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1. LIST OF ACRONYMS 
 
AO  Adaptive Optics 
KMOS  K-band Multi-Object Spectrograph 
MUSE  Multi Unit Spectroscopic Explorer 
IFU   Integral Field Unit 
SDD  Software Development Division 
FoV  Field of View 
WCS   World Coordinate System 
 
pixel   pixel (or picture element) 
spaxel SPAtial piXture ELement 
 
WCS World Coordinate System 
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2. INTRODUCTION AND SCOPE 
 
The majority of present and future ESO facilities, as the VLT, ALMA, and of course the E-ELT, 
feature (presently or in their plans) instruments which produce datacubes (i.e., 2 spatial, 1 
wavelength/frequency/time dimension). In this context, the need for an ESO based visualization tool 
capable of handling data-cubes was raised and discussed. A project was set up to deliver a 3D 
visualization tool to be used by the ESO community for the visualization and basic scientific 
exploitation of (large) 3D datasets. This tool is presently focused on the VLT/MUSE 2nd generation 
instrument, but it shall include the capability of visualizing the other single field IFUs operated at the 
VLT. The capability of visualizing other data cubes (produced by non-VLT facilities) is desirable but 
not mandatory. Given the limited manpower and timeframe (beta-version delivery before July 2012) 
available to the project, the software cannot be built from scratch but has to be based on one of the 
already existing visualization software platforms. 

Table 1 provides a summary of all VLT instruments with 3D capabilities. Wavelengths covered, 
range from the optical to the near IR (370 – 2450nm) and can reach ~30000 wavelength sampling 
points in the case of the XShooter IFU. Contiguous field-of-view (FoV) coverage ranges from the 
AO assisted SINFONI modes (e.g., 12.5x12.5mas) to the MUSE WFM FoV of 60”x60”. The 
resulting data-cubes of single exposures vary significantly in size, reaching 300x300x3500 = 
315,000,000 elements for a single MUSE exposure (~1.2 GB size for data only). Considering the 
need for information on errors and the possibility of dithering and mosaicking individual exposures 
increases the data-cube sizes substantially.    

3D capabilities of VLT instruments also include the “burst” modes of imagers (e.g., VISIR) where 
the 3rd dimension of the cube is a time series rather than wavelength. These modes are currently 
under active development and thus the information in Table 1 is based on the current status quo. 
Typically the field of view is restricted to a limited number of spatial elements (e.g., 64x64 subarray 
for VISIR), however, due to fast readouts a large number of independent exposures can be 
accumulated in a given cube (e.g., ~30000 for VISIR). While these modes are considered in this 
document their inclusion in the viewer is desirable but not mandatory.  
With the exception of SPHERE, all VLT 3D instruments record spatial and wavelength information, 
which is re-sampled to a linear grid of pixels. Therefore, the data can be stored in a simple cube-like 
format. Although SPHERE records spatial information via hexagonal lenslets on the sky and also 
maintains the wavelength as recorded on the detector (avoiding re-sampling), the data reduction 
pipeline already foresees as standard output a linearly re-sampled cube for visualization. It is this 
cube, which is considered as the interface to the visualization tool.        
This document establishes the user and technical requirements for the performance, design, 
development, production and verification of the ESO 3D visualization tool to be provided to the ESO 
user community and also to ESO internal staff. This document also defines the minimum 
functionality required from an existing tool to qualify as a suitable platform for development. 
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Table 1: Summary of VLT 3D instrument modes  
Instrument Mode Field coverage and sampling  

 

Wavelength range Science cube 
dimensions 

FLAMES ARGUS 22x14 microlenses; 1 IFU 

0.52” ->11.5”x7.3” 

0.3” -> 6.6”x4.2” 

370 – 950 nm  

(4096 pixels per wavelength 
setting) 

14x22x4096 

FLAMES IFU buttons 20 microlenses  

0.52” ->2”x3”; 15 IFUs 

370 – 950 nm  

(4096 pixels per wavelength 
setting) 

4x5x4096 

VIMOS IFU 80x80 fibres; 0.67” -> 54”x54” 

40x40 fibres; 0.67” -> 27”x27” 

80x80 fibres; 0.33” -> 27”x27” 

40x40 fibres; 0.33” -> 13”x13” 

400 – 1015 nm (4260 pixels) Up to 
80x80x4260 

SINFONI - 32x64 spaxels; cube re-sampled 
to 64x64 

125x250mas -> 8”x8” 

50x100mas -> 3”x3” 

12.5x25mas -> 0.8”x0.8”  

