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Abstract

Automatic scheduling techniques are becoming a crucial tool for the efficient plan-
ning of large astronomical surveys. A specific scheduling method is being designed
and developed for the Atmospheric Remote-sensing Infrared Exoplanet Large-sur-
vey (Ariel) mission planning based on a hybrid meta-heuristic algorithm with global
optimization capability to ensure obtaining satisfying results fulfilling all mission
constraints. We used this method to simulate the Ariel mission plan, to assess the
feasibility of its scientific goals, and to study the outcome of different science sce-
narios. We conclude that Ariel will be able to fulfill the scientific objectives, i.e.
characterizing ~1000 exoplanet atmospheres, with a total exposure time represent-
ing about 75-80% of the mission lifetime. We demonstrate that it is possible to
include phase curve observations for a sample of targets or to increase the number of
studied exoplanets within the mission lifetime. Finally, around 12-15% of the time
can still be used for non-time constrained observations.
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1 Introduction

Exoplanet transmission and emission spectroscopy has proven to be a unique tool to
characterize exo-atmospheres. This is based on the determination of the transit and
occultation depths as a function of wavelength, which yield the abundances of chem-
ical species in the planet atmosphere, as well as its temperature profile (see [1-3] for
areview). The Atmospheric Remote-sensing Infrared Exoplanet Large-survey, Ariel,
is an European Space Agency (ESA) space mission under design study that will pro-
vide such kind of observations for a large number of exoplanets. Its main goal is the
study of a statistical sample of exoplanet atmospheres to understand their structure
and constituents [4]. This might also provide information about the planet formation
and evolution.

Ariel consists of a 1-m class telescope whose main instrument is a low-resolution
spectrograph. It is expected to be launched in 2028 and its nominal operations phase
will last for 3.5 years. During this period it will characterize the atmosphere of a
sample of about 1000 exoplanets [5] with low-resolution spectrographs covering
the infrared wavelengths bands from 1.1 to 7.8 ym. To do so, it will follow-up two
types of planetary events: transits, i.e. when the planet passes in front of the star;
and occultations, i.e. when it passes behind. Observing such events are time-critical
because they occur at specific times for each planetary system according to their
ephemerides and their orbital properties. This imposes stringent constraints to the
planning of the observations. Besides, Ariel may also be useful to study the planet
spectrum variability during its orbit around the host star (hereafter, phase curve) for
several systems in order to study atmospheric circulation.

This objective represents a major challenge for the mission planning. Any plan-
ning should fulfill the science goals, i.e. characterize ~1000 exoplanets, while opti-
mizing the telescope time concurrently. Besides, mission constraints such as the vis-
ibility of the targets, the slew time, and the number of observations for each star
need to be taken into account. The large number of targets, the time-criticality of
planetary events, and the mission constraints make a manual computation of an opti-
mized plan not affordable. The huge number of possible combinations makes auto-
matic scheduling tools essential for the mission planning of surveys such as Ariel.

A variety of different methods have been applied to build automatic tools for
the scheduling of astronomical observations, from the more simple approaches like
heuristic algorithms to sophisticated Artificial Intelligence (AI) techniques. Differ-
ent methods have their own ups and downs. Heuristic methods can be described as
algorithms that are based on a solving strategy. The strength of heuristic methods
are based on their specific design. Some heuristics allow refinement of the plan after
introducing new information, but some like greedy and hill-climbing algorithms
optimize the plan once as they build it gradually with their best available option at
the time. These local optimization techniques are usually fast but do a poor opti-
mization in long-term scheduling. As an example, the Large Synoptic Survey Tel-
escope scheduler is based on a greedy algorithm [6]. Heuristic methods can also
be used to perform global optimization, like a neighborhood search approach [7].
On the other hand, a global optimizer is more reliable compared to a local one as
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it allows visiting of different local minimums in its process. Beside heuristics, Al
provides a variety of global optimization methods. Evolutionary computation (EC,
[8]), is a field in Al for global optimization, inspired by natural systems. The most
commonly known algorithms of this field are Genetic Algorithms (GAs) and Evolu-
tionary Algorithms (EAs).

EAs are robust global optimization methods that work with the least assump-
tion about the solution space. EAs search a larger area of the solution space than
traditional heuristic methods, however, searching multiple locality and making no
assumption about the solution space results in an increase of the computational cost
of such methods. GAs are a more simple variation of EAs with a good optimization
capability. An example of a GA used for scheduling of Hubble telescope is detailed
in ref. [9]. More advanced versions of EA are also used to solve the task of schedul-
ing in the field of astronomy. For instance, this is the case of the Multi-Objective
Evolutionary Algorithms (MOEA) used for the CARMENES survey [10, 11] and
the James Webb Space Telescope [12].

In the particular case of the Ariel survey, we have developed a mission planning
tool previously based on EA and GA [13] to a new tool that utilizes another sub
category of EC algorithms, Swarm Intelligence [14], in addition to a specifically
tailored meta-heuristic to schedule the mission, improving the computational cost.
A detailed technical description and analysis of the algorithm will be presented in
a forthcoming paper (Nakhjiri et al. in prep.). Here, we focus on the application of
this tool to simulate Ariel mission plans fulfilling all constraints in order to study the
feasibility of the science goals and different observational scenarios, and to analyze
the characteristics of these plans.

In Section 2 we describe the sample of Ariel targets we have used in this work,
the operations that need to be scheduled, and the mission constraints that should be
satisfied. In Section 3 the algorithm used for the simulation is presented. In Sec-
tion 4 we discuss the results of our mission planning simulations. Finally, conclu-
sions are presented in Section 5.

