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Abstract.  In the coming era of massive surveys (e.g. LSST, SKA), the oblthe
database designers and the algorithms they choose to astmphbs the decisive factor
in scientific progress. Systems that alfewcourage useiscientists to be more cre-
ative with the reductiofanalysis algorithms can greatly enhance scientific pradtyct
The separatigimodularity of the detection processes and catalog proatuigtione pro-
posal for achieving ‘Reductiganalysis algorithms for large databases and vice versa'.
With the new noise-based detection paradigm, non-parandetection is now possible
for astronomical objects to very low surface brightnesstimin our implementation,
one softwareNoiseChisel) is in charge of detection and anoth&takeCatalog) is in
charge of catalog production. This modularity has many athges for pipeline devel-
opers, and more importantly, it empowers scientific cutyosnd creativity.

1. Introduction

At the lowest level, each datum, or pixel in an image, onlytasproperties: its value
and its position relative to the others. Therefore, raw datan image in the case of
this paper, is not directly usable for scientific analysist that, wereduce the low-level

raw data set (image) into a more formal and higher-levetstre like catalogs. In the
most basic terms, the conversiduction from an image to a catalog can be described
as:

1. Detection: identify the pixels associated to each target

2. Measurement: calculate various properties on similathgled pixels from de-
tection. For example, the magnitude of an astronomicalobpjehich can be the
sum of the pixel values of each label. The center or positidheobject can be
the average position of the pixels associated with it, weig by the (normalized)
pixel values.

Detection (step 1) hence defines the number of objects, o& mywecords and
their pixel footprints. Afterwards step 2 can be run sepdydbr each desired property
(column, or field) in the final catalog. The resulting rowof(fr step 1) and columns
(from step 2) create a catalog which can then be used for hlghel processing (for
example estimating the stellar mass using magnitudes mezhen multiple filters).

When the targets have a sharp edge (for example cells in aldmilidogical imag-
ing that have a clear membrane separating them from the lmagkd), a threshold that
is suficiently lower than the edge value andfsiently above the noise level, will be
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able to clearly detect all the objects and separate the@#pixom the noise. This en-
ables the creation of catalogs with only one pass througlstines above. Because
the threshold is defined to avoid noise, this method can Issifled as signal-based
detection.

However, most astronomical targets, do not have a strong, éolgexample galax-
ies, nebulae, stars (or the PSF), and comets. The signahdfyral astronomical ob-
jects sinks into the noise very gradually, see Figure 1b dfladhi & Ichikawa (2015)
for an example. Any threshold that is definedavoid noise will inevitably miss a
significant fraction of the object’s flux or structure. Thdusimn until now has been
to make multiple passes through the steps above: in the &isst, the regions above
the threshold are identified and first and second moment mexasats (center, and
elliptical parameters) are made for them along with otheasneements. These mea-
surements are then used to model the brighter parts in aréetttapolate the model to
regions below the threshold.

Some traditional applications of this multi-pass approachthe Petrosian (1976)
and Kron (1980) methods. The successful application ofrisess depends on the
object having a single and simple elliptical (or model-alpieofile, which is idealistic.
Various measurements (for example the center, ellipti€ky value, radial distribution
of flux and etc) are also necessary to make these modelingsitérhative nature of cat-
alog production in the signal-based detection paradignsg theates systematic biases
and adds complexity. Technically, it makes catalog pradaca very computationally
expensive process that can decrease creativity.

A new noise-based detection method was introduced in Akihl&glchikawa
(2015) and also in the 25th ADASS. In this method, the thriesimbelow the Sky
value and not intended to avoid noise, but embrace and bémefitit. Signal is sepa-
rated from the noise by exploiting the 2D contiguity of thegté that contain signal. It
is thus able to detect veryfilise structure of any shape without any parametric mod-
eling. Therefore with this approach, it is no possible toayate a scientifically useful
catalog with only one pass of the steps abdveiseChisel is the name of our software
implementation and is distributed as part of the GNU AstropdJtilities (Gnuastro).
To further emphasize the distinction between the two siepsutputs are labeled im-
ages and noise properties (the Sky and Sky standard deyiatize Figure 1.

The input image, the labeled image(s) and the noise pregef8ky value and
its standard deviation) are then all fed into another tdkgCatalog) to generate a
catalog. Separating catalog production from detectioth(Vabeled and noise images
as the intermediate state) allows a new degree of freedohretedientists: the ability
to access the pixels of each object, while also improvinglibger experience because
of adherence to the Unix philosophy: 1) Do one thing and dceit.Wwo do a new job,
build afresh rather than complicate old programs by addiw tfeatures”. 2) Expect
the output of every program to become the input to anothegrpro. For example,
to add new columns to the catalog, only one function and akvariables have to be
added in the source of the smislhkeCatalog progrant instead of having to delve with
the much larger and complicated detection progriimigeChisel).

