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ABSTRACT

The Catalina Sky Survey (CSS) at the University of Arizona operates three telescopes full-time in the search
for near-Earth objects (NEOs). CSS has discovered 47% of all known NEOs, reported over 46 million asteroid
positions, and our photometry has been used to generate light curves for half a billion sources. Our telescopes
are capable of highly automated data acquisition and we are working on making one of them autonomous from
target selection to reporting of high-confidence data. I cover various aspects of the high-level automation at
CSS, with emphasis on the queue manager software, and give a brief overview of CSS and our results.

RESUMEN

El Rastreo de los Cielos de Catalina (Catalina Sky Survey) en la Universidad de Arizona opera tres telescopios
a tiempo completo en la biisqueda de objetos cercanos a la Tierra (NEOs). CSS ha descubierto el 47% de todos
los NEOs conocidos, reportado 46 millones de posiciones de asteroides, y nuestra fotometria se ha utilizado
para generar curvas de luz para 500 mil millones de estrellas. Nuestros telescopios son capaces de adquirir
datos de forma altamente automatizada y estamos trabajando para que uno de ellos sea auténomo desde la
seleccion del objetivo hasta la elaboracién de informes de datos de alta confianza. Se cubren varios aspectos de
la automatizacién de alto nivel en CSS, con énfasis en el software gestor de colas, dando una breve descripcién

de CSS y exponiendo los resultados obtenidos.
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1. CATALINA SKY SURVEY GOALS

The primary goals of the Catalina Sky Survey are
to:

e Discover near-Earth objects (NEOs), espe-
cially those 140 m and larger, as requested by NASA
(Stokes et al. 2003). CSS has discovered 47% of all
known NEOs (CNEOS 2018).

e Follow up recent NEO discoveries and known
NEOs that need further observations to significantly
lessen the uncertainty of their orbits. This prevents
NEOs from being lost and allows their trajectories to
be more precisely extrapolated into the future, which
in some cases leads to ruling out the possibility of
impact in the near term.

e Report astrometry and photometry for all the
asteroids detected, including main-belt asteroids.
This results in improved orbital elements for all as-
teroids, which in turn allows them to be quickly iden-
tified and ruled out as new candidates the next time
they are detected. In addition, useful science may
come from such observations.

e Archive all our data and provide it to others,

Lunar and Planetary Laboratory, University of Arizona,
1629 E. University Blvd, Tucson, AZ 85721-0092
(agibbs@Ipl.arizona.edu).

for example the Catalina Real-Time Transient Sur-
vey, which has used it to generate light curves for
500 million objects (CRTS 2017).

As can be seen in Figure 1, CSS has made sub-
stantial contributions to the known NEO population
since 2004. In 2017, CSS made 48% of the NEO dis-
coveries, more than any other survey (MPC 2018).

2. TELESCOPES

We currently use three telescopes full-time and
one other telescope for a few nights a month. Two
are used almost exclusively for surveying for NEOs
while two are used for following up recent discov-
eries and various known NEOs. Table 1 shows the
characteristics of our three dedicated telescopes.

3. HIGH-LEVEL AUTOMATION OVERVIEW

High-level automation is required to accomplish
our goals, particularly the efficient following up of
recent NEO discoveries. This is especially necessary
given the increased volume of NEO discoveries from
us and others (Figure 1), and given the limited num-
ber of follow-up resources around the world. It is
important that the resources be used wisely.

We employ scripts to obtain and prioritize follow-
up targets from various sources and filter them for

105
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Fig. 1. Near-Earth asteroid discoveries by survey since 1995, showing CSS’ contributions as checkered bars. Courtesy

NASA/JPL-Caltech (CNEOS 2018).

TABLE 1
FULL-TIME CSS TELESCOPES

Telescope MPC  f/#  Instrument FOV Task 50% Limiting Coverage
Code (CCD) (deg?) Mag. (V) (per 10 hr.)

0.7 m Schmidt 703 /1.8  10kx10k 194  Survey 19.5 4,000 deg?
1.5 m Reflector G96 /1.6 10k x 10k 5.0 Survey 21.3 1,000 deg?
1.0 m Cassegrain 152 /2.6 2k %2k 0.3 Follow-Up 21.5 50-80 NEOs

our telescopes. Other software determines the best
way to observe a particular target given its mag-
nitude and rate and decide which telescope is best
suited to observe the target. For example, we typi-
cally visit a moving target four times, but the soft-
ware will decide whether each visit is to be a sin-
gle exposure or multiple tracked exposures that are
stacked together. The observer may adjust the au-
tomatic settings. The targets are then sent to the
queue manager of a telescope, which will efficiently
coordinate the observing of many targets throughout
the night. Each of these steps is described in more
detail below.

