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1. Charge and Scope of this project
Begin a one week project evaluating the use of Geant4 through LArSoft in the LArIAT simulation. The scope of this work excludes G4BeamLine and reconstruction.  The scope includes everything from reading in the stdhep particle list through digitization.  This evaluation includes:

· physics lists - provide recommendations for improving the low-energy physics lists that are currently in use. 

· geometry use and energy deposition - examine voxelization and parallel geometry that is currently used for the LAr TPC. 

· stepping and other Geant parameters - provide recommendations for improvement to Geant4 configuration. 

· code speed - use profiling to locate slow sections of code and identify high-level causes if possible. 

· upstream detector integration - if there is time, provide guidance for integrating upstream auxiliary detectors into the simulation.  

A primary goal of this project is to improve LArSoft.  Also, all of the code and procedures that are in the scope of this project are in common with other LAr experiments. Any suggested improvements will benefit users of LArSoft.  Another major goal is to fit this project to the effort available.  Recommendations that point out problematic areas that need further study are highly appropriate. 

Effort: The best candidates for this work are Hans (primary), Soon (secondary), and Krzysztof (secondary).  This project should be limited to two people working for one week (two weeks total effort). This includes evaluation and production of the major findings.  The final report can be modeled after the previous MicroBooNE profiling report.

Prerequisites: There are several questions that need to be answered and preliminary work that needs to be completed before this project can start.

· Geant4 version - LArSoft appears to still be using 4.9.x.  How important is it to move to 4.10.x to make necessary or useful improvements? 

· Running LArIAT simulation - The team needs to be able to run the LArIAT simulation, and have the necessary profiling tools installed and useable on an appropriate test platform. 

· Input particle list - what set of particles will be used to drive this evaluation? 

· Contacts - who are the primary experiment contacts that will answer questions about the simulation? (Brian and Jason) 

2. Concerning the Prerequisites:
Geant 4 version. There are good reasons to move to the latest version (4.10.1.p02). Some of the reasons were presented at  https://indico.fnal.gov/conferenceDisplay.py?confId=10465
Since it’s not within the scope of this task to update larsoft all tests were done with 4.9.6.p04. 
3. Test setup 

We used lariatsoft v01_07_00 based on geant v4_9_6_p04b. The fcl file was provided to us by Johnny Ho. We use a particle generator (particle gun) to produce single charged pions with a few hundred MeV of kinetic energy. These are then processed through geant 4 and the wire simulation. In general these are very typical LArIAT events like they are used for example to estimate the pion interaction cross sections in liquid Ar. We used the lariatgpvm03 interactive machine to run our tests. 

4. First results
We ran the simulation and used the art timing feature which records event by event timing for each module in the log file.  The log file was then analyzed using python scripts. The result was actually quite interesting and unexpected. 

100 charged pion event took about 90 seconds of CPU time. By Module that's:

Geant 4 :        18%

Wire Simulation: 38%

RootIO:          44%

(Trigger and Generator modules only use a small fraction) 

So ROOT IO (compression set to 7) takes most of the time. To study a bit more what is happening we analyzed the root file that was produced. Opening the produced output file in root and issuing the command
  

Events->Print();

from the root command prompt, we find that the output file had quite a large average compression factor of 7.59 some objects could even be compressed by factors of more than 80. (see Appendix). In general one doesn't expect that the simulation and digitization output is highly compressible. As it is, there is a high cost in both CPU time and memory compressing (writing) and to uncompressing 

(reading) the data. 

We recommend that the code that creates this highly compressible data objects is examined. Can these objects be created more compressed (less sparse) in the first place? 

To examine the problem a little bit more we disabled the wire simulation and digitization in the fcl file. Just running the simulation yields an output file with an average compression factor of 1.53. The CPU time spent in ROOTIO is much smaller. This is pretty much the expected behavior so for the moment this doesn’t require any further investigation. 
Geant4: 0.135 sec/evt  (86%)
ROOTIO: 0.022 sec/evt  (14%)
5. Effect of the Voxel size in Larsoft on CPU time and memory
In larsim the liquid argon is one big volume that is then divided into readout voxels (actually real volumes). The default voxel size is fairly small: 300x300x300 m. To evaluate the effect of the voxel size on CPU and memory consumption we varied the voxel size via the appropriate fcl parameters and measured the total CPU time and memory allocation (using ps) for simulating 1000 events: 

Voxel size:            total CPU time       Memory   G4Step size
[m]               
[sec]            [MB]      [m]
300                     164

    
165       172
600                     126             159       290
1300                    104             142       473
2000                     90             131        -
So the voxel size has a big effect on the CPU performance one saves 45 % by going from 300 m to 2 mm (for comparison Lariat wire spacing is 4 mm). What we haven't done yet is to estimate the effects on the physics performance. 

We recommend evaluating the optimum voxel size to guarantee that the physics is not negatively affected while getting the best CPU and memory performance. 

