Large-Scale Data Engineering in Space Exploration

Recent advancements in space exploration have created unprecedented challenges in data engineering, particularly in managing and
processing astronomical data at massive scales. Modern space missions generate data volumes that surpass previous decades by
orders of magnitude, with the International Space Station alone generating approximately 900 GB of research data per mission day.

This presentation explores the current state of large-scale data engineering in space missions, examining the infrastructure and
architectures implemented by major space agencies and private companies. We'll analyze how modern data engineering practices are
adapted for deep-space applications and investigate emerging technologies that promise to revolutionize space-based data

operations.
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The Data Revolution in Space Exploration
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Exponential Data Growth

Modern space missions generate
unprecedented volumes of data,
with next-generation distributed
processing systems demonstrating
a remarkable 47% efficiency
improvement over conventional
approaches, enabling faster
scientific discovery.
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Advanced Infrastructure

Today's space missions leverage
sophisticated distributed
computing architectures capable of
processing an astounding 500 TB
of raw data daily while maintaining
99.99% operational reliability in
extreme conditions.

Optimized Transmission

Revolutionary data compression
algorithms achieve compression
ratios of up to 10:1 for specialized
astronomical data types,
dramatically enhancing bandwidth
efficiency in the challenging
environment of space-to-ground
communications.



Data Acquisition Infrastructure

Sensor Integration

Advanced spacecraft utilize sophisticated Development Flight
Instrumentation sensor networks that process an impressive
1,979 distinct measurements per mission phase, while
streamlined Core Stage configurations efficiently manage up to
733 precision sensors.

These systems incorporate radiation-hardened components that
maintain operational integrity in extreme space environments,
withstanding radiation exposure exceeding 100 krad(Si) without
performance degradation.

Data Flow:

System Architecture

High-capacity Remote Data Acquisition units simultaneously
process information from up to 256 independent channels,
achieving critical sampling rates of 100 samples per second to
capture rapid environmental fluctuations.

The adaptive Modular Instrumentation Systems dynamically
adjust sampling frequencies between 1 Hz and 50 Hz in real-
time, optimizing data collection based on evolving mission
parameters and scientific priorities.

Sensors — Acquisition Unit — Transmission — Ground Station — Storage & Analysis



Signal Processing and Ground Support

Channel Type Processing Rate (Hz) Reliability (MTBF Hours)
Pressure 50 20000
Temperature 100 21000
Strain 75 22000
Vibration 100 23000
Acceleration 50 24000
Position 25 25000
Voltage 75 26000
Current 50 27000

State-of-the-art signal processing systems preserve data integrity through sophisticated filtering algorithms that handle frequencies up
to 4.5 MHz while maintaining exceptional signal-to-noise ratios exceeding 60 dB. During mission-critical operations, Core Stage
infrastructure seamlessly manages 1,246 simultaneous measurements with near-zero latency.

The distributed ground support architecture deploys Remote Data Acquisition Modules with 100-channel capacity per unit, functioning
reliably across extreme temperature ranges from -55°C to +85°C. This system ensures precision timing synchronization within +1
microsecond across all measurement channels, facilitating comprehensive real-time analysis of spacecraft telemetry.



High-Performance Computing Architecture

Processing Power

{@} Up to 200 MIPS while consuming less than 5W per processing node

Radiation Hardening

Enhanced tolerance up to 300 krad(Si) in extreme space environments

Distributed Processing

e Maintains 10 Mbps continuous data streams across networked
systems

Memory Management

£ Dedicated 128 MB radiation-hardened RAM with error
correction

Spacecraft computing architectures have undergone revolutionary advancement to handle exponentially increasing data processing
requirements. These sophisticated systems deploy triple-redundant fault-tolerant computing elements achieving an unprecedented
Mean Time Between Failures exceeding 100,000 hours in harsh space radiation environments. The integrated memory subsystems
feature advanced error detection and correction algorithms capable of autonomously identifying and resolving single event upsets at
remarkably low rates of 10*-10 errors/bit-day, ensuring mission-critical data integrity throughout extended deep space operations.



Real-Time Processing and Fault Management

Low Latency

O,

Ultra-responsive processing with sub-10ms latencies for mission-critical commands

Concurrent Tasks

Seamless orchestration of 64 parallel processes with guaranteed deterministic execution

Fault Detection

Advanced anomaly identification and isolation within 100ms of occurrence

Recovery
Jap’

Robust system restoration completed within 1 second, ensuring minimal operational disruption

State-of-the-art spacecraft architectures maintain precise system response times under 50 milliseconds for mission-critical
operations. These high-performance systems deliver exceptional processing efficiencies reaching 85% during peak operational
demands, while maintaining remarkably low power consumption—below 20 watts for the entire processing subsystem.

