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Abstract.‌ ‌Numerical‌ ‌methods‌‌of‌‌physics‌‌analysis‌‌require‌‌specialized‌‌forms‌‌of‌‌programming‌‌as‌‌well‌‌as‌‌attention‌‌to‌‌issues‌‌                                 
of‌ ‌implementation.‌ ‌PhysiCL‌ ‌is‌ ‌a‌ ‌Python‌ ‌package‌ ‌that‌ ‌aims‌ ‌to‌ ‌provide‌ ‌general-purpose‌ ‌tools‌ ‌for‌ ‌performing‌‌                             
OpenCL-accelerated‌‌physics‌‌simulations‌‌with‌‌ease.‌‌PhysiCL‌‌contains‌‌a‌‌Numpy-based‌‌code‌‌units‌‌system,‌‌a‌‌set‌‌of‌‌generic‌‌                               
simulation‌ ‌tools,‌ ‌built-in‌ ‌tools‌ ‌for‌ ‌photon‌ ‌scattering,‌ ‌tools‌ ‌for‌ ‌measuring‌ ‌light‌ ‌behavior,‌ ‌and‌ ‌tools‌ ‌for‌ ‌writing‌ ‌new‌‌                                 
OpenCL-based‌‌simulation‌‌features.‌ ‌This‌‌package‌‌can‌‌be‌‌installed‌‌via‌‌PyPI‌‌using‌‌‌pip‌‌install‌‌physicl‌,‌‌and‌‌found‌‌                               
on‌ ‌GitHub‌ ‌with‌ ‌source‌ ‌code‌ ‌and‌ ‌examples‌ ‌at‌ ‌‌https://github.com/bcwarner/physicl.‌‌‌  

I‌NTRODUCTION‌ ‌ 

PhysiCL‌ ‌is‌ ‌a‌‌Python‌‌library‌‌that‌‌utilizes‌‌OpenCL‌‌to‌‌accelerate‌‌physics‌‌simulations,‌‌and‌‌it‌‌is‌‌intended‌‌to‌‌make‌‌                                   
writing‌‌physics‌‌simulations‌‌easier‌‌for‌‌both‌‌students‌‌and‌‌researchers.‌‌Currently,‌‌the‌‌feature‌‌set‌‌is‌‌designed‌‌primarily‌‌                               
to‌‌work‌‌with‌‌simulations‌‌involving‌‌light‌‌scattering,‌‌and‌‌future‌‌work‌‌may‌‌expand‌‌it‌‌beyond‌‌this.‌‌We‌‌shall‌‌examine‌‌                                   
the‌‌basic‌‌usage‌‌of‌‌PhysiCL,‌‌its‌‌OpenCL‌‌metaprogramming‌‌tools,‌‌its‌‌code‌‌units‌‌system,‌‌and‌‌its‌‌base‌‌light‌‌scattering‌‌                                   
system.‌‌ ‌  

F‌EATURES‌ ‌ 

Basic‌ ‌Simulation‌ ‌Operation‌ ‌ 

FIGURE‌ ‌1.‌‌ ‌Outline‌ ‌of‌ ‌a‌ ‌basic‌ ‌simulation‌ ‌conducted‌ ‌using‌ ‌PhysiCL.‌ ‌(a)‌ ‌Outline‌ ‌of‌ ‌a‌ ‌general‌ ‌simulation,‌ ‌with‌ ‌the‌ ‌area‌ ‌left‌ ‌of‌‌ 
the‌ ‌dashed‌ ‌line‌ ‌showing‌ ‌what‌ ‌the‌ ‌end‌ ‌user‌ ‌controls‌ ‌and‌ ‌the‌ ‌right‌ ‌showing‌ ‌what‌ ‌is‌ ‌abstracted‌ ‌away‌ ‌from‌ ‌the‌ ‌end‌ ‌user.‌ ‌(b)‌ ‌Outline‌‌ 
of‌ ‌the‌ ‌operation‌ ‌of‌ ‌a‌‌ ‌Step‌ ‌‌in‌ ‌PhysiCL.‌ ‌A‌ ‌Python‌ ‌or‌ ‌OpenCL‌ ‌is‌ ‌run‌ ‌depending‌ ‌on‌ ‌whether‌ ‌OpenCL‌ ‌is‌ ‌turned‌ ‌on‌ ‌by‌ ‌the‌ ‌user.‌ ‌ 
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‌ 

