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ABSTRACT

The Low Frequency Array (LOFAR), one of the worlds largest radio telescopes, is a complex instrument which
had an manpower-intensive manual workflow and became difficult to adjust. The new Telescope Manager
Specification System (TMSS) resolves this by the introduction of a dynamic scheduler, a data-quality assessment
workflow and a specification system that allows easy versioned specification of known observing setups but also
detailed adjustments of observations and processing pipelines.
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1. INTRODUCTION

An essential part of running a telescope is the specification and scheduling of the observations. This is also the
case for the Low Frequency Array (LOFAR'), one of the worlds largest radio telescopes. We recently updated our
specification and scheduling software into a single modern web application, the Telescope-Manager Specification
System (TMSS)* . In this process, we incorporated lessons from 10 years of LOFAR operations to streamline
operations and improve the structure and maintainability of the software itself. We took special care to easily
enable new future functionality for this telescope. In the past, tasks like fine-tuning specifications and the
scheduling were largely manual tasks, to be carried out on a daily basis. TMSS has extensively automated these
tasks and allows for bulk handling of these. TMSS started to be used in operations since April 2022, and has
been fully responsible for LOFAR observations as of June 1st 2023.

LOFAR consists of 52 stations in 9 European countries with its center in the Netherlands. LOFAR can run a
wide variety of observations simultaneously, from wide-field interferometric observations to high time resolution
observations to individual antenna voltage read-outs. The LOFAR stations consist of fields of two types of
antennas, the low band antennas (sensitive in the frequency range from 10-90 MHz) and the high-band antennas
(sensitive from 110-250 MHz). LOFAR is a phased-array telescope. This allows multiple pointings to be observed
simultaneously, both at the station level and at the correlator, which adds a level of complexity to the observation
specification. LOFAR currently runs around 6000 observations per year in 4000 scheduling blocks supporting
30-40 projects per semester.

Currently, LOFAR is undergoing an electronics upgrade, called LOFAR2.0.? Efficient use of the new capa-
bilities became possible through TMSS as part of an overall improvement in operations.> For example, we can
now support the large survey program that will run several science projects in parallel for 50% of the time over
a b year period.

In this paper, we describe some of the improvements of the telescope management specification system
software and the benefits that these improvements have brought us by operating this telescope more effectively.

Further author information: (Send correspondence to S.t.V.)
S.t.V.: E-mail: veen@astron.nl
*TMSS is open source software and is available at: https://git.astron.nl/ro/lofar/-/tree/master/SAS/TMSS
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2. SPECIFICATION

Specification of observations is administered within a project, the result of an approved observing proposal.
Projects are executed within a cycle of typically 6 or 12 months for which these proposals have been approved.

The specification is divided into three levels. At the highest level we have a scheduling unit (similar to
a scheduling block on other instruments like the Karl G. Jansky Very Large Array (VLA) or the Atacama
Large Millimeter /submillimeter Array (ALMA).* At the second level we use 'tasks’. At the lowest level, we use
‘subtasks’.

In our concept, the scheduling unit is used as the basic specification unit. It describes the observations and
pipelines to be executed and the relations between them. It also contains instructions for scheduling by specifying
constraints, priority levels and array requirements.

The scheduling unit is created from an observing strategy. The observing strategy is a template for a collection
of observation and pipeline tasks with some fields of these tasks pre-defined and some fields user-specifiable. It
describes the tasks and relations and which parameters of the tasks can be changed when creating or editing
a scheduling unit. Here, depending on the strategy, only a small or medium set of parameters such as target
coordinates, durations, filter selection and frequency range needs to be specified by the user. The user-defined
parameters can relate to a single task or multiple tasks in a scheduling unit and even to multiple settings within
a task, for example the duration of all calibrators or the time averaging for all pipelines, which helps to minimize
the specification effort.

The tasks describe individual observations, pipelines and managing tasks such as data transfers to the archive
and data cleanup processes. They are automatically created when creating a scheduling unit, based on the
settings in the template and the user-specified parameters. The user can view and edit all settings, beyond the
parameters available on the scheduling unit.

A task itself consists of one or more subtasks. While the tasks contain the human readable interpretation
of the settings of for example an observation, the subtasks contain the specification as system parameters. The
subtasks manage the processes that actually run on the telescope, and they track the progress and gather feed-
back information. There are different subtasks for observations, pipelines, but also for data-quality-assessment
processes. Subtasks are created automatically when a task is approved and are not user-editable.

