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Summary

1 Request & Strategic Justification

Several scientists and E2E Operations jointly request a total of $609,217.92
from the Lockheed settlement to apply over two years, FY08 and FY09. A
detailed budget breakdown is being provided to Ted Miller and George Clark
on Wednesday, April 18. This amount is requested to establish a dedicated,
cross-Observatory algorithm development team to solve critical algorithms
issues including realization of the fundamental promise of the EVLA. This
does not require reorganizing the CASA development group, and will not
disrupt current and planned activities.

This is not a proposal to write software, but to attend to the theoretical,
conceptual and prototyping work that will be required to produce viable
algorithms. This proposal directly supports the top two strategic goals of
NRAO (completing ALMA and EVLA), and its commitment to NSF to
make synthesis data processing at NRAO work.

1.1 Direct Benefits

1. Huge increase of CASA staff morale, which NRAO desperately needs
moving forward, by allowing those staff members who have expertise in
algorithm development to focus on that aspect of their work. 2: NRAO will
significantly boost its readiness for wide-field, wide-band observing with the
EVLA early in the instruments lifetime. Right now, there is insufficient
focus in this area. We risk not being able to offer these capabilities during
or immediately after early science without the right people working on these
problems without other distractions.

1.2 Indirect Benefits

1: Will enable NRAO bring in the systems integration specialists that are
needed to give CASA and data processing in general a solid footing at NRAO
moving forward, by reinvesting the salaries of the algorithm developers for
two years. 2: Enhances Observatory competitiveness by rebuilding algo-
rithm development as a core competency of NRAO, an area in which we
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have lost ground over the past 10-20 years. 3: Having a dedicated algo-
rithm development group will increase NRAOs chances of securing external
funding to fully participate in innovative projects we have been invited to
partner with, like the LANL data mining and visualization project.

2 Management Plan

Ed Fomalont will be responsible for the work of the algorithm development
group. Administration and budget management will be handled by Radzi-
will.

3 Scientific Justification

3.1 The Long Term Plan

NRAO will soon be operating three major astronomical instruments: the At-
acama Large Millimeter Array (ALMA), the Expanded VLA (EVLA), and
the Green Bank Telescope (GBT). All three instruments are designed to
achieve order-of-magnitude improvements in sensitivity and/or image qual-
ity, re-defining the state of the art, and laying essential groundwork for even
more capable observatories of the future. These new instruments will nec-
essarily provide enormously more data, and also require new methods to
deal with fundamental imaging issues which the limitations of previous ra-
dio telescopes allowed us to ignore. Handling these data and these issues –
and attaining the instrumental performance we have promised in numerous
proposals and reviews – requires substantial algorithmic development and
research.

Such research is of necessity a long-term investment. Achieving order-of-
magnitude improvements, in efficiency as well as overall capability, will not
be trivial. For the EVLA for instance there will be radical changes in both
intrinsic source properties and instrumental response over the 2:1 bandwidth
ratios required for continuum sensitivity at low frequencies. Wide-band
operation at these frequencies also implies letting in (and hopefully excising)
much more extensive radio frequency interference (RFI). At the same time,
that factor-10 increase in sensitivity means that we must routinely achieve
a dynamic range of 10,000:1 or better. ALMA and the GBT also face some
challenges (see §2), but (apart from issues of sheer data volume) those are
much less daunting.
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Here we propose to address these challenges through a two-year startup
investment in algorithm development at NRAO. This requires astronomers
who are software specialists and experienced astronomical observers, with
the balance shifting slightly from the former to the latter over time. In either
case we expect this infusion of funds positions to have a disproportionately
positive impact on software R&D at the observatory, providing focus and
leadership, and acting as a catalyst for the work of the other, part-time
developers.

3.2 Time-Frame of Development

The algorithms that are needed for the three new NRAO instruments are
discussed briefly in §2. The exact order and timescale of such developments
is difficult to predict, and (as in all research) will depend in part on the
detailed interests of the individuals filling the proposed positions. This is a
research proposal, not a software development proposal – the point is not
that extra manpower to achieve certain well-defined milestones, but that we
need people to work on and think about these big problems now, if we are
to have any hope of fulfilling the promises we have made to the community.

4 Algorithms Needed for the NRAO Telescopes

4.1 Single-Dish Algorithms

Penn Array: The Penn array receiver is a 64-element bolometer feed array,
designed to work at 90 GHz. It being developed at the University
of Pennsylvania and by NASA Goddard Space Flight Center for use
on the GBT. Because this receiver can observed 64 continuous beams
simultaneously, it will be able to image a 5′ × 5′ area of sky at 8′′

resolutions in about one hour to a sensitivity level of 80 µJy. The sen-
sitivity will be limited by tropospheric noise fluctuations, even during
the best winter time conditions. These fluctuations can be removed
by developing sophisticated algorithms and basket-weaving coverage
of the desired area of sky. The variability of the relative sensitivity
of the array receivers must also be removed. Initial algorithmic de-
velopment has begun; the incorporation of the algorithmic methods
with the debugging of the Penn array over the next several years are
needed.
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Large-Field Mosaicing (single dish data): Imaging large radio sources re-
quires the combination of single-dish and array data over many point-
ings. The most important combinations will be GBT+EVLA at fre-
quencies below 43 GHz, and ALMA single-dish telescopes plus in-
tereferometric data at higher frequencies. Because the front ends are
so differnt, the algorithms needed to calibrate, combine and image
these single-dish data are significantly different than those needed for
the Penn Array. The data rates will be large, since most of these ob-
servations will cover over 8000 independent frequency channels, with
sampling times of 0.1 sec in order to accommodate fast slewing the sky.
Hence, the algorithms must be extremely efficient as well as accurate.

