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Earth Observation (EO): From Curiosity to Necessity

Huntington Beach, California USA 2021

Source: NASA / ESA Copernicus

Finney County, Kansas USA 2001

Source: NASA / ASTER

Rondônia, Brazil 2008

Source: NASA / Landsat 9

Suez Canal, Egypt 2021

Source: NASA / Landsat 8

Indus river, Pakistan 2022 
Source: NASA / Landsat 9

Deforestation monitoring Crop monitoring Oil spill detection

Maritime tracking Flood response
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What Has Happened

Source: https://usgs.gov/calval/earth-observing-satellites

No. EO sats launched per year, 1972-2026

More Satellite Launches
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What Has Happened

Source: https://usgs.gov/calval/earth-observing-satellites

No. EO sats launched per year, 1972-2026

More Satellite Launches
Optical Image Resolution of EO sats, 1972-2024

Source: Public reported numbers

Improved Sensors
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The Problem
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A single LEO satellite can collect gigabytes to terabytes of data every day.

But, contact to ground is limited
➡ Only a few contacts per station per day
➡ Each contact lasts ~5–15 min

Data collection is throttled by downlink capacity
➡ Most data that could be collected never reaches Earth
➡ Even when data reaches Earth, it can arrive hours late
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Why Time Matters

Indus river, Pakistan 2022 
Source: NASA / Landsat 9

Flood response
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Why Time Matters

Indus river, Pakistan 2022 
Source: NASA / Landsat 9

Flood response
Weeks to Months 
→ What needs rebuilding?

Hours to Days 
→ Which roads are still passable?

Seconds to Minutes 
→ Who needs warning right now?
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The Opportunity

On-board Compute

Unibap iX10-101

Space-grade payload computers can 
run ML and image processing onboard.

NVIDIA Jetson 
Orin NX
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Condor Mk3 

Terminal

Satellites can communicate via 
high-speed optical inter-satellite links (ISLs)
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The Opportunity

Inter-Satellite Communication
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￼ ￼
Condor Mk3 

Terminal

Satellites can communicate via 
high-speed optical inter-satellite links (ISLs)

On-board Compute

Unibap iX10-101

Space-grade payload computers can 
run ML and image processing onboard.

NVIDIA Jetson 
Orin NX
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Route and downlink only the answer.Process data in-orbit, where it is collected.
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The Challenge

How do we express a live EO application as one program?
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How do we express a live EO application as one program?
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Program
Collect Process Route Downlink

➡ Need a programming model
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￼map( f ) ￼reduce(⊕ )

Cloud Data Processing



From Cloud to Space
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Program
￼map( f ) ￼reduce(⊕ )

Cloud Data Processing

Program
? ?

Live EO in Space

?

Can live EO be made as simple 
to program as cloud data processing?
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A MapReduce-inspired programming model for Earth Observation
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SpaceCoMP (Space-Collect-Map-Reduce Processing)
A MapReduce-inspired programming model for Earth Observation

Mappers

Reducer

Ground 
Station

Coordinator 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Collectors

Area of Interest

SpaceCoMP (Space-Collect-Map-Reduce Processing)
A MapReduce-inspired programming model for Earth Observation

Mappers

Reducer

Ground 
Station

Images

Coordinator 
(Line of sight)
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Collectors

Area of Interest

SpaceCoMP (Space-Collect-Map-Reduce Processing)
A MapReduce-inspired programming model for Earth Observation

Mappers

Reducer

Ground 
Station

Tiles

Hotspot 
coordinates

Images

Coordinator 
(Line of sight)
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Collectors

Area of Interest

SpaceCoMP (Space-Collect-Map-Reduce Processing)
A MapReduce-inspired programming model for Earth Observation

Mappers

Reducer

Ground 
Station

Tiles

Hotspot 
coordinatesFire perimeters

Images

Coordinator 
(Line of sight)
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Collectors

Area of Interest

SpaceCoMP (Space-Collect-Map-Reduce Processing)
A MapReduce-inspired programming model for Earth Observation

Mappers

Reducer

Ground 
Station

Tiles

Hotspot 
coordinatesFire perimeters

Alerts
Images

Coordinator 
(Line of sight)
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How does it work?
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Orbits and Inclination
90° inclination 60° inclination
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Walker Constellations
Walker Star Walker Delta
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Inter-Satellite Links
4 ISLs per satellite (+Grid) 8 ISLs per satellite

￼13



+Grid and Torus
+Grid Torus view
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ISL Routing

Blue = Descending
Orange = Ascending
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SpaceCoMP
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Optimisations
Evaluated in simulated constellations of 1k-10k satellites
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Optimisation 1 - Reducer placement
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Optimisation 1 - Reducer placement
Closest to Line of sight (naïve)
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Optimisation 1 - Reducer placement
Closest to Line of sight (naïve) Closest to Mappers (optimisation)

67-72% lower data-
movement cost when 
reduce compresses 

data by 5x factor
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Optimisation 2 - Routing

Manhattan

(10748km)
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Optimisation 2 - Routing

Shortest path
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Optimisation 2 - Routing

Shortest path

(8671km) Manhattan


(10748km)

8-21% shorter routing 
distance than manhattan
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Optimisation 3 - Bipartite Task Assignment

Mapper 1 Mapper 2 Mapper 3

Collector 1 1 2 9

Collector 2 1 8 9

Collector 3 9 2 3

Which mapper should process 
each collector's data?

Cost matrix
cost = processing + #hops + transmission
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Optimisation 3 - Bipartite Task Assignment

Mapper 1 Mapper 2 Mapper 3

Collector 1 1 2 9

Collector 2 1 8 9

Collector 3 9 2 3

Which mapper should process 
each collector's data?

Cost matrix
cost = processing + #hops + transmission

Global optimal 
assignment 

(Hungarian algorithm)

61-79% lower global cost 
vs random assignment ￼20
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LeoDOS (Leo Distributed OS)

Our Approach
SpaceCoMP Rust Library
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LeoDOS (Leo Distributed OS)

Our Approach
SpaceCoMP Rust Library

Flight Software
Flight Software 
 Interface (Rust)
NASA cFS (C)

Core Flight Executive

Operating System 
Abstraction Layer
Platform Support 

Package

NOS3 Satellite Simulator

42 Buses, 
Drivers ...
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Communication
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Transport Layer 
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LeoDOS (Leo Distributed OS)
Constellation Simulator

Our Approach
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CCSDS Protocols (Rust)

Application Layer 
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(Routing, Gossip)
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Conclusions

SpaceCoMP aims to make the constellation a programmable computer for EO
➡ Process data where it is collected
➡ Coordinate work across satellites
➡ Downlink only the answers instead of raw imagery

Status:
• The presented work is a first step toward a working system
• Multiple problems remain to be solved
• We are looking for input from the EO community
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Satellite Scheduling Problem ￼24
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