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GammaLib Software Design Des
ription 11 Introdu
tion1.1 Design Overview1.2 Requirements Tra
eability Matrix2 System Ar
hite
tural Design2.1 Chosen System Ar
hite
tureThe GammaLib is designed for Linux, Unix and Ma
OS X systems and 
ompiles under 32 Bit and 64 Bit.2.2 Dis
ussion of Alternative Designs2.3 System Interfa
e Des
riptionThe GammaLib is designed as C++ API library of whi
h all modules are designed as 
lasses. A Pythoninterfa
e allows s
ripting of library 
omponents.3 Detailed Des
ription of Components3.1 Appli
ations3.1.1 GAppli
ation3.1.2 GPars3.1.3 GLog3.2 Skymaps3.2.1 GSkymapThe GSkymap 
lass holds a single skymap (or a set of skymaps with identi
al 
oordinates) in a spe
i�
 world
oordinate proje
tion (see GW
s). Three di�erent 
onstru
tors exist:GSkymap(void);GSkymap(std::string w
s, std::string 
oordsys, int nside, std::string ordering,int nmaps = 1);GSkymap(std::string w
s, std::string 
oordsys, GSkyDir dir, int nlon, int nlat,double dlon, double dlat, int nmaps = 1);The �rst one 
reates an instan
e of an empty skymap.The se
ond is for 
reating an instan
e of a Healpix skymap. Here w
s needs to be HPX (we add this for
onsisten
y), 
oordsys is the 
oordinate system (see below), nside is the Nside parameter, ordering isthe pixel ordering (either RING or NESTED, 
ase independent), and nmaps gives the number of maps in a set(defaults to 1 if not given).
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ription 2The third is for 
reating an instan
e of any other type of skymap. Here w
s is the proje
tion of the skymap(see GW
s), 
oordsys is the 
oordinate system (see below), dir is the position of the map 
entre, nlonis the number of pixels in longitude, nlat is the number of pixels in latitude, dlon is the pixel size inlongitude (in units of degrees), dlat is the pixel size in latitude (in units of degrees), and nmaps gives thenumber of maps in a set (defaults to 1 if not given).Two 
oordinate systems are implemented (
oordsys): GAL indi
ates the gala
ti
 system (gala
ti
 longitudeand latitude), and CEL indi
ates equatorial or 
elestial system (Right As
ension and de
lination).The following methods are de�ned for GSkymap:void read(std::string filename); //!< Read skymap from FITS filevoid read(
onst GFitsHDU* hdu); //!< Read skymap from FITS HDUvoid write(std::string filename); //!< Write skymap into FITS filevoid write(GFitsHDU* hdu); //!< Write skymap into FITS HDUstd::string ordering(void) 
onst; //!< Returns Healpix ordering ("" if not Healpix)std::string 
oordsys(void) 
onst; //!< Returns 
oordinate systemGSkyDir pix2dir(
onst int& pix); //!< Convert pixel index to sky dire
tionint dir2pix(GSkyDir dir) 
onst; //!< Convert sky dire
tion to pixel indexdouble omega(
onst int& pix); //!< Return solid angle of pixel (in steradian)int npix(void) 
onst; //!< Return number of pixels in imageint nside(void) 
onst; //!< Return number of sides (0 if not Healpix)int nlon(void) 
onst; //!< Return number of longitude pixels (0 if Healpix)int nlat(void) 
onst; //!< Return number of latitude pixels (0 if Healpix)void ordering(std::string ordering); //!< Change Healpix ordering (RING or NESTED)void 
oordsys(std::string 
oordsys); //!< Change 
oordinate system (CEL or GAL)void nside(int nside); //!< Change Healpix N_side parametervoid rebin(int nlon, int nlat); //!< Change number of longitude/latitude pixelsvoid smooth_gaussian(double sigma); //!< Smooth skymap using Gaussian kernelThe GSkymap 
lass 
ontains:GW
s* m_w
s; //!< Pointer to World Coordinate System proje
tiondouble* m_pixels; //!< Pointer to sky map pixelsNote that the skymap is internally stored in a double pre
ision array. The 
lass may eventually by extendedto also handle other storage types. Alternatively, the 
lass 
ould also be implemented as a template 
lass.3.2.2 GW
sVirtual base 
lass that implements proje
tions from sky 
oordinates into a ve
tor of image pixels. The
lass follows the World Coordinate System (WCS) 
onvention.The following pure virtual methods are de�ned for GW
s:void read(
onst GFitsHDU* hdu); //!< Read proje
tion information from FITS headervoid write(GFitsHDU* hdu); //!< Write proje
tion information to FITS headerGSkyDir pix2dir(
onst int& pix); //!< Convert pixel index to sky dire
tionint dir2pix(GSkyDir dir) 
onst; //!< Convert sky dire
tion to pixel indexdouble omega(
onst int& pix); //!< Return solid angle of pixel (in steradian)int npix(void) 
onst; //!< Return number of pixels in imageint naxes(void) 
onst; //!< Return number of image axesint naxis(
onst int& axis) 
onst; //!< Return number of pixels in spe
ified axis
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ription 3The HEALPix proje
tion (as a general 
lass of spheri
al proje
tions) is represented by the keyword HPXin the FITS standard for writing astronomi
al data �les.3.3 Observation handling3.3.1 GObservationObservation handling provides an abstra
t interfa
e to gamma-ray observations of all kinds without anyreferen
e to instrument spe
i�
 properties. An observation is de�ned as a given period in time during whi
hdata are a
quired with a spe
i�
 instrument in a spe
i�
 
