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Note to the user

This software has been written to analyse data of the SPI telescope onboard INTEGRAL. Particular
care has been taken in making the software user friendly and well documented. If you appreciated
this effort, and if this software and User Manual were useful for your scientific work, the author
would appreciate a corresponding acknowledgment in your published work.
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1 Introduction

The executable spi_obsmrem is part of the SPI scientific analysis tools software component (SAT). It
performs either a Expectation Maximisation (EM), also called Richardson-Lucy, deconvolution or a Mul-
tiresolution Expectation Maximisation (MREM) deconvolution of SPI data.

For EM, the algorithm is an iterative non-linear deconvolution scheme. It has the advantage of being fast
and robust, yet there is no estimation of the uncertainty in the reconstructed sky intensity distribution.
Also, there is no objective way to decide on the best iteration, and indeed, there is no such thing as a best
iteration. Early iterations show less structure than advanced iterations, and do not reproduce the total
flux. Later iterations will show flux convergence (when the image is integrated over some area), yet the
image structure generally becomes very spiky. The user should be cautioned in not overinterpreting
image structures. As rule of thumb one may say that it is highly unlikely that any detailed structure of
diffuse emission in the image is real. Yet point sources should be reconstructed at their correct positions.

To reduce image artifacts, a smoothing kernel option has been introduced that allows image deconvolution
on larger pixel sizes while preserving the angular resolution of SPI. Typically, diffuse emission may be
reconstructed using 5 or 10 degrees smoothing kernels, revealing thus the overall global structure of the
emission. Only if the signal is highly significant, smaller smoothing kernels may be useful.

For MREM, an additional denoising step is introduced, making the algorithm convergent (it stop once all
significant structure has been extracted from the data). MREM uses wavelet thresholding to suppress noise
features in the image. Various wavelet types are proposed for this purpose, but the choice has only little
impact on the reconstructed image. As default the Symmlet 6 wavelet is proposed.

The most crucial parameter of MREM is the wavelet threshold level. For a low level the resulting image
is more structured (but also more noisy) than for a high level. Two methods for wavelet thresholding
are implemented: soft and hard thresholding. Also here the choice seems to have only a minor impact
on the resulting image. However, for a given wavelet threshold level, soft thresholding provides more
noise suppression than hard thresholding. A good compromise between noise suppression and extraction of
relevant stucture has been found for hard thresholding and a wavelet threshold of 3.5¢0.

Depending on the significance of the signal that is present in the data, MREM requires a few 10 up to
~ 100 iterations for image deconvolution. Thus setting the maximum number of MREM iterations to 1000
seems a save value to allow for convergence of the algorithm. Note that simultaneous background model
fitting generally leads to an increase in the number of required iterations for convergence.

If the number of required iterations becomes very large, the provided background model is probably a poor
representation of the real instrumental background that is present in the data.

spi_obs_mremis written in the ANSI C++ language and has been developped under ISDC support platform
6.3. It requires spi_toolslib version 4.10.2 or higher and spi_fitlib version 1.0.0 or higher.

2 Getting started

Before installing spi_obs_mrem, make sure that the ISDC support platform 6.3 or higher is installed on your
system, and that you have installed the libraries spi_toolslib (version 4.10.2 or higher) and spi_fitlib
(version 1.0.0 or higher).

After downloading the spi_obsmrem.tar.gz file, step into a directory that should hold the distribution,
move the spi_obs mrem.tar.gz file into this directory and type after the UNIX prompt $ (don’t type this
prompt):

$ gunzip spi_obs_mrem.tar.gz
$ tar xvf spi_obs_mrem.tar
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The first command uncompresses the distribution file, the second unpacks the files.

Before configuration, the distribution needs to be reset to a clean state. To do this, type
$ make distclean

Then, configure the distribution. It is assumed here that you have previously installed the ISDC support
platform, thus you should type

$ ~/bin/ac_stuff/configure
Finally, build the distribution by typing
$ make global_install
To perform a unit test, type

$ make test
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3 Parameter file

H##HHHHHH R R R R R

# #
# Centre d’Etude Spatiale des Rayonnements #
# (in collaboration with ISDC) #
# #
# SPI Multi-Resolution Expectation Maximisation Imaging #
# #
$ -~ #
# #
# File: spi_obs_mrem.par #
# Version: 3.1.0 #
# Component: SAT #
# #
# Author: Juergen Knoedlseder #
# knodlseder@cesr.fr #
# CESR #
# #
# Purpose: Parameter file for the SPI MREM Imaging task #
# #
# History: 3.0.0 20-Jan-2006 3rd release #
# #

HE#HHHHHHREH R R R R
#
# The input DOLs/filenames

#
#

ingrpDOL, s,q,"og_spi.fits",,,"Input Observation Group DOL or filename"
inebdsDOL,s,q,"",,,"Energy boundary DOL or filename"

inpntDOL, s,q,"",,,"Pointing DOL or filename"

ingtiDOL, s,q,"",,,"Good Time Interval DOL or filename"

indtiDOL, s,q,"",,,"Deadtime DOL or filename"

indspDOL, s,q,"",,,"Detector Spectrum DOL or filename"

inpefDOL, s,q,"",,,"PSD Efficiency DOL or filename"

inprfDOL, s,q,"",,,"PSD Response DOL or filename"

inidxDOL, s,q,"",,,"Background Model Index DOL or filename"

inirfDOL, s,q,"spi_irf_grp_0015.fits",,,"Instrument Response Index DOL or filename"
inimaDOL, s,q,"",,,"Start Image DOL (optional)"

