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Preamble

The SoFiA user manual provides a detailed description of SoFiA’s user interface and explains how to set and modify source finding parameters and
invoke the pipeline.
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Introduction
SoFiA, the Source Finding Application, is the source finding and parameterisation pipeline of the WALLABY and DINGO survey projects. Its
name is derived from the Greek word σοφία, which means ‘wisdom’. While originally designed for the detection of compact, isolated sources in
three-dimensional HI data cubes (in short: galaxies), SoFiA is versatile enough be be used on other three-dimensional data cubes, e.g. CO data,
and potentially even two-dimensional images. Another feature of SoFiA is its modern graphical user interface that allows the user to conveniently
control the pipeline settings, launch the pipeline, and inspect the output catalogue.

At its core, SoFiA is a selection of Python and C++ modules that are fully controlled by a single parameter file. While the user interface provides
a convenient way of automatically generating a parameter file based on the user’s settings, parameter files are really just plain text files that can also
be created manually in a text editor. Once a parameter file has been generated, the pipeline can be invoked from either the user interface or the
command line. The latter option provides the flexibility to run SoFiA as part of a shell script, e.g. to automatically process a large batch of data
cubes.

This user manual describes both the user interface as well as the large number of control parameters of SoFiA. It is meant to guide the user
through the large set of available options and provide a basic understanding of how the different filtering, source finding and parameterisation
algorithms work. Additional help on each input parameter is available through the ‘What’s This?’ option in the user interface. It should be noted,
though, that source finding is a fairly complex task that will strongly depend on the nature and quality of the data cube to be searched as well as the
specific algorithms and settings to be used. We therefore encourage users to not rely under any circumstances on the default settings provided
with SoFiA, but rather experiment with different settings and algorithms in order to obtain optimal results.

Installing SoFiA

SoFiA is available for download on GitHub at https://github.com/SoFiA-Admin/SoFiA/. In order to be able to install SoFiA, you will first need to
ensure that all external libraries and software packages required by SoFiA are correctly installed on your computer. The current requirements are
listed in the README.md file that comes with your SoFiA download. Once all external packages are installed, you can then compile and install
SoFiA by following the instructions in the README.md file. Once the installation is complete, you will need to follow the instructions printed at the
end of the installation procedure to ensure that SoFiA as available from your system’s command line.

Note that installation of the graphical user interface (GUI) is optional and can be deselected during the installation procedure. This may be useful if
you only intend to run SoFiA from the command line or if the Qt library required for compiling the GUI is not available on your system. We also
maintain a list of frequently encountered installation problems that can be consulted in the case of issues with the installation and/or execution of
SoFiA.

Configuring SoFiA

A few aspects of SoFiA’s behaviour can be configured by the user, either through the settings provided by the user interface, or by manually editing
the hidden configuration file named .SoFiA in the user’s home directory. Currently, the following settings are available:

showToolbar = true/false – Show/hide the toolbar of the user interface.
showPipeline = true/false – Show/hide the pipeline message terminal of the user interface. Note that the message window will
automatically reappear whenever the pipeline is launched.
pipelinePosition = <pos> – Integer value defining the docking position of the pipeline message window. Possible values are: 1 (left), 2
(right), 4 (top), 8 (bottom).
saveSession = true/false – If set to true, the current parameter settings in SoFiA will be saved to a session file in the current working
directory on exit (named SoFiA.session). When relaunching SoFiA from within the same directory, the previous settings will be
automatically restored. If set to false, parameter settings will not be remembered, and any existing session file in the current directory will
be deleted on exit.
windowWidth = <width> – Initial width of the SoFiA window in pixels. Values must be in the range of 480 to 2048. Note that the width
will be adjusted to fit the contents if too small.
windowHeight = <height> – Initial height of the SoFiA window in pixels. Values must be in the range of 360 to 2048. Note that the
height will be adjusted to fit the contents if too small.

It is generally not advisable to edit the configuration file by hand, but to use the settings available through the graphical user interface instead. When
exiting from SoFiA, the current state of the window will automatically be saved and restored at the beginning of the next session.
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User Interface
Introduction

SoFiA provides a comprehensive and modern graphical user interface based on the Qt framework. It has been designed to run on different
operating systems and provide the native look & feel on each system. Hence, a SoFiA window in Mac OS X will look slightly different from a
SoFiA window on a Linux machine, but the functionality will be the same on both systems. The screenshot shown on this page was obtained on a
Linux/KDE system in ‘Plastik’ style.

Elements of the User Interface

The user interface of SoFiA can be subdivided into the following areas:

Menu Bar
Tool Bar
Pipeline Messages
Parameter Settings
Status Bar

Keyboard Shortcuts

 Mac OS X Linux / KDE Linux / GNOME
New File CTRL+N CTRL+N CTRL+N
Open File CTRL+O CTRL+O CTRL+O
Save File CTRL+S CTRL+S CTRL+S
Save File As CTRL+SHIFT+S  CTRL+SHIFT+S
Quit CTRL+Q CTRL+Q CTRL+Q
Run Pipeline F2 F2 F2
Abort Pipeline ESC ESC ESC
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Full Screen F11 F11 F11
User Manual CTRL+? F1 F1
What’s this? SHIFT+F1 SHIFT+F1 SHIFT+F1
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User Interface
Menu Bar

The following tasks and options are available from the menu bar:

File
New – Close the current file and reset all parameter settings to their default values.
Presets – Close the current file and load one of SoFiA’s predefined parameter sets. Currently, presets for 3-D extragalactic HI cubes
and 2-D radio continuum images are available. They should be considered as a suggested starting point for further optimisation of
SoFiA’s parameter settings.
Open – Open a file and read parameter settings.
Save – Save parameter settings to currently opened file.
Save As – Save parameter settings to a new file.
Quit – Exit from SoFiA. Any unsaved parameter settings may be lost, although SoFiA will save all current settings to a temporary
session file which will be restored when SoFiA is re-launched from within the same directory. It will not be possible to exit from
SoFiA while the pipeline is running.

Pipeline
Run Pipeline – Start the pipeline using the current parameter settings. SoFiA will save the current parameter settings to a temporary
session file before invoking the pipeline.
Abort Pipeline – Abort the current pipeline run. All pipeline processes will be terminated immediately without waiting for them to
finish. Hence, the pipeline is not likely to produce any useful results in this case and will have to be restarted.
Save Messages As – Save all pipeline messages to file.
Clear Messages – Clear the pipeline message interface. This will discard all previous pipeline output messages. If you wish to keep a
copy of the pipeline messages, please save them before clearing the message interface.

Analysis
View Catalogue – Display the source catalogue after successfully running the pipeline. Note that the catalogue viewer will only read
catalogues written in VO-compliant XML format and will not work with ASCII catalogues.
View Image – Display different output data products in SoFiA”s built-in image viewer after successfully running the pipeline. Note
that this will only work if compression of output products is disabled. Currently, the original data cube, filtered data cube, noise cube,
mask cube, moment-0 map and moment-1 map can be viewed.

Settings
Show Toolbar – Show/hide SoFiA’s tool bar.
Show Pipeline Messages – Show/hide pipeline message window and progress bar.
Save Session on Exit – If checked, SoFiA will automatically save the current parameter settings into a session file in the current
working directory on exit. If SoFiA is relaunched from within the same directory, the previous settings will automatically be restored.
Note that, if unchecked, any previous session file in the current directory will be deleted on exit.
Full Screen – Enable/disable full-screen mode.

Help
SoFiA User Manual – Open this user manual.
What’s This? – Selecting this option and then clicking into any of the input fields and buttons will display a comprehensive help
message.
About SoFiA – Display basic information about SoFiA.

← Previous     ↑ Up     Next →
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User Interface
Tool Bar

For convenience, SoFiA comes with a tool bar that allows the user to access frequently needed actions with just a single mouse click. The tool bar
can be hidden by unchecking the Show Toolbar option available in the Settings menu. The following actions are available from the tool bar:

New File
Open File
Save File
Run Pipeline
Abort Pipeline
Clear Messages
What’s This?

← Previous     ↑ Up     Next →
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User Interface
Pipeline Messages

The integrated pipeline message window just below SoFiA’s tool bar will show all output messages produced by the pipeline. These messages will
typically convey status and progress information provided by the different components of the pipeline. The pipeline message window will also show
warnings and error messages. These will be printed in red colour to make them stand out against the flow of regular progress messages. The
pipeline message window is docked inside SoFiA’s main window and can be detached in order to save space on the desktop.

Once a pipeline run has finished, all output messages can be saved to a log file by selecting Pipeline → Save Messages As... from the menu
bar. It is also possible to clear the pipeline display and delete all previous messages in preparation of a new pipeline run by selecting Pipeline →
Clear Messages from the menu bar. Once deleted, messages cannot be recovered, so please ensure that you save all messages, if required,
before clearing the display.

Progress Bar

The integrated progress bar beneath the pipeline display will show the progress made by the pipeline in percent. The progress bar does not reflect
the actual time required to complete the pipeline run. Instead, the individual components of the pipeline, once completed, will count towards the
total progress made. The progress bar will reach 100% upon successful completion of all components of the pipeline.

← Previous     ↑ Up     Next →
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User Interface
Parameter Settings

Most of the lower part of the SoFiA window is occupied by the parameter input fields. These are subdivided into different tabs, each covering a
particular category of settings in the pipeline process as outlined in the Parameters section of this document. The settings in each category can be
accessed by clicking on the respective tab. In addition, navigation buttons have been provided at the bottom of the window to allow the user to
conveniently cycle through all the tabs in their given order.

Each tab contains a number of grouped input fields and buttons that show the current parameter settings. Interacting with these fields and buttons
with either the mouse or keyboard will allow the user to modify these settings. Settings will be remembered throughout a SoFiA session, but for
permanent storage, parameter settings must be saved to disk using the File → Save or File → Save As... options from the menu.

← Previous     ↑ Up     Next →
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User Interface
Status Bar

The status bar at the bottom of the SoFiA window is used to display short status messages from the software. This includes the success or failure
of attempts to read or write parameter files, messages with regard to the pipeline status, etc. While most actions and events will display status
information in the status bar, major issues will result in the launch of an additional message window to request user feedback or advise of serious
problems.

← Previous     ↑ Up     Next →
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Parameters
Introduction

The main purpose of SoFiA is to allow pipeline users to comfortably create and edit parameter settings for the pipeline. While parameter files can in
principle be created and edited by hand, SoFiA is designed to make this task much easier by guiding the user through the set of available
parameters and providing additional information and help on individual settings if required.

Format of Parameter Files

SoFiA parameter files are regular ASCII files with arbitrary file names that define a set of parameters controlling the source finding and
parameterisation tasks carried out by the pipeline. Parameters are defined in the following human- and machine-readable form:

module.parameter = value

Each parameter setting must be on a separate line. An arbitrary number (including zero) of space and tabulator characters are allowed around the
assignment operator (=) and at the beginning or end of each line; these will be ignored by the parser. Any empty lines and lines starting with a hash
character (#) will be ignored as well and treated as a comment.

Available Parameters

The parameters of SoFiA are grouped into the following seven categories:

Category Description
General General pipeline settings.
Input Specification of the input data files.
Filtering A range of data filtering and preconditioning algorithms prior to running the source finding and parameterisation, including

spatial and spectral smoothing and noise scaling.
Source Finding Settings for the actual source finding algorithms.
Merging Settings related to the merging of detections into sources.
Parameterisation The settings for the source parameterisation algorithm used to measure the sources’ observational and physical parameters.
Output The output data products and formats as well as the range of source parameters to be included in the output catalogue.

Please click on the individual categories for a detailed description of the available parameters and their possible values.

← Previous     ↑ Up     Next →
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Parameters
General

This module provides general settings that affect how the pipeline is run. Currently, only one setting is available to control how SoFiA reacts to
unrecognised or multiply-defined parameters when reading in a user parameter file.

Pipeline Settings

Parameter: pipeline.pedantic
Type: bool

Values: true, false
Default: true

Description: If set to true (default), SoFiA will exit with an error message whenever unrecognised or multiply-defined parameters are
encountered in the parameter file. If set to false, SoFiA will ignore all unknown and redefined parameter settings and print a
warning message for each case. This is a hidden option not available in the GUI.

