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ABSTRACT

OCS (Observatory Control System) is a software package for remote and autonomous telescope control, optical
detection and tracking of orbital debris, and data analysis. It supports a wide range of hardware and is highly
configurable. It is capable of tracking objects in orbits ranging from low-Earth orbit (LEO) geosynchronous orbit
(GEO), while simultaneously acquiring images. The software was developed specifically for NASA’s MCAT facility
on Ascension Island, where it is currently in use, but could have wider application to other observatories.

Observations are conducted automatically, with the telescope observing a list of targets prepared and uploaded by the
user. Observing conditions for each target, such as maximum airmass, solar phase angle, illumination, time of
observation, tracking rates, exposure parameters, etc. can be specified. OCS observes the targets automatically as
they become accessible to the telescope. It can estimate cloud cover by analyzing images from an infrared camera
viewing the same field of view as the telescope. This allows it to suspend exposures when clouds enter the field.
Observatory systems and weather sensors are monitored and the dome is closed automatically if weather conditions
exceed specified limits, or if there is any malfunction of critical systems. OCS is also capable of controlling several
telescopes in coordinated observations.

At the end of each night, images are automatically analyzed. Images, data products and log files are archived and can
be transferred to a remote computer. The data analysis capabilities of OCS include preprocessing of images,
automatic object detection and photometry, astrometric and photometric calibration, identification of moving objects
from multiple frames, and estimation of orbital parameters.

Designed for unix platforms, the code is implemented in the python language and employs numpy and scipy
numerical routines for speed. A library of python modules supports a variety of sensors, actuators, cameras, and
several types of telescope and dome controllers. A detailed configuration file enables specification of installed
hardware, weather limits and data analysis parameters. Users may also write their own OCS scripts to further
customize operations and data analysis.

1. INTRODUCTION

The availability of high-performance robotic telescopes, and sensitive large-format images, provides exciting
opportunities for ground-based space surveillance. The increasing power of such instruments demands a
commensurate effort to develop the software needed to fully exploit their capability. Robotic telescopes used for the
detection, tracking and characterization of orbital debris require software functions that go beyond those commonly
found in commercial software.

The Observatory Control System (OCS) software, described here, was developed specifically for the control and
operation of NASA’s newest ground-based optical asset, the Meter Class Autonomous Telescope (MCAT) on
Ascension Island [1–5]. As that project developed, OCS also grew, acquiring new capabilities as experience was
gained with the observatory and its mission. OCS is now a fully-functional system that can operate a variety of
telescopes, domes, cameras and other systems. In addition to tracking space debris, it can support a wide range of
astronomical observations. Although developed expressly for MCAT, it is also being used to control the University of
British Columbia’s robotic telescope at Cerro Tololo Inter-American Observatory (CTIO) in Chile.

OCS also provides a data analysis capability that includes preprocessing of images, object detection, photometry,
astrometry, identification of moving objects, and initial orbit determination. Preliminary data analysis can be done in
real-time, to provide a rapid follow-up tracking capability for objects detected serendipitously. Large data sets can be
queued for analysis by a separate data-processing computer. OCS then coordinates the processing and archiving of
those data.

This paper provides and overview of OCS, and highlights its capabilities. We also illustrate some of the unique data
processing techniques that it employs.
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2. SOFTWARE REQUIREMENTS

Development of OCS is guided by a set of detailed requirements, developed in close consultation with the NASA
Orbital Debris Program Office (ODPO). The most important of these are summarized below.

2.1. Operations

OCS was developed to enable remote and autonomous operation of the MCAT facility. NASA’s operations employ
several kinds of observing modes, such as GEO surveys and tracking of objects and orbits at all altitudes. An
important aim was to provide intelligent scheduling of targets based on time, position, solar illumination, sky
conditions, and many other parameters. There was also a need to automatically obtain calibration images such as
biases, sky flats, dome flats and focus frames.

It is critically important that the software monitor multiple weather sensors and promptly suspend observations and
close the observatory if conditions deteriorate beyond defined limits. It must then reopen and resume operations
automatically when conditions improve. OCS can also monitor facility equipment, including the telescope, dome and
cameras, and respond appropriately if a fault is detected. OCS supports a wide range of hardware, including different
kinds of cameras, filter wheels, telescopes, domes, weather stations, sensors and actuators.

