

    
      
          
            
  
Welcome to Bolt’s Documentation!


About Bolt:

\(\texttt{Bolt}\) is a flexible framework for solving kinetic theory formulations, making use of the finite volume and/or advective semi-lagrangian method. Additionally, it also consists of a linear solver which is primarily used in verifying the results given by the nonlinear solver. The code is open-source and developed by the research division at Quazar Technologies [http://quazartech.com], Delhi where it used to study device physics and astrophysical plasmas

The code is written in Python and features an easy-to-use interface, where the user provides input through a physical system object which holds details about the system solved. The physical_system object is declared by defining the advection terms, and the source term for the system of interest. Additionally, the physical simulation also requires details such as the domain information, and initial conditions.

\(\texttt{Bolt}\) is capable of running on CPUs and GPUs, and has been parallelized to be able to run efficiently across several nodes/devices.



Doc Contents


Contents:


	Home
	Overview





	Theory
	Finite Volume Method

	Semi-Lagrangian Method





	Installation
	Downloading the Source

	Dependencies

	Installation





	Getting started with Bolt
	Overview

	Tutorial Notebook

	Example Scripts





	Units
	Exploration of the Plasma Scales:










Quick-Reference:







	bolt.lib.physical_system

	



	bolt.lib.linear.linear_solver

	This is the module which contains the functions of the linear solver of Bolt.



	bolt.lib.nonlinear.nonlinear_solver

	This is the module where the main solver object for the nonlinear solver of bolt is defined.












Other Links

Learn more about Bolt by visiting the


	Code repository: http://github.com/QuazarTech/Bolt


	Documentation: http://qbolt.rtfd.io








          

      

      

    

  

    
      
          
            
  
Home


Overview


What is Bolt?

\(\texttt{Bolt}\) is an open-source Python based framework for solving kinetic theory formulations uptil 5-dimensional phase space
on a range of devices using the finite volume method, and/or the advective Semi-Lagrangian approach originally proposed by Cheng&Knorr. The framework is designed to solve a range of physical systems where the domain of interest can be mapped on to a rectangular grid. It is designed to target a range of hardware platforms via use of the ArrayFire [http://arrayfire.com] library, and is completely parallelized to run on large clusters by use of the PETSc [https://www.mcs.anl.gov/petsc/] library.

The current release has the following capabilities:


	Dimensionality - Upto 2D3V phase space dimensionality


	Interpolation Methods - Linear, Cubic Spline


	Reconstruction Methods - minmod, PPM, WENO5


	Riemann Solvers - 1st Order Upwind flux, Local Lax-Friedrics flux


	Platforms - CPUs, OpenCL Devices, CUDA Devices


	Temporal Discretisation:


	Time Splitting: Strang, Lie, SWSS


	Time Stepping : Explicit - RK2, RK4, RK6






	Precision - Double


	Solution Files Exported - HDF5 (.h5, .hdf5)









          

      

      

    

  

    
      
          
            
  
Theory

In \(\texttt{Bolt}\), the defined system is evolved by stepping the complete probability distribution function, from which physical parameters of interest about the system may be obtained by coarse-graining the system via use of the compute_moments method. The implementation allows us to deal with a wide range of boundary conditions with ease, in addition to capturing the dynamics of short-range interactions via a collision operator(input as a source). \(\texttt{Bolt}\) is capable of performing accurate simulations of systems that are governed by the form:


\[\frac{\partial f}{\partial t} + A_{q1} \frac{\partial f}{\partial q_1} + A_{q2} \frac{\partial f}{\partial q_2} + A_{p1} \frac{\partial f}{\partial p_1} + A_{p2} \frac{\partial f}{\partial p_2} + A_{p3} \frac{\partial f}{\partial p_3} = S(f)\]

Bolt can make use of the finite-volume method and/or the non-conservative semi-lagrangian method.


Finite Volume Method

To explore this method in detail, we’ll first need to define the generalized conservative equations:


\[\frac{\partial f}{\partial t} + \frac{\partial (C_{q1} f)}{\partial q_1} + \frac{\partial (C_{q2} f)}{\partial q_2} +  \frac{\partial (C_{p1} f)}{\partial p_1} + \frac{\partial (C_{p2} f)}{\partial p_2} + \frac{\partial (C_{p3} f)}{\partial p_3} = S(f)\]

The conservative equations are multiplied by the volume element of a discrete grid zone in phase space \(\Delta v = dq_1 dq_2 dp_1 dp_2 dp_3\), and using the divergence theorem gives use the finite volume formulation:


\[\begin{split}\partial_t \bar{f} + \frac{{\bar{F}_{q1}}^{q-right} - {\bar{F}_{q1}}^{q-left}}{\Delta dq1} +  \frac{{\bar{F}_{q2}}^{q-top} - {\bar{F}_{q2}}^{q-bottom}}{\Delta dq2} + \frac{{\bar{F}_{p1}}^{p-right} - {\bar{F}_{p1}}^{p-left}}{\Delta dp1} \\ + \frac{{\bar{F}_{p2}}^{p-top} - {\bar{F}_{p2}}^{p-bottom}}{\Delta dp2} + \frac{{\bar{F}_{p3}}^{p-front} - {\bar{F}_{p3}}^{p-back}}{\Delta dp3} = \bar{S}\end{split}\]

Where \(\bar{f} = (\int f \Delta v)/\int \Delta v\), \(\bar{S} = (\int S \Delta v)/\int \Delta v\), \(\bar{F}_{q1} = (\int f C_{q1} dq_2 dp_1 dp_2 dp_3)/\int dq_2 dp_1 dp_2 dp_3\), \(\bar{F}_{q2} = (\int f C_{q2} dq_1 dp_1 dp_2 dp_3)/\int dq_2 dp_1 dp_2 dp_3\), \(\bar{F}_{p1} = (\int f C_{p1} dq_1 dq_2 dp_2 dp_3)/\int dq_1 dq_2 dp_2 dp_3\), \(\bar{F}_{p2} = (\int f C_{p2} dq_1 dq_2 dp_1 dp_3)/\int dq_1 dq_2 dp_1 dp_3\), \(\bar{F}_{p3} = (\int f C_{p3} dq_1 dq_2 dp_1 dp_2)/\int dq_1 dq_2 dp_1 dp_2\).

The locations right, left, top, bottom, front, and back are mentioned whether they are considered in q-space or p-space since we are considering 5-dimensional phase space here. The appropriate value at the boundaries is obtained by using a reconstruction operator which takes in the cell-centered values and constructs a polynomial interpolant from which the edge states can be computed. The time derivative term \(\partial_t \bar{f}\) is then passed to an appropriate integrator to evolve the system in time.



Semi-Lagrangian Method

In this approach, a probability distribution function is given a grid-based Eulerian representation which is then evolved via Lagrangian dynamics. The CFL time step restriction of a regular finite difference or finite volume scheme is removed in a semi-Lagrangian framework, allowing for a cheaper and more flexible numerical realization. However, the downside is that the method is non-conservative

A detailed overview of the advective semi-Lagrangian method is given in:


	The integration of the Vlasov equation in configuration space. Cheng, C. Z., & Knorr, G. (1976). Journal of Computational Physics, 22(3), 330-351.<http://www.sciencedirect.com/science/article/pii/002199917690053X>








          

      

      

    

  

    
      
          
            
  
Installation


Downloading the Source

\(\texttt{Bolt}\) is distributed using the git version control system, and is hosted on Github. The repository can be cloned using:

git clone https://github.com/QuazarTech/Bolt.git







Dependencies


Overview

\(\texttt{Bolt}\) has a hard dependency on Python 3+ and the following Python packages:


	mpi4py [http://mpi4py.scipy.org/]


	numpy [http://www.numpy.org/]


	h5py [http://www.h5py.org/]


	pytest [https://pypi.python.org/pypi/pytest]


	scipy [https://www.scipy.org/]


	matplotlib [https://http://matplotlib.org/]


	petsc4py [https://bitbucket.org/petsc/petsc4py]


	arrayfire [https://github.com/arrayfire/arrayfire-python]




Before installing the above python packages, the following libraries need to be installed so that their python wrappers can function:



Building ArrayFire


	Clone the arrayfire [https://github.com/arrayfire/arrayfire] repository


	Build using the instructions that have been provided here [https://github.com/arrayfire/arrayfire/wiki/Build-Instructions-for-Linux]






Building PETSc


	Clone the petsc [https://bitbucket.org/petsc/petsc] repository


	We suggest that you install PETSc using the following:

./configure --prefix=/path/to/petsc_installation/ --with-debugging=0 COPTFLAGS="-O3 -march=native" CXXOPTFLAG S="-O3 -march=native" --with-hdf5=1 --download-hdf5 --with-clean=1 --with-memalign=64 --known-level1-dcache-size=32768 --known-level1-dcache-linesize=64 --known-level1-dcache-assoc=8 --with-hypre=1 --download-mpich=1 --with-64-bit-indices







	If you are keen on modifying the above build parameters, detailed instructions for the same may be found here [http://www.mcs.anl.gov/petsc/documentation/installation.html]




Below are instructions for building the PETSc stack on a few machines that we’ve tested on:


	On BRC HPC Savio:

python2 './configure' '--with-debugging=0' 'COPTFLAGS=-O3 -qopt-report=5 -qopt-report-phase=vec -xhost' 'CXXOPTFLAGS=-O3 -qopt-report=5 -qopt-report-phase=vec -xhost' '--with-hdf5=1' '--with-clean=1' '--with-mpi-dir=/global/software/sl-6.x86_64/modules/intel/2016.1.150/openmpi/1.10.2-intel/' '--with-blas-lapack-dir=/global/software/sl-6.x86_64/modules/langs/intel/2016.1.150/mkl/lib/intel64' '--with-memalign=64' '--known-level1-dcache-size=32768' --known-level1-dcache-linesize=64' 'known-level1-dcache-assoc=8' '--with-hypre=1' '--download-hypre=1' '--with-64-bit-indices'












Installation

Before running \(\texttt{Bolt}\) it is first necessary to either install the software using the provided setup.py installer(TODO) or add the root directory to PYTHONPATH using:

user@computer ~/Bolt$ export PYTHONPATH=.:$PYTHONPATH





Once the build of ArrayFire and PETSc is completed install the python dependencies using:

user@computer ~/Bolt$ pip install -r requirements.txt









          

      

      

    

  

    
      
          
            
  
Getting started with Bolt


Overview

\(\texttt{Bolt}\) is organized such that a system is defined by making use of the physical_system class. The object created by physical_system is then passed as an argument to the solver objects.


Physical System

An instance of the physical_system object may be initialized by using:

system = physical_system(domain,
                         boundary_conditions,
                         params,
                         initialize,
                         advection_terms,
                         source,
                         moments
                        )





The arguments in the above command are all python modules/functions, where the details regarding the system being solved have been provided.

A detailed breakdown of what is to be contained in these files is demonstrated in the tutorials.



Solvers

The solver objects may be declared by using:

nls = nonlinear_solver(system)
ls  = linear_solver(system)





The physical system defined is then evolved using the various time-stepping methods available under each solver:

for time_index, t0 in enumerate(time_array):
  print('Computing For Time =', t0)
  nls.strang_timestep(dt)
  ls.RK2_step(dt)





The abstracted information about the system may be obtained by using the compute_moments method available under each solver:

density_nls = nls.compute_moments('density')
density_ls  = ls.compute_moments('density')





The data about the evolved system can be dumped to file by making use of the methods dump_distribution_function,``dump_moments`` and dump_EM_fields



Running in Parallel

\(\texttt{Bolt}\) can be run in parallel across multiple nodes. To do so prefix the python command being executed with
mpirun -n <nodes/devices>. Make sure that num_devices is set correctly under params when running on nodes which contain more than a single accelerator(NOTE: The parallelization has only been implemented for the nonlinear solver. The linear solver can only take advantage of shared memory parallelism)




Tutorial Notebook

This [http://nbviewer.jupyter.org/github/ShyamSS-95/Bolt/blob/master/example_problems/nonrelativistic_boltzmann/quick_start/tutorial.ipynb] notebook covers the basics of setting up and interacting with the primary features of the code. We consider the example problem of a 1D1V setup of the non-relativistic Boltzmann equation in which we observe the damping of the density with time.



Example Scripts

A wide range of examples are available under the example_problems subdirectory of the main code repository, which you can browse here [https://github.com/QuazarTech/Bolt/tree/master/example_problems].

These examples cover a wider range of use cases, including larger multidimensional problems designed for parallel execution. Most folders also have a README which gives context for the case that has been setup. Basic post-processing and plotting scripts are also provided with many problems.

These simulation and processing scripts may be useful as a starting point for implementing different problems and equation sets.





          

      

      

    

  

    
      
          
            
  
Units

\(\texttt{Bolt}\) handles dimensionless quantities normalized using some reference quantities. It’s to be ensured that all input quantities are normalized appropriately when passing to physical_system. This is to be done under the parameter and domain files under the respective problem folder.

