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Introduction

This report is part of a collection of Working Group Reports from the SATCON2 Conference.

The published report following SATCON1 (Walker et al., 2020) detailed 10 recommendations, three of
which apply to the development of software; these three are the focus of the SATCON2 Algorithm
Working Group:

Recommendation 1

Support development of a software application available to the general

astronomy community to identify, model, subtract, and mask satellite

trails in images on the basis of user-supplied parameters.

Recommendation 2

Support development of a software application for observation planning

available to the general astronomy community that predicts the time and
projection of satellite transits through an image, given celestial

position, time of night, exposure length, and field of view, based on

the public database of ephemerides. Current simulation work provides a
strong basis for the development of such an application.

Recommendation 3

Support selected detailed simulations of the effects on data analysis
systematics and data reduction signal-to-noise impacts of masked trails
on scientific programs affected by satellite constellations. Aggregation
of results should identify any lower thresholds for the brightness or

rate of occurrence of satellite trails that would significantly reduce

their negative impact on the observations.

We have attempted to transform these SATCON1 recommendations into a specific set of high-level
software requirements with provisional names for convenience of reference. We note that each of these is
a fairly major software effort if they are to be robust enough to support the community. However, in some
cases relevant software already exists, and this document identifies those packages.

In brief, the SATCON1 recommendations call for the ability to flag, mask and repair satellite trails affecting
astronomical data (a software tool we call TrailMask), to predict when satellite trails may or will affect
specific observations (which we call PassPredict), and to simulate the effects of satellite trails so that the
community can assess the scientific impact of those effects on astronomical research.

Our main focus is on ground-based optical images of all kinds. However, we also considered
space-based images and spectroscopy. We did not consider the (important) effects of satellite
constellations on radio astronomy, although the PassPredict tools should work for single-dish radio
observations to the extent that sidelobes are not important.

We are mostly concerned with the large low-Earth orbit (LEO) satellite constellations. However,
spacecraft at near-lunar distance are regularly seen by asteroid surveys, so we should consider MEO and
GEO (medium Earth orbit and geosynchronous Earth orbit) cases too. Note that the fainter magnitude of
high-orbit satellites is offset by their lower apparent angular velocity, leading to larger effective exposure
time on a streak pixel.
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In Figure 1 we note that the counts in a satellite streak will tend to be independent of exposure time, and
so the measured magnitude of the streak will be fainter for longer exposures.
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Figure 1. Effect of trailing on the effective magnitude of a satellite. Red: visual magnitude at zenith of an
example satellite as a function of orbit altitude. Blue to Green: observed magnitude of the same satellite
accounting for trailing, for a series of increasing exposure times and assuming a 1-arcsecond resolution
element. In a given telescope/instrument, as exposure time increases, the number of counts detected
from a faint (e.g., 15th magnitude) star will increase, but the number of counts in the satellite trail will not,
assuming that the satellite crosses the field of view in a time that is short compared to the exposure time.
Thus, the apparent brightness of the satellite trail will be comparable to stars of increasingly faint
magnitude with increasing exposure. We assume this is a small telescope, so the spatial extent of the
satellite (defocus + resolved size) is not accounted for.

The effects of streaks on optical imaging data were discussed in the SATCON1 Report (Walker et al.,
2020). In this working group we also discussed the effects on other kinds of data, especially
spectroscopy. Low-spectral-resolution fiber spectroscopy is especially vulnerable — the effect of a
satellite streak is to add a solar spectrum to the target spectrum, and in the absence of any spatial
information it may be hard to spot that your data has been affected. The limiting magnitude of low to
medium resolution spectrographs are typically in the 20-25 range, comparable to the effective magnitudes
of many satellites. ESO is planning a system with 3000 fibers at low resolution, and they estimate that the
satellite contamination (when it occurs) will be up to 5-10 sigma above noise. This could be bad; 1000
sigma is easy to spot, 0.1 sigma can be ignored, but the intermediate range is difficult to notice and yet
affects the scientific result. Higher resolution spectrographs have much shallower limiting magnitudes
(15-20, even on large telescopes), and will therefore be essentially immune to the contamination by all but
the brightest satellites. Finally, although exoplanet transit spectroscopy already has the problem of
subtraction at the limits of S/N, its high spectral resolution will prevent significant contamination problems.
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1. General Software Considerations

The astronomy software community is investing heavily in Python and in particular in the astropy suite.
While we do not exclude other languages, applications developed in Python and compatible with astropy
are more likely to be easily installed and usable by a broad audience.

External dependencies are sometimes necessary but each extra one adds maintenance overhead and
often limits the potential user base; they should therefore be used judiciously.

Software-savvy astronomers will want to access the software by calling libraries (typically Python ones).
However, less software-aware astronomers (both professional and amateur) will need command-line or
web-based end-to-end tools which wrap these libraries in a simple interface. We must support both of
these communities. In particular, a simple browser-based interface to the PassPredict and TrailMask tools
discussed below (at least in their simple mode) is strongly recommended. We should also provide
interfaces to planetarium applications (World Wide Telescope, OpenSpace, Stellarium).

If the software is to be used widely by astronomers, it should if at all possible be open-source, free, and
free of restrictive licences. We should support a software ecosystem in which centrally developed
reference implementations may exist, but interfaces are simple and well documented so that alternative
implementations can be swapped in — this will allow us to leverage innovation by the community.

We encourage support of International Virtual Observatory Alliance (IVOA) protocols, and specifically
pyVO, for retrieval of test datasets (and possibly of satellite prediction data if appropriate protocols exist).
However, programs should always also allow import of datasets from a local disk.

Where appropriate (e.g., for satellite reflectance models) the software architecture should allow for
user-model plugins (i.e., users can write their own model and have the software use that instead of the
presupplied one).

1.1 Distribution and Documentation

The software will require user documentation and support. The obvious place to serve as a portal for
software and documentation is the SatHub proposed in the Observations Working Group Report. We also
recommend the development of related educational materials such as lesson plans to engage the school
and university student communities.
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2. Test Data Suite

The working group concluded that early development of a test dataset repository is a priority. Standard
test datasets covering a range of cases will be needed during software development to validate
algorithms and to compare the performance of different algorithms. Test datasets may also be of use to
the Observations Working Group. The suite should be as small as possible (to be manageable) while still
covering the needed range of test cases.

2.1 Image test data for TrailMask

The image test suite will be used to test TrailMask. It should include actual examples of images with
satellite streaks, including the following cases:

e Large and small fields of view e Optical and infrared data

e Large and small angular pixel sizes e Mosaic frame and IFU (integral field

e Short and long exposures unit) datasets

e Low and high background e Polarimetry data

e Professional and amateur telescopes e Simulated datasets (or real datasets

e Bright and faint streaks with simulated streaks added) as

e LEO and MEO/GEO satellite streaks needed — Vera C. Rubin Observatory
e Crowded and sparse fields has such data that could be used

e Streaks that cross each other

Test cases should also include fiber spectroscopy and polarimetry examples. They should also include
examples of false positives (e.g., comets/asteroids). The test case images should ideally be
bias-/dark-subtracted and flat-fielded, although we should also include some uncalibrated images as test
cases. It would be best if every test case consisted of a pair of images — one with the trail and one
without, to test how well TrailMask works. All test cases should each be accompanied by a text
description indicating their relevance (use cases etc.).

The test cases should also cover a range of telescopes and instrument types, including:

All sky camera with a field of view > 150 degrees

Commercial astrophotography lenses paired with DSLR, CCD, CMOS detectors

Large CCD: 2k x 2k or larger with telescopes of various apertures from 1 to 30 metres (singly or
in mosaics).

