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Chapter 1

Introduction

The previous version of GCX , CX was written to control the newly designed
cpx3m ccd camera. Once the basic camera control functions were running, it
was easy to add some LX200 control functions, so that the telescope could
be pointed at various objects without having to switch applications.

Having telescope control and image acquisition integrated into one pro-
gram makes the following step obvious: after entering goto/get commands
over several cold nights, one wants to automate the process—especially if he
observes a large number of fields every night (as when doing variable star
work).

The fact that the author’s telescope doesn’t point precisely doesn’t help
automation. So the ability to check/correct the pointing becomes essential.
cx first got the ability to read star information from the GSC and overlay
it on the images; that eases visual checks (one doesn’t need maps anymore)
but still is one step short of full automation.

Finally, when reliable field matching was implemented in GCX , it became
possible to make the program fully automatic. In the current version, GCX
can run through a list of observations completely unattended, and only stops
if clouds roll in.

As it happens, field matching and image processing are also essential
steps for CCD photometry. Over the time, the photometry functions of
GCX have expanded continuously up to the point where they contribute the
largest part of the program. It is currently possible to reduce photometric
data frames in a completely automatic fashion, and perform color transfor-
mations, transformation coefficient fitting and all-sky reduction with relative
ease.

1.1 Features

Image handling
e Open/save 16-bit FITS image files;
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GCX uses floating-point images internally, so other FITS formats are
easy to add;

Zoom/Pan images, adjust brightness/contrast/gamma in an intuitive
way, appropiate for astronomical images;

Convert FITS files to 8-bit PNM after intensity mapping;

Show image statistics (both global and local);

Maintain a noise model for the image across transformations; //
Maintain bad pixel information;

Perform ccd reductions (dark/bias/flat);

Automatically align (register) and stack images.

Catalogs and WCS

Read field star information from GSC1/2 and Tycho2;
Read object information from edb and native files;
Read recipy files;

Detect sources (stars) from images;

Overlay objects on the image;

Edit objects’ information;

Match image stars to catalog positions;

Calculate world coordinates for image objects.

Camera Control

Control cameras over a TCP socket using a simple protocol;

The control proces (cpxcntrl) presently supports the cpx3m camera.
It can be easily modified to support other cameras.

Acquire images under script control;

Set binning/windowing/integration times/temperature;

Dark frames;

All acquired frames are fully annotated in their FITS headers;

Auto-generate descriptive names for files.
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Telescope control
e Support LX200 protocol over serial;
e Point telescope under script control;
e Point telescope by object name (if edb catalogs are installed);

e Refine pointing by comparing image star positions with catalogs;

Aperture Photometry

e Do sparse field stellar photometry using fixed circular apertures for
stars, annular apertures for sky estimation;

e Aperture sizes fully programmable;
e Multiple sky estimation methods;

e Uses a complex error model thorughout, that takes into account pho-
ton shot noise, read noise, noise of the callibration frames and scintil-
lation;

e Report noise estimates for every result;

e Take photometric targets (program and standard stars) from recipy
files, or directly from the image;

e Produce a comprehensive report.

Multi-Frame Reductions
e Fit color transformation coefficients from multiple frames;
e Fit extinction coefficients;
e Perform all-sky reductions;

e Generate various plots for data checking;

Interfacing
e Uses plain-ascii files for configuration files, reports and recipies;

e Implements import filters and an output converter to interface with
tabular formats;

e Most functions available in batch mode, so the program can be made
part of a script.
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1.2 Free Software

Gex is free software, distributed under the GNU General Public License.
Users can modify it to add features, reduction algoritms, support for other
cameras/telescopes, file formats. It is written in C. The GUI uses the Gtk+
1.2 toolkit. Some GNU-specific libc functions are used, but nothing fancy.
It should compile and run on any system that has GNU tools, glibc and
Gtk+ 1.2. GCX is maintained on a GNU/Linux system.

1.3 Contributing

The most important contribution you can make to GCX is to try it out, and
don’t give up immediately if something goes wrong. Complain to the author
about it—he will try to help you.

The next most important contribution is to extend the hardware support
of the program. When interface library are available for cameras (many
manufacturers do have such libraries), it is relatively straightforward to add
support for a camera, as GCX has cleanly defined camera interface. Likewise,
many mount/telescope manufacturers use the LX200 protocol, so essentially
what is needed for other telescopes/mounts is testing and maybe a little
tweaking. The program only uses a few LX200 functions, so interfacing to
even a custom mount should be easy.

Third, there’s the bane of free software: documentation. Any help in
documenting or checking the documentation of the program is greatly ap-
preciated, and will go a long way towards keeping GCX users happy.