Let us now illustrate this choice of normalization that can be adapted, when dealing with a purely collisonless case with electrostatic fields. Note that this is just one of the possible ways in which the independant units can be arrived at:

The equations governing by the system under consideration is given by:


\[\begin{split}\frac{\partial f}{\partial t} + v \frac{\partial f}{\partial x} + \frac{qE}{m} \frac{\partial f}{\partial v} = 0 \\
E = -\frac{\partial \phi}{\partial x} \\
\nabla^2 \phi = - \frac{\rho}{\epsilon_0} = - \frac{n e}{\epsilon_0}\end{split}\]


	As we’d stated earlier, we have a choice of declaring a few variables with respect to absolute reference quantities(independant quantities), and find that the remaining dependant quantities can be expressed in terms of these. For this example, we’ll choose appropriate reference units for time \(t\), velocity \(v\), charge \(e\) and mass \(m\).


	When dealing with a plasma at constant mean density \(n_e\) , it is convenient to normalize times by introducing the electron plasma frequency \(\omega_{pe} = \sqrt{\frac{ne^2}{m \epsilon_0}}\). Then all times are normalized using \({\omega_{pe}}^{-1}\). For the sake of convenience, let’s call this normalization factor \(t_0\) (where \(t_0 = {\omega_{pe}}^{-1}\)):





\[t = t_0 \bar{t}\]

Similarly, we introduce the scaling factor \(v_0\) for the velocity. So the velocity can be expressed as:


\[v = v_0 \bar{v}\]


	Expressing the charge and the mass interms of our reference units \(e_0\) and \(m_0\) which are typically taken as the electron charge and mass:





\[\begin{split}e = e_0 \bar{e} \\
m = m_0 \bar{m}\end{split}\]

Now substituting these back into Vlasov-Boltzmann equation, we get:


\[\begin{split}\frac{1}{t_0} \frac{\partial f}{\partial \bar{t}} + v_0 \bar{v} \frac{\partial f}{\partial x} + \frac{e_0}{m_0 v_0} \frac{\bar{q}E}{\bar{m}} \frac{\partial f}{\partial \bar{v}} = 0 \\
\implies \frac{\partial f}{\partial \bar{t}} + v_0 t_0 \bar{v} \frac{\partial f}{\partial x} + \frac{e_0 t_0}{m_0 v_0} \frac{\bar{q}E}{\bar{m}} \frac{\partial f}{\partial \bar{v}} = 0 \\
\implies \frac{\partial f}{\partial \bar{t}} + \bar{v} \frac{\partial f}{\partial (\frac{x}{v_0 t_0})} +  \frac{\bar{q}}{\bar{m}} \frac{E}{(\frac{m_0 v_0}{e_0 t_0})} \frac{\partial f}{\partial \bar{v}} = 0 \\
\implies \frac{\partial f}{\partial \bar{t}} + \bar{v} \frac{\partial f}{\partial \bar{x}} +  \frac{\bar{q} \bar{E}}{\bar{m}} \frac{\partial f}{\partial \bar{v}} = 0\end{split}\]

Thus, we find that the normalization constant for the distance \(x\) and electric field \(E\) come out in terms of the independantly chosen references:


\[\begin{split}x = x_0 \bar{x}; where\ x_0 = v_0 t_0 \\
E = E_0 \bar{E}; where\ E_0 = \frac{m_0 v_0}{e_0 t_0}\end{split}\]

Now, let’s take a look at the appropriate normalizations that need to be applied for the electric potential:


\[\begin{split}E = -\frac{\partial \phi}{\partial x} \\
\implies E_0 \bar{E} = -\frac{1}{x_0} \frac{\partial \phi}{\partial \bar{x}} \\
\implies \bar{E} = -\frac{\partial (\frac{\phi}{E_0 x_0})}{\partial \bar{x}} \\
\implies \bar{E} = -\frac{\partial \bar{\phi}}{\partial \bar{x}}\end{split}\]

Hence, we get \({\phi}_0 = E_0 x_0 = \frac{m_0 v_0^2}{e_0 t_0}\)

The table below gives a list of the normalizations we had used in this case, clearly distinguishing between the dependant and the independant quantites:

Independant Quantities:







	Physical Quantity

	Reference Unit





	Time

	\(t_0\)



	Velocity

	\(v_0\)



	Charge

	\(e_0\)



	Mass

	\(m_0\)






Dependant Quantities:







	Physical Quantity

	Reference Unit





	Distance

	\(v_0 t_0\)



	Electric Field

	\(\frac{m_0 v_0}{e_0 t_0}\)



	Electric Potential

	\(\frac{m_0 v_0^2}{e_0 t_0}\)







Exploration of the Plasma Scales:

In this section, we indent to explore the different scales that can exist in plasmas. We hope to elaborate the different time scales, length scales and velocity scales from which the scale that resolves the system under consideration appropriately can be chosen. Derivations have been performed wherever appropriate to provide context:


Temporal Scales:

The following timescales can be taken when dealing with a plasma:


	Plasma Frequency




If one displaces by a group of charged particles from an electrically neutral plasma, the Coulomb force pulls the electrons
back which results in a simple harmonic oscillation given by the plasma frequency. Below we derive this frequency.

Let us start by considering a charge neutral plasma where the positive charges and negative charges are next to each other.

[image: _images/neutral.png]
Now if we move the negative charges by x, then we will end up with the following:

[image: _images/perturbed.png]
Thus, now there is a slab of positive and negative charges which would be exerting a field. Let us consider the field created by the positive slab of charges:

By Gauss’ Law:


\[\int \vec{E} \cdot \vec{dA} = \frac{q}{\epsilon_0}\]

Now the charges are given by the number density multiplied by the volume of the segment, which can be expressed in terms of the area \(A\) and displacement \(x\)


\[\begin{split}q = n e A x \\
\implies \int \vec{E} \vec{dA} = \frac{n e A x}{\epsilon_0} \\
\implies E = \frac{n e x}{\epsilon_0}\end{split}\]

The force acting on an electron would be:


\[\begin{split}F = m_e a = -e E \\
\implies a = -\frac{n e^2}{m_e \epsilon_0} x = - \omega^2 x \\
\implies \omega = \sqrt{\frac{n e^2}{m_e \epsilon_0}}\end{split}\]


	Gyrofrequency




Since the force acting on a charged particle in a magnetic field is always perpendicular to the direction of motion, the particle executes circular motion. The gyrofrequency is the angular frequency of thus circular motion of the charged particle in the plane perpendicular to the magnetic field. In the section below on length scales, we derive the gyroradius which we’ll be using in obtaining the gyrofrequency. With the radius of gyration, we can calculate the time period of the motion executed, from which the angular frequency can be obtained:


\[\begin{split}T = \frac{2 \pi r}{v_{\perp}} \\
\omega = \frac{2 \pi}{T} = \frac{v_{\perp}}{r} \\
\implies \omega = \frac{qB}{m}\end{split}\]


	The Alfvén time




An Alfvén wave in a plasma is a low-frequency travelling oscillation of the ions and the magnetic field

The Alfven time \(\tau_A\) characteri is an important timescale for wave phenomena, and characterizes the timescale for this wave. It is related to the Alfvén velocity(which we derive in the section below) by


\[\tau_A = \frac{a}{v_A}\]

Where \(a\) is the characteristic length scale of the system in consideration.



Length Scales:

The following length scales can exist in a plasma:


	Thermal deBroglie Wavelength





\[\lambda = \frac{h}{p}\]

where \(h\) is the planck constant, and \(p\) is the momentum of the particle

The relation between the momentum and kinetic energy is given by:


\[E_k = \frac{p^2}{2 m}\]

The effective kinetic energy derived with the statistics of Fermi gas is given as \(E_k = \pi k_B T\). Hence, we get the thermal deBroglie wavelength as


\[\lambda = \frac{h}{\sqrt{2 m \pi k_B T}}\]


	Classical Distance of Closest Approach




The potential energy possessed by 2 particles of charge \(e_1\) and \(e_2\) separated by distance \(r\) is given by:


\[F = \frac{1}{4 \pi \epsilon} \frac{e_1 e_2}{r}\]

Now, this energy is to be balanced by the thermal energy of the plasma \(E_{thermal} = kT\). Hence at the distance of closest approach:


\[\frac{1}{4 \pi \epsilon} \frac{e_1 e_2}{r} = kT
\implies r = \frac{1}{4 \pi \epsilon} \frac{e_1 e_2}{kT}\]


	Gyroradius




This is the radius of the circle in which the charge particle oscillates when subjected to a magnetic field. sThe force on a moving charged particle in a magnetic field is given by the Lorentz force:


\[\vec{F} = e(\vec{v} \times \vec{B})\]

The force would always act perpendicular to the direction of motion, and would hence cause the particle to move in a circle in the plane perpendicular to the magnetic field. Equating this force to the centripetal force, we get:


\[\begin{split}\frac{m v_{\perp}^2}{r} = q v_{\perp} B \\
\implies r = \frac{m v_{\perp}}{q B}\end{split}\]


	Debye Length




The plasma Debye length \(\lambda_D\) is the characteristic distance over which electrostatic potentials are screened out or attenuated by a redistribution of the charged particles. A charge in a plasma will attract opposite charges and repel like charges to the point that its electric ﬁeld is screened by the charges it has attracted, so particles outside the screening charges are unaware of the presence of the interior charge.

For this derivation, it is assumed that the ions and electrons have the same temperature \(T\) and number density \(n\) prior to the addition of another, positive, point charge. The charge of ions will be e andthe charge of electrons will be -

Thus, we have a plasma with temperature \(T\) and number density \(n\), and we add a positive point charge. The particles will move around until they reach thermal equilibrium, at which point their probability of being in astate of energy
U is proportional to the Boltzmann factor


\[P(U) \propto e^{-\frac{U}{kT}}\]

Now, the potential energy of a single particle from the new charge is \(U = eV\),so the distribution function is given by


\[f(v) = n_0 \sqrt{\frac{m}{2 \pi k T}} e^{-frac{\frac{mv^2}{2} + eV}{kT}}\]

The integralof the distribution function is the total particle number density, so we have:


\[\int_{-\infty}^{\infty} f(v) = n = n_0 e^{-\frac{eV}{kT}}\]

Now that we have the number density, we can get the charge density via \(\rho = n_i e + n_e (-e)\).

NOT TOO CLEAR ABOUT THE FOLLOWING SECTION


\[\rho = n_i e + n_e (-e) = e(n_i - n_e) = en_0 (e^{-\frac{eV}{kT}} - e^{\frac{eV}{kT}}) = -en_0 \sinh(\frac{eV}{kT})\]

This allows us to write down Poisson’s equation


\[\nabla^2 V = -\frac{\rho}{\epsilon} = \frac{en_0 \sinh(\frac{eV}{kT})}{\epsilon}\]

Since \(eV<<kT\), we can expand the RHS using Taylor series:


\[\nabla^2 V = \frac{en_0}{\epsilon} \frac{eV}{kT} = \frac{n_0 e^2}{\epsilon k T} V\]

Expressing this as:


\[\nabla^2 V = \frac{V}{\lambda_D^2}; where \ \lambda_D = \frac{\epsilon k T}{n_0 e^2}\]

This equation has the solution:


\[V = V_0 e^{-\frac{x}{\lambda_D}}\]

From this form of the solution it is clear what the physical meaning of \(\lambda_D\) is. Inside of \(\lambda_D\), charges feel the potential due to the central charge. Outside of this Debye length, the potential falls oﬀ exponentially, and charges are no longer aware of the presence of the central charge. The charge is, eﬀectively, screened by the surrounding charges.

Reference [https://www.scribd.com/document/218839229/Derivation-of-Debye-Length]


	Plasma Skin Depth




The plasma skin depth is the depth in a collisionless plasma to which low-frequency electromagnetic radiation can penetrate (as defined by attenuation of the wave amplitude by a factor of \(1/e\))

In a traditional plasma, the expression for plasma skin depth is given by \(l_s = \frac{c}{\omega_p}\) where \(c\) is the speed of light in vacuum.


\[l_{debye} = c \sqrt{\frac{\epsilon m}{n e^2}}\]

Reference [http://www-thphys.physics.ox.ac.uk/research/plasma/JPP/papers17/pedersen2.pdf]



Velocity Scales:


	Thermal Velocity




Equating the kinetic energy and thermal energy of the plasma, we obtain the thermal velocity which we use for scaling the velocity terms


\[\frac{1}{2} m {v_0}^2 = \frac{1}{2} k T \implies v_0 = \sqrt{\frac{k T}{m}}\]


	Sound Velocity:





\[c_s = \sqrt{\gamma R T}\]


	Alfven Velocity




NOT TOO CLEAR ON THIS. WikiPage [https://en.wikipedia.org/wiki/Alfv%C3%A9n_wave] derivation seems strange.

Alfvén waves are a fundamental physical phenomenon in all kinds of magnetized plasmas. Alfvén waves contribute to a variety of physical processes in space plasmas.

In plamas dominated by Alfvén waves, tension is due to the magnetic field. The plasma behaves like air except it is affected
by magnetic fields. The dynamics are dominated by the energy density and pressure of the magnetic field. In this case, the appropriate sound speed is the Alfven speed


\[v_a = \sqrt{\frac{B^2}{\rho \mu_0}}\]

Reference [http://www.ae.metu.edu.tr/~ae551/16/osmanakgun.pdf]
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bolt.lib.linear_solver module

This is the module which contains the functions of the linear solver of Bolt.
It performs an FFT to map the given input onto the Fourier basis, and evolves 
each mode of the input independantly. It is to be noted that this module
can only be applied to systems with periodic boundary conditions.
Additionally, this module isn’t parallelized to run across multiple devices/nodes.


	
class bolt.lib.linear.linear_solver.linear_solver(physical_system)[source]

	Bases: object

An instance of this class’ attributes contains methods which are used
in evolving the system declared under physical system linearly. The 
state of the system then may be determined from the attributes of the 
system such as the distribution function and electromagnetic fields

Methods







	RK2_timestep(dt)

	Evolves the physical system defined using an RK2 integrator.