The specification of scheduling units can be done in three ways. Firstly, a single scheduling unit can be
specified in a form that is auto-generated from the model by selecting the appropriate observing strategy. In
this form the station requirements, scheduling constraints and priorities, and scheduling unit parameters can be
specified. Secondly, to create or edit multiple scheduling units at once, a spreadsheet editor is provided (Fig.
1). Instead of the provided editor, also external editors such as Excel can be used for this, after which the
specification values can be copied back into TMSS. This allows for easy generation of scheduling units based
on an external user source list with properties to be translated to parameters, like the duration of the targets.
Lastly, the TMSS web interface uses the TMSS API, but this API can also be utilized in user-written scripts
directly. This allows, for example, the creation of test observations or fast specification of a large number of
observations for a survey.

The specification model as described above allows for easy adjustment of the operational model, by defining
new versions of tasks and observing strategies or by creating new types of tasks or observing strategies altogether.

3. DYNAMIC SCHEDULING

One of the exciting new developments that TMSS brings is that of automated, dynamic scheduling of observations
and other tasks. Dynamic scheduling chooses the best next observation from a queue of available observations
based on priority and scheduling constraints. To understand this concept we explain how priority and scheduling
constraints are defined and implemented for LOFAR.

The scheduling unit priority is set on a few different levels. An overall priority rank is assigned to a project
(the administrative unit for an approved observing proposal), based on the scientific ranking. A secondary
priority ranking is set within a project, where each scheduling unit is assigned a rank from 0-1 and a priority A
or B. Priority A units should be scheduled during the cycle and are eligible for repetition in case of failure, while
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Figure 1. This spreadsheet editor allows quick specification and editing of multiple scheduling units. The selected
observing strategy determines which parameters the user can specify. In this example, the target pointing, duration and
integration time are sufficient.

priority B units can run under favourable availability circumstances, but are not eligible for repetition. In the
creation of the schedule, the priority A observations are therefore scheduled first and the priority B observations
are scheduled in the remaining gaps, based on an overall weighted rank.

The dynamic scheduler predicts the schedule taking several scheduling constraints into account. A few
examples of these are: time constraints, closeness to known interfering radio sources, minimum elevation, and
transit offset. There are time constraints for scheduling at a specific time, preferably using the ”fixed time”
scheduler setting, between or not between specified time windows and before and after given points in time. The
scheduling units will also only be scheduled within the cycles assigned to a project. The quality of the data in
radio is also influenced by the Sun, Moon (blocking sources) and Jupiter (below 30 MHz). Therefore a minimum
distance constraint for these sources is also available. There are further constraints on the minimum elevation of
the targets and calibrators. Lastly, there is a transit offset constraint. This will either hold for all targets within
a scheduling unit or can be set to hold for a reference pointing.

The dynamic scheduler also takes into account the required station availability. The requested stations
and the minimum amount that should be present are set according to the default data policy or scientifically
motivated requests to include for example the outermost stations for the best spatial resolution. The dynamic
scheduler will evaluate these and not schedule observations for which too few stations are available. If additional
stations become unavailable, they are removed from the observations automatically. If this results in too few
stations to be available, the observations will be rescheduled.

The dynamic scheduler can be tuned to favor different circumstances. One could choose for a dense schedule,
scheduling as early as possible within the given constraints, or schedule more optimally around transit. This is
currently a global setting.

The dynamic scheduler aims to predict the full future schedule. The predicted schedule is interrupted and
(partially) recalculated when the information changes, by adding or cancelling scheduling units, changing the
constraints or changing the availability of the stations.
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The dynamic schedule can be overruled in two ways: firstly, scheduling units can be scheduled at a ”fixed
time” for time critical observations, for example those that need to run together with other observatories. These
observations take priority over the dynamically scheduled observations. Secondly, for target of opportunity
observations, the schedule can be overruled, aborting the current observations if necessary. This can be done
through the API and thus can be integrated with user scripts to respond for example to gamma-ray bursts® ,
gravitational-wave events® or lightning activity.”

The design of the dynamic scheduler allows for adding more constraints in the future, even strongly time-
variant constraints. For example the RFT situation of the ionospheric conditions, but also instrument parameters
and real-time telescope quality parameters can be added. This will make it a truly dynamic scheduler, as we
intended.
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Figure 2. This figure shows the scheduling constraints for a single observation. The values for elevation and distance to
celestial objects are shown as well as their minimum requirements.

Several inspection plots are available to visualize the quality of what the scheduler has done. First, a daily
scheduling plot is available, showing the elevation vs time of all scheduled targets. This plot is used to check the
quality of the predicted schedule of the day. Second, a plot for a single scheduling unit is available, showing all
the constraints and their limits (Fig. 2). This can help debug an issue if a scheduling unit cannot be scheduled.
Third, a plot indicating schedulability for each constraint for a scheduling unit until the end of the cycle to see
which constraints are most limiting. Lastly, there are local sidereal time (LST) pressure plots for the cycle and
per project that show in which LST ranges observations are requested and give an overall feasibility to complete
the observing program.

