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Abstract.  The International LOFAR Telescope is designed to carry aigue sci-
ence in the spatial, spectral, polarisation and temponalaiias.

The Transients Key Science Project aims to study all trahsied variable sources
detected by LOFAR. One of its products will be an up-to-dat@logue of all sources
detected by LOFAR, i.e. a spectral light-curve databas# véal-time capabilities,
and expected to grow gradually with 5000 TB/yr. The response time to transient and
variable events depends strongly on the query executiams méthe algorithms that
search the LOFAR light-curve database for previous (n@tegtions in the spatial,
spectral, polarisation and temporal domains.

Here we show how the Transients Key Science Project of LOFpRaaches
these challenges by using column-stores, sharded dasaiadémplementing the new
array query language SciQL (pronounced as 'cycle’).

1. Multiple-Domain Coverage of LOFAR

LOFAR, the next-generation radio telescope, currently in its commissioniageplis
sensitive in the unexplored low-frequency regime of 200 MHz and designed to carry
out unique science: (1) high-speed all-sky surveys, (2) searthirigst and slow tran-
sient and variable sources, and (3) cataloguing the millions of sourdgéb@nmillions
of measurements. As a consequence LOFAR is going to produce tenalmftes per
day. High-cadence data rates of tens of gigabits per second are reiteptional.
Storing these huge volumes of scientific data requires unique databasgememe
systems that are, moreover, able to query the data scientifically with acleeptab
sponse times. Here we show how the Transients Key Science Projedie(F2007)
of LOFAR approaches these challenges by using column-storeseshdgathbases and
implementing the new array query language SciQL (pronounced as 'Lycle’

2. Catching Transient and Variable Souces

MonetDB, the open source column-store, is fundamentaifgidint from design than
the classical row-store relational database management systems (RRBMSMySQL
or Postgres, but all are accessed by the same Structured Queryagan@QL). Direct
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Figure 1.  Flow diagram of the association of extracted ssiagainst LOFAR
sources (irunningcatalog) and the external catalogues {iatalogedsources).

consequences are that queries only touch the relevant columns, andnwdontiguous
memory it allows compression and good cache-hit ratios. FurthermoreetiBis
kernel is a programmable relational algebra machine operating on "dikaystruc-
tures, exactly what CPUs are good at. The experimental SciLens plaigoan330
node, 4-tier locally distributed infrastructure based on MonetDB techycdogl fo-
cusses on massive¢d, instead of raw computing power. The ScilLens infrastructure
(http://www.scilens.org) is envisaged to be the prime choice for a scalable LO-
FAR light-curve database.

The Transients Pipeline Database forms the heart of the Transients Bipiedine
automated software framework that aims for detecting transient and vasalnees
in the high-cadence calibrated LOFAR images (Swinbank 2010; Sche&tg.2Dur-
ing LOFAR observations, the Transients Pipeline stores all sourcesxriiom the
images in the Transients Database. While observing, sources arentaiogsed with
counterpart candidates in the spatial, spectral, polarisation and tempanalngoof
LOFAR and non-LOFAR catalogues as well, as depicted in Fig. 1. It iSartackeep
the query processing relatively constant over time, therefore, onasshing is done
against a statistical representation of the LOFAR catalogue (the so-nafleihg cata-
logue), instead of the whole data volume (availablesiiracted sourc§s The running
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catalogue, a statistical summarisation of the millions of sources and their millions of
measurements, serves as a global all-sky model as well, that is being tkednrage
calibration steps. The catalogue and the sky model will evolve and imprardime.

3. Maintaining a Statistical Representation of the LOFAR Catalogue

Association parameters and variability indices determine whether sourcesengzyn-
uinely associated, and if so, whether their light curves show variabilispeeively.
The values of the parameters and indices are related to the corresppratiadpilities
of their null hypotheses.

The magnitude of the flux variability of a source can be expressed astib®fa
the sample flux standard deviation, and the sample arithmetic mean flux. A second
indicator, which expresses the significance of the flux variability, is base#duced
1?2 statistics. We assume that the weighted average flux value is a fitted parameter,
so that the number of degrees of freedomNis- 1. It is given by the sum of the
squared deviations from the weighted average, weighted by the exratslivided by
the number of degrees of freedom. Both indices, respectively, arededs
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whereN is the number of source measurementslanslithe flux measured at frequency

v, andw, = 1/02, wherec, is the corresponding flux error and the bar represents the
average. Maintaining only these statistical components in the respectivarcolof

the running catalogue, the indices can be created on the fly, taking aglwasftheing
expressed in aggregate form.

4. Sharded Databasefor LOFAR Light curves

A sharded database cluster, keeps the entire volume quickly accessildatwiplica-
tion as opposed to a distributed database environment. Queries are filedathines

in the cluster through the multiplex funnel. In the set-up of Fig. 2, data areatidy
declination zones. Joins with steering tables, on all nodes, determine dt mdde a
guery is actually executed. The tables in red boxes cover the whole Bkyeas the
tables in the blue boxes cover only parts of the sky which are bound byettima-
tion zones.ITLLite is astrippedLOFAR Catalogue view and contains all the unique
sources £ 10®), i.e. the positions where at least once a LOFAR detection was made,
but nothing more than that. This table is fully replicated over all the nodesit iad
only the essential columns needed for source association, in order tmfinemory.
The collection ofITL XL tables over all nodes (i.e. zones) represents the full LOFAR
Catalogue.

SciQL (Kersten et al. 2011; Zhang et al. 2011, 2012) eases the scialhfifrery
relevant light-curve analyses by query window processing, wheréngawerages,
Fourier transformation, correlation and convolution are directly appliéderibe database
engine.
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CREATE TABLE node
(zone INT
,zoneheight DOUBLE 1 t
)i , c WHERE ilt.zone WEE! LOC .dec ta) /x t) AS INTEGER)
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multiplex funnel @ UPDATE ILTLite
SET ra = ...
= ,decl = ...

WHERE ilt.iltid = ...

TYPICAL PIPELINE QUERY

e VALUES (1, 1.0);
\LU|

@node n: INSERT INTO node VALUES (n, 1.0);
multiple inserts per node possible

®
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Figure 2.  Schematic set-up of the sharded database clostiref LOFAR light-
curve archive. The numbers-17 are some of the relevant queries, whereas the
arrows show the points of execution.

5. Conclusion

A statistical representation of the full catalogue relaxes the sourceasso@and tran-
sient detection query processing times.

A sharded database keeps the entire light-curve archive quicklysilgleasithout
replication. SQL and the SciQL extension in combination with a column-storesopen
up a lot of data mining advantages, where next to exploring the traditionalidsmee
may now include source-model domains as well.
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