Image cases should include all metadata needed to perform different kinds of analysis — in particular
observation time and pointing direction to support streak identification use cases. Use of at least the IVOA
ObsCore DataModel is recommended as this will ensure that the developed software will work within a
broad ecosystem. The metadata list should specifically include:

e Site (longitude, latitude, altitude in e Filter (with documentation link to
WGS84) transmission curve)

e Full image World Coordinate System e Optical setup (focal length, aperture,
(WCS) (ICRS etc; includes pixel type)
scale.) e Photometric zeropoint (pixel values to

e Exposure start time and duration Jansky or magnitude?)

e Gain noise / read noise
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2.2 Satellite pass test data for PassPredict

A satellite pass test suite is needed to test PassPredict. The ObsCore data model should also be used
here. Each test case should include:

e The observing conditions (telescope and camera parameters, pointing direction, date and time)
e Afixed test satellite database from which satellite ephemerides may be extracted, or (for some
use cases) a single satellite ephemeris prediction (when you don’t want to test the database part)

We should be able to (retro-)predict the passes of a few specific satellites at a specific epoch over a
specific observatory and (if possible) predict their brightness.

2.3 Other Test Data

Test cases of secondary priority may include:

e Fiber spectroscopy and slit spectroscopy cases;

e Radio astronomy cases;

e Infrared astronomy cases; or

e TrailMask user-supplied cases, particularly if case is interesting/pathological.

We have not yet discussed what test cases would be needed for the simulation tools in the third
SATCON1 recommendation above.

Effort required: establishing a repository where TestData can be organized and discovered should be

done at one of the established astronomy data repositories. An upload and metadata registration system
will require about 2 FTE (split across different expertise groups) with ongoing support requiring 0.25 FTE

SATCONZ2 Algorithms Working Group Report 6



3. Software projects

Here we discuss one by one the individual software algorithms that we see as responding to the
SATCON1 recommendations. It is likely beyond the scope of this working group to choose or down-select
a particular approach but we can provide some guidance on how such a selection might be made.

3.1 SATCON1 recommendation 1: TrailMask

Support development of a software application available to the general astronomy community to identify,
model, subtract and mask satellite trails in images on the basis of user-supplied parameters.

As noted in Section 1, both programmatic and web-based interfaces should be provided. The latter will be
of particular use to the hobbyist community.

3.1.1 Inputs and outputs

Required inputs:
a) Image(s) where trails should be identified
b) Image parameters (field of view, pixel size, flux calibration; would usually be in the image’s
header)
c) Trail search parameters (width ranges, signal-to-noise ratio etc.; should come with reasonable
default values if derivable from input b)

Additional, optional inputs (depending on the mode TrailMask is run in):

d) Time and pointing of observation (for seeded mode)

e) Prior information on where trails are expected to be present (for seeded mode)

f) Simulated satellite traces planted on real images and also the images without the traces as the
training set for deep learning models

g) Real satellite traces in images — coming from the test data suite and elsewhere.

h) Images from the same region as g) without the traces as an alternative training set for deep
learning models

Outputs (depending on the mode, any combination of):

1) Catalog of identified trails, including some parameters (trail brightness estimates and brightness
uncertainty estimates, start and end positions, width of the trail, and other parameters to be
determined)

2) Mask file with flag set for each affected pixel

3) Images with trail affected pixels modified to minimize impact on data.
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INPUTS  ouTPUTS

Masked image(s)

Image(s) \

(Image parameters)

(Trail search /

parameters)

TrailMask Trail catalog

Figure 2. Schematic of TrailMask, when running in its simple configuration. In this example, since the user
does not intend to use trail-subtracted images, the only outputs are the identified trail catalog and masked
images.

3.1.2 Modes

TrailMask should support several modes, using different prior information and different
desired outputs.

Prior information
e Run “seeded” with manual info about trail location and parameters, (optional input e)
e Run “seeded” using the output of PassPredict or similar
e Run “blind” without prior info on where the trails are

These different options ensure that one can deal with trails that were not predicted or were mispredicted.

Desired output

TrailMask should have the capability to find trails, mask every affected pixel, model the trails, and even
minimize the noise signal. However, depending on use case, some or several of these options might be
superfluous, or even undesirable. For instance, in many science cases where the noise properties must
be very well understood, it is preferable to flag and ignore affected pixels rather than trying to recover
them. In those cases, it would of course be wasteful for TrailMask to perform all the computations
required to obtain all outputs. It is therefore crucial that the user be able to decide which combination of
the various available outputs (1-3) they desire.

Approach

SATCONZ2 Algorithms Working Group Report 8



INPUTS  OUTPUTS

Image(s)

Masked image(s)
TrailMask

(Image parameters) Trail catalog

Deep learning mode

Trail-subtracted
f image(s)

Pretrained model

/

 ImageSimulate Test suite

(Trail search
parameters)

Figure 3. Schematic of TrailMask, when running in deep learning mode. If input images are too different
from data used to train the pretrained model, but the user does not provide their own training data,
TrailMask can rely on ImageSimulate (section 3.3.2) to provide extra training data.

When several frames of the same part of the sky are available, image differencing can be used to identify
trail locations, and a simple median-stacking can be sufficient to remove the trail. TrailMask must also
handle the case where only a single image is given as input. A simple, algorithmic approach should be
available, and be able to produce satisfactory results for outputs 1 and 2. This could be based on the
Hough Transform. However, modified methods may be needed to handle curved trails, which are
especially likely to occur in space-based observations. Lastly, a more advanced, deep-learning-based
method can be used, allowing for output 3 to be produced (and likely improving the quality of outputs 1
and 2). See Fig. 2 and Fig. 3 for schematic descriptions of these approaches.

Other considerations. How will the cutoff transverse to the trail be set? How will the algorithms behave
on curved trails? How will ghosting be handled? For non saturated trails, can we assess whether faint
sources can be detected under the trail?

A separate program under the TrailMask area might be a spectroscopy analysis tool to detect spectra
showing contamination by a satellite spectrum (which will be close in shape to the solar spectrum).

Training data

The deep learning approach itself can run in several different modes. A pretrained model will be available
as part of TrailMask. If the given input data are close enough for the model to be expected to perform
well, this mode can be used without requiring any additional inputs. If not, appropriate training data can be
used to generalize the model. These can be provided by the user (optional inputs f, or g+h), found in the
test data suite if it contains images from a similar instrument, or be simulated in place by feeding input b
to ImageSimulate (section 3.3.2 below).
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TrailMask and the test data suite

To keep improving the pretrained model that is shipped with each TrailMask version, data from the test
suite can be used. Conversely, in those cases where a user provides their own training data and at their
discretion, these could be added to the test suite. This would require a certain level of interaction between
TrailMask and the test suite, such that the former can query the suite, and potentially upload new data to
it.

The use of processes that rely on databases of satellites will be inherently limited by the lack of
availability of accurate orbits. Mitigation strategies for imaging should not rely on weakly available
information. In addition, the goal of ‘TrailMask’ is twofold:

e Flag noise from satellite trails to reduce corruption in science analysis.

e Reduce/remove the noise that satellite trails insert into images.

Making images “look pretty” with various blending techniques is less important to the science mission.
However, visual inspection of images is often important for analysis. Removal of satellite trails to allow
deeper visual inspection (while ensuring the pixels impacted by the removal are flagged) is an important
capability.

3.1.3 Relevant existing software

e Rubin Observatory’s satellite trail finder maskStreaks.py' — all open software.
o Inputs: images with detection footprints
o Outputs: images, with an additional mask bit for pixels that fall within streaks
o Rough outline of the algorithm:
m Uses Canny filter to make binary image of edges (the user could also provide a
binary image instead of an image with detections and bypass this step)
m Uses Kernel Hough Transform to find clusters of points and fit lines to each
cluster
m Takes sets of nearby lines as identifying the same streak
m Fits a translated Moffat profile to the final lines
m Adds mask bits
o For now, the Rubin Observatory team are using it on the difference between single
exposures (point spread function matched warps) and a static sky model
o The current implementation requires the full Rubin Observatory artillery (the Science
Pipelines) to be run, so it is clearly not an off-the-shelf solution. “Derubinizing” the
algorithm itself should be a manageable task, if the community decides it is desirable.
e The CADC (Canadian Astronomy Data Center) Image Quality assessment process. In
Teimoorinia et al. (2021) , it was presented as a process for the detection of trailed images but the
satellite problem is similar.
MaxiMask? is a CNN-based (convolutional neural network) trail identifier
Desai et al, (2016) propose an algorithm that uses a deep co-added image of the same area of
the sky as the exposure of interest
o This may be too specific to sky survey-type observations to be of general use.
e Gruen et al. (2014) have a publicly available, modified version of SWarp to remove artefacts,
including satellite trails.
o This algorithm also supposes numerous exposures of the same area are available.

