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Motivation

= Exponential increase in
the number of objects
launched into space

= More than 25’000 objects
larger than 10 cm, ~1
million between 1 cm and
10 cm?

= Congestions in some
orbital regions lead to
more attention required on
collision avoidance
activities

1 ESA, https://sdup.esoc.esa.int/discosweb/statistics/

Annual number of objects launched into space

This includes satellites, probes, landers, crewed spacecrafts, and space station flight elements launched into
Earth orbit or beyond.
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Data source: United Nations Office for Outer Space Affairs (2024) OurWorldInData.org/space-exploration-satellites | CC BY
Note: Where they differ, launch attributions are based on the commissioning country, not the country conducting the operations.
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Thesis Aim

+

= L ack of “international space traffic rules”
= Need of better understanding the implications of such traffic rules

= What parameter do we use to decide if a maneuver is required? What
factor do we consider to decide who maneuvers (in case of spacecratft
spacecraft conjunction)

2 Specific Cases:

If we use the same probability of collision (Pc) and time of
maneuver threshold for both spacecrafts in conjunction, how would
different thresholds impact the resulting number of maneuvers?

If we have a space traffic law that takes the socio-economic impact of
the spacecraft into account in the decision of who maneuvers, what
would be the implications of it on the number of maneuvers of each
spacecraft?

F
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What is COLA-EVDT?

= COLA-EVDT 1.0: MATLAB software = Collision avoidance
Decision Support System that takes into account the socio-
economic impact of the spacecrafts in conjunction

= COLA-EVDT 2.0:
» Added space policy study capabilities
» Take TLEs and CDMs as input

« COLA-EVDT 2.0 designed to specifically answer the 2 above
guestions, but modular

Jonathan Wei L
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EVDT Framework LI-I_-=

space
enabled

System Architecture Framework, developed at the Space Enabled
research group at MIT Media Lab, used to create decision support
systems for sustainable development applications

= Environment model: "What is happening in the natural environment?”

= Vulnerability model: "How will humans be impacted by what is
happening in the natural environment?”

= Decision model: "What decisions are humans making in response to
environmental factors and why?”

= Technology model: "What technology system can be designed or
acquired to provide high-quality information that supports human
decision-making?"

Jonathan Wei L
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EVDT Framework

Environmental
Parameters

v

Socioeconomic parameters
for human resilience

v

Estimates of
environmental
Environment: | threats to human
; well-being
— Earth science models >
of natural
phenomena

*

Vulnerability:
Social and economic
models of impacts to
humans and society

Policies

improving human DeCiSion'making:
well-being Discrete event and

space
enabled

Social Parameters

v

for

| agent-based models |
simulating human
behavior or policy

Impacts of human behavior on environmental dynamics

Information about the environment collected

using technology

Technology:

Systems Engineering Models
analyzing Measurement technologies

Information needs for human decision makers

<

Fig.: Jack B. Reid and Danielle Wood. “Decision Support Model and Visualization for Assessing Environmental Phenomena, Ecosystem Services, Policy Consequences,
and Satellite Design Using Earth Observation Data”. In: AIAA (2020).
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Environmental Parameters

—>>

EVDT Framework - COLA-EVDT LLI

(Space object population, , ...)

{

Socio-economical Parameters
(Science application areas, Value of information, ...) (Budget, Risk acceptance thresholds, ...)

v

space
enabled

Human Decision Making Parameters

Value *

of the conjunction | Conjunction assessment
" | team's decision making

. Conjunction events Soc10ec?n0mlcal
Space Environment » Impact in case of
collision
t -— — — — — — — — — Risk mitigation actions

Space object state estimates and uncertainties

SSA service providers

Observation and tasking requests

f

Technology Parameters

(Provider accuracies, Data access probability, ...)

Fig: Sina Es Haghi. Implementing the environment-vulnerability-decision-technology framework to space collision avoidance applications. url:

https://www.politesi.polimi. it/handle/10589/203214.
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Decision Model

Main
Characteristics

Primary
Stakeholder(s)

WASA CARA

N

CASCADE

Rules4CREAM (Collision
Risk Estimation and
Automated Mitigation)

NASA CARA (Conjunction
Assessment and Risk
Analysis)

CASCADE (Collision
avoidance, satellite
coordination assessment
demonstration
environment)

enabled

COLA-EVDT

Advanced decision process
used for real time
conjunction assessment
for NASA and US satellites

Long term space pop.
scenario, suggest
bilateral STM rules, give
information about chosen
ruleset consequences

Flexible space policy study
tool aimed at
understanding implications
of international STM
rules, including
socio-economic impact