And finally, the fun part: the code itself. There are many clever algo-
rithms that can be added to the program, and which will benefit from the
general infrastructure and integration provided by GCX .

1.4 About this Manual

This manual is work in progress. It starts with a tutorial introduction, so
people can get a taste of what Gcx is all about. The focus in that chapter
is on operations that don’t involve particular hardware (image viewing and
data reduction).

The next chapters describe the main data-reduction functions of the
program. In general, each chapter stars with a general description of the
algorithms and methods used, then proceeds to describing how the respective
methods are implemented in practice. The chapters are written roughly in
the order in which data reduction procedes.

Finally, the appendices contain either technical details of the program
or general aspects that invlove slighlty more complex mathematics.

The manual is maintained in IXTEX.
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1.5 Related Projects

cpxctrl the camera server used by GCxX . Currently it supports the cpx3m
camera, but should be easy to modify to control different ones;

cpx3m a free CCD camera design;

avsomat a batch variable star reduction program; more portable than GCX,
it shares some code but uses a different field-matching algorithm.

xephem The well known planetarium program by Elwood Downey. GCX
can read the same object database format as xephem, namely .edb,
and uses compatible WCS annotation FITS fields. The star search
algorithm is also inspired from xephem.

libnova A library for celestial mechanics and astronomical calculations;
GCX uses some sidereal time and equatorial-to-horizontal coordinates
transformation routines from libnova.

wcstools A suite of utilities for setting and using the world coordinate
system in FITS headers; GCcX uses the same FITS header fields for
specifying the WCS as wcstools. Also, the coordinate transformation
(projection) routines are taken from westools.
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Getting Started

This section is a tour of gex’s features that don’t require any data files other
than the ones provided with the distribution, or any special hardware. It
should best be read while playing with the program.

2.1 Building and Running gcx

If you're lucky (meaning that you have an i386 GNU/Linux system with
compatible libc and gtk+-1.2 is installed on your system), the precompiled
binary supplied with the distribution will just work. To test, cd to the
toplevel distribution directory (gex-x.x.x) and run:

src/gex

If all goes well, you should get an empty window with a menu. Type ctrl-Q
or File/Quit to exit the program. It is recommended that the program is
installed in /usr/local/bin for example.

If the above doesn’t work,! you have to recompile the program. Make
sure gtk+-1.2 is installed on the system (if you have Gnome, you also have
gtk), then in the toplevel directory type:

./configure ; make clean ; make

Configure takes some options. See the INSTALL file supplied with the
distribution for more details.
If the above step completes successfully, become root and do a

make install

This will place the program in /usr/local/bin, and may also install data files
in future versions.
The installation is now complete.

1Or even if it does.
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2.2 Starting with gcx

The data subdirectory of the distribution contains an example fits frame
(uori-v-001.fits.gz), and an example recipy file for the frame (uori.rcp).
These will be used throughout this section.

First, start the program:?

gex

You should be presented with a empty window, with a menu at the top.
To load the example frame, type ctrl-O or use File/Open Fits; select
the example fits file (uori-v-001.fits.gz) in the data directory an click
Ok. The program will load and display the frame.
Alternatively, the fits file name can be supplied on the command line.
Something like:

gcx data/uori-v-001.fits.gz

will star the program and load the frame at the same time.

Two status bars are displayed at the bottom of the window. The left
one shows the current display parameters: the zoom level, the low cut and
the high cut. The low cut corresponds to black on the monitor, while the
high cut corresponds to 100% white. The values are expressed in the same
units the FITS file is.

The right-side status bar shows the various status and error messages.
When loading an image, global statistics for the image are displayed. This
will be referred to as the “status bar” throughout this manual.

On most errors, a beep is sounded and an error message is printed in
the status bar. Sometimes though, a command may appear to do nothing.
Checking the terminal from which the program was launched will sometimes
give an extra hint as to what happened.

2.3 Navigating the Image

To pan around the image, either use the scrollbars, or place the cursor over
the point that you want in the center of the image and press the spacebar
or the center mouse button.?

You can pan back to the center of the image using ctrl-L or select
Image/Pan Center from the menu.

To zoom in, place the cursor over the point you want to zoom in around,
and press the = key (same key that has the ’+’ symbol). To zoom out,
press -. The Image menu also has Zoom In and Zoom Out options.