A unique aspect of OCS is its ability to continuously monitor cloud cover, and temporarily suspend observations if
necessary. It can also conduct simultaneous coordinated observations with MCAT and an auxiliary telescope.

As MCAT came on line, the need arose to automatically process data acquired each night, archive images and return
data products to ODPO. Recent requirement include the provision of nightly reports of operational statistics, weather
and cloud cover.

2.2. Data Analysis

The large quantity of data generated by MCAT, which can approach a thousand 32 MB images each night, requires
fast and efficient data processing. To meet this need, a wide range of image analysis and data-processing capabilities,
and a pipeline, were developed within OCS. The software now totally automates the data analysis process, leading
from raw program and calibration mages to final data products including calibrated astrometry, photometry and
orbital elements for detected objects. A data-processing manager was developed to oversee this, queueing datasets for
analysis and monitoring the progress and should the analysis of a dataset be interrupted for any reason, it is
automatically restarted. Raw and processed images, and derived data products are permanently archived. Data
products for each night’s observations are automatically transferred to the ODPO as soon as processing is complete.

3. IMPLEMENTATION

3.1. General Considerations

OCS is implemented in the Python language (3.x), and makes extensive use of precompiled binary libraries such as
numpy and scipy for fast numerical processing. It employs multiple threads and supports parallel processing using
multiple cores. It is designed to run exclusively on Unix-based operating systems such as Linux or MacOS.

OCS is designed to allow remote control even over low-bandwidth networks. As such it employs a command line
interface (CLI) rather than graphical user interfaces (GUIs). That does not preclude client computers from using a
GUI to control a remote OCS system, although that has not proven necessary since OCS operates autonomously.

OCS is fully integrated with Unix and employs the same command syntax. One can simply enter OCS commands at
a Unix shell prompt and the commands will be executed. Scripts are also supported. These can be written in any of
the common scripting languages, although the C-shell (tcsh) is preferred, and used by OCS built-in scripts.

3.2. Software architecture
The system architecture is outlined in Fig. 1. OCS employs multiple asynchronous processes extensively. The
number of cores in the host computer is sensed automatically and intensive data processing steps are parallelized, to
use all available cores. Autonomous processes (“daemons”) oversee all operations. These communicate via unix
system cores and a shared system-state database. A system of lock files presents two processes from simultaneously
accessing shared resources and hardware systems.

The watchdog daemon watchd periodically checks that all daemons are running and restarts them if necessary. It also
monitors observatory systems, such as auxiliary computers, facility equipment and checks for fault conditions.

The sched daemon prepares the observatory for operations, coordinates and sequences observations, monitors
environmental sensors. It closes the observatory if weather conditions exceed specified limits and then later reopens
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Fig. 1. OCS system block diagram. Dashed lines enclose software components that run on computers present at the
observatory. TCS and CCS refer to Telescope Control System and Camera Control System, respectively. For MCAT,
these are third-party programs running on separate computers running a Microsoft Windows operating system. Remote
connections to the system over the internet are supported via the Secure Shell protocol (SSH).

the observatory if conditions permit. It automatically obtains twilight sky exposures for flat-field calibration,
computing the correct exposure time from the sun angle below the horizon.

Other daemons include obsd, which logs data from observatory systems, datad, which controls the autonomous
processing of data, and a daemon for each type of weather sensor. These log weather data and notify sched if weather
conditions deteriorate below prescribed limits.

Multiple instances of OCS can run on different computers simultaneously. One system is configured as the primary,
others can be configured as backup systems, which can take control if the primary computer fails, and as data analysis
systems. MCAT employs four computers running OCS, and two computers serving for telescope and camera control.

For MCAT, all hardware systems are accessed via TCP/IP over ethernet. For hardware that requires serial or USB
connections, ethernet port servers are employed, allowing any OCS computer on the network to execute OCS
commands, or to take control of the observatory.

Configuration and customization of OCS is done by means of a very detailed configuration file (the MCAT file has
over 1100 lines), and a set of scripts. The configuration file describes the observatory systems, such as telescopes,
domes, cameras, filter wheels, filters, sensors, power distribution units and the systems that they power, weather
stations, and communications interfaces. It also defines operating parameters such as maximum wind speed,
humidity, etc, and parameters that control data processing such as minimum signal-to-noise ratios (SNR), maximum
allowable position errors, etc.