#
# The output DOLs/filenames

#
#

outgrpDOL, s,q, "og_spi.fits",,,"Output Observation Group DOL or filename"
outimaidxDOL, s,q,"image_idx.fits",,,"Result Image Index DOL or filename"
outimaDOL, s,q, "image.fits",,,"Result Image filename"

outcoridxDOL, s,q,"delta_idx.fits",,,"Correction Image Index DOL or filename"
outcorDOL, s,9, "delta.fits",,,"Correction Image filename"

outexpDOL, s,q, "exposure.fits",,,"Exposure Image filename"

outwgtDOL, s,q,"weighting.fits",,,"Weighting Image filename"

outnorDOL, s,9, "norm.fits",,,"Normalisation Image filename"
outsdvDOL, s,q, "sigma.fits",,,"Standard deviation Image filename"
outclpDOL, s,q, '"clipping.fits",,,"Clipping Image filename"

outdmpFile, s,q, "result.dat",,,"Result ASCII filename"

#
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# Task parameters

I

H#
L

skymapSystem,
skymapKernel,
skymapXmin,
skymapXmax,
skymapXsize,
skymapXkernel,
skymapYmin,
skymapYmax,
skymapYsize,
skymapYkernel,
skymapEmin,
skymapEmax,
dataSpaceEmin,
dataSpaceEmax,
sumDataSpace,
#

s,q,GALACTIC,,,"Sky-map coordinate system"

s,q, BOX, ,,"Sky-map kernel type"

r,q, -50.0,,,"Sky-map Longitude/Right Ascension minimum (deg)"
r,q, 50.0,,,"Sky-map Longitude/Right Ascension maximum (deg)"
r,q, 0.5,,,"Sky-map Longitude/Right Ascension pixel size (deg)"
r,q, 1.0,,,"Sky-map Longitude/Right Ascension kernel size (deg)"
r,q, -30.0,,,"Sky-map Latitude/Declination minimum (deg)"

r,q, 30.0,,,"Sky-map Latitude/Declination maximum (deg)"

r,q, 0.5,,,"Sky-map Latitude/Declination pixel size (deg)"

r,q, 1.0,,,"Sky-map Latitude/Declination kernel size (deg)"
r,q, 511.0,,,"Sky-map energy band minimum (keV)"

r,q, 511.0,,,"Sky-map energy band maximum (keV)"

r,q, 509.0,,,"Data-space energy band minimum (keV)"

r,q, 513.0,,,"Data-space energy band maximum (keV)"

b,q, yes,,,'"Sum energy bins 7"

# MREM parameters

H

algoType, 5,9, MREM, , ,"Algorithm type"

maxIter, i,q, 1000, ,,"Maximum number of iterations"

startInt, r,q, 1.0e-8,,,"Initial sky-map grey intensity"

wiltType, s,q, Symm6,,,"Wavelet type"

wfltSigma, r,q, 3.5,,,"Wavelet thresholding sigma"

wfltThresMethod, s,q, HARD, , ,"Wavelet thresholding method"

wfltXStartLevel, i,q, 100, ,,"Wavelet thresholding X resolution start level"
wfltYStartLevel, i,q, 100, ,,"Wavelet thresholding X resolution start level"
wfltMaxSmallImp, i,h, 3,,,""Maximum number of small logL improvements"
wfltMinNumConv, 1i,h, 3,,,""Maximum number of convergences"
wfltNumThresSim, i,h, 100, , ,"Number of wavelet threshold simulations"
wfltSimUseBgm, b,h, no,,,"Use only background model for wavelet threshold simulations"
clipRellnt, r,h, 0.0,,,"Relative intensity for image clipping"
skymapWeight, r,h, 1.0,,,"Skymap exposure weighting factor"

numSim, i,h, 0,,,"Number of MC simulations"

#

# Acceleration parameters

#

#

accMethod, s,h, POS,,,"Acceleration method"

minLambda, r,h, 0.0,,,"Minimum acceleration factor"

maxLambda, r,h, 0.0,,,"Maximum acceleration factor"
maxStatImprove,r,h, 0.0,,,"Maximum statistics improvement"

#

# Background model parameters

bgmMethod, s,h, OFF, , ,"Background fitting method"

bgmThres, r,h, 0.0,,,"Background fitting threshold"

bgmItConv, r,h, 1.0e-3,,,"Iterative background fitting convergence fraction"
bgmcompO1, s,h, fix,,,"Background model component 1 fit method"
bgmcomp02, s,h, fix,,,"Background model component 2 fit method"
bgmcomp03, s,h, fix,,,"Background model component 3 fit method"
bgmcompO4, s,h, fix,,,"Background model component 4 fit method"
bgmcomp05, s,h, fix,,,"Background model component 5 fit method"



spi_.obs_.mrem User Manual )

bgmcomp06, s,h, fix,,,"Background model component 6 fit method"
bgmcomp07, s,h, fix,,,"Background model component 7 fit method"
bgmcomp08, s,h, fix,,,"Background model component 8 fit method"
bgmcomp09, s,h, fix,,,"Background model component 9 fit method"
bgmcomp10, s,h, fix,,,"Background model component 10 fit method"
#