' https://github.com/Isst/pipe_tasks/blob/master/python/Isst/pipe/tasks/maskStreaks.py
2 hitps://github.com/mpaillassa/MaxiMask
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e StreakDet?, a European Space Agency (ESA) software package. It was developed to find space
debris streaks, e.g., for on-board processing on an optical payload. It is available under a
weak-copy left license and is not open source.

e Cosmic-CoNN (Xu et al,, 2021) is a CNN architecture for cosmic ray detection, though as they
say it should be easily generalizable to satellite trails. Especially relevant is their proof of
generalization to other instruments with minimum input data for retraining once the pretrained
model has been trained on a large volume of data (from Las Cumbres Observatory in their case).
As they say, “By expanding our dataset with more instruments from other facilities, we are
confident to see an universal cosmic ray detection model that achieves better performance on
unseen ground- based instruments without further training.”

Effort required. The effort needed to produce a TrailMask process will be dependent on the path
selected. Adoption of the Legacy Survey of Space and Time (LSST) pipeline based trailmask or similar
pipeline to a generic environment will likely require around 2 FTE. Simple codes that remove trails via
image stacking require nearly no effort but are only effective for stacks.

3.1.4 Future algorithms: deep learning

Deep learning/Al methods for both detection and removal of satellite trails are being developed and may
provide a highly effective approach to solving the problem of detection and removal of trails.

A deep learning/Al implementation would have the following user modes:
1) Pretrained nets
2) User supplied training set (one could call the simulation tools discussed below to generate
simulated data from observation parameters)

A deep learning generative model has been used by the CADC team to remove moving object trails; it
uses the open source tensorflow library. However, designing the model is not easy. A deep learning
model can be trained, with relevant data sets, to detect and model various objects in images, such as
satellite traces in astronomical images. The models can then be used to remove the trails from the
images using deep learning techniques. Tensorflow, an open-source machine learning platform, can
provide a foundation for training deep learning models. Keras, a deep learning API (applications
programming interface) written in Python, runs on top of TensorFlow's machine learning platform,
focusing on enabling fast experimentation and easy implementation. With Keras, a trained model can be
used easily as Python code, standalone, or a part of a pipeline.

The deep models that are trained on a single instrument are likely not generically applicable but they can
be used as pre-trained models for trail detection on new instruments. Training for the new instrument can
then be achieved using a smaller training data set. Two items needed to enable this transfer in learning
are a database with some uniformity in accessibility and metadata associated with the training data.

Deep learning methods are also highly effective at learning in lower-dimensional representations, known
as latent space representation. Images with similar characteristics lie near each other in latent space. The
vector length is considerably smaller than the input image size, providing a compressed representation of
the original image by removing complex dimensionality associated with astrophysically uninformative
parts of the image space. The latent space vector can also be mapped back into the original space,
restoring the original image (i.e., preserving fluxes, with possible random losses). The deep learning

3 hitps://conference.sdo.esoc.esa.int/proceedings/sdc7/paper/1018/SDC7-paper1018.pdf
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model that creates the latent representation is trained such that the compressed latent representation
contains astrophysically meaningful information. Simultaneously, the latent vector outputs of deep models
provide a homogenous input for deep downstream models trained to solve astrophysical problems. A set
of deep probabilistic deep models can learn "what is in the images".

Beyond use as homogenous inputs for deep learning, the latent space representations of the images
themselves are also highly useful. A remarkable application of using latent space in deep models is to
perform arithmetic methods on the latent space data. The algebraic manipulation has a visible
manifestation when latent data are decoded back into the original image domain. For example, suppose
we have a set of latent space vectors of particular sky images containing contamination from satellite
tracks and another set of images for the same sky but without these tracks. The latent space vectors can
be subtracted from each other. Once subtracted, the leftover latent data will only represent the satellite
tracks. These new latent satellite vectors can act as versatile models; for example, they can be subtracted
from other contaminated images to remove undesirable tracks.

As an example of deep learning methods (that can also be generalized to the satellite problems), the top
panel of Figure 4 shows two different images with different pixel problems. The blue and red marks show
two moving objects. The bottom panel shows the same images where the images have been denoised,
and the problems have also been removed without damaging the sources in the images.

SATCONZ2 Algorithms Working Group Report 12



Figure 4. Examples of deep learning methods. In the top row are two different images with different pixel
problems. The blue and red marks show two moving objects. The bottom row shows the same images
after they have been denoised, and the problems have also been removed without damaging the sources
in the images.

As another example, the deep models can also be used as a content-based recommendation system
capable of filtering images based on the desired content (see Teimoorinia et al., 2021). In Figure 5 (a Self
Organizing Map), different sources of a set of astronomical images are modeled by a deep model. The
model is capable of recognizing images with bad pixels (e.g., the sources similar to node (1, 12)), images
with a bad focus problem (e.g., node (2, 1)) or images with satellite tracks (e.g., node (23, 1)).

SATCONZ2 Algorithms Working Group Report 13



lﬂlﬂﬂ::ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂﬂ

;Iﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂ'
[sdsoefefelelelafelofofoloeao/efolefa[v/}|i]a
gledele/efnlofefels/ofofefoee/sjololofela//[\]]]
= lalmielefelolS/ae/alelele[e]ao/e|=|a|-[7/s|d]D]
o|-|-lefa]elela|e]aloleleloe/a/bj@=n-]s[/]]]|
r]-]-]:]eleleloele]a/vlelelo[e/oo/e/nssi///]]

e

<[] ]-]-]<]ele]ala]aleTela/a/nl0|n0]0esr/]/
] -] [-]efelslslelalale/nlalo|elaes s fl/
II.IIIIHHE‘!HUDEDDHDU‘IL
el g e~ fsTafole o fadore /oo e i

2l el fefe ] S]dPafelafel@oa]n]n M= ﬂ
e el e Fe e pule v NSRS N
el fe e f ey el Fope Lo [0 N RITIANS
el T e e T Plege e dohe Lo LA INR T [0 N—
N N = P P R PP A A NRAEALN -
HDEONESDDEEN. OhOhiSARRIDERINN -
EENEOEONEES X DODLDNCESODOETES -
SRDENEREREE DODDGGIE S -
BN - uCUGHaONR -
el L] S —) i 0O
ANNOOORNRNET | |J|ﬂE_DII3
IIIIII.IIHII!.IIIVHII”EEI2
DN ——— —lE -

5432109876543210987654321
N N NN ey v v el el e e e el e v

ﬂﬂll“l

—
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Figure 5. A Self Organizing Map showing different sources for a set of astronomical images modeled by a

similar to node (1, 12)), images with a bad focus problem (e.g., node (2, 1)) or images with satellite tracks

deep learning model. The model is capable of recognizing images with bad pixels (e.g., the sources
(e.g., node (23, 1)).

3.2 SATCON1 recommendation 2: PassPredict

Support development of a software application for observation planning
available to the general astronomy community that predicts the time and

projection of satellite transits through an image, given celestial

position, time of night, exposure length, and field of view, based on

the public database of ephemerides. Current simulation work provides a

14
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strong basis for the development of such an application.