on�guration. The data taking period needs notto be 
ontinuous. Good time intervals will de�ne 
ontinous data taking periods within a given observation.The basi
 element of observation handling is the GObservation abstra
t base 
lass. It 
ontains:GEvents* m_events; //!< Pointer to eventsGGti* m_gti; //!< Pointer to good time intervalsGResponse* m_response; //!< Pointer to instrument response fun
tion3.3.2 GObservationsObservations taken with di�erent instruments or with di�erent instrument 
on�gurations are gatheredtogether in a GObservations 
ontainer 
lass whi
h provides an abstra
t interfa
e to all data. This is themain user interfa
e 
lass.The following methods are de�ned for GObservations:void append(GObservation &obs); //!< Append observationint size(void) 
onst; //!< Returns number of observationsvoid models(
onst GModels& models); //!< Set modelsGModels* models(void); //!< Returns pointer to modelsvoid optimize(GOptimizer& opt); //!< Optimize model parametersEvents 
an be a

essed via an iterator in the following wayGObservations obs;...for (GObservations::iterator event = data.begin(); event != data.end(); ++event) {
out << *event << endl;}3.3.3 GEnergyEnergy units used in data may di�er between instruments. For this reason, energies are handled by auni�ed GEnergy 
lass that internally stores energy information in MeV, and that provides methods forautomati
 
onversion of energies. Mathemati
al operations may be performed on GEnergy as if it were adouble pre
ision variable.3.3.4 GTimeAlso time systems used in data may di�er between instruments. For this reason, times are handled by auni�ed GTime 
lass that internally stores time in MJD, and that provides methods for automati
 
onversion
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ription 4between the various time systems that are used. Mathemati
al operations may be performed on GTime asif it were a double pre
ision variable.3.4 Event handling3.4.1 GEventThe fundamental unit of gamma-ray data are events. Events are realized in GammaLib by the abstra
tGEvent 
lass. Two fundamental event types exists whi
h derive from GEvent: event atoms, i.e. individualevents whi
h are realized by the abstra
t GEventAtom 
lass, and event bins, i.e. bins of an event 
ube whi
hare realized by the abstra
t GEventBin 
lass. Derived from these two 
lasses are the instrument spe
i�
event 
lasses GXXXEventAtom and GXXXEventBin (where XXX is the instrument 
ode) whi
h implement theinstrument spe
i�
 methods. The 
lass dependen
ies are shown in Fig. ??.
GEvent

