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ABSTRACT KEYWORDS

The power of robotic telescopes to transform science education has Astronomy education;
been voiced by multiple sources, since the 1980s. Since then, much robotic telescopes; science
technical progress has been made in robotic telescope provision eq”cat'on;techm"ogy'n
to end users via a variety of different approaches. The educational ZZ'tfzﬁiriducat'on’
transformation hoped for by the provision of this technology has, Y

so far, yet to be achieved on a scale matching the technical

advancements. In this paper, the history, definition, role and rationale

of optical robotic telescopes with a focus on their use in education

is provided. The current telescope access providers and educational

projects and their broad uses in traditional schooling, undergraduate

and outreach are then outlined. From this background, the current

challenges to the field, which are numerous, are then presented. This

review is concluded with a series of recommendations for current

and future projects that are apparent and have emerged from the

literature.

1. Introduction

Observations are the fundamental measurements of astronomy as a science. These are
matched to data and theories produced by laboratory astrophysicists and other physical
scientists to test provable predictions. Astronomers are in a unique position among scien-
tists as they are unable to undertake experiments directly on the subjects of their studies.
As astronomers we must wait for photons (and now other forms of non-electromagnetic
radiation [1]) to travel through the Universe, towards the Earth and its environment. Key to
making discoveries is having an appropriate telescope in an appropriate place to witness
these photons and the story they tell.

For most of human history, astronomical observations beyond that which can be seen
with the naked eye or with small telescopes or binoculars have been inaccessible except to
those involved with scientific research or the relatively few who have the large resources
required to run a personal observatory. Even when a telescope may be available, the most
suitable observing locations are not likely to be within a reasonable distance of the typical
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city-dweller. A variety of technologies, most notably CCD cameras, robotic mounts and
more efficient, powerful and affordable computers in the latter half of the 20th Century
have provided potential solutions to these issues [2,3] allowing access to a wider public.

From a keen astronomers’ perspective, this increasingly better access to higher quality
data from better telescopes could in itself seem to be a boon for education. To those outside
of the field, expenditure on such access, especially when sourced from public funds, needs
to be provided with a motivation. The promise of robotic telescopes for education is usually
couched in terms of its capacity to deal with certain local, national or international problems
related to STEM. In particular, the distinct lack of interest of students in science as formal
schooling goes on [4] and the ‘leaky pipeline’ [5] is seen as a problem that astronomy, with
its aesthetic and general appeal, should be able to address.

In this paper, we will focus on the wide role of robotic telescopes in formal, informal and
tertiary education, the challenges in using them, and their future potential. We endeavour
to provide a relatively concise description of the history of the field and current state of the
field and a discussion of the important issues that need to be addressed for the future.

1.1. Brief technical history

A brief technical history of robotic autonomous observatories is provided by CastroTirado
[6] from the earliest attempts in the late 1960s with the University of Wisconsin Telescope
up through the emerging computer and technical revolution [7,8] until near the present
day. An earlier paper by Baruch [9] delves into more detail about the early development
of robotic astronomy and the interaction between engineering realities and astronomical
research.

Many modern observatories have ‘roboticised’ their observing away from electro-
mechanical controls to providing software interfaces to drive the mechanical elements. This
is not a trivial step. Retrofitting older observatories to become robotic is often prohibitively
expensive, but once an observatory can be controlled by software, it paves the way for
remote operation and a stronger possibility of using telescopes for education.

Since the early 1990s, students have been able to take advantage of remotely operated
astronomical observatories. These included such early projects as the 14” Remote Access
Astronomy Project (RAAP, Figure 1(L)) at UC Santa Barbara, the original 12" Bradford Robotic
Telescope (BRT) [10], five 6" telescopes at MicroObservatory [3] and a variety of telescopes,
including a 30” at UC Berkeley [11], through the Hands-On Universe (HoU) project [12].
The Telescopes in Education (TIE) project ([13], Figure 1(R)) was among the first to bring
observing with a professional observatory (in this case, the 24" Mount Wilson telescope)
into the classroom.

During a similar time period, commercially available, amateur-grade telescopes of 8"
16" apertures developed the ability to be remote controlled via a simple control pad. This
control pad was readily replaced by computer, as standardised control software became
available (e.g. ACP from DC-3 Dreams, The Sky from Software Bisque or MPO Connections
from BDW Publishing) which provided off-the-shelf ways to roboticise existing equipment.
The rise of the Internet of Things has made operating a physical device via the internet
a reqgular, almost trivial, occurrence. Telescopes are no exception, with the majority of
commercial, amateur telescopes being able to be remote controlled over great distances,
via the internet. It became a logical step to replace the serial connection between telescope
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Figure 1. Examples of early telescope education projects. Source: Left: Image Credit: Jatila Van Der Veen,
UCSB. Right: Image credit: Lou Mayo, NASA.

Notes: The left-hand figure (L) shows the 14” RAAP telescope at UC Santa Barbara. The right-hand figure (R) shows the 24"
telescope at Mt. Wilson used by the TIE project.

and computer with an internet connection for more flexibility. Many universities and schools
invested in similar observatories, which needed minimal commissioning and maintenance,
but suited their range of pedagogical activities.

1.2. Remote control vs autonomous control

For the purpose of this article we define robotic as, being remotely operable. We refer to
instances where a telescope observes under direct human control as remote control and
instances where a telescope observes without human intervention as autonomous control.
Many robotic observatories incorporate elements of both remote control and autonomous
control.

Remote Control has been used in two main situations. Having a telescope operator to
manage the observing experience paired with a teacher who provides a motivating and
educational experience to remote student users [13-15]. The second is to facilitate access
for research astronomers to access, typically, large aperture telescopes that require manual
control at high altitude and distant locations [16]. Both are dependent on the requirement
for a fast data transfer system between the observatory and the user [17].