‌ 

(a)‌‌ ‌   (b)‌‌ ‌  



At‌ ‌the‌ ‌root‌ ‌of‌ ‌the‌ ‌PhysiCL‌ ‌package‌‌is‌‌‌Simulation‌.‌‌It‌‌is‌‌primarily‌‌defined‌‌by‌‌an‌‌‌exit‌‌condition‌,‌‌two‌‌values‌‌                                     
representing‌‌ ‌and‌‌ ,‌‌an‌‌OpenCL‌‌context‌‌and‌‌command‌‌queue,‌‌a‌‌list‌‌of‌‌‌Object‌s‌‌and‌‌a‌‌list‌‌of‌‌‌Step‌s.‌‌When‌‌we‌‌  t∆     t                                    
call‌‌‌start‌—which‌‌will‌‌call‌‌‌run‌‌on‌‌a‌‌separate‌‌thread—some‌‌setup‌‌is‌‌performed.‌‌We‌‌set‌‌ ‌and‌‌ ‌to‌‌zero,‌‌get‌‌the‌‌                            t     t∆          
starting‌ ‌timestamp,‌ ‌and‌‌initialize‌‌a‌‌list‌‌for‌‌keeping‌‌track‌‌of‌‌ s‌‌that‌‌were‌‌simulated.‌‌Then,‌‌while‌‌the‌‌exit‌‌condition‌‌                    t                  
returns‌‌false,‌‌we‌‌call‌‌‌run‌‌on‌‌each‌‌‌Step‌.‌‌After‌‌the‌‌exit‌‌condition‌‌returns‌‌true,‌‌we‌‌call‌‌‌terminate‌‌on‌‌each‌‌‌Step‌‌                                       
for‌ ‌it‌ ‌to‌ ‌perform‌ ‌any‌ ‌clean‌ ‌up.‌ ‌An‌ ‌overview‌ ‌of‌ ‌this‌ ‌process‌ ‌appears‌ ‌in‌ ‌Fig.‌ ‌1a.‌ ‌Each‌ ‌‌Step‌‌utilizes‌ ‌three‌ ‌main‌‌                                         
methods,‌ ‌‌__init__‌,‌ ‌‌run‌,‌ ‌and‌ ‌‌terminate‌,‌ ‌as‌ ‌well‌ ‌as‌‌‌__run_cl‌‌and‌‌‌__run_python‌.‌‌The‌‌first‌‌is‌‌used‌‌to‌‌                               
initialize‌‌the‌‌‌Step‌,‌‌the‌‌second‌‌one‌‌is‌‌used‌‌when‌‌the‌‌simulation‌‌runs‌‌each‌‌‌Step‌,‌‌and‌‌the‌‌third‌‌one‌‌is‌‌called‌‌when‌‌                                         
the‌ ‌simulation‌ ‌is‌ ‌finished‌ ‌running.‌ ‌The‌ ‌last‌ ‌two‌ ‌are‌ ‌called‌ ‌to‌ ‌run‌ ‌the‌ ‌simulation‌ ‌using‌ ‌a‌ ‌parallelized‌ ‌OpenCL‌‌                                   
implementation‌ ‌or‌ ‌native‌ ‌Python‌ ‌implementation,‌ ‌which‌ ‌allows‌ ‌for‌‌the‌‌comparison‌‌of‌‌their‌‌relative‌‌performance.‌‌                           
Users‌ ‌who‌ ‌wish‌‌to‌‌write‌‌new‌‌‌Step‌s‌‌will‌‌primarily‌‌modify‌‌‌__init__‌‌and‌‌‌run‌,‌‌in‌‌addition‌‌to‌‌both‌‌‌__run_cl‌‌                                   
and‌‌‌__run_python‌‌if‌‌such‌‌a‌‌comparison‌‌is‌‌desired.‌‌An‌‌overview‌‌of‌‌a‌‌typical‌‌process‌‌the‌‌latter‌‌three‌‌functions‌‌are‌‌                                     
used‌ ‌in‌ ‌is‌ ‌shown‌ ‌in‌ ‌Fig‌ ‌1b.‌ ‌ 