2If the program wasn’t installed in /usr/local/bin or similar, you may have to type
the full path to the binary; from the distribution toplevel directory type: src/gcx
3The image will pan only up to the point where it’s edge is at the edge of the window.
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When loading a frame, the image cuts are automatically selected for
a convenient display of astronomical frames. The background is set at a
somewhat dark level, and the dynamic range is set to span 22 times the
standard deviation of the intensity across the frame. You can always return
to these cuts by pressing 0 or selecting Image/Auto Cuts.

Pressing 1 — 8 will select various predefined contrast levels. 1 is the most
contrasty: the image spans 4 sigmas, while 8 spans 90 sigmas. 9 will scale
the image so that the full input range is represented (the cuts are set to the
min/max values of the frame). Selecting Image/Set Contrast/... from the
menu will accomplish the same effect.

To vary the brightness of the background, use B (Image/Brighter) and
D (Image/Darker).

Another, sometimes more convenient way of making contrast/brightness
adjustments is to drag® the pointer over the image. Dragging horisontally
will change the brightness, while dragging vertically will adjust the contrast.

The key presses mentioned above are displayed in the menus alongside
the respective options. F1 or Help/Show Bindings will show on-line help
about mouse actions.

It is important to know that all the ajustments described only apply to
the display. The internal representation of the frame (and of course the disc
file) is never changed in any way.

2.4 Examining the FITS Header

Select File/Fits Header from the menu. A new window will display the
optional FITS header fields from the loaded frame.®

2.5 Stars

GCX maintains a list of objects it can overlay on the display and run various
processing steps on. They are called “stars” or sources. The stars can be
extracted from the image, or loaded from catalogs or star files.

Ctrl-click on a star image. A round circle will appear around it (you
cannot mark very faint or saturated stars). You don’t need to click precisely
on the peak - the program will search around, find a star and create an object
(a user star) positioned at the centroid of the star image.

Click inside the circle. Information about the star will be displayed in
the status bar: the start type (field star), the pixel coordinates (counting
from the top-left corner), and the world coordinates if possible. Since the
frame we loaded contained WCS information, but it couldn’t be verified
by the program, the status bar will show world coordinates, but will mark

“move the mouse while holding the left button pressed
5The fields that are always required, like naxis, SIMPLE, BITPIX, etc are not displayed.
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them as “uncertain” and disable all operations that depend on these objects’
WCS. More on validating the WCS below.

Right clicking on a star will pop up a specific menu. As our WCS isn’t
validated yet, only the 'delete’ option is active at this point.

Now press S or select Stars/Detect Sources. The program will search the
whole frame, and mark stars. There is a limit as to how many stars will be
marked. The limit can be changed by selecting File/Edit Options, clicking
on the “+” next to Star Detection and Search Options and increasing the
number in the Maximum Detected Stars field.

There is also a limit on how faint the detected stars can be. Decreasing
the value in the Star Detection SNR field will make the program look for
fainter stars. Note that a very low value of SNR will increase the run time
of the detection routine considerably. Don’t go below 2 or so.

To remove the detected stars from the display, use Stars/Remove De-
tected Stars or press shift-S.

Automatically detected stars and manually marked (user) stars are dis-
played with different symbols and deleted with separate commands, but
otherwise equivalent. The program considers automatically detected stars
somewhat expendable, but tries not to remove user stars unless specifically
requested.

A second class of stars handled by GcX are catalog stars. They can be
loaded from catalogs if installed on the system, or from star files.

Installing catalogs will be described later in this manual. For the mo-
ment, we will load the example recipy file from the data directory of the
distribution.

Select File/Load Recipy from the menu, then select the example recipy
file in the data directory (uori.rcp) and click ok.

Three types of stars will show up. Diamond-shaped ones are field stars.
They are used to fit and validate the WCS. Target-shaped symbols are the
standard stars. Their magnitudes are used to photometrically calibrate the
frame. Cross symbols are “variable” or “target” stars - stars that we want
to measure, but we don’t know their magnitude in advance.5

To find out more about a star, right-click on a star symbol, and select
Edit Star from the pop-up menu. This will open a dialog and display in-
formation about the star, which can be edited. The name, coordinates and
comments fields should be obvious. Two types of magnitudes are shown:
standard magnitudes are obtained from the catalog or recipy file; instru-
mental magnitudes are measured by the program.

A magnitude entry looks like this:

<band_name> (<system>)=<magnitude>/<error>

5The symbols used to depict various star types can be set by the user, so their appear-
ance can vary. These are the default shapes.
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The error and system fields are optional. The band name is the name of
the filter (’v’, ’b’, etc). The system describes the source of the data. For
instance, v(aavso) means v’ magnitudes taken from aavso charts, while
b(landolt) would be used for b’ magnitudes of landolt standards.