NASA CARA, US O/O

Future use by spacecraft
0O/0

Policy makers, NASA
CARA
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Stakeholder Relationships - What it is

satellite position info

Interest Primary
_—
Commercial |< satellite position info Technology stakeholder
SSA supplier Knowledge
- = Secondary
limited CDMs Finance Stakeholder
v | v
interest in i
Gov. SSA TLEs < Tertiary
supplier — R tech demo stakeholder
commi- ; CDMs interestin 1SN
ssioning funding | demo
I * mitigation action spacecraft data
USgov. |————p! NASACARA MgAon AN | Spacecraft | data | ysers (private
commissioning O/0 companies, NGOs,
funding etc.)
know-how
other CAS other space IADC other NASA
agencies departments

=
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\

Gov. SSA
supplier

CDMs
-

commi-

ssioning funding

Stakeholder Relationships - What it could be

satellite position info
Interest Primary
Commercial |< satellite position info Technology stakeholder
SSA supplier Knowledge
] Secondary
CDMs Finance Stakeholder
- — — _decisionfactors | __ _ _ _ _ _ A Tertiary
s Decision data | stakeholder
|
Decision data |
+ 1

mitigation action dat
US gov. ___p| NASACARA |— | Spacecraft | T8
commissioning 0/0
funding
know-how
other CAS other space IADC other NASA
agencies departments

spacecraft data
users (private
companies, NGOs,
etc.)
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Vulnerability Model - Spacecraft Ordinal Ranking

Main Application Earth Observation Scientific Research Communication Navigation

Score Spa 10 10 5 5

General Category Human Spaceflight Military Civil Commercial
Score Sy 10 7.5 5 2.5

Socio-economic Score S,

Sse = 0.3- S5 +0.7- Spa

Scaled Socio-economic Score S, (for R.>10)
Sse R, redundancy level

S =
“° Re-a a redundancy scaling factor

=Y
N
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Vulnerability Model - Spacecraft Ordinal Ranking

Cost Score S,

% if Cyp < 10°  Cy, hardware cost (USD)
10 if Chyy > 107

Total Score S,
Stot = 0.5 Sgse + 0.5+ S,

Scaled Total Score S

o Stot - By if R > 0.5 R,remaining expected lifetime (0-1)
) Ses - 05 if Ry <05
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©
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COLA-EVDT 2.0
Capability

Study Question

COLA-EVDT 2.0 - Improvements Summary

CDM mode TLE mode
Pc & time of Orbit Plot Hiah Spacecraft Space
maneuver Determination Interest Esents Ordinal Pc vs HBR Weather Trade
study Quality check Ranking Space
A A

If we use the same probability of collision (Pc)

and time of maneuver threshold for both
spacecrafts in conjunction, how would different
thresholds impact the resulting number of

maneuvers?

If we have a space traffic law that takes the
socio-economic impact of the spacecraft into
account in the decision of who maneuvers, what
would be the implications of it on the number of

maneuvers of each spacecraft?

Mapping CDMs to the 15t question and TLES to the 2" question is advantageous:
= For question 1, we need realistic Pc value that are only available in CDMs

B COLA-EVDT

= For question 2, we need to be able to choose the primary spacecraft freely

-
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Results

1. Datasets

2. Policy Study: Common Pc and Time of
Maneuver Threshold

3. Policy Study: Ordinal Ranking based
Maneuver Decision & Socioeconomic Factor
Sensitivity Analysis

3
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List of primary spacecrafts (TLE mode):

Spacecraft NORAD ID General Category Main Application Remaining Lifetime Redundancy Level
Landsat 7 25682 Civil Earth Observation 0 3
Terra 25994 Civil Earth Observation 0 1
Aqua 27424 Civil Earth Observation 0 1
ICEYE X-14 51070 Commercial Earth Observation 0.75 34
SWISSCUBE 35932 Commercial Communication 0 1
AEROCUBE 11-R3 43849 Commercial Communication 0.5

Available CDM datasets:

Dataset Number Start Date End Date NORAD ID Spacecraft

25682 Landsat 7
1 1/1/2015  12/31/2015 oeo0. Terra
27424 Aqua
925994 Terra
2 1/1/2023  6/30/2023 57404 Aqua
43613 ICESat-2

B COLA-EVDT

Y
[
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Policy Study: Common Pc and Time of Maneuver
Threshold
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=PFL  Policy Study: Common Pc and Time of Maneuver
Threshold
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Py
[5)]