A browser-based interface will enable astronomers to predict what satellites will intersect with any given
single observation. However, to be effective as a mitigation strategy, astronomers will need to use an
interface optimized for planning observations in advance, adjusting either the pointing and/or the timing of
the observation to minimize the number of satellite tracks or even (if possible) shifting the observation to a
different observatory location/instrument field of view. This will mean multiple queries to the database with
adjusted parameters for each observation. Together with the need for intensive observing programs and
rapid response to transient events, this implies the need for an interface accessible from programs (i.e.,
an API) which would handle large batch requests with inputs and outputs in a parseable format (e.g.,
JSON). Deployment of a queryable system via the IVOA TAP protocol would leverage several existing
application tools, such as pyVO. This program will be computationally intensive and may benefit from
optimisations (such as grouping calculations of satellites in similar orbits) and from use of parallelization
and GPUs.

3.2.1 Inputs and Outputs

Inputs:
A. Ephemeris database (real or simulated) and in-orbit satellite list
B. Observatory parameters: latitude, longitude, height
C. Observation schedule parameters (right ascension, declination, date/time, exposure time, field of
view, aperture)
D. Satellite physical and optical properties (bidirectional reflectance distribution function [BRDF] etc.)
including software model to predict brightness (advanced mode only)
Streak minimum brightness threshold (advanced mode only)
F. Photometric bands in which to estimate brightness (advanced mode only)
G. Possibly, Satellite attitude ephemeris (needed to use the BRDF)

m

Outputs:
1. Transit list: Satellite catalog number, time, probability, trail parameters+uncertainties.
a. Trail parameters include satellite magnitude, trail surface brightness, trail width, trail start
and end location.

The predicted trail location on the image may be too uncertain to be useful for actual predictions, but will
be required for simulation exercises.

Accuracy requirements on inputs:

e We consider two levels of accuracy: COARSE — enough to say if the field of view is affected; and
FINE — enough to say where the streak will be in the field of view (ideally to the pixel level).

e For COARSE accuracy we require about 10-arcminute fidelity, corresponding to about 1 km at the
satellite. For FINE accuracy we would like arcsecond fidelity, corresponding to meter-level
knowledge of the cross-track satellite position.

e The along-track angular velocity of the satellite is large, the time to cross the field of view being
on the order of a second. The along-track requirements on the prediction accuracy may be
somewhat weaker, but confirming this requires a more accurate calculation involving the
transverse angular velocity of the streak in the detector frame.

e Requirements on the observatory parameters are similar to those on the satellite: kilometer for
coarse, meter for fine.
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e Requirements on the observation parameters include at least 1 second absolute accuracy on the
exposure start and end time, to match the coarse requirement for satellite position.

Accuracy requirement on methods (and so outputs):
e For FINE accuracy refraction and aberration must be accounted for.
e For brightness calculations in advanced mode, 0.1 magnitude is probably more than good
enough to assess the scientific impact of streaks.

3.2.2 Modes

PassPredict will have three modes:
e Simple mode, predicting position but not brightness. This should include support for a
browser-based interface as well as an API.
Advanced mode, predicting brightness of the satellite as well.
A posteriori mode, for identifying streaks or (importantly) possibly compromised fiber spectra — in
archives.
o Note that post facto operator ephemerides are often more accurate than predictive ones,
in contrast to two-line elements (TLEs) which are never improved retrospectively.

One could separate out the “position [and optionally brightness] of satellite vs time” part from the “what
does the streak look like on the image?” part and make them two separate programs.

3.2.3 PassPredict: Considerations for the ephemeris database

The ephemeris database will be an interface to a variety of data inputs:

e The list of satellites to be considered. Each satellite (with a few exceptions that we aren’t
interested in) may be labelled by its number in the US satellite catalog. This is a 9-digit integer
(currently all but a few objects use only 5 digits, but that's about to change). Tables are available
to look up the satellite name and owner as a function of catalog number, and to look up which
catalog numbers are currently in orbit rather than re-entered. Note that for efficiency our database
should avoid requesting fresh orbital data for a satellite which has now re-entered, so it needs to
keep track of such events.

The orbital solutions for each satellite.

A curated list of active satellites and their current status (in orbit, orbit raising, operational, failed,
etc.) is desirable. Such lists are currently maintained by unfunded enthusiasts but there is no
sustainable project to support this in the long term. One can find the list of all satellites in orbit by
filtering the space-track catalog; at a minimum we should provide software to do this and cache it
on a weekly basis, rather than running a space-track query every time PassPredict is run.
Additional information on the status of each satellite will be needed for assessments of the overall
impact of the constellations and such a list should be supported and maintained by the
astronomical community. in addition to the usual catalog-numbered satellites, some numbers are
reserved for so-called ‘analyst satellites’. These are objects not identified with a specific launch
and can be thought of as analogous to unnumbered minor planets. The analyst numbers are
arbitrarily re-used. The megaconstellation satellites we are mostly concerned with will probably
not be in the analyst list, so it is not urgent to consider them.

SATCONZ2 Algorithms Working Group Report 16



3.2.3.1 Orbital Solutions

The position of a satellite at a future time is predicted by an algorithm called a “propagator”, using an
orbital solution at some given past epoch. For accurate predictions the epoch used should be only a few
days old, at most a week, especially in low orbits (since drag effects and atmospheric density are not
predictable on long timescales). The propagator that you need depends on the model used to generate
the orbital solution. There are two main sources of orbital solutions:

e Operator orbit solutions for their own active satellites determined by active tracking of the satellite
radio signal or derived from onboard GPS receivers

e Passive (radar or optical) tracking of satellites, including inactive satellites and debris. This is
systematically done by US Space Force 18th Space Control Sgn (18SPCS) and the Russian
Space Forces’ SKKP, and is now also being done by commercial companies LeolLabs and
ExoAnalytics, and to some extent by ESA. For brighter satellites optical and radio-transmission
tracking is also done by hobbyists.

The orbital solutions used are typically one of several types:

e GP (General Perturbations) mean elements. These are time-averaged Keplerian elements using
a model called SGP4 which takes a simple drag model and some other perturbations into
account. GP elements used to be provided in TLE format but are now also available in JSON and
other formats.

e SP (Special Perturbation) state vectors — the state vector (position plus velocity) at an epoch in a
particular frame. These state vectors are not directly observed but are derived from orbit fits using
high-fidelity force models.

e SP ephemerides — sets of predicted state vectors vs time which can be interpolated using
Lagrange or Hermite polynomials.

e Other forms of state vector ephemerides, including those from NASA or the International Laser
Ranging Service (ILRS).

The elements or state vectors are given in one of several reference frames. The most common ones are:
e EME2000 (The astrodynamical name for J2000)
e TEME (True Equator Mean Equinox, sort-of-but-not-quite equator of date). Space-Track TLEs are
in TEME.
e ITRF (International Terrestrial Reference Frame, rotating with Earth)

Availability of data, all of which is updated approximately daily:

e GP/TLE data are available from 18SPCS via the public website* for all satellites except secret US
satellites, whose GP/TLE data are instead made available by hobbyists®.

e The SP data from 18SPCS are available to operators by special arrangement with Space Force
but not to the public. Such a special arrangement usually comes with restrictions that would be
incompatible with our needs.

e Some researchers (e.g., M. Jah, UT Austin) have access to LEOLabs data for academic
research, but they are in general not free.

4 https://space-track.org
® notably https://www.prismnet.com/~mmcants/tles

SATCONZ2 Algorithms Working Group Report 17



e Some operators (notably Starlink, OneWeb, GPS) make their GP/TLE data available publicly. TLE
versions of these data are available on T.S. Kelso’s Celestrak site®.
e SP ephemeris files (several GByte per day) for SpaceX Starlink satellites are publicly available”.