J, H, K, H+K-band 

(2300 pixels) 

64x64x2300 

VISIR Burst mode 64x64 (30000 pix) 64x64x30000 

2nd generation instruments 

XShooter UVB 

VIS 

NIR 

3x25 spaxels -> 1.8”x4” 

3x25 spaxels -> 1.8”x4” 

3x20 spaxels -> 1.8”x4” 

300 – 550 nm (30000 pixels) 

550 – 1000 nm (30000 pixels) 

1000 – 2550 nm (20000 pixels) 

3x25x30000 

3x25x30000 

3x25x20000 

MUSE 

 

WFM 301x301 spaxels 

0.2”->60”x60” 

465 – 930nm (3500 pixels) 301x301x3500 

MUSE NFM 0.025” -> 7.5”x7.5”   

KMOS 

 

 24  units of 14x14 spaxels 

with 0.2” sampling 

J, H, K-band (2100 pixels) 14x14x2100 

KMOS 

 

Continuous 
mode 4x4 steps 
of 4x6 array 

300x200  spaxels -> 60”x40” J, H, K-band (2100 pixels) 300x200x2100 

SPHERE 

 

IFU 145x145 spaxels -> 1.35-3” 950 – 1700 nm (32 pixels) 145x145x32 
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3. DOCUMENTATION 
 

3.1 Applicable documents 

 
Identifier       Document  Number Title 
AD01            Memo L. Pasquini, 29/01/2010 ESO 3D Visualization Tool Project 

 
 
 
3.2 Reference documents 
 
Identifier       Document  Number Title 
RD01            GEN-SPE-ESO-50000-042 ESO Software Engineering Process and 

Standards Recommendations  
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4. REQUIREMENTS 
 
4.1 3D Visualization Tool Description 
 
The 3D visualization tool (hereafter 3DVis tool) aims at providing the typical astronomer in the ESO 
community and ESO staff with the means for visualizing (fully) calibrated1 VLT 3D datasets of 
single fields. The tool shall allow the novice IFU user to obtain a first evaluation of his/her data as 
well as the more experienced IFU user to assess data quality in more detail and perform a basic 
scientific exploitation of the dataset.     
 
4.2 Definition of Interfaces 
 
4.2.1 Datacube format 
 
The tool shall be able to load, display and analyze (basic capabilities only) 3D datasets produced by 
all VLT instrument pipelines. All pipelines will produce the data-cubes in a common format, which 
the 3D tool will understand. The format of the datacube is restricted to linearly sampled axis in x, y, 
z-dimensions and will be displayed with square pixels for the spatial axes in the 3DVis tool. The 
spatial WCS can have non-linear components and display information about this WCS shall be 
provided taking this into account. The sampling of the 3rd axis (units of wavelength or pixels) is 
common to all spatial pixels and linear. The exact definition of the format, is part of this project, 
however, the upgrade of the ESO data reduction pipelines is not part of this project and will be 
handled by SDD. 
 
The datacubes, delivered by the pipelines, are calibrated with linearly sampled axis and the data 
properly described according to the FITS standard2. The existence of error and quality information is 
desirable but not mandatory. The 3DVis tool will be able to automatically detect the existence of an 
error spectrum or quality information, but also be fully functional in the absence of error spectra and 
quality flags. For 2nd generation VLT instruments, all ESO data-reduction pipelines will produce 
information on errors in the default configuration. 
 
4.2.2 Operating systems 
 
The 3DVis tool will be tested on a Linux system according to the ESO standard (Scientific Linux 
5.3). The tool should be portable to other platforms (major Linux distributions – Fedora Core 11, 
MacOS X) including 64-bit support. The software tool shall be a standalone software application. 
 
 
4.3 Deliverables 
 
4.3.1 Software tool 
 
The standalone software tool precompiled for ESO standard Linux as well as Mac OSX platforms. 

                                                
1 It is assumed that the three axis of the data-cube are fully described in the FITS standard and calibrated. Absolute flux 
calibration is not required.  
2 Greisen, E. W.; Calabretta, M. R.; Valdes, F. G.; Allen, S. L., 2006, A&A 446, p747: "Representations of spectral 
coordinates in FITS" 
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4.3.2 Documentation 
 

• User Manual 
• Tutorial (“Cookbook”). As a goal the provision of a demonstration video is foreseen.   
• Set of example datacubes for tutorial and general documentation 
• Documentation of the software design and interfaces for software developers 
 

 
4.4 Science and User Requirements 
 
4.4.1 Reading and Viewing 
 
Enable reading and displaying of a single 3D cube stored in the common 3D format. Information on 
the World Coordinate System (WCS) describing the two spatial axes and the spectral axis with 
proper units according to the FITS standard, as well as header keywords concerning the data itself 
and error/quality estimates should be automatically read. As a goal the viewer shall not assume a 
strict order of x, y, z axis but obtain the information from the FITS data itself. 
 