Robotic observatories open up many more possibilities for educational use. They can be
located in relatively hostile or unpleasant locations such as the Atacama desert, Antarctica
[18] or even in space, but their robotic nature means that their users can be located
anywhere. This gives them a much broader appeal, where the focus can be on the science
(and ultimately the education) and not the logistics of operating the telescope.

Networks of telescopes linked together over the internet available for education have
been promised by many groups of astronomers over the past few decades [19]. For a long
time, there was little stable success with many networks existing for either short periods
of time or not at all. Since the mid-late 2000s a variety of pro-amateur institutions (such
as iTelescope, Slooh, Sierra Stars Observatory Network) have created and demonstrated
medium-term stability in providing robotic telescopes which provide time for education
use. In a similar time frame professional research observatories have come online which
provide time for specifically education-related purposes (e.g. Las Cumbres Observatory
(LCO), SkyNET).
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Figurftlec 2. Estimates of the light pollution for three typical modern cities, Sao Paulo, Melbourne and
Cardiff.

Notes: The light pollution is highly correlated to the local student population. This image was created using https://www.
lightpollutionmap.info/.

1.3. Problems robotic telescopes solve

For the purposes of education, robotic telescopes solve a number of important problems.
School children are at school during the day but most astronomical phenomena are visible
during the night. There exist many logistical difficulties to getting school children to an
observatory after the school day, as Percy [20] states the problem: ‘the stars come out at
night, the students don't’.

Access to sites where the sky is not effected by light pollution is also a problem. A
major issue facing optical astronomers is the increase in light pollution [21], especially as
old dimmer sodium lamps are being replaced by high power LEDs. Schools are generally
located in the centre of population distributions which also are correlated with higher light
pollution, as shown in Figure 2. Unless the school is in a rural or remote town, it is likely that
most students will be located in a heavily light polluted location.

Even if a suitable dark sky spot were available to a school and an observing night on
a cloudless evening could be organised, the quality of the instrumentation available to a
typical school would be limited. There are many cases of schools buying or being gifted
4"-16" equatorial telescopes (e.g. [22]) which are either permanently housed on the school
premises or available through the science department. For the non-amateur astronomer,
setting up such a telescope is a challenge. Equatorial mounted telescopes are much more
difficult to set up and align than Dobsonians and as a consequence are often underused.

Even in the highest GDP economies around the world, school budgets are typically very
tight and have little room for purchase of such expensive equipment. Only the most well
resourced, or philanthropically endowed, schools can afford such expenditure. By providing
access to robotic and remote telescopes for free or very low cost, schools in less developed
countries and/or in lower socio-economic areas have equal access to this instrumentation
[23]. Access to a telescope via computer also allows access to those students who, due to
physical reasons, may not be able to access ladders or awkward positioned eyepieces. It
also allows the visually impaired to use computer accessibility tools to be able to see images
from a telescope that they may not be able to through the traditional eyepiece.

Even if a telescope can be configured, a dark sky and a clear night found, and children
are able to use this telescope during the night, managing their expectations can be difficult.
Viewing objects such as Saturn and the Moon can provide inspiring experiences, but some
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Figure 3. Examples of robotic telescope user interfaces.
Notes: On the left (L) is the Las Cumbres Observatory robotic scheduler interface. On the right (R) is the itelescope remote
interface.

of the more interesting deep sky objects can be very faint, lacking in colour, and not
matching students’ expectations particularly compared to images found online [3].

To truly explore the night sky in colour, the eye is insufficient and a more sensitive
detector, such as a DSLR camera, is needed. To allow for long exposures the costs increase
significantly as adding a good quality tracking mount and high quality optical tube is
necessary. Such an investment of time and money would only be available to a vanishingly
small fraction of schools. There is no known systematic study of the usage of telescopes
of this calibre in schools but informal conversations suggest most are largely unused in
long-term storage.

1.4. Therole of robotics telescopes

By having remote or robotic telescopes accurately and automatically aligned, all of the
stress of setting up the telescope and pointing, which requires a lot of skill and practice,
is removed from the user. These telescopes can be permanently located at a given spot,
meaning that their initial set-up only needs to be undertaken once by a small group of
professionals who only occasionally need to maintain the telescopes.

There are a variety of benefits to the telescope user. As the telescopes do not need to
be transported, more effective mounts and larger apertures can be provided. Physically
damaging the telescopes can be made next to impossible by design. There is no time
expenditure to set up, pack up or maintain the instrument on the part of the user. The
technical knowledge necessary for use can be minimised through a well-designed user
interface. As they can be used constantly by a continual cycle of users, the much higher
initial investment costs are warranted by this higher level of continued usage. The user can
also potentially access either the Northern or Southern hemisphere, rather than the one
where they are physically located, opening up more objects in the night sky to view.

Typically using these telescopes involves the use of either a request going into an online
automated scheduler for a robotic telescope to return an image within a reasonable time
(autonomous control, see Figure 3(L)), or through direct remote control of a telescope,
located in a favourable time-zone (remote control, see Figure 3(R)).
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Robotic telescopes support new types of research that overcome human limitations.
They can be set to monitor objects autonomously at every dark moment in remote locations
repetitively and relatively cheaply over long periods of time, be driven by algorithms to
maximise the efficiency of multiple observing programmes as well as respond rapidly to
urgent requests [24].

Remote control observing is quite inefficient, solid estimates are rare, but Baruch [25]
estimates that a robotic autonomous operator can work between 4 and 20 times faster than
a human operator. A further step to make robotic observations more efficient, undertaken
by the MicroObservatory telescopes [26], is to only take a single image of a popular
observation and send this one image out to multiple users, a method which is also employed
by the Liverpool Telescope in their National Schools’ Observatory programme [27]. Without
sufficient context this could be perceived by the student audience as being something akin
to a simple Google image search and not the product of their observation request.