One of the conclusions from all our previous and current work is that our proposed PassPredict tools will
need orbital information allowing for position accuracy of the order of an arcminute for imaging
applications and general purpose evaluation. This is equivalent to knowing the position of a LEO satellite
with a precision of ~ 200 m. For spectroscopy, the requirements would be even more stringent, on the
order of an arcsecond or ~ 5 m. These levels of precision cannot be provided by the publicly available
elements in GP/TLE format. However, the information is available to the spacecraft operators, possibly
with an even higher precision.

We therefore recommend that the orbital parameters (suited to high fidelity models, with
covariance/uncertainty information) be reliably made available by the satellite operators to the
observatories. Should the full precision orbital data be commercially sensitive information, they could of
course be degraded/truncated, to a precision allowing for sub-arcminute uncertainty on the position. The
detailed exchange of requirements resulting in such an arrangement can be part of the ongoing dialogue
and cooperation between the astronomical community and the space industry.

3.2.3.2 Accuracy, maneuvers, and operator data

Most orbital data, including TLEs, have no accuracy or uncertainty information. Some orbital solution data
formats allow provision of uncertainties in the form of a time series of position-velocity 6 x 6 covariance
matrices.

Satellite operators regularly perform maneuvers to maintain or change their orbits (e.g, ESA performs
weekly manoeuvres — “burns” — for its Earth observation satellites; and SpaceX adjusts the orbits of its
Starlink satellites frequently for orbit raising and slot relocation). These maneuvers cannot be predicted by
external observers and, of course, make existing orbit predictions obsolete. There is now a mechanism by
which operators can inform 18SPCS of planned trajectories and maneuvers and allow 18SPCS to make
these predictions available to other operators (but not to the public). In addition to incorporating planned
burns, operator orbital predictions are often based on on-board GNSS receivers, are more accurate than
passive tracking by surveillance systems, and may include covariance data.

GP data are given in ASCII TLE 80-characters-per-line format inherited from punch card days; they are
also available in JSON and other representations. Ephemeris data formats include: CCSDS Orbit
Ephemeris Message (OEM), NASA ITC, and ILRS CPF. CPF is used by the satellite laser ranging
community who often prefer the ITRF frame. More details of the formats are given in the appendix.

3.2.4 PassPredict simple mode: detailed requirements for inputs

e Observatory location. For a ground based observatory, the station location shall be provided
either in a geodetic frame using latitude, longitude and height (e.g., in degrees and meters) or in a
geocentric Earth-fixed cartesian frame (ITRF) using x,y,z coordinates. For space-based
telescopes, an ephemeris is required. For compatibility with the ground-based case, this should
also be in geodetic or ITRF frame versus time. Alternatively we may want to support doing all the

8 https://celestrak.com/NORAD/elements/supplemental
7 https://space-track.org (under "Public Files')
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calculations in inertial TEME or ICRS frames. The exposure times of space observatories are
typically very long compared to the time it takes for the observatory position to change
significantly.

Observation schedule.

The centre pointing of the telescope during exposure shall be defined with azimuth and elevation
or topocentric ICRS (or TEME) right ascension and declination.

The field of view shall be defined using a radius in degrees in the case of a circular shape,
horizontal and vertical dimensions for a rectangular shape or using a polygon to allow arbitrary
shapes

The pixel size shall be given in arcseconds.

3.2.5 PassPredict: algorithm

We can search for passes using a brute force grid search with fixed time steps, or by using a root search
algorithm (Oltrogge, Kelso & Seago, 2011). Batch or individual requests could be generated by existing
tools which support observation requests, but they would need updating to provide an interface.

For each satellite, we calculate the position at a series of time steps specified by the user. For each step,
we perform the following steps:

1.

w

N

Calculate the geocentric satellite position and uncertainty (interpolating state and covariance from
the ephemeris or propagating TLE and using a fixed uncertainty estimate). Note that covariance
interpolation can lead to unphysical results (results which are non-positive-definite or have
negative variance). See the astroplan package (https://astronplan.readthedocs.io/en/latest/) for
approaches to handling this.

Calculate the difference vector between the observatory location and the satellite position.
Transform this to a unit vector (the “line of sight”) in the observatory topocentric frame.

Determine the telescope field of view at this time in the topocentric frame.

a. There remain detailed issues to resolve: how to handle aberration and refraction; whether
we convert the FOV from apparent to true RA/Dec, or conversely convert the satellite
vectors from true to apparent. An observing schedule is normally given in true RA/Dec
rather than apparent, so the former approach seems better.

b. If the line of sight is within the field of view, the satellite is geometrically observable
(Alfano, Negron & Moore, 1992).

Calculate the satellite topocentric angular velocity in the instrument frame.
a. This is not necessarily tracking at the sidereal rate; however, this is unlikely to be a
significant issue.
Calculate the geocenter-Sun vector from, e.g., the JPL ephemeris.
Subtract the satellite-geocenter vector to obtain the satellite-Sun unit vector.
Compare the geocenter-Sun vector and Earth radius to see if the Sun is above the horizon as
seen by satellite — if so, it is illuminated.

In simple mode:

1.
2.

Output the result line if the satellite is geometrically observable.

Keep track of whether the satellite was observable at the previous time step; if so, it's the same
streak and has the same streak ID (identification) number. If not, increment the streak ID number.
The result line indicates: satellite catalog number; streak ID number; predicted topocentric right
ascension and declination at the time step; a flag to say whether the satellite is illuminated or not;
the location of the streak in the field of view.
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In advanced mode:

1. Use the BRDF (and attitude model if available) to determine the predicted magnitude in specified
bands. Add to the output line.

2. Use the angular velocity and pixel size to predict the surface brightness of the streak per pixel.

Add to the output line.

3.2.6 Available software for PassPredict simple mode

Table 1: The table below identifies a variety of existing software that may have capabilities relevant to the

PassPredict effort.

Package

Capabilities

Main candidates for
orbit calculations

GMAT (NASA)

TLE propagation, OEM interpolation, frame conversion,
position prediction (GMAT, n.d.)

Orekit

OEM interpolation, frame conversion. The code is from a
French company (CSGroup). OreKIT is used in Moriba
Jah’s Orbit DetPy (lyer, 2019).

OrbitDetPy

Wrapper on OreKIT with useful functionality, from UT
Austin group https://github.com/ut-astria/orbdetpy (lyer,
2019) and https://github.com/IBM/arcade (IBM/U of
Texas).

Wrappers for Astropy.astroplan | Observation planning
observation TOM Toolkit Observation planning (Street at al 2018)
requests
Other packages of [STK AGI; not free or open source
interest , .
Freeflyer A.i.-solutions; not free or open source
ERFA Astropy; frame conversion routines
Sirfield Satellite laser ranging pass predictions
https://pypi.org/project/sirfield
ESA; uses GP/TLE to compute individual topocentric
pass predictions with configurable observatory
PROOF parameters, including instrument field of view, etc. It is an
open source Fortran code with a Java interface.
Monte JPL (not open source)

Notes: STK and Freeflyer are widely-used industry-standard packages of particular note. R. Street (Las

Cumbres Observatory) noted an interest in building a component to the LCO TOM Toolkit to wrap the U.
Texas OrbitDetPy work.

3.2.7 PassPredict advanced mode — considerations

In order to predict the apparent brightness of satellites a model for the reflectance distribution must be

provided. The brightness can be predicted in a deterministic way using a satellite model or some
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approximation (e.g., a look-up table) assuming knowledge of the attitude state. Operators could be
encouraged to share their attitude states using, e.g., the CCSDS ADM formats (similarly to ephemeris
files). Many operators also follow some attitude law which could be considered in the code. Alternatively,
the brightness can be bounded statistically irrespective of the attitude state, e.g. based solely on
Sun-phase angle.

It would be helpful if operators made available BRDFs, satellite models, and attitude control profiles to
allow us to make detailed brightness predictions.

Effort required. We have not made a level of effort estimate for the PassPredict work. The existing
relevant software suggests that the actual software development will be a smaller job than TrailMask;
however, a robust system to manage and interface with the ephemeris data will likely take significant and
continuing resource investment.