4. DATA PROCESSING OVERVIEW

Although not the main focus of this paper, a brief
overview of our data processing is warranted. After
images are acquired our pipeline performs flat field-
ing, source extraction using SExtractor?, and astro-
metric and photometric calibration using SCAMP3

?Bertin, E., & Arnouts, S. 1996, A&AS 117, 393
3Bertin, E. 2006, Astronomical Data Analysis Software and
Systems XV, 351, 112

with the Gaia DR1* catalog. We do not use optical
filters so we can maximize the quantity of astrom-
etry. Image subtraction is used to find additional
sources and they and the SExtractor sources are ex-
amined to find moving object candidates. Some can-
didates are identified as known objects and some are
classified as unknown main-belt asteroids. The re-
maining candidates are sorted by their likelihood of
being real and are validated by an observer. The
data is archived on multiple mass storage units
and consists of FITS images and flat data files.
All moving object astrometry is sent to the Minor
Planet Center where it is vetted and added to their
database, which is accessible at their website.

5. TARGETING

Whether searching for new NEOs (survey mode)
or extending the known arc of an asteroid’s orbit
(follow-up mode), the first thing to do is determine
where to look or what needs to be followed up. Au-
tomated scripts aid us with these targeting decisions.

4Qaia Collaboration, Brown, A. G. A., Vallenari, A. et al.
2016, A&A 595, A2
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Fig. 2. Coverage tool used by observers to visualize and
modify suvery plans, showing plans for multiple days that
are avoiding the Milky Way (diagonal band).

5.1. Survey Targeting

We employ coverage planning software to system-
atically cover the sky in declination bands, though
observers may override plans in the event of clouds,
wind, etc. The planner takes into account areas of
the sky that we want to avoid surveying, such as
dense Milky Way regions and the area around the
Moon. Our coverage tool (Figure 2) allows observers
to view and modify plans, view recent sky coverage
by our and other’s telescopes, and visually monitor
the progress of observations. Once the observer is
happy with the plan it is submitted to the queue
manager of the telescope. After that the observer
has little interaction with the telescope and spends
most of their time examining the NEO candidates
presented by the data reduction pipeline.

5.2. Follow-up Targeting

The first step in doing NEO follow-up is figuring
out what needs following up. We first compile a list
of potential targets by looking at:

e New NEO candidates from that night

e The Minor Planet Center’s NEO Confirmation
Page

e Hazard assessment lists such as JPL’s Scout

e Radar targets

e Potential space mission targets

e Known NEOs needing further observations

Some of these sources are checked multiple times
per night since new discoveries are made all the time.

5.3. Prioritizing Targets

Prioritizing targets that need following up is
more difficult than it sounds. For example, is it

more important to follow up a relatively small as-
teroid that is buzzing by Earth and will soon be un-
observable, or a large asteroid that is far away and
visible for much longer? There are many factors to
consider when deciding how urgently a NEO needs
more observations. Our script looks at various char-
acteristics of an asteroid candidate to calculate an
overall priority, for example:
Orbit category (NEO, PHA, main-belt)
Size (absolute magnitude)
Arc length and time last observed
Magnitude trend (fading or brightening)
Solar elongation trend

We are also working on a way to better determine
if observing a target now will significantly reduce fu-
ture uncertainty. If not then that will lower a target’s
current priority. The answer is not always obvious.

5.4. Observability and Telescope Assignment

Some telescopes are better suited to observe some
targets than others. Deciding what targets are ap-
propriate for a particular telescope involves looking
at several telescope characteristics in relation to a
given target:

e Magnitude and exposure limits vs. object’s
magnitude

e Declination range and altitude limits vs. ob-
ject’s location

e Field of view vs. object’s ok-sky uncertainty

e Tracking and stacking ability vs. target’s rate
of motion

e Telescope availability (all night, limited time)

Since we have a range of telescopes at our dis-
posal, we carefully consider the above items to de-
cide where it is best to observe a target. We avoid
doing follow-up on our survey telescopes unless abso-
lutely necessary. However, some important targets
require the wide field of view or deeper sky cover-
age of our 1.5 m survey telescope because covering
the same area or going as deep with our 1 m follow-
up telescope would take far too long. Weighing the
cost of using one telescope against the cost of using
a different one, and comparing that to the value of
recovering a target, is a work in progress.