GBT Pulsar Surveys: The GBT is the most efficient pulsar detecting in-
strument in the world. However, the detection of faint pulsars requires
a search over large parts of the sky, at a wide range of frequencies and
dispersion (the time of the pulse changes significantly with frequency
and must be summed coherently in order to obtain a detection). This
data volume is enormous and must be archived since the search for
pulsar-like detections can be done only over a limit region of the avail-
able search phase space. More efficient algorithms for pulsar signal
searching, for data archiving and retrieval of previously collected data
are necessary to efficiently use these data.

4.2 ALMA-related algorithms

Large-field mosaicking (distinct interferometric pointings): Many ALMA
observations will consist of multiple pointings to cover a large radio
source. The mutual calibration of the single-dish data and interfer-
ometric data was covered in the above subsection. Although some
algorithms have been already developed to combine the single-dish
data and interferometric data, there are several techniques which can
be used, but are poorly understood at the present: feathering the data
by combining the single-dish and interferometric images in the Fourier
plane; using the single-dish image as the initial model for the interfer-
ometric data; and converting the single-dish data to interferometric-
type Fourier data and processing this combined data set as if it all
came from an array. The optimum method will depend on the prop-
erties of the data and calibration and will not be known until ALMA
has been in operation a few years. Hence, all three techniques must
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be developed, compared, and understood, on that same timescale.

On-the-fly ALMA imaging: Observing while continuously slewing the tele-
scope requires algorithms that are much different than those associated
with pointed observations. Additional complexity will occur because of
mis-pointing of the antennas while observing, the increased data rate
needed to follow the changing sky through the telescope beams, and
the proper weighting of the data from the various telescopes. There is
presently little experience with this type of data reduction.

Antenna Size Differences: The complete ALMA array will consist of 12-
m diameter telescopes and 7-m diameter telescopes. The accurate
imaging of this hybrid data will complicate the imaging and decon-
volution algorithms needed to construct accurate images. The proper
and efficient techniques needed will require experience with ALMA
and extremely efficient systems to handle the large volume of data.

Water-vapor Monitoring: Because ALMA is operating at frequencies as
high as 800 GHz, the phase fluctuations, even at the very high alti-
tude site in Chile, will significantly decrease the image quality. Most
of the phase fluctuations are caused by the wet-component of the tro-
posphere and the effect can be measured using adjunct small receivers
attached to each of the ALMA telescopes which measure the emission
from the wet ’clouds’ over each telescope. The hardware system is near
completion, but the application of water vapor measurements needs
careful investigation in order to decrease the phase fluctuations. Dry
air turbulence may also be a significant cause of phase fluctuations
and these can be estimated from the measurement of temperature,
pressure, dew-point at many places within the ALMA array, and from
observations of weather balloons over the array and from the signals
from GPS satellites. The proper combination of this wealth of data
will requires several years of observations and the development of al-
gorithms which approximate the tropospheric changes and turbulence
over the ALMA array.

4.3 EVLA-needed Algorithms:

Wide-Band, Wide-Field Imaging for EVLA: Efficiently taking into account
the wide-band data (with a frequency range of as much as 2:1) in wide-
field imaging will be a challenge. The intensity of a source varies over
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this frequency range, but most importantly, the size of the synthesized
beam as well as the primary beam can change in an area by a factor
of up to four. Since this change happens in a smooth way and the
structures of the sources are basically the same, it should be possible
to construct an algorithm which deals with this problem. There are
ideas about how to do this but no detailed algorithm. There may be
a quick-and-dirty approach to start with and a more elegant approach
later on. Such algorithm(s) are critically needed if EVLA is going to
reach its continuum sensitivity goals. At the lower ALMA frequencies,
such algorithms will be of use as well.

High-Dynamic Range Imaging: The EVLA has the potential to detect ex-
ceedingly faint radio sources, on the order of 1 µJy. Since the strongest
source in the field of view will be typically 100 mJy, about a factor
of 105 larger than the faintest sources detectable, instrumental errors
must be determined and reduced. A priori calibration of the EVLA
will still be a factor of 100 away from the necessary stability, hence
sophisticated self-calibration techniques must be developed. The self-
calibration techniques must remove both small pointing errors associ-
ated with each antenna, and tropospheric and ionospheric phase screen
changes within the field of view. Furthermore, sensitive observations
over 2:1 bandwidth ratios must allow for substantial changes in the in-
trinsic source properties and instrumental response over the entire field
of view, making accurate imaging both difficult and time-consuming.

RFI detection and excision: The EVLA will be operating at relatively low
frequencies where interference is prevalent. Un-excised interference
is likely to be a major limitation in reaching the highest sensitivi-
ties. Some interference can be spotted and removed using electronic
analyzers of the incoming frequency spectrum. However, low level in-
terference is difficult to find and requires sophisticated algorithms to
search the data over the time and frequency domain for its tell-tail
signature. The primitive searching algorithms now used for the VLA
must be significantly strengthened to handle the EVLA data.
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