2 Ariel scheduling constraints

A scheduling process is a constraint satisfaction problem that should plan one or
different tasks fulfilling some restrictions and taking into account all possible lim-
itations. Thus, any astronomical planning tool needs to be adapted to the kind of
observations that should be planned, the scientific strategy, and the constraints. This
includes, defining the targets that need to be observed, all the different operations
performed and the constraints that must be satisfied. We provide further details in
the following sections.
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2.1 Mission operations

As mentioned in the introduction, Ariel will follow-up the transits and eclipses of
exoplanet systems, and possibly the phase curve for some of them. These are the
main tasks that need to be scheduled. However, other operations must be taken into
account as well, for instance to maintain the spacecraft orbit or to perform auxiliary
observations. These operations may have their own time constraints, which need to
be defined, and they cannot overlap with each other. For the particular case of Ariel,
the mission operations that need to be considered by the scheduler are the following.

e Science observations

They correspond to actual observations of exoplanet events. These are the most
constraining tasks because they are time critical. Three different events are
defined:

— Transit: when the planet passes in front of the star.

— Occultation: when the planet passes behind the star.

— Phase curve: continuous follow-up of the planetary system during one or more
orbital cycles. Its goal is to measure the planet spectral variability as a function
of the orbital phase.

Transit and occultation events are time constrained according to their ephemerides:
the orbital period of the planet (P), a reference epoch and the duration from first to
fourth contact (T',), which are provided for each target (see Section 2.2). As defined
in the mission requirements, each of these events will be observed during 2.5xT,
around the central time of the transit or occultation to secure an accurate determina-
tion of the flux baseline before and after the planet crosses the star.

On the other hand, in order to facilitate the analysis of light curves and correct any
possible systematic effect, in the current mission design, phase curves are also time
constrained. Targets requesting such observations will be monitored from 0.75xT,
before the start of an occultation to 0.75XT,, after the end of another occultation
including as many exoplanet orbital cycles as requested in between.

e (Calibrations

These tasks consist in the follow-up of stable bright G-type stars that are used to
monitor and calibrate the response of the Ariel instruments. They will be planned
throughout the mission lifetime following a scheme designed to control the stability
of the instrument at different timescales [15]. Therefore, although these operations
are not time-critical, they should be planned in regular intervals. The current setup
for Ariel calibration operations allows for some scheduling flexibility:

— Short calibrations: 1 hour every 36412 hours.
— Long calibrations: 6 hours every 30+10 days.
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Priority is given to long calibrations, i.e., short calibrations close to a long cali-
bration are removed from the plan. On average, this calibration setup takes almost
300 hours per year (~3% of the mission lifetime). For the present exercise, a set of
536 stable G-type stars uniformly distributed over the sky are available, making sure
that there is always a calibration source within ~5 deg of any exoplanet target.

e Station keeping operations

These operations are devoted to maintain the orbit of the spacecraft, and its
cadence and duration will be decided by the spacecraft operators at ESA. As a
preliminary approach, we assume that station keeping operations will take about
4 hours every 28+3 days. This adds up about 50 hours per year (~0.6% of the mis-
sion time).

No other Ariel telescope operations are considered in the scheduler, either
because they can be done simultaneously to other tasks, such as data downlink, or
because their duration is very short (flat field images, dark exposures, etc.) and they
can be easily scheduled during periods of inactive time (see Section4.4).

2.2 Ariel list of targets

The list of targets that need to be observed is a key input of the scheduling algo-
rithm. For the scheduler simulations we perform in this work we use a list adapted
from ref. [5], that describes the kind of targets that Ariel can observe taking into
account both the known planets up to now (more than 3300 transiting planets'), and
the predicted yield from ongoing surveys such as TESS (Transiting Exoplanet Sur-
vey Satellite, [16]). For each planetary system, the performance of the Ariel instru-
ments was estimated, resulting in ~2000 planets that could be characterized. From
this a Mission Reference Sample (hereafter, MRS) of 1000 planets was chosen
(Edwards priv. comm.), including 384 known planets, and 616 predicted from the
TESS yield [17]. This MRS is divided in three subsamples following the tier strat-
egy approach of the Ariel mission [4]. These three subsamples are defined according
to the spectral resolution and signal-to-noise ratio (SNR) that can be achieved from
the observations:

— Tier 1 (T1). For all the targets in the MRS few transits or eclipses will be
observed for each planet in order to get low-resolution spectra (several spectral
bands from 1.1 to 7.8 um) with SNR~7. Typically, for each target a sequence of
up to 5 observations is requested.

— Tier 2 (T2). A subsample of targets in the MRS will be observed to get higher
spectral resolution (~10 below 1.9 ym, ~50 from 1.95 to 3.9 ym, and ~15 from
3.9 to 7.8 um) at SNR>7. The goal is to reach this level of precision for ~600
targets. Up to 19 observations are needed for some of these stars.

! http://exoplanet.eu
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Fig.2 Left: Histogram of the number of targets as a function of the exoplanet period. Right: Histogram
of the number of targets as a function of the exoplanetary event duration. Tier 1, tier 2, and tier 3 targets
are shown in different colors as labeled

— Tier 3 (T3). About 50 interesting planets orbiting bright stars will be observed at
the maximum spectral resolution of Ariel (~15 below 1.9 ym, ~100 from 1.95 to
3.9 um, and ~30 from 3.9 to 7.8 um) and SNR>7. Sequences of 1 or 2 observa-
tions are requested for each of these targets.

The key point for the scheduling exercise presented here is the number of obser-
vations and the amount of time needed for each subsample. Fig. 1 illustrates the dis-
tribution of the number of observations for the different tier targets. The MRS used
in this work, includes a total of 700 transits or occultations for the 400 exoplanets
that will be observed only with tier 1 resolution. This accounts for ~5650 hours. For
550 stars, tier 2 resolution can be reached by following-up 2263 planetary events,
which add a total of 15600 hours of observing time. Finally, to reach tier 3 level for
50 systems, a total of 59 observations lasting ~330 hours are needed. In total, this
adds up to ~21600 hours of exoplanet observations, which is ~ 70% of the Ariel
nominal operations duration (18%, 51%, and 1% for tiers 1, 2, and 3, respectively).