The OCS scripts define the commands that are to be executed during certain operations, such as opening and closing
the dome, or responding to equipment failures. The configuration file and scripts are generally different for the
primary computer, secondary computer(s), data-processing computer and possibly others.
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3.3. Core Commands

The heart of OCS is a set of more than 100 basic commands that execute all primary functions needed for observatory
control, data analysis, maintenance, and troubleshooting. These include dome and shutter control, telescope pointing
and tracking, camera configuration and exposure control, selecting appropriate targets, acquiring calibration frames,
TLE tracking, displaying sensor readings, data analysis functions, etc.

The syntax is similar to that of Unix system commands. Each command consists of the command name, followed by
optional parameters then any required parameters. These commands can be executed directly by a user or engineer,
and can also be called by the OCS daemons as required.

4. OBSERVATORY CONTROL

The MCAT telescope employs a proprietary telescope control system (TCS) which runs on a dedicated personal
computer (PC) under a Windows operating system. That computer contains interface cards that connect directly to
the servo controllers and other hardware. The TCS system allows external control via a built-in TCP/IP server. OCS
connects to this server in order to command the telescope to move and track, and to receive status information.

Similarly, the primary camera is operated by proprietary camera control system (CCS) software that runs on a
separate Windows PC. OCS controls this camera, and acquires image data, via a TCP/IP connection to a server
provided by the CCS. Other systems, including the infrared cloud camera, are controlled directly by OCS.

4.1. Observing

Observatory operations are orchestrated primarily by the sched daemon, which opens and closes the dome, initializes
and configures hardware systems, and conducts observations specified in a program file. The program file is a text
file, created by the user, that details the observations to be conducted that night. One can specify a different
configuration file for each night, or a default file to be used if a nightly file is not provided. These files are created by
the user and uploaded to the primary OCS computer during the day.

Each line in the program file specifies a target to be observed. Optional parameters can be included to specify
conditions such as the observing mode, the exposure time, number of exposure, filter, tracking rates, maximum
airmass, maximum sun elevation, a time window for time-critical observations, maximum permissible cloud opacity,
and others. If a parameter is not given, a default value (defined in the OCS configuration file) will be used. If a Space
Surveillance Network (SSN) number is provided, the corresponding TLE will be retrieved from the database and the
object will be tracked.

Tracking of objects in Earth orbit is accomplished by forward propagation of TLE orbital elements, using the
SGP4/SDP4 algorithm [6; 7]. Barycentric position vectors are transformed to topocentric vectors and a
seven-element vector (topocentric right ascension and declination, tracking rates, acceleration and time) is computed
every 10 seconds and sent to the TCS.

MCAT employs an infrared camera, attached to the telescope, that images the region of sky where the telescope is
pointing. Images from this camera are recorded every few seconds and analyzed to estimate the cloud opacity. If the
clouds are too thick, OCS will suspend observations of that target until the clouds pass, at which point they will
automatically resume.

When in sequenced state, OCS steps sequentially through the program file, computing the current position of each
target. When it finds a target that is accessible, and has not yet been fully observed, it points the telescope, initiates
tracking, configures the camera, and starts a sequence of exposures. When all requested exposures for that target have
been completed, OCS returns to the start of the program file and steps through it again until another suitable target is
found. This continues until all targets have been observed.

Observations can also be conducted in auto state. In this case, the program file is reshuffled between each
observation, in order to optimize the sequence of observations. The optimization process maximizes a pre-defined
merit function, which can include a user-specified priority for each target, in order to attempt to maximize the
productivity of the observing schedule.

5. DATA ANALYSIS

Data analysis is performed automatically by the datad daemon and the OCS preprocess and process commands.
These call other commands as needed to perform the processing steps. The main steps are described below. See also
the discussion in [5].
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5.1. Preprocessing

The initial steps for processing images involve bias or dark subtraction and pixel-response calibration (flat-fielding).
These are routine operations, employing median calibration images acquired and processed by OCS. If suitable
calibration images are available for the same night, they are used. Otherwise, library images are used. OCS
automatically finds the appropriate calibration images for each observation (matching exposure time, filter bandpass,
CCD binning, etc as required).

Cosmic rays leave numerous tracks even with short exposures. These generally affect just a few pixels, and so are
sharper than the point-spread function (PSF) of the image. A 9-point rectangular median filter is used to remove them.