# Response parameters

I

L

srcGamma,, r,h, 2.0,,,"Power-law E"-gamma exponent gamma"
rspIntdlogE,r,h,0.03,,,"Response interpolation logl0 step size"

#

# Standard parameters

I

L

clobber,b,h,yes,,,"Overwrite existing output data ?"
verbose,i,h,2,0,5,"Information logging level"

Instead of specifying complete DOLs (Data Object Locations), which are composed of a filename plus the
data structure extension (HDU), spi_obs_mrem accepts also simple filenames and adds the appropriate data
structure extensions. This means that specified data structure extensions are ignored.

The parameters have the following meaning;:

e ingrpDOL = og_spi.fits [string]

DOL or filename of the input Observation Group (HDU [GROUPING]) for which an image should be
derived. The input group has to be of level BIN_I.

If an output Observation Group has been specified (parameter outgrpDOL), the specification of this
parameter is optional. If the parameter is left blank, the output Observation Group will then be used
as input Observation Group. Otherwise, the input Observation Group will be copied into the output
Observation Group.

inebdsDOL = [string] (optional)
DOL or filename of an energy boundary definition (HDU [SPI.-EBDS-SET]). This data structure
specifies the energy boundaries of the binned data.

If a [SPI.-EBDS-SET] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will
be attached to the output Observation Group. If left blank, it is assumed that a [SPI.-EBDS-SET]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

inpntDOL = [string] (optional)
DOL or filename of a Pointing definition (HDU [SPI.-0BS.-PNT]). This data structure specifies the
pointings that have been used for data taking.

If a [SPI.-0BS.-PNT] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will
be attached to the output Observation Group. If left blank, it is assumed that a [SPI.-0BS.-PNT]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

ingtiDOL = [string] (optional)
DOL or filename of a Good Time Interval definition (HDU [SPI.-0BS.-GTI]). This data structure
specifies the time intervals that have been used for data taking.

If a [SPI.-0BS.-GTI] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will



spi_.obs_.mrem User Manual 6

be attached to the output Observation Group. If left blank, it is assumed that a [SPI.-0BS.-GTI]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

e indtiDOL = [string] (optional)
DOL or filename of a Deadtime data structure (HDU [SPI.-0BS.-DTI]). This data structure contains
the livetime and the deadtime ratio for the binned data.

If a [SPI.-0BS.-DTI] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will
be attached to the output Observation Group. If left blank, it is assumed that a [SPI.-0BS.-DTI]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

e indspDOL = [string] (optional)
DOL or filename of an Event Spectra (HDU [SPI.-0BS.-DSP]). This data structure contains the
binned event data. It is needed for the normalisation of the background model.

If a [SPI.-0BS.-DSP] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will
be attached to the output Observation Group. If left blank, it is assumed that a [SPI.-0BS.-DSP]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

e inpefDOL = [string] (optional)
DOL or filename of the PSD efficiency function (HDU [SPI.-0BS.-PEF]). This data structure con-
tains the PSD efficiency factors.

If a [SPI.-0BS.-PEF] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will
be attached to the output Observation Group. If left blank, it is assumed that a [SPI.-0BS.-PEF]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

e inprfDOL = [string] (optional)
DOL or filename of the PSD response function (HDU [SPI.-0BS.-PRF]). This data structure contains
the PSD response factors.

If a [SPI.-0BS.-PRF] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will
be attached to the output Observation Group. If left blank, it is assumed that a [SPI.-0BS.-PRF]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

e inidxDOL = [string] (optional)
DOL or filename of the Background Model Index (HDU [SPI.-BMOD-DSP-IDX]). This data structure
contains pointers on the background model components.

If a [SPI.-BMOD-DSP-IDX] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will be
attached to the output Observation Group. If left blank, it is assumed that a [SPI.-BMOD-DSP-IDX]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

e inirfDOL = spi_irf_grp 0015.fits [string]
DOL or filename of the Instrument Response Function Index (HDU [SPI.-IRF.-RSP-IDX]). This
data structure contains pointers on the response function components.
If a [SPI.-IRF.-RSP-IDX] element exists already in the input Observation Group, this element will be
replaced by the specified DOL in the output Observation Group. Otherwise, the specified DOL will be
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attached to the output Observation Group. If left blank, it is assumed that a [SPI.-IRF.-RSP-IDX]
element exists already in the input Observation Group. If no such element is found, however, the
task execution is aborted with an error message.

e inimaDOL = [string] (optional)
DOL of an image that should be used to start the MREM reconstruction. Note that here a DOL is
required since spi_obs_mrem has to know from where to extract the image.

e outgrpDOL = og spi.fits [string] (optional)
DOL or filename of the output Observation Group (HDU [GROUPING]). The output Observation
Group will be a copy of the input Observation Group plus the resulting Image Index data structure
[SPI.-SKY.-IMA-IDX] attached.