@ Springer



Experimental Astronomy (2022) 53:807-829 813

A part from the tier and the number of observations, for each of the planets,
the MRS provides the coordinates of its host star (right ascension and declina-
tion), the orbital period, the reference epoch for the transit and the occultation,
the preferred type of event (transit or occultation) and the priority, which is based
in the tier strategy approach, i.e., T3 targets have a higher priority than T2, and
T2 than T1. Fig. 2 shows the distribution of the orbital period and the duration
of the observable events for the targets in the MRS. Most of the exoplanets have
periods between ~0.5 and 30 days, with a median value of ~3.7 days. Actu-
ally, only 9 systems (6 in T1 and 3 in T2 subsamples) have longer periods up
to 324 days. This means that most of the targets will have enough opportunities
to schedule several transits or occultations. The duration of the planetary events,
T,,, depends on the orbital period and the host star properties. It ranges from few
tens of minutes to 18 hours, but 90% of the exoplanet targets have transits shorter
than 6 hours. The median duration of the MRS exoplanetary events is ~3.5 hours.

Completing the observations of the MRS is the main goal of the Ariel mission.
However, two additional subsamples are provided to consider their observations:

— Tier 4 (T4): for several short period systems phase curve observations would
be desirable if not strongly affecting the mission core science. In order to test
the feasibility of this subsample of observations, a list of 43 interesting systems
distributed in three levels of priority were provided (B. Charnay priv. comm.).
These are exoplanet systems with periods shorter than 7 days for which the con-
tinuous follow-up of 1 to 3 orbital cycles is requested.

— Back-up targets: additionally a total of 1093 exoplanets were also provided as
back-up targets in case some exoplanets in the MRS are not observable or cannot
be completed during the mission lifetime. Their period is typically larger than for
T1 targets in the MRS and they need to stack few more exoplanet events to reach
T1 resolution.

In this work, we use these subsamples to study different scenarios. From the one
hand, we analyse the impact of including phase curves in the MRS by consider-
ing the exoplanets in the T4 subsample as the higher priority targets in the survey
(see Section 4.2). On the other hand, we study if it would be possible to increase
the number of exoplanets surveyed by Ariel by including back-up targets in the plan
with the same priority as the T1 subsample (see Section 4.3.)

2.3 Mission constraints

An automatic planning tool can be understood as an algorithm devoted to solve a
constraint satisfaction problem, which is a mathematical problem defined as a set of
objects whose states must satisfy a number of limitations. Some of these constraints
need to be necessarily satisfied while other ones indicate what kind of solutions are
preferred. These are typically identified as “hard” and “soft” constraints, respec-
tively (see e.g. [13]).
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Fig.3 Distribution of the Ariel targets in the sky. Dot symbols correspond to tier 1 (cyan), tier 2 (green),
tier 3 (red) and back-up targets (black). The background color levels indicate the fraction of the year for
which each region of the sky is visible for Ariel

Hard constraints In the case of Ariel, the hard constraints are mainly related to the
visibility of the targets. They must be fulfilled to produce valid plans. We list here
these constraints, which are obtained from the mission requirements documents.

— Nominal operations duration. Ariel requirements state that the mission lifetime
is 4 years. The first 6 months are foreseen for orbit and commissioning pur-
poses. Therefore, with an expected launch in late 2028, nominal operations are
expected to last 3.5 years starting in mid-2029. For the scheduling exercises pre-
sented here, we assume that exoplanet observations will run from July 1st 2029,
to December 31st 2032.

— Orbital constraint. The orbit and the attitude limits of the spacecraft must be con-
sidered by the scheduling algorithm because they are essential to determine when
the targets are observable. According to the mission requirements, we assume
that Ariel will be positioned at the Sun-Earth Lagrangian point L2 and that the
field of regard of the telescope is a cone in the perpendicular direction of the
Sun-Earth direction with and angle between +20° and 30° toward and away of the
Sun, respectively. Fig. 3 displays the distribution of targets in right ascension and
declination and the fraction of the year that each region of the sky is visible. Any
direction is observable at least ~30% of the year.

— Event timing and duration. As described in Section 2.1, Ariel observational strat-
egy consists in the observation of exoplanet transits, occultations, and phase
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curves, which are time-constrained according to the orbital ephemerides. The
time at which each target can be observed is defined by the orbital period and a
reference time, and the total duration of the follow-up is set to 2.5xT, centered
on the transit or occultation mid-time.

— Target completeness. The MRS provides the number of transits or occultations
that need to be stacked for each target in order to reach the required SNR. This
defines a sequence of observations for each exoplanet and for each tier. Only
completed sequences are useful in terms of science. For this reason, we added
to the scheduler a constraint which removes from the planning all sequences
that cannot be completed. Thus for any target, if T3 sequence cannot be com-
pleted, only T2 is considered, and if this is also not possible, only T1 sequence
is planned. If T1 number of observations cannot be reached, then the target is
removed from the scheduler. On the other hand, targets for which all required
sequences have been planned, are no longer considered by the scheduler, unless
revisits of targets are allowed.

— Slew of the telescope. The movement of the telescope from one target to the
next one should also be taken into account in the scheduler because it takes a
significant fraction of the mission lifetime, and sufficient time should be left
between target observations. According to Ariel requirements, we assume
a slew rate of 4.5 deg/minute, and we add 5 minutes for telescope settling,
reaction wheel off-loading and transition to fine pointing as indicated in the
requirements.

Soft constraints Soft constraints are related to the optimization of the mission
plan. They are not required to be fulfilled, but they are used to promote some solu-
tions over the others. In the case of the Ariel scheduler, at the present stage, we
define two figures of merit that should be maximized:

— Observing time. Plans maximizing the total time used to observe exoplanet tar-
gets are preferred. Ariel is expected to devote more than 85% of the time to sci-
ence observations, including the follow-up of exoplanets, calibration stars, and
ancillary science.

— Number of completed targets. The scheduler must also promote the number of
targets in the MRS for which sequences are completed. The priority of each tar-
get is taken into account.

The optimization of these two soft constraints aims at obtaining mission plans with
a large number of observations as well as a large number of completed targets.