GEventAtom GEventBin

GXXXEventAtom GXXXEventBinFigure 1: Class dependen
ies for the GEvent 
lass.The following virtual methods are de�ned for GEvent:double 
ounts(void) 
onst; //!< Number of 
ounts in eventdouble model(GModels& models); //!< Model valuedouble model(GModels& models, GVe
tor* gradient); //!< Model value and gradientGTime* time(void); //!< Time tag of eventGEnergy* energy(void); //!< Event energyGSkyDir* dir(void); //!< Arrival dire
tion of eventbool isatom(void) 
onst; //!< Event is an atombool isbin(void) 
onst; //!< Event is a bin3.4.2 GEventsThe basi
 element of event handling is the GEvents abstra
t 
ontainer base 
lass that 
ontains GEventobje
ts. The derived abstra
t 
ontainer 
lass GEventList holds GEventAtom obje
ts, while the derivedabstra
t 
ontainer 
lass GEventCube holds GEventBin obje
ts. Derived from these two 
lasses are theinstrument spe
i�
 
ontainer 
lasses GXXXEventList and GXXXEventCube (where XXX is the instrument
ode) whi
h implement the instrument spe
i�
 methods. The 
lass dependen
ies are shown in Fig. ??. Thefollowing generi
 methods are implemented:
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GEvents

GEventList GEventCube

GXXXEventList GXXXEventCubeFigure 2: Class dependen
ies for the GEvents 
lass.void load(
onst std::string& filename); //!< Load events from FITS fileGEvent* pointer(int index) 
onst; //!< Returns pointer to event (atom or bin)int number(void) 
onst; //!< Returns total number of eventsint elements(void) 
onst; //!< Returns total number of elementsNote that for an event list the total number of elements is identi
al to the total number of events.GEvents allows for iterating to provide su

essive a

ess to events. The example below shows how iteratingis implemented (illustrated using the GLATEvents derived 
lass):GLATEvents events;...for (GLATEvents::iterator event = events.begin(); event != events.end(); ++event) {
out << *event << endl;}3.5 Model handlingGModel desribes how the gamma-ray (or ba
kground event) intensity I depends on the dire
tion ~d on thesky, on the photon energy E
 , and on the time t as fun
tion of a number of parameters ~p. It is assumedthat the spatial, spe
tral and temporal des
ription 
an be fa
torized followingI(~d;E
 ; tj~p) = I(~dj~p)� I(E
 j~p)� I(tj~p) (1)3.5.1 GModelParThe elements of the parameter ve
tor ~p are realized by the GModelPar 
lass
lass GModelPar {...prote
ted:std::string m_name; //!< Parameter namestd::string m_unit; //!< Parameter unitdouble m_value; //!< Parameter value
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ription 6double m_error; //!< Un
ertainty in parameter valuedouble m_min; //!< Parameter value minimumdouble m_max; //!< Parameter value maximumdouble m_s
ale; //!< Parameter s
aling (real = m_value * m_s
ale)bool m_free; //!< Parameter is free/fixed (for fitting)bool m_hasmin; //!< Parameter has minimum boundarybool m_hasmax; //!< Parameter has maximum boundary}3.5.2 GModelThe model is realized by the GModel 
lass
lass GModel {...std::string name(void) 
onst; //!< Return model namevoid name(
onst std::string& name); //!< Set model nameint npars(void) 
onst; //!< Returns number of parametersGModelPar* par(int) 
onst; //!< Returns pointer to parameterprote
ted:int m_npars; //!< Total number of parameters in modelGModelPar** m_par; //!< Pointers to all model parametersGModelSpatial *m_spatial; //!< I(d|p)GModelSpe
tral *m_spe
tral; //!< I(E|p)GModelTemporal *m_temporal; //!< I(t|p)}3.5.3 GModelSpatialThe abstra
t base 
lass GModelSpatial implements di�erent fun
tional forms for I(~dj~p). The derived
lasses 
ontain the model parameters, and m par provides pointers to all these parameters for qui
k a