The resulting schedule is visualised in a calendar view (Fig. 3). Here the scheduling units are displayed
for the different days. Their aggregated status, like scheduled, observing or processing is displayed in color
giving an easy overview for the past day and the future predicted schedule. With a click on a scheduling unit,
additional information such as the scheduling constraints, are displayed and the user has access to a few actions,
like changing those constraints or starting the data quality assessment. Several filters for example on scheduling
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unit status or project. In addition, several views are available, for example separating the A and B queue, the
dynamically versus fixed time scheduled units, displaying the schedule for each station or displaying all the tasks.
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Figure 3. The schedule is shown in a calendar view. This gives a quick overview of the progress of the observations. For
example, green observations are fully finished, blue observations are scheduled in the future, the yellow observations are

observing or processing and the purple observations have been archived but still need to be removed from disk. This view
shows the situation towards the end of the cycle where less observations are still available.

COM_LOFAR? - 6 -
HEA - 04:00:00

20 Mayl1g-Sat | | |

4. DATA QUALITY ASSESSMENT WORKFLOW

Part of the operational process is to do a data quality assessment. If the data quality is below an agreed-upon
threshold, the observations are rejected without further discussion. If the data quality is good enough, the PI is
informed about any potential issues and is asked to accept the data. With TMSS this process is integrated in a
data quality assessment workflow (QA workflow).

The QA workflow includes the following steps: a telescope operations report, written by the operator on duty,
a science support amendment of the report, written by the instrument scientist assigned to the project, a PI
confirmation step and a final acceptance step. Furthermore there are data management steps that show transfer
of data to the long-term archive or removing dataproducts. The latter two steps usually happen automatically,
as most observations are accepted and disk space must be cleared as soon as possible. They could however be
required actions in the QA workflow by specifying this in the project settings.

Instead of creating a full report from scratch, the operator is presented with a report template in which
available data such as data loss and missing stations are already provided. The already logged system issues can
also be attached to a report, if they affected the observations, or newly found issues can be logged directly. This
report is then assigned to a support scientist for additional insights and finally assigned to the contact author
representing the science team for acceptance.

An overview of non-finished workflows is available to the various users (Fig. 4). The operator can filter for
any open issues that require their attention. The support scientist and contact author can filter on the issues
assigned to them. In this way, they can easily spot which reports require their input.
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Figure 4. The data quality assessment workflows that require action are presented in a table.

5. ADDITIONAL OPTIMIZATION FEATURES

The features described above are the main improvements that help streamline the LOFAR operations. Here are
a few more features and innovations we want to highlight that have improved LOFAR operations.

e A project based project-based authentication and authorisation implementation allows expert users to assist
with the execution of their projects, reducing the load of operators and science support.

e The API does not only allow fast specification, as highlighted above, but also automation of other interac-
tions, for example to create custom reports, resolve system issues or integration with other applications.

e Using modern web technology allows for user customisation of tables by filtering and selecting which
columns to display. In this way each user can optimise for their specific tasks and perform bulk actions by
selecting all relevant scheduling units.

e The front-end provides live updates, not only for the scheduling view, but also on the other webpages,
allowing users to see directly that their newly approved observation is scheduled.

6. CONCLUSION

Introducing TMSS to LOFAR has helped us streamline operations and move from many small daily tasks for
specification, scheduling, archiving, data removal and communication about data quality with the scientists, to
an improved operational model in which many tasks are automated or at least readily available. The specification
can now be done before the start of the cycle, by using a set of standard observing strategies and specification
creation and editing through a spreadsheet editor or using scripts. The scheduling is performed by a dynamic
scheduler that incorporates various astronomical and temporal constraints and can automatically react to changes
in array availability. The daily administration is integrated and is available through a data quality assessment
workflow with an overview for each type of user. A flexible front-end makes it easy to adjust to changes to the
capabilities of the telescope and allows for the introduction of new standard observing modes. The API allows
automation through scripts or integration with different systems for further streamlining of operations.

The improvements in the system free up man-hours which allows us to move to a different operational model,
where we can focus on further post-processing of data to deliver science-ready dataproducts® and supporting
more complex observing campaigns, like the planned large survey program that will run several science projects
in parallel.

Further development will allow even more streamlining by reacting to environmental (RFI, ionospheric)
circumstances in the dynamic scheduler and automatic reporting of system problems towards the data quality
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assessment workflow. With that we look forward to many more science observations and discoveries in radio
astronomy.
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