3.3 SATCON1 recommendation 3: Simulation Tools

Support selected detailed simulations of the effects on data analysis systematics and data
reduction signal-to-noise impacts of masked trails on scientific programs affected by satellite
constellations. Aggregation of results should identify any lower thresholds for the brightness or
rate of occurrence of satellite trails that would significantly reduce their negative impact on the
observations.

3.3.1 EphemSimulate

To model the effects of future constellations, we need to be able to go from a constellation description to a
simulated ephemeris database; EphemSimulate would do this.

Inputs:
A. Constellation shell parameters
B. Observation date

Outputs
1. Simulated ephemeris database

A typical constellation description defines a number of layers with fixed altitude and inclination (see Fig. 6
for an example). Each layer specifies the number of orbital planes and number of satellites per plane. We
can assume that the planes are evenly spaced and that the satellites in a single plane are on average
evenly spaced along the orbit (possibly with some rule for adding some randomness to the phases along
the orbit). This allows us to instantiate a suitable set of orbital elements for each satellite in the
constellation. For this purpose (to assess the impact of a particular new constellation design), perfect
circular Keplerian orbits are likely a sufficiently accurate representation; detailed propagation models are
not needed.

Since the deployment of Starlink it has become clear that satellites may spend a significant fraction of

their lifetime in ascent and descent orbits and in plane-adjusting drift orbits at intermediate altitudes, so
simulations may want to include these effects as well.
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MODEL VII: Chinese GW Constellation (2021 revision, 12992 satellites)

|Layer |Element |Mtltude|lnclinatiun |N0 of planes |Sat5 per plane \Tntal sats
| [ Gm) | (@eg) | | |

A 1 590 185.0 16 30 1480

A |2 1600 50.0 l40 50 12000

A |3 508 |55.0 160 60 13600

B |4 1145  [30.0 48 36 11728

B |5 1145 |40.0 48 36 11728

B 6 [1145  [50.0 48 36 11728

B |7 [1145 [60.0 la8 36 11728

Figure 6. Typical example constellation definition, in this case for a proposed Chinese constellation.

The output of this tool could then be passed to PassPredict or a similar algorithm to model the
observability of the constellation at a given observatory and date. In an advanced mode, we should also
predict the satellite brightness. Simulations should include cases for professional observations and also of
the effect on the naked-eye sky. As to existing software, various unpublished research codes exist but
would need to be modified to generate the ephemeris database output and improved to be robust enough
for general use.

3.3.1.1 PassProbability

We can use the approach of EphemSimulate in a statistical mode to predict the average density of
satellite passes on the sky in a given situation. We call this tool PassProbability. This can be used for
long-term impact studies or as a quick alternative to the computation-intensive PassPredict to estimate
the probability that a given observation will be affected by a satellite trail. Bassa et al. (2021, in
preparation) have generated an analytic satellite density model that can be used to go from the
constellation definitions to probability sky maps and calendars. The probability that an observation will be
affected varies by orders of magnitude with only slight changes in the observation parameters.

We can consider two modes of output:

1. A Probability Map (Figure 7) which shows the fraction of exposure lost due to satellite trails as a
function of celestial position. A value greater than 1 indicates that the exposure is entirely lost.

2. A Probability Calendar (Figure 8). Here we calculate the probability of exposure loss for a specific
target (in this case, the Large Magellanic Cloud) as a function of time of night and observation
date. The idea is to plan the optimal dates for an observing run. The solar elevation is indicated
by the blue contours; yellow-green slanted lines indicate the elevation of the target, with
elevations below 20 degrees considered unobservable and shaded in gray. The color scale
indicates the expected fraction of exposures lost.
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Observatory: VRO Lat.: -30.2° Constellation:
Instrument: LSST SL1+2, OW2r, GW1+2

Fraction lost

Fov: 3.00°%x3.00° N Total 61290 sat. 5e+01
Exp.t: 155
le+01
4
-1
E W -0.3
-0.07
-0.02
-0.005
sun: < 0.001
Loc.time: 19:38 Voot in [10.3, 4.6] Vaogin [19.9, 13.8]
§:0.00° Selection: all satellites, scaled for effect
Elev: -21.00° Detected: Vo < 25.6 Bleeding: Ves < 18.3 0.0004

Figure 7. An example probability map displaying fraction of exposure lost due to satellite trails as a
function of celestial position.
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Figure 8. A Probability Calendar displaying the probability of exposure loss for a specific target (in this
case, the Large Magellanic Cloud) as a function of time of night and observation date.

3.3.2 ImageSimulate

We need to provide base images to add simulated trails to. One could argue that you can just use existing
images and no basic image simulation tool is needed. However, it is useful to have the capability to create
images with known (because simulated) source properties (e.g., faint sources with a variety of known
magnitudes) to properly assess detection thresholds.

Inputs:

A. Observation parameters, the same as fed to PassPredict

B. Base image (e.g., from archive for desired telescope)

C. List of additional sources to simulate with a point spread function and/or thumbnail image
Output:

1. Simulated image (no trails, but with added test sources)

Existing software:
e Skymaker, from the Astromatic package (the software for the Canada France Hawai‘i Telescope’s
MegaCam; also the same team as SExtractor, SCamp etc.)
GalSim (GalSim-developers, 2012) is a very widely used tool in wide-field optical cosmology
The official simulation suite for the LSST Dark Energy Science Collaboration is DC2. It actually
uses GalSim under the hood. (LSST Dark Energy Science Collaboration, 2021)

GalSim is an open-source software library to perform image simulations. It can be used either through its

python interface, or as an executable, configurable through YAML files. Most of the computation-heavy
parts of the code are written in C++ for performance. In its simplest configuration, GalSim uses simple
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parametric models for both galaxies (e.g., Sersic, exponential) and point spread functions (e.g., Moffat).
The former can also be generated from real Hubble Space Telescope images (provided the instrument for
which images are to be simulated has a larger point spread function). The latter can be created as the
convolution of an optical and an atmospheric point spread function. The optical part can be simulated if
the user provides a set of instrument related parameters. Alternatively, an external calibration image of
the point spread function can be used. The positions and parameters of the objects to be simulated can
be read from a catalog. Several options also exist for noise, detector effects and WCS. The simulated
image outputs are usually stored in FITS files. At present, it does not handle simulation of several image
artefacts, including trails due to satellites.

3.3.3 TrailSimulate

To assess impacts of satellite trails on science, we need to create simulated images with specific trail
properties. This tool will require detailed (probably instrument-dependent, plugin) models of the
appearance of trails and related instrumental effects.

A first mode of the tool would be driven by a specific satellite pass prediction.

A second mode might be to give the code a trail occurrence distribution as a function of brightness (e.g.,
10 trails per square degree per hour uniformly distributed between magnitudes 4 and 6) rather than a
PassPredict output. We will refer to this as the “rate input mode”.

Inputs:
A. Transit list from PassPredict run on output from EphemSimulate or (rate input mode) rate of trails
as a function of brightness
B. Observation parameters, the same as fed to PassPredict
C. Simulated image without trails
a. Must be consistent with B.
D. Model (code) for generating trails including CCD and optical side effects

Outputs:
1. Simulated image with trails
2. Fraction of image pixels affected (including by side effects)

Existing software. We are not aware of any existing software that would address this issue.

3.3.4 TrailAssess

We need to assess what the scientific impact of trails has been on our images. One way to do this is to
take two images of the same field, one unaffected and one affected (either with trails, or still degraded
after trail removal). These could be real images (with different epochs), or a pair of simulated images with
and without trails. One metric of the effect on science is to detect and parameterize sources in the field,
and compare the derived source list and source parameters before and after degrading the image with
trails.