	RK4_timestep(dt)

	Evolves the physical system defined using an RK4 integrator.



	RK5_timestep(dt)

	Evolves the physical system defined using an RK5 integrator.



	compute_moments(moment_name[, f, f_hat])

	Used in computing the moments of the distribution function.



	dump_distribution_function(file_name)

	This function is used to dump distribution function to a file for later usage.This dumps the complete 5D distribution function which can be used for post-processing



	dump_moments(file_name)

	This function is used to dump variables to a file for later usage.



	get_dist_func()

	Returns the distribution function in the same format as the nonlinear solver



	load_distribution_function(file_name)

	This function is used to load the distribution function from the dump file that was created by dump_distribution_function.







	
RK2_timestep(dt)

	Evolves the physical system defined using an RK2
integrator. This method is 2nd order accurate.


	Parameters

	
	dt: double

	The timestep size.














	
RK4_timestep(dt)

	Evolves the physical system defined using an RK4
integrator. This method is 4th order accurate.


	Parameters

	
	dt: double

	The timestep size.














	
RK5_timestep(dt)

	Evolves the physical system defined using an RK5
integrator. This method is 5th order accurate.


	Parameters

	
	dt: double

	The timestep size.














	
compute_moments(moment_name, f=None, f_hat=None)

	Used in computing the moments of the distribution function.
The moment definitions which are passed to physical system
are used in computing these moment quantities.


	Parameters

	
	moments_namestr

	Pass the moment name which needs to be computed.
It must be noted that this needs to be defined by the
user under moments under src and passed to the 
physical_system object.



	f/f_hat: np.ndarray

	Pass this argument as well when you want to compute the 
moments of the input array and not the one stored by the state vector
of the object.









Examples

>> solver.compute_moments(‘density’)

Will return the density of the system at its current state.






	
dump_distribution_function(file_name)

	This function is used to dump distribution function to a file for
later usage.This dumps the complete 5D distribution function which
can be used for post-processing


	Parameters

	
	file_nameThe distribution_function array will be dumped to this

	provided file name.







	Returns

	
	This function returns None. However it creates a file ‘file_name.h5’,

	

	containing the data of the distribution function

	







Examples

>> solver.dump_distribution_function(‘distribution_function’)

The above statement will create a HDF5 file which contains the
distribution function. The data is always stored with the key 
‘distribution_function’

This can later be accessed using

>> import h5py

>> h5f = h5py.File(‘distribution_function’, ‘r’)

>> f   = h5f[‘distribution_function’][:]

>> h5f.close()

Alternatively, it can also be used with the load function to resume
a long-running calculation.

>> solver.load_distribution_function(‘distribution_function’)






	
dump_moments(file_name)

	This function is used to dump variables to a file for later usage.


	Parameters

	
	file_namestr

	The variables will be dumped to this provided file name.







	Returns

	
	This function returns None. However it creates a file ‘file_name.h5’,

	

	containing all the moments that were defined under moments_defs in

	

	physical_system.

	







Examples

>> solver.dump_variables(‘boltzmann_moments_dump’)

The above set of statements will create a HDF5 file which contains the
all the moments which have been defined in the physical_system object.
The data is always stored with the key ‘moments’ inside the HDF5 file.
Suppose ‘density’ and ‘energy’ are two these moments, and are declared
the first and second in the moment_exponents object:

These variables can then be accessed from the file using

>> import h5py

>> h5f    = h5py.File(‘boltzmann_moments_dump.h5’, ‘r’)

>> rho    = h5f[‘moments’][:][:, :, 0]

>> energy = h5f[‘moments’][:][:, :, 1]

>> h5f.close()

However, in the case of multiple species, the following holds:

>> rho_species_1 = h5f[‘moments’][:][:, :, 0]

>> rho_species_2 = h5f[‘moments’][:][:, :, 1]

>> energy_species_1 = h5f[‘moments’][:][:, :, 2]

>> energy_species_2 = h5f[‘moments’][:][:, :, 3]






	
get_dist_func()[source]

	Returns the distribution function in the same
format as the nonlinear solver






	
load_distribution_function(file_name)

	This function is used to load the distribution function from the
dump file that was created by dump_distribution_function.


	Parameters

	
	file_nameThe distribution_function array will be loaded from this

	provided file name.









Examples

>> solver.load_distribution_function(‘distribution_function’)

The above statemant will load the distribution function data stored in the file
distribution_function.h5 into self.f












          

      

      

    

  

    
      
          
            
  
bolt.lib.nonlinear_solver module

This is the module where the main solver object for the
nonlinear solver of bolt is defined. This solver object 
stores the details of the system defined under physical_system, 
and is evolved using the methods of this module.

The solver has the option of using 2 different methods:


	A semi-lagrangian scheme based on Cheng-Knorr(1978) which
uses advective interpolation.(non-conservative)



	The interpolation schemes available are 
linear and cubic spline.









	Finite volume scheme(conservative):



	Riemann solvers available are the local Lax-Friedrichs and 1st order
upwind scheme.


	The reconstruction schemes available are minmod, PPM, and WENO5












	
class bolt.lib.nonlinear.nonlinear_solver.nonlinear_solver(physical_system, performance_test_flag=False)[source]

	Bases: object

An instance of this class’ attributes contains methods which are used
in evolving the system declared under physical system nonlinearly. The 
state of the system then may be determined from the attributes of the 
system such as the distribution function and electromagnetic fields.

Relevant physical information is obtained by coarse graining this system
by taking moments of the distribution function. This is performed by the
compute_moments() method.

Methods







	compute_moments(moment_name[, f])

	Used in computing the moments of the distribution function.



	dump_EM_fields(file_name)

	This function is used to EM fields to a file for later usage.



	dump_distribution_function(file_name)

	This function is used to dump distribution function to a file for later usage.This dumps the complete 5D distribution function which can be used for post-processing



	dump_moments(file_name)

	This function is used to dump variables to a file for later usage.



	jia_timestep(dt)

	Advances the system using the Jia split scheme.



	lie_timestep(dt)

	Advances the system using a lie-split scheme.



	load_EM_fields(file_name)

	This function is used to load the EM fields from the dump file that was created by dump_EM_fields.



	load_distribution_function(file_name)

	This function is used to load the distribution function from the dump file that was created by dump_distribution_function.



	print_performance_timings(N_iters)

	This function is used to check the timings of each of the functions which are used during the  process of a single-timestep.



	strang_timestep(dt)

	Advances the system using a strang-split scheme.



	swss_timestep(dt)

	Advances the system using a SWSS-split scheme.







	
compute_moments(moment_name, f=None)

	Used in computing the moments of the distribution function.
The moment definitions which are passed to physical system
are used in computing these moment quantities.


	Parameters

	
	moments_namestr

	Pass the moment name which needs to be computed.
It must be noted that this needs to be defined by the
user under moments under src and passed to the 
physical_system object.



	f: af.Array

	Pass this argument as well when you want to compute the 
moments of the input array and not the one stored by the state vector
of the object.









Examples

>> solver.compute_moments(‘density’)

The above line will lookup the definition for ‘density’ and calculate the same
accordingly






	
dump_EM_fields(file_name)

	This function is used to EM fields to a file for later usage.
This dumps all the EM fields quantities E1, E2, E3, B1, B2, B3 
which can then be used later for post-processing


	Parameters

	
	file_nameThe EM_fields array will be dumped to this

	provided file name.







	Returns

	
	This function returns None. However it creates a file ‘file_name.h5’,

	

	containing the data of the EM fields.

	







Examples

>> solver.dump_EM_fields(‘data_EM_fields’)

The above statement will create a HDF5 file which contains the
EM fields data. The data is always stored with the key 
‘EM_fields’

This can later be accessed using

>> import h5py

>> h5f = h5py.File(‘data_EM_fields.h5’, ‘r’)

>> EM_fields = h5f[‘EM_fields’][:]

>> E1 = EM_fields[:, :, 0]

>> E2 = EM_fields[:, :, 1]

>> E3 = EM_fields[:, :, 2]

>> B1 = EM_fields[:, :, 3]

>> B2 = EM_fields[:, :, 4]

>> B3 = EM_fields[:, :, 5]

>> h5f.close()

Alternatively, it can also be used with the load function to resume
a long-running calculation.

>> solver.load_EM_fields(‘data_EM_fields’)






	
dump_distribution_function(file_name)

	This function is used to dump distribution function to a file for
later usage.This dumps the complete 5D distribution function which
can be used for post-processing


	Parameters

	
	file_nameThe distribution_function array will be dumped to this

	provided file name.







	Returns

	
	This function returns None. However it creates a file ‘file_name.h5’,

	

	containing the data of the distribution function

	







Examples

>> solver.dump_distribution_function(‘distribution_function’)

The above statement will create a HDF5 file which contains the
distribution function. The data is always stored with the key 
‘distribution_function’

This can later be accessed using

>> import h5py

>> h5f = h5py.File(‘distribution_function.h5’, ‘r’)

>> f   = h5f[‘distribution_function’][:]

>> h5f.close()

Alternatively, it can also be used with the load function to resume
a long-running calculation.

>> solver.load_distribution_function(‘distribution_function’)






	
dump_moments(file_name)

	This function is used to dump variables to a file for later usage.


	Parameters

	
	file_namestr

	The variables will be dumped to this provided file name.







	Returns

	
	This function returns None. However it creates a file ‘file_name.h5’,

	

	containing all the moments that were defined under moments_defs in

	

	physical_system.

	







Examples

>> solver.dump_variables(‘boltzmann_moments_dump’)

The above set of statements will create a HDF5 file which contains the
all the moments which have been defined in the physical_system object.
The data is always stored with the key ‘moments’ inside the HDF5 file.
Suppose ‘density’, ‘mom_v1_bulk’ and ‘energy’ are the 3 functions defined.
Then the moments get stored in alphabetical order, ie. ‘density’, ‘energy’…:

These variables can then be accessed from the file using

>> import h5py

>> h5f    = h5py.File(‘boltzmann_moments_dump.h5’, ‘r’)

>> rho    = h5f[‘moments’][:][:, :, 0]

>> energy = h5f[‘moments’][:][:, :, 1]

>> mom_p1 = h5f[‘moments’][:][:, :, 2]

>> h5f.close()

However, in the case of multiple species, the following holds:

>> rho_species_1    = h5f[‘moments’][:][:, :, 0]

>> rho_species_1    = h5f[‘moments’][:][:, :, 1]

>> energy_species_1 = h5f[‘moments’][:][:, :, 2]

>> energy_species_2 = h5f[‘moments’][:][:, :, 3]

>> mom_p1_species_1 = h5f[‘moments’][:][:, :, 4]

>> mom_p1_species_2 = h5f[‘moments’][:][:, :, 5]






	
jia_timestep(dt)

	Advances the system using the Jia split scheme.
reference:<https://www.sciencedirect.com/science/article/pii/S089571771000436X>

NOTE: This scheme is computationally expensive, and should only be used for testing/debugging


	Parameters

	
	dtdouble

	Time-step size to evolve the system














	
lie_timestep(dt)

	Advances the system using a lie-split scheme. 
This scheme is 1st order accurate in time.


	Parameters

	
	dtdouble

	Time-step size to evolve the system














	
load_EM_fields(file_name)

	This function is used to load the EM fields from the
dump file that was created by dump_EM_fields.


	Parameters

	
	file_nameThe EM_fields array will be loaded from this

	provided file name.









Examples

>> solver.load_EM_fields(‘data_EM_fields’)

The above statemant will load the EM fields data stored in the file
data_EM_fields.h5 into self.cell_centered_EM_fields






	
load_distribution_function(file_name)

	This function is used to load the distribution function from the
dump file that was created by dump_distribution_function.


	Parameters

	
	file_nameThe distribution_function array will be loaded from this

	provided file name.









Examples

>> solver.load_distribution_function(‘distribution_function’)

The above statemant will load the distribution function data stored in the file
distribution_function.h5 into self.f






	
print_performance_timings(N_iters)

	This function is used to check the timings
of each of the functions which are used during the 
process of a single-timestep.






	
strang_timestep(dt)

	Advances the system using a strang-split scheme. This scheme is 
2nd order accurate in time.


	Parameters

	
	dtdouble

	Time-step size to evolve the system














	
swss_timestep(dt)

	Advances the system using a SWSS-split scheme. 
This scheme is 2nd order accurate in time.


	Parameters

	
	dtdouble

	Time-step size to evolve the system




















          

      

      

    

  

    
      
          
            
  
bolt.lib.physical_system module


	
class bolt.lib.physical_system.physical_system(domain, boundary_conditions, params, initial_conditions, advection_term, source, moments)[source]

	Bases: object

An instance of this class contains details of the physical system
being evolved. User defines this class with the information about
the physical system such as domain sizes, resolutions and parameters
for the simulation. The initial conditions, the advections terms and
the source/sink term also needs to be passed as functions by the user.