The sophisticated architecture implements Triple Modular Redundancy configurations that ensure uninterrupted operational stability
even when subjected to extreme radiation environments causing up to 100 single event upsets per day. The integrated error correction
mechanisms achieve unprecedented reliability with correction probabilities exceeding 99.999%, virtually eliminating data corruption
risks during extended deep space missions.



Case Study: James Webb Space Telescope

Science Operations Center Data Management Command and Control
Equipped with advanced processing Implements a sophisticated Delivers robust command
capabilities handling up to 40 GB of hierarchical storage architecture transmission at rates up to 2 kilobits
critical science data daily, with featuring 2.5 terabytes of primary per second, with mission-critical
sophisticated observation sequences storage coupled with an expansive command sequences processed
requiring 300-900 MB of storage archive system engineered to preserve within an impressive 100-millisecond
based on the specific instrumentation up to 100 terabytes of processed window and verification protocols
mode deployed. astronomical data with exceptional achieving unprecedented 99.99%
integrity. accuracy levels.

The JWST ground segment engineering achieves remarkable 99.5% operational availability through implementation of redundant
communication pathways and sophisticated fault recovery algorithms. The specialized data processing pipeline demonstrates
exceptional performance, transforming raw observation sequences into scientific products within 8-12 hours while consistently
maintaining data quality metrics at 98% of theoretical performance boundaries.



Emerging Technologies in Space Computing

Quantum-Inspired Algorithms Edge Computing
42% performance improvement in 85% processing efficiency at <15W
constellation management power consumption
Advanced Storage . : .
g @ Machine Learning Acceleration

400 MB/s write speeds with 10*-13 bit {D

8.7 TOPS for specific Al workloads
error rates

Today's space missions leverage revolutionary computing paradigms that transform how we process and manage data beyond Earth's
atmosphere. These cutting-edge systems implement sophisticated error correction techniques capable of detecting and rectifying
multiple simultaneous bit errors, achieving remarkable recovery rates above 99.99% even when exposed to intense radiation
environments.

The advanced storage architecture employs intelligent data compression algorithms that dynamically adjust to content type, delivering
compression ratios ranging from 2:1 to 4:1. This optimization dramatically enhances storage efficiency in the severely constrained
environments of spacecraft, enabling longer missions and more comprehensive data collection without requiring additional physical
storage resources.



Communication System Innovations

Optical Communications Ka-Band X-Band

1,200 Mbps data rate with 6dB Communications Communications Communications

link margin 800 Mbps data rate with 5.5dB 600 Mbps data rate with 5dB 400 Mbps data rate with 4.5dB

Achieves bit error rates below link margin link margin link margin

107-9 during nominal Enables dynamic adjustment Supports spectral efficiencies Maintains synchronization

operations based on changing link of up to 3.2 bits/symbol accuracies within 50
conditions nanoseconds

Recent advancements in space communication technologies have substantially improved data transmission capabilities. The
implementation of adaptive coding and modulation schemes has enabled dynamic adjustment of data rates between 150 Mbps and
1.2 Gbps based on link conditions.



Future Technology Integration

Neural Networks

Achieving unprecedented classification
accuracies of over 95% for mission-critical
operations while maintaining sub-100
millisecond processing latencies, enabling
robust autonomous decision-making
capabilities essential for the extreme
challenges of deep space exploration.

Quantum Sensors

Revolutionizing space instrumentation
with up to 20-fold improvement in
measurement precision compared to
conventional sensors, particularly
transforming applications requiring ultra-
precise timing and navigation systems
critical for extended interplanetary
missions.

Radiation Tolerance

Engineering breakthrough systems
capable of maintaining operational
reliability above 98% during mission
durations exceeding 5 years in high-
radiation environments, fundamentally
expanding the horizons for ambitious
long-term exploration of our solar
system's most distant frontiers.



Commercial Space Market
Impact

$423.8B

Market Value

Global space industry value as of 2019

79%

Commercial Share

Portion of space economy from commercial activities

$2,720

Launch Cost

Cost per kilogram to Low Earth Orbit
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Annual Growth

CAGR for commercial space transportation

The commercial space sector has demonstrated significant growth in both
capabilities and economic impact. Modern satellite constellations have
achieved unprecedented coverage, with commercial operators maintaining an
average of 98.5% service availability across global markets.

Private investment in space ventures reached $5.7 billion in 2019, with venture
capital funding accounting for 67% of total investment. The market for
satellite services has demonstrated particular strength, generating annual
revenues of $123 billion while maintaining operating margins above 15% for
established operators.




Thankyou