2. A brief history of robotic telescopes in education

The earliest example of an automated telescope that ran over multiple nights was an
8" reflector telescope at the University of Wisconsin during the mid 1960s [28]. There were
numerous other attempts prior to 1990 but not many of these achieved a stable functioning
state. Notable exceptions to these were: the MIT Automated Astrophysical Observatory [29],
Colgate’s 30" [30], the Phoenix-10 at Fairborn Observatory in 1983 built by Boyd, Genet and
Hall [31], the Carlsberg Meridian Telescope which began operation in 1984 [32], the 0.8 m
Berkeley Automatic Imaging Telescopes [33] and the 30” Leuschner Observatory Telescopes
[34]. These telescopes were largely focused on scientific research.

The RAAP [35,36], constructed as an undergraduate project between 1989 and 1992,
used a 14" telescope with digital camera, on the roof of the UC Santa Barbara physics
department which could be remotely driven. Teachers and students could access an image
database, communicate and send observing requests to the telescopes by connecting to a
bulletin board system via modem. Image Processing was undertaken through the custom-
built software, IMAGINE-32 [15].

The first research-grade instrument to be offered for educational use was the 24"
telescopes at Mt Wilson, CA through the TIE project [13]. This project began in 1993
with students being able to speak to an operator while controlling the telescope. Smith
[37] describes a London high school’s experience with TIE. Early experiences pre-internet
involved direct dialling twice (once for voice, once for data) to the telescope which led to
substantial cost in telephone calling charges. The tangible nature of hearing the telescope
tracking added to the experience. The image itself would take 5-10 min to download.

During a similar time period, the BRT [10], as shown in Figure 4, was developed. The
telescope control computers were attached to the internet via phone line and were sent
a crude list of targets for the night, which one of the computers fine-tuned. While the
instrument was initially built as an engineering experiment, the demand from the education
sector was quite significant and surprising. The original telescope ran up until 1998 when
a lightning strike decimated the electronics of the telescope. The telescope was insured
and eventually replaced, the replacement runs until this day as part of an astronomical
facility on Mount Teide, Tenerife with operations taken over by The Open University in
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Figure 4. An image of the BRT, now the Autonomous Robotic Telescope, at its site on Teide, Tenerife.
Source: Image credit: Gordon Chesterman, GC Media Tenerife.

2016. It provides time for free for education uses and runs a low cost service for amateur
astronomers.

HoU [12] was an early project beginning in the 1990s which did not necessarily centre
around a particular telescope but rather tried to create a network of telescopes for partic-
ipating teachers and students to use, as well as providing teacher training, materials and
software [38]. The Yerkes 24" was roboticised and used for HoU, as were the 30" automated
telescope at Leuschner Observatory [11], the (then) 17.5” NF/Observatory in New Mexico
([39]) and a variety of telescopes in Japan, France and the USA ([40]). Currently HoU functions
underneath the larger umbrella of Global HoU. A related collaborative project of institutions
based in Europe (EU-HOU, [41]) also operates as part of the Global-HoU. Early projects
involving deeper scientific investigations included Asteroid Search [42] and Supernovae
research [43] with more recent projects looking at transits and binaries [44].

MicroObservatory is a set of five 6” telescopes (see Figure 5(L)) that are located at Harvard
College Observatory and the Whipple Observatory in New Mexico [23]. People can submit
targets from a pre-defined list to be observed and are notified via email when the telescope
has observed the object and downloaded the image. The MicroObservatory telescopes are
still available for use today through ‘Observing with NASA'.

The Charles Sturt University Remote Telescope Project [45] began in 1999 in Bathurst,
Australia. It originally focused on providing remote access to a 12" telescope (see Figure
5(R)) to primary school students in other timezones. This was quickly expanded to include
middle and high school students [46] through the usage of the Journey Through Space and
Time materials [47,48]. Direct control of the telescope was achieved by students through
the use of a Remote Desktop Protocol with an in-person presenter available for mentoring
at all times. This project continues today as the OSS Remote Telescope Project utilising the
same telescope as well as the SkyTitan telescopes in Wyoming and Texas.

The Global Network of Astronomical Telescopes was an early attempt at a larger dis-
tributed telescope network beginning in the early-mid 1990s [49]. Telescope time and
access was provided by membership and education was a prominent part of its mission
[50]. The network was still hard at work in the R&D phase in the mid-2000s [51] and it seems
to have been little active since 2009.
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Figure 5. On the left (L) is one of the 6” MicroObservatory telescopes. On the right (R) is the 12" telescope
of the Charles Sturt University Remote Telescope Project. Source: Left: Image credit: Mary Dussault,
MicroObservatory.

3. Current providers of telescope time

There have been a large variety of other attempts at small to medium size telescope
networks. Quite a significant fraction of these networks do not reach stability over 3+ year
timescales. Many of the endeavours mentioned in a 2010 survey [52] of internet accessible
telescopes are now, just over five years later, defunct or with uncertain status. Hence,
our list is limited to those larger institutions who have shown relative stability, are currently
functioning and provide time explicitly for education. We will also not discuss the education
programmes of observatories which have education and outreach programmes which do
notinvolve capturing data from their telescopes (e.g. Herschel Space Observatory, European
Southern Observatory). Our list is intended to demonstrate the variety of programmes
and resources which are available, and not to provide a complete list of all available
programmes (see [53] for a more complete list). Inevitably our sample also has a bias
predominantly towards English-language projects, as there are practical limits to how far
investigate language specific programs, which we acknowledge.

The Liverpool Telescope [27] is a 2 m class telescope owned and operated by Liverpool
John Moores University on La Palma. Five per cent of the time available on this telescope
goes to UK schools through the National Schools Observatory [54]. The Liverpool Telescope
has two sister telescopes, the 2m class telescope Faulkes Telescopes situated in Siding
Spring Observatory in Australia and on Haleakala, Hawaii (Figure 6). All three of these
telescopes were designed and built by Telescope Technologies Ltd. (now a subsidiary of
LCO).