For the reminder of the requirements we assume for simplicity x, y-axis to be the spatial axes and the 
z-axis to be the wavelength (or time axis for burst modes). 

4.4.1.1 Enable reading of multi-extension FITS files, where the extension number and type 
(data, error, or quality) can be specified by the user. 

4.4.1.2 Enable reading of 3D cubes stored in FITS format where the data, error and quality 
information for a given cube is stored in different fits files. 

4.4.1.3 The viewer shall be able to read and display normal images and 1D-spectra stored in 
FITS format.   

 
4.4.2 Display layout and viewing 
 
The viewing shall contain the basic functionalities of currently existing 3D visualization tools: 
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4.4.2.1 Data cube viewing from different projections along x, y, and z-axis.  

4.4.2.2 Zooming in/out along x, y, z, projections 

4.4.2.3 Simple movie along z projection. Goal also along x, y projection. 

4.4.2.4 The default viewing mode of the 3DVis tool shall, as a minimum, provide four panels 
specified below3. Panels 1-3 shall be in one window, whereas panel 4 shall be separated to 
allow for more user controlled flexibility of size and position. The size and position of each 
window shall be user controlled (interactively on screen) and flexible.  

4.4.2.4.1  Panel 1 - The main view of a given cube projection (typically x, y 
position) shall 

4.4.2.4.1.1 Provide information on the current cursor position for 
coordinates in pixels (subpixel accuracy) and projection on the sky, and the 
data value of the pixel 

4.4.2.4.1.2 Provide predefined zoom factors: 10, 50, 100, 200, 500%, “fit 
window” 

4.4.2.4.1.3 Provide predefined rotation angles: 90, 180, 270 degree, and 
flips along vertical and horizontal direction 

4.4.2.4.1.4 Provide linear, logarithmic and square root scaling and user 
controlled contrast adjustments 

4.4.2.4.1.5 Provide at least 5 different color maps including grey, red 
“temperature”, “SAURON” and rainbow. Enable the use of a user defined 
color map. 

4.4.2.4.1.6 Provide threshold cuts: minmax, 99.9, 99, 98, 95%, “DS9 
zscale” and manual (user provided values) 

4.4.2.4.1.7 Provide distance between two points in sky and pixel 
coordinates 

4.4.2.4.2  Panel 2 - Real time zoom around the cursor position in the main 
window  

4.4.2.4.3  Panel 3 - Overview panel showing the full FoV of the main window 
cube projection with indication of the currently shown subsection. The location of the 
subsection shall be movable by mouse interaction. 

4.4.2.4.4  Panel 4 - A panel showing the z-axis. Zooming in/out in this panel 
shall be possible independently of the main window. Provide easily accessible reset to 
full display range. Display of error estimates, if available, shall be user controlled. As 
a goal enable switch to velocity units if the z-axis contains calibrated wavelengths.       

 

                                                
3 For illustration see Figure 1 in Appendix A 
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4.4.2.5 The viewing, and interactive exploration (e.g., moving through slices of the cube) can 
be done in real time (i.e. without noticeable delay) even for large datacubes. The maximum 
cube size is 430x106 elements4 plus auxiliary information such as errors and data-quality. The 
number of elements along a given axis shall not be limited as long as the total size 
requirement is met. As a goal, for larger cubes (e.g., mosaics of MUSE fields) user defined 
sparse sampling or cutout techniques shall be implemented which still allow real time 
viewing of cube subsections. Even in sparse sampling mode the visualization shall remain 
realistic. Any calculations and extractions carried out in this mode shall apply to the full data-
set to ensure scientific fidelity of the results. 

 
4.4.3 Basic scientific analysis 
 

Enable basic scientific analysis capabilities including, but not limited to: 

4.4.3.1 Image reconstruction (i.e. direct image) over a user defined wavelength region with at 
least ‘median’ and ‘average’ combination algorithms taking into account information on data 
quality when available. Goal is to implement more combination algorithms including the 
error statistics when available. 

4.4.3.2 Two or three (RGB) color image reconstruction where the images are reconstructed 
over user-defined wavelength ranges.   