There‌‌are‌‌two‌‌primitive‌‌steps‌‌in‌‌the‌‌root‌‌module‌‌of‌‌PhysiCL.‌‌The‌‌first,‌‌‌UpdateTimeStep‌,‌‌is‌‌initialized‌‌with‌‌a‌‌                                   
function‌ ‌that‌ ‌takes‌ ‌the‌ ‌simulation‌ ‌as‌ ‌an‌‌argument,‌‌determines‌‌what‌‌ should‌‌be‌‌and‌‌updates‌‌ ‌accordingly.‌‌The‌‌                    t Δ         t      
second,‌ ‌‌MeasureStep‌,‌‌is‌‌a‌‌generic‌‌class‌‌for‌‌measuring‌‌the‌‌states‌‌of‌‌simulations‌‌that‌‌subclasses‌‌will‌‌override‌‌as‌‌                                 
needed.‌ ‌In‌ ‌general,‌ ‌users‌ ‌will‌ ‌extend‌ ‌‌MeasureStep‌‌or‌ ‌one‌ ‌of‌ ‌its‌ ‌subclasses‌ ‌to‌ ‌measure‌ ‌behavior,‌ ‌and‌ ‌user‌‌                                 
extensions‌ ‌upon‌ ‌‌Step‌ ‌will‌ ‌represent‌ ‌state-altering‌ ‌behavior.‌ ‌Another‌ ‌‌Step‌ ‌worth‌ ‌noting‌ ‌is‌‌                       
physicl.newton.NewtonianKinematicsStep‌,‌ ‌which‌ ‌updates‌ ‌the‌ ‌position‌ ‌of‌ ‌objects‌ ‌according‌ ‌to‌‌their‌‌                   
velocity.‌ ‌ 

OpenCL‌ ‌and‌ ‌Metaprogramming‌ ‌ 

PhysiCL‌ ‌relies‌ ‌on‌ ‌OpenCL‌ ‌and‌ ‌PyOpenCL‌3‌ ‌to‌ ‌achieve‌ ‌accelerated‌ ‌computation,‌ ‌and‌ ‌uses‌ ‌metaprogramming‌‌                         
techniques—where‌ ‌new‌ ‌code‌ ‌is‌ ‌generated‌ ‌dynamically—in‌ ‌concert‌ ‌to‌‌provide‌‌increased‌‌speed‌‌in‌‌developing‌‌and‌‌                           
executing‌ ‌simulations.‌ ‌OpenCL‌ ‌is‌ ‌a‌ ‌library‌ ‌that‌ ‌allows‌ ‌for‌ ‌parallel‌ ‌computing‌ ‌on‌ ‌a‌ ‌variety‌ ‌of‌ ‌devices,‌ ‌using‌‌                                 
programs‌ ‌known‌ ‌as‌ ‌‌kernels.‌1,2‌ ‌Kernels‌ ‌may‌ ‌be‌ ‌metaprogrammed‌ ‌using‌ ‌PhysiCL’s‌ ‌‌CLProgram‌.‌ ‌‌CLProgram‌‌                       
represents‌ ‌a‌ ‌partially‌ ‌written‌ ‌OpenCL‌ ‌kernel‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌Python‌ ‌code‌ ‌needed‌ ‌to‌ ‌provide‌ ‌it‌ ‌input‌‌and‌‌retrieve‌‌                                     
output.‌ ‌There‌ ‌are‌ ‌two‌ ‌stages‌ ‌to‌ ‌metaprogramming‌‌using‌‌‌CLProgram‌.‌‌OpenCL‌‌kernels‌‌must‌‌be‌‌compiled‌‌before‌‌                             
they‌‌are‌‌used,‌‌and‌‌when‌‌we‌‌first‌‌need‌‌to‌‌build‌‌our‌‌kernel,‌‌we‌‌call‌‌‌build_kernel‌.‌‌When‌‌this‌‌function‌‌is‌‌called,‌‌a‌‌                                         
completed‌‌OpenCL‌‌kernel‌‌is‌‌generated.‌‌From‌‌there,‌‌we‌‌can‌‌call‌‌‌run‌—which‌‌is‌‌done‌‌from‌‌within‌‌a‌‌‌Step‌—and‌‌the‌‌                                   
appropriate‌ ‌Python‌ ‌code‌ ‌to‌ ‌collect‌ ‌input‌ ‌data‌ ‌and‌ ‌run‌ ‌the‌ ‌kernel‌ ‌will‌ ‌be‌‌generated.‌‌After‌‌the‌‌kernel‌‌finishes,‌‌the‌‌                                     
resulting‌ ‌output‌ ‌of‌ ‌the‌ ‌kernel‌ ‌is‌ ‌then‌ ‌used‌ ‌to‌ ‌update‌ ‌the‌ ‌simulation‌ ‌as‌ ‌needed.‌ ‌ 