Parameter: pipeline.trackMemory
Type: bool

Values: true, false
Default: false

Description: If set to true, SoFiA will report its own peak memory usage at certain times throughout the pipeline run. This is a hidden option
not available in the GUI.

← Previous     ↑ Up     Next →
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Parameters
Input

This section describes the different input data products and selections offered by SoFiA, including input data cubes, mask cubes, weights cubes and
functions, subcube definition, data flagging, and source finding in regions around optical sources.

Input Files

SoFiA can read and process three types of input cubes, including the actual data cube to be searched, a mask cube of known sources and a
weights cube to be applied prior to source finding.

Specifying an input data cube with the import.inFile parameter is mandatory, and SoFiA currently only supports FITS data cubes. Cubes
stored in other data formats will have to be converted to FITS format before they can be processed by SoFiA. While SoFiA was originally
designed to find sources in three-dimensional data cubes, it can also process two-dimensional images. In this case, the third axis is treated as being
only a single pixel wide, and all settings regarding the third axis in the different processing options offered by SoFiA will have to be adjusted to be
consistent with that assumption.

SoFiA can also read an initial mask cube, specified with the import.maskFile parameter, that marks the positions of known sources. This mask
cube could, e.g., be from a previous run of SoFiA. This is useful in two situations: firstly, with source finding disabled, SoFiA can be used solely to
parameterise sources at known positions as specified in the mask cube. Alternatively, SoFiA could be run multiple times with different source
finding settings, in which case newly detected pixels would get added to any existing mask cube given in the input.

Using the import.weightsFile parameter, SoFiA can also read and apply a weights cube which must have the same dimensions as the input
data cube by which it is multiplied prior to source finding. This is useful, e.g., to normalise noise levels across the data cube in cases where the noise
varies across the cube in a known fashion. Alternatively, noise variations can also be corrected by applying an analytic function specified by the
import.weightsFunction parameter. The three dimensions of the cube are referred to as x, y and z, and a number of common mathematical
functions and operators are supported by SoFiA. For example, 0.7 * sin(z / 2.1) would apply a sinusoidal correction to the third (spectral)
axis. Note that the weights function will not be applied whenever a weights cube is specified.

Parameter: import.inFile
Type: string

Values:
Default:
Description: Full path and name of input data cube. This option is mandatory, and there is no default. Note that only FITS files are currently

supported by SoFiA.

Parameter: import.invertData
Type: bool

Values: true, false
Default: false

Description: If set to true, SoFiA will multiply the data cube by −1 in order to search for negative signals.

Parameter: import.maskFile
Type: string

Values:
Default:
Description: Name of an optional file containing a mask of pixels identified as part of a source, e.g. from a previous run of SoFiA. This can be

used to re-parameterise sources without repeating the source finding step. The default is to not read a mask cube.

Parameter: import.sources
Type: list

Values:
Default: []

Description: List of source IDs to be retained in the input source mask (e.g. [1, 3, 4]). An empty list ([]) means that all sources are kept
(default). Otherwise, sources not in the list will be removed from the mask before proceeding. This parameter will only take effect
if import.maskFile is set.

Parameter: import.weightsFile
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Type: string

Values:
Default:
Description: Name of an optional file containing weights of pixels in the input cube. The weights will be applied before running the source

finder. The default is to not apply weights.

Parameter: import.weightsFunction
Type: string

Values:
Default:
Description: Analytic function used to describe the data weights as a function of x, y, and z. The default is to not apply weights. The following

mathematical functions from Numpy are supported: sin(), cos(), tan(), arcsin(), arccos(), arctan(), arctan2(),
sinh(), cosh(), tanh(), arcsinh(), arccosh(), arctanh(), exp(), log(), log10(), log2(), sqrt(), square(),
power(), absolute(), fabs(), and sign(). Note that the weights function is not applied whenever a weights cube is specified
(see import.weightsFile).

Subcube

If the original input data cube is too large to fit into memory, or if only a small region of interest is to be processed, SoFiA can offer to only read and
process a small subregion of the cube. After setting the steps.doSubcube parameter to true, the region can then be specified with the
import.subcube parameter and can either be in pixels or in world coordinates as controlled by the import.subcubeMode parameter.

Parameter: steps.doSubcube
Type: bool

Values:
Default: false

Description: If set to true, source finding can be carried out on a subcube to be defined by the import.subcube and import.subcubeMode
options.

Parameter: import.subcube
Type: list

Values:
Default: []

Description: This parameter defines a subcube to be read in and processed by SoFiA. Depending on the value of import.subcubeMode, the
range is either specified in pixels as [x1, x2, y1, y2, z1, z2] or in world coordinates as [x, y, z, rx, ry, rz]
depending on the value of import.subcubeMode. In the latter case, x, y and z define the centre of the subcube, and rx, ry and
rz specify the half-widths in the three dimensions. If world coordinates are used, all parameters must be in the native format as
defined in the header of the data cube; e.g. if CUNIT3 is 'Hz' then both z and rz must be given in hertz. The default is an empty
list, [], which means to read the entire cube.

Parameter: import.subcubeMode
Type: string

Values: pixel, world
Default: pixel

Description: This parameter defines whether import.subcube is specified in pixels (pixel) or in world coordinates (world).

Flagging

SoFiA can offer to flag some regions of the data cube that are either affected by radio-frequency interference or contain other artefacts or emission
to be excluded, such as Galactic foreground emission. An arbitrary number of pixel/channel ranges can be flagged prior to source finding using the
flag.file and/or flag.regions parameters. The pixel values in flagged regions are marked as blank and thus excluded from all subsequent
processing.

Parameter: steps.doFlag
Type: bool

Values: true, false
Default: false
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Description: Flag pixel and channel ranges before proceeding. Details are specified with the flag.file and flag.regions options.

Parameter: flag.file
Type: string

Values:
Default:
Description: Full path and file name of an optional flagging cube that must be of the same dimensions as the input cube. All pixels that are

flagged (i.e. set to BLANK) in the flagging cube will also be flagged in the input cube prior to source finding. The default is to not
apply flags.

Parameter: flag.regions
Type: list

Values:
Default: []

Description: Pixel/channel range(s) to be flagged prior to source finding. Format: [[x1, x2, y1, y2, z1, z2], ...]. A place holder, ''
(two single quotes), can be used for the upper range limit (x2, y2, and z2) to flag all the way to the end, e.g. [[0, '', 0, '',
0, 19]] will flag the first 20 channels of the entire cube. The default is an empty list, [], which means to not flag anything.

Optical Catalogue

Sometimes it is not desirable to carry out a blind search of an entire data cube, but only small regions around the positions of known sources need
to be search. This could be useful, e.g., to search for HI signals in the vicinity of known optical sources. To facilitate such a search mode, SoFiA
offers the possibility to read in a source catalogue and automatically search for sources in small subcubes around the positions defined in the input
catalogue.

The spatial and spectral size of the subcubes can be set with the optical.spatSize and optical.specSize parameters, respectively. The input
source catalogue is specified with the optical.sourceCatalogue parameter. Currently, SoFiA supports only CSV (comma-separated value)
files as input catalogues, and they must contain at least four columns with the labels id, ra, dec and z. All spatial and spectral coordinates must be
given in the native units of the input cube, e.g. in degrees and hertz (the default units of equatorial coordinates and frequencies in FITS files).

An example of what the input source catalogue (here of two search positions) might look like is shown below:

  id, ra,     dec,    z
  1   121.30, -17.91, 123410.1
  2   119.85, -18.23, 129791.4

In this example, ra and dec are given in degrees (the default unit for spatial coordinates in the FITS standard), while the spectral axis is given as
velocity in units of m/s (which again is the default velocity unit in the FITS standard).

SoFiA can either produce a separate output catalogue for each input position or alternatively merge all the individual output catalogues into a single
catalogue. The behaviour can be controlled by the user with the optical.storeMultiCat parameter. Note that the current implementation does
not remove duplicate entries, so if some of the sub-cubes to be searched overlap with each other, sources found in the overlap region will be
listed multiple times in the merged output catalogue!

Parameter: steps.doOptical
Type: bool

Values: true, false
Default: false

Description: If set to true, run SoFiA on multiple, smaller sub-cubes centred on positions defined in an input source catalogue. A catalogue
file will need to be specified (see parameter optical.sourceCatalogue). This could, e.g., be an optical galaxy catalogue with the aim
to search for HI detections at the positions of all galaxies.

Parameter: optical.sourceCatalogue
Type: string

Values:
Default:
Description: This parameter defines the full path to the input catalogue required for catalogue-based source finding (see parameter

steps.doOptical). There is no default. Catalogues must be comma-separated and contain at least four columns containing a unique
ID number, right ascension, declination and frequency/velocity of the positions to be searched. All parameters must be specified in
the native WCS units of the cube. In addition, a header line must be provided, with the four parameter columns above listed as
id, ra, dec and z.
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Parameter: optical.spatSize
Type: float

Values: ≥ 0.0
Default: 0.01

Description: This parameter defines the spatial size of the sub-cube to be searched around each catalogue position. The size must be specified
in the native units of the data cube, e.g. in degrees.

Parameter: optical.specSize
Type: float

Values: ≥ 0.0
Default: 1e+5

Description: This parameter defines the spectral size of the sub-cube to be searched around each catalogue position. The size must be
specified in the native units of the data cube, e.g. in km/s or Hz.

Parameter: optical.storeMultiCat
Type: bool

Values: true, false
Default: false

Description: If set to true, a separate output catalogue will be created for each input position, containing only the sources found in that
subcube. In addition, a single, merged catalogue will also be created. By default this parameter is set to false, in which case only
a single output catalogue file is generated.

← Previous     ↑ Up     Next →
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Parameters
Filtering

This section describes the different input filtering options offered by SoFiA. Currently, three different filters are available, including a simple, three-
dimensional smoothing filter, a basic noise-scaling filter and a three-dimensional wavelet decomposition algorithm. Their settings are explained
below.

The purpose of the smoothing filter is to smooth the entire data cube with a user-specified kernel. This can be useful in certain situations,
e.g. when only a threshold finder is to be applied to the data.
The scope of the noise scaling filter is to divide the data cube by a local measurement of the noise level in order to remove any noise
variations across the cube prior to source finding. This is recommended for all data cubes with varying noise across the spatial or spectral
axes, e.g. interferometric images after primary-beam correction.
The filter artefacts option can be used to attempt to automatically flag lines of sight through the data cube that are affected by residual radio
continuum emission prior to source finding.
The wavelet filter will decompose the entire data cube into wavelet components and filter out wavelet scales associated with noise while
retaining those scales on which there is actual source emission. It can be combined with the threshold finder to reliably detect sources while
filtering out potential false detections due to noise.

The individual settings for these filters are explained in more detail below.

Smoothing

This filter smoothes the data cube in all three dimensions by convolving with a specific kernel function selected by the user with the smooth.kernel
parameter. Currently, Gaussian, boxcar and median filters are supported. The size of the kernel can be controlled independently in each of the three
dimensions, using the smooth.kernelX, smooth.kernelY and smooth.kernelZ parameters.

Parameter: steps.doSmooth
Type: bool

Values: true, false
Default: false

Description: If set to true, spatially and spectrally smooth the data cube prior to source finding.

Parameter: smooth.kernel
Type: string

Values: gaussian, boxcar, median
Default: gaussian

Description: Type of smoothing kernel used in both spatial and spectral smoothing. The possible options are gaussian, boxcar or median.

Parameter: smooth.edgeMode
Type: string

Values: constant, nearest, reflect, mirror, wrap
Default: constant

Description: Pixel values assumed by the smoothing algorithm outside the boundaries of the cube. The following options are available:
constant: assume a constant value of 0.
nearest: assume a constant value equal to that of the nearest edge pixel.
reflect: mirror values at the edge, thereby duplicating the edge pixel itself.
mirror: mirror values at the centre of the outermost pixel, thereby avoiding duplication of the edge pixel itself.
wrap: copy values from the opposite edge of the cube.

Parameter: smooth.kernelX
Type: float

Values: ≥ 0.0
Default: 3.0

Description: Kernel size in pixels for the first (spatial) coordinate. For Gaussian kernels the value refers to the FWHM.