The current implementation is quite expensive it creates many copies of small geant 4 volumes (Voxel cubes) and forces the geant 4 stepping to adjust to the voxel size (see table above) instead of letting geant4 calculate the best stepping size in liquid Argon. It also makes geant 4 visualization nearly impossible (too many volumes). We recommend that alternative and optimized methods for realizing the Readout geometry are evaluated. (could lcdd as used by the ILC detector simulation (slic) be a good model?). Also Geant 4 provides the G4VReadoutGeometry mechanism to create a readout geometry which is a virtual, parallel geometry for obtaining the channel number. 
6. Comments regarding the Geometry:

· Visualization is an important tool to debug the detector geometry but we were not able to enable geant 4 visualization in larsoft. When processing the gdml file with different frameworks there seem to be problems with some volumes.  
· Running the geant 4 overlap checker (after loading the gdml file into the CaTS framework) on the lariat.gdml file revealed several overlaps. 

· The lariat.gdml file actually doesn’t provide a complete description of the geometry (Voxels are added in a later step). 
· The wire geometry is very regular, so why not use loops (which are supported in gdml) in the gdml file, which would make it more human readable. 

· Use of magic words to make a volume a sensitive detector. Why not use special xml tag (a la artg4tk)? Gdml is designed as an extendable language.
· Not many types of sensitive detectors are available which makes it difficult to describe anything besides liquid Argon TPC. (E.g. for lariat: the beam is characterized by wire chambers, muon paddles, and Tof flight systems.)
7. physics lists
At this point we haven’t been able to make recommendation with regards to the physics-list. This requires to identify  physics processes of interest for lariat and then evaluate which of the physics lists provided by Geant 4 will best reproduce experimental data. 

One topic would be the questions if higher precision electromagnetic physics list  are necessary to exactly describe e.g. dE/dx or electron/photon separation. Here the move to geant 4.10.1.p02 would be useful since the new version of the geant 4 physics list factory allows to select the specific electromagnetic option for all provided reference physics lists. 

Another topic would be measurements including pions (e.g. cross section measurements). We showed that the total cross section are well described in geant 4 using the bertini cascade model. To follow up on this we want to evaluate if differential and angular distributions are well described or if other geant 4 models (Bertini, BIC, INCLXX) give better results justifying the change of a physics list.
Appendix:

Analyzing the compression factors in the root output file 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++

Events tree: Overall compression factor of 7.59

Branch name                                                                        Compression

==============================================================================================

EventAuxiliary                                                                            9.83     

simb::MCParticlesimb::MCTruthvoidart::Assns_largeant__SinglesGen.present                  2.10     

simb::MCParticlesimb::MCTruthvoidart::Assns_largeant__SinglesGen.obj                     25.61     

art::TriggerResults_TriggerResults__SinglesGen.present                                    2.24     

art::TriggerResults_TriggerResults__SinglesGen.obj                                       20.60     

art::RNGsnapshots_rns__SinglesGen.present                                                 2.37     

art::RNGsnapshots_rns__SinglesGen.obj                                                     3.46     

art::RNGsnapshots_rns__SinglesGen.obj.engine_kind_                                       15.49     

art::RNGsnapshots_rns__SinglesGen.obj.label_                                             14.24     

art::RNGsnapshots_rns__SinglesGen.obj.state_                                              2.43     

raw::RawDigits_daq__SinglesGen.present                                                    2.40     

raw::RawDigits_daq__SinglesGen.obj                                                        3.48     

raw::RawDigits_daq__SinglesGen.obj.fADC                                                  12.68     

raw::RawDigits_daq__SinglesGen.obj.fChannel                                              14.18     

raw::RawDigits_daq__SinglesGen.obj.fSamples                                              69.00     

raw::RawDigits_daq__SinglesGen.obj.fPedestal                                              1.48     

raw::RawDigits_daq__SinglesGen.obj.fSigma                                                80.78     

raw::RawDigits_daq__SinglesGen.obj.fCompression                                          80.39     

sim::AuxDetSimChannels_largeant__SinglesGen.present                                       2.27     

sim::AuxDetSimChannels_largeant__SinglesGen.obj                                           3.41     

sim::AuxDetSimChannels_largeant__SinglesGen.obj.fAuxDetID                                25.31     

sim::AuxDetSimChannels_largeant__SinglesGen.obj.fAuxDetSensitiveID                       24.75     

sim::AuxDetSimChannels_largeant__SinglesGen.obj.fAuxDetIDEs                               2.28     

sim::SimChannels_largeant__SinglesGen.present                                             2.33     

sim::SimChannels_largeant__SinglesGen.obj                                                 1.91     

sim::SimChannels_largeant__SinglesGen.obj.fChannel                                        9.21     

sim::SimChannels_largeant__SinglesGen.obj.fTDCIDEs                                        1.29     

sim::SimPhotonss_largeant__SinglesGen.present                                             2.33     

sim::SimPhotonss_largeant__SinglesGen.obj                                                 3.44     

sim::SimPhotonss_largeant__SinglesGen.obj.vector<sim::OnePhoton>                          5.03     

sim::SimPhotonss_largeant__SinglesGen.obj.fOpChannel                                      6.07     

simb::MCParticles_largeant__SinglesGen.present                                            2.32     

simb::MCParticles_largeant__SinglesGen.obj                                                1.87     