          

      

      

    

  

    
      
          
            
  All modules for which code is available

	bolt.lib.linear.compute_moments

	bolt.lib.linear.file_io.dump

	bolt.lib.linear.file_io.load

	bolt.lib.linear.linear_solver

	bolt.lib.linear.timestep

	bolt.lib.nonlinear.compute_moments

	bolt.lib.nonlinear.file_io.dump

	bolt.lib.nonlinear.file_io.load

	bolt.lib.nonlinear.nonlinear_solver

	bolt.lib.nonlinear.timestep

	bolt.lib.nonlinear.utils.performance_timings

	bolt.lib.physical_system




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.physical_system

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

import types
import arrayfire as af
from petsc4py import PETSc

[docs]class physical_system(object):
    """
    
    An instance of this class contains details of the physical system
    being evolved. User defines this class with the information about
    the physical system such as domain sizes, resolutions and parameters
    for the simulation. The initial conditions, the advections terms and
    the source/sink term also needs to be passed as functions by the user.
    
    """

    def __init__(self,
                 domain,
                 boundary_conditions,
                 params,
                 initial_conditions,
                 advection_term,
                 source,
                 moments
                ):
        """
        domain: Object/Input parameter file
                Contains the details of the computational domain being solved for 
                such as the dimensions and the resolution. Currently bolt is only
                capable of solving on structured rectangular grids.

        boundary_conditions: Object/Input parameter file
                             Contains details of the B.C's that need to be applied
                             along each dimension. As of the moment periodic,
                             dirichlet, shearing-box and mirror boundary conditions 
                             are supported. In case of Dirichlet boundary conditions,
                             the values at the boundaries need to be specified
                             through functions.

        params: Object/Input parameter file
                This file contains details of the parameters that are to be
                used in the initialization function, in addition to standard constants.
                Additionally, it can also store the parameters that are to be used by 
                other methods of the solver object.

        initial_conditions: File/object 
                            Contains functions which takes in the arrays as generated
                            by domain, and assigns an initial value to the distribution 
                            function/fields being evolved.

        advection_terms: File/object 
                         Contains functions advection_term.A_q1, A_q2... which are
                         declared depending upon the system that is being evolved. For
                         the FVM, the convervative advection terms C_q1, C_q2 need to
                         be defined. Simlarly the advection terms for p-space A_p1, 
                         A_p2, C_p1, C_p2 are also defined here.

        source: Function
                Returns the expression that is used on the RHS.

        moments: File/object
                 File that contains the functions defining the moments.

        """
        # Checking that domain resolution and size are 
        # of the correct data-type(only of int or float):
        attributes = [a for a in dir(domain) if not a.startswith('__')]
        
        for i in range(len(attributes)):
            if((isinstance(getattr(domain, attributes[i]), int) or
                isinstance(getattr(domain, attributes[i]), float)
               ) == 0
              ):
                raise TypeError('Expected attributes of domain \
                                 to be of type int or float'
                               )

        attributes = [a for a in dir(boundary_conditions) if not a.startswith('__')]
        
        for i in range(len(attributes)):
            if(not (isinstance(getattr(boundary_conditions, attributes[i]), str) 
               or   isinstance(getattr(boundary_conditions, attributes[i]), types.FunctionType)
               or   isinstance(getattr(boundary_conditions, attributes[i]), types.ModuleType))
              ):
                raise TypeError('Expected attributes of boundary_conditions \
                                 to be of type string or functions'
                               )

        # Checking for type of initial_conditions:
        if(isinstance(initial_conditions, types.ModuleType) is False):
            raise TypeError('Expected initial_conditions to be \
                             of type function'
                           )

        # Checking for type of source_or_sink:
        if(isinstance(source, types.FunctionType) is False):
            raise TypeError('Expected source_or_sink to be of type function')

        # Checking for the types of the methods in advection_term:
        attributes = [a for a in dir(advection_term) if not a.startswith('_')]
        for i in range(len(attributes)):
            if(not(   isinstance(getattr(advection_term, attributes[i]),types.FunctionType)
                   or isinstance(getattr(advection_term, attributes[i]),types.ModuleType)
                  )
              ):
                raise TypeError('Expected attributes of advection_term \
                                 to be of type function or module'
                               )

        attributes = [a for a in dir(moments) if not a.startswith('_')]
        for i in range(len(attributes)):
            if(not(   isinstance(getattr(moments, attributes[i]),types.FunctionType)
                   or isinstance(getattr(moments, attributes[i]),types.ModuleType)
                  )
              ):
                raise TypeError('Expected attributes of moment_defs \
                                 to be of type function or module'
                               )

        # Getting resolution and size of configuration and velocity space:
        self.N_q1, self.q1_start, self.q1_end = domain.N_q1,\
                                                domain.q1_start, domain.q1_end
        self.N_q2, self.q2_start, self.q2_end = domain.N_q2,\
                                                domain.q2_start, domain.q2_end
        self.N_p1, self.p1_start, self.p1_end = domain.N_p1,\
                                                domain.p1_start, domain.p1_end
        self.N_p2, self.p2_start, self.p2_end = domain.N_p2,\
                                                domain.p2_start, domain.p2_end
        self.N_p3, self.p3_start, self.p3_end = domain.N_p3,\
                                                domain.p3_start, domain.p3_end

        # Checking that the given input parameters are physical:
        if(self.N_q1 < 0 or self.N_q2 < 0 or
           self.N_p1 < 0 or self.N_p2 < 0 or self.N_p3 < 0 or
           domain.N_ghost_q < 0 or domain.N_ghost_p < 0
          ):
            raise Exception('Grid resolution for the phase \
                             space cannot be negative'
                           )

        if(self.q1_start > self.q1_end or self.q2_start > self.q2_end or
           self.p1_start > self.p1_end or self.p2_start > self.p2_end or
           self.p3_start > self.p3_end
          ):
            raise Exception('Start point cannot be placed \
                             after the end point'
                           )

        # Evaluating step size:
        self.dq1 = (self.q1_end - self.q1_start) / self.N_q1
        self.dq2 = (self.q2_end - self.q2_start) / self.N_q2
        self.dp1 = (self.p1_end - self.p1_start) / self.N_p1
        self.dp2 = (self.p2_end - self.p2_start) / self.N_p2
        self.dp3 = (self.p3_end - self.p3_start) / self.N_p3

        # Getting number of ghost zones, and the 
        # boundary conditions that are utilized
        self.N_ghost_q           = domain.N_ghost_q
        self.N_ghost_p           = domain.N_ghost_p

        self.boundary_conditions = boundary_conditions

        # Placeholder for all the modules/functions:
        # These will later be called by the methods of 
        # the solver objects:linear_solver and nonlinear_solver
        self.params             = params
        self.initial_conditions = initial_conditions

        # The following functions return the advection terms 
        # as components of a tuple:
        self.A_q = advection_term.A_q
        self.C_q = advection_term.C_q

        self.A_p = advection_term.A_p
        self.C_p = advection_term.C_p

        # Assigning the function which is used in computing the term on RHS:
        # Usually, this is taken as a relaxation type collision operator
        self.source = source

        # Assigning the moments data:
        self.moments = moments

        # Finding the number of species:
        N_species = len(params.charge)

        try:
            assert(len(params.mass) == len(params.charge))
        except:
            raise Exception('Inconsistenty in number of species. Mismatch between\
                             the number of species mentioned in charge and mass inputs'
                           )

        if(params.fields_type == 'electrodynamic'):
            try:
                assert(params.fields_solver.upper() == 'FDTD')
            except:
                raise Exception('Solver specified isn\'t an electrodynamic solver')

        # Printing code signature:
        PETSc.Sys.Print('----------------------------------------------------------------------')
        PETSc.Sys.Print("|                      ,/                                            |")
        PETSc.Sys.Print("|                    ,'/          ____        ____                   |")                   
        PETSc.Sys.Print("|                  ,' /          / __ )____  / / /_                  |")
        PETSc.Sys.Print("|                ,'  /_____,    / __  / __ \/ / __/                  |")
        PETSc.Sys.Print("|              .'____    ,'    / /_/ / /_/ / / /_                    |")
        PETSc.Sys.Print("|                   /  ,'     /_____/\____/_/\__/                    |")
        PETSc.Sys.Print("|                  / ,'                                              |")
        PETSc.Sys.Print("|                 /,'                                                |")
        PETSc.Sys.Print("|                /'                                                  |")
        PETSc.Sys.Print('|--------------------------------------------------------------------|')
        PETSc.Sys.Print('|Copyright (C) 2017-18, Research Division, Quazar Technologies, Delhi|')
        PETSc.Sys.Print('|                                                                    |')
        PETSc.Sys.Print('|  Bolt is free software; you can redistribute it and/or modify it   |')
        PETSc.Sys.Print('|  under the terms of the GNU General Public License as published    |')
        PETSc.Sys.Print('|  by the Free Software Foundation(version 3.0)                      |')
        PETSc.Sys.Print('----------------------------------------------------------------------')
        PETSc.Sys.Print('Resolution(Nq1, Nq2, Np1, Np2, Np3):', '(', domain.N_q1, ',', domain.N_q2, 
                        ',',domain.N_p1, ',', domain.N_p2, ',', domain.N_p3, ')'
                       )
        PETSc.Sys.Print('Solver Method in q-space           :', params.solver_method_in_q.upper())

        if(params.solver_method_in_q == 'FVM'):
            PETSc.Sys.Print('    Reconstruction Method          :', params.reconstruction_method_in_q.upper())
            PETSc.Sys.Print('    Riemann Solver                 :', params.riemann_solver_in_q.upper())

        PETSc.Sys.Print('Solver Method in p-space           :', params.solver_method_in_p.upper())

        if(params.solver_method_in_p == 'FVM'):
            PETSc.Sys.Print('    Reconstruction Method          :', params.reconstruction_method_in_p.upper())
            PETSc.Sys.Print('    Riemann Solver                 :', params.riemann_solver_in_p.upper())

        PETSc.Sys.Print('Fields Type                        :', params.fields_type.upper())
        PETSc.Sys.Print('Fields Initialization Method       :', params.fields_initialize.upper())
        PETSc.Sys.Print('Fields Solver Method               :', params.fields_solver.upper())
        PETSc.Sys.Print('Number of Species                  :', N_species)
        for i in range(N_species):
            PETSc.Sys.Print('   Charge(Species %1d)               :'%(i+1), params.charge[i])
            PETSc.Sys.Print('   Mass(Species %1d)                 :'%(i+1), params.mass[i])
        PETSc.Sys.Print('Number of Devices/Node             :', params.num_devices)





          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.linear.compute_moments

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

import arrayfire as af
from bolt.lib.linear.utils.fft_funcs import fft2, ifft2
import numpy as np

# TODO: Change docstring to say that it returns either moment_hat or moment
# depending on the input
def compute_moments(self, moment_name, f=None, f_hat=None):
    """
    Used in computing the moments of the distribution function.
    The moment definitions which are passed to physical system
    are used in computing these moment quantities.

    Parameters
    ----------

    moments_name : str
                   Pass the moment name which needs to be computed.
                   It must be noted that this needs to be defined by the
                   user under moments under src and passed to the 
                   physical_system object.

    f/f_hat: np.ndarray
             Pass this argument as well when you want to compute the 
             moments of the input array and not the one stored by the state vector
             of the object.

    Examples
    --------
    
    >> solver.compute_moments('density')

    Will return the density of the system at its current state.
    """
    if(f_hat is None and f is None):
        # af.broadcast(function, *args) performs batched operations on function(*args):
        moment_hat = af.broadcast(getattr(self.physical_system.moments, 
                                          moment_name
                                         ), self.f_hat, 
                                  self.p1, self.p2, self.p3, self.dp3 * self.dp2 * self.dp1
                                 )

        # Scaling Appropriately:
        moment_hat = 0.5 * self.N_q2 * self.N_q1 * moment_hat
        moment     = af.real(ifft2(moment_hat))
        
        af.eval(moment)
        return(moment)
    
    elif(f_hat is not None and f is None):
        moment_hat = af.broadcast(getattr(self.physical_system.moments, 
                                          moment_name
                                         ), f_hat,
                                  self.p1, self.p2, self.p3, self.dp3 * self.dp2 * self.dp1
                                 )

        af.eval(moment_hat)
        return(moment_hat)

    elif(f_hat is None and f is not None):
        moment = af.broadcast(getattr(self.physical_system.moments, 
                                      moment_name
                                     ), f,
                              self.p1, self.p2, self.p3, self.dp3 * self.dp2 * self.dp1
                             )
        af.eval(moment)
        return(moment)

    else:
        raise BaseException('Invalid Option: Both f and f_hat cannot \
                             be provided as arguments'
                           )

    return




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.linear.linear_solver

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

"""
This is the module which contains the functions of the linear solver of Bolt.
It performs an FFT to map the given input onto the Fourier basis, and evolves 
each mode of the input independantly. It is to be noted that this module
can only be applied to systems with periodic boundary conditions.
Additionally, this module isn't parallelized to run across multiple devices/nodes.
"""

# In this code, we shall default to using the positionsExpanded form
# thoroughout. This means that the arrays defined in the system will
# be of the form:(N_p, N_s, N_q1, N_q2)

# Importing dependencies:
import numpy as np
import arrayfire as af
from .utils.fft_funcs import fft2, ifft2
import socket
from petsc4py import PETSc
from inspect import signature

# Importing solver functions:
from .fields.fields_solver import fields_solver
from .calculate_dfdp_background import calculate_dfdp_background
from .compute_moments import compute_moments as compute_moments_imported
from .file_io import dump, load
from .utils.bandwidth_test import bandwidth_test
from .utils.print_with_indent import indent
from .utils.broadcasted_primitive_operations import multiply

from . import timestep

[docs]class linear_solver(object):
    """
    An instance of this class' attributes contains methods which are used
    in evolving the system declared under physical system linearly. The 
    state of the system then may be determined from the attributes of the 
    system such as the distribution function and electromagnetic fields
    """

    def __init__(self, physical_system):
        """
        Constructor for the linear_solver object. It takes the physical
        system object as an argument and uses it in intialization and
        evolution of the system in consideration.

