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The Space Surveillance and Tracking context
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1. Observation

(𝑅𝐴, 𝐷𝐸𝐶, 𝑡)

3. Target’s astrometry

2. Photographic image

4. Orbit determination



Observing RSOs in Low Earth Orbit (LEO) 

→ apparent motion up to 1 deg/s w.r.t. a 

ground-based observer, even higher for a 

spaceborne one

Exposure time is a critical parameter to tune

in order to catch the target…

… but what if we change the way we

encode visual information?

EVENT-BASED CAMERAS
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The event-based vision paradigm

▪ Each pixel is continuously receptive to incoming light as long as the sensor is operative, and it independently and 
asynchronously records only brightness changes, called events, with microsecond resolution

▪ Moving objects are easily detectable, while static ones are almost invisible and not recorded

pixel

Incoming 
light
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The event-based vision paradigm

▪ Instead of a conventional 2D image, the output is just a list of asynchronous events. Such list can be visualized 
as a stream of sparse points in the 3D space 𝑥𝑦𝑡 describing the pixelwise motion history of the recorded scene
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What makes event-based cameras attractive for SST?
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Advantages

▪ Microsecond time 
resolution

▪ Contained power 
consumption and data 
size

▪ Small and lightweight 
cameras

Literature achievements

▪ Sensor characterization

▪ Object detection

▪ Observation of stars and 
RSOs

▪ Astrometric calibration

What is missing?

▪ Astrometric reduction of 
RSOs



Is astrometry of resident 

space objects with event-

based cameras feasible?
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Observing strategy

Credits: Reed et al. (2025)

▪ Point towards the sky region where the target RSO 
is expected to transit

▪ One camera’s sweep of a few seconds to capture 
both stars and target in a single recording

FOV Resolution

FOV ≥ 1 deg, to 
improve the chance 

for the target to 
cross it

Pixel resolution of 
the 4th generation 
sensor: 1280 x 720  

→ with FOV ≥ 1 deg, 
pixel scale ≥ 5 

arcsec/px
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Astrometric reduction pipeline: general design

Assumptions: 
• Objects crossing the FOV are point sources
• Stars and RSOs move along straight lines with 

constant speed in the FOV → linear streaks of 
events in the output stream

Raw event stream

Denoising Event segmentation

Event warpingCentroiding

Astrometric 
calibration

Target’s astrometry
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Astrometric reduction pipeline: denoising
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Astrometric reduction pipeline: event segmentation
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Filtered event stream

Separate streaks of events

Evaluation of 𝑣𝑥 and 𝑣𝑦 for each streak

The target’s streak has different slope from the stars:

൝
𝑣𝑡𝑎𝑟𝑔𝑒𝑡,𝑥 −𝑚𝑒𝑑(𝑣𝑥) > 𝑡

𝑣𝑡𝑎𝑟𝑔𝑒𝑡,𝑦 −𝑚𝑒𝑑 𝑣𝑦 > 𝑡

stars

target



Astrometric reduction pipeline: event warping and centroiding

▪ Linear uniform motion model:

𝒙𝑘,𝑤 = 𝒙𝑘 + 𝒗 𝑡𝑟𝑒𝑓 − 𝑡𝑘

𝑡𝑟𝑒𝑓: timestamp of the closest target’s event to the FOV’s center      

→ the target’s blob of warped events is less affected as possible by 
border distortions when computing its centroid

Result: every streak in the 3D stream is mapped into a 2D blob in the 
𝑥𝑦 plane → traditional centroiding and astrometric calibration 
techniques can be applied

▪ Centroiding by weighted mean:

𝒙𝑐 =
σ𝑖=1
𝑁 𝐼𝑖𝒙𝑤,𝑖
σ𝑖=1
𝑁 𝐼𝑖
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Astrometric reduction pipeline: astrometric calibration

x y

⋮ ⋮

Input

List of pixel star 
centroids

Solver

▪ Local installation of Astrometry.net

▪ Star catalog: Tycho-2 (sub-arcsec accuracy)

▪ Border distortions are modeled by a 
degree 3 Simple Imaging Polynomial (SIP)

▪ Simplifying assumptions:
• No parallax correction
• No proper motion correction

Output

World Coordinate 
System (WCS) constants
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Astrometric reduction pipeline: output target’s astrometry

Topocentric measurement:

𝑅𝐴, 𝐷𝐸𝐶, 𝑡𝑟𝑒𝑓

Event 
warping: 
𝑡𝑟𝑒𝑓

Centroiding: 
(𝑥, 𝑦)

Astrometric
calibration: 

WCS 
constants
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Validation with real sky observations: dataset

▪ Recording from the dataset by Reed et al. (2025): 
sweep maneuver over the same star field in the Cygnus 
constellation at 10 increasing speed values

▪ Optical setup:
• FOV: 10.2° x 5.7°
• Pixel resolution: 1280 x 720
• Pixel scale: 29.5 arcsec/px

▪ Since there is no target in general, the mid-recording 
time is set as reference for event warping
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Validation with real sky observations: results

▪ A solution was obtained for the 
first 7 sweep speeds, from 0.2 to 
1.3 deg/s; above that, the low-
pass behaviour of the event-based 
pixel leaves too few stars

▪ Mean error below 1 arcsec in RA 
and DEC, standard deviation in 
general within the pixel scale, 
however no clear correlation with 
the sweep speed
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Indoor testbed

▪ If the pixel scale decreases, will the pipeline still yield a calibration error within the pixel scale?