3 Ariel scheduler
The scheduling tool used for the simulations presented here, has been developed

based on a detailed performance analysis of our previous studies on the Ariel mis-
sion planning using EA [10, 11, 13]. The goals of the new development were first,
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to reduce the computational cost, and second, to increase the flexibility of the tool
in order to adopt it to the updated mission constraints, simulation configuration and
observation modes, such as phase curves. The new tool manages to obtain better
results than its predecessor due to its flexibility to plan and optimize time for all the
different tasks in a same process.

The scheduling tool uses a Multi-start meta-heuristic hybrid algorithm (Nakhjiri
et al. in prep.) developed around the problem specifications. The Algorithm has two
main modules. First, is the lower-level Conflict Resolution Unit (CRU), which uti-
lizes the flexibility of heuristic methods as its core approach, by following a Tabu-
Search optimization [18, 19] in a neighborhood search [7]. Second, is the upper-level
Control Center (CC), which manages several CRUs and has the fitness functions to
evaluate the outcome of each CRU on the targets at every step. This allows us to
search on numerous neighborhoods in the solution space and return the best overall
findings as the final output. This process is illustrated in Figure 4.

In the rest of this section, first we explain the structure of the upper-level module,
or CC, in 3.1, and later we detail the process of lower-level module, or CRU, and its
evaluation measures in 3.2.

3.1 Upper-level process

The upper-level of the algorithm or CC starts with an empty schedule and a full list
of targets to plan at step 0(S, = ¢). At each step, it sends the current best schedule
and a new target to all its CRUs. Each CRU plans the new observations one at a
time in the best way it can and returns the result to CC. While a CRU always plan
the tasks it is assigned to, CC has the job of calculating and evaluating the overall
fitness of the CRU results and compares it with the previous step to decide whether
to keep or discard the changes suggested by a CRU. Following a Swarm Intelligence
framework, at each step CC gathers the results of its population of CRUs along with
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the best schedules of the previous step and based on the soft constraints of the prob-
lem, performs a elitist selection on their Pareto Optimal Front [20, 21]. The selected
solutions replace the list of best schedules in CC and will be used as a CRU input for
the next step.

Almost all the hard-constraints of the ARIEL problem are handled prior to the
scheduling process. The exceptions are the target completeness and the slew times
of the telescope. While CRU considers the slew times, CC checks for the target
completeness and removes the unwanted observations before checking it for the soft
constraints. The soft-constraints considered for the simulations are first, to maximize
the number of completed targets with regards to their priority (F) and second, to
maximize the overall observation time of the survey (F,). The fitness function F
for a schedule at step i (S;) is computed as

Fo(S) =) 9 Pri(t) (1)
j=1

J

where Pri(t;) refers to the priority of the target 7, and 9 is the SNR satisfaction level
multiplier. According to the number of planned observations and the reached SNR
levels, d increases by each SNR level reached. The increment is doubled for the first
SNR level in order to encourage entry of new targets to the schedule. The second fit-
ness function, F,,, is measured as

Fo(s)= 3, 10| )

0€S,

where O refers to the planned observations in S;, and 10l represent the duration of O.
These fitness functions are used to evaluate the outcome of CRUs. They are normal-
ized to the total duration of the Ariel nominal operations and the total number of tar-
gets, and an equivalent weight is given for these figures of merit, providing a single
solution, instead of a Pareto optimal set of solutions.

3.2 Lower-level process

In the lower-level part of the algorithm or CRU, new observations are always
planned regardless of their overall cost. The cost of planning for an observation is
measured based on the priority of the tasks it has to replace in order to fit into the
schedule, as

o € CG(0) © oconflictswith O 3)

Co= D, A9 Prio)
ceCG(0)

4)

where CG(O) is the Conflict Group of observation O and contains all the tasks, ¢, in
the schedule that overlap with it. Also, A9, shows the difference in the 9 multiplier
when losing an observation of a target. Cost is defined as the aggregated F- loss of
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all conflicts. In this format, C,, = 0 indicates a free spot for an observation. CRU job
is to minimize this cost for each observation that it is assigned to schedule. After
receiving a target, CRU plans for its observations one at a time in a recursive cycle.
The process is triggered by adding a new observation to the waiting list (L) of CRU.
It is then replaced by a CG of a low cost. The new observation fits into the schedule
and the members of the CG are moved to L. On the next iteration, another member
of L is selected and replaced. This process is illustrated in Figure 5.

The cycles continue until L becomes empty, meaning all the observations have
been fitted into the plan, or CRU reaches one of its limits. The limits are first, reach-
ing the maximum number of iterations, and second, there is no new option to replace
as it falls into a loop. To choose a replacement, the selection is based on the cost of
each possible period in a way that the lower the cost is, the higher the chance of get-
ting replaced. The odds of replacement for an observation O, R(O), where O belongs
to the set of observation periods of a target ¢ (P,), is calculated as

1/C,

RO)= =12
( Doer, 1/Cs ®)

This weighted random selection allows us to explore the more relevant parts of the
solution space by different CRUs. After processing all the observations of a new
target, CRU returns the best finding for each of them to CC and let it decide to keep
or discard them. In this way, even if planning the sequence of a target damages the
current schedule more than it contributes to its competence, we can see the impact.
The abstract schema for the tasks handling in the method, allows us to define and
process any type of tasks, including science observations, calibration, house keeping
and slews in the same format and place. This results in more coherent optimization
between all the pieces. Also, the step-scheduling framework, gives us more flex-
ibility to setup different tests and assess various simulation configurations. These
improvements result in a significant increase in the number of completed targets
of 2.5% and 3.3% for T1 and T2 targets, respectively, with respect to the Ariel
scheduler code based on MOEA presented in ref. [13] using the MRS. As a conse-
quence the time used for science increases by ~5.5%. This improvement is mainly
due to a reduction in the number of necessary calibrations by ~10% although still
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Table 1 Number of exoplanets included in the mission plan scheduling simulation over the total number
of targets in the MRS (in bold)

Planet type' Ultra Hot Very Hot Hot Warm Temperate
Massive Jupiter 8/8 115/115 10/10 - -

Jupiter 43/43 300/300 234/234 79/79 517
Neptune 4/4 14/14 21/21 26/26 4/4
Sub-Neptune 111 8/8 14/14 39/39 27/27
Super-Earth - 272 6/6 18/18 20/20

"Planet type corresponds to the definition provided in the target list [5]

fulfilling the expected cadence (see Section 4.1). The reduction was possible with
coherent optimization of operation tasks along side the scientific ones, in the new
tool, instead of planning these tasks in different steps as in the former version.