Inputs:
A. Simulated image without trails, output from ImageSimulate
B. Simulated image with trails, output from TrailSimulate or from TrailMask (with trails removed at
some level)
C. Trail catalog (from TrailMask)

SATCONZ2 Algorithms Working Group Report 25



D. Data reduction parameters, to be determined

Outputs:

1.

2
3.
4.
5

Point source detection list with source parameters for both images

Extended source detection list with source parameters for both images

Detection efficiency and photometric accuracy for both lists

Sensitivity limit for both lists

Derived output: percentage degradation in source detection efficiency vs brightness percentage
degradation in detection threshold.

3.3.5 Simulation assessment

This is not a software application per se. We are also tasked with aggregating the simulation results
generated by the tools described in the preceding subsection. and interpreting them, summarizing them
for the community.

We will need to define a set of simulations to cover the relevant parameter spaces and provide sufficient
data for an assessment, then actually run the simulations. Then we need to generate summary trend plots
and tables versus time of year, observatory location, etc., for different types of observation/science,
different telescopes, and for different constellation scenarios. These will allow us to provide
recommendations on desired limits on trails and make progress on suggesting corresponding limits on
various types of satellite.
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4. Implementation Timescale

Specifying an exact timetable for the implementation of the software tools described above lies outside
the capabilities of this Working Group, and the conceptual outline of the packages is not yet sufficiently
detailed to allow credible planning of implementation timescales. However, the Working Group
emphasizes the importance of these tools’ being available to the astronomical community on a timescale
commensurate with that of the development of the satellite constellations; the tools need to be available
before the need for them is so pressing that observations are severely disrupted. Bearing in mind that
software development projects frequently take significantly longer than originally expected, the Working
Group stresses the urgent need to invest in the development of these tools.

5. Cross-Group Coordination

We will need to continue coordination with the Observations Working Group on the issue of publicly
accessible satellite positional information, which is a key input for some of the above software. The Policy
Working Group could argue for national policies to support the availability of the needed inputs.

We welcome further input from the Community Engagement Working Group about what stakeholders, if

any, will need to access the software beyond the professional and hobbyist observer community, and
what implications that has for the interfaces.
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6. Conclusions

We summarize our findings in the following conclusions:

1.

We re-emphasize SATCON1 recommendations 1 to 3. New tools are critical to partially mitigate
the constellation impacts on astronomy. The PassPredict software will allow astronomers to
determine which observations may be affected and in conjunction with simulations may allow
quantification of the degradation of science data expected in a particular situation. The TrailMask
software will allow some science to be salvaged from some affected datasets and reduce the
chance of spurious results being published. A large simulation and modeling effort will allow the
community to assess impacts of current and future constellations on both ground- and
space-based observations and establish recommended constraints on the design of
constellations.

In the report we have provided a moderately detailed analysis of requirements, interfaces and
algorithms that may serve as a starting point for software implementation.

Some software already exists to help with parts of these tasks. However, much of it is specialized
to particular instruments or situations, and needs to be generalized.

There are gaps where no suitable software exists, and a significant software development effort is
warranted. Project management, documentation, user support and maintenance will all be
important and will require substantial resources and funding. Educational materials (e.g., lesson
plans) are also desirable.

To support the diverse community of night-sky users, software must be provided in several forms:
libraries (integrated with core astronomy interfaces like the Astropy project), applications for data
pipelines, web services and planetarium-compatible services.

We conclude that there is an urgent need to develop a set of test cases, including example
datasets covering a wide range of instrument and satellite-trail properties which can serve as a
standard test suite for the development of the software and as benchmark comparisons for both
archival and new sources of data.

We endorse the SatHub concept developed by the Observations Working Group. SatHub
provides a natural home for curated software (and links to external software), satellite catalog and
ephemeris access, test data, and documentation. This aspect of SatHub, like the others, will need
continuing development, support and maintenance at a professional level.

The constellations are being launched now but software takes time to develop. Resources should
be made available as soon as possible.

If the satellite constellations are deployed as planned we find that no software solution can fully
mitigate the impact on astronomical observations. The problems with spectroscopic observations
are particularly hard to solve. It is likely that many ground-based observatories around the world
will be forced to make a significant investment in hardware such as auxiliary spotting cameras or
other solutions to deal with the problem of satellite streaks. However, the effects of satellite
constellations on a given observatory will depend on specifics such as aperture, etendue, pixel
size, observing strategy, and other factors; for some the impact will be small and mitigations will
not be required, while for others the impact will be serious. Each observatory will need to make its
own assessment.
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Appendix A: Ephemeris file formats

1.1 File formats

Common ephemeris formats are CCSDS OEM, NASA ITC format, or ILRS CPF. They provide additional
information such as the used frame (e.g., EME2000, TEME, ITRF), interpolation method and order, and
manoeuvre epochs. ILRS CPF files are used within the satellite laser ranging community for station
predictions. Operators of laser ranging stations often prefer the ITRF frame to simplify the computation
(as there is no need for any frame conversions).

1.1.1 Example CCSDS OEM

File extracted from the standard.

CCS0E_OFM VERS = 2.4
CREATION _DATE = 19%6-11-84T17:23:31
DRIGIRATOR = MASASIPL

META_START OBIECT_WAME = MARS GLOEAL SURVEYOR
DEIECT_ID = 1996- 8624

CENTER_MAME = MARS BAR¥WCENTER
REF_FRAME = EMEZ@8ad

TIME_S¥STEM = UTC

START_TIME = 1996-12-2BTZ1:29:@7.267
USEASLE_START_TIME = 1996-12-28T232:08:82.5
USEASLE_STOP_TIME = 1996-13F-3@T@l:18:42.5
STOF_TIME = 1996-1F-3dTal:28:42.267
INTERFOLATION = HERMITE

INTERFOLATION _DEGREE = 7

META_STOF

1996=17-38TF1:23:@7.267 =2431_166 -863.847 1747.754
1996-12-38T21:59:82.267 -3445_234 -ATR.141 1373.873
1996-13-38TF2:@@:82 . 267 -2458_879 -683.858 2047.6384

-

L3378 -3.495867 -1.B41945
BE@43 -3 421356 -0.%963I6E
-3EFTRE -3, 330563 -0.M46654

oo

1996-17-30T81: 2A:82 . 267 164,375 1115.811 -6ER.131 3.53338 -I.88452 @.8R535
COVARTAMCE _START

EPOCH = 1996=12<FRTZ1:29:87.267
COW_REF_FRAME - EMEZBSQd
3.33134940 -84

4.61R93730-84 B.7ERAT16E-Bd

=%, BTROATER -84 =4.27173410-84 3.331931%0-04

-3, 34036502 -87 -4, 6REBRAZR-AT 2.434%40%6-@7 4.196B2284-18

-2,211832%9-87 -7.85418680-@7 1.T2R@OA&E-Q@T J.G6ERE9IZe-18 1.767514T7¢-14

-3, PE1HEQ0 -7 -4, 08049690 -87  3.540318096-@7 1.06976310-18 1. 88EEG2G5e-18 6.234444830-1Q
EPOCH = 1996-12-FOT21:@0:088. 200

COV_REF_FRAME = EMEZ803

344245054 -84

4.5@78167e-84 R.RII5IZVe-d

-3, BEPOAETe-B4 -4, 11842300 -84 3.342R47206-04

-%,23835499-87 -4.5758731e-@7 2.3TIEIA4L-@T 4.387133%0-18

-2, 1887204p-8@7 -3,T53I07570-A7 L.EETEETEE-@Y 2. GE7TER1e-18 1.BTRRIGGEs-14

=%, P3R7350e-A7 -4, 8TAIRSSR-AT 3.438708&e-@7 1.73R1538e-18 1.8877:1d4e-1@ 6.22444483e-14

COVARTANCE_STOR
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1.1.2 Example CPF

File extracted from the format description.