For more information about stars, please see Chapter 4

2.6 World Coordinate System

Each time a frame is loaded, the program keeps track of the relation between
the the positions within the frame, and the “true” positions of the objects.
This relation is called the “WCS” inside the program.

If no information is known about the position of the field, the WCS is
called “invalid”. This can happen if the frame doesn’t have WCS information
in the header. When some information is available, we say the we have an
“initial WCS”. The program will treat wcs information from the header as
approximate. If we have an initial WCS and some field stars, we can match
the positions of the field stars with stars detected from the frame. If the
program finds a good-enough match, it will decide that the WCS can be
reliably used, and mark the WCS as ’valid’.

Our example frame already has an initial WCS. We have field stars
loaded from the recipy file (or we could have some from GSC). We will first
press S to detect starts from the frame. Select Wes/Auto Pairs (or press
P). This will match the stars and create pairs, which are drawn with dotted
lines. Next, press Shift-W (or Wes/Fit Wes from Pairs), and the program
will fit the WCS so that the pairs overlap, and display the mean error of
the fit in the status bar. If enough pairs are fitted and the error is small
enough, the fit will be validated.

Pressing M or Wes/Auto Wes will do all the above steps in one operation
(detect stars, load field stars from GSC if possible, find pairs and fit the
WCS). Pressing shift-M or Wes/Quiet Auto Wes will do the same, but will
remove the detected stars and field stars after the fit. It will do nothing if
the WCS is already valid.

The fitting algorithm can be tuned by changing parameters under WCS
fitting options in the options dialog.

Once we have a valid WCS, we have new uses for the detected and user
stars. Clicking on them will print their true coordinates on the status bar.
It is also possible to mark them as variable stars, so they can be measured,
or as standard stars, so they can participate in the photometry solution (for
example when inputting data from a paper chart).

Choose a few detected stars, right click on them and choose Edit Star.
Now check the “variable” flag. The star will be transformed into a variable,
and its symbol changed to a cross.
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2.7 Aperture Photometry

Now that we have our valid WCS and we know which stars we want to
measure and which standards to use, the actual photometry is easy: just
press shift-P or Processing/Quick Aperture Photometry.

A quick result for the first variable star is printed in the status bar. All
stars’ magnitudes are updated, and can be examined using the Edit Star
function.

The reduction process has a number of parameters, which can be accessed
through the options dialog, under Aperture Photometry Defaults. For more
details about the photometry process check Chapter 7.

All the clicking in this section can be eliminated with one command.
From the toplevel directory, run:

gcx data/uori-v-001.fits.gz -P data/uori.rcp

The program will load the frame, load the recipy, fit the WCS and run
the photometry. A report will be written to standard out (all debugging
messages are printed to stderr, so redirecting stdout to a file will write just
the report to that file. For example:

gcx data/uori-v-001.fits.gz -P data/uori.rcp >outf

will write the report to outf.

2.8 Going Further

GCX has many more features and options than the ones described above. To
find out about them, read below, browse the menus, or ask the author.
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Image Files

The basic format used by Gcx for image files is FITS. Internally, images are
represented using 32-bit (single-precision) floating-point values. The images
are read and saved as 16-bit integer files. It it relativey easy to modify the
program to read outher FITS formats (like 8-bit or floating point), should
the need arise.

Gox will read and write fits files compressed in the gnuzip format (ending
in .fits.gz) transparently. A zipped file name can be used whenever a
regular fits file name is required.!

While the way image data is represented in the FITS files is well speci-
fied, additional information from the fits header can vary between different
programs. Since the data reduction functions of GCX make use of quite a few
fits header values, it is important to understand how they are interpreted.

Some camera control programs generate broken 16-bit FITS files that
have BZERO set to 0 and all values stored as unsigned numbers. When loaded,
values larger than 32768 appear as negative numbers. To accomodate these
files, GeX provides the File and Device Options/Force unsigned FITS option,
which will make the program interpret all values in frames with BZERO=0 as
unsigned. Note that files are always saved in the standard format.

3.1 FITS Header fields

The default names of the fits header fields have been set to what the author
considers the most common. It is however possible to change any of the field
names by editing the options or the ~/.gcxrc file.

After loading a fits file, you can examine it’s header by selecting File/Show
Fits Header.? When new frames are created by GCX from images captured
by a CCD camera, the frame is annotated from one of the following sources:

!This function uses the zcat utility, which must be installed on the system.
2Note that the required FITS fields like SIMPLE, BITPIX, NAXIS, NAXIS2, BSCALE,
BZERO are not shown by this operation.