The scheduler tool presented here is developed in C++ language and the execu-
tion of the experiments is done on a desktop computer with 6 cores at 2.2 GHz and 8
GB of RAM. This scheduler is able to produce an optimized plan for the 3.5 years of
the Ariel nominal operations phase in between 20 seconds to 10 minutes depending
on the target set and imposed constraints. For example, scheduling revisits to targets
takes longer computations. This will allow to regularly re-compute an optimized
plan taking into account former observations, updates to the list of targets, or targets
of opportunity that may arise during the mission, as part of the activities of the Ariel
Ground Segment and Instrument Operations Science Data Centre [15].

4 Ariel mission planning simulations

Scheduler tools are not only useful to plan observations but also to simulate the out-
come of the mission. As discussed above, the main science goal of Ariel is the char-
acterization of the atmosphere of ~1000 exoplanets through transit and occultation
spectroscopy. To evaluate if this is feasible within the 3.5 years of nominal mission
operations, we have made use of the scheduler described above to simulate the plan-
ning of the targets in the MRS taking into account all the mission constraints. It is
also possible to test different mission scenarios with such simulations. For instance,
Ariel may be able to study the phase curve of several targets. To do so, it would need
to follow-up the same target for a much longer time than for a transit or an occulta-
tion. Therefore, they could have a strong impact on the number of MRS targets that
can be completed. Besides, it is also possible to estimate what is the maximum num-
ber of targets that Ariel could be able to observe.

We explore the scheduling of these different scenarios in the following sections.
In all the cases, the simulations performed here fulfill all the hard mission con-
straints listed in Section 2.3. Besides, we remind that we consider the optimization
of the soft constraints, which are /) the number of completed targets, and 2) the
telescope working time.
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Table2 Number of completed targets, total number of observations, and distribution of time between the
different tasks corresponding to the scheduling simulation of the MRS

Total time (hours / %)

Case Targets Observations On targets Slewing Waiting time

MRS 998 3016 21376.9 1101.9 7126.2
69.59% 3.59% 23.20%

MRS-fill 998 3653 23391.2 1332.7 4881.1
76.14% 4.34% 15.89%

'Fraction of time with respect to the duration of the Ariel nominal operations phase (3.5 years)

4.1 Scheduling the MRS targets

In this case, we have only considered the scheduling of the 1000 targets in the MRS.
It includes a total of 3022 events lasting about 21600 hours. This number of hours
is about 70% of the time available during nominal operations (3.5 years); therefore,
in principle, all observations should fit in the mission plan. However, since observa-
tions are time constrained according to the ephemerides, and the sequence of each
target can include several transits or occultations, overlapping between simultaneous
events could prevent the completion of some targets.

Table 1 shows the number of planets whose observational sequences can be com-
pleted within the 3.5 years as a function of the type of exoplanet according to its
size and temperature (see [5] for details). Almost all targets can be scheduled except
2 temperate Jupiter-like planets, which correspond to exoplanets HIP 41378f [22]
and PH-2b [23], both in the T1 subsample. Actually, HIP 41378f is not schedulable
because due to its long period reported, 324 days, only 1 transit is observable while
2 are requested to reach tier 1 resolution level. On the other hand, PH-2b is also a
system with a long period, 282.5 days, for which all the 4 transits that Ariel could
observe must be scheduled. Each transit observation takes about 1.2 days of continu-
ous follow-up. This long duration increases the probability of overlapping with other
higher priority targets, and it is finally discarded by the scheduler.

In summary, a total of 998 targets can be scheduled within the Ariel nominal
operations phase, reaching T3 and T2 spectral resolution for 50 and 550 targets
respectively, fulfilling science goals. With respect to the time usage, first row in
Table 2 lists the total number of observations and the time used for each spacecraft
operation. A total of 3016 planetary events are scheduled. Target observations take
about 21400 hours or ~ 70% of the 3.5 years. About 1100 hours are spent slewing
between targets (including stabilization time). Finally, 943 and 172 hours are used
for calibrations and station keeping, respectively, fulfilling the expected cadence, the
median separation between these operations is 1.8 days and 30 days, respectively.

The last column in Table 2 lists the waiting time that remains between tar-
get observations, which is neither used for any of the other tasks included in the
scheduler. This is an inevitable outcome of /) scheduling time constrained events,
and 2) only scheduling the number of observations for each target sequence given
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Fig.6 Left: Histogram of the number of inactive periods between observations, gaps, as a function of
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respond to simulations of the MRS and the MRS including revisits to targets, respectively. Last bin cor-
responds to few inactive slots larger than 15 hours
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Fig. 7 Tier accomplishment for each planetary system in the MRS. The bottom and top values of each
vertical line depicts the observation level for each target for simulations excluding and including refill-
ing of gaps, respectively. Targets are sorted according to their classification in tier 1, tier 2, and tier 3, in
increasing order of the exoplanet orbital period (from left to right), and plotted in different colors as
labeled. Inset plot displays the case of tier 3 targets using bars. Decimal values in the Y-axis indicate the
fraction of observations to reach the next tier level

in the target list. Hereafter, we refer to these periods of unused waiting time as
“gaps”. The panels in Figure 6 show the distribution of the number of gaps and
their total time (black line). Most of them are shorter than 1.5 hours, but they
accumulate a small number of hours. Longer gaps are smaller in number but they
accumulate a significant fraction of time. Actually, these long gaps can be used
to schedule further observations of targets. In total, they add up to 23.2% of the
Ariel nominal operations duration.