5.5. Coordination

In addition to coordinating follow-up efforts
amongst our own telescopes, we and other follow-up
telescopes need to coordinate our observations to:

e Prevent duplication of effort
Ensure all important targets are observed
Handle larger quantities of targets
Automatically remove updated targets
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Fig. 3. Flow chart of the status of an image in the queue.

6. QUEUE MANAGER

In the past observers were only able to manually
observe a few follow-up targets together, but that is
not the most efficient use of telescope time. Because
NEOs move at a variety of rates, the optimal time
between successive exposures (cadence) varies from
target to target, making it hard to manually sched-
ule targets together. In addition, the large increase
in NEO candidates and known NEOs over the last
decade means that follow-up telescope time needs
to be used wisely. This trend will only continue
as more and larger surveys begin operating, such as
Pan-STARRS2 and LSST.

Our queue management software (QMan) coordi-
nates the observing of many targets of different prior-
ities and cadences, taking into account all the observ-
ing parameters specified for each target submitted.
QMan automatically adjusts the queue when targets
are added or removed throughout the night. As new
discoveries are made they need to be followed up and
added to the queue, often at a higher priority than
targets already on the queue, and if another tele-
scope follows up a target before our telescope does
then we may remove that target from our queue to
reduce duplication of effort. QMan constantly ad-
justs the telescope scheduling to accommodate these
and other changes so that we make efficient use of
valuable telescope time.

6.1. Data Structure

At its lowest level, QMan automates the schedul-
ing of individual exposures. However, a useful scien-
tific observation often consists of multiple images.
Sometimes it is also desirable to group related scien-
tific observations together. QMan handles all these
concepts:

e A single exposure is an image.

e The minimum set of images that give a useful
result are an observation.

e Observations that should be made together
comprise a group.

For example, in the case of NEO surveying:

e Animage is a single exposure of a specific field.

e An observation is all the images of the same
field, which will be compared to search for moving
objects.

e A group is a set of observations of adjacent
fields that will be done together, primarily as an easy
way to give them all a specific and regular cadence
between images.

Other kinds of observations, such as NEO follow-
up and time sequences, can be set up with this struc-
ture. We also implement track-and-stack moving
object detection sequences with this architecture,
where we visit a field 4 times, but upon each visit
we take multiple images while tracking at the tar-
get’s rate and direction. The images are then stacked
together to produce one image for the visit that im-
proves signal-to-noise and reduces the trailing of the
stars or the target that occurs when doing a single
long exposure of a moving target. The data struc-
tures of the QMan handle this more complicated re-
quest too.

6.2. Observation Parameters

Submissions to the queue manager may specify
numerous observing parameters and constraints:

e Where and when: right ascension, declination,
and the time at which the target is at those coordi-
nates.

e Motion: the target’s rate and direction of mo-
tion so that it’s position can be extrapolated at other
times. The real-time calculation of a target’s posi-
tion from orbital elements is also planned. Station-
ary targets simply specify a zero rate.

e Bias rates to use, if desired.

e Filter to use.

e Exposure duration.

e Observation time window: the earliest and lat-
est times to observe the target. The earliest time for
subsequent images can be relative to a previous im-
age, which allows images to be taken at specified
intervals or regular cadences.

e Altitude or airmass limits.

e A target category or named priority which is
mapped internally to a numeric priority. This allows
the relative priority of targets to be adjusted from
night to night if desired.

e Other items for data management.
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Queue View - localhost

r Queue Test

Done (9)