Parameter: smooth.kernelY
Type: float
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Values: ≥ 0.0
Default: 3.0

Description: Kernel size in pixels for the second (spatial) coordinate. For Gaussian kernels the value refers to the FWHM.

Parameter: smooth.kernelZ
Type: float

Values: ≥ 0.0
Default: 3.0

Description: Kernel size in pixels for the third (spectral) coordinate. For Gaussian kernels the value refers to the FWHM.

Noise Scaling

The purpose of this filter is to automatically normalise the data cube by the noise level. This can be helpful in situations where the noise varies across
the data cube, e.g. as a function of frequency, which would be problematic for source finding algorithms that assume a constant noise level. Noise
scaling can be applied to each of the three cube dimensions independently. Three different algorithms for measuring the local noise level, specified
with the scaleNoise.statistic parameter, are currently offered by SoFiA: standard deviation, median absolute deviation and fitting of a
Gaussian function to the flux histogram. In addition, SoFiA offers the option of measuring the noise across only the negative or positive part of the
flux histogram to mitigate the impact of actual source emission or absorption on the flux measurement.

SoFiA offers two different methods for measuring noise that can be selected with the scaleNoise.method parameter. If set to global, the noise
will be measured across the entire image plane perpendicular to the axis along which the noise is to be normalised. This is the default method and by
far the fastest and least memory-intensive method. It can be applied to all three axes of the cube independently to take out both spatial and spectral
noise variations.

Alternatively, if there are highly localised noise variations across the image, scaleNoise.method can be set to local, which will measure the
noise in a running window of given size on a specified grid. SoFiA offers the possibility of interpolating the noise measurements in between sparse
grid points in order to speed up the measurement process. It is usually sufficient to specify a spatial/spectral window size across which the noise is
measured and set the grid size to 0 (the default setting); in this case SoFiA will automatically determine an optimal grid with cells of about half the
window size. Note that the local noise measurement method is slow and memory-heavy and therefore only recommended for small cubes or 2D
images with strong, highly localised noise variations, e.g. continuum images that have increased noise around bright sources.

Parameter: steps.doScaleNoise
Type: bool

Values: true, false
Default: false

Description: If set to true, normalise noise levels across the data cube prior to source finding.

Parameter: scaleNoise.method
Type: string

Values: global, local
Default: global

Description: If set to global, the noise measurement will be carried out on the entire projected image plane perpendicular to the axis along
which the noise is to be scaled (default). If set to local, the noise measurement will occur in a running window of specified size
on a specified grid. Note that the latter can be slow and memory-heavy and is only recommended for small cubes or 2D images
that are affected by localised noise variations.

Parameter: scaleNoise.statistic
Type: string

Values: std, mad, gauss, negative
Default: mad

Description: Statistic used to determine the noise in the data cube. The following options are available: standard deviation (std), median
absolute deviation (mad), fitting of a Gaussian to the flux histogram (gauss) or fitting of a Gaussian function to the negative part of
the flux histogram (negative).

Parameter: scaleNoise.fluxRange
Type: string

Values: negative, positive, all
Default: all
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Description: Range of flux values to be used in noise measurement. Can be negative, positive or all to use only negative, only positive or
all pixels, respectively.

Parameter: scaleNoise.scaleX
Type: bool

Values: true, false
Default: false

Description: If set to true, apply noise normalisation in first (spatial) dimension. The setting will be ignored if scaleNoise.method =
local.

Parameter: scaleNoise.scaleY
Type: bool

Values: true, false
Default: false

Description: If set to true, apply noise normalisation in second (spatial) dimension. The setting will be ignored if scaleNoise.method =
local.

Parameter: scaleNoise.scaleZ
Type: bool

Values: true, false
Default: true

Description: If set to true, apply noise normalisation in third (spectral) dimension. The setting will be ignored if scaleNoise.method =
local.

Parameter: scaleNoise.edgeX
Type: int

Values: ≥ 0
Default: 0

Description: Size of the edge (in pixels) to be excluded in first (spatial) dimension. The setting will be ignored if scaleNoise.method =
local.

Parameter: scaleNoise.edgeY
Type: int

Values: ≥ 0
Default: 0

Description: Size of the edge (in pixels) to be excluded in second (spatial) dimension. The setting will be ignored if scaleNoise.method =
local.

Parameter: scaleNoise.edgeZ
Type: int

Values: ≥ 0
Default: 0

Description: Size of the edge (in pixels) to be excluded in third (spectral) dimension. The setting will be ignored if scaleNoise.method =
local.

Parameter: scaleNoise.gridSpatial
Type: int

Values: ≥ 0
Default: 0

Description: This defines the separation of spatial grid points on which the local noise measurement takes place. The setting will only be
relevant if scaleNoise.method = local. It must be an odd number of 1 or greater. Alternatively, if set to 0 (default), SoFiA
will automatically determine an appropriate grid size based on the specified window size. This is a hidden option not available in
the GUI.

Parameter: scaleNoise.gridSpectral
Type: int
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Values: ≥ 0
Default: 0

Description: This defines the separation of spectral grid points on which the local noise measurement takes place. The setting will only be
relevant if scaleNoise.method = local. It must be an odd number of 1 or greater. Alternatively, if set to 0 (default), SoFiA
will automatically determine an appropriate grid size based on the specified window size. This is a hidden option not available in
the GUI.

Parameter: scaleNoise.windowSpatial
Type: int

Values: ≥ 1
Default: 25

Description: This defines the spatial window size over which the local noise measurement is taken. The setting will only be relevant if
scaleNoise.method = local. It must be an odd number of 1 or greater.

Parameter: scaleNoise.windowSpectral
Type: int

Values: ≥ 1
Default: 15

Description: This defines the spectral window size over which the local noise measurement is taken. The setting will only be relevant if
scaleNoise.method = local. It must be an odd number of 1 or greater.

Parameter: scaleNoise.interpolation
Type: string

Values: none, linear, cubic
Default: none

Description: Select if the local noise measurement made by SoFiA should be interpolated in between grid points or not. The default is none
which will simply fill each grid cell with the noise value. linear will carry out a linear interpolation between grid points, which is
slower, but results in smoother noise maps. Lastly, cubic will carry out a cubic spline interpolation between grid points, which is
by far the slowest method, but results in the smoothest noise maps. Note that this setting will only be relevant if
scaleNoise.method = local.

Filter Artefacts

The purpose of this module is to attempt to automatically flag lines of sight in the data cube that are affected by residual radio continuum emission
that was not fully subtracted from the spectral-line data. This method measures the noise level along each line of sight throughout the cube and
automatically flags all line of sight where the noise is by more than filterArtefacts.threshold × σ above the global noise level of the cube,
where filterArtefacts.threshold is a user-defined parameter, while σ is the standard deviation of the noise values across all lines of sight. In
addition, the algorithm will dilate flagged lines of sight across neighbouring pixels using a box-shaped mask of size filterArtefacts.dilation.

Parameter: steps.doFilterArtefacts
Type: bool

Values: true, false
Default: false

Description: If set to true, SoFiA will attempt to automatically flag residual continuum emission in the data on a position-by-position basis by
measuring the noise along the line of sight and blanking all positions where the noise is above a given threshold with respect to the
global noise level of the data cube.

Parameter: filterArtefacts.threshold
Type: float

Values: ≥ 0.0
Default: 4.0

Description: Threshold for masking lines of sight with anomalously high noise. A line of sight is masked if its noise level is more than
filterArtefacts.threshold * STD above the global noise level of the data cube, where STD is the standard deviation of
the distribution of the noise values across all lines of sight.

Parameter: filterArtefacts.dilation
Type: int

SoFiA User Manual - Parameters: Filtering 19



Values: ≥ 1
Default: 3

Description: Size of the box structuring element used to propagate the flagging to neighbouring lines of sight. A value of 1 means no dilation.

Wavelet Filter

The purpose of the wavelet filter is to carry out a wavelet decomposition of the entire data cube in all three dimensions, using the 2D–1D wavelet
reconstruction algorithm of Flöer & Winkel (2012). By carefully selecting the range of spatial and spectral scales to be used in the decomposition,
structure at certain, undesirable scales can be filtered out, e.g. the small-scale structure associated with statistical noise in the cube. The range of
wavelet scales to be used in the reconstruction can be specified by the user with the wavelet.scaleXY and wavelet.scaleZ parameters. In
addition, a relative flux threshold, specified with the wavelet.threshold parameter, is applied to each wavelet scale, and only those components
above that flux threshold are included in the reconstructed cube.

Note that the wavelet filter does not do any source finding by itself, but simply generates a reconstructed wavelet cube. Any source finding must be
done separately, e.g. by enabling SoFiA’s threshold finder.

Parameter: steps.doWavelet
Type: bool

Values: true, false
Default: false

Description: If set to true, decompose the data cube into wavelet components using the 2D–1D wavelet decomposition algorithm of Flöer &
Winkel (2012).

Parameter: wavelet.threshold
Type: float

Values: ≥ 0.0
Default: 5.0

Description: Flux threshold used in the wavelet reconstruction processs in multiples of the rms noise. Note that this threshold only determines
which wavelet components are added to the decomposed cube. Any source finder run after the reconstruction will use its own
flux threshold.

Parameter: wavelet.iterations
Type: int

Values: ≥ 1
Default: 3

Description: Number of iterations to be used in the wavelet reconstruction process.

Parameter: wavelet.scaleXY
Type: int

Values: ≥ -1
Default: -1

Description: Number of spatial scales used in the decomposition. The default value of -1 will automatically determine the appropriate number
of scales based on the actual data cube.

Parameter: wavelet.scaleZ
Type: int

Values: ≥ -1
Default: -1

Description: Number of spectral scales used in the decomposition. The default value of -1 will automatically determine the appropriate
number of scales based on the actual data cube.

Parameter: wavelet.positivity
Type: bool

Values: true, false
Default: false

Description: If set to true, include only positive wavelet components in the decomposition. Otherwise, negative components will be included
as well.
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Parameters
Source Finding

In this section the settings for the actual source finding algorithms are described. SoFiA offers three different algorithms: the Smooth+Clip finder
(which is the default source finder in SoFiA), the Characterised Noise HI finder, and a simple threshold finder.

Smooth+Clip Finder

The Smooth+Clip (S+C) finder works by smoothing the data cube on different scales in all three dimensions, measuring the noise in each smoothed
copy and then applying a relative flux threshold (in multiples of the noise level) to extract the significant pixels on each scale. A basic description of
the algorithm can be found in Serra, Jurek & Flöer (2012). Several settings can be controlled by the user, including the range and type of filter
kernels to be used in the smoothing (SCfind.kernels) as well as the flux threshold to be applied (SCfind.threshold).

Parameter: steps.doSCfind
Type: bool

Values: true, false
Default: true

Description: If set to true, run the smooth + clip finder.

Parameter: SCfind.threshold
Type: float

Values: ≥ 0.0
Default: 6.0

Description: Flux threshold relative to the noise level of the cube. The default value of 6.0 σ is likely to miss a large number of faint sources in
most cases, and lower values will be required to maximise completeness.

Parameter: SCfind.edgeMode
Type: string

Values: constant, nearest, reflect, mirror, wrap
Default: constant

Description: Pixel values assumed by the smoothing algorithm outside the boundaries of the cube. The following options are available:
constant: assume a constant value of 0.
nearest: assume a constant value equal to that of the nearest edge pixel.
reflect: mirror values at the edge, thereby duplicating the edge pixel itself.
mirror: mirror values at the centre of the outermost pixel, thereby avoiding duplication of the edge pixel itself.
wrap: copy values from the opposite edge of the cube.

Parameter: SCfind.rmsMode
Type: string

Values: std, mad, gauss, negative
Default: negative

Description: Statistic used to determine the noise in the data cube. The following options are available: standard deviation (std), median
absolute deviation (mad), fitting of a Gaussian function to the flux histogram (gauss) or fitting of a Gaussian function to the
negative part of the flux histogram (negative).

Parameter: SCfind.fluxRange
Type: string

Values: negative, positive, all
Default: all

Description: Range of flux values to be used in noise measurement. Can be negative, positive or all to use only negative, only positive or
all pixels, respectively.