Measurements‌ ‌ 

FIGURE‌ ‌2.‌‌ ‌Three‌ ‌examples‌ ‌of‌ ‌the‌ ‌‌Measurement‌‌ ‌class‌ ‌demonstrating‌ ‌dimensional‌ ‌analysis‌ ‌and‌ ‌unit‌ ‌conversions.‌ ‌(a)‌‌ 
Examples‌ ‌of‌ ‌binary‌ ‌and‌ ‌unary‌ ‌operations.‌ ‌(b)‌ ‌Example‌ ‌of‌ ‌two‌ ‌automatic‌ ‌unit‌ ‌conversions.‌ ‌ 

‌ 
This‌‌subclass‌‌of‌‌Numpy’s‌‌‌ndarray‌7‌ ‌represents‌‌an‌‌array‌‌of‌‌numbers‌‌that‌‌follows‌‌the‌‌‌code‌‌units‌‌scheme,‌‌which‌‌                                 

is‌‌where‌‌we‌‌scale‌‌units‌‌up‌‌or‌‌down‌‌to‌‌avoid‌‌floating‌‌point‌‌precision‌‌loss.‌‌Instances‌‌of‌‌this‌‌class‌‌are‌‌initialized‌‌with‌‌                                         
two‌‌parameters,‌‌‌raw_value‌,‌‌and‌‌‌units‌.‌‌‌raw_value‌‌can‌‌be‌‌another‌‌‌ndarray‌,‌‌another‌‌‌Measurement‌,‌‌or‌‌a‌‌                           
list‌ ‌mixed‌ ‌with‌‌numbers‌‌and‌‌other‌‌‌Measurement‌s.‌‌‌units‌‌is‌‌a‌‌string‌‌representing‌‌the‌‌units‌‌of‌‌the‌‌value,‌‌which‌‌                                   
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are‌‌written‌‌as‌‌their‌‌corresponding‌‌symbol,‌‌either‌‌the‌‌Python‌‌power‌‌symbol‌‌(**)‌‌or‌‌a‌‌caret‌‌(^),‌‌and‌‌the‌‌dimension‌‌of‌‌                                       
the‌ ‌unit.‌ ‌ 

The‌ ‌scaling‌ ‌process‌ ‌starts‌ ‌by‌ ‌determining‌ ‌what‌ ‌units‌ ‌are‌ ‌being‌ ‌used.‌ ‌After‌ ‌isolating‌ ‌these‌ ‌units,‌ ‌they‌ ‌are‌‌                                 
recursively‌‌converted‌‌to‌‌their‌‌defining‌‌units‌‌until‌‌they‌‌have‌‌been‌‌reduced‌‌to‌‌the‌‌7‌‌fundamental‌‌SI‌‌units.‌‌After‌‌this,‌‌                                     
we‌‌convert‌‌these‌‌fundamental‌‌units‌‌to‌‌the‌‌code‌‌scale‌‌units.‌4‌ ‌Each‌‌of‌‌these‌‌code‌‌scale‌‌units‌‌carries‌‌a‌‌scaling‌‌factor,‌‌                                       
which‌‌is‌‌used‌‌to‌‌affect‌‌the‌‌scaling‌‌of‌‌all‌‌‌Measurement‌s‌‌that‌‌rely‌‌on‌‌the‌‌same‌‌fundamental‌‌units.‌‌We‌‌multiply‌‌each‌‌                                       
element‌‌of‌‌our‌‌array‌‌by‌‌this‌‌scale.‌‌We‌‌store‌‌these‌‌dimensions,‌‌as‌‌well‌‌as‌‌the‌‌dimensions‌‌of‌‌the‌‌original‌‌units‌‌used‌‌for‌‌                                           
use‌‌whenever‌‌a‌‌string‌‌representation‌‌is‌‌needed.‌‌Each‌‌of‌‌the‌‌7‌‌fundamental‌‌SI‌‌units‌‌can‌‌be‌‌scaled‌‌up‌‌or‌‌down‌‌using‌‌                                         
set_code_scale‌,‌‌as‌‌seen‌‌in‌‌Fig.‌‌2a.‌‌Currently,‌‌it‌‌is‌‌designed‌‌so‌‌that‌‌it‌‌can‌‌only‌‌be‌‌done‌‌once,‌‌before‌‌any‌‌related‌‌                                         
modules‌‌are‌‌imported.‌‌This‌‌is‌‌to‌‌optimize‌‌for‌‌speed,‌‌as‌‌performing‌‌checks‌‌to‌‌see‌‌if‌‌two‌‌‌Measurement‌s‌‌have‌‌the‌‌                                     
same‌‌scale‌‌can‌‌be‌‌costly;‌‌however,‌‌it‌‌may‌‌be‌‌possible‌‌to‌‌use‌‌something‌‌akin‌‌to‌‌a‌‌counter‌‌to‌‌keep‌‌track‌‌of‌‌the‌‌current‌‌                                             
scale.‌ ‌After‌ ‌it‌ ‌is‌ ‌set‌ ‌up,‌ ‌it‌ ‌may‌ ‌be‌ ‌operated‌ ‌on‌ ‌by‌ ‌directly‌ ‌calling‌ ‌one‌ ‌of‌ ‌Numpy's‌ ‌‌ufunc‌s—such‌ ‌as‌‌                                     
numpy.square‌5‌—or‌ ‌by‌ ‌utilizing‌ ‌the‌ ‌corresponding‌ ‌Python‌ ‌operator,‌ ‌generating‌ ‌results‌ ‌with‌ ‌the‌ ‌appropriate‌‌                       
underlying‌ ‌units‌ ‌and‌ ‌scale,‌‌as‌‌seen‌‌in‌‌Fig.‌‌2.‌‌It‌‌will‌‌not‌‌cancel‌‌or‌‌reduce‌‌any‌‌original‌‌units‌‌passed‌‌to‌‌it‌‌for‌‌speed;‌‌                                             
however,‌ ‌a‌ ‌future‌ ‌implementation‌ ‌may‌ ‌reduce‌ ‌units‌ ‌lazily‌ ‌when‌ ‌a‌ ‌string‌ ‌representation‌ ‌is‌ ‌needed.‌ ‌ 