Queue | Priority Group Field RA A Exposure When | Status Idle | Sunalt

2177FDBO_cGroup0

o 4 0 U87791 0001 225905 +1153:09 444 1063 30 01:41:21 ACTIVE 1] -120
1 4 2177FDBO_cGroup0 1 U87791_0002 225904 +11:5320 446 1065 30 01:4211 ACTIVE o 122
2 4 . 2177FDBO_cGroup0 2 Ug7791_0003 225004 +115322 448 1067 30 01:43:.00 ACTIVE 0 -123
3 4 2177TFDBO_cGroup0 3 U87791_0004 22:59:05  +11:53:34 449 1068 30 01:43:50 ACTIVE 0 -125
4 4 2177FDBO_cGroupd 4 UB7791 0005 22:59:04 +11:5352 451 107.0 30 01:4441 ACTVE 0 -127
§ 4 2177FDBO_cGroup0 5 U87791_0006 225904 +115413 453 1071 30 01:4531 ACTIVE ] -129
6 4 2177FDBO_cGroup0 6 U87791_0007 225903 +115407 454 1073 30 01:46:20 ACTIVE o -13.0
7 LI 2177FDBO_cGroup0 7 Ug7791_0008 225004 +11:5417 456 1075 30 01:47:11  ACTIVE 0 -132
8 4 2177TFDBO_cGroup0 8 U87791_0009 22:59:03  +11:54:35 458 1076 30 01:48:01 ACTIVE 0 -13.4
9 4 2177FDBO_cGroupd 9 UB7791 0010  22:59:03 +11:54:56 460 107.8 30 01:48:50 ACTVE 0 -136
10 4 2177FDBO_cGroup0 10 U87791_0011 225903 +115450 461 1080 30 01:49:40 ACTIVE ] 137
11 4 2177FDBO_cGroup0 11 U87791_0012 225903 +115501 463 1081 30 015031 ACTIVE o -139
12 4 . 2177FDBO_cGroup0 12 U87791_0013 2259:03 +1155190 465 1083 30 015121 ACTIVE 0 -141
13 4 2177TFDBO_cGroup0 13 U87791_0014 22:59:03  +11:55:39 46.6 1084 30 015210 ACTIVE 0 -143
14 4 2177FDBO_cGroupd 14 UBS7791 0015  22:59:02 +11:5533 46.8 108.6 30 01:53:00 ACTVE 0 -144
15 4 15 U87791_0016 225903 +115544 470 1088 30 015351 ACTIVE 0 -146
16 4 0 U82469 0001 234706 +12:23:44 376 997 120 01:54:41 ACTIVE 0 148
17 4 0 U883E2_0001 234621 +10.0028 3269 1027 30 0157.01 ACTIVE 0 -1563
18 4 1 Us83E2 0002 234621 +10:00:52 371 1029 30 015750 ACTIVE 0 -155
19 4 2 UBB3E2 0003 234621 +10:0051 373 103.0 30 01:58:40 ACTVE 0 -156
20 4 3 U883E2 0004 234622 +10:01:06 375 1031 30 015931 ACTIVE 0 -158
21 4 0 U822F1 0001 225705 +071411 458 1160 60 02:00:20 ACTIVE 0 -160
22 4 1 U82469_0002 234706 +122351 390 1008 120 02:01:40 ACTIVE 0 -16.3
23 4 Group0 1 Us22Fl 0002 22:57.05 +07:1420 465 1169 60 02:04:00 ACTIVE 0 -168
24 4 Group0 2 UB22F1 0003  2257:04 +07:14:04 467 1172 60 020521 ACTWE 0 -17.0
25 4 3 U822F1 0004 225705 +071404 470 1175 60 02:06:41 ACTIVE ] 173
26 4 0 U822B4 0001 231419 +145732 484 1048 120 02:08:01 ACTIVE o -176
27 4 2 U82469_0003 234706 +12:2332 408 1023 120 021020 ACTIVE 0 -181
28 4 1 us22B4_0002 231420 +14:5826 494 1057 120 02:12:40 ACTIVE 0 -186
4 2 US22B4 0003  23:14:20 +14:5831 499 1062 120 021500 ACTVE 0 -191
4 3 U82469 0004 234707 +122329 423 1035 120 02:17:20 ACTIVE 0 -196

4 3 U822B4 0004 231421  +145914 021941 ACTIVE 0 &

Fig. 4. Queue viewer (QView) used to monitor the status of targets on the queue and make adjustments if needed.

times: the earliest time the new group can be started
and continue without interruption, and the latest
time it can start and still complete.

1000 £ e Any group that has not started within its time
600 - . window is removed from the queue.

400 - o

200 . ..

o [ i e Images on the queue are sorted by priority,
-200 . . . . . . .
300 5;0 group submission time, and their order within their
-600 - f
-800 ; 40 group.

-1000
e The image highest on the list that can be ob-
Alt (deg) . . 1 ol .
20 Norih s pediive served now is done next. This will skip any images
86 40 that aren’t ready to go due to altitude limits, time
20T 60 constraints, etc.
60 80—80
Alt (deg) e The priority of an observation that has been

East is positive . . . . .
started is raised to ensure it will finish.
e Some other rules are followed to ensure we

Fig. 5. Map of focus deviation, in motor steps, as a never start something we are unable to finish, etc.

function of telescope altitude and azimuth at the CSS
1.5m (G96). The map is used to automatically adjust
focus with every telescope slew.