On Ascension Island, it is not uncommon for clouds to be present during exposures. This results in an uneven
background due to reflected light. The MCAT images are therefore convolved with a high-pass filter in order to
removed large-scale variations in the background.

In a final step of preprocessing, it is sometimes desirable to remove star trails from an image. This reduces the
complexity of the image, speeding up the object detection process. It is also useful to separate debris objects from
star trails that might overlap their images. OCS uses a proprietary non-linear algorithm to remove star trails, while
preserving non-trailed images. An example is shown in Fig. 2.

Fig. 2. Removing star trails. Left: preprocessed image of a resident object tracked by OCS, Left: The same image
after star trails have been removed by the OCS detrail algorithm

5.2. Calibration

OCS performs astrometric and photometric calibration for each image by using stars or star trails that are present in
the image. Such in-frame calibration is essential for astrometry, and is beneficial for photometry when observing
conditions are not photometric. This is accomplished by matching stars in the field with those in a subset of the
GAIA DR2 catalog [8; 9], consisting of all stars having GAIA G, GBP and GRP magnitudes and G ≤ 18.0. A
6-parameter image transformation is used, consisting of position offsets in right ascension and declination, image
scale, anamorphic magnification and shear. Fitting is done using a least-squares technique. The astrometric accuracy
after calibration is typically on the order of 0.2 arcsec RMS.

Photometric calibration is performed using the matched stars by first transforming the Gaia magnitudes to the
wavelength band of the image. Then, the median zero-point offset and RMS scatter is computed, and the offset is
applied to the instrumental magnitudes, to give calibrated magnitudes. All astrometric and photometric fitting
parameters and errors are recorded for each image. Further details of OCS astrometry and photometry with MCAT
are given in [5].

Star trails are detected and measured using a matched filtering technique. It is well known that this method provides
the greatest sensitivity and accuracy of any linear algorithm [10]. A two-dimensional rectangular boxcar filter is
generated to match the star trails, based on the telescope tracking rates and exposure time. This is then convolved
with the preprocessed image, which results in a pyramid-shaped intensity distribution for each star trail. The peak of
the pyramid gives the centroid position of the trail, and the central intensity gives the total flux of the star.

5.3. Object detection

Many algorithms are in use by the astronomical community for the detection and measurement of objects in images.
A variety of techniques are employed, ranging from simple aperture photometry to more complex algorithms
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employing image smoothing, thresholding and isophotal photometry. Each has advantages and disadvantages and all
suffer to varying degrees from effects of image blending in crowded fields and various kinds of photometric bias.
OCS uses a different approach, designed to avoid these problems. In order to address the issue of blending
(overlapping images). The OCS detect program first performs an image deconvolution. Using a technique similar to
the clean algorithm developed by radio astronomers [11], scaled copies of the point-spread function (PSF) are
recursively subtracted from the image, until only noise remains. The fluxes and positions of these components are
saved, and can be used to reconstruct the original image with the background noise removed (Fig. 3). Instead, OCS
uses the components directly, identifying components that are adjacent to each other, or within a specified distance,
as objects. The total flux of an object is found by summing the components, and the position of the object
corresponds to the centroid of the member components. The moment-of-inertia tensor of each object is computed,
and from its eigenvalues, the major and minor axes and position angle of the objects image are determined. The
output of detect is a photometry file, consisting of a header containing all information from the image FITS header,
followed by information for the detected objects, one line per object.

Fig. 3. Illustration of image deconvolution. Top left: a small portion of an image of a crowded star field. Top right:
corresponding components identified by the detect deconvolution algorithm (only the brightest of more than a hundred
stars are visible in this reproduction). Bottom left: a reconstructed image obtained by convolving the the deconvolved
image with the PSF. Bottom right: the difference between the original image and the reconstructed image - only
residual noise remains.

5.4. Finding moving objects

Many observations involve either tracking an object, or tracking at a specified rate and then looking for objects. In
these cases, the same objects appear in several consecutive image frames. OCS identifies such objects on the basis of
their near-constant angular velocity from frame to frame. The OCS match program takes as input a list of photometry
files, and searches all possible combinations of objects in all files, looking for matches that result in a consistent
angular rate, within a prescribed error box. Each object that is found is included in the output object file.

5.5. Estimating orbital parameters

OCS computes orbital parameters, for all objects in an object file, using a three-step process. First, two observations
of position and time are used to compute an initial orbit that is assumed to be circular. This is done by transforming
the two line-of-sight vectors to a barycentric (ICRS) coordinate system and solving directly for the orbital elements
that reproduce the observed positions and times.