LCO [55] is a global, homogeneous network currently consisting of the twin 2-m Faulkes
telescopes, nine 1-m telescopes and seven 0.4 m telescopes situated at various locations
(see Figure 7) around the world (McDonald Observatory, Siding Spring, Cerro Tololo,
Tenerife, South African Astronomical Observatory, and soon expanding to Ali Observatory in
Tibet and Wise Observatory in Israel). Educational access to LCO is through a collaboration
with different education partners around the world, each of whom manage their own
education programmes using the LCO network. As well as being a service provider, LCO
support a small number of informal education projects mirroring their research interests in
time-domain astronomy.
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Figure 6. The 2-m class telescopes.

Notes: On the Left (L) is the 2-m Faulkes Telescope South clamshell dome with two 1-m domes, owned by LCO. On the right
(R) is the 2-m Liverpool Telescope clamshell opened to show the telescope itself. The Liverpool and Faulkes telescopes are
very similar in original construction and design.
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Figure 7. Current observatory locations for the 18 telescopes in the LCO global telescope network.

SkyNet is a network of telescopes initially set up to observe gamma-ray bursts as six 16"
PROMPT telescopes in Chile (see Figure 8) in 2004 [56] with four 17” PROMPT telescopes set
up in Siding Spring Observatory in 2013 as well as a 24-inch ‘Morehead Telescope’ based on
their home campus. They also provide access to a 20 m radio dish and a variety of telescopes
owned by other institutions, such as the 24" Yerkes or the GORT telescope at Sonoma State
University [57]. SkyNet is also utilised in the Global Telescope Network (GTN) project [58].

iTelescope.net (see Figure 9) provides access to 19 robotic telescopes ranging from fairly
small apertures up to 1 m apertures in New Mexico, Spain, Australia and California for a
paying membership. This value changes with the quality of the night (e.g. a lower rate
applies when the moon is present).

The Sierra Stars Observatory Network [59] is a network of three roughly half-meter
telescopes located in California, Arizona and New South Wales. They are designed to provide
telescope time for education and research projects for a fee per hour. Further telescopes
are intended to be added to the network over time [60].

SLOOH is a commercial network of ground-based telescopes in three locations, Teide,
Chile and Australia. It was the first system that allowed users to observe night-sky objects
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Figure 8. The Chilean site of SkyNet showing the six 16” PROMPT telescopes. Source: Image credit: by
Oscar Saa.

Figure 9. The wide range of small to medium aperture instruments available through iTelescope. Source:
Image Credit: Peter Lake, iTelescope.
Note: This is from their Siding Spring Observatory site.

in near real-time as a public outreach facility as well as providing more traditional robotic
telescope access [61].

The American Association of Variable Star Observers (AAVSO) runs a network called
aavsonet [62] of ACP scheduled telescopes that accept proposals from their membership.
It contains the two telescopes involved in APASS ([63]) as well as four roughly half-meter
telescopes and five small aperture telescopes for bright star use. These are located at various
locations in SW USA, New Zealand and Chile.

MONET is a pair of 1.2 m telescopes operated by the Georg-August-Univesitat Gottingen
[64]. One is located at McDonald Observatory and one at the South African Astronomical
Observatory. While the telescopes have been around for a decade, they have been plagued
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by continuing technical issues but have had some success in providing time to student
researchers.

Western Australia has two publicly accessible telescopes, the 1 m Zadko Telescope [65]
which aims to provide time for student asteroid and supernovae searches and a pair of
telescopes (35 and 43 cm), called the ‘SPIRIT' telescopes hosted through ICRAR [66] for
general student use. Also in WA, there is a node of the Falcon Telescope Network, a currently
growing network of 50-cm telescopes over 12 sites created by the US Airforce to track
satellite and space debris positions. Some of the time available on the network will be
provided to education users.

While most robotic telescopes deal with optical observations, there are also robotic radio
telescopes available for use by education users. While radio observations lack the obvious
aesthetic appeal of a crisp optical image, there are opportunities for students to undertake
valuable scientific investigation using these telescopes. The Pulse@Parkes [67] project uses
the Parkes Radio Telescope in Parkes, NSW, Australia to directly observe pulsars with various
school groups over the course of days and years. A similar project, without the direct control
element, is the Pulsar Search Collaboratory [68].

Small single-dish radio telescopes can be utilised for a variety of astronomical studies,
such as brown dwarf variability, masers, gamma ray bursts, surveys and pulsars as well as
a number of educational purposes [69] The typical educational radio telescopes, such as
the MIT Haystack design [70], consists of an antenna a few metres in diameter tuned to the
21-cm line. The Haystack 37-m telescope was also available for education users via remote
control at 22 and 43-Ghz.

The Pisgah Astronomical Research Institute has a 4.6 m radio telescope (called ‘Smiley’)
which offers remote usage through its School of Galactic Radio Astronomy. Skynet has a
radio 20 m dish at the National Radio Astronomy Observatory (NRAO) Green Bank site. The
OpenScience Laboratory has a Radio Telescope called ARROW: ‘A Robotic Radio-telescope
Over the Web' available to use 21 cm observations to map the spiral structure of the Milky
Way. European Hands-on Universe (EU-HoU) also has a variety of antennas intended to be
used in schools distributed across Europe.

4, Current education projects

There are a diversity of programmes involving robotic telescopes, run by and with educa-
tional establishments across the globe. These programmes engage audiences from primary
and pre-school level, through to university level courses and life-long learning. There are
also a variety of uses in citizen science and public outreach. There are two broad uses of
robotic telescopes for education in the various contexts, either engagement through simple
astronomical imagery or providing access to collect research grade data, either astrometry,
photometry or spectroscopy.

