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INTRODUCTION: WHY GRAVITATIONAL WAVES? 
Perhaps the single greatest intellectual achievement of the twentieth century is Einstein’s General Theory of Relativity, 
which forms our current understanding that gravitation is a result of curved space-time. As John Wheeler put it: “Matter 
tells space how to curve. Space tells matter how to move.” One of the stranger predictions of this theory is that certain 
systems can cause ripples in space-time that travel over vast distances. These ‘gravitational waves’ (GWs) are generated 
only by the most dense objects and violent events in the Universe. Their effects have been indirectly observed in a binary 
pulsar system by Hulse and Taylor, earning them the Nobel Prize in 1993. Although the direct detection of GWs has yet 
to occur, it is the most significant remaining test for General Relativity, and hence is an important milestone for 
fundamental physics. It would herald the beginning of an exciting new field of astronomy, forming a central part of next 
year’s astronomical decadal white paper [1]. This scientific merit is recognised by esteemed funding agencies such as the 
USA’s NSF, whom fund the LIGO project [2], and France’s CNRS and Italy’s INFN agencies, whom fund the Virgo 
project [3], which together comprise a network of three large (km-scale laser interferometer) GW detectors. 

HIGH PERFORMANCE DETECTORS 
A gravitational wave passing through the Earth would be detectable as a tiny time-varying strain; if conventional 
telescopes are our ‘eyes to the sky,’ then GW detectors may be considered as very sensitive ‘ears’. At current 
sensitivities, the interferometers are able to detect vibrations much smaller than the diameter of a proton over the length 
of the interferometer arms (viz. three km for the Virgo detector, and four km for the two LIGO detectors). To put this 
precision into perspective, it is akin to measuring the distance between Earth and Uranus using a Scanning Electron 
Microscope! Despite being so sensitive, they are still at the upper detection threshold sensitivity for typical GW events 
expected, and new technologies are constantly being developed to improve these limits [4, 5]. Yet these interferometers 
have already provided some remarkable discoveries: for example, LIGO has provided the first experimental constraints 
on some models of cosmology [6]. In order to achieve these sensitivities, it means that the detectors are essentially large, 
complex, control systems. 

DATA CHALLENGES 
Because the detectors essentially make very precise mechanical measurements, it is important to determine that the 
resulting data are, in fact, the result of a passing gravitational wave. Although equipped with sophisticated vibration 
isolation systems, the detectors are still at the whim of nearby traffic and trains, storms, airplanes, earthquakes and tidal 
distortions in the Earth’s crust. In order to mitigate these effects, a large number (over 6,000) of environmental monitors 
are employed, forming part of the data quality (DQ) monitoring system at the site of each detector. Consequently, the 
detectors produce a large amount of data (about 0.5 TB/day), presenting data storage and transport issues. Yet this is 
really only the beginning of the data-related challenges, which depend strongly on the type of analysis being done. Also, 
as it turns out, the detectors have a highly non-Gaussian noise profile, and are plagued with ‘glitches,’ unexpected spikes 
in the data. Consequently, a lot of resources need to be devoted to data quality; in fact this is the most significant 
impediment to sharing data with external parties [7]. Finally, the end-users are a collaboration of ~700 scientists, with a 
range of different data needs and analysis types. There are many working groups simultaneously developing their own 
algorithms and software, making software management another challenge. 

DATA SOLUTIONS: FOLLOWING THE YELLOW BIT ROAD 
The LIGO-Virgo collaboration has made a number of innovations to address the above challenges; Figure 1 is a 
simplified schematic of the data flow, from the detectors to the analysis stage.  
First, at the site of each interferometer, the outputs are sampled digitally at a rate of 16 kHz for the main output (there are 
a range of interesting GW events expected in the audio spectrum), while the sampling rates of the other channels vary. 
These data are then combined together into ‘frame files,’ generated and stored at a cluster at each site. Because DQ is 
such an important---and complex---issue, human Science Monitors are on shift at all times at each detector, whose task is 
to record any anomalous or unusual environmental events and to mark suspicious data that is not flagged by the bank of 
automatic DQ checks and vetoes. Indeed there is a sizeable working group whose task is to monitor and help improve the 
overall data quality. Depending on the detector and DQ state, much of the data may be vetoed at this point, i.e. a flag is 
applied so that no further (astrophysical) analysis will occur. Other data products are made at this stage, which depend on 
the type of analysis. For example, band-pass filters may be applied, and short time based Fourier transforms are also 
produced and stored. 
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The data and their products are then copied remotely to sites at 
Caltech, MIT and Cascina, Italy, using the Grid-based LIGO 
Data Replicator system [8] (based on the Globus toolkit [9]), 
which can then be accessed by members of the collaboration 
for analysis. Because the analyses tend to be computationally 
very expensive, they are usually performed on some of the 
most powerful supercomputers in the world: many (e.g. Albert 
Einstein Institute’s ATLAS, LSU’s SuperMike or NCI’s Vayu 
machine) feature in the top500 list [10].  
Data analysis is divided into four broad groups, depending on 
the expected astrophysical source of GWs, which may be 
classed as either transient or persistent phenomena. In the 
former class, unmodelled transient events (‘bursts’) consist of 
explosions such as Gamma-ray burst events and supernovae, 
while numerical models exist for the expected wave-forms 
from binary neutron star/black hole mergers (‘compact binary 
coalescence’). For persistent GWs, rotating neutron stars form 
narrow-band (i.e. monochromatic) signals (‘continuous 
waves’), while the persistent broad-band GWs, such as were 
produced in the early Universe, are analysed by the ‘stochastic 
background’ group. Aside from the data, each group produces 
a large volume of search code and documentation, so the use 
of TWiki and version control systems such as git and CVS are 
ubiquitous. 
Finally, there is the Einstein@Home project [13], which is a 
distributed computing initiative that exploits idle CPU time on 
a volunteer’s personal computer to perform GW data analysis. 

 
Figure 1: The LIGO-Virgo data pipeline 

 

THE FUTURE 
Although much of the current analyses occur on conventional (CPU-based) supercomputers, there is currently much 
promising work being done with alternative platforms, including GPU (and possibly FPGA) based architecture, which 
takes advantage of the specialized and parallel nature of many of the analysis algorithms used. 
Finally, because GW sources are astronomical in nature, and, because a direct detection has yet to be confirmed, it is 
logical to seek confirmation of events with other astronomers. Not only are promising events from partner telescopes 
analysed, the LOOC-UP (Locating and Observing Optical Counterparts to Unmodelled (GW) Pulses) project [14] 
operates in reverse order, by sending out potential GW burst triggers to optical, radio, x-ray (NASAs SWIFT), and, 
recently, neutrino observatories. This has meant an emphasis on low-latency (high-throughput) processing of the signals 
so that transient GW events may be automatically sent to other telescope types. For example, triggers are sent, via a GCN 
socket message to ANU’s optical robotic survey telescope SkyMapper.  
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