4.4.3.3 Spectral extraction for a user defined region (circle, box, polygon) in the 
reconstructed image with at least ‘median’, ‘sum’ and ‘average’ combination algorithms. The 
user shall be able to move the selection area around on the main window with real-time 
update of z-axis panel. Goal is that spectral error and quality information shall be taken into 
account when available and by user selected. As a goal provide optimal extraction with a 
Gaussian spatial profile for the weights. 

4.4.3.4 Simple 2D Gaussian fit to an object in the reconstructed image with the aim to 
provide estimates of the position (i.e. center), the size (x, y, - FWHM) and the flux. The 
position and size results shall be provided in units of pixels and arcsec. Goal is to implement 
a Moffat and 2 Gaussian profile fitting to obtain more realistic effective PSF information. 
Goal is also to provide an estimate of the Strehl ratio for AO assisted observations of point 
sources. 

4.4.3.5 Single Gaussian line fit to an extracted 1-d spectrum. Includes interactive user input 
for definition of the fitting wavelength and output of fitting parameters (line center in 
wavelength and pixel coordinates, line FWHM in wavelength and pixel coordinates). Goal is 
to allow for a simultaneous fit of multiple Gaussians. 

4.4.3.6 Basic (additional) sky subtraction for a given cube. Provide means of user defined sky 
region(s) on a reconstructed image, calculate median sky spectrum and subtract from cube. 

4.4.3.7 Basic continuum subtraction for reconstructed images. Built continuum image from 
up to two user defined wavelength ranges and subtract from “on band” image where the 
wavelength range is user defined. This feature would allow for simple visualization of 

                                                
4 The maximum number of elements was derived from a typical dithered MUSE cube of derived from 350x350X3500 = 
~430x106 elements 
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continuum subtracted absorption/emission line regions over extended areas. Goal is to allow 
for “sky” interpolation between two user defined continuum wavelength regions. 

 
  The items below comprise “Goals” only. 

4.4.3.8 Goal is to provide a spatial cut through a reconstructed image at an arbitrary angle  

4.4.3.9 Goal is to allow for basic arithmetic operations such as addition, subtraction and 
multiplication between user defined reconstructed images and for user defined values and 
reconstructed images (assumes availability of buffers). 

4.4.3.10 Goal is the extraction of a pseudo longslit at arbitrary angles from the 
datacube to be displayed as 2d “longslit” spectrum. 

4.4.3.11 Goal is the creation of 1st and 2nd moment maps over user defined wavelength 
regions. 

4.4.3.12 Goal is to provide an editing mode where the user can interactively flag a 
certain pixel as bad, or alternatively interactively replace the pixel value via mouse 
interaction (similarly to the “j” command in the IRAF splot task). 

4.4.3.13 Goal is to implement simple smoothing and filtering algorithms to enhance 
structures on a reconstructed image.  

 
4.4.4 Export of operation results 
 
Enable the export of operation results (e.g., reconstructed image, averaged spectrum) to disk for use 
by external programs. The data shall be saved with full WCS information (e.g, sky coordinates, 
wavelength units etc.) in standard FITS format. 
 
4.4.5 Buffer 
 
Enable the implementation of  “buffers” to compare extracted 1d-spectra and reconstructed images. 
The comparison shall be possible by showing the reconstructed images in two separate windows or 
“blinking” them in the same window. For the comparison of spectra, over-plotting with different 
colors as well as two separate windows shall be possible. The comparison with external images and 
1D-spectra stored in FITS format shall be possible. As a goal enable the synchronized display of two 
cubes with the same dimensions and WCS. This includes also the synchronized display of the data 
and error extensions.   
 
4.4.6 Catalogue overlay 
 
Enable the overlay of information from external sources stored in local files. Goal is to be able to 
query and display information from the VO (e.g., HST guide star catalogue). 
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4.4.6.1 Target position catalogues in sky coordinates and pixel coordinates 

4.4.6.2 Contour plots from other 3D data such as HI maps or molecular gas maps 

4.4.6.3 Goal is to allow the creation of user defined overlays including the storage on disk 
(e.g., ala regions files in ds9)   
 

4.4.7 FITS information 
 
Enable display of FITS header information from a user defined FITS extension and other relevant 
information on the loaded cube. Goal is to enable selected display of FITS headers by using search 
strings or pre-defined selections of 3D cube relevant information.  
 
4.4.8 Figure export 
 
Enable the capability of producing figures from the display in user-friendly formats:  

4.4.8.1 Output format shall include jpg, png, and pdf formats (goal: where applicable in user 
controlled RGB or CMYK color model). 