H1 OPF 1 AIU 2985 11 16 4 B28l gps3s
H: 93a54al1 3535 12779 XE@S 11 15 23 59 47 @85S 11 I8 213 19 47 Sag 11 eaa

H3

18 B 33683 HGIET.DEE9EE @ -137E5352_HEE -12158043.6353 1QIBL3E30.747
18 & 53654 BE7.BdBOE® @ -13656536.158 -142H2456.T731 17eZESEB. 217
18 & 53654 1787 .paE0Ee @ -13p1B594. 873 -1eZ5hBd13. 260 1554GH16B.411
12 & 533654 I6BT.DaE0ER @ -13E47177.924 -1HOB11ET.ZA1 135119180128
18 & 53659 AGET . BOBSES @ -13V12BGH. 344 -15511986. 614  11E75481.57F
19 & 53659 4407 . DABOEA A -13TE2ATH. 931 -207E13IE9. SRR G1APTIG.AS2
L]

1.1.3 Example NASA Modified ITC Ephemeris format

Dummy file content.

crpatod: 1@11-g1-81 al:as:@a LUTC

gpheneris_start:2821-81-91 @21:8€:089 UTC ephemerds_stop:2B21-85-83 BZ:98:08 UTC step_size:ed

epheneris_source:hlend

e

AB21DE1Ia00E . A -LP0d . SOlEOEadE 1530 . fedEadeap 1008, fEapodtana 1. Sodiaisagd -5, opeapadoan 4. apodeapadn

1. -d1 -1. -g2 1. -83 -1. -84 -1. -dh 1. Bh 1. B
-1, EEOUNIEaTe- BT 1. BOUaRadede -al 1 GOUSiaEte -0 -1 J0AEONeaEe-128 1, SUeI0aundte-11 -1, AROUSEIEagte- 12 -1 JSORBIBaRae-11
1. -14 -1, -15 1. -16 1. 17 1. -18 -1, 19 1. -2
2821921229192, 008 -5208, ORGAOIOAE 753, DROARGRGAR 200, AORGRGGRE 1. 70000000080 -5, 3200000008 4, ZR0aB0R0aR

i. -ai -1, -8 1. -a3 -1. -84 -1, -5 1. a6 1, ]
-1, BARGABAR0Re-27 1, 20a0R0a00e 38 1. AR0R0AR0RGe-G0 -1 d00RORRGRGE-12 1,0003000000-11 -1.A00000R000e-12 -1, GR0RGARORGR-13
i. -14 -1 -15 1. -16 1, 17 1. -18 -1, efe-19 1. -2
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Appendix B: Glossary of Abbreviations

Abbrev. [Full Title Type URL for further information
18SPCS [ 18th Space Control Organization | https://en.wikipedia.ora/wiki/18th ntrol
Squadron, US Space guadron
Force
ADM - Satellite data
format
API Applications Software term
Programming Interface
BRDF Bidirectional Optics term
Reflectance
Distribution Function
CADC Canadian Astronomy | Organization | https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
Data Center
CCD Charge coupled Astronomical
device detector
CCSDS Orbit data https://public.ccsds.org
format
CPF - Orbit data https://ilrs.gsfc.nasa.gov/data_and_products/format
format s/cpf.html
CNN Convolutional Neural | Algorithm https://en.wikipedia.org/wiki/Convolutional_neural_n
Network etwork
EME2000 | Earth Mean Equator | Coordinate https://en.wikipedia.org/wiki/Earth-centered inertial
2000 System
ESA European Space Organization | https://esa.org
Agency
FOV Field of view Astronomy
term
FTE Full Time Equivalent Management | https://en.wikipedia.org/wiki/Full-time_equivalent
term
GEO Geosynchronous Orbit category | hitps://en.wikipedia.org/wiki/Geostationary_orbit
Earth Orbit
GNSS Global Navigation Navigation
Satellite System term
GP General Perturbations | Orbit theory
GPU Graphics Processing | Computer https://en.wikipedia.org/wiki/Graphics processing u
Unit hardware nit
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https://en.wikipedia.org/wiki/18th_Space_Control_Squadron
https://en.wikipedia.org/wiki/18th_Space_Control_Squadron
https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
https://public.ccsds.org
https://ilrs.gsfc.nasa.gov/data_and_products/formats/cpf.html
https://ilrs.gsfc.nasa.gov/data_and_products/formats/cpf.html
https://en.wikipedia.org/wiki/Convolutional_neural_network
https://en.wikipedia.org/wiki/Convolutional_neural_network
https://en.wikipedia.org/wiki/Earth-centered_inertial
https://esa.org
https://en.wikipedia.org/wiki/Full-time_equivalent
https://en.wikipedia.org/wiki/Geostationary_orbit
https://en.wikipedia.org/wiki/Graphics_processing_unit
https://en.wikipedia.org/wiki/Graphics_processing_unit

ICRS

International Celestial
Reference System

Coordinate
system

https://en.wikipedia.org/wiki/International Celestial
Reference_System_and_Frame

IFU Integral Field Unit Astronomical | https://en.wikipedia.org/wiki/Integral_field_spectrogr
detector aph
ILRS International Laser Organization
Ranging Service
ITC International Orbit data hitps://platform.leclabs.space/documentation/ephe
Telecommunications | format merides file formats
Corporation
ITRF International Terrestrial | Coordinate
Reference Frame system
IVOA International Virtual Organization | https://ivoa.net
Observatory Alliance
JPL Jet Propulsion Organization | https://www.jpl.nasa.gov/
Laboratory
JSON - Software https://www.json.org
protocol
LEO Low Earth Orbit Orbit category | https://en.wikipedia.org/wiki/Low_Earth orbit
LSST Legacy Survey of Astronomical | https://www.lsst.org
Space and Time survey
MEO Medium Earth Orbit Orbit category | https://en.wikipedia.org/wiki/Medium_ Earth orbit
NASA National Aeronautics | Organization |[https://nasa.gov
and Space
Administration
OEM Orbit Ephemeris Orbit data
Message format
pyVO - Software https://pyvo.readthedocs.io
protocol
S/N Signal-to-noise Data analysis
SKKP Tsentr Kontroly'a Organization | https://en.wikipedia.org/wiki/Main_Centre_for Reco
Kosmicheskya nnaissance_of_Situation_in_Space
Prostranstva
SP Special Perturbations | Orbit theory
TAP Table Access Protocol | Software https://www.ivoa.net/documents/TAP/
protocol
TEME True Equator Mean Coordinate https://docs.astropy.org/en/stable/api/astropy.coordi
Equinox System n builtin_frames. TEME .html
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https://en.wikipedia.org/wiki/International_Celestial_Reference_System_and_Frame
https://en.wikipedia.org/wiki/International_Celestial_Reference_System_and_Frame
https://en.wikipedia.org/wiki/Integral_field_spectrograph
https://en.wikipedia.org/wiki/Integral_field_spectrograph
https://platform.leolabs.space/documentation/ephemerides_file_formats
https://platform.leolabs.space/documentation/ephemerides_file_formats
https://ivoa.net
https://www.jpl.nasa.gov/
https://www.json.org
https://en.wikipedia.org/wiki/Low_Earth_orbit
https://www.lsst.org
https://en.wikipedia.org/wiki/Medium_Earth_orbit
https://nasa.gov
https://www.ivoa.net/documents/TAP/
https://docs.astropy.org/en/stable/api/astropy.coordinates.builtin_frames.TEME.html
https://docs.astropy.org/en/stable/api/astropy.coordinates.builtin_frames.TEME.html

TLE Two Line Elements Orbit data
format
WCS World Coordinate Software https://www.atnf.csiro.au/people/mcalabre/\WCS/
System protocol
WGS84 | World Geodetic Geodetic https://gisgeography.com/wgs84-world-geodetic-sys
System 1984 frame tem/
WWT World Wide Telescope | Web https://worldwidetelescope.org/webclient/
application
YAML - Software https://yaml.org
language
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https://worldwidetelescope.org/webclient/
https://yaml.org