Colour Imaging is often used as a gateway into astronomy education using robotic
telescopes. It has sufficient visual beauty to capture the attention of non-scientists [71]
while still using authentic tools, such as FITS Liberator and image processing packages such
as GIMP or Photoshop [72], to work with relatively raw data. Very powerful visualisation
tools and techniques can be used to present and interpret astronomical imagery beyond a
simple colour image [73] which can lead to a deep, engaging, emotional response on the
part of the viewer [74].
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While this is likely the case, and colour imaging is the core of many optical robotic
telescope education projects, there has not been a great deal of research on the efficacy,
in terms of knowledge gain or engagement, on the student. It is a commonly held belief
that colour imaging has merit amongst most projects and groups and, while unlikely to be
shown dramatically false, this assertion still needs to be validated.

Other activities generally include more scientific uses of the instrumentation, whether
astrometric, photometric or spectroscopic. The variety of these approaches is nearly as
varied as the number of approachesin typical mainstream astronomy, albeit with a generally
more limited timescale and scope. The following sections outline approaches taken in
the three broad domains in which robotic telescopes are used, Formal School Education,
Undergraduate Education and Outreach & Public Engagement.

4.1. Formal K-12 school education

There are many reasons for including astronomy in the school curriculum, many of which
were outlined by Percy [75]. Some graduates will not have studied science beyond the
upper high school level and this is typically the last moment the entire student body can
be engaged, although the exact educational level varies from nation to nation. One of the
major difficulties in providing experience to students at high school level is trying to fit an
intentionally beneficial experience into the actual curriculum and syllabus. This becomes
even more problematic when there is a mismatch between the intended spirit and wording
of the curriculum, and the final curriculum documentation [76].

Interaction with telescopes particularly helps to provide a different interpretation of
the ‘scientific method’ involving observation, simulation and theory, than the typical ex-
perimental textbook approach commonly provided, and can provide a basis to improve
an otherwise uninspiring school experience [77]. Robotic telescopes also provide strong
links with other sciences, particularly physics, utilising concepts to do with light, gravity and
instrumentation. Providing students with access to a means of looking at the size and age of
objects in the Universe provides a less abstract/theoretical basis for studying time, distance
and size scales. The general understanding of astronomy when students begin higher level
(e.g. high-school, undergraduate) courses is generally fairly low [78,79]. Students, at any
level, typically also have very minimal knowledge of the night sky in terms of constellations
and major stars [80], and limited practical knowledge of what cannot be seen with the
naked eye.

The ‘Build the Telescope and they will learn” approach [81] is common throughout the
literature involving formal school use of robotic telescopes. There is much literature on how
such telescopes will change science education but only a small amount (in comparison) has
been reported about actual changes. It is not much of a leap to imagine that bringing such
a new and alien technology into the everyday classroom is a significantly more complex
and intimidating process than was originally imagined.

The last two decades have shown considerable success in terms of technical capacity
but not in producing and supporting widespread inquiry-based astronomy education in
formal education as was the usual intention [53]. It has been noted in various publications
(e.g. [81-83]) that there has been a significant lack of deep research and understanding of
how to translate this technology into the classroom.
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4.1.1. Some examples of formal school projects

The BRT, currently in transition of ownership to the Open University, focuses on primary
school levels providing access to its three cameras, which can be used to look at entire
constellations (40°), relatively large objects (4°) and more deep sky objects (1/3°). Teachers
and their students autonomously control the BRT after a period of training, both through
teacher workshops and in-school workshops. Then the teacher assumes the role of mentor
to undertake astronomical investigations with their class. It was found that engaging
primary school teachers in using the telescopes pushed the teachers to learn more about
astronomy [84]. BRT have claimed to have found a 30% jump in applications in the STEM-
based subjects from 50 schools that fed Bradford University compared to the 80 who did
not [85] .

The original MicroObservatory telescopes [26] continue to be operational, providing im-
ages (cumulatively totalling in the millions) via autonomous control. This enables students
to undertake many simple investigations on astronomical images, the most popular being
the Moon. A new approach to using MicroObservatory is being trialled called ‘Laboratory
for the study of exoplanets’ [86] (see Figure 10). This involves students observing known
predictable planetary transits and undertaking photometry and modelling to estimate the
size of the planet.

The Faulkes Telescope Project (FTP) is a major education partner of LCO network. It
provides access, education and support to education users in the UK and beyond using
the LCO network. It was initially started by Dr Martin Faulkes who provided £10 m initial
capital to create two 2-m class telescopes available to schoolchildren in the UK under the
slogan ‘Real time, real science, real scientists’ [87]. FTP has continued as an official education
partner of LCO, now that the Faulkes Telescope North and South are owned and operated
as part of the LCO network. Previously they provided remote control of the 2-m from the
UK classrooms over the internet [88], although some participants could participate in more
extended research projects via autonomous control [89]. Now the telescopes are accessed
primarily under autonomous control, through network wide autonomous scheduling, to
provide access to high-quality imagery as well as data for a variety of research projects
including variable stars, open clusters [90], a variety of related education programmes [91]
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Figure 10. A screenshot from the current MicroObservatory online exoplanet educational project.



ASTRONOMICAL REVIEW 41

Figure 11. High School students and their teacher interact with LCO telescopes and analyse supernovae
data through the Faulkes Telescope Project. Source: Image Credit: Faulkes Telescope Project.

Figure 12. An example of a class who participated in the IASC All-India Asteroid Search Campaign in
2016. Source: Image Credit: Patrick Miller, IASC.

as well as recently, Gaia transient follow-up observations. Figure 11 shows examples of
students and teacher participants in a supernovae-based school project.

The International Astronomical Search Collaboration (IASC) is an educational project
that provides pre-observed data from a variety of robotic telescopes around the world to
students in their classrooms (see Figure 12) to search for moving objects, primarily asteroids
[92]. Over 25 main belt asteroids have been discovered by students and thousands of
measurements have been submitted to the Minor Planet Center.