If an input Observation Group has been specified (parameter ingrpDOL), the specification of this
parameter is optional. If the parameter is left blank, the input Observation Group will then be used
as output Observation Group.

e outimaidxDOL = image_idx.fits [string]
DOL or filename of the Image Index (HDU [SPI.-SKY.-IMA-IDX]). After execution of the task, this
index will contain pointers to the various images that may have been generated by the task.

This index will be attached to the output Observation Group. Any index of the same type that
may already exist in the output Observation Group will be detached before. If the specified DOL
is identical to an already existing DOL, this DOL will be deleted if the clobber parameter is yes
(otherwise the task will abort with an error).

e outimaDOL = image.fits [string]
Filename of the Image data structure (HDU [SPI.-SKY.-IMA]). Note that this filename is rela-
tive to the Image Index (parameter outimaidxDOL), and that no HDU extension should
be provided for this parameter. After execution of the task, this file will contain all Images.

e outcoridxDOL = delta_idx.fits [string]
DOL or filename of the Correction Image Index (HDU [SPI.-SKY.-IMA-IDX]). After execution of the
task, this index will contain pointers to the various correction images that may have been generated
by the task.

This index will be attached to the output Observation Group. Any index of the same type that
may already exist in the output Observation Group will be detached before. If the specified DOL
is identical to an already existing DOL, this DOL will be deleted if the clobber parameter is yes
(otherwise the task will abort with an error).

e outcorDOL = delta.fits [string]
Filename of the Correction Image data structure (HDU [SPI.-SKY.-IMA]). Note that this filename
is relative to the Image Index (parameter outcoridxDOL), and that no HDU extension
should be provided for this parameter. After execution of the task, this file will contain all
Correction Images.

e outexpDOL = exposure.fits [string]
DOL or filename of the exposure map (HDU [SPI.-SKY.-IMA]). If this parameter is left blank, no
exposure map will be written.

e outwgtDOL = weighting.fits [string]
DOL or filename of the weighting image (HDU [SPI.-SKY.-IMA]).If this parameter is left blank, no
weighting image will be written.

e outnorDOL = norm.fits [string]
DOL or filename of the normalisation image (HDU [SPI.-SKY.-IMA]).If this parameter is left blank,
no normalisation image will be written.
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e outsdvDOL = sigma.fits [string]
DOL or filename of the standard deviation image (HDU [SPI.-SKY.-IMA]). If this parameter is left
blank, no standard deviation image will be written.

e outclpDOL = clipping.fits [string]
DOL or filename of the clipping image (HDU [SPI.-SKY.-IMA]). If this parameter is left blank, no
clipping image will be written.

e outdmpFile = result.dat [string]
Filename of an ASCII file into which some results will be dumped for each iteration (such as total
image flux, log-likelihood statistics, convergence acceleration factors, deviation from Monte Carlo
simulations).

e skymapSystem [string]
Coordinate system of the image. One may specify either GALACTIC or CELESTIAL for galactic coordi-
nates (galactic longitude and latitude) or celestial coordinates (right ascension and declination). The
resulting images will be saved in this coordinate system and all internal operations will be performed
in this coordinate system.

e skymapKernel = no [string]
Type of smoothing kernel to be applied to the image after each iteration of the deconvolution process.
One may either specify NO (no smoothing is performed), BOX (a boxcar smoothing is performed) or
GAUSS (a convolution with a Gaussian function is performed). Applying a smoothing kernel interduces
pixel-to-pixel correlations in the image and reduces noise artefacts.

e skymapXmin [doublel
Minimum galactic longitude or right ascension of the image in units of degrees.

e skymapXmax [doublel
Maximum galactic longitude or right ascension of the image in units of degrees.

e skymapXsize [doublel
Size of the image pixels in galactic longitude or right ascension in units of degrees. A default size of
0.5 degrees is recommended.

e skymapXkernel [double]
Size of the smoothing kernel in galactic longitude or right ascension in units of degrees. This parameter
has only an effect if skymapKernel is set to either BOX or GAUSS.

e skymapYmin [doublel
Minimum galactic latitude or declination of the image in units of degrees.

e skymapYmax [doublel
Maximum galactic latitude or declination of the image in units of degrees.

e skymapYsize [doublel
Size of the image pixels in galactic latitude or declination in units of degrees. A default size of 0.5
degrees is recommended.

e skymapYkernel [double]
Size of the smoothing kernel in galactic latitude or declination in units of degrees. This parameter
has only an effect if skymapKernel is set to either BOX or GAUSS.

e skymapEmin [doublel
Together with skymapEmax, specifies the energy band for which the image should be reconstructed
in units of keV. If skymapEmin is identical to skymapEmax, it is assumed that the image represents a
gamma-ray line of the specified energy. In this case the instrument response for a gamma-ray line will
be applied. Otherwise, the image will be reconstructed for a continuum band, assuming the spectral
shape defined by the parameter srcGamma.