Parameter: SCfind.kernelUnit
Type: string

Values: pixel, world
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Default: pixel

Description: This parameter defines whether the kernel parameters set by SCfind.kernels are specified in pixel or world coordinates.

Parameter: SCfind.kernels
Type: list

Values:
Default: [[ 0, 0, 0,'b'],[ 0, 0, 3,'b'],[ 0, 0, 7,'b'],[ 0, 0, 15,'b'],[ 3, 3, 0,'b'],[ 3, 3, 3,'b'],[ 3,

3, 7,'b'],[ 3, 3, 15,'b'],[ 6, 6, 0,'b'],[ 6, 6, 3,'b'],[ 6, 6, 7,'b'],[ 6, 6, 15,'b']]
Description: List of kernels to be used for smoothing. The format is [[dx, dy, dz, 'type'], ...] where dx, dy, and dz are the spatial

and spectral kernel sizes (FWHM), and 'type' can be boxcar ('b') or Gaussian ('g'). Note that 'type' only applies to the
spectral axis, and the spatial kernel is always Gaussian. Kernel sizes can be given either in pixels or in world coordinates
depending of the value of SCfind.kernelUnit.

Parameter: SCfind.sizeFilter
Type: float

Values: 0.0 – 1.0
Default: 0.0

Description: Not currently used.

Parameter: SCfind.maskScaleXY
Type: float

Values:
Default: 2.0

Description: Set already detected pixels to σ × maskScaleXY before spatial smoothing, where σ is the rms noise level in the original data
cube. Note that this is a hidden option not accessible through the graphical user interface.

Parameter: SCfind.maskScaleZ
Type: float

Values:
Default: 2.0

Description: Not currently used.

Parameter: SCfind.verbose
Type: bool

Values: true, false
Default: true

Description: If set to true, print additional progress information. Note that this is a hidden option not accessible through the graphical user
interface.

Characterised Noise HI Finder

The Characterised Noise HI (CNHI) finder was developed by Jurek (2012) and uses the Kuiper test to identify regions of the data cube whose
flux distribution is inconsistent with that of pure, statistical noise. There are currently no additional settings to control the CNHI finder.

Parameter: steps.doCNHI
Type: bool

Values: true, false
Default: false

Description: If set to true, run the Characterised Noise HI (CNHI) source finder by Jurek (2012).

Parameter: CNHI.pReq
Type: float

Values: ≥ 0
Default: 1e-5

Description: Minimum probability requirement for detections to be considered genuine. Sensible values are typically in the range of about 10−3

to 10−5.
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Parameter: CNHI.qReq
Type: float

Values: ≥ 1.0
Default: 3.8

Description: This is the Q value of the Kuiper test, which is a heuristic parameter for assessing the quality/accuracy of the probability calculated
from the Kuiper test. The minimum scale that the CNHI source finder processes is increased until it is sufficiently large to ensure
that the required Q value is achieved. This requirement supersedes the user-specified minimum scale (see parameter
CNHI.minScale). The default value is 3.8, which is the generally accepted minimally useful value.

Parameter: CNHI.minScale
Type: int

Values: ≥ 1
Default: 5

Description: The minimum size of test regions.

Parameter: CNHI.maxScale
Type: int

Values: ≥ -1
Default: -1

Description: The maximum size of test regions. The default value of -1 is a flag value that sets the maximum size to half of the size of the
spectral axis.

Parameter: CNHI.medianTest
Type: bool

Values: true, false
Default: true

Description: This parameter determines whether test regions need to have a median greater than that of the remaining data in order to be
considered a source.

Parameter: CNHI.verbose
Type: int

Values: 0 – 2
Default: 1

Description: An integer value that indicates the level of verbosity of the CNHI finder. Values of 0, 1 and 2 correspond to none, minimal and
maximal, respectively.

Threshold Finder

The threshold finder is the most basic type of source finding algorithm in SoFiA. Using the threshold.threshold parameter, it simply applies a
flux threshold (either relative or absolute as defined by threshold.clipMethod) to the data and considers all pixels above that threshold to be
significant. The threshold finder is not particularly powerful on its own, but is usually applied in combination with an additional input filter such as the
2D–1D wavelet decomposition algorithm.

Parameter: steps.doThreshold
Type: bool

Values: true, false
Default: false

Description: If set to true, run the threshold finder.

Parameter: threshold.threshold
Type: float

Values: ≥ 0.0
Default: 4.0

Description: Absolute or relative flux threshold (see threshold.clipMethod). The default value of 4.0 σ is likely to miss a large number of faint
sources in most cases, and lower values will be required to maximise completeness.
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Parameter: threshold.clipMethod
Type: string

Values: relative, absolute
Default: relative

Description: Is the threshold specified by threshold.threshold relative to the noise level or in absolute flux units?

Parameter: threshold.rmsMode
Type: string

Values: std, mad, gauss, negative
Default: std

Description: Statistic used to determine the noise in the data cube. The following options are available: standard deviation (std), median
absolute deviation (mad), fitting of a Gaussian function to the flux histogram (gauss) or fitting of a Gaussian function to the
negative part of the flux histogram (negative).

Parameter: threshold.fluxRange
Type: string

Values: negative, positive, all
Default: all

Description: Range of flux values to be used in noise measurement. Can be negative, positive or all to use only negative, only positive or
all pixels, respectively.

Parameter: threshold.verbose
Type: bool

Values: true, false
Default: false

Description: If set to true, print additional progress information. Note that this is a hidden option not accessible through the graphical user
interface.
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Parameters
Merging

The settings below control how significant pixels detected by any of SoFiA’s source finding algorithms get merged into final sources.

Merging

Any source finding algorithm implemented in SoFiA will not create a final source catalogue, but instead produce a binary mask in which all pixels
that are considered as significant are marked. In order to obtain a final source list, those pixels will need to be merged into sources, which is the
purpose of the merging module.

Merging of pixels into sources is controlled by two sets of parameters. The first set defines the maximum separation that two detected pixels are
allowed to have in order to be considered as part of the same source. This maximum separation is controlled independently for each dimension,
using the merge.radiusX, merge.radiusY and merge.radiusZ parameters. Once all pixels have been merged into sources, the size of each
source is checked (again independently in each dimension), and sources falling below the size thresholds (specified with merge.minSizeX,
merge.minSizeX and merge.minSizeX) are discarded. This allows many spurious detections, such as bright noise peaks, to be eliminated based
on their small size. Note that several additional filtering options are available, but these are less frequently needed and mostly unavailable through the
GUI.

Note that by default SoFiA uses a filter in the form of an elliptic cylinder for merging. Thus, pixels are merged spatially within an ellipse of radius
merge.radiusX and merge.radiusY, and that ellipse then gets extended across ± merge.radiusZ channels in the spectral dimension for
merging of pixels across spectral channels.

By default, SoFiA will merge positive and negative signals into the same source under the assumption that all negative signals are due to noise. In
doing so, SoFiA avoids the positive flux bias that would otherwise result from adding only positive noise peaks to detections. There are, however,
situations where this behaviour is undesirable, e.g. in data cubes with strong negative artefacts such as sidelobes or interference. In such cases, the
merge.positivity option can be set to true to have SoFiA merge positive signals only and discard all negative signals. Please be aware,
though, that enabling positivity could lead to a small positive bias in the integrated fluxes measured by SoFiA.

Parameter: steps.doMerge
Type: bool

Values: true, false
Default: true

Description: If set to true, pixels detected by the source finder will be merged into final sources based on user-defined separation and size
criteria.

Parameter: merge.radiusX
Type: int

Values: ≥ 0
Default: 3

Description: Merging radius in first dimension in pixels. Note that a value of 0 means that no merging takes place and each detected pixel is
retained as a separate source.

Parameter: merge.radiusY
Type: int

Values: ≥ 0
Default: 3

Description: Merging radius in second dimension in pixels. Note that a value of 0 means that no merging takes place and each detected pixel is
retained as a separate source.

Parameter: merge.radiusZ
Type: int

Values: ≥ 0
Default: 3

Description: Merging radius in third dimension in pixels. Note that a value of 0 means that no merging takes place and each detected pixel is
retained as a separate source.

Parameter: merge.minSizeX
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Type: int

Values: ≥ 1
Default: 3

Description: Minimum required extent in first dimension of genuine sources after merging. Sources below this size will be discarded.

Parameter: merge.minSizeY
Type: int

Values: ≥ 1
Default: 3

Description: Minimum required extent in second dimension of genuine sources after merging. Sources below this size will be discarded.

Parameter: merge.minSizeZ
Type: int

Values: ≥ 1
Default: 2

Description: Minimum required extent in third dimension of genuine sources after merging. Sources below this size will be discarded.

Parameter: merge.maxSizeX
Type: int

Values: ≥ -1
Default: -1

Description: Maximum allowed extent of genuine sources in first dimension after merging. Sources above this size will be discarded. Set to -1
to disable maximum size filtering.

Parameter: merge.maxSizeY
Type: int

Values: ≥ -1
Default: -1

Description: Maximum allowed extent of genuine sources in second dimension after merging. Sources above this size will be discarded. Set to
-1 to disable maximum size filtering.

Parameter: merge.maxSizeZ
Type: int

Values: ≥ -1
Default: -1

Description: Maximum allowed extent of genuine sources in third dimension after merging. Sources above this size will be discarded. Set to -1
to disable maximum size filtering.

Parameter: merge.minVoxels
Type: int

Values: ≥ 1
Default: 1

Description: Minimum required number of voxels of genuine sources after merging. Sources below this limit will be discarded. Note that this is
a hidden option not available in the GUI.

Parameter: merge.maxVoxels
Type: int

Values: ≥ -1
Default: -1

Description: Maximum allowed number of voxels of genuine sources after merging. Sources above this limit will be discarded. Set to -1 to
disable maximum size filtering. Note that this is a hidden option not available in the GUI.

Parameter: merge.minLoS
Type: int
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Values: ≥ 1
Default: 1

Description: Minimum required number of lines-of-sight (i.e. spatial pixels) of genuine sources after merging. Sources below this limit will be
discarded. Note that this is a hidden option not available in the GUI.

Parameter: merge.maxLoS
Type: int

Values: ≥ -1
Default: -1

Description: Maximum allowed number of lines-of-sight (i.e. spatial pixels) of genuine sources after merging. Sources above this limit will be
discarded. Set to -1 to disable maximum size filtering. Note that this is a hidden option not available in the GUI.

Parameter: merge.minFill
Type: int

Values: ≥ -1
Default: -1

Description: No idea what this does. Note that this is a hidden option not available in the GUI.

Parameter: merge.maxFill
Type: int

Values:
Default: 2

Description: No idea what this does. Note that this is a hidden option not available in the GUI.

Parameter: merge.minIntens
Type: float

Values:
Default: -9e+30

Description: Probably some minimum flux limit. Note that this is a hidden option not available in the GUI.

Parameter: merge.maxIntens
Type: float

Values:
Default: 9e+30

Description: Probably some maximum flux limit. Note that this is a hidden option not available in the GUI.

Parameter: merge.positivity
Type: bool

Values: true, false
Default: false

Description: If set to true, only positive signals will be merged into detections, and all negative signals will be discarded. This is useful for data
sets with significant negative artefacts, such as sidelobes. The default is false.
Warning: Enabling positivity is dangerous and will render some of SoFiA’s most powerful algorithms useless, including mask
optimisation and reliability calculation. Only use this feature if you are fully aware of its risks and consequences!
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Parameters
Parameterisation

The settings in this section control the way in which the observational parameters of detected sources are calculated. In addition, SoFiA offers the
possibility of estimating the reliability of each individual detection under certain circumstances.

Reliability

SoFiA can automatically estimate the reliability of individual sources and discard unreliable sources in certain circumstances, using the method
introduced by Serra, Jurek & Flöer (2012). The method works by not only detecting and parameterising sources with positive flux, but also
‘pseudo-sources’ with negative flux. Under the assumption that all negative sources are artefacts (e.g. noise peaks), one can then estimate the
reliability of positive sources by comparing the regions of parameter space occupied by positive and negative sources. Simply speaking, a positive
source located in a region of parameter space that is occupied by numerous negative sources is less likely to be genuine than a positive source
located in a region of parameter space that is free of negative detections.