simb::MCParticles_largeant__SinglesGen.obj.fstatus                                       63.24     

simb::MCParticles_largeant__SinglesGen.obj.ftrackId                                       4.85     

simb::MCParticles_largeant__SinglesGen.obj.fpdgCode                                      10.74     

simb::MCParticles_largeant__SinglesGen.obj.fmother                                        6.65     

simb::MCParticles_largeant__SinglesGen.obj.fprocess                                      14.71     

simb::MCParticles_largeant__SinglesGen.obj.fendprocess                                   30.48     

simb::MCParticles_largeant__SinglesGen.obj.ftrajectory.ftrajectory                        2.32     

simb::MCParticles_largeant__SinglesGen.obj.fmass                                         11.32     

simb::MCParticles_largeant__SinglesGen.obj.fpolarization.fUniqueID                       59.50     

simb::MCParticles_largeant__SinglesGen.obj.fpolarization.fBits                           59.65     

simb::MCParticles_largeant__SinglesGen.obj.fpolarization.fX                              34.75     

simb::MCParticles_largeant__SinglesGen.obj.fpolarization.fY                              34.71     

simb::MCParticles_largeant__SinglesGen.obj.fpolarization.fZ                              34.76     

simb::MCParticles_largeant__SinglesGen.obj.fdaughters                                     3.96     

simb::MCParticles_largeant__SinglesGen.obj.fWeight                                       71.28     

simb::MCParticles_largeant__SinglesGen.obj.fGvtx.fUniqueID                               61.41     

simb::MCParticles_largeant__SinglesGen.obj.fGvtx.fBits                                   61.55     

simb::MCParticles_largeant__SinglesGen.obj.fGvtx.fP.fUniqueID                            60.63     

simb::MCParticles_largeant__SinglesGen.obj.fGvtx.fP.fBits                                60.88     

simb::MCParticles_largeant__SinglesGen.obj.fGvtx.fP.fX                                   74.99     

simb::MCParticles_largeant__SinglesGen.obj.fGvtx.fP.fY                                   74.99     

simb::MCParticles_largeant__SinglesGen.obj.fGvtx.fP.fZ                                   74.99     

simb::MCParticles_largeant__SinglesGen.obj.fGvtx.fE                                      76.15     

simb::MCParticles_largeant__SinglesGen.obj.frescatter                                    61.66     

simb::MCTruths_generator__SinglesGen.present                                              2.34     

simb::MCTruths_generator__SinglesGen.obj                                                  3.44     

simb::MCTruths_generator__SinglesGen.obj.fPartList                                        5.86     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fstatus                          3.31     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.ftrackId                         3.32     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fpdgCode                         3.32     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fmother                          3.31     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fprocess                         4.45     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fendprocess                      4.47     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.ftrajectory.ftrajectory          7.87     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fmass                            5.11     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fpolarization.fUniqueID          3.27     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fpolarization.fBits              3.28     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fpolarization.fX                 5.12     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fpolarization.fY                 5.12     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fpolarization.fZ                 5.12     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fdaughters                       5.22     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fWeight                          5.08     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fGvtx.fUniqueID                  3.31     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fGvtx.fBits                      3.30     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fGvtx.fP.fUniqueID               3.29     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fGvtx.fP.fBits                   3.29     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fGvtx.fP.fX                      5.13     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fGvtx.fP.fY                      5.13     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fGvtx.fP.fZ                      5.13     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.fGvtx.fE                         5.19     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fNu.frescatter                       3.32     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fstatus                      3.29     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.ftrackId                     3.30     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fpdgCode                     3.30     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fmother                      3.29     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fprocess                     4.43     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fendprocess                  4.41     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.ftrajectory.ftrajectory      7.81     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fmass                        5.07     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fpolarization.fUniqueID      3.26     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fpolarization.fBits          3.26     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fpolarization.fX             5.10     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fpolarization.fY             5.10     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fpolarization.fZ             5.10     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fdaughters                   5.19     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fWeight                      5.04     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fGvtx.fUniqueID              3.29     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fGvtx.fBits                  3.29     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fGvtx.fP.fUniqueID           3.28     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fGvtx.fP.fBits               3.27     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fGvtx.fP.fX                  5.13     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fGvtx.fP.fY                  5.13     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fGvtx.fP.fZ                  5.13     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.fGvtx.fE                     5.16     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fLepton.frescatter                   3.30     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fMode                                3.36     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fInteractionType                     3.30     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fCCNC                                3.36     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fTarget                              3.33     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fHitNuc                              3.33     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fHitQuark                            3.34     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fW                                   5.18     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fX                                   5.18     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fY                                   5.18     

simb::MCTruths_generator__SinglesGen.obj.fMCNeutrino.fQSqr                                5.16     

simb::MCTruths_generator__SinglesGen.obj.fOrigin                                          3.40     

simb::MCTruths_generator__SinglesGen.obj.fNeutrinoSet                                     2.38     

To do:

- find module to check that physics performance is affected by voxel size. 

  (dE/dx of muons in the TPC?)

- check how easy it is in larsoft to access geant 4 user actions (stepping, stacking, tracking etc.) as in artg4tk. 