Although revisits to targets are not a requirement, we have studied if further MRS
transits or occulations could be fitted within these gaps. To do so, we allowed the
scheduler to plan more observations than requested for each target whenever pos-
sible without interfering with completed targets. Second row in Table 2, labeled

@ Springer



822 Experimental Astronomy (2022) 53:807-829

“MRS-fill”’, summarizes the results of this simulation. A total of 637 additional
events can be planned, adding ~2000 hours to target observations. This provides
further observations for each target and flexibility to re-schedule failed observa-
tions due to unexpected problems. The amount of added time is about 10% of that
needed to complete the MRS. Obviously, such revisits increase significantly the time
devoted to slew between targets, but waiting time in gaps between observations is
reduced to ~4900 hours. The number and cumulative duration of gaps for this simu-
lation are represented as red bars in Figure 6. No additional exoplanet transits or
occultations for MRS targets can be fitted within these gaps. Actually, most of them
are much shorter than before. Their median and maximum duration are ~1 hour and
6.7 hours, respectively.

These additional observations might be extremely useful to study the time varia-
bility of exoplanet atmospheres, or to increase the SNR for some targets by piling-up
a larger number of transit or occultations. Figure 7 depicts the improvement reached
for each target when allowing revisits. Y-axis on this figure indicates the level of
accomplishment of each target as a function of its tier, while the X-axis indicates the
number of target, sorted by tier subsample and orbital period. Additional sequences
are more easily scheduled for short period systems because they are shorter and the
number of opportunities is longer. A total of 19 T3 sequences can be re-observed at
least 5 more times, thus allowing to study exoplanet variability. Besides, 83 T2 tar-
gets can be promoted to T3, potentially increasing the number of exoplanets studied
at the highest resolution and SNR level to 133 exoplanets. Finally, several T2 and T1
targets can be revisited although not reaching T3 or T2 levels.

Table 3 Number of completed MRS and T4 targets, total number of observations, and distribution of
time between the different tasks corresponding to the scheduling simulation of the MRS and phase
curves

Targets Total time (hours / % ')
Case MRS + T4 Observations On targets Slewing Waiting time
PC-casel 984 + 22 3021 22521.2 1087.6 6000.2
73.31% 3.54% 19.53%
PC-case2 940 + 37 2913 23185.9 1048.4 5403.7
75.47% 3.41% 17.59%
PC-case3 929 +43 2834 23278.4 1017.2 5345.4
75.78% 3.31% 17.40%
PC-casel-fill 984 + 22 3364 23488.9 1201.7 4918.4
76.46% 3.91% 16.01%
PC-case2-fill 940 + 37 3185 23884.7 1146.6 4606.7
77.75% 3.73% 15.00%
PC-case3-fill 929 + 43 3137 23930.3 1111.6 4599.1
77.90% 3.62% 14.97%

"Fraction of time with respect to the duration of the Ariel nominal operations phase (3.5 years)
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Table 4 Number of exoplanets included in the mission plan scheduling simulation of the MRS and phase
curves (T4)

Ultra Hot Very Hot Hot Warm Temperate?
Planet MRS T4 MRS T4 MRS T4 MRS T4 MRS
type'
Massive 8,8,8 1,1,1 113,112,113 5,7,10 10,10,10 - - - -
Jupiter
Jupiter 43,39,40 1,1,1 298,291,284 58,10 234,229,223 3,6,6 79,76,74 - 4,44
Neptune 42,2 - 14,10,10 11,1 21,19,20 1,33 262422 1,22 222
Sub-Nep- 1,0,1 - 8,5,7 245 12,11,11 0,2,2 353529 1,1,1 27,25,27
tune
Super- - - 2,1,1 - 533 - 18,16,18 1,1,1 20,18,20
Earth

"Planet type corresponds to the definition provided in the target list [5]

2The three values indicated for each case correspond to the simulations of PC-casel, PC-case2, and PC-
case3 (see text for further details)

3T4 sample does not include temperate planets

As a final conclusion, about 23400 hours can be used to schedule ~3650 plan-
etary transits and occultations of almost all the targets in the MRS, reaching the
requested SNR level and potentially improving it for several targets.

4.2 Impact of scheduling phase curves

To study the impact of including the follow-up of several phase curves in the Ariel
mission planning, we have applied our scheduler algorithm to the MRS targets
including the 43 exoplanet systems in the T4 subsample for which phase curves
would be observed, if possible, as if they were independent observations. For this
trade-off analysis, we have considered three different cases that progressively take
into account the three priorities in which the T4 target list is distributed. In “PC-
casel” we only consider the scheduling of the 22 highest priority T4 exoplanets, in
“PC-case2” we add 15 medium priority T4 targets, and finally “PC-case3” includes
all the 43 T4 exoplanet systems. The total exposure time needed to follow-up phase
curves amounts to 4.6%, 9.9%, and 11.6% of the Ariel nominal operations duration
for PC-casel, PC-case2, and PC-case3, respectively. Although this fraction of time
could still be fitted within the mission lifetime, our simulations show that it is not
possible to schedule the observations of all MRS and T4 targets. This is mainly due
to the overlap between observations caused by the long duration of the phase curve
follow-up, which range between ~1 to ~9 days.