[e]
o

T T T T
~S— Pc 0.00044 —&— Pc 0.00044

~—E— Pc 0.0001 T —&— Pc 0.0001
700 Pc 1e-05 i 40 - Pc1e-05 |+
35
60
3o
4 8
850 g
3 3
g c 25
« [v]
£ 1S
E a0 -
o o
@ 5 20
o el
€ £
S 30 2
= 15 +
20 F . w0l
@ o a
e
10l V\e/-/o | sl |
— O 0
- e - E" | L= 1 | 1 | 1
0 1 Il 1 Il Il Il Il 1 Il 0 a4
60 55 50 45 40 35 30 25 20 15 10 60 55 50 45 40 35 30 25 20 15 10

time before TCA [h] time before TCA [h]

TERRA Dataset 1 (2015) TERRA Dataset 2 (2023)

B COLA-EVDT

[y
©

Jonathan Wei



=PrL

B COLA-EVDT

70
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Policy Study: Common Pc and Time of Maneuver
Threshold

Main Findings:

= Results suggest that the influence of the Pc threshold is
significantly higher than the influence of the time of maneuver
threshold on the resulting number of maneuvers

= The influence of the time of maneuver seems to be higher in dataset
2. better orbit determination could provide smaller covariance
matrices closer to TCA

Next step:

= Use a more diverse set of CDMs to understand how different orbital
parameters and different detection capabilities influence the results

N
>4
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Policy Study: Ordinal Ranking based Maneuver Decision

Av. nb of primary

Av. nb of secondary )
Spacecraft name Primary maneuvers %

maneuver maneuver
Terra 0.4 6.6 7%
Aqua 0 15.6 0%
ICEYE-X14 9.28 1 91 %

Ordinal Ranking Based Decision

Av. nb of primary Av.

nb of secondary )
Spacecraft name Primary maneuvers %

maneuver maneuver
Terra 0 7 0%
Aqua 0 15.6 0 %
ICEYE-X14 7.8 3 72.4 %

NORAD ID Based Decision

Jonathan Wei



£PFL  Policy Study: Socioeconomic Factor Sensitivity Analysis
TERRA Sensitivity Analysis AQUA Sensitivity Analysis
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=PFL  Policy Study: Socioeconomic Factor Sensitivity Analysis
ICEYE-X14 Sensitivity Analysis
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Policy Study: Socioeconomic Factor Sensitivity
Analysis

Main Findings:

= With low and balanced socio-economic score weighting, TERRA
& AQUA will not take maneuver initiative: very high cost score

= With high socio-economic score weighting, high cost score has
less influence, remaining lifetime reduce their total score: TERRA &
AQUA take maneuver initiative

» |CEYE-X14 will take maneuver initiative most of the time as it has low
socio-economic score and low cost score

= Overall, a 50/50 split is a reasonable weighting

Jonathan Wei
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- Conclusion

1. Outcome Summary
2. Limitations & Future Work
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Outcome Summary

/
[T1E]

fiesy

COLA EVDT 2.0 Main Improvements:

= CDM mode: directly read & study CDMs, Orbit Determination
quality check

= TLE mode: ordinal ranking based decision model & sensitivity
analysis, simplified Pc vs HBR, SWTS

Simulation OQutcome:

= Common Pc threshold has significantly more influence on number
of maneuvers than time of maneuver

= Simulations on TERRA, AQUA & ICEYE-X14 confirm assumptions
on who would maneuver most of the time

= Socio-economic weighting sensitivity analysis suggests that a
50/50 split between socio-economic score and cost score is
reasonable

N
~
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Limitations & Future Work

Limitations:

= Use of J, propagator & TLEs which are not accurate enough for real
conjunction assessment

= Ordinal based ranking: accurate information not always readily available
(price, operational status, maneuverability)

= Currently assume that active secondary payloads are maneuverable
—> acceptable for capability demonstration

Future Work:

= Pc and time of maneuver threshold study on a more diverse set of
CDMs

= Study other potential space policies
» Use SSR as socio-economic valuation method

Jonathan Wei
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Backup Slides

Fig.: John Glenn cartoon
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COLA-EVDT1.0

Propagate
primary S/C
and relevant
space objects

Find relevant
space objects in
catalog

Main simulation
inputs and
primary S/C info

Simulation
start

Propagation and
| Screening Process

A

Conjunction
screening

Conjunction

events list

Space object TLEs

Risk mitigation v
action implementation

Required data of space objects:
Orbital states, dimensions, ...

Vulnerability
model

Space
catalog

Actions list
Value of the conjunction

in case of collision

Conjunction and secondary object data

Generating

Decisions on CDMs

risk mitigation

Decision model

A

Conjunction related data at TCA L

Assessment Process Tasking requests for more accurate and timely object tracking

Technology
model

Objects state estimates

and Covariances

CDMs
list

Event details:
TCA, object IDs,
miss distance
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