Photon‌ ‌Scattering,‌ ‌Measurement,‌ ‌and‌ ‌Generation‌ ‌ 

‌ 
FIGURE‌ ‌3‌.‌ ‌An‌ ‌example‌ ‌simulation‌ ‌involving‌ ‌isotropic‌ ‌scattering‌ ‌around‌ ‌an‌ ‌approximation‌ ‌of‌ ‌the‌ ‌upper‌ ‌half‌ ‌of‌ ‌Earth’s‌‌ 

atmosphere‌ ‌with‌ ‌a‌ ‌photon‌ ‌distribution‌ ‌resembling‌ ‌that‌ ‌of‌ ‌the‌ ‌Sun,‌ ‌as‌ ‌well‌ ‌as‌ ‌output‌ ‌displayed‌ ‌in‌ ‌matplotlib.‌ ‌(a)‌ ‌A‌ ‌segment‌ ‌of‌ ‌the‌‌ 
necessary‌ ‌code‌ ‌to‌ ‌set‌ ‌up‌ ‌a‌ ‌simulation‌ ‌involving‌ ‌a‌ ‌beam‌ ‌of‌ ‌photons‌ ‌being‌ ‌scattered,‌ ‌namely‌ ‌the‌ ‌creation‌ ‌of‌ ‌‌PhotonObject‌s‌‌ 
drawn‌ ‌from‌ ‌‌planck_phot_distribution‌.‌ ‌(b)‌ ‌Another‌ ‌segment‌ ‌of‌ ‌the‌ ‌necessary‌ ‌code‌ ‌required‌ ‌to‌ ‌set‌ ‌up‌ ‌the‌ ‌simulation,‌‌ 

including‌ ‌the‌ ‌addition‌ ‌of‌ ‌‌Steps‌‌ ‌and‌ ‌‌PhotonObjects‌.‌ ‌(c)‌ ‌The‌ ‌resulting‌ ‌paths‌ ‌of‌ ‌a‌ ‌beam‌ ‌of‌ ‌photons‌ ‌as‌ ‌they‌ ‌travel‌ ‌towards‌ ‌an‌‌ 
object‌ ‌with‌ ‌arbitrarily‌ ‌high‌ ‌density.‌ ‌ 