spi_.obs_.mrem User Manual 9

e skymapEmax [doublel
Together with skymapEmin, specifies the energy band for which the image should be reconstructed in
units of keV (see above).

e dataSpaceEmin [double]

Together with dataSpaceEmax, specifies the bins of the data-space that should be used for image
reconstruction in units of keV. The difference to skymapEmin and skymapEmax is that the first concern
the image space (i.e. the incident photon energies) while the latter concern the data space (i.e. the
measured event energies). Due to the finit energy resolution of the detectors, a gamma-ray line
(which has a single incident photon energy) is reflected as Gaussian shaped line in the data-space.
For gamma-ray line analysis, the data-space energy band should enclose the gamma-ray line. For
continnum analysis, the data-space energy selection may be identical to the image-space energy
selection.

e dataSpaceEmax [double]
Together with dataSpaceEmin, specifies the bins of the data-space that should be used for image
reconstruction in units of keV (see above).

e sumDataSpace = yes [string]
Specifies if the data-space energy bins, that have been selected within the limits dataSpaceEmin and
dataSpaceEmax, should be added into a single energy bin (yes). Otherwise, if no is specified, the
data-space will be kept as individual energy bins. For gamma-ray line analysis, sumDataSpace = yes
is the default. For continuum analysis, one may specify sumDataSpace = no, yet sumDataSpace =
yes should also be the default.

e algoType [string]
Reconstruction algorithm type. One of the following algorithms may be specified: EM (standard
Richardson-Lucy algorithm), MREM (standard MREM algorithm).

e maxIter = 1000 [int]
Maximum number of deconvolution iterations that should be performed. In convergence is reached
before the maximum number of iterations has been exceeded, the algorithm will calculate less it-
erations. For EM convergence occurs only rarely in case of large smoothing kernels, hence here the
parameter determines basically the number of iterations that will be performed. For MREM convergence
occurs typically after a few tens of iterations.

e startInt = 1.0e-8 [double]
Initial intensity (in units of photons/sec/cm?/sr) of the grey image that is used as input for the first
iteration. Set this intensity to a small value, such as 108 for example. In case that a start image
has been specified in inimaDOL this parameter will be ignored.

e wfltType = Symmlet6 [string]
Wavelet type to be used for the MREM algorithm. One of the following wavelet types may be
specified: Haar, Beylkin 18, Coiflet mn where nn is one of 6, 12, 18, 24, or 30, Daubechies nn
where nn is one of 4, 6, 8, 10, 12, 14, 16, 18, or 20, Symmlet nn where nn is one of 6, 8, 10, 12,
14, or 16, or Vaidyanathan 24. Note that it is sufficient to specify only part of the name that
allows spi_obs_mrem to identify the wavelet type. For example, specifying Symm 6 is equivalent with
specifying Symmlet 6. Note also that the parameter is case insensitive.

Experience shows that the choice of the wavelet type has little impact on the reconstruction.

e wfltSigma = 3.5 [double]
Wavelet thresholding significance for the MREM algorithm. A lower threshold means more structure
in the image but also potentially more image noise. A larger threshold means less structure but
also less artifacts. However, low-level point sources maybe smeared out into a diffuse spot when the
threshold is too high.
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e wfltThresMethod = Hard [string]
Wavelet thresholding method for the MREM algorithm. Possible values are Hard (for hard thresh-
olding) and Soft (for soft thresholding). The parameter is case insensitive.

o wfltXStartLevel = 100 [int]
Wavelet X resolution level for the first iteration for the MREM algorithm.

This parameter allows to use MREM in a hierarchical scheme, where for the first iterations only the
largest wavelet scales are used. Once convergence is reached on a given scale the next smaller scale is
allowed for and the iterations are continued until all wavelet scales are used and global convergence
has been reached. This method was successful for COMPTEL image reconstruction. However, for SPI
it seems that this method is not optimal, since it leads to a suppression of small scale image features
(maybe the same was also true at the time for COMPTEL; the wavelet thresholding algorithm
implemented in spi_obs_mrem is more sophisticated that the method used for COMPTEL, allowing
in particular for heavy exposure variations over the image range).

As default use 100, meaning that all scales should be used from the first iteration on. For experi-
mentation one could lower this value. Setting it for example to 1 would mean that only the coarsest
wavelet scale in longitude is used for the first iterations.

e wfltYStartLevel = 100 [int]
Wavelet Y resolution level for the first iteration for the MREM algorithm. See wfltXStartLevel for
a description of the parameter. While wf1tXStartLevel acts on the longitude direction of the image
wfltYStartLevel acts on the latitude direction.

As default use 100.

e wfltMaxSmallImp = 3 [int]
Maximum number of small likelihood improvements that are allowed for the MREM algorithm before
a new resolution level is thrown in. This parameters is only effective if the hierarchical MREM
reconstruction scheme is used (see wfltXStartLevel for the description of the hierarchical MREM
scheme).

e wfltMinNumConv = 3 [int]
Minimum number of iterations for which MREM signals convergence that are required to stop the
iterative scheme. In principle one could stop the iterations upon the first time that convergence
occurs. However, the wavelet thresholding levels are estimated using Monte Carlo simulations (see
parameter wfltNumThresSim), hence the estimates vary slightly from iteration to iteration.

