustainability assessments, policy
optimization.
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MOCAT-MC is openly and freely
’ available!
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“Set Up Y Propagation Loop :
2 next time step
Scenario Selection Lk —
Propagator || Atmospheric Model Maintenance D Fordosiom D
Time St Traffic Model . . . - istributi
RSOs ime Step || Traffic Mode P SEs Sinfion Kegsing NASA-SBM Evolve 4 Distribution =
Deorbit Profile Launch Profile (Drag — J2 — Perturbations) Low-Intensity | High-Intensity
YES |
e, > | New Launches I Collisions s}
nitia PAETICNES . CUBE Method: P Estimation
Initial Distribution Catalog Deorbit S Kinetic Gas Theory
| Reentry I Drag I PMD l ~ NASA-SBMEvolved:
N R Catastrophic vs. Non-catastrophic ! +
Debris Environment : k+1

2,5 T T T T T T T T T T

Graphical view of collision

Validation 2
campaign with
other space &/ ]
agency MC 2
models s | o _
= ESA
ISRO
JAXA
0.5 NASA -
UK
MOCAT-MC

2020 2040 2060 2080 2100 2120 2140 2160 2180 2200
Time (year)




Capabilities

Altitude (km)

o MOCAT-MC is a validated SOTA NASALEGen> - @ o® ® 1
MC model for long-term LEQ  uksapamace - ® o o 1
population evolution. ESADELTA

e Millions of objects must be OthersiMultiple | @ o
modeled for small debris and MOCATMC | AMOS 2023, 157 2024 @
future megaconstellations. 10 10 106 107

e SSEM validation is possible with Max population modeled
the MC.

MOCAT-MC is able to track Lethal Non-Trackable MC can validate the SSEM model and bridge the gap:
Objects due to its linear scalability Gabbard Plot of collision debris
Lc=7 cm Lc=0.2cm
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MOCAT-SSEM




Motivation and Methodology

High-Fidelity Methods (e.g., stochastic MC) can track pecay omuppershel Shonn,
every space object individually, but are computationally e -
slow. Intact Objects Fragments
Source-Sink Evolutionary Method (e.g., SSEM): — | Poyond () s |
e Down-sample space objects into species and model Derelict (D) ,, e
population growth/decline. Removed t 1
e Lower-fidelity but computationally efficient: up to iy
minutes for setup (if considering many species and -~ B
additional features), then seconds for a run. [ New — Decaytolowersren +—1 7
e System of ordinary differential equations. e 2R
e Several applications with runtimes of seconds to Symbol s s S g b
minutes: economic, control, environmental, etc. o il iU N et .50
speces Acthe Satelltes 550,509, Dereics @), EE G Sroo EEE
ebris (N), Rocket Body (B). e e
Sources: Launch rate e e e e i i
Tackabl e e e e
Sinks: Post mission disposal rate, Collisions (& e = - — - .
Explosions), Atmospheric Drag e - . A NA A
e A

Launch rate empirical fit empirical fit empirical fit N/A empirical fit




Capabilities and Research Directions

MOCAT-SSEM is aimed to be an open source toolkit to
enable transdisciplinary research, e.g. policy and
socio-economic modelling.

Model improvements:
e Debris fragment spreading after collisions across
shells.
e Elliptical orbits and collisions.
e Time/shell varying quantities (PMD, orbital
lifetime), with/without uncertainties.

Research directions:
(1) Optimization capabilities to optimize number of

satellites that fit in the LEO region under dynamical
system equilibrium and sustainability constraints.
(2) Validation of MOCAT-SSEM with MOCAT-MC.

(3) Launch Rate and Active Debris Removal feedback
controllers (PD and NMPC for optimization).

(4) MOCAT-SSEM with EVDT as policy engine and
techno-economic calculator.
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rTypE and number of species (payload, debris, )|

> Species mass, size, lifetime, country, mission, ... | ) Socioeconomic costs of irresponsible launching

| Scenario parameters (altitude, drag, shells, )]

( Socioeconomic costs of irresponsible behavior ]

\ Cnsl Benefit Analysis for PMD timeline and ADR

Initial population and launch traffic ]
Decision-making: feedback control
Technology: improvements in actions and decisions logic for

human decision-making

— ‘L ’Policy decisions: PMD timeline, orbital Iifetime,.,.} -«

technology systems to support sustainability of LEO environment
|~ Improvements in ADR technologies ‘

- | ADR sirategies (by alltude, risk index, ..) |
| Improvements in collision avoidance systems ‘ ‘ ~

Adversarial policies by species country/mission J
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Architecture

Methodology:
(1) Replaces binary "all-or-nothing” collision
events with "virtual” debris generation at

= Collision

(2) Instead of rolling dice, the number of
scaled directly by the actual Probability of

(3) Mathematically engineered to ensure that
the cumulative population matches the
statistical average of thousands of Monte
Carlo runs.

(4) Combines deterministic physical
propagation with a continuous fragmentation
logic to maintain the computational speed of
all-vs-all simulators.

Key Takeaway: MOCAT-QD provides the
statistical stability of 1,000+ Monte Carlo &

runs in the time it takes to run just one. '
MOCAT-QD

MOCAT-MC
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MOCAT-ML is also ... ok, you got
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ldea and Methodology

Epoch 0

Graphical and intuitive representation of number of
objects along time. Data are represented in phase
space with:

e area-to-mass ratio (A/m), discretized in 99 bins
[10-> m2/kg, 10" m2/kg]

e perigee radius (r,), discretized in 36 bins [200
km, 2000 km]

Am [m2/kg]

6600 6800 7000 7200 7400 7600 7800 8000 8200
rp [km]

Idea: initial epochs of the evolution are provided by
MOCAT-MC, then a fast ML-based density forecasting
model completes the propagation/prediction:

e Input: Past n densities

e Output: Future n+m densities
Basically, a forecasting problem with density
distributions instead of time series. oo T oo
MOCAT-MC is used to.generate training data.

Epoch t Epocht+n Epocht+n+m




MOCAT-ML vs MC and SSEM

Comprehensiveness >

MOCAT-SSEM MOCAT-MC

%g = MOCAT-ML
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Computational Complexity

Accuracy
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Thank you for your attention!
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