Our Solar Siblings (0OSS) is a project based in Australia focused at bringing telescope
access into the high school classroom to model authentic research. It focuses on the Year
10 Australian Curriculum, the final stage where science is a mandatory subject and where
students are expected to learn about the components of the Universe and the Big Bang.
Interested Students can then undertake their own authentic research-grade independent
research projects, usually on RR Lyraes or Open Clusters (see Figure 13), mentored by project
staff and professional astronomers. Early versions of the curriculum materials and general
approach were also utilised by an earlier project primarily using the LCO 2-m telescopes
[93].
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Figure 13. An example of a student constructed image of an open cluster and its colour-magnitude
diagram from the Our Solar Siblings project.
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Figure 14. An instructor with students participating in the HISTAR programme in Hawaii. Source: Image
Credit: JD Armstrong, University of Hawai'i.

A variety of different projects in Hawai'i have utilised robotic telescopes for student
research. From 1999 to 2004, the NSF funded a teacher enhancement workshop called
‘Towards Other Planetary Systems’ [94] which reached 75 teachers over the five years, one-
third of them returning for future workshops. Faulkes Telescope North, situated on Mauiand
operated by LCO beginning in 2005, continues to be used in a variety of contexts involving
students and teachers (see Figure 14) with both amateur and professional astronomers [95].
The HISTAR programme, running since 2007, has provided students with astrometry and
photometry skills to undertake authentic science projects using FTN, as well as a number of
smaller robotic telescopes, to be presented at state fairs.
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Project OBSERVE was a 5-year project (now completed) organised using the SkyNet
telescopes with high schools (75 teachers, 5000 students) in the local area around the
University of North Carolina. There are also programmes, such as Astronomy Live! run
through UCLA or the long-running Summer Science Programme, that take high school
students on workshops using robotic telescopes over the summer break.

LCO, runs its various formal education programme internationally largely by providing
time for official education partners to use, such as FTP and OSS above, as well as the Institute
for Astronomy at the University of Hawaii, Universe Awareness from the Netherlands,
Universe in the Classroom in Wales, McDonald Observatory in Texas and Astronomers
without Borders. This model differs from others because it places LCO as a service provider
(of telescope data) and the education partners as the content deliverers.

4.2. Undergraduate education

In the United States, rough estimates are that 10% of all undergraduate students will take an
introductory astronomy course typically to meet a general education requirement in their
undergraduate degrees [96]. In this particular country, this is a very significant proportion
of the general population that would be touched by introductory astronomy, typically the
last formal science these students will undertake [97]. In other countries with differing
tertiary education systems, this is typically not the case. For instance, in Australia, only a
few thousand of the nation’s 1.5 m undergraduate students will undertake an introductory
astronomy subject [98].

While interest in using remote-control telescopes at the non-science major, high en-
rolment, ‘astro101’ subjects is large, where the telescopes would fit into such a subject
is unclear and would require appropriate classroom-proven curriculum materials that are
easy to implement [99]. Usage of robotic telescopes in such undergraduate courses is very
uncommon. The problem of how robotic telescopes with finite telescope time provision
could be used in classes with enrolments in the hundreds or thousands, such as a typical
astro101 course, has not, as yet, been solved. An exception to this is SkyNet, which through
its hostinstitution runs a variety of undergraduate programmes using the SkyNet telescopes
to explore undergraduate content at an astro101 level.

Nevertheless, providing robotic telescope usage for undergraduates in non-astro101
contexts can provide a rich authentic experience. It can encourage creativity and discovery
just at that point of their education career where the content can start to become quite dry
and overwhelming [33]. For those students who continue their astronomy careers through-
out undergraduate, the robotic telescope provides an important exposure to telescopes,
providing insight to observational data that may be taken at face value otherwise [100] and
also potentially to increase their interest in a postgraduate science career [101].

In contrast to the high school projects and the major telescope institutions that serve
them, undergraduate institutions have a much greater resource pool. This can sometimes
lead to the existence of their own, more or less stable, remotely controlled observatory
that they can use in their teaching programmes [102]. These smaller facilities also allow
exploration of more speculative or lower expected impact research programmes (e.g. [103-
105]). While it is likely that their, generally institution-bound, locations are do not provide
high quality observatory sites, it does provide capacity for students to directly see the
engineering and instrumentation side of telescopes.
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Figure 15. The 17" PIRATE Telescope run through The Open University, while located in Mallorca before
moving to Tenerife in 2016. Source: Image Credit: Ulrich Kolb, The Open University.

Those students who may be continuing on towards higher level courses or even a
scientific career may want to dig a little deeper into astronomical research during their un-
dergraduate experience. Amongst the most notable and long-term series of undergraduate
student research programmes is Percy’s work through the University of Toronto Research
Opportunity programmes over many decades outlined in Percy [106] with many examples
of student publications over the years.

Beaky [107] outlines a few broad principles for undergraduate astronomy research. These
include that (1) the research must be sustainable, in the sense that accumulated experience
is passed from one student to another before graduation, (2) that the technology must
be reliable and relatively easy to use, (3) that the research must be designed to lead
to publishable outcomes if it is to be truly called ‘research’ even if it does not succeed
in publication and (4) that the undergraduate research needs to be integrated into the
curriculum.

There are many examples of programmes within which single university-driven robotic
telescopes can, and have, been utilised in an undergraduate context. A good example of
this is the ‘Physics Innovations Robotic Astronomical Telescope Explorer’ or PIRATE [108]
which is a 17” telescope (see Figure 15) run by the Open University. The original intention
was to provide a hands-on experience to groups of 2-4 distance education students
who collaborate via the internet remotely through the institution with limited remote
supervision [109,110]. Targets selected by third-year observing groups largely involve
periodic variables [111], sometimes leading to scientific papers in the pro-am journal,
Journal of the British Astronomical Association (JBAA) [112,113]. Second year students
generally create colour magnitude diagrams of open clusters.