To assure that convergence was not just reached due to a statistical fluctuation in the threshold esti-
mation it is preferable to require that converegence should be reached serveral times before stopping
MREM.

e wfltNumThresSim = 100 [int]
Number of Monte Carlo simulations that are used to estimate the wavelet thresholds for the MREM
algorithm. To estimate the wavelet thresholds, Monte Carlo simulations are performed for each of
the wavelet coefficients to estimate the typcial variance that is expected due to statitical fluctuations
in the data.

e wfltSimUseBgm = no [string]
Specifies the model that should be used for the Monte Carlo simulations (see wf1tNumThresSim).

If yes is specified, only the background model is used. In this case Monte Carlo simulations are
only performed once at the beginning of the MREM iterations, using the initial background model.
This method does not take into account the possibility that the background model changes (due to
background model fitting) and that there are counts in the data-space due to emission from the sky
(the latter point is in general not very important since the data are anyways background dominated).
The main reason for specifying yes is to avoid Monte Carlo simulations during each iteration step,
leading to a substantial faster execution of the algorithm.
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If no is specified, Monte Carlo simulations are performed before each iterative step using the actual
best fitting sky and background model.

e clipRelInt = 0.0 [double]
Relative exposure level beyond which the image should be clipped.

This parameter was basically used to test for the impact of edge effects on the image reconstruction.
It turned out that it is best to specify no clipping (i.e. c1lipRelInt=0.0) and use an image weight of
skymapWeight=1.0.

o skymapWeight = 1.0 [double]
Exponent of the image weighting function.

The image weighting function allows to correct for exposure variations over the image range. Setting
values < 1 gives a higher weight to regions with lower exposure, leading to a more homogenous
image correction over the image. However, noise flucuations are then amplified towards low exposure
regions. Using values > 1 emphasies high exposure regions and enhances the exposure bias of the
reconstructed image.

e numSim = 0 [int]
Number of Monte Carlo simulations that should be performed to estimate the expected log-likelihood
value.

Do not mistake these simulations with the simulations that are performed for MREM wavelet thresh-
old estimations! Here, Monte Carlo simulations may be performed after each iteration to compare
the achieved log-likelihood value with the expected value, assuming that the background model and
the sky intensity distribution is the correct one. This parameter has mainly been introduced to see
if we can find a quantitative argument about the fit quality. At the end it turned out to be not very
useful.

e accMethod = POS [string]
MREM acceleration method. Specify POS for positively constrained acceleration, UC for unconstrained
acceleration, and OFF for no acceleration.

e minLambda = 0.0 [double]
Minimum acceleration factor that is acceptable for convergence acceleration.

The original EM (and MREM) algorithm uses relatively small iterative steps, in particular in the
presence of a small signal-to-noise ratio. To reduce the required number of iterations, an acceleration
scheme has been implemented that fits after each iteration the corrected image to the data using a
maximum likelihood fitting technique. In that way, the image correction is multiplied by an acceler-
ation factor A which for EM in general is > 1. In the case of MREM, however, the image denoising
may even leads to A < 1, and close to convergence even to A < 0. Allowing for negative A does not
seem to make sense, but A < 1 seems reasonable for MREM.

The parameter minLambda allows to specify a constraint A > Apin.
e maxLambda = 0.0 [double]
Maximum acceleration factorthat is acceptable for convergence acceleration.
See the parameter minLambda for a description of convergence acceleration. The parameter maxLambda
allows to specify a constraint A < A\pnax. If no constraint should be applied set maxLambda=0.0.
e maxStatImprove = 0.0 [doublel
Maximum log-likelihood improvement that is allowed for each iteration.

This parameter was basically used for testing to verify if limiting the fit improvement between it-
erations leads to a change in the EM or MREM convergence properties. No such impact has been
observed and it is recommened to impose to constraint (by setting maxStatImprove=0.0).
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e bgmMethod = OFF [string]
Background fitting method. Specify OFF for no background fitting, FULL for background fitting
after each iteration, THRES for background fitting once the likelihood improvement falls below the
threshold specified by bgmThres, and ITER for iterative background model fitting (once the MREM
iterations have converged). After convergence the image is re-initialised to the start value and MREM
deconvolution is repeated for the new background model estimate. This iterative scheme is stopped
once the log-likelihood has converged.

e bgmThres = 0.0 [double]
Log-likelihood threshold for background fitting method THRES.

e bgmItConv = 1.0e-3 [double]
Relative MLR (maximum likelihood ratio) threshold for convergence of the iterative background
fitting algorithm. Once the relative MLR improvement falls below this threshold, the iterative fitting
loop is aborted and a final MREM reconstruction is performed. The relative MLR improvement is
the ratio between MLR improvement and MLR value.

e bgmcompnn [string]
Fit method for the background model component nn, where nn is runs from 01 to 10. A SPI
background model contains (in general) multiple components (grouped by an index table) and nn
refers here to the component number (starting from 1 for the first component). Note that the
parameter is case insensitive.