▪ No other public recordings with the same observing strategy and smaller pixel scale → preliminary 
testbed for indoor simulations

XCP-E camera by IDS 
with IMX636 sensor

LCD screen

Event stream Camera control

Run script

Movie of 
simulated 
sweep 
maneuver 
with RSO 
transit

Laptop
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Indoor testbed

Simulated scenario

▪ FOV: 2 deg 
▪ Pixel scale: 5.9 arcsec/pixel
▪ Sweep speed: 0.08 deg/s
▪ target: Sentinel satellite in LEO 

from ESA Copernicus orbit 
state vectors (h ≈ 700 km; 
apparent motion ≈ 0.6 deg/s)

Astrometric calibration error

▪ Mean value ~ 1 mas
▪ Max. standard deviation: 

1.882 arcsec ≈ three times 
smaller than the pixel scale

▪ Remark: the 60 Hz refresh 
rate doesn’t allow for 
smooth simulation of 
higher sweep speeds 

Astrometric
reduction pipeline
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Conclusions and future directions

Processing pipeline

• Current implementation of event 
segmentation, warping and centroiding works 
well with point sources → next: proper 
processing of both point and extended 
sources

• Explore neural networks to improve 
denoising and object detection

• Parallax and proper motion correction to 
further reduce the astrometric calibration 
error

Sensor and testbed

• In the dark, the event-based pixel acts as a 
low-pass filter:
– fast signals are attenuated

– the dimmer the object, the larger the delay 
between on-chip light and output events

• Characterize the time delay for different 
magnitudes and speeds

• The lower resolution w.r.t. traditional 
cameras may not allow for precise orbit 
determination 

• More realistic indoor testbed: dark enclosure, 
collimation lens, high-refresh-rate projector

19



References

▪ Gallego, Guillermo, et al. "Event-based vision: A survey." IEEE transactions on pattern analysis and machine 
intelligence 44.1 (2020): 154-180.

▪ Cohen, Gregory, et al. "Event-based sensing for space situational awareness." The Journal of the Astronautical 
Sciences 66.2 (2019): 125-141.

▪ Żołnowski, Michał, et al. "Observational evaluation of event cameras performance in optical space 
surveillance." NEO and Debris Detection Conference, Darmstadt, Germany. 2019.

▪ Afshar, Saeed, et al. "Event-based object detection and tracking for space situational awareness." IEEE Sensors 
Journal 20.24 (2020): 15117-15132.

▪ McMahon-Crabtree, Peter N., and David G. Monet. "Commercial-off-the-shelf event-based cameras for space 
surveillance applications." Applied Optics 60.25 (2021): G144-G153.

20



References

▪ Ralph, Nicholas, et al. "Real-time event-based unsupervised feature consolidation and tracking for space situational 
awareness." Frontiers in neuroscience 16 (2022): 821157.

▪ McReynolds, Brian J., et al. "Bias and Denoising Techniques to Improve Dim RSO Detection by up to 2.9 x with an Event-based 
Vision Sensor." 26th Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS 2025). Maui Economic 
Development Board, 2025.

▪ Suh, Yunjae, et al. "A 1280× 960 dynamic vision sensor with a 4.95-μm pixel pitch and motion artifact minimization." 2020 IEEE 
international symposium on circuits and systems (ISCAS). IEEE, 2020.

▪ Finateu, Thomas, et al. "5.10 a 1280× 720 back-illuminated stacked temporal contrast event-based vision sensor with 4.86 µm 
pixels, 1.066 geps readout, programmable event-rate controller and compressive data-formatting pipeline." 2020 IEEE 
International Solid-State Circuits Conference-(ISSCC). IEEE, 2020.

▪ Gallego, Guillermo, Henri Rebecq, and Davide Scaramuzza. "A unifying contrast maximization framework for event cameras, with 
applications to motion, depth, and optical flow estimation." 2018 IEEE/CVF Conference on Computer Vision and Pattern 
Recognition. IEEE, 2018.

21



References

▪ Reed, Albert W., et al. "Ebs-ekf: Accurate and high frequency event-based star tracking." 2025 IEEE/CVF Conference 
on Computer Vision and Pattern Recognition (CVPR). IEEE, 2025.

▪ Oliver, Rachel, Brian McReynolds, and Dmitry Savransky. "Event-based sensor noise modeling for space-based space 
domain awareness." The Journal of the Astronautical Sciences 72.5 (2025): 46.

▪ Chin, Tat-Jun, et al. "Star tracking using an event camera." 2019 IEEE/CVF Conference on Computer Vision and 
Pattern Recognition Workshops (CVPRW). IEEE, 2019.

▪ Zotti, Georg, et al. "The simulated sky: Stellarium for cultural astronomy research." arXiv preprint arXiv:2104.01019
(2021).

▪ Shupe, David L., et al. "The SIP convention for representing distortion in FITS image headers." Astronomical data 
analysis software and systems XIV. Vol. 347. 2005.

22



www.unibo.it

Thank you for your kind attention!
Any questions?

stefano.palmiotto@unibo.it

Scan me!

My Linktree