        Parameters
        ----------
        
        physical_system: The defined physical system object which holds
                         all the simulation information such as the initial
                         conditions, and the domain info is passed as an
                         argument in defining an instance of the linear_solver.
                         This system is then evolved, and monitored using the
                         various methods under the linear_solver class.
        """
        self.physical_system = physical_system

        # Storing Domain Information:
        self.q1_start, self.q1_end = physical_system.q1_start,\
                                     physical_system.q1_end
        self.q2_start, self.q2_end = physical_system.q2_start,\
                                     physical_system.q2_end
        self.p1_start, self.p1_end = physical_system.p1_start,\
                                     physical_system.p1_end
        self.p2_start, self.p2_end = physical_system.p2_start,\
                                     physical_system.p2_end
        self.p3_start, self.p3_end = physical_system.p3_start,\
                                     physical_system.p3_end

        # Getting Domain Resolution
        self.N_q1, self.dq1 = physical_system.N_q1, physical_system.dq1
        self.N_q2, self.dq2 = physical_system.N_q2, physical_system.dq2
        self.N_p1, self.dp1 = physical_system.N_p1, physical_system.dp1
        self.N_p2, self.dp2 = physical_system.N_p2, physical_system.dp2
        self.N_p3, self.dp3 = physical_system.N_p3, physical_system.dp3
        
        # Getting number of species:
        self.N_species = len(physical_system.params.mass)

        # Having the mass and charge along axis 1:
        self.physical_system.params.mass  = \
            af.cast(af.moddims(af.to_array(physical_system.params.mass),
                               1, self.N_species
                              ),
                    af.Dtype.f64
                   )

        self.physical_system.params.charge  = \
            af.cast(af.moddims(af.to_array(physical_system.params.charge),
                               1, self.N_species
                              ),
                    af.Dtype.f64
                   )

        # Initializing variable to hold time elapsed:
        self.time_elapsed = 0

        # Checking that periodic B.C's are utilized:
        if(    physical_system.boundary_conditions.in_q1_left   != 'periodic' 
           and physical_system.boundary_conditions.in_q1_right  != 'periodic'
           and physical_system.boundary_conditions.in_q2_bottom != 'periodic'
           and physical_system.boundary_conditions.in_q2_top    != 'periodic'
          ):
            raise Exception('Only systems with periodic boundary conditions \
                             can be solved using the linear solver'
                           )

        # Initializing DAs which will be used in file-writing:
        # This is done so that the output format used by the linear solver matches
        # with the output format of the nonlinear solver:
        self._da_dump_f = PETSc.DMDA().create([self.N_q1, self.N_q2],
                                              dof=(  self.N_species
                                                   * self.N_p1 
                                                   * self.N_p2 
                                                   * self.N_p3
                                                  )
                                             )

        # Getting the number of definitions in moments:
        attributes = [a for a in dir(self.physical_system.moments) if not a.startswith('_')]
        self._da_dump_moments = PETSc.DMDA().create([self.N_q1, self.N_q2],
                                                    dof = self.N_species * len(attributes)
                                                   )

        # Printing backend details:
        PETSc.Sys.Print('\nBackend Details for Linear Solver:')
        PETSc.Sys.Print(indent('On Node: '+ socket.gethostname()))
        PETSc.Sys.Print(indent('Device Details:'))
        PETSc.Sys.Print(indent(af.info_str(), 2))
        PETSc.Sys.Print(indent('Device Bandwidth = ' + str(bandwidth_test(100)) + ' GB / sec'))
        PETSc.Sys.Print()

        # Creating PETSc Vecs which are used in dumping to file:
        self._glob_f       = self._da_dump_f.createGlobalVec()
        self._glob_f_array = self._glob_f.getArray()

        self._glob_moments       = self._da_dump_moments.createGlobalVec()
        self._glob_moments_array = self._glob_moments.getArray()

        # Setting names for the objects which will then be
        # used as the key identifiers for the HDF5 files:
        PETSc.Object.setName(self._glob_f, 'distribution_function')
        PETSc.Object.setName(self._glob_moments, 'moments')

        # Intializing position, wavenumber and velocity arrays:
        self.q1_center, self.q2_center = self._calculate_q_center()
        self.k_q1, self.k_q2           = self._calculate_k()
        self.p1, self.p2, self.p3      = self._calculate_p_center()

        # Assigning the function objects to methods of the solver:
        self._A_q    = self.physical_system.A_q
        self._A_p    = self.physical_system.A_p
        self._source = self.physical_system.source

        # Initializing f, f_hat and the other EM field quantities:
        self._initialize(physical_system.params)

[docs]    def get_dist_func(self):
        """
        Returns the distribution function in the same
        format as the nonlinear solver
        """
        f = 0.5 * self.N_q2 * self.N_q1 * \
            af.real(ifft2(self.f_hat))

        return(f)


    def _calculate_q_center(self):
        """
        Initializes the cannonical variables q1, q2 using a centered
        formulation. The size, and resolution are the same as declared
        under domain of the physical system object.
        """
        q1_center = self.q1_start + (0.5 + np.arange(self.N_q1)) * self.dq1
        q2_center = self.q2_start + (0.5 + np.arange(self.N_q2)) * self.dq2

        q2_center, q1_center = np.meshgrid(q2_center, q1_center)

        q1_center = af.to_array(q1_center)
        q2_center = af.to_array(q2_center)

        q1_center = af.reorder(q1_center, 2, 3, 0, 1)
        q2_center = af.reorder(q2_center, 2, 3, 0, 1)

        af.eval(q1_center, q2_center)
        return(q1_center, q2_center)

    def _calculate_k(self):
        """
        Initializes the wave numbers k_q1 and k_q2 which will be 
        used when solving in fourier space.
        """
        k_q1 = 2 * np.pi * np.fft.fftfreq(self.N_q1, self.dq1)
        k_q2 = 2 * np.pi * np.fft.fftfreq(self.N_q2, self.dq2)

        k_q2, k_q1 = np.meshgrid(k_q2, k_q1)

        k_q1 = af.to_array(k_q1)
        k_q2 = af.to_array(k_q2)

        k_q1 = af.reorder(k_q1, 2, 3, 0, 1)
        k_q2 = af.reorder(k_q2, 2, 3, 0, 1)

        af.eval(k_q1, k_q2)
        return(k_q1, k_q2)

    def _calculate_p_center(self):
        """
        Initializes the cannonical variables p1, p2 and p3 using a centered
        formulation. The size, and resolution are the same as declared
        under domain of the physical system object.
        """
        p1_center = \
            self.p1_start + (0.5 + np.arange(0, self.N_p1, 1)) * self.dp1
        
        p2_center = \
            self.p2_start + (0.5 + np.arange(0, self.N_p2, 1)) * self.dp2
        
        p3_center = \
            self.p3_start + (0.5 + np.arange(0, self.N_p3, 1)) * self.dp3

        p2_center, p1_center, p3_center = np.meshgrid(p2_center,
                                                      p1_center,
                                                      p3_center
                                                     )

        # Flattening the obtained arrays:
        p1_center = af.flat(af.to_array(p1_center))
        p2_center = af.flat(af.to_array(p2_center))
        p3_center = af.flat(af.to_array(p3_center))

        if(self.N_species > 1):
            
            p1_center = af.tile(p1_center, 1, self.N_species)
            p2_center = af.tile(p2_center, 1, self.N_species)
            p3_center = af.tile(p3_center, 1, self.N_species)

        af.eval(p1_center, p2_center, p3_center)
        return(p1_center, p2_center, p3_center)

    def _initialize(self, params):
        """
        Called when the solver object is declared. This function is
        used to initialize the distribution function, and the field
        quantities using the options as provided by the user. The
        quantities are then mapped to the fourier basis by taking FFTs.
        The independant modes are then evolved by using the linear
        solver.

        Parameters:
        -----------
        params: The parameters file/object that is originally declared 
                by the user.

        """
        # af.broadcast(function, *args) performs batched 
        # operations on function(*args):
        f = af.broadcast(self.physical_system.initial_conditions.\
                         initialize_f, self.q1_center, self.q2_center,
                         self.p1, self.p2, self.p3, params
                        )
        
        # Taking FFT:
        self.f_hat = fft2(f)

        # Since (k_q1, k_q2) = (0, 0) will give the background distribution:
        # The division by (self.N_q1 * self.N_q2) is performed since the FFT
        # at (0, 0) returns (amplitude * (self.N_q1 * self.N_q2))
        self.f_background = af.abs(self.f_hat[:, :, 0, 0])/ (self.N_q1 * self.N_q2)

        # Calculating derivatives of the background distribution function:
        self._calculate_dfdp_background()
   
        # Scaling Appropriately:
        # Except the case of (0, 0) the FFT returns
        # (0.5 * amplitude * (self.N_q1 * self.N_q2)):
        self.f_hat = 2 * self.f_hat / (self.N_q1 * self.N_q2) 

        rho_initial = multiply(self.physical_system.params.charge,
                               self.compute_moments('density')
                              )
        
        self.fields_solver = fields_solver(self.q1_center, self.q2_center,
                                           self.k_q1, self.k_q2,
                                           self.physical_system.params,
                                           rho_initial
                                          )

        return

    # Injection of solver methods from other files:
    # Assigning function that is used in computing the derivatives
    # of the background distribution function:
    _calculate_dfdp_background = calculate_dfdp_background

    # Time-steppers:
    RK2_timestep = timestep.RK2_step
    RK4_timestep = timestep.RK4_step
    RK5_timestep = timestep.RK5_step

    # Routine which is used in computing the 
    # moments of the distribution function:
    compute_moments = compute_moments_imported

    # Methods used in writing the data to dump-files:
    dump_distribution_function = dump.dump_distribution_function
    dump_moments               = dump.dump_moments

    # Used to read the data from file
    load_distribution_function = load.load_distribution_function





          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.linear.timestep

#!/usr/bin/env python3 
# -*- coding: utf-8 -*-
import arrayfire as af

from . import integrators
from .df_hat_dt import df_hat_dt
from .fields.dfields_hat_dt import dfields_hat_dt
from .utils.fft_funcs import fft2, ifft2

def RK5_step(self, dt):
    """
    Evolves the physical system defined using an RK5
    integrator. This method is 5th order accurate.

    Parameters
    ----------

    dt: double
        The timestep size.

    """
    # For purely collisional cases:
    tau = self.physical_system.params.tau(self.q1_center, self.q2_center,
                                          self.p1, self.p2, self.p3
                                         )
    if(af.any_true(tau == 0)):

        f0 = self._source(0.5 * self.N_q1 * self.N_q2 * af.real(ifft2(self.f_hat)),
                          self.time_elapsed, self.q1_center, self.q2_center,
                          self.p1, self.p2, self.p3, 
                          self.compute_moments, 
                          self.physical_system.params, 
                          True
                         )

        self.f_hat = af.select(tau == 0, 
                               2 * fft2(f0) / (self.N_q1 * self.N_q2),
                               self.f_hat
                              ) 

    if(    self.physical_system.params.EM_fields_enabled == True 
       and self.physical_system.params.fields_type == 'electrodynamic'
      ):
        # Since the fields and the distribution function are coupled, 
        # we evolve the system by making use of a coupled integrator 
        # which ensures that throughout the timestepping they are 
        # evaluated at the same temporal locations.
        self.f_hat, self.fields_solver.fields_hat = \
            integrators.RK5_coupled(df_hat_dt, self.f_hat,
                                    dfields_hat_dt, self.fields_solver.fields_hat,
                                    dt, self
                                   )

    else:
        self.f_hat = integrators.RK5(df_hat_dt, self.f_hat,
                                     dt, self.fields_solver.fields_hat, self
                                    )
    
    return

def RK4_step(self, dt):
    """
    Evolves the physical system defined using an RK4
    integrator. This method is 4th order accurate.

    Parameters
    ----------
    dt: double
        The timestep size.
    """
    # For purely collisional cases:
    tau = self.physical_system.params.tau(self.q1_center, self.q2_center,
                                          self.p1, self.p2, self.p3
                                         )
    if(af.any_true(tau == 0)):

        f0 = self._source(0.5 * self.N_q1 * self.N_q2 * af.real(ifft2(self.f_hat)),
                          self.time_elapsed, self.q1_center, self.q2_center,
                          self.p1, self.p2, self.p3, 
                          self.compute_moments, 
                          self.physical_system.params, 
                          True
                         )

        self.f_hat = af.select(tau == 0, 
                               2 * fft2(f0) / (self.N_q1 * self.N_q2),
                               self.f_hat
                              ) 

    if(    self.physical_system.params.EM_fields_enabled == True 
       and self.physical_system.params.fields_type == 'electrodynamic'
      ):
        # Since the fields and the distribution function are coupled, 
        # we evolve the system by making use of a coupled integrator 
        # which ensures that throughout the timestepping they are 
        # evaluated at the same temporal locations.
        self.f_hat, self.fields_solver.fields_hat = \
            integrators.RK4_coupled(df_hat_dt, self.f_hat,
                                    dfields_hat_dt, self.fields_solver.fields_hat,
                                    dt, self
                                   )

    else:
        self.f_hat = integrators.RK4(df_hat_dt, self.f_hat,
                                     dt, self.fields_solver.fields_hat, self
                                    )

    return

def RK2_step(self, dt):
    """
    Evolves the physical system defined using an RK2
    integrator. This method is 2nd order accurate.