12
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e The General Observation Setup Data options;

e Object information from the currently selected target object;

e Frame information from the camera.

13

The table below details the most important fits header fields set and read

by GCX :
Name Type
CRPIX1/2 Real
CDELT1/2 Real
CROTA1 Real
CRVAL1/2 Real
FILTER String
ELADU Real
RDNOISE Real
EXPTIME Real
JDATE Real
MJD Real

DATE-0BS String

Meaning

Coordinates  of
reference pixel
Scale of image in
degrees per pixel

Rotation of image

in degrees

World coordi-
nates of  the
reference pixel
Name of filter
used

Image electrons
per AD unit

camera read noise
in AD units

integration time
in seconds

Julian date of the
start of integra-
tion

Modified Julian
Date of the start
of integration
The date/time of
start of exposure
in the format
specified by the
fits standard

Comments

Set to the center of the frame;
Used to set the initial WCS.
Set initially from the observa-
tion setup focal length, pixel
size and binning; updated af-
ter WCS fitting.

Set initially to 0; updated af-
ter WCS fitting.

Set from the target object co-
ordinates; update after WCS
fitting.

Set from the current observa-
tion data or filter wheel sta-
tus; used for photometric re-
ductions.

Set from camera parameters;
used by the photometry rou-
tines in the error model.

Set from camera parameters;
used by the photometry rou-
tines in the error model.

Set from camera paramters;
used by the scintillation noise
evaluation routine

Used, among other things to
calculate the frame airmass

An alternative to JDATE

An alternative to JDATE
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Name

TIME-0BS

APERT

LAT-0BS

LONG-0BS

ATRMASS

OBJECT

O0BJCTRA

RA

0BJCTDEC

DEC

SECPIX

Type

String

Real

String

String

Real

String

String

String

String

String

Real

Meaning

The  time  of
day portion of
the  date/time,
used when the
DATE-0BS field
only sets the date
Telescope  aper-
ture in cm

Latitude of ob-
servation site in

DMS format
Latitude of ob-
servation site

in DMS format;
Eastern latitudes
are negative
Frame airmass

Target
name

object

Target right as-

cension in HMS
format
Target right as-
cension in HMS
format
Target  declina-
tion in  DMS
format
Target  declina-
tion in  DMS
format
Image scale in
arcseconds per

pixel
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Comments

An alternative to JDATE

Set from general observation
options; Used to evaluate
scintillation noise

Set from general observation
options; Used to calculate air-
mass

Set from general observation
options; Used to calculate air-
mass

If present, disables airmass
calculation and sets the air-
mass value

Used to set the initial WCS if
other information is not avail-
able

Used to set the initial WCS if
other information is not avail-
able

Used to set the initial WCS if
other information is not avail-
able

Used to set the initial WCS if
other information is not avail-
able

Used to set the initial WCS if
other information is not avail-
able

Used to set the initial WCS if
other information is not avail-

able
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3.2 Viewing Image Files

To pan around the image, either use the scrollbars, or place the cursor over
the point that you want in the center of the image and press the spacebar
or the center mouse button.?> You can pan back to the center of the image
using ctrl-L or select Image/Pan Center from the menu.

To zoom in, place the cursor over the point you want to zoom in around,
and press the = key (same key that has the ’+’ symbol). To zoom out,
press -. The Image menu also has Zoom In and Zoom Out options.

When loading a frame, the image cuts are automatically selected for
a convenient display of astronomical frames. The background is set at a
somewhat dark level, and the dynamic range is set to span 22 times the
standard deviation of the intensity across the frame. You can always return
to these cuts by pressing 0 or selecting Image/Auto Cuts.

Pressing 1 — 8 will select various predefined contrast levels. 1 is the most
contrasty: the image spans 4 sigmas, while 8 spans 90 sigmas. 9 will scale
the image so that the full input range is represented (the cuts are set to the
min/max values of the frame). Selecting Image/Set Contrast/... from the
menu will accomplish the same effect.

To vary the brightness of the background, use B (Image/Brighter) and
D (Image/Darker).

Another (sometimes more convenient) way of making contrast /brightness
adjustments is to drag the pointer over the image. Dragging horisontally
will change the brightness, while dragging vertically will adjust the contrast.

It is important to know that all the ajustments described only apply to
the display. The internal representation of the frame (and of course the disc
file) is never changed in any way.

Further adjustments to the way the image is displayed can be made
by bringing up the Image/CurvesédHistogram dialog. This dialog shows a
portion of the frame’s histogram, overlapped by the currently set intensity
transfer function. The image cuts are placed at the red vertical bars in