Another example is the work done through a variety of institutions including the
Boyce Research Initiatives & Education Foundation, Concordia University in Irvine, Cuesta
Community College, California Polytechnic University in San Luis Obispo and the Institute
for Student Astronomical Research [114]. These are one semester astronomical seminars at
community colleges and undergraduate which also include high school students looking
for future course credit. The topic is generally double star observations [115] but has also
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included cepheids, asteroids and exoplanets. The goal of the seminar is for students to
create a peer reviewed published article for the amateur/pro-am literature.

Other examples include the Keck Northeast Astronomy Consortium [116] which has been
running for nearly three decades providing astronomical research to eight small liberal
arts colleges and universities in NE USA. The 0.51 m lowa Robotic Observatory at Winer
Observatory utilises their telescope in introductory, major-level and upper-level courses. A
variety of projects are undertaken, for example, asteroid lightcurves [117] and a search for
exoplanets around white dwarves. The 20” Northwest Indiana Robotic Telescope provides
time for undergraduate research and education at Purdue University, Calumet. Monitoring
of exoplanets, blue stragglers in open clusters, quasar variability and asteroids are some
topics that are explored.

There are other organisations that are not specifically astronomy which also provide
some scope for student astronomical research with robotic telescopes. Two examples
are Research Experiences for Undergraduates which provide research experience with
projects run through the National Science Foundation or the Council of Undergraduate
Research which has a number of projects and approaches to promote undergraduate
student research. These two are examples from the United States, but there are likely
similar national programmes in many other countries.

4.3. Outreach and public engagement

While formal astronomy education takes place within classrooms, there are many other
places, such as planetaria, museums, astronomy groups, newspapers, television, radio,
the internet, books, magazines, youth groups on hikes [118] where informal astronomy
education can take place. It is part of the ‘astronomers burden’ [102] that astronomy is
highly visible, compared to subjects like chemistry or pure mathematics, and of inherent
interest to the public. The likelihood of students being interested in pursuing astronomy
beyond high school is significantly correlated to their participation in these extracurricular
astronomy or space science activities, such as observing stars or reading/watching science
fiction [119]. All outreach and engagement projects can have a lasting impact if they are
also accompanied by educational resources and a dissemination plan.

By comparing the situation to that of a successful school sports league, Gelderman [19]
argues we need to provide out-of-school time astronomy students (1) open and easy entry
level recreational opportunities, (2) a series of challenging activities with steadily increasing
challenge and reward, (3) high-level competitive experiences in an astronomy club to help
drive further participation in extracurricular astronomy. This can model similar approaches
to those listed in the Formal Education or Undergraduate sections but to greater depth.
SkyNet Junior Scholars, a good example of this approach, is run primarily for non-formal
education such as youth clubs, after school programs, museums and camps. Professional
learning about using the SkyNet telescopes is required for these group leaders who can
guide youth explorations using the telescopes.

The field of public outreach and engagement using robotic telescopes employing a
more direct interaction between robotic telescopes and the general public is less well
developed. There have been some attempts at providing museum portal access to optical
telescopes. The HoU project gained funding to attempt a museum exhibit to allow visitors
to control two remote telescopes [120]. SkyNet has also provided in the past a web-based
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museum portal where visitors can request an image that is taken later by the network and
sent to their email address. There are many undocumented examples of robotic telescope
groups introducing informal audiences at exhibitions and festivals, and the perception by
the public is highly dependent on the individuals performing the demonstrations.

The telescopes provided by SLOOH and GLORIA [61] have been used to live stream
astronomical events, notably the 2012 Solar Eclipse, viewed through one of their remote
telescopes to a wider non-specialist audience. These provide excellent opportunities for
outreach as the phenomena themselves gain significant media attention in their own right.

During International Year of Astronomy 2009, European Southern Observatory hosted
an ambitious event, ‘Around the World in 80 Telescopes’ [121]. During a continuous, 24 h
webcast, hosted by a team of 6 presenters in ESO headquarters in Garching, Germany, the
audience were shown live video feeds from telescopes from across the globe. While all of
the telescopes involved were robotic, the majority of them were remote controlled from
the same site, with the video feeds coming from the control rooms. This event attracted an
audience of 156,000 viewers over the 24 h period, with a maximum of 3600 simultaneous
viewers. Although this audience did not play an active part in the outreach, it still had a
large reach and hopefully a significant impact.

Twitter has been used by many different groups and individuals for astronomy outreach,
virtually from its beginning. The idea of telescopes (and other scientific robots, such
as Mars Curiosity rover and Planck Satellite) broadcasting their positions, targets and
even developing ‘personalities’ was hugely appealing to the general public [122]. Some
even chose Twitter above more traditional media outlets to broadcast their status and
discoveries, such as ESA Rosetta’s ‘Hello World” Tweet, announcing it had successfully
awoken from hibernation. The idea of using Twitter and robotic telescopes for outreach
was taken further by LCO, where in 2011 they partnered with Irish comedian Dara O Briain,
who live tweeted images and commentary from an observing session on one of their 2-m
telescope, to his 2 m followers [123], in an event called #ShowMeStars.

LCO Asteroid Tracker is a recent attempt to get the public to trigger their own ob-
servations of an asteroid which is be added to a data-set for analysis and a later video
for exploration by the public with an attached story about the particular object. For the
non-astronomically inclined this type of activity can be a meaningful contribution with an
engaging story and requiring minimal technical knowledge.