    Parameters
    ----------
    dt: double
        The timestep size.
    """
    # For purely collisional cases:
    tau = self.physical_system.params.tau(self.q1_center, self.q2_center,
                                          self.p1, self.p2, self.p3
                                         )
    if(af.any_true(tau == 0)):

        f0 = self._source(0.5 * self.N_q1 * self.N_q2 * af.real(ifft2(self.f_hat)),
                          self.time_elapsed, self.q1_center, self.q2_center,
                          self.p1, self.p2, self.p3, 
                          self.compute_moments, 
                          self.physical_system.params, 
                          True
                         )

        self.f_hat = af.select(tau == 0, 
                               2 * fft2(f0) / (self.N_q1 * self.N_q2),
                               self.f_hat
                              ) 

    if(    self.physical_system.params.EM_fields_enabled == True 
       and self.physical_system.params.fields_type == 'electrodynamic'
      ):
        # Since the fields and the distribution function are coupled, 
        # we evolve the system by making use of a coupled integrator 
        # which ensures that throughout the timestepping they are 
        # evaluated at the same temporal locations.
        self.f_hat, self.fields_solver.fields_hat = \
            integrators.RK2_coupled(df_hat_dt, self.f_hat,
                                    dfields_hat_dt, self.fields_solver.fields_hat,
                                    dt, self
                                   )

    else:
        self.f_hat = integrators.RK2(df_hat_dt, self.f_hat,
                                     dt, self.fields_solver.fields_hat, self
                                    )

    return




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.linear.file_io.dump

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

import arrayfire as af
import numpy as np
from petsc4py import PETSc
from bolt.lib.linear.utils.fft_funcs import ifft2

def dump_moments(self, file_name):
    """
    This function is used to dump variables to a file for later usage.

    Parameters
    ----------

    file_name : str
                The variables will be dumped to this provided file name.

    Returns
    -------

    This function returns None. However it creates a file 'file_name.h5',
    containing all the moments that were defined under moments_defs in
    physical_system.

    Examples
    --------

    >> solver.dump_variables('boltzmann_moments_dump')

    The above set of statements will create a HDF5 file which contains the
    all the moments which have been defined in the physical_system object.
    The data is always stored with the key 'moments' inside the HDF5 file.
    Suppose 'density' and 'energy' are two these moments, and are declared
    the first and second in the moment_exponents object:

    These variables can then be accessed from the file using
    
    >> import h5py
    
    >> h5f    = h5py.File('boltzmann_moments_dump.h5', 'r')
    
    >> rho    = h5f['moments'][:][:, :, 0]
    
    >> energy = h5f['moments'][:][:, :, 1]
    
    >> h5f.close()

    However, in the case of multiple species, the following holds:

    >> rho_species_1 = h5f['moments'][:][:, :, 0]
    
    >> rho_species_2 = h5f['moments'][:][:, :, 1]
    
    >> energy_species_1 = h5f['moments'][:][:, :, 2]

    >> energy_species_2 = h5f['moments'][:][:, :, 3]

    """
    attributes = [a for a in dir(self.physical_system.moments) if not a.startswith('_')]
    
    for i in range(len(attributes)):
        
        if(i == 0):
            array_to_dump = self.compute_moments(attributes[i])
        else:
            array_to_dump = af.join(1, array_to_dump,
                                    self.compute_moments(attributes[i])
                                   )
    
    af.flat(array_to_dump).to_ndarray(self._glob_moments_array)
    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', 'w')
    viewer(self._glob_moments)

def dump_distribution_function(self, file_name):
    """
    This function is used to dump distribution function to a file for
    later usage.This dumps the complete 5D distribution function which
    can be used for post-processing

    Parameters
    ----------

    file_name : The distribution_function array will be dumped to this
                provided file name.

    Returns
    -------

    This function returns None. However it creates a file 'file_name.h5',
    containing the data of the distribution function

    Examples
    --------
    
    >> solver.dump_distribution_function('distribution_function')

    The above statement will create a HDF5 file which contains the
    distribution function. The data is always stored with the key 
    'distribution_function'

    This can later be accessed using

    >> import h5py
    
    >> h5f = h5py.File('distribution_function', 'r')
    
    >> f   = h5f['distribution_function'][:]
    
    >> h5f.close()

    Alternatively, it can also be used with the load function to resume
    a long-running calculation.

    >> solver.load_distribution_function('distribution_function')
    """
    array_to_dump = 0.5 * self.N_q2 * self.N_q1  * af.real(ifft2(self.f_hat))
    array_to_dump.to_ndarray(self._glob_f_array)
    
    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', 'w')
    viewer(self._glob_f)

def dump_EM_fields(self, file_name):
    """
    This function is used to EM fields to a file for later usage.
    This dumps all the EM fields quantities E1, E2, E3, B1, B2, B3 
    which can then be used later for post-processing

    Parameters
    ----------

    file_name : The EM_fields array will be dumped to this
                provided file name.

    Returns
    -------

    This function returns None. However it creates a file 'file_name.h5',
    containing the data of the EM fields.

    Examples
    --------
    
    >> solver.dump_EM_fields('data_EM_fields')

    The above statement will create a HDF5 file which contains the
    EM fields data. The data is always stored with the key 
    'EM_fields'

    This can later be accessed using

    >> import h5py
    
    >> h5f = h5py.File('data_EM_fields.h5', 'r')
    
    >> EM_fields = h5f['EM_fields'][:]

    >> E1 = EM_fields[:, :, 0]
    
    >> E2 = EM_fields[:, :, 1]
    
    >> E3 = EM_fields[:, :, 2]
    
    >> B1 = EM_fields[:, :, 3]
    
    >> B2 = EM_fields[:, :, 4]
    
    >> B3 = EM_fields[:, :, 5]

    >> h5f.close()

    Alternatively, it can also be used with the load function to resume
    a long-running calculation.

    >> solver.load_EM_fields('data_EM_fields')
    """
    array_to_dump = 0.5 * self.N_q2 * self.N_q1  * af.real(ifft2(self.fields_solver.fields_hat))
    array_to_dump.to_ndarray(self.fields_solver._glob_fields_array)
    
    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', 'w')
    viewer(self.fields_solver._glob_fields)

    return




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.linear.file_io.load

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

from petsc4py import PETSc
import numpy as np
import arrayfire as af
from bolt.lib.linear.utils.fft_funcs import fft2

def load_distribution_function(self, file_name):
    """
    This function is used to load the distribution function from the
    dump file that was created by dump_distribution_function.

    Parameters
    ----------

    file_name : The distribution_function array will be loaded from this
                provided file name.

    Examples
    --------
    
    >> solver.load_distribution_function('distribution_function')
    
    The above statemant will load the distribution function data stored in the file
    distribution_function.h5 into self.f
    """
    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', PETSc.Viewer.Mode.READ)
    self._glob_f.load(viewer)
    self.f_hat =   2 * fft2(af.to_array(self._glob_f_array.reshape(self.N_p1 * self.N_p2 * self.N_p3,
                                                                   self.N_species, self.N_q1, self.N_q2
                                                                  )
                                       )
                           ) / (self.N_q1 * self.N_q2)

    return

def load_EM_fields(self, file_name):
    """
    This function is used to load the EM fields from the
    dump file that was created by dump_EM_fields.

    Parameters
    ----------

    file_name : The EM_fields array will be loaded from this
                provided file name.

    Examples
    --------
    
    >> solver.load_EM_fields('data_EM_fields')
    """

    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', PETSc.Viewer.Mode.READ)
    self.fields_solver._glob_fields.load(viewer)

    self.fields_solver.fields_hat = \
        2 * fft2(af.to_array(self.fields_solver._glob_fields_array.reshape(6, 1, 
                                                                           self.N_q1, 
                                                                           self.N_q2
                                                                          )
                            )
                ) / (self.N_q1 * self.N_q2)




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.nonlinear.compute_moments

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

import arrayfire as af
import numpy as np

def compute_moments(self, moment_name, f=None):
    """
    Used in computing the moments of the distribution function.
    The moment definitions which are passed to physical system
    are used in computing these moment quantities.

    Parameters
    ----------

    moments_name : str
                   Pass the moment name which needs to be computed.
                   It must be noted that this needs to be defined by the
                   user under moments under src and passed to the 
                   physical_system object.
    
    f: af.Array
       Pass this argument as well when you want to compute the 
       moments of the input array and not the one stored by the state vector
       of the object.

    Examples
    --------
    
    >> solver.compute_moments('density')

    The above line will lookup the definition for 'density' and calculate the same
    accordingly
    """
    N_g_p = self.N_ghost_p
    
    # Considering p-arrays non-inclusive of the ghost zones:
    if(N_g_p != 0):
    
        p1 = af.flat(af.moddims(self.p1_center,
                                self.N_p1 + 2 * N_g_p,
                                self.N_p2 + 2 * N_g_p,
                                self.N_p3 + 2 * N_g_p,
                               )[N_g_p:-N_g_p, N_g_p:-N_g_p, N_g_p:-N_g_p]
                    ) 
        p2 = af.flat(af.moddims(self.p2_center,
                                self.N_p1 + 2 * N_g_p,
                                self.N_p2 + 2 * N_g_p,
                                self.N_p3 + 2 * N_g_p,
                               )[N_g_p:-N_g_p, N_g_p:-N_g_p, N_g_p:-N_g_p]
                    ) 
        p3 = af.flat(af.moddims(self.p3_center,
                                self.N_p1 + 2 * N_g_p,
                                self.N_p2 + 2 * N_g_p,
                                self.N_p3 + 2 * N_g_p,
                               )[N_g_p:-N_g_p, N_g_p:-N_g_p, N_g_p:-N_g_p]
                    ) 

    else:
        
        p1 = self.p1_center
        p2 = self.p2_center
        p3 = self.p3_center

    if(f is None):
        try:
            N_q1 = self.f.shape[1]
            N_q2 = self.f.shape[2]

        except:
            N_q1 = N_q2 = 1

        if(N_g_p != 0):

            f = af.moddims(self.\
                           _convert_to_p_expanded(self.f)[N_g_p:-N_g_p, 
                                                          N_g_p:-N_g_p,
                                                          N_g_p:-N_g_p
                                                         ],
                           self.N_p1 * self.N_p2 * self.N_p3, 
                           N_q1, N_q2
                          )

        else:
            f = self.f
    
    else:

        try:
            N_q1 = f.shape[1]
            N_q2 = f.shape[2]
        except:
            N_q1 = N_q2 = 1

        if(N_g_p != 0):
            f = af.moddims(self.\
                           _convert_to_p_expanded(f)[N_g_p:-N_g_p, 
                                                     N_g_p:-N_g_p,
                                                     N_g_p:-N_g_p
                                                    ],
                           self.N_p1 * self.N_p2 * self.N_p3, 
                           N_q1, N_q2
                          )
    
    moment = af.broadcast(getattr(self.physical_system.moments, 
                                  moment_name
                                 ), f, p1, p2, p3, self.dp3 * self.dp2 * self.dp1
                         )

    af.eval(moment)
    return (moment)




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.nonlinear.nonlinear_solver

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

"""
This is the module where the main solver object for the
nonlinear solver of bolt is defined. This solver object 
stores the details of the system defined under physical_system, 
and is evolved using the methods of this module.

The solver has the option of using 2 different methods:

- A semi-lagrangian scheme based on Cheng-Knorr(1978) which
  uses advective interpolation.(non-conservative)

    - The interpolation schemes available are 
      linear and cubic spline.
     
- Finite volume scheme(conservative):

    - Riemann solvers available are the local Lax-Friedrichs and 1st order
      upwind scheme.
    - The reconstruction schemes available are minmod, PPM, and WENO5

"""

# Importing dependencies:
import arrayfire as af
import numpy as np
import petsc4py, sys
petsc4py.init(sys.argv)
from petsc4py import PETSc
import socket

# Importing solver libraries:
from . import communicate
from . import boundaries
from . import timestep

from .file_io import dump
from .file_io import load

from .utils.bandwidth_test import bandwidth_test
from .utils.print_with_indent import indent
from .utils.performance_timings import print_table
from .utils.broadcasted_primitive_operations import multiply
from .compute_moments import compute_moments as compute_moments_imported
from .fields.fields import fields_solver

[docs]class nonlinear_solver(object):
    """
    An instance of this class' attributes contains methods which are used
    in evolving the system declared under physical system nonlinearly. The 
    state of the system then may be determined from the attributes of the 
    system such as the distribution function and electromagnetic fields.
    