The SPI dataspace consists of 3 dimensions (pointing number, detector number, energy bins), hence
there are methods available that describe how the background model should be fitted in each of these
three dimensions.

For the pointing dimension the available methods are:

DATE: intervals of constant duration are fitted with a specific scaling factor

ORBIT: one scaling factor is fitted per satellite orbit (3 days)

POINT: one scaling factor is fitted per telescope pointing

The DATE method takes as additional parameters the length of the time interval, expressed either
in seconds, minutes, hours, days, or years. For example, DATE 3 HOURS will split the observation
interval into equal time intervals of 3 hour duration. If no unit is specified, seconds will be assumed.

For the detector dimension the available methods are:

FIT: all pseudo-detectors are fit using the same global scaling factor

DETE: each pseudo-detector of the background model component is scaled by an individual scaling
factor.

For the energy dimension the available methods are:
FIT: all energy-bins are fit using the same global scaling factor
EBIN: each energy bin of the background model component is scaled by an individual scaling factor.

Methods for the 3 dimensons may be combined. Some examples:

DETE, ORBIT: fits the background model with a scaling factor for each pseudo-detector and each orbit
DETE,EBIN: fits the background model with a scaling factor for each pseudo-detector and energy bin
DETE, ORBIT,EBIN: fit the background model with a scaling factor for each pseudo-detector, each orbit
and each energy bin.

Note that the FIT method can be omitted as soon as another method has been specified. For example,
FIT,DATE 5 days is equivalent to DATE 5 days.

Fixing a background model to a specific level can be done by using the method FIX=z, where z specifies
the scaling of the background model component. If =z is omitted, a scaling of 1.0 is assumed.

An additional option exists to accomodate for changes in the instrumental background count rates
after the failure of Germanium detectors. If the keyword GEDFAIL is appended to the method, separate
background model scaling factors are fitted for each combination of failed Germanium detectors. For
example, if the observation group covers data from the beginning of the INTEGRAL (all detectors
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4

enabled) to revolution 260 (at which detector 2 and 17 are not more available), the option GEDFAIL
leads to a splitting of the observation group into 3 intervals, the first covering the data for which all
detectors were available, the second covering data where detector 2 failed, and the third covering data
where both detector 2 and 17 failed. GEDFAIL may be combined with any of the available options
(e.g. ORBIT, DATE, etc.). In the case of OBRIT, GEDFAIL, for example, orbits that are covering the
moment of detector failure are split into to intervals, one covering the interval before the failure,
another covering the interval after the failure.

e srcGamma = 2.0 [doublel
Gamma-ray source power-law E~7 slope v for sky image deconvolution in the case that the sky image
describes a continuum source. The default value is srcGamma = 2.0.

e rspIntdlogE = 0.03 [double]
Logarithmic energy integration steps for sky image deconvolution in the case that the sky image
describes a continuum source. The default value is rspIntdlogE = 0.03.

e clobber = yes [string]
Specifies if existing output data structures should be overwritten or not. If yes is specified, the
executable will notify the user about the deletion of any file. If no is specified and the executable
attempts to overwrite existing data (e.g. an existing output Observation Group or image index), the
task will exit with an error message.

e verbose = 2 [int]
Verbosity of executable. For verbose=0, no information will be logged in case of an error. For
verbose=1, only errors will be logged, while for verbose=2 also actions (such as DOL detachments
and attachments and DOL deletion) will be logged. verbose=3 provides a detailed report about the
image deconvolution, verbose=4 and verbose=5 is for debugging.

Interface definition

spi_obs mrem attaches an image index of type SPI.-SKY.-IMA-IDX to the observation group. This index
points on the images that are created by spi_obsmrem and that are stored in data structures of type
SPI.-SKY.-IMA. Following the initial image guess, the deconvolved image is saved after each iteration.

An ASCII result file is also created which contains the following columns (the values refer to the results
after each iteration):

e Iter: iteration number (starting from 1)

e Wflt-Lx: maximum allowed wavelet level for the X dimension of the image
e Wflt-Ly: maximum allowed wavelet level for the X dimension of the image
e WElt-Thry: fraction of wavelet coefficients that were thresholded

e Flux: total flux in the image in units of ph cm=2 s~!

e D1t-Flux: total flux increment with respect to previous iteration in units of ph cm =2 s~!
e D1t-Flux): relative flux increment with respect to previous iteration
e fit-BG: signals if background has been fitted (=1) or not (=0)

e ifState: iterative fit state during this iteration

e log-likelihood: log-likelihood statistics of the deconvolved model (the deconvolved model is com-
posed of the image model, i.e. the image convolved with the instrumental response, plus the back-
ground model)
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e MLR-init: Maximum log-likelihood ratio with respect to initial iteration
e MLR-last: Maximum log-likelihood ratio with respect to last iteration
e lambda: converegence acceleration factor

e error: statistical uncertainty of the convergence acceleration factor (if zero, the convergence accel-
eration factor was limited by a boundary condition)

e max-lambda: maximum allowed convergence acceleration factor
e max-pos-1: maximum allowed convergence acceleration factor due to the image positivity constraint

e MC-dev (optional): deviation of the log-likelihood value from the mean of 100 Monte-Carlo samples
that have been derived assuming that the actual reconstruction represent the correct sky intensity
distribution. The deviation is expressed is units of standard deviations of the 100 Monte Carlo
samples. A negative deviation means that the log-likelihood statistics of the real data is worse than
that of the simulated data. A positive deviation means that the log-likelihood statistics of the real
data is better than that of the simulated data, signalling a potential overfit of the data.