Although this is fairly simple it works quite well
for our needs, where priority is more important than
minimizing slew times. It has been in use for a few
years. There are plans to consider slew times in the
optimization as well, particularly for lower priority
objects, and to try schemes that involve optimally
laying out the remaining night given the current ob-
jects on the queue.

Submission clients are usually used to generate
the properly formatted, low-level requests for specific
kinds of targets and observations, such as survey,
follow-up, track-and-stack, time series, etc.

6.3. Internal Procedure As the queue is processed, the status of an in-

Our queue manager performs numerous calcula-
tions per second, but at its heart the QMan’s logic is
fairly simple. It’s operation follows this procedure:

e New submissions are checked to make sure the
request is possible and to determine two important

dividual image changes, following the flow shown in
Figure 3. Observers may hold or cancel observations,
as well as change their priority. Status updates are
displayed in our queue viewer and on our coverage
tool.
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6.4. Queue Viewer

While the procedure above only picks the next
image to be observed, it is applied iteratively, along
with slew and overhead time models, to predict how
the whole night would unfold if nothing were added
to or removed from the queue. This is not needed
for telescope operation but allows the night to be
previewed by observers and adjusted if desired. The
queue viewer (QView) provides the interface for this
functionality (see Figure 4).

7. AUTOMATIC FOCUS CORRECTION

Besides the high-level automation covered above,
there is a lot of low-level automation occurring to
make our observations possible. One important time
and money saver has been automatic focus correc-
tion. It automatically adjusts focus to compensate
for temperature-induced expansion and contraction
and position-dependent tube flexure. It has made it
possible for us to only focus once or twice a night,
much less than without it, and means we don’t need
a dedicated focus sensor.

The temperature corrections are made by reading
the temperatures of the struts or tube and applying
a calibrated temperature correction coefficient. The
flexure corrections for a given telescope position are
read from a predefined flexure correction map (see
Figure 5). The temperature coefficient and map of
corrections as a function of altitude and azimuth are
derived from data that is usually acquired on bright
Moon nights or nights severely affected by clouds.
When we used to focus more often the data could
also be derived from the usual focus runs, but since
we no longer need to focus very often that’s no longer
feasible. In other words, automatic focus correction
has greatly reduced the time spent focusing. We are
constantly looking for ways to improve our efficiency.

8. CONCLUSIONS

Thanks to this higher-level automation, our tele-
scopes are becoming increasingly autonomous from
target selection to data processing. = While the
pipeline automatically finds most known objects
with small uncertainties, we continue to rely on ob-
servers to confirm, vet, and submit NEO candidates
and follow-up, a task that is very important and can-
not be done effectively by a machine. However, ob-
servers now spend far less time actually running the
telescopes, and instead can concentrate on examin-
ing the data and obtaining results. In fact, our ob-
servers have recently started operating two of our
telescopes at once, allowing more NEOs to be fol-
lowed up with the same manpower.

Acknowledgements: Thanks to Scott
Swindell, Chris Johnson, Greg Stafford, and
others at Steward Observatory for telescope control
systems and other automation, as well as all of
the Steward Observatory employees that maintain
our telescopes. Our increasing automation really
puts the telescopes through their paces. The
Catalina Sky Survey is supported by NASA’s
Near-Earth Object Observations Program under
grant #NNX15AF79G.

REFERENCES

Catalina Real-time Transient Survey 2017, The Catalina
Surveys Data Release 2 (Pasadena, CA: Caltech),
http://nesssi.cacr.caltech.edu/DataRelease/

Center for NEO Studies 2018, Discovery Statistics by
Survey (Pasadena, CA: JPL), https://cneos. jpl.
nasa.gov/stats/site_all.html

Stokes, G. H., Yeomans, D. K., Bottke, W. F., et al. 2003,
NASA Report of the Near-Earth Object Science Def-
inition Team (2003), 112, https://cneos. jpl.nasa.
gov/doc/SDT_report_2003.html

The Minor Planet Center 2018, Summary of PHA
and NEA Discoveries by Discoverers (Cambridge,
MA: Harvard), https://www.minorplanetcenter.
net/iau/lists/YearlyBreakdown.html