    Relevant physical information is obtained by coarse graining this system
    by taking moments of the distribution function. This is performed by the
    compute_moments() method.  
    """

    def __init__(self, physical_system, performance_test_flag = False):
        """
        Constructor for the nonlinear_solver object. It takes the physical
        system object as an argument and uses it in intialization and
        evolution of the system in consideration. 

        Additionally, a performance test flag is also passed which when true,
        stores time which is consumed by each of the major solver routines.
        This proves particularly useful in analyzing performance bottlenecks 
        and obtaining benchmarks.
        
        Parameters:
        -----------

        physical_system: The defined physical system object which holds
                         all the simulation information such as the initial
                         conditions, and the domain info is passed as an
                         argument in defining an instance of the
                         nonlinear_solver. This system is then evolved, and
                         monitored using the various methods under the
                         nonlinear_solver class.
        """
        self.physical_system = physical_system

        # Holding Domain Info:
        self.q1_start, self.q1_end = physical_system.q1_start,\
                                     physical_system.q1_end
        self.q2_start, self.q2_end = physical_system.q2_start,\
                                     physical_system.q2_end
        self.p1_start, self.p1_end = physical_system.p1_start,\
                                     physical_system.p1_end
        self.p2_start, self.p2_end = physical_system.p2_start,\
                                     physical_system.p2_end
        self.p3_start, self.p3_end = physical_system.p3_start,\
                                     physical_system.p3_end

        # Holding Domain Resolution:
        self.N_q1, self.dq1 = physical_system.N_q1, physical_system.dq1
        self.N_q2, self.dq2 = physical_system.N_q2, physical_system.dq2
        self.N_p1, self.dp1 = physical_system.N_p1, physical_system.dp1
        self.N_p2, self.dp2 = physical_system.N_p2, physical_system.dp2
        self.N_p3, self.dp3 = physical_system.N_p3, physical_system.dp3

        # Getting number of ghost zones, and the boundary 
        # conditions that are utilized:
        N_g_q = self.N_ghost_q = physical_system.N_ghost_q
        N_g_p = self.N_ghost_p = physical_system.N_ghost_p

        self.boundary_conditions = physical_system.boundary_conditions
        
        # Declaring the communicator:
        self._comm = PETSc.COMM_WORLD.tompi4py()
        if(self.physical_system.params.num_devices>1):
            af.set_device(self._comm.rank%self.physical_system.params.num_devices)

        # Getting number of species:
        self.N_species = len(physical_system.params.mass)

        # Having the mass and charge along axis 1:
        self.physical_system.params.mass  = \
            af.cast(af.moddims(af.to_array(physical_system.params.mass),
                               1, self.N_species
                              ),
                    af.Dtype.f64
                   )

        self.physical_system.params.charge  = \
            af.cast(af.moddims(af.to_array(physical_system.params.charge),
                               1, self.N_species
                              ),
                    af.Dtype.f64
                   )

        PETSc.Sys.Print('\nBackend Details for Nonlinear Solver:')

        # Printing the backend details for each rank/device/node:
        PETSc.Sys.syncPrint(indent('Rank ' + str(self._comm.rank) + ' of ' + str(self._comm.size-1)))
        PETSc.Sys.syncPrint(indent('On Node: '+ socket.gethostname()))
        PETSc.Sys.syncPrint(indent('Device Details:'))
        PETSc.Sys.syncPrint(indent(af.info_str(), 2))
        PETSc.Sys.syncPrint(indent('Device Bandwidth = ' + str(bandwidth_test(100)) + ' GB / sec'))
        PETSc.Sys.syncPrint()
        PETSc.Sys.syncFlush()

        self.performance_test_flag = performance_test_flag
    
        # Initializing variables which are used to time the components of the solver: 
        if(performance_test_flag == True):
        
            self.time_ts = 0

            self.time_interp2  = 0
            self.time_sourcets = 0

            self.time_fvm_solver  = 0
            self.time_reconstruct = 0
            self.time_riemann     = 0
            
            self.time_fieldstep = 0
            self.time_interp3   = 0
            
            self.time_apply_bcs_f   = 0
            self.time_communicate_f = 0

        petsc_bc_in_q1 = 'ghosted'
        petsc_bc_in_q2 = 'ghosted'

        # Only for periodic boundary conditions or shearing-box boundary conditions 
        # do the boundary conditions passed to the DA need to be changed. PETSc
        # automatically handles the application of periodic boundary conditions when
        # running in parallel. For shearing box boundary conditions, an interpolation
        # operation needs to be applied on top of the periodic boundary conditions.
        # In all other cases, ghosted boundaries are used.
        
        if(   self.boundary_conditions.in_q1_left == 'periodic'
           or self.boundary_conditions.in_q1_left == 'shearing-box'
          ):
            petsc_bc_in_q1 = 'periodic'

        if(   self.boundary_conditions.in_q2_bottom == 'periodic'
           or self.boundary_conditions.in_q2_bottom == 'shearing-box'
          ):
            petsc_bc_in_q2 = 'periodic'

        if(self.boundary_conditions.in_q1_left == 'periodic'):
            try:
                assert(self.boundary_conditions.in_q1_right == 'periodic')
            except:
                raise Exception('Periodic boundary conditions need to be applied to \
                                 both the boundaries of a particular axis'
                               )
        
        if(self.boundary_conditions.in_q1_left == 'shearing-box'):
            try:
                assert(self.boundary_conditions.in_q1_right == 'shearing-box')
            except:
                raise Exception('Shearing box boundary conditions need to be applied to \
                                 both the boundaries of a particular axis'
                               )

        if(self.boundary_conditions.in_q2_bottom == 'periodic'):
            try:
                assert(self.boundary_conditions.in_q2_top == 'periodic')
            except:
                raise Exception('Periodic boundary conditions need to be applied to \
                                 both the boundaries of a particular axis'
                               )

        if(self.boundary_conditions.in_q2_bottom == 'shearing-box'):
            try:
                assert(self.boundary_conditions.in_q2_top == 'shearing-box')
            except:
                raise Exception('Shearing box boundary conditions need to be applied to \
                                 both the boundaries of a particular axis'
                               )

        nproc_in_q1 = PETSc.DECIDE
        nproc_in_q2 = PETSc.DECIDE

        # Since shearing boundary conditions require interpolations which are non-local:
        if(self.boundary_conditions.in_q2_bottom == 'shearing-box'):
            nproc_in_q1 = 1
        
        if(self.boundary_conditions.in_q1_left == 'shearing-box'):
            nproc_in_q2 = 1

        # DMDA is a data structure to handle a distributed structure 
        # grid and its related core algorithms. It stores metadata of
        # how the grid is partitioned when run in parallel which is 
        # utilized by the various methods of the solver.
        self._da_f = PETSc.DMDA().create([self.N_q1, self.N_q2],
                                         dof           = (  self.N_species 
                                                          * (self.N_p1 + 2 * N_g_p) 
                                                          * (self.N_p2 + 2 * N_g_p) 
                                                          * (self.N_p3 + 2 * N_g_p)
                                                         ),
                                         stencil_width = N_g_q,
                                         boundary_type = (petsc_bc_in_q1,
                                                          petsc_bc_in_q2
                                                         ),
                                         proc_sizes    = (nproc_in_q1, 
                                                          nproc_in_q2
                                                         ),
                                         stencil_type  = 1,
                                         comm          = self._comm
                                        )

        # This DA is used by the FileIO routine dump_distribution_function():
        self._da_dump_f = PETSc.DMDA().create([self.N_q1, self.N_q2],
                                              dof           = (  self.N_species 
                                                               * self.N_p1 
                                                               * self.N_p2 
                                                               * self.N_p3
                                                              ),
                                              stencil_width = N_g_q,
                                              boundary_type = (petsc_bc_in_q1,
                                                               petsc_bc_in_q2
                                                              ),
                                              proc_sizes    = (nproc_in_q1, 
                                                               nproc_in_q2
                                                              ),
                                              stencil_type  = 1,
                                              comm          = self._comm
                                             )


        # This DA is used by the FileIO routine dump_moments():
        # Finding the number of definitions for the moments:
        attributes = [a for a in dir(self.physical_system.moments) if not a.startswith('_')]

        # Removing utility functions:
        if('integral_over_v' in attributes):
            attributes.remove('integral_over_v')

        self._da_dump_moments = PETSc.DMDA().create([self.N_q1, self.N_q2],
                                                    dof        =   self.N_species
                                                                 * len(attributes),
                                                    proc_sizes = (nproc_in_q1, 
                                                                  nproc_in_q2
                                                                 ),
                                                    comm       = self._comm
                                                   )

        # Creation of the local and global vectors from the DA:
        # This is for the distribution function
        self._glob_f  = self._da_f.createGlobalVec()
        self._local_f = self._da_f.createLocalVec()

        # The following vector is used to dump the data to file:
        self._glob_dump_f  = self._da_dump_f.createGlobalVec()
        self._glob_moments = self._da_dump_moments.createGlobalVec()

        # Getting the arrays for the above vectors:
        self._glob_f_array  = self._glob_f.getArray()
        self._local_f_array = self._local_f.getArray()

        self._glob_moments_array = self._glob_moments.getArray()
        self._glob_dump_f_array  = self._glob_dump_f.getArray()

        # Setting names for the objects which will then be
        # used as the key identifiers for the HDF5 files:
        PETSc.Object.setName(self._glob_dump_f, 'distribution_function')
        PETSc.Object.setName(self._glob_moments, 'moments')

        # Obtaining the array values of the cannonical variables:
        self.q1_center, self.q2_center                 = self._calculate_q_center()
        self.p1_center, self.p2_center, self.p3_center = self._calculate_p_center()

        # Initialize according to initial condition provided by user:
        self._initialize(physical_system.params)
    
        # Obtaining start coordinates for the local zone
        # Additionally, we also obtain the size of the local zone
        ((i_q1_start, i_q2_start), (N_q1_local, N_q2_local)) = self._da_f.getCorners()
        (i_q1_end, i_q2_end) = (i_q1_start + N_q1_local - 1, i_q2_start + N_q2_local - 1)

        # Applying dirichlet boundary conditions:        
        if(self.physical_system.boundary_conditions.in_q1_left == 'dirichlet'):
            # If local zone includes the left physical boundary:
            if(i_q1_start == 0):
                self.f[:, :N_g_q] = self.boundary_conditions.\
                                    f_left(self.f, self.q1_center, self.q2_center,
                                           self.p1_center, self.p2_center, self.p3_center, 
                                           self.physical_system.params
                                          )[:, :N_g_q]
    
        if(self.physical_system.boundary_conditions.in_q1_right == 'dirichlet'):
            # If local zone includes the right physical boundary:
            if(i_q1_end == self.N_q1 - 1):
                self.f[:, -N_g_q:] = self.boundary_conditions.\
                                     f_right(self.f, self.q1_center, self.q2_center,
                                             self.p1_center, self.p2_center, self.p3_center, 
                                             self.physical_system.params
                                            )[:, -N_g_q:]

        if(self.physical_system.boundary_conditions.in_q2_bottom == 'dirichlet'):
            # If local zone includes the bottom physical boundary:
            if(i_q2_start == 0):
                self.f[:, :, :N_g_q] = self.boundary_conditions.\
                                       f_bot(self.f, self.q1_center, self.q2_center,
                                             self.p1_center, self.p2_center, self.p3_center, 
                                             self.physical_system.params
                                            )[:, :, :N_g_q]

        if(self.physical_system.boundary_conditions.in_q2_top == 'dirichlet'):
            # If local zone includes the top physical boundary:
            if(i_q2_end == self.N_q2 - 1):
                self.f[:, :, -N_g_q:] = self.boundary_conditions.\
                                        f_top(self.f, self.q1_center, self.q2_center,
                                              self.p1_center, self.p2_center, self.p3_center, 
                                              self.physical_system.params
                                             )[:, :, -N_g_q:]

        # Assigning the value to the PETSc Vecs(for dump at t = 0):
        (af.flat(self.f)).to_ndarray(self._local_f_array)
        (af.flat(self.f[:, :, N_g_q:-N_g_q, N_g_q:-N_g_q])).to_ndarray(self._glob_f_array)

        # Assigning the function objects to methods of the solver:
        self._A_q = physical_system.A_q
        self._C_q = physical_system.C_q
        self._A_p = physical_system.A_p
        self._C_p = physical_system.C_p

        # Source/Sink term:
        self._source = physical_system.source

        # Initializing a variable to track time-elapsed:
        self.time_elapsed = 0

    def _convert_to_q_expanded(self, array):
        """
        Since we are limited to use 4D arrays due to
        the bound from ArrayFire, we define 2 forms
        which can be used such that the computations may
        carried out along all dimensions necessary:

        q_expanded form:(N_p1 * N_p2 * N_p3, N_s, N_q1, N_q2)
        p_expanded form:(N_p1, N_p2, N_p3, N_s * N_q1 * N_q2)
        
        This function converts the input array from
        p_expanded to q_expanded form.
        """
        # Obtaining start coordinates for the local zone
        # Additionally, we also obtain the size of the local zone
        ((i_q1_start, i_q2_start), (N_q1_local, N_q2_local)) = self._da_f.getCorners()
     
        array = af.moddims(array,
                             (self.N_p1 + 2 * self.N_ghost_p) 
                           * (self.N_p2 + 2 * self.N_ghost_p)
                           * (self.N_p3 + 2 * self.N_ghost_p),
                           self.N_species,
                           (N_q1_local + 2 * self.N_ghost_q),
                           (N_q2_local + 2 * self.N_ghost_q)
                          )

        af.eval(array)
        return (array)

    def _convert_to_p_expanded(self, array):
        """
        Since we are limited to use 4D arrays due to
        the bound from ArrayFire, we define 2 forms
        which can be used such that the computations may
        carried out along all dimensions necessary:

        q_expanded form:(N_p1 * N_p2 * N_p3, N_s, N_q1, N_q2)
        p_expanded form:(N_p1, N_p2, N_p3, N_s * N_q1 * N_q2)
        
        This function converts the input array from
        q_expanded to p_expanded form.
        """
        # Obtaining start coordinates for the local zone
        # Additionally, we also obtain the size of the local zone
        ((i_q1_start, i_q2_start), (N_q1_local, N_q2_local)) = self._da_f.getCorners()
        
        array = af.moddims(array,
                           self.N_p1 + 2 * self.N_ghost_p, 
                           self.N_p2 + 2 * self.N_ghost_p,
                           self.N_p3 + 2 * self.N_ghost_p,
                             self.N_species
                           * (N_q1_local + 2 * self.N_ghost_q)
                           * (N_q2_local + 2 * self.N_ghost_q)
                          )

        af.eval(array)
        return (array)

    def _calculate_q_center(self):
        """
        Initializes the cannonical variables q1, q2 using a centered
        formulation. The size, and resolution are the same as declared
        under domain of the physical system object.