e MC-mean (optional): mean log-likelihood value of the 100 Monte-Carlo samples

e MC-stdev (optional): standard deviation of the log-likelihood values of the 100 Monte-Carlo samples

5 Algorithms

5.1 algoType=EM

The Expectation Maximisation algorithm is given by
I;,tl =17, + A"0I, (1)

where Iﬂ'l is the sky intensity distribution after iteration r + 1, I, is the sky intensity distribution of the
precedent iteration r, and 6I}:b is the correction or delta image of iteration r. A" is a factor > 1 that allows
for convergence acceleration. [,b indicate the celestial coordinates (either galactic longitude and latitude
or right ascension and declination).

The correction or delta image is given by

DSP
CLIP; | KERNELx Y MTWRSP,,@,G,,,,,

Jd, 'D,d,e
51}"’,J = I{“’b X WGTy p pae 1 (2)

CLIP;, | KERNEL % Y RSPp b
p,d.e

where

e DSP, 4. is the observed number of counts for pointing p, detector d, and energy bin e,

e PRE) ;. is the predicted number of counts after iteration r for pointing p, detector d, and energy bin
e?

® RSP, 4,6 is the instrumental response function, i.e. the expected number of counts for pointing p,
detector d, and energy bin e, if a source of unit flux is located at the sky position | and b (where [ is
either galactic longitude or right ascension and b is either galactic latitude or declination),
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e KERNEL is a smoothing kernel (which in case that no smoothing kernel has been selected corresponds
to the identity function),

e CLIP;; is a clipping function which is 1 for all sky pixels that should be kept, and 0 for all pixels that
should be clipped,

® WGT;; is a weighting function, comprised between 0 and 1.

The predicted number of counts after iteration r is given by

PREj ;. = Y 17 ,RSPy a.c b + BGMy e, (3)
1,b

where BGM,, 4. is a model for the instrumental background (if multiple background model components are
given in the input observation group, the components are added into a single component).
The exposure, stored in the file specified by the parameter outexpDOL, is given by

EXPi = Y RSPpd.c.is- (4)
p,d,e

From this, a weighting function is derived using

EXPSkymapWeight
b

1
WGT; 5 = CLIP;, ’ : 5
max; , EXP} 7 epieient 5)

where skymapWeight is the power to which the exposure is taken (see the list of task parameters).

Finally, the clipping function (or clipping image) is defined as

1 : EXP lipRellnt X EXP
CLIP;; :{ 0. elsel’b > clipRelln maxy,p L,b (6)

Thus, if clipRelInt = 0.0, all pixels for which non-zero exposure is obtained are considered for image
deconvolution.

Convergence acceleration is achieved by maximising the log-likelihood function

L(A") =) DSP,q.InPRE'Y —PRE'!', — InDSP, 4. (7)
p,d,e
where
PRE;Y, = D (If; + A7017,) RSPp.a.e +BGM,a,c, (8)
L,b

r+1

».d,e 18 NOW a function of A"), subject to the constraint

similar to equation 3 (yet here, PRE
X8I}, > —17, 9)

which guarantees image positivity.

5.2 algoType=MREM

TBW
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6 Error codes

The executable spi_obs mrem may stop with the following error codes:

SPI_0BS_MREM_ERROR_MEM_ALLOC -233600
SPI_0BS_MREM_ERROR_BAD_PARAMETER -233601
SPI_0BS_MREM_ERROR_BAD_EBOUNDS -233602
SPI_0BS_MREM_ERROR_FOPEN -233603
SPI_0OBS_MREM_ERROR_INVALID_ALGO -233604
SPI_0BS_MREM_CONVERGED -233610

They have the following meaning;:
e SPT_OBS_MREM_ERROR_MEM_ALLOC : the allocation of dynamical memory has failed. Probable your
system resources are too limited to run this task.

e SPI_OBS_MREM_ERROR_BAD_PARAMETER: an invalid task parameter has been specified. More information
is found in the log file.

e SPI_0BS_MREM_ERROR_BAD_EBOUNDS : the minimum data-space energy boundary dataSpaceEmin is
equal or larger than the maximum energy boundary dataSpaceEmax. Please correct the parameter
file.

e SPI_OBS_MREM_ERROR_FOPEN : unable to open the ASCII result file.

e SPT_OBS_MREM_ERROR_INVALID_ALGO : invalid deconvolution algorithm has been specified. Please cor-
rect algoType.

e SPT_OBS_MREM_CONVERGED : internal code.

In addition, all errors that may occur in calls to ISDC support functions (such as for example DAL, RIL or
PIL) are forwarded. Please consult the ISDC web pages for getting information about these error codes.