In order for the reliability calculation to work and be accurate, a few conditions have to me met. Firstly, all noise and artefacts in the data cube must
be centred on zero such that both positive and negative artefacts exist at a ratio of approximately 1:1. Secondly, all genuine sources in the data cube
must have positive flux (e.g., no absorption signals). Finally, the threshold of the source finder must be set to a fairly low value to ensure that a
substantial number of negative (and positive) noise peaks and artefacts get detected. This is to ensure that the density of negative detections in
parameter space is sufficiently high to be accurately measured.

Several aspects of reliability calculation can be controlled by the user, including the smoothing kernel to be used in logarithmic parameter space
(reliability.kernel) and the reliability threshold (reliability.threshold) to be used to discard all sources whose reliability is below that
threshold. The optimal kernel size can also be determined automatically within SoFiA by setting the reliability.autoKernel parameter to
true (this is the default behaviour).

Parameter: steps.doReliability
Type: bool

Values: true, false
Default: false

Description: If set to true, use negative detections to determine the reliability of each source based on the algorithm of Serra, Jurek & Flöer
(2012).

Parameter: reliability.threshold
Type: float

Values: 0.0 – 1.0
Default: 0.9

Description: Discard all sources whose reliability is below this threshold.

Parameter: reliability.kernel
Type: list

Values:
Default: [0.15, 0.05, 0.1]

Description: Size of the 3D smoothing kernel in log(parameter) space (see reliability.parSpace). This parameter will be ignored if
reliability.autoKernel is set to true (default behaviour). Note that this is a hidden option not accessible through the graphical user
interface.

Parameter: reliability.autoKernel
Type: bool

Values: true, false
Default: true

Description: This parameter controls whether the kernel size to be used for reliability calculation should be determined automatically (true) or
manually (false). Default is true. If set to false, the reliability.kernel parameter must be used to specify the kernel size. Note
that this is a hidden option not accessible through the graphical user interface. Also see the reliability.negPerBin and
reliability.skellamTol parameters.

Parameter: reliability.scaleKernel
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Type: float

Values: ≥ 0.0

Default: 0.5

Description: If autoKernel is set to true, then this parameter will determine whether the kernel size will be set automatically by SoFiA (0) or
scaled by the given factor (> 0). If autoKernel is false, this option will be ignored.

Parameter: reliability.makePlot
Type: bool

Values: true, false
Default: false

Description: If set to true, PDF files showing the distribution of positive and negative detections in parameter space will be created for
diagnostic purposes.

Parameter: reliability.parSpace
Type: list

Values:
Default: ['snr_mean', 'snr_sum', 'snr_max']

Description: Defines the 3D parameter space in which to determine reliability. It is strongly recommended to use the pre-defined default
settings. Note that this is a hidden option not accessible through the graphical user interface.

Parameter: reliability.fMin
Type: float

Values: ≥ 0.0
Default: 10.0

Description: Minimum value of the sum of the pixel values, ∑Si, divided by the global RMS noise level, σ, and the square root of the number
of pixels, N, for a source to be considered reliable. This parameter is a proxy for integrated signal-to-noise ratio, SNRint = ∑ Si /
[σ N1/2 Ω1/2], where Ω is the solid angle of the beam, but has not yet been divided by the square root of the beam solid angle in
pixels.

Parameter: reliability.negPerBin
Type: float

Values: ≥ 1.0
Default: 1.0

Description: This parameter defines the minimum number of negative detections per bin in parameter space required for the automatic kernel
size determination. Note that this is a hidden option not accessible through the graphical user interface.

Parameter: reliability.skellamTol
Type: float

Values:
Default: -0.5

Description: Tolerance parameter for reliability kernel size determination. Note that this is a hidden option not accessible through the graphical
user interface.

Parameter: reliability.usecov
Type: bool

Values: true, false
Default: true

Description: Controls whether to use the full covariance kernel when smoothing the distribution of detections in parameter space. The default is
true. Note that this is a hidden option not accessible through the graphical user interface.

Parameter: reliability.logPars
Type: list

Values:
Default: [1,1,1]

Description: For each source parameter defined in reliability.parSpace this parameter defines whether the reliability analysis is carried out in
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linear space (0) or in logarithmic space (1). Note that this is a hidden option not accessible through the graphical user interface.

Parameterisation

Parameterisation is an important step of any source finding exercise, and the quality of the source parameters measured by SoFiA will determine the
accuracy of any scientific analysis based on those parameters. In principal, SoFiA measures all parameters by integrating over the entire sources
mask derived in the merging step, and the accuracy of the parameterisation will therefore depend of how accurate the source mask was determined
by the combinations of source finding and merging.

Simple threshold finders have the tendency to produce masks that are too small and miss some of the faint outer parts of sources that are below the
detection threshold. In order to rectify this problem, SoFiA offers two methods of optimising the source mask. Both methods work by iteratively
growing an initially small mask outwards until the integrated flux within the mask does not increase any further. The first methods, enabled with the
parameters.optimiseMask parameter, uses an ellipse in the spatial domain and a constant size in the spectral domain as the mask shape. It is
therefore particularly useful for sources that have approximately the shape of an elliptical cylinder in a three-dimensional data cube. The second
method, enabled with the parameters.dilateMask parameter, instead dilates the original mask in all three dimensions and is therefore more
appropriate for sources of arbitrary shape, such as galaxies that are both spatially and spectrally well-resolved.

Another option offered by SoFiA is the possibility to fit a Busy Function (Westmeier et al. 2014) to the integrated spectrum of each source and
determine basic source parameters from that fit. This is particularly useful for galaxies that are spatially unresolved. Parameterisation based on Busy
Function fitting is usually more accurate than direct measurement of parameters such as peak flux or line width, because the fit is less sensitive to
individual noise peaks in the data that would otherwise influence the measurement. Busy function fitting can be enabled with the
parameters.fitBusyFunction parameter, and source parameters derived from the fit will be included in the output catalogue in addition to the
‘traditional’ measurements of the same parameters.

Parameter: steps.doParameterise
Type: bool

Values: true, false
Default: true

Description: If set to true, run the mask optimisation and source parameterisation module.

Parameter: parameters.fitBusyFunction
Type: bool

Values: true, false
Default: false

Description: Fit the Busy Function (Westmeier et al. 2014) to the integrated spectrum of each source for more accurate parameterisation.

Parameter: parameters.optimiseMask
Type: bool

Values: true, false
Default: false

Description: Run the mask optimisation algorithm based on fitting and growing ellipses to achieve more accurate flux measurements. Note that
the improved integrated fluxes obtained by this algorithm will come at the cost of increased statistical uncertainties in most source
parameters (also see parameters.dilateMask).

Parameter: parameters.dilateMask
Type: bool

Values: true, false
Default: false

Description: Run the mask optimisation algorithm based on spatially dilating the initial mask to achieve more accurate flux measurements. The
advantage of this algorithm is that it preserves the source shape (also see parameters.optimiseMask).

Parameter: parameters.dilateThreshold
Type: float

Values:
Default: 0.02

Description: No idea what this parameter does... Note that this is a hidden option not accessible through the graphical user interface.

Parameter: parameters.dilatePixMax
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Type: int

Values:
Default: 10

Description: Sets the maximum mask dilation (in pixels) in the spatial domain. Note that this is a hidden option not accessible through the
graphical user interface.

Parameter: parameters.dilateChanMax
Type: int

Values:
Default: 3

Description: Sets the maximum mask dilation along the spectral axis. Note that this is a hidden option not accessible through the graphical user
interface.

Parameter: parameters.getUncertainties
Type: bool

Values: true, false
Default: false

Description: If set to true, statistical uncertainties of several source parameters, including centroids and line widths, will be estimated. Please
use this feature with great caution, as statistical uncertainties are not likely to be representative of the true uncertainties, in
particular when systematic errors are present. Note that this is a hidden option not accessible through the graphical user interface.
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Parameters
Output

The parameters described below control the creation and storage of source catalogues and other data products, including cubes and moment maps
as well as more sophisticated data products such as integrated spectra and position–velocity diagrams.

Output Data Products

The primary output product of SoFiA are source catalogues. Several formats are offered, including human-readable ASCII files, VO tables in
XML format and SQL files for insertion of source parameters into SQL databases.

In addition to catalogues, SoFiA can produce imaging products, including a copy of the filtered input cube (assuming that an input filter was
applied), noise cube (with noise scaling enabled), source mask cube, moment-0 and moment-1 maps of all detected pixels, as well as individual
imaging products for each detected source (including a small subcube, moment-0, 1 and 2 images, a position–velocity diagram, and an integrated
spectrum). All of these output products can be compressed using gzip if desired.

Parameter: steps.doWriteCat
Type: bool

Values: true, false
Default: true

Description: If set to true, write output catalogue(s) to disk. Note that this is a hidden option not accessible through the graphical user
interface.

Parameter: steps.doWriteFilteredCube
Type: bool

Values: true, false
Default: false

Description: If set to true, save a copy of the filtered data cube. Note that this will only make sense if at least one of the input filters was
applied.

Parameter: steps.doWriteNoiseCube
Type: bool

Values: true, false
Default: false

Description: If set to true, then a copy of the noise cube estimated by SoFiA will be written to disk as a FITS file. This will only work if noise
scaling is enabled (steps.doScaleNoise = true).

Parameter: steps.doWriteMask
Type: bool

Values: true, false
Default: false

Description: If set to true, save the mask cube.

Parameter: steps.doMom0
Type: bool

Values: true, false
Default: false

Description: If set to true, a moment-0 map of all detected sources will be created and saved to disk.

Parameter: steps.doMom1
Type: bool

Values: true, false
Default: false

Description: If set to true, a moment-1 map of all detected sources will be created and saved to disk.
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Parameter: steps.doCubelets
Type: bool

Values: true, false
Default: false

Description: If set to true, a range of data products for each individual source will be created and written to disk, including a small sub-cube,
moment-0, 1 and 2 maps, a position–velocity diagram along the kinematical major axis and an integrated spectrum of the
source.

Parameter: writeCat.writeASCII
Type: bool

Values: true, false
Default: true

Description: If set to true, write catalogue in human-readable ASCII format.

Parameter: writeCat.writeXML
Type: bool

Values: true, false
Default: false

Description: If set to true, write catalogue in VO table format (XML).

Parameter: writeCat.writeSQL
Type: bool

Values: true, false
Default: false

Description: If set to true, write catalogue in SQL format for insertion into an SQL database.

Parameter: writeCat.parameters
Type: list

Values:
Default: ['*']

Description: List of parameters to appear in source catalogue. Format: ['par1', 'par2', ...]. An asterisk, ['*'], means that all
available parameters are written to the output catalogue. Note that, depending on the actual pipeline settings, some selected
parameters may not appear in the source catalogue.

Additional Options

The names of all output files are normally generated by extracting the name of the input data cube and appending a specific identifier. For example,
if the input data cube is named datacube.fits, ASCII and XML catalogues will be called datacube_cat.ascii and datacube_cat.xml,
etc. If for some reason this is not desired, a different base name can be specified with the writeCat.baseName parameter. Note that any existing
output files from a previous run of SoFiA may get overwritten without warning, so please ensure that any files which are still required are copied
or renamed before running SoFiA again.

By default, all output files will be written to the directory where the input data cube is located. If this is impossible or undesired (e.g. because that
directory is write-protected), a different output directory can be specified with the writeCat.outputDir parameter. Lastly, SoFiA provides
settings for compressing output data products and for automatic overwriting of all output files.

Parameter: writeCat.baseName
Type: string

Values:
Default:
Description: Optional base name of all output files. If not specified, the input file name will be used by default.

Parameter: writeCat.outputDir
Type: string

Values:
Default:
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Description: Optional directory path to which all output files are written. If not specified, the directory of the input data cube will be used by
default.

Parameter: writeCat.compress
Type: bool

Values: true, false
Default: false

Description: If set to true, use gzip to compress all output files.