In the second step, a TLE is generated from this initial solution, propagated forward using the SGP4/SDP4 algorithm,
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and compared with all observations of the object. This initial TLE is then iterated in order to minimize the position
errors. The optimization technique employed by OCS is a Markov-Chain Monte Carlo (MCMC) technique
employing Metropolis-Hastings sampling [12] and adaptive step-size control. MCMC is an efficient technique when
the parameter space is of small dimension (6 in this case), and typically takes less than two minutes of computing
time to derive an orbit.

The third step compares the rms position error with a threshold in order accept or reject the orbit. In some cases, a
misidentification can occur on one or more frames, due to the presence of a large cosmic ray track, or residual star
trail image. Such misidentifications will increase the error, causing the fit to be rejected. Such events can often be
rejected if there are a sufficient number of frames in which the object appears. In the case of a bad fit, OCS will
recompute the orbit with one frame rejected, for every possible choice of the frame to reject, and then choose the best
fit. If it is satisfactory, the process stops. Otherwise, all possible choices of two rejected frames are tried, and so on.
This continues until either an acceptable fit is found, or too few frames remain. In the latter case, the object is
rejected as spurious.

5.6. Parallel processing

Most computers today have multiple cores, each of which can perform numerical operations, increasing processing
speed. However, the software must be designed to make use of this capability. For the more-intensive operations such
as preprocessing, deconvolution, and object detection, OCS determines the number of available cores and generates
multiple processes that are assigned to individual cores by the operating system. This increases the processing speed
by a factor of 6 with the current 6-core computer.

6. PERFORMANCE

Fig. 4. An example of a GEO object identified by the OCS match command. The subpanels show a 100 × 100-pixel
region, centred on the object, extracted from eight sequential images obtained in counter-sidereal GEO-survey mode.
This mosaic is generated automatically for every such detected object.

The optical performance of MCAT is discussed in [5]. Here we provide an example of a typical detection from a
GEO survey, obtained and processed by OCS (Fig. 4). The limiting magnitude of MCAT for observations such as this
is V = 20.6 for a 5-second exposure, SNR of 6, in 3-arcsec seeing. This increases to V = 21.0 in 2-arcsec seeing.

OCS is generally able to process a night’s data in several hours. Preprocessing, object detection and calibration
generally take just a few minutes per 4K×4k-pixel image.The most time-intensive process in the pipeline,
particularly for observations in crowded fields, is the search for moving objects. The match algorithm employs
several techniques that greatly speed up the process of examining all possible tracks through the data cube. Typically,
a set of 5 images can be analyzed in just a few minutes. However, it cant take more than an hour to fully process a
sequence of images of fields in the galactic plane. Normally MCAT will avoid observations at very low galactic
latitude for this reason. As computer technology improves, it should be possible to overcome this limitation.

The capability of OCS to conduct coordinated observations with two telescopes has not yet been tested. NASA is in
the process of installing smaller auxiliary telescope at MCAT, to enable simultaneous observations of debris objects
using two different bandpasses. So this feature of OCS will soon be tested and applied.
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7. DISCUSSION

OCS is a mature and flexible system for observatory control and data analysis. It is not possible to describe all its
features in a short paper such as this, but we have touched upon some of unique capabilities that we believe make it
well-suited to the detection and tracking of orbital debris. As experience is gained with MCAT, and other robotic
telescopes, OCS will continues to evolve and improve.

New applications of OCS include an upgraded USO telescope at CTIO, located at 70.69◦E 29.38◦N at an altitude of
2378 m, which will spend part of its time performing orbital-debris surveys. OCS will also be used to control the
4-meter International Liquid-Mirror Telescope (ILMT), 70.81◦W 30.17◦S and and altitude of 2243 m in the Indian
Himalayas [13]. That telescope is expected to see first light in early 2020. Inspired in part by the NASA Orbital
Debris Observatory (NODO) [14], it will conduct a serendipitous survey for orbital debris passing near the zenith.

Many colleagues have helped guide the development of OCS. I am particularly grateful to Sue Lederer, Brent
Buckalew and Mark Mulrooney. I thank NASA for its support of the project, and the Natural Sciences and
Engineering Research Council of Canada for research funding.
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