‌ 
Currently,‌‌the‌‌main‌‌feature‌‌of‌‌this‌‌package‌‌are‌‌the‌‌tools‌‌for‌‌photon‌‌scattering‌‌and‌‌measurement,‌‌which‌‌are‌‌in‌‌the‌‌                                     

physicl.light‌ ‌module.‌ ‌It‌ ‌includes‌ ‌‌ScatterDeleteStep‌ ‌and‌ ‌‌ScatterIsotropicStep‌,‌ ‌which‌‌               
represent‌‌photon‌‌absorption‌‌and‌‌isotropic‌‌scattering,‌‌respectively.‌‌It‌‌also‌‌includes‌‌‌ScatterMeasureStep‌,‌‌which‌‌                       
measures‌‌photons‌‌passing‌‌through‌‌specified‌‌planes,‌‌‌ScatterSignMeasureStep‌,‌‌which‌‌measures‌‌the‌‌quantity‌‌                     
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of‌‌photons‌‌with‌‌a‌‌positive/negative‌‌sign‌‌along‌‌any‌‌axis,‌‌and‌‌‌TracePathMeasureStep‌,‌‌which‌‌tracks‌‌the‌‌path‌‌a‌‌                               
photon‌ ‌takes.‌ ‌ 

The‌‌first‌‌class,‌‌‌ScatterDeleteStep‌,‌‌represents‌‌the‌‌scattering‌‌of‌‌photons‌‌as‌‌if‌‌they‌‌were‌‌being‌‌absorbed‌‌into‌‌                               
a‌ ‌medium.‌ ‌It‌ ‌assumes‌ ‌that‌ ‌the‌ ‌medium‌ ‌has‌ ‌a‌ ‌specified‌ ‌uniform‌ ‌number‌ ‌density,‌ ‌ ,‌ ‌and‌ ‌cross-sectional‌ ‌area,‌ ‌                          ntarg        

,‌ ‌throughout‌ ‌the‌ ‌entire‌ ‌simulation‌ ‌space.‌ ‌When‌ ‌this‌ ‌step‌ ‌is‌ ‌run,‌ ‌it‌ ‌finds‌ ‌all‌ ‌‌PhotonObjects‌‌‌within‌ ‌the‌‌Atarg                                  
simulation,‌‌and‌‌collects‌‌the‌‌ s‌‌for‌‌all‌‌photons.‌‌It‌‌also‌‌generates‌‌a‌‌random‌‌number‌‌in‌‌ ‌for‌‌each‌‌photon,‌‌and‌‌        rΔ                       0, )[ 1          
allocates‌ ‌two‌‌lists,‌‌one‌‌pointing‌‌to‌‌the‌‌photons‌‌examined,‌‌and‌‌another‌‌for‌‌the‌‌results‌‌of‌‌the‌‌OpenCL‌‌kernel‌‌it‌‌will‌‌                                       
run.‌ ‌The‌ ‌kernel‌ ‌will‌ ‌find‌ ‌ ,‌ ‌and‌ ‌if‌ ‌ ‌is‌ ‌greater‌ ‌than‌ ‌the‌ ‌random‌ ‌number‌ ‌generated‌ ‌for‌ ‌a‌‌          A ΔrP coll = ntarg targ       P coll                    
particular‌ ‌photon,‌ ‌then‌ ‌it‌ ‌will‌ ‌be‌ ‌marked‌ ‌for‌ ‌removal.‌ ‌After‌ ‌the‌ ‌OpenCL‌ ‌kernel‌ ‌returns,‌‌the‌‌marked‌‌photons‌‌are‌‌                                   
deleted‌ ‌from‌ ‌the‌ ‌simulation.‌ ‌ 