Parameter: writeCat.overwrite
Type: bool

Values: true, false
Default: true

Description: If set to true, any existing output files will automatically get overwritten. If set to false, the pipeline will print an error message
for any output file that already exists and skip writing that file.
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Running the Pipeline
From the User Interface

Once an input data cube has been selected and the desired parameter settings have been chosen, the pipeline can be launched from within the user
interface, either by selecting Pipeline → Run Pipeline from the menu or by clicking on the corresponding tool bar button. The pipeline run can be
aborted at any time by selecting Pipeline → Abort Pipeline from the menu or by clicking on the respective tool bar button.

SoFiA will automatically save the current parameter settings to a temporary session file in the current working directory (named SoFiA.session)
and then pass that file on to the actual pipeline. Note that by default this session file will be kept and automatically loaded again when exiting and
restarting the SoFiA user interface from within the same working directory, so users can continue to work from where they previously stopped.
Nonetheless, it is strongly advisable to explicitly save the final set of parameter settings to a permanent file for later use, as the session file is only
temporary and will regularly get overwritten. In addition, it is possible to disable automatic session file keeping in the user settings, in which case any
existing session file will automatically be deleted when exiting from SoFiA.

From the Terminal

Alternatively, the pipeline can be launched from the terminal after the parameter settings have been saved to an output file. To achieve this, open a
terminal window and navigate to the directory where the output parameter file was saved. Then run the pipeline by typing

sofia_pipeline.py <parameter_file>

where <parameter_file> is the name of the SoFiA parameter file. There is no difference between running the pipeline from the user interface or
from the terminal, but the latter is more useful in situations where the pipeline needs to be launched by another application or shell script, e.g. to
automatically process a larger number of data cubes.

If catalogue-based source finding (“optically-motivated source finding”) is to be used, the optical source finding script, optical_find.py, needs
to be called instead of sofia_pipeline.py, again followed by the name of the SoFiA parameter file.
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Output Products
SoFiA provides a large range of different output products as detailed below. All products will be saved either to the directory containing the input
data cube or a specific output directory provided by the user. The user can also choose whether existing output files should automatically be
overwritten or not.

All output file names will be of the form <basename>_<product>.<type>, where <basename> is the base name for all output files (either
explicitly set by the user or otherwise defaulting to be the input data file name), <product> is a label reflecting the type of the data product (e.g.
cat for catalogues or mask for mask cubes, etc.), and <type> reflects the file type (e.g. fits for data cubes and images or ascii and xml for
catalogues in plain text and VO table format, respectively).

Catalogues

SoFiA currently offers three different catalogue formats:

A simple ASCII file that contains the source catalogue in human-readable format. Each source is listed in a separate line, while the columns
list the individual source parameters. The file also contains a few header lines with additional information such as parameters names and units.
An XML file that contains the source catalogue in VOTable format to be used in Virtual Observatory tools such as TOPCAT.
An SQL file that contains queries to insert the source catalogue into an SQL database table named “SoFiA-Catalogue”.

Additional Data Products

In addition to source catalogues, SoFiA can also generate a range of other useful data products. These can be selected in the output tab and
include:

A copy of the filtered data cube after application of all requested input filters. Note that this will only be different from the input data cube if
at least one filter is applied to the data.
A mask cube in FITS format that contains a pixel mask of all sources identified by SoFiA. The mask contains integer numbers that are equal
to the unique source identification number. Mask files can also be read into SoFiA again to facilitate the parameterisation of sources that
were detected in a previous source finding run.
Maps of the 0th and 1st moment of all detections in FITS format. These are integrated across all pixels masked as part of a source.
A map showing the total number of detected channels for each spatial pixel. (Note that this cannot currently be selected, but is automatically
created whenever a moment-0 or 1 map is requested.)
Small subcubes, so-called cubelets, of each individual source detected by SoFiA. This also includes 0th, 1st and 2nd moment maps created
from the cubelet, a position–velocity diagram along the kinematical major axis of each source, and an integrated spectrum of the source.
All of these individual products will be stored in a separate sub-folder named <basename>_cubelets. Maps and cubes are stored in FITS
format, while the integrated spectrum is stored as a plain text file.

The optically-motivated source finder implemented in SoFiA might produce a few additional output products required for internal processing and
merging the resulting output source catalogues.

Source Parameters

The following table lists all of the source parameters that can occur in SoFiA’s output catalogues. The first two columns contain the name of the
parameter as it appears in the catalogue header and a brief description of the parameter’s physical meaning. The third column lists the associated
Unified Content Descriptor (UCD) as defined by the International Virtual Observatory Alliance. Note that UCDs will only appear in SoFiA’s VO-
compatible XML catalogues, but not in ASCII catalogues.

Parameter Description UCD
id Unique identifier meta.id
name IAU-compliant source name meta.id
x X-coordinate of flux-weighted centroid:

x = ∑ xi Si / ∑ Si

pos.cartesian.x

y Y-coordinate of flux-weighted centroid:
y = ∑ yi Si / ∑ Si

pos.cartesian.y

z Z-coordinate of flux-weighted centroid:
z = ∑ zi Si / ∑ Si

pos.cartesian.z

err_x Statistical uncertainty of X-coordinate of flux-weighted centroid:
σx = sqrt(∑ (xi − x)2) σrms / Stot

stat.error

err_y stat.error
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Statistical uncertainty of Y-coordinate of flux-weighted centroid:
σy = sqrt(∑ (yi − y)2) σrms / Stot

err_z Statistical uncertainty of Z-coordinate of flux-weighted centroid:
σz = sqrt(∑ (zi − z)2) σrms / Stot

stat.error

x_geo X-coordinate of geometric centre:
xgeo = ∑ xi / N

pos.cartesian.x

y_geo Y-coordinate of geometric centre:
ygeo = ∑ yi / N

pos.cartesian.x

z_geo Z-coordinate of geometric centre:
zgeo = ∑ zi / N

pos.cartesian.x

x_min X-coordinate of lower boundary pos.cartesian.x;stat.min
x_max X-coordinate of upper boundary pos.cartesian.x;stat.max
y_min Y-coordinate of lower boundary pos.cartesian.y;stat.min
y_max Y-coordinate of upper boundary pos.cartesian.y;stat.max
z_min Z-coordinate of lower boundary pos.cartesian.z;stat.min
z_max Z-coordinate of upper boundary pos.cartesian.z;stat.max
n_pix Total number of spatial and spectral pixels meta.number;instr.pixel
n_los Number of spatial pixels covered by the source meta.number;instr.pixel
n_chan Number of spectral channels covered by the source meta.number;instr.pixel
rel Reliability stat.probability
bf_a Busy Function free parameter A stat.fit.param
bf_b1 Busy Function free parameter B1 stat.fit.param

bf_b2 Busy Function free parameter B2 stat.fit.param

bf_c Busy Function free parameter C stat.fit.param
bf_chi2 Reduced χ2 of Busy Function fit stat.fit.chi2

bf_flag Success flag of Busy Function fit meta.code;stat.fit
bf_f_int Integrated flux derived from Busy Function fit stat.fit.param
bf_f_peak Peak flux density derived from Busy Function fit stat.fit.param
bf_w Busy Function free parameter W stat.fit.param
bf_w20 Line width (w20) derived from Busy Function fit stat.fit.param

bf_w50 Line width (w50) derived from Busy Function fit stat.fit.param

bf_xe Busy Function free parameter Xe stat.fit.param

bf_xp Busy Function free parameter Xp stat.fit.param

bf_z Line centroid derived from Busy Function fit stat.fit.param
ell_maj Major axis of ellipse fitted to source (flux-weighted) phys.angSize
ell_min Minor axis of ellipse fitted to source (flux-weighted) phys.angSize
ell_pa Position angle of ellipse fitted to source (flux-weighted) pos.posAng
ell3s_maj Major axis of ellipse fitted to > 3σ pixels of moment map (equal weight) phys.angSize
ell3s_min Minor axis of ellipse fitted to > 3σ pixels of moment map (equal weight) phys.angSize
ell3s_pa Position angle of ellipse fitted to > 3σ pixels of moment map (equal weight) pos.posAng
flag Source quality flag. Possible values: 1 = source at spatial edge of cube; 2 = source at spectral

edge of cube; 4 = source adjacent to blanked pixels; 8 = source touches neighbouring
sources. Flags get added if multiple conditions are met.

meta.code.qual

kin_pa Position angle of kinematic major axis pos.posAng
f_peak Peak flux density phot.flux.density;stat.max
f_int Integrated flux:

  fint = ∑ Si
Not yet corrected for beam solid angle or channel width!

phot.flux

f_wm50 Integrated flux within wm50 line width as defined by Courtois et al. (2009) phot.flux

snr_int stat.snr
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Integrated signal-to-noise ratio:
  SNRint = ∑ Si / [σ N1/2]
Not yet corrected for solid angle of beam!

rms Local RMS noise level instr.det.noise
w20 Line width at 20% of the peak flux density (w20) spect.line.width

w50 Line width at 50% of the peak flux density (w50) spect.line.width

err_w20 Statistical uncertainty of w20 line width, estimated as σw20 = σrms w20 / Speak, where σrms is
the maximum rms noise and Speak the peak flux density of the spectrum

stat.error

err_w50 Statistical uncertainty of w50 line width, estimated as σw50 = σrms w50 / Speak, where σrms is
the maximum rms noise and Speak the peak flux density of the spectrum

stat.error

wm50 Line width (wm50) as defined by Courtois et al. (2009) spect.line.width

ra Right ascension of flux-weighted centroid pos.eq.ra
dec Declination of flux-weighted centroid pos.eq.dec
glon Galactic longitude of flux-weighted centroid pos.galactic.lon
glat Galactic latitude of flux-weighted centroid pos.galactic.lat
freq Frequency of flux-weighted centroid em.freq
velo Radial velocity of flux-weighted centroid spect.dopplerVeloc
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do so, simply send an e-mail to sofia-request [at] atnf.csiro.au with the word subscribe in the e-mail body (the e-mail subject will be
ignored).

Licence and Disclaimer

SoFiA is free software: you can redistribute it and/or modify it under the terms of the GNU General Public License as published by the Free
Software Foundation, either version 3 of the licence, or (at your option) any later version.

SoFiA is distributed in the hope that it will be useful, but without any warranty; without even the implied warranty of merchantability or fitness for
a particular purpose. See the GNU General Public License for more details.

You should have received a copy of the GNU General Public License along with SoFiA. If not, see http://www.gnu.org/licenses/.

The Oxygen icon set used by SoFiA is licensed under version 3 of the GNU Lesser General Public License. For more details please see the
Oxygen section on KDE TechBase or the KDE website.

Copyright

© 2019 The SoFiA Authors
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Licence
                     GNU GENERAL PUBLIC LICENSE
                       Version 3, 29 June 2007

 Copyright (C) 2007 Free Software Foundation, Inc. <http://fsf.org/>
 Everyone is permitted to copy and distribute verbatim copies
 of this license document, but changing it is not allowed.

                              Preamble

  The GNU General Public License is a free, copyleft license for
software and other kinds of works.

  The licenses for most software and other practical works are designed
to take away your freedom to share and change the works.  By contrast,
the GNU General Public License is intended to guarantee your freedom to
share and change all versions of a program--to make sure it remains free
software for all its users.  We, the Free Software Foundation, use the
GNU General Public License for most of our software; it applies also to
any other work released this way by its authors.  You can apply it to
your programs, too.

  When we speak of free software, we are referring to freedom, not
price.  Our General Public Licenses are designed to make sure that you
have the freedom to distribute copies of free software (and charge for
them if you wish), that you receive source code or can get it if you
want it, that you can change the software or use pieces of it in new
free programs, and that you know you can do these things.

  To protect your rights, we need to prevent others from denying you
these rights or asking you to surrender the rights.  Therefore, you have
certain responsibilities if you distribute copies of the software, or if
you modify it: responsibilities to respect the freedom of others.

  For example, if you distribute copies of such a program, whether
gratis or for a fee, you must pass on to the recipients the same
freedoms that you received.  You must make sure that they, too, receive
or can get the source code.  And you must show them these terms so they
know their rights.

  Developers that use the GNU GPL protect your rights with two steps:
(1) assert copyright on the software, and (2) offer you this License
giving you legal permission to copy, distribute and/or modify it.

  For the developers' and authors' protection, the GPL clearly explains
that there is no warranty for this free software.  For both users' and
authors' sake, the GPL requires that modified versions be marked as
changed, so that their problems will not be attributed erroneously to
authors of previous versions.