4.4.8.2 Plot quality A4, 300dpi, limited by number of pixels in the data. 

4.4.8.3 Goal: user controlled axis labels 

4.4.8.4 Goal: user controlled font type and font size 
 
4.4.9 Printing 
 
Enable printing of current screen view and any of the sub panels separately. 
 
4.4.10 Plugins 
 
Enable the implementation of a "plugin" infrastructure to allow easy incorporation of ESO external 
(i.e. 3D-community) developed input and further upgrades of the analyzing capabilities. The plugin 
interface shall allow for the following: 
 

4.4.10.1 Extending the user interfaces 
 

A plugin extension (like the plugins in Skycat, GAIA or ImageJ) let a developer access basically all 
internal structures of the viewer. This programmatic plugin is the one required for adding 
visualization panels, e.g. a QFitsView-like panel. These plugins are not limited to visualization tasks: 
for example, there can be plugins to read/write specific file formats, to access external catalog 
servers, or (perhaps most importantly) to introduce new analyzing tools (e.g., a more sophisticated 
PSF determination from several stars in the reconstructed image).  
 

4.4.10.2 Invoke the viewer from a command-line interface 
 

The viewer can be launched to visualize a cube given as parameter, and can start actions also 
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specified by command-line parameters, like starting a cursor. Once executed the viewer could write 
the measurements or the selected region of the cube in a FITS file. 

4.4.10.3 Invoke the viewer object-library from an object-oriented scripting 
environment  

 
In this use case the viewer environment is launched from an external scripting environment (e.g., 
Python, IDL), and an object-oriented translation let the scripting language instantiate objects and 
invoke methods of the viewer (An example would be the python XPA interface to DS9). 

4.4.10.4 As a goal the use of an external code written in a scripting language which is 
used by many astronomers (Python, IDL) shall be enabled 

 
One of the plugins can aim at invoking a scripting language. The script will access a limited subset 
of objects from the viewer environment through a well-defined interface, e.g. the currently displayed 
image or a region-of-interest, and some values can be returned from the script to the viewer 
environment.  

4.4.10.5 As a goal the 3DVis tool shall provide a “macro” language to automate a 
repeating viewer task 

 
A "macro" language can be provided, like the ImageJ recorder/player, that let the user write a small 
script that can be executed by the viewer: e.g., opening files, open a visualization panel, save a result.  

 
 

4.5 Performance Requirements 
 
4.5.1 Assumption for computing power 
 
For all performance requirements the availability of the following minimum computing power is 
assumed: 
 

• Quad core, >2 GHz, 64-bit 
• 8 GB memory 
• 100 GB free local disk space; disk data transfer rate 100 MB/sec 

 
As a goal the 3DVis tool should also work with reduced performance on a machine with a standard 
configuration of the year 2010: 
 

• Intel Core i5, 2.4 GHz, 64-bit 
• 4 GB memory 
• 50 GB free local disk space; disk data transfer rate 50 MB/sec  

 
 
4.5.2 Installation  
 
The Installation of the 3DVis tool on the supported operating platforms shall be straightforward (no 
special science or system experience needed) and must not require root access. If needed, installation 
scripts (e.g., make, make install, Mac OSX disk image) shall be provided. 
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4.5.3 Licensing 
   
The 3DVis source code will be made available under open source license. As a strong goal the use of 
the 3DVis tool shall not require the availability of commercial licenses on the operating system.  
 
4.5.4 Technical specifications 
 
The Appendix B provides the detailed translation of the science and user requirements into technical 
specifications. This table identifies critical requirements for the assessment of a suitable development 
framework during the feasibility phase (red marks). 
 
 
4.6 Maintenance Requirements 
 
See Section 4 of Appendix B 
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5. PRODUCT ASSURANCE 
 
5.1 Software Engineering Process 
 
The design and development shall follow the ESO Software Engineering Process and Standards 
Recommendations [RD01]. 
 
 
5.2 Verification of Compliance with Requirements 
 
The compliance of the developed system with the specified performances shall be demonstrated by 
test and demonstration with realistic data. If real data is not available from e.g., MUSE PAE, then 
simulated cubes can be used. 
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APPENDIX A. FIGURES 
 
 
 

 
 
Figure 1: Example layout of a 3D viewer showing all four panels as specified in Section 4.4.2.4. The 
screenshot is taken from the tool QFitsView (version 2.0) written by Thomas Ott (MPE).  
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APPENDIX B. TECHNICAL REQUIREMENTS  
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