ess.As an example, the GModelSpatialPtsr
 derived 
lass is show:
lass GModelSpatialPtsr
 {...int npars(void) 
onst; //!< Returns number of parametersGModelPar* par(int) 
onst; //!< Returns pointer to parameterprote
ted:GModelPar m_ra; //!< Right As
ension of sour
eGModelPar m_de
; //!< De
lination of sour
e}The following 
lasses are implemented:GModelSpatialPtsr
 //!< Point sour
e3.5.4 GModelSpe
tralThe abstra
t base 
lass GModelSpe
tral implements di�erent fun
tional forms for I(E
 j~p). The following
lasses are implemented:GModelSpatialPlaw //!< Power law
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ription 73.5.5 GModelTemporalThe abstra
t base 
lass GModelTemporal implements di�erent fun
tional forms for I(tj~p). The following
lasses are implemented:GModelTemporalConst //!< Constant sour
e3.5.6 GModelsThe models are 
olle
ted into the GModels 
ontainer 
lass
lass GModels : publi
 GOptimizerPars {void add(GModel); //!< Add model to 
ontainerint npars(void) 
onst; //!< Returns number of parametersGModelPar* par(int) 
onst; //!< Returns pointer to parameter...int m_elements; //!< Total number of modelsGModel* m_model; //!< Pointers to all modelsint m_npars; //!< Total number of model parametersGModelPar** m_par; //!< Pointers to all model parameters}whi
h is derived from the general parameter 
ontainer 
lass GOptimizerPars. It is this 
ontainer 
lass thatis handed to GData in order to 
ompute the model predi
tion for a some given data. The interpretationof the models is done on the level of the instrument spe
i�
 
lasses GXXXEventList and GXXXEventCube(where XXX is the instrument 
ode).GModels is also handed to the GOptimizer 
lass for parameter optimization.The following 
ode illustrates how a point sour
e is set up for the Crab pulsar with a power law spe
tralshape:// Define Crab positionGSkyDir dir;dir.rade
_deg(83.6331, +22.0145);// Spatial model is a point sour
e at the position of the CrabGModelSpatialPtsr
 point_sour
e = GModelSpatialPtsr
(dir);// Spe
tral model is a power lawGModelSpe
tralPlaw power_law = GModelSpe
tralPlaw(1.0e-7, -2.1);// Set up Crab modelGModel 
rab = GModel(point_sour
e, power_law);// Create model 
ontainerGModels models;models.add(
rab);// Set model for observationGData data;...data.set_model(models);
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ription 83.6 Optimizer3.6.1 GOptimizerFun
tionThe abstra
t base 
lass GOptimizerFun
tion provides the interfa
e between any user-de�ned fun
tion andthe GOptimizer 
lass. The GOptimizerFun
tion 
lass has the following stru
ture:
lass GOptimizerFun
tion {...virtual void eval(
onst GOptimizerPars& pars); //!< Evaluate fun
tionvirtual double* value(void); //!< Return pointer to fun
tion valuevirtual GVe
tor* gradient(void); //!< Return pointer to gradientvirtual GSparseMatrix* 
ovar(void); //!< Return pointer to 
ovarian
e matrix}3.6.2 GOptimizerThe GOptimizer 
lass ...
lass GOptimizer {...virtual GOptimizerPars& operator() (GOptimizerFun
tion& f
t, GOptimizerPars& p);GModels& operator() (GOptimizerFun
tion& f
t, GModels& m);}}Optimization is then done usingvoid GData::optimize(GOptimizer& opt){ // Set optimizer fun
tionGData::optimizer f
t(this);// Optimise model parametersm_models = opt(f
t, m_models);// Returnreturn;}4 User Interfa
e Design4.1 Des
ription of the User Interfa
e5 Additional Material