  Some devices are designed to deny users access to install or run
modified versions of the software inside them, although the manufacturer
can do so.  This is fundamentally incompatible with the aim of
protecting users' freedom to change the software.  The systematic
pattern of such abuse occurs in the area of products for individuals to
use, which is precisely where it is most unacceptable.  Therefore, we
have designed this version of the GPL to prohibit the practice for those
products.  If such problems arise substantially in other domains, we
stand ready to extend this provision to those domains in future versions
of the GPL, as needed to protect the freedom of users.

  Finally, every program is threatened constantly by software patents.
States should not allow patents to restrict development and use of
software on general-purpose computers, but in those that do, we wish to
avoid the special danger that patents applied to a free program could
make it effectively proprietary.  To prevent this, the GPL assures that
patents cannot be used to render the program non-free.

  The precise terms and conditions for copying, distribution and
modification follow.

                       TERMS AND CONDITIONS

  0. Definitions.

  "This License" refers to version 3 of the GNU General Public License.

  "Copyright" also means copyright-like laws that apply to other kinds of
works, such as semiconductor masks.
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  "The Program" refers to any copyrightable work licensed under this
License.  Each licensee is addressed as "you".  "Licensees" and
"recipients" may be individuals or organizations.

  To "modify" a work means to copy from or adapt all or part of the work
in a fashion requiring copyright permission, other than the making of an
exact copy.  The resulting work is called a "modified version" of the
earlier work or a work "based on" the earlier work.

  A "covered work" means either the unmodified Program or a work based
on the Program.

  To "propagate" a work means to do anything with it that, without
permission, would make you directly or secondarily liable for
infringement under applicable copyright law, except executing it on a
computer or modifying a private copy.  Propagation includes copying,
distribution (with or without modification), making available to the
public, and in some countries other activities as well.

  To "convey" a work means any kind of propagation that enables other
parties to make or receive copies.  Mere interaction with a user through
a computer network, with no transfer of a copy, is not conveying.

  An interactive user interface displays "Appropriate Legal Notices"
to the extent that it includes a convenient and prominently visible
feature that (1) displays an appropriate copyright notice, and (2)
tells the user that there is no warranty for the work (except to the
extent that warranties are provided), that licensees may convey the
work under this License, and how to view a copy of this License.  If
the interface presents a list of user commands or options, such as a
menu, a prominent item in the list meets this criterion.

  1. Source Code.

  The "source code" for a work means the preferred form of the work
for making modifications to it.  "Object code" means any non-source
form of a work.

  A "Standard Interface" means an interface that either is an official
standard defined by a recognized standards body, or, in the case of
interfaces specified for a particular programming language, one that
is widely used among developers working in that language.

  The "System Libraries" of an executable work include anything, other
than the work as a whole, that (a) is included in the normal form of
packaging a Major Component, but which is not part of that Major
Component, and (b) serves only to enable use of the work with that
Major Component, or to implement a Standard Interface for which an
implementation is available to the public in source code form.  A
"Major Component", in this context, means a major essential component
(kernel, window system, and so on) of the specific operating system
(if any) on which the executable work runs, or a compiler used to
produce the work, or an object code interpreter used to run it.

  The "Corresponding Source" for a work in object code form means all
the source code needed to generate, install, and (for an executable
work) run the object code and to modify the work, including scripts to
control those activities.  However, it does not include the work's
System Libraries, or general-purpose tools or generally available free
programs which are used unmodified in performing those activities but
which are not part of the work.  For example, Corresponding Source
includes interface definition files associated with source files for
the work, and the source code for shared libraries and dynamically
linked subprograms that the work is specifically designed to require,
such as by intimate data communication or control flow between those
subprograms and other parts of the work.

  The Corresponding Source need not include anything that users
can regenerate automatically from other parts of the Corresponding
Source.

  The Corresponding Source for a work in source code form is that
same work.

  2. Basic Permissions.

  All rights granted under this License are granted for the term of
copyright on the Program, and are irrevocable provided the stated
conditions are met.  This License explicitly affirms your unlimited
permission to run the unmodified Program.  The output from running a
covered work is covered by this License only if the output, given its
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content, constitutes a covered work.  This License acknowledges your
rights of fair use or other equivalent, as provided by copyright law.

  You may make, run and propagate covered works that you do not
convey, without conditions so long as your license otherwise remains
in force.  You may convey covered works to others for the sole purpose
of having them make modifications exclusively for you, or provide you
with facilities for running those works, provided that you comply with
the terms of this License in conveying all material for which you do
not control copyright.  Those thus making or running the covered works
for you must do so exclusively on your behalf, under your direction
and control, on terms that prohibit them from making any copies of
your copyrighted material outside their relationship with you.

  Conveying under any other circumstances is permitted solely under
the conditions stated below.  Sublicensing is not allowed; section 10
makes it unnecessary.

  3. Protecting Users' Legal Rights From Anti-Circumvention Law.

  No covered work shall be deemed part of an effective technological
measure under any applicable law fulfilling obligations under article
11 of the WIPO copyright treaty adopted on 20 December 1996, or
similar laws prohibiting or restricting circumvention of such
measures.

  When you convey a covered work, you waive any legal power to forbid
circumvention of technological measures to the extent such circumvention
is effected by exercising rights under this License with respect to
the covered work, and you disclaim any intention to limit operation or
modification of the work as a means of enforcing, against the work's
users, your or third parties' legal rights to forbid circumvention of
technological measures.

  4. Conveying Verbatim Copies.

  You may convey verbatim copies of the Program's source code as you
receive it, in any medium, provided that you conspicuously and
appropriately publish on each copy an appropriate copyright notice;
keep intact all notices stating that this License and any
non-permissive terms added in accord with section 7 apply to the code;
keep intact all notices of the absence of any warranty; and give all
recipients a copy of this License along with the Program.

  You may charge any price or no price for each copy that you convey,
and you may offer support or warranty protection for a fee.

  5. Conveying Modified Source Versions.

  You may convey a work based on the Program, or the modifications to
produce it from the Program, in the form of source code under the
terms of section 4, provided that you also meet all of these conditions:

    a) The work must carry prominent notices stating that you modified
    it, and giving a relevant date.

    b) The work must carry prominent notices stating that it is
    released under this License and any conditions added under section
    7.  This requirement modifies the requirement in section 4 to
    "keep intact all notices".

    c) You must license the entire work, as a whole, under this
    License to anyone who comes into possession of a copy.  This
    License will therefore apply, along with any applicable section 7
    additional terms, to the whole of the work, and all its parts,
    regardless of how they are packaged.  This License gives no
    permission to license the work in any other way, but it does not
    invalidate such permission if you have separately received it.

    d) If the work has interactive user interfaces, each must display
    Appropriate Legal Notices; however, if the Program has interactive
    interfaces that do not display Appropriate Legal Notices, your
    work need not make them do so.

  A compilation of a covered work with other separate and independent
works, which are not by their nature extensions of the covered work,
and which are not combined with it such as to form a larger program,
in or on a volume of a storage or distribution medium, is called an
"aggregate" if the compilation and its resulting copyright are not
used to limit the access or legal rights of the compilation's users
beyond what the individual works permit.  Inclusion of a covered work
in an aggregate does not cause this License to apply to the other
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parts of the aggregate.

  6. Conveying Non-Source Forms.

  You may convey a covered work in object code form under the terms
of sections 4 and 5, provided that you also convey the
machine-readable Corresponding Source under the terms of this License,
in one of these ways:

    a) Convey the object code in, or embodied in, a physical product
    (including a physical distribution medium), accompanied by the
    Corresponding Source fixed on a durable physical medium
    customarily used for software interchange.

    b) Convey the object code in, or embodied in, a physical product
    (including a physical distribution medium), accompanied by a
    written offer, valid for at least three years and valid for as
    long as you offer spare parts or customer support for that product
    model, to give anyone who possesses the object code either (1) a
    copy of the Corresponding Source for all the software in the
    product that is covered by this License, on a durable physical
    medium customarily used for software interchange, for a price no
    more than your reasonable cost of physically performing this
    conveying of source, or (2) access to copy the
    Corresponding Source from a network server at no charge.

    c) Convey individual copies of the object code with a copy of the
    written offer to provide the Corresponding Source.  This
    alternative is allowed only occasionally and noncommercially, and
    only if you received the object code with such an offer, in accord
    with subsection 6b.

    d) Convey the object code by offering access from a designated
    place (gratis or for a charge), and offer equivalent access to the
    Corresponding Source in the same way through the same place at no
    further charge.  You need not require recipients to copy the
    Corresponding Source along with the object code.  If the place to
    copy the object code is a network server, the Corresponding Source
    may be on a different server (operated by you or a third party)
    that supports equivalent copying facilities, provided you maintain
    clear directions next to the object code saying where to find the
    Corresponding Source.  Regardless of what server hosts the
    Corresponding Source, you remain obligated to ensure that it is
    available for as long as needed to satisfy these requirements.

    e) Convey the object code using peer-to-peer transmission, provided
    you inform other peers where the object code and Corresponding
    Source of the work are being offered to the general public at no
    charge under subsection 6d.

  A separable portion of the object code, whose source code is excluded
from the Corresponding Source as a System Library, need not be
included in conveying the object code work.

  A "User Product" is either (1) a "consumer product", which means any
tangible personal property which is normally used for personal, family,
or household purposes, or (2) anything designed or sold for incorporation
into a dwelling.  In determining whether a product is a consumer product,
doubtful cases shall be resolved in favor of coverage.  For a particular
product received by a particular user, "normally used" refers to a
typical or common use of that class of product, regardless of the status
of the particular user or of the way in which the particular user
actually uses, or expects or is expected to use, the product.  A product
is a consumer product regardless of whether the product has substantial
commercial, industrial or non-consumer uses, unless such uses represent
the only significant mode of use of the product.

  "Installation Information" for a User Product means any methods,
procedures, authorization keys, or other information required to install
and execute modified versions of a covered work in that User Product from
a modified version of its Corresponding Source.  The information must
suffice to ensure that the continued functioning of the modified object
code is in no case prevented or interfered with solely because
modification has been made.

  If you convey an object code work under this section in, or with, or
specifically for use in, a User Product, and the conveying occurs as
part of a transaction in which the right of possession and use of the
User Product is transferred to the recipient in perpetuity or for a
fixed term (regardless of how the transaction is characterized), the
Corresponding Source conveyed under this section must be accompanied
by the Installation Information.  But this requirement does not apply
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if neither you nor any third party retains the ability to install
modified object code on the User Product (for example, the work has
been installed in ROM).

  The requirement to provide Installation Information does not include a
requirement to continue to provide support service, warranty, or updates
for a work that has been modified or installed by the recipient, or for
the User Product in which it has been modified or installed.  Access to a
network may be denied when the modification itself materially and
adversely affects the operation of the network or violates the rules and
protocols for communication across the network.

  Corresponding Source conveyed, and Installation Information provided,
in accord with this section must be in a format that is publicly
documented (and with an implementation available to the public in
source code form), and must require no special password or key for
unpacking, reading or copying.

  7. Additional Terms.

  "Additional permissions" are terms that supplement the terms of this
License by making exceptions from one or more of its conditions.
Additional permissions that are applicable to the entire Program shall
be treated as though they were included in this License, to the extent
that they are valid under applicable law.  If additional permissions
apply only to part of the Program, that part may be used separately
under those permissions, but the entire Program remains governed by
this License without regard to the additional permissions.

  When you convey a copy of a covered work, you may at your option
remove any additional permissions from that copy, or from any part of
it.  (Additional permissions may be written to require their own
removal in certain cases when you modify the work.)  You may place
additional permissions on material, added by you to a covered work,
for which you have or can give appropriate copyright permission.