Technically, a labeled image (the “Objects” and “Clumps’ages of Figure 1)
only has integer values (for example O for the sky regions apwsitive integer for
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Figure 1.  NoiseChisel andMakeCatalog inputs and outputsNoiseChisel pro-
duces a 5 extension FITS file which contains the input imdgeciumps and objects
labeled images and the Sky and Sky standard deviations aversh grid. These
images are then fed intdakeCatalog to generate a catalog. This modularization
enables the users to mixftirentMakeCatalog inputs, or define their own labeled
images, or noise propertieBlakeCatalog is also a simple program, so adding new
columns internally is very easy.

each object in the table). So it can be highly compressed amdpto the original
image, or a large catalog with many columns (and easily tearesl over the network or
stored within a database). Furthermore, the labeled imagéde broken up into small
crops, each containing one object’s pixels (with WCS infation to easily match to the
correct part of the image). Since this box only belongs to detection, it is possible
to define one bit for every pixel and improve the compressaiio reven further. A
binary image like this can be used when there is no deblendiigen sources blend,
an 8-bit per pixel value can be assigned enabling 255 lageasgdign a weight to the
pixel values. Since the largest number of objects in deeprashical images are small
and faint galaxies, the majority of object labels can beestavith one bit per pixel.

With this modularity, the expensive detection process @rub with various in-
put parameters by the pipeline developers, enabling pipeisers to choose which ever
set of parameters best suites their science. For examplepthpleteness and purity of
a detection algorithm are anti-correlated: allowing loyearity (more contamination
by false detections) improves completeness (detectirgdetections). When the sci-
ence case involves detection in multiple colors (imagesyjel purity can be corrected,
because a false detection will not be present in multiplegesa For example, in the
definition of Lyman break dropout galaxies, we expect daiastin all filters red-ward
of the break. However, since the Sky value is the average détaented pixels, one
problem to doing this generally is that a large number okfalstections will underes-
timate the Sky value (by systematically removing localineise peaks). So the Sky
value and its standard deviation can be taken from otherctigteruns with a more
reasonable purity. So in this example, high-redshift stsidike this can greatly benefit
from the improved completeness that is provided by thislfié®i and modularity.
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In this modular approach, photometry over an ellipperture, or even Kron or
Petrosian photometry is also possible. To do tivdkeCatalog can be used to get
elliptical and other parameters from the riwiseChisel detections. Ellipticaaperture
labeled regions can then be created based on the derivegrpespn the initial catalog.
In GnuastroMakeProfiles can make such labeled ellipgagerturesMakeCatalog can
then be told to use the elliptical labeled image as the “Qbjaaput image to create
a new catalog Alternatively, if aperture photometry is necessary orriagpknown
positions,NoiseChisel detections can be ignored and only its Sky and Sky standard
deviation outputs can be used. The apertures (in any ciroukliptical shape) can be
created as a segmentation map withkeProfiles which can be fed inttMakeCatalog.

In a large database, the Sky and Sky standard deviation sreaganternally stored, so
the user just has to define their labeled images or segmamtathips (which are highly
compressed and easy to upload as discussed above).

Another application of this modularity is matched photometvhen the same
pixels need to be used in multiple filtdraages to obtain colors. In this scenario, the
same segmentation map can be used with multiple filter im@gektheir Sky and Sky
Standard deviation images) to generate such a catalog. tiliithusers can easily get
multi-color catalogs from dierent surveys that give images infdrent filters. The
labeled regions can be taken from any survey and fed intchanaurvey. The user
can account for varying resolution and PSF on the labeledyémady warping and
convolving to the other survey'’s resolution.

Each pixel ultimately has just two values (its position aisd/alue), in task 14244
we plan to add a feature tdakeCatalog that will allow the users to define their own
columns with a very simple syntax. In this way the user caaatliy access the pixels
to generate their own high-level catalog best suited far fieticular science, without
having to internally editnodify the code and rebuild it. It is also possible to add dy-
namic loaded libraries (plug-ins) so developers can carthiéir own column creation
libraries and load them intdakeCatalog, both on survey servers or individually to
share their work without bloating the roblakeCatalog program.

Gnuastrofjttps://www.gnu.org/s/gnuastro/)is the parent software project
to NoiseChisel, MakeCatalog, and MakeProfiles and many other programs and li-
braries for astronomical data analysis and manipulatibhas very few dependencies
and is portable to all Unix-like operating systems. All itdities are defined based on
the Unix philosophy with maximal modularity, simplicity dreficiency. It is heavily
documented with a complete manual and also comments. Dineigilar to Unix-like
operating systems it can be run on small home computersiga fairvey databases.
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2If the “Objects” input toMakeCatalog (see Figure 1) was not created NypiseChisel, no “Clumps”
image will be usethecessary and no clumps catalog will be created.