ScatterIsotropicStep‌‌represents‌‌the‌‌scattering‌‌of‌‌photons‌‌as‌‌if‌‌they‌‌were‌‌being‌‌refracted‌‌into‌‌a‌‌random‌‌                             
direction.‌ ‌Like‌ ‌‌ScatterDeleteStep‌‌it‌ ‌assumes‌‌a‌‌consistent‌‌ ‌and‌‌ ‌throughout‌‌the‌‌entire‌‌simulation,‌‌              ntarg     Atarg          
however‌ ‌the‌ ‌ ‌may‌ ‌be‌ ‌varied‌ ‌with‌ ‌an‌ ‌OpenCL‌ ‌expression,‌ ‌and‌ ‌if‌ ‌the‌ ‌user‌ ‌desires,‌ ‌scattering‌ ‌may‌ ‌also‌ ‌be‌‌    ntarg                                  
dependent‌‌on‌‌the‌‌wavelength,‌‌as‌‌occurs‌‌with‌‌Rayleigh‌‌scattering.‌‌When‌‌this‌‌‌Step‌‌is‌‌run‌‌it‌‌first‌‌collects‌‌the‌‌ ‌for‌‌                                    r∆    
each‌ ‌photon.‌ ‌It‌ ‌then‌ ‌generates‌ ‌a‌ ‌random‌ ‌ ‌that‌ ‌will‌ ‌be‌ ‌used‌ ‌to‌ ‌derive‌ ‌a‌ ‌new‌ ‌direction‌ ‌for‌ ‌the‌‌              ∈[0, π), ∈[0, )  θ 2 ϕ π                        
photon‌ ‌to‌ ‌go,‌ ‌and‌ ‌a‌ ‌random‌ ‌number‌ ‌‌rand‌‌ .‌ ‌Next,‌ ‌it‌ ‌collects‌ ‌the‌ ‌original‌ ‌ ‌for‌ ‌the‌ ‌photons;‌ ‌if‌‌                0, )  ∈ [ 1             v→         
wavelength-dependent‌ ‌scattering‌‌is‌‌on,‌‌it‌‌collects‌‌each‌‌ ;‌‌and‌‌if‌‌variable‌‌ ‌is‌‌on,‌‌it‌‌collects‌‌the‌‌current‌‌ ‌of‌‌              Eγ         ntarg               r    
each‌‌photon.‌‌Then‌‌when‌‌the‌‌kernel‌‌is‌‌completed,‌‌‌ScatterIsotropicStep‌‌will‌‌apply‌‌the‌‌changes‌‌calculated‌‌in‌‌                             
the‌‌kernel.‌‌If‌‌the‌‌velocity‌‌was‌‌changed,‌‌the‌‌photon‌‌will‌‌have‌‌its‌‌ .‌‌An‌‌example‌‌of‌‌this‌‌in‌‌use‌‌can‌‌be‌‌                        vΔ ← vnew − vold                  
seen‌ ‌in‌ ‌Fig.‌ ‌3.‌ ‌ 

ScatterMeasureStep‌‌measures‌‌the‌‌total‌‌quantity‌‌of‌‌photons‌‌within‌‌a‌‌simulation,‌‌as‌‌well‌‌as‌‌the‌‌number‌‌and‌‌                               
energies‌‌of‌‌photons‌‌that‌‌pass‌‌through‌‌a‌‌plane‌‌at‌‌a‌‌given‌‌point‌‌in‌‌time.‌‌When‌‌initialized,‌‌the‌‌user‌‌may‌‌decide‌‌whether‌‌                                         
they‌‌want‌‌the‌‌total‌‌quantity‌‌of‌‌objects‌‌to‌‌be‌‌measured,‌‌coordinates‌‌for‌‌the‌‌planes‌‌where‌‌we‌‌should‌‌measure‌‌photons‌‌                                     
passing‌ ‌through,‌ ‌and‌‌whether‌‌the‌‌‌ScatterDeleteStep‌‌should‌‌also‌‌record‌‌the‌‌energies‌‌of‌‌the‌‌photons‌‌passing‌‌                             
through.‌‌‌ScatterSignMeasureStep‌‌measures‌‌the‌‌number‌‌of‌‌objects‌‌within‌‌a‌‌simulation‌‌as‌‌well‌‌as‌‌the‌‌number‌‌                             
of‌‌objects‌‌whose‌‌ ‌have‌‌values‌‌greater‌‌than‌‌zero.‌‌‌TracePathMeasureStep‌‌tracks‌‌the‌‌position‌‌of‌‌each‌‌      , ,vx vy vz                        
object‌‌throughout‌‌a‌‌simulation.‌‌When‌‌this‌‌step‌‌is‌‌run,‌‌it‌‌iterates‌‌through‌‌each‌‌object‌‌in‌‌the‌‌simulation‌‌and‌‌performs‌‌                                     
several‌ ‌steps.‌ ‌If‌ ‌the‌ ‌current‌ ‌object‌ ‌in‌ ‌the‌ ‌iteration‌ ‌does‌ ‌not‌ ‌have‌ ‌a‌ ‌unique‌ ‌identifier,‌ ‌it‌ ‌assigns‌ ‌one.‌‌                                   
TracePathMeasureStep‌‌then‌‌records‌‌the‌‌starting‌‌time,‌‌creates‌‌a‌‌list‌‌to‌‌store‌‌positions,‌‌and‌‌if‌‌the‌‌user‌‌desires,‌‌                                 
the‌ ‌frequency‌ ‌with‌ ‌which‌ ‌the‌ ‌photon‌ ‌changed‌ ‌velocity.‌ ‌Then,‌ ‌‌TracePathMeasureStep‌‌records‌ ‌the‌ ‌current‌‌                         
position‌‌of‌‌the‌‌object,‌‌and‌‌if‌‌the‌‌velocity‌‌changes,‌‌increments‌‌the‌‌accumulator‌‌representing‌‌the‌‌frequency‌‌of‌‌velocity‌‌                                 
changes.‌ ‌After‌ ‌the‌ ‌simulation‌ ‌is‌ ‌complete,‌ ‌‌TracePathMeasureStep‌‌compiles‌ ‌the‌ ‌data‌ ‌collected‌ ‌into‌ ‌a‌‌                         
two-dimensional‌ ‌array‌ ‌representing‌ ‌the‌ ‌ s‌ ‌that‌ ‌were‌ ‌recorded,‌ ‌with‌‌each‌‌row‌‌represents‌‌an‌‌individual‌‌object,‌‌the‌‌        t                        
number‌ ‌of‌ ‌times‌ ‌its‌ ‌velocity‌ ‌changed‌ ‌if‌ ‌desired,‌ ‌and‌ ‌finally‌ ‌all‌ ‌positions‌ ‌that‌ ‌were‌ ‌recorded‌ ‌for‌ ‌each‌ ‌time.‌ ‌An‌                                     
example‌ ‌of‌ ‌‌TracePathMeasureStep‌‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌Fig.‌ ‌3,‌ ‌where‌ ‌its‌ ‌output‌ ‌data‌ ‌is‌ ‌graphed‌ ‌to‌ ‌show‌‌                                 
atmospheric‌ ‌refraction.‌ ‌ 