Table 3 lists the results of the mission plans obtained for each studied case. For
these simulations, we made sure to plan all T4 targets by setting their priority above
that of T3 exoplanets in the MRS. Phase curve observations reduce the number of
MRS completed targets by 1.4%, 5.8%, and 6.9% for cases 1, 2, and 3, respectively.
The most affected subsample of the MRS is tier 1 due to its lower priority, missing
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Table 5 Number of exoplanets included in the mission plan of the MRS and back-up targets (T0) over
the total number of TO to T3 targets, and increase factor! with respect Table 1

Planet type? Ultra Hot Very Hot Hot Warm Temperate
Massive Jupiter 8/8 112/118 11/11 - -

1.0/1.0 0.97/1.03 1.10/1.10 -/~ -/~
Jupiter 46/60 378/507 357/485 137/193 511

1.07/1.40 1.26/1.69 1.53/1.07 1.58/2.44 1.0/1.86
Neptune 4/11 37/73 77/136 86/145 4/5

1/2.75 2.64/5.21 3.67/6.48 3.31/5.58 1.0/1.25.
Sub-Neptune 1.01 18/24 24/51 80/136 43/55

1.0/1.0 2.25/3.0 1.71/3.64 2.05/3.49 1.59/2.04.
Super-Earth - 2/2 5/6 26/27 25/28

—/- 1.0/1.0 0.83/1.0 1.44/1.50 1.25/1.40

!The increase factors of the planned and total targets with respect to the mission planning simulation of
the MRS presented in Table 1 are given in the second row of each planet type

“Planet type corresponds to the definition provided in the target list [5]

14, 58, and 69 T1 targets in each case. Only 2, 9, and 18 T2 targets are downgraded
to tier 1 SNR, for cases 1, 2, and 3, respectively, while T3 target requirements are
always fulfilled. The number of exoplanets and phase curves included in the dif-
ferent mission planning simulations for each kind of planet system is provided in
Table 4. In particular, the number of surveyed Neptune to Earth-like planets in the
MRS would be significantly reduced by ~5-16%.

On the other hand, the scheduling of phase curves helps to optimize the total time
used for exoplanet observations. As indicated in Table 3, the total time tracking exo-
planets increases with respect to the solution in Section 4.1 by about 5.4%, 8.5%
and 8.9% in PC-casel, PC-case2 and PC-case3, respectively, despite scheduling a
smaller number of MRS targets. This is due to the longer duration of the follow-
up of phase curves with respect to transits and occultations of MRS targets. As a
consequence, the waiting time is also reduced, by ~16-25%. Actually, in the most
critical case depicted by PC-case3, the time needed to fit the phase curves in the
plan is approximately taken half from the omitted MRS targets and half from gaps.
Only a small fraction comes from the reduction of the total slew between targets.
Finally, part of this time is also taken from the few short calibrations that cannot be
planned fulfilling the expected cadence (see Sect 2.3). Short calibrations overlap-
ping with long phase curves are moved before and after each T4 target observation.
This reduces the number of short calibrations in 4, 33 and 36 cases, for PC-casel,
PC-case2 and PC-case3, respectively.

As a further check, we run the mission planning simulations including the MRS
and T4 planets allowing for the revisit of targets. Results are also provided in the
second block in Table 3 labelled as “-fill”. The number of additional observations
is reduced by a factor of ~2 with respect to the mission planning simulations of the
MRS (Section 4.1), and the total total time revisiting targets, by a factor ~2-3. An
inevitable outcome is that in this case, the number of targets that can be promoted
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Table 6 Number of completed targets, total number of observations, and distribution of time between the
different tasks corresponding to the scheduling simulation of the MRS including back-up targets

Total time (hours / %)

Case Targets Observations On targets Slewing Waiting time

B/U 1486 3016 23804.2 1083.0 4702.8
77.49% 3.52% 15.31%

B/U-fill 1486 3348 24576.9 1208.5 3804.6
80.0% 3.93% 12.38%

'Fraction of time with respect to the duration of the Ariel nominal operations phase (3.5 years)

from T2 to T3 SNR level is reduced to ~50, and that T3 sequences can be re-
observed only two times for 3—4 T3 targets.

Thus, while phase curve observations helps to maximize the time used for sci-
ence, they reduce the number of MRS targets completed during the Ariel mission
lifetime. However, it is important to note here that the follow-up of phase curves
comprise at least 1 transit and 2 occultations, which might still put constraints on
the exoplanet atmosphere composition. Furthermore, phase curves on their own will
also be useful to explore the atmosphere circulation. The scheduling tool might be
very helpful to find a balance between the MRS and phase curves targets.

4.3 Mission planning optimization limits

The results in Section 4.1 and 4.2 indicate that, due to the time constrained nature
of Ariel observations, about 70-78% of the nominal operations phase can be used
for actual exoplanet observations. However, this number depends also on the sample
of targets considered. Some flexibility on the targets chosen allows to select that
ones that best fit in the mission plan. In order to analyze this fact, we have used our
scheduler to compute mission plans including the MRS (T1, T2, and T3) and back-
up (TO) targets. For this purpose, exoplanets in the TO subsample were assigned a
priority equal to that of T1 targets. The observations of all back-up targets up to
the T1 expected SNR level adds up to ~40000 hours, which almost double the time
needed to complete the MRS. This increases the telescope oversubscription factor
by ~2. Obviously, it is not possible to schedule all these targets, but this test pro-
vides an estimation of the total time that can be used to follow-up exoplanet events
and the maximum number of targets that can be surveyed using a longer target list.
Table 5 lists the number of completed planets over the total number of targets
in the input sample as a function of the planetary type. The factor increase with
respect to Table 1 is also provided for each value. The main difference is that the
number of scheduled Neptune and sub-Neptune size planets increases by a factor
of ~3 and ~2, respectively. Besides, a total of 12 warm and temperate Earth-like
planets are added in the survey. This increase in the number of surveyed planets
is mainly due to several reasons: /) all back-up targets need few observations to
reach T1 resolution, 2) the scheduler can choose between more targets to select
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Fig. 8 Median separation between gaps (left) and tracking on targets periods (right) as a function of their
minimum duration. Black and red lines correspond to simulations of the MRS and the MRS including
revisits, respectively

those that best fit in the planning, 3) TO targets have a larger population of Nep-
tune to Earth-size planets. Actually, the number of exoplanets in the TO sample
is about 1.9, 5.4, 3, and 1.4 times that of the MRS for Jupiter, sub-Neptune,
Neptune and super-Earth planets, respectively, while only 4 new massive Jupiter
planets are added. As a consequence, the scheduling tool finds more efficient
solutions by pushing the number of completed planets. This causes that in this
scenario many of the exoplanets are observed only up to T1 resolution. Actually,
from the 1486 targets planned, 50 are observed up to T3 level, 301 up to T2, and
the rest up to T1.