  Notwithstanding any other provision of this License, for material you
add to a covered work, you may (if authorized by the copyright holders of
that material) supplement the terms of this License with terms:

    a) Disclaiming warranty or limiting liability differently from the
    terms of sections 15 and 16 of this License; or

    b) Requiring preservation of specified reasonable legal notices or
    author attributions in that material or in the Appropriate Legal
    Notices displayed by works containing it; or

    c) Prohibiting misrepresentation of the origin of that material, or
    requiring that modified versions of such material be marked in
    reasonable ways as different from the original version; or

    d) Limiting the use for publicity purposes of names of licensors or
    authors of the material; or

    e) Declining to grant rights under trademark law for use of some
    trade names, trademarks, or service marks; or

    f) Requiring indemnification of licensors and authors of that
    material by anyone who conveys the material (or modified versions of
    it) with contractual assumptions of liability to the recipient, for
    any liability that these contractual assumptions directly impose on
    those licensors and authors.

  All other non-permissive additional terms are considered "further
restrictions" within the meaning of section 10.  If the Program as you
received it, or any part of it, contains a notice stating that it is
governed by this License along with a term that is a further
restriction, you may remove that term.  If a license document contains
a further restriction but permits relicensing or conveying under this
License, you may add to a covered work material governed by the terms
of that license document, provided that the further restriction does
not survive such relicensing or conveying.

  If you add terms to a covered work in accord with this section, you
must place, in the relevant source files, a statement of the
additional terms that apply to those files, or a notice indicating
where to find the applicable terms.

  Additional terms, permissive or non-permissive, may be stated in the
form of a separately written license, or stated as exceptions;
the above requirements apply either way.
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  8. Termination.

  You may not propagate or modify a covered work except as expressly
provided under this License.  Any attempt otherwise to propagate or
modify it is void, and will automatically terminate your rights under
this License (including any patent licenses granted under the third
paragraph of section 11).

  However, if you cease all violation of this License, then your
license from a particular copyright holder is reinstated (a)
provisionally, unless and until the copyright holder explicitly and
finally terminates your license, and (b) permanently, if the copyright
holder fails to notify you of the violation by some reasonable means
prior to 60 days after the cessation.

  Moreover, your license from a particular copyright holder is
reinstated permanently if the copyright holder notifies you of the
violation by some reasonable means, this is the first time you have
received notice of violation of this License (for any work) from that
copyright holder, and you cure the violation prior to 30 days after
your receipt of the notice.

  Termination of your rights under this section does not terminate the
licenses of parties who have received copies or rights from you under
this License.  If your rights have been terminated and not permanently
reinstated, you do not qualify to receive new licenses for the same
material under section 10.

  9. Acceptance Not Required for Having Copies.

  You are not required to accept this License in order to receive or
run a copy of the Program.  Ancillary propagation of a covered work
occurring solely as a consequence of using peer-to-peer transmission
to receive a copy likewise does not require acceptance.  However,
nothing other than this License grants you permission to propagate or
modify any covered work.  These actions infringe copyright if you do
not accept this License.  Therefore, by modifying or propagating a
covered work, you indicate your acceptance of this License to do so.

  10. Automatic Licensing of Downstream Recipients.

  Each time you convey a covered work, the recipient automatically
receives a license from the original licensors, to run, modify and
propagate that work, subject to this License.  You are not responsible
for enforcing compliance by third parties with this License.

  An "entity transaction" is a transaction transferring control of an
organization, or substantially all assets of one, or subdividing an
organization, or merging organizations.  If propagation of a covered
work results from an entity transaction, each party to that
transaction who receives a copy of the work also receives whatever
licenses to the work the party's predecessor in interest had or could
give under the previous paragraph, plus a right to possession of the
Corresponding Source of the work from the predecessor in interest, if
the predecessor has it or can get it with reasonable efforts.

  You may not impose any further restrictions on the exercise of the
rights granted or affirmed under this License.  For example, you may
not impose a license fee, royalty, or other charge for exercise of
rights granted under this License, and you may not initiate litigation
(including a cross-claim or counterclaim in a lawsuit) alleging that
any patent claim is infringed by making, using, selling, offering for
sale, or importing the Program or any portion of it.

  11. Patents.

  A "contributor" is a copyright holder who authorizes use under this
License of the Program or a work on which the Program is based.  The
work thus licensed is called the contributor's "contributor version".

  A contributor's "essential patent claims" are all patent claims
owned or controlled by the contributor, whether already acquired or
hereafter acquired, that would be infringed by some manner, permitted
by this License, of making, using, or selling its contributor version,
but do not include claims that would be infringed only as a
consequence of further modification of the contributor version.  For
purposes of this definition, "control" includes the right to grant
patent sublicenses in a manner consistent with the requirements of
this License.

  Each contributor grants you a non-exclusive, worldwide, royalty-free
patent license under the contributor's essential patent claims, to
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make, use, sell, offer for sale, import and otherwise run, modify and
propagate the contents of its contributor version.

  In the following three paragraphs, a "patent license" is any express
agreement or commitment, however denominated, not to enforce a patent
(such as an express permission to practice a patent or covenant not to
sue for patent infringement).  To "grant" such a patent license to a
party means to make such an agreement or commitment not to enforce a
patent against the party.

  If you convey a covered work, knowingly relying on a patent license,
and the Corresponding Source of the work is not available for anyone
to copy, free of charge and under the terms of this License, through a
publicly available network server or other readily accessible means,
then you must either (1) cause the Corresponding Source to be so
available, or (2) arrange to deprive yourself of the benefit of the
patent license for this particular work, or (3) arrange, in a manner
consistent with the requirements of this License, to extend the patent
license to downstream recipients.  "Knowingly relying" means you have
actual knowledge that, but for the patent license, your conveying the
covered work in a country, or your recipient's use of the covered work
in a country, would infringe one or more identifiable patents in that
country that you have reason to believe are valid.

  If, pursuant to or in connection with a single transaction or
arrangement, you convey, or propagate by procuring conveyance of, a
covered work, and grant a patent license to some of the parties
receiving the covered work authorizing them to use, propagate, modify
or convey a specific copy of the covered work, then the patent license
you grant is automatically extended to all recipients of the covered
work and works based on it.

  A patent license is "discriminatory" if it does not include within
the scope of its coverage, prohibits the exercise of, or is
conditioned on the non-exercise of one or more of the rights that are
specifically granted under this License.  You may not convey a covered
work if you are a party to an arrangement with a third party that is
in the business of distributing software, under which you make payment
to the third party based on the extent of your activity of conveying
the work, and under which the third party grants, to any of the
parties who would receive the covered work from you, a discriminatory
patent license (a) in connection with copies of the covered work
conveyed by you (or copies made from those copies), or (b) primarily
for and in connection with specific products or compilations that
contain the covered work, unless you entered into that arrangement,
or that patent license was granted, prior to 28 March 2007.

  Nothing in this License shall be construed as excluding or limiting
any implied license or other defenses to infringement that may
otherwise be available to you under applicable patent law.

  12. No Surrender of Others' Freedom.

  If conditions are imposed on you (whether by court order, agreement or
otherwise) that contradict the conditions of this License, they do not
excuse you from the conditions of this License.  If you cannot convey a
covered work so as to satisfy simultaneously your obligations under this
License and any other pertinent obligations, then as a consequence you may
not convey it at all.  For example, if you agree to terms that obligate you
to collect a royalty for further conveying from those to whom you convey
the Program, the only way you could satisfy both those terms and this
License would be to refrain entirely from conveying the Program.

  13. Use with the GNU Affero General Public License.

  Notwithstanding any other provision of this License, you have
permission to link or combine any covered work with a work licensed
under version 3 of the GNU Affero General Public License into a single
combined work, and to convey the resulting work.  The terms of this
License will continue to apply to the part which is the covered work,
but the special requirements of the GNU Affero General Public License,
section 13, concerning interaction through a network will apply to the
combination as such.

  14. Revised Versions of this License.

  The Free Software Foundation may publish revised and/or new versions of
the GNU General Public License from time to time.  Such new versions will
be similar in spirit to the present version, but may differ in detail to
address new problems or concerns.

  Each version is given a distinguishing version number.  If the
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Program specifies that a certain numbered version of the GNU General
Public License "or any later version" applies to it, you have the
option of following the terms and conditions either of that numbered
version or of any later version published by the Free Software
Foundation.  If the Program does not specify a version number of the
GNU General Public License, you may choose any version ever published
by the Free Software Foundation.

  If the Program specifies that a proxy can decide which future
versions of the GNU General Public License can be used, that proxy's
public statement of acceptance of a version permanently authorizes you
to choose that version for the Program.

  Later license versions may give you additional or different
permissions.  However, no additional obligations are imposed on any
author or copyright holder as a result of your choosing to follow a
later version.

  15. Disclaimer of Warranty.

  THERE IS NO WARRANTY FOR THE PROGRAM, TO THE EXTENT PERMITTED BY
APPLICABLE LAW.  EXCEPT WHEN OTHERWISE STATED IN WRITING THE COPYRIGHT
HOLDERS AND/OR OTHER PARTIES PROVIDE THE PROGRAM "AS IS" WITHOUT WARRANTY
OF ANY KIND, EITHER EXPRESSED OR IMPLIED, INCLUDING, BUT NOT LIMITED TO,
THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR
PURPOSE.  THE ENTIRE RISK AS TO THE QUALITY AND PERFORMANCE OF THE PROGRAM
IS WITH YOU.  SHOULD THE PROGRAM PROVE DEFECTIVE, YOU ASSUME THE COST OF
ALL NECESSARY SERVICING, REPAIR OR CORRECTION.

  16. Limitation of Liability.

  IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN WRITING
WILL ANY COPYRIGHT HOLDER, OR ANY OTHER PARTY WHO MODIFIES AND/OR CONVEYS
THE PROGRAM AS PERMITTED ABOVE, BE LIABLE TO YOU FOR DAMAGES, INCLUDING ANY
GENERAL, SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES ARISING OUT OF THE
USE OR INABILITY TO USE THE PROGRAM (INCLUDING BUT NOT LIMITED TO LOSS OF
DATA OR DATA BEING RENDERED INACCURATE OR LOSSES SUSTAINED BY YOU OR THIRD
PARTIES OR A FAILURE OF THE PROGRAM TO OPERATE WITH ANY OTHER PROGRAMS),
EVEN IF SUCH HOLDER OR OTHER PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES.

  17. Interpretation of Sections 15 and 16.

  If the disclaimer of warranty and limitation of liability provided
above cannot be given local legal effect according to their terms,
reviewing courts shall apply local law that most closely approximates
an absolute waiver of all civil liability in connection with the
Program, unless a warranty or assumption of liability accompanies a
copy of the Program in return for a fee.

                     END OF TERMS AND CONDITIONS

            How to Apply These Terms to Your New Programs

  If you develop a new program, and you want it to be of the greatest
possible use to the public, the best way to achieve this is to make it
free software which everyone can redistribute and change under these terms.

  To do so, attach the following notices to the program.  It is safest
to attach them to the start of each source file to most effectively
state the exclusion of warranty; and each file should have at least
the "copyright" line and a pointer to where the full notice is found.

    
    Copyright (C)   

    This program is free software: you can redistribute it and/or modify
    it under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    This program is distributed in the hope that it will be useful,
    but WITHOUT ANY WARRANTY; without even the implied warranty of
    MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
    GNU General Public License for more details.

    You should have received a copy of the GNU General Public License
    along with this program.  If not, see <http://www.gnu.org/licenses/>.

Also add information on how to contact you by electronic and paper mail.

  If the program does terminal interaction, make it output a short
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notice like this when it starts in an interactive mode:

      Copyright (C)   
    This program comes with ABSOLUTELY NO WARRANTY; for details type `show w'.
    This is free software, and you are welcome to redistribute it
    under certain conditions; type `show c' for details.

The hypothetical commands `show w' and `show c' should show the appropriate
parts of the General Public License.  Of course, your program's commands
might be different; for a GUI interface, you would use an "about box".

  You should also get your employer (if you work as a programmer) or school,
if any, to sign a "copyright disclaimer" for the program, if necessary.
For more information on this, and how to apply and follow the GNU GPL, see
<http://www.gnu.org/licenses/>.

  The GNU General Public License does not permit incorporating your program
into proprietary programs.  If your program is a subroutine library, you
may consider it more useful to permit linking proprietary applications with
the library.  If this is what you want to do, use the GNU Lesser General
Public License instead of this License.  But first, please read
<http://www.gnu.org/philosophy/why-not-lgpl.html>.
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