5. Authentic astronomical research produced by education and citizen sci-
ence users

While the cutting edge of extragalactic astronomy at large redshifts is dominated by the
extremely large (8 m+) telescopes, there is much research that can be undertaken with
smaller telescopes. There is some debate to the relative worth of small and large aperture
telescopes with different studies coming to different conclusions from different metrics
[124] such as number of publications and citations [125]. There is some research that is more
suited to small-size (0.5-1 m) and middle-sized telescopes (1-3 m), in particular topics such
as stellar variability, Gamma Ray Bursts, Near-Earth Objects, Supernovae and exoplanets
[17].

It is also noted that many recent major scientific studies, such as 2MASS or SDSS, have
been undertaken on modest sized telescopes [126]. The contribution non-professionals can
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make to astronomical research evolves over time as technology and techniques change. As
most astronomers move to investment in larger aperture, highly competitive, instrumenta-
tion at the expense of smaller instruments and, as telescopes of modest aperture become
increasingly available at a lower cost, pro-am organisations and individuals can step into
contribute to the scientific endeavour [127].

5.1. Citizen science

In astronomy the term Citizen Science is often used synonymously with the multi-project
Zooniverse [128], typified by the original project in this suite, Galaxy Zoo [129]. Although the
majority of Zooniverse projects use large, pre-existing data-sets in the field of astronomy
there have been a few which were responsive to new data acquired by robotic telescopes.
The projects, Supernova Zoo and Asteroid Zoo received data at regular intervals from
Palomar Transient Factory and Catalina Sky Survey (respectively). While providing useful
classification statistics, the interesting aspect of these projects is that the robotic telescope
data was being used for a dual purpose of training a computer learning algorithm. The
ultimate aim of the project was not to achieve a specified number of classifications but to
eventually train the algorithm to accurately detect transient objects, eventually rendering
the human interaction unnecessary.

While Zooniverse projects tap into and feed the motivations of the public to contribute
to science and inspired some to dig deeper or to begin postgraduate research [130-132],
it is for the most part citizens volunteering to be basic interpreters of images rather than
being more participatory in the larger process. Their methodology is to provide a large
data-set to an audience without specialist skills and use the human brain’s innate ability to
recognise patterns to produce a statistically significant classification of the data.

The authors of this paper note that the Zooniverse approach is not the definitive citizen
science method. We broaden the definition saying that citizen science should be an activity
through which the participants will grow their skills and knowledge of the science area by
being involved in the citizen science project. This inevitably requires more education and
thus blurs the line between what is considered education, citizen science, and authentic
research. The education involved can be simple and built into the interface used for the
analysis of the data.

Citizen Sky was a large project run by the AAVSO on epsilon Aurigae as a focused project
for the International Year of Astronomy [133]. The goal was to discover the cause of this
binary’s eclipse. At the end of the project it was theorised to be an F-type star creating a
disk shrouding another comparable mass star or star/s in the system [134]. Typically most
observations were in the V-band made by 26 observers around the world using a variety
of tools, telescopes and techniques [135]. These were largely with equipment owned by
the observers, but is a good example of a potential collaborative project accessible to the
public that could utilise the robotic telescopes coming on-board now. Projects, like IASC
and Citizen Sky, that include active robotic telescope use require providing a different
framework for the public to incorporate their original observations and deeper analysis.
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5.2. Authenticresearch

Authentic astronomical research utilising high grade instrumentation can engage gifted or
motivated students who otherwise may not be enthused by their typical everyday science
lessons to consider the option of a potential STEM career [136]. Many of these student
research projects can be undertaken in the context of national schemes or competitions,
extra-curricular astronomy and science clubs or external mentoring by a professional as-
tronomer [137]. For those undertaking authentic research projects, students who undertake
research in high school are more likely to be employed in a science-related career than those
whose first research is in undergraduate [138].

Particularly in the United States, there are science fairs at district, state and national scales
which have also provided an avenue for communication of science by students, although
the historical observational non-experimental nature of astronomy can be an impediment
in this context [20]. Variable Stars, in particular, have been a popular topic for student
research projects due to the relative simplicity of the measurements compared to other
more abstract fields of research [139].

Many projects over the last two decades have claimed that authentic, original research
on behalf of the students have been a core motivation in their projects but not as much
progress or success as was hoped occurred on this front [53]. Part of this challenge is that the
balance between authenticity, challenge and time within the curriculum is hard to achieve.

Despite this, some research that is undertaken within these projects can reach the level
of publication in mainstream and pro-amateur scientific journals. While not intending to
be an exhaustive list, we present a sample of some of the students who have published
in astronomy journals involving use of remote telescopes in an educational context. We
recognise that this sample will likely be biased to those publications in larger projects from
a primarily English speaking background.

Two students at Oil City High School in Pennsylvania participating in the Hands-On-
Universe project were involved in the observations of SN 19941 in M51 [43,140]. Students at
Northfield Mount Hermon School, Massachusetts discovered the 72nd Kuiper Belt Object
1998FS144 [141] with confirmation by students also from Qil City High School.

The MONET project produced a variety of papers with German Gymnasiums involving
cataclysmic variables [142,143] and binary stars [144]. Students involved with the Space To
Grow project [93] produced papers on a planetary nebula [145], RR Lyraes [146] (see Figure
16(R)) and on a neglected open cluster [147]. Through the NITARP project (see Figure 16(L)),
students were involved with observations of the Witch Head Nebula [148], cataclysmic
variables [149], accretion discs [150] and young stellar candidates [151].

Some student research has ended up in the amateur literature, recording scientifi-
cally useful measurements and discoveries that may not warrant a full publication in the
mainstream professional astronomy literature. The journal of the American Association
of Variable Star Observers (JAAVSO) has published numerous articles based on the work
of students, both undergraduate and high school, on variable stars over the years (e.g.
[106,152]). Potential other places to consider for future publication of variable star related
results include the professional Informational Bulletin on Variable Stars (IBVS).

Contributions of asteroid measurements to the Minor Planet Center by students are
relatively 