In terms of time usage, there are two significant differences with respect to
the simulations described in Section 4.1. Table 6 provides the distribution of
time when including back-up targets between the different spacecraft operations.
Adding more targets in the scheduler increases the time used for scientific obser-
vations by ~2400 hours. This results into a smaller fraction of time distributed
in waiting times between observations. If revisits to targets are allowed to fill
all possible gaps, 59 targets can be promoted from T2 to T3 and 5 T3 sequences
can be repeated at least 5 times. Obviously these numbers are smaller than in
the case of the MRS simulations (see Section 4.1) because most of the wait-
ing time is dedicated to complete other targets. This simulation refilling all of
the possible gaps with exoplanet transits and occultations provides an estimate
of the maximum time that can be used for exoplanet science given the current
list of targets, which amounts to about 80% of the Ariel mission lifetime, ~
24600 hours.

4.4 Use of inactive periods

As already mentioned, a common outcome of the different simulations described
above is that part of the time is lost in gaps of waiting time between observations.
In the nominal case including only the MRS exoplanets in the scheduler, these gaps
add up ~7000 hours and each of them could take several hours. The scheduling
simulations presented above demonstrate that this time is reduced by a factor of ~2
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if exoplanet sequences are repeated, or phase curves or back-up targets are added
in the plan. This would significantly increase the scientific results of the mission,
by adding more targets to the survey, increasing those observed at the highest reso-
lution (T3), or studying exoplanet atmosphere variability, or atmospheric circula-
tion. After this refilling of gaps, the optimized plans show that there are still about
4000-5000 hours distributed in gaps shorter than ~7 hours where no more transits or
occultations can be planned (see Fig. 6).

These gaps can be used to plan additional tasks not considered as constraining
in the scheduler. This is for example the case of flat field and dark current calibra-
tion images, which can be easily fitted in gaps lasting around ~1 hour. Left panel
in Figure 8 shows the median separation between gaps as a function of their dura-
tion for the simulations of the MRS both excluding and including revisits to targets
as black and red lines, respectively. In both cases, there are gaps of around 1 hour
every ~12 hours. This will allow to plan these calibrations very frequently if needed.
Alternatively, these short gaps can help to extend the out-of-transit baseline of the
observations, which may provide useful information to correct for stellar variability
and improve the determination of the transit or occultation depth.

On the other hand, data downlink periods have not been considered in the mis-
sion planning because they can be simultaneous to observations. They are expected
to take about 14 hours per week distributed in three periods of 4 or 6 hours. Left
panel in Figure 8 reveals that these cadence is fulfilled by gaps longer than 4 hours
only if targets are not revisited. Otherwise, long gaps are separated by several days.
However, in this case, since data downlink can be done simultaneously to exoplanet
observations, they can be scheduled when tracking targets longer than 4-6 hours.
Right panel in Figure 8 shows that such long target pointings occur almost every
0.6 days.

Finally, gaps longer than 1 hour in which no additional transit or occultations can
be fitted, can also be used for non-time constrained ancillary science such as the
observation of brown dwarfs [24] or variable young stellar objects. As an example,
scheduling simulations show that 90% of these gaps can be used to follow-up vari-
ous types of young stellar objects, including FU Orionis and T Tauri type stars, and
systems harbouring extreme debris disks [25]. Targets of opportunity that may rise
during Ariel nominal operations phase could also be planned within this gaps, if
possible, or included in the scheduler to recompute optimized plans.

5 Conclusions

The main conclusion of the different simulations of the Ariel/ mission planning is
that almost all the targets in the core sample can be observed as requested while
meeting all mission and system requirements and constraints. Only targets that are
observable few times are challenging, and the scheduler can be used to easily iden-
tify them.

Despite the fact that slots of inactive time are inevitable in the Ariel context
because observations are time-constrained, ~85-90% of the mission time can be
devoted to science, including revisits to targets in the reference sample, observation
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of back-up targets, or using gaps for ancillary science. In fact, by choosing wisely
the targets to re-observe, it is possible to increase the number of well-characterized
targets in the tier 3 subsample by a factor of ~2.5, or surveying several more Nep-
tune and Earth-like planets considered as back-up targets. In summary, about 24000
hours can be scheduled on observations of some 3600 transit or eclipse events. In
terms of the time that can be used for exoplanet observations, similar conclusions
are reached using our previous MOEA [13] or heuristic [26] algorithms when revis-
its to targets are considered in order to maximize the science time. The difference
of the scheduling tool approach presented here is that it produces plans with a bet-
ter optimization of the number of completed targets, thus improving also the time
used for science even if revisits are not considered, and faster than using MOEA
algorithms.

The observation of phase curves have a significant impact on the total number of
surveyed stars. The results show that 43 of such observations, representing ~11%
of the Ariel available time, can be scheduled. This can be done at the expense of
reducing the number of tier 1 targets by 69 exoplanets. However, such kind of obser-
vations does include the follow-up of transit and occultation and provide a wealth
of information about exo-atmospheres. Besides, the test cases presented here dem-
onstrate that a balance between the MRS and phase curve subsample can be found
to fulfil the Ariel scientific goals. On the other hand, such observations naturally
reduces the fraction of waiting because observations are longer, improving the Ariel
mission efficiency.

To summarize conclusions, the scheduling algorithm presented here will be an
efficient tool to plan Ariel observations, just taking few minutes to schedule the
whole mission considering all constraints. The scheduling simulations also reveal
that the primary mission science goals can be fulfilled within the 3.5 years opera-
tional phase, even including the observation of several phase curves. Besides, they
also reveal the scheduling tools as a helpful way to select the mission reference sam-
ple of exoplanets that best fits the mission plan. The scheduling tool presented here
is being continually upgraded to improve the mission plan optimization and to fasten
its execution.
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