In‌ ‌addition‌‌to‌‌these‌‌tools‌‌to‌‌simulate‌‌and‌‌measure‌‌photons,‌‌there‌‌is‌‌‌planck_phot_distribution‌,‌‌which‌‌                           
randomly‌ ‌generates‌ ‌a‌ ‌series‌ ‌of‌ ‌photon‌ ‌energies‌ ‌according‌ ‌to‌ ‌a‌ ‌desired‌ ‌segment‌ ‌of‌ ‌the‌ ‌Planck‌ ‌distribution.‌‌                               
planck_phot_distribution‌‌works‌‌by‌‌finding‌‌the‌‌total‌‌area‌‌under‌‌a‌‌Planck‌‌distribution‌‌curve‌‌for‌‌a‌‌desired‌‌                             
number‌ ‌of‌ ‌bins,‌ ‌normalizing‌ ‌the‌ ‌total‌ ‌area‌ ‌under‌ ‌these‌ ‌bins‌ ‌so‌ ‌that‌ ‌it‌ ‌equals‌ ‌1,‌ ‌and‌ ‌finally‌‌randomly‌‌picking‌‌an‌‌                                       
energy‌ ‌bin‌ ‌using‌ ‌our‌ ‌normalized‌ ‌distribution.‌ ‌There‌ ‌are‌ ‌also‌ ‌two‌ ‌other‌ ‌ways‌ ‌to‌ ‌generate‌ ‌photons.‌‌                             
generate_photons_from_E‌‌takes‌ ‌a‌ ‌list‌ ‌of‌ ‌ ‌and‌ ‌generates‌ ‌new‌ ‌photons‌ ‌for‌ ‌each‌ ‌energy‌ ‌given‌ ‌with‌ ‌a‌‌          Eγ                      
velocity‌ ‌of‌ ‌ ‌in‌ ‌the‌ ‌ ‌direction.‌ ‌‌generate_photons‌,‌ ‌takes‌ ‌a‌ ‌function‌ ‌that‌ ‌generates‌ ‌random‌ ‌numbers,‌‌    c       + x                    
minimum‌ ‌and‌ ‌maximum‌ ‌energies,‌ ‌and‌ ‌a‌ ‌desired‌ ‌number‌ ‌of‌ ‌photons,‌ ‌and‌ ‌returns‌ ‌a‌ ‌list‌ ‌of‌ ‌‌PhotonObjects‌.‌‌ ‌  
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