        Returns in q_expanded form.
        """

        # Obtaining start coordinates for the local zone
        # Additionally, we also obtain the size of the local zone
        ((i_q1_start, i_q2_start), (N_q1_local, N_q2_local)) = self._da_f.getCorners()

        i_q1_center = i_q1_start + 0.5
        i_q2_center = i_q2_start + 0.5

        i_q1 = (  i_q1_center 
                + np.arange(-self.N_ghost_q, N_q1_local + self.N_ghost_q)
               )

        i_q2 = (  i_q2_center
                + np.arange(-self.N_ghost_q, N_q2_local + self.N_ghost_q)
               )

        q1_center = self.q1_start + i_q1 * self.dq1
        q2_center = self.q2_start + i_q2 * self.dq2

        q2_center, q1_center = np.meshgrid(q2_center, q1_center)
        q1_center, q2_center = af.to_array(q1_center), af.to_array(q2_center)

        # To bring the data structure to the default form:(N_p, N_s, N_q1, N_q2)
        q1_center = af.reorder(q1_center, 3, 2, 0, 1)
        q2_center = af.reorder(q2_center, 3, 2, 0, 1)

        af.eval(q1_center, q2_center)
        return (q1_center, q2_center)

    def _calculate_p_center(self):
        """
        Initializes the cannonical variables p1, p2 and p3 using a centered
        formulation. The size, and resolution are the same as declared
        under domain of the physical system object.
        """
        p1_center = self.p1_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p1 + self.N_ghost_p
                                                    )
                                    ) * self.dp1
        p2_center = self.p2_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p2 + self.N_ghost_p
                                                    )
                                    ) * self.dp2
        p3_center = self.p3_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p3 + self.N_ghost_p
                                                    )
                                    ) * self.dp3
        
        p2_center, p1_center, p3_center = np.meshgrid(p2_center,
                                                      p1_center,
                                                      p3_center
                                                     )

        # Flattening the arrays:
        p1_center = af.flat(af.to_array(p1_center))
        p2_center = af.flat(af.to_array(p2_center))
        p3_center = af.flat(af.to_array(p3_center))

        if(self.N_species > 1):
            
            p1_center = af.tile(p1_center, 1, self.N_species)
            p2_center = af.tile(p2_center, 1, self.N_species)
            p3_center = af.tile(p3_center, 1, self.N_species)

        af.eval(p1_center, p2_center, p3_center)
        return (p1_center, p2_center, p3_center)

    def _calculate_p_left(self):

        p1_left   = self.p1_start + np.arange(-self.N_ghost_p, 
                                               self.N_p1 + self.N_ghost_p
                                             ) * self.dp1

        p2_center = self.p2_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p2 + self.N_ghost_p
                                                    )
                                    ) * self.dp2

        p3_center = self.p3_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p3 + self.N_ghost_p
                                                    )
                                    ) * self.dp3

        p2_left, p1_left, p3_left = np.meshgrid(p2_center,
                                                p1_left,
                                                p3_center
                                               )

        # Flattening the arrays:
        p1_left = af.flat(af.to_array(p1_left))
        p2_left = af.flat(af.to_array(p2_left))
        p3_left = af.flat(af.to_array(p3_left))

        if(self.N_species > 1):
            
            p1_left = af.tile(p1_left, 1, self.N_species)
            p2_left = af.tile(p2_left, 1, self.N_species)
            p3_left = af.tile(p3_left, 1, self.N_species)

        af.eval(p1_left, p2_left, p3_left)
        return (p1_left, p2_left, p3_left)

    def _calculate_p_bottom(self):

        p1_center = self.p1_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p1 + self.N_ghost_p
                                                    )
                                    ) * self.dp1

        p2_bottom = self.p2_start + np.arange(-self.N_ghost_p, 
                                               self.N_p2 + self.N_ghost_p
                                             ) * self.dp2

        p3_center = self.p3_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p3 + self.N_ghost_p
                                                    )
                                    ) * self.dp3

        p2_bottom, p1_bottom, p3_bottom = np.meshgrid(p2_bottom,
                                                      p1_center,
                                                      p3_center
                                                     )

        # Flattening the arrays:
        p1_bottom = af.flat(af.to_array(p1_bottom))
        p2_bottom = af.flat(af.to_array(p2_bottom))
        p3_bottom = af.flat(af.to_array(p3_bottom))

        if(self.N_species > 1):
            
            p1_bottom = af.tile(p1_bottom, 1, self.N_species)
            p2_bottom = af.tile(p2_bottom, 1, self.N_species)
            p3_bottom = af.tile(p3_bottom, 1, self.N_species)

        af.eval(p1_bottom, p2_bottom, p3_bottom)
        return (p1_bottom, p2_bottom, p3_bottom)

    def _calculate_p_back(self):

        p1_center = self.p1_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p1 + self.N_ghost_p
                                                    )
                                    ) * self.dp1

        p2_center = self.p2_start + (0.5 + np.arange(-self.N_ghost_p, 
                                                      self.N_p2 + self.N_ghost_p
                                                    )
                                    ) * self.dp2

        p3_back   = self.p3_start + np.arange(-self.N_ghost_p, 
                                               self.N_p3 + self.N_ghost_p
                                             ) * self.dp3

        p2_back, p1_back, p3_back = np.meshgrid(p2_center,
                                                p1_center,
                                                p3_center
                                               )

        # Flattening the arrays:
        p1_back = af.flat(af.to_array(p1_back))
        p2_back = af.flat(af.to_array(p2_back))
        p3_back = af.flat(af.to_array(p3_back))
        
        if(self.N_species > 1):
            
            p1_back = af.tile(p1_back, 1, self.N_species)
            p2_back = af.tile(p2_back, 1, self.N_species)
            p3_back = af.tile(p3_back, 1, self.N_species)

        af.eval(p1_back, p2_back, p3_back)
        return (p1_back, p2_back, p3_back)

    def _initialize(self, params):
        """
        Called when the solver object is declared. This function is
        used to initialize the distribution function, using the options
        as provided by the user.

        Parameters
        ----------

        params : file/object
                 params contains all details of which methods to use
                 in addition to useful physical constant. Additionally, 
                 it can also be used to inject methods which need to be 
                 used inside some solver routine

        """
        # Initializing with the provided I.C's:
        # af.broadcast, allows us to perform batched operations 
        # when operating on arrays of different sizes
        # af.broadcast(function, *args) performs batched 
        # operations on function(*args)
        self.f = af.broadcast(self.physical_system.initial_conditions.\
                              initialize_f, self.q1_center, self.q2_center,
                              self.p1_center, self.p2_center, self.p3_center, params
                             )

        self.f_initial = self.f

        if(self.physical_system.params.EM_fields_enabled):
            rho_initial = multiply(self.physical_system.params.charge,
                                   self.compute_moments('density')
                                  )
            self.fields_solver = fields_solver(self.N_q1, self.N_q2, self.N_ghost_q, 
                                               self.q1_center, self.q2_center, 
                                               self.dq1, self.dq2, self._comm,
                                               self.boundary_conditions, 
                                               self.physical_system.params,
                                               rho_initial, self.performance_test_flag
                                              )
        
    # Injection of solver functions into class as methods:
    _communicate_f      = communicate.\
                          communicate_f
    _apply_bcs_f        = boundaries.apply_bcs_f

    strang_timestep = timestep.strang_step
    lie_timestep    = timestep.lie_step
    swss_timestep   = timestep.swss_step
    jia_timestep    = timestep.jia_step

    compute_moments = compute_moments_imported

    dump_distribution_function = dump.dump_distribution_function
    dump_moments               = dump.dump_moments
    dump_EM_fields             = dump.dump_EM_fields

    load_distribution_function = load.load_distribution_function
    load_EM_fields             = load.load_EM_fields
    
    print_performance_timings  = print_table





          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.nonlinear.timestep

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

"""
Since our solver allows the capability to use different methods in
p-space and q-space, we need to use operator splitting methods to maintain 
the correct spatio-temporal order of accuracy.For this purpose, we have defined
independant steps as operators which may be passed appropriately to the operator 
splitting methods. This file contains the functions lie_step, strang_step, swss_step
and jia_step which call the corresponding operator splitting methods according to the
parameters defined by the user.

NOTE: When FVM is used in the q-space as well as the p-space, there is no splitting introduced
      since the operation in q-space and p-space are carried out in a single step. In such a 
      case, all the methods are equivalent.
""" 

import arrayfire as af
import numpy as np

# Importing functions used used for time-splitting and time-stepping:
from .temporal_evolution import operator_splitting_methods as split

# Importing solver functions:
from .finite_volume.fvm_operator import op_fvm
from .semi_lagrangian.asl_operators import op_advect_q, op_solve_src, op_fields

def check_divergence(self):
    """
    Used to terminate the program if a blowup occurs in any segment
    of the solver, resulting in the values becoming infinity or 
    undefined.
    """

    if(   af.any_true(af.isinf(self.f))
       or af.any_true(af.isnan(self.f))
      ):
        raise SystemExit('Solver Diverging!')

def lie_step(self, dt):
    """
    Advances the system using a lie-split scheme. 
    This scheme is 1st order accurate in time.

    Parameters
    ----------

    dt : double
         Time-step size to evolve the system
    """
    self.dt = dt

    if(self.performance_test_flag == True):
        tic = af.time()

    if(self.physical_system.params.solver_method_in_q == 'FVM'):
        
        if(    self.physical_system.params.solver_method_in_p == 'ASL'
           and self.physical_system.params.EM_fields_enabled == True
          ):
            split.lie(self, op_fvm, op_fields, dt)

        else:
            op_fvm(self, dt)

    # Advective Semi-lagrangian method
    elif(self.physical_system.params.solver_method_in_q == 'ASL'):

        if(self.physical_system.params.EM_fields_enabled == True):
            
            def op_advect_q_and_solve_src(self, dt):
                
                return(split.lie(self, 
                                 op1 = op_advect_q,
                                 op2 = op_solve_src, 
                                 dt = dt
                                )
                      )

            if(self.physical_system.params.solver_method_in_p == 'ASL'):
                split.lie(self, op_advect_q_and_solve_src, op_fields, dt)

            # For FVM in p-space:
            else: 
                split.lie(self, op_advect_q_and_solve_src, op_fvm, dt)

        else:
            split.lie(self, op_advect_q, op_solve_src, dt)

    check_divergence(self)
    self.time_elapsed += dt 

    if(self.performance_test_flag == True):
        af.sync()
        toc = af.time()
        self.time_ts += toc - tic

    return

def strang_step(self, dt):
    """
    Advances the system using a strang-split scheme. This scheme is 
    2nd order accurate in time.

    Parameters
    ----------

    dt : double
         Time-step size to evolve the system
    """
    self.dt = dt

    if(self.performance_test_flag == True):
        tic = af.time()

    if(self.physical_system.params.solver_method_in_q == 'FVM'):
        
        if(    self.physical_system.params.solver_method_in_p == 'ASL'
           and self.physical_system.params.EM_fields_enabled == True
          ):
            split.strang(self, op_fvm, op_fields, dt)

        else:
            op_fvm(self, dt)

    # Advective Semi-lagrangian method
    elif(self.physical_system.params.solver_method_in_q == 'ASL'):

        if(self.physical_system.params.EM_fields_enabled == True):
            
            def op_advect_q_and_solve_src(self, dt):
                
                return(split.strang(self, 
                                    op1 = op_advect_q,
                                    op2 = op_solve_src, 
                                    dt = dt
                                   )
                      )

            if(self.physical_system.params.solver_method_in_p == 'ASL'):
                split.strang(self, op_advect_q_and_solve_src, op_fields, dt)

            # For FVM in p-space:
            else: 
                split.strang(self, op_advect_q_and_solve_src, op_fvm, dt)

        else:
            split.strang(self, op_advect_q, op_solve_src, dt)

    check_divergence(self)
    self.time_elapsed += dt 

    if(self.performance_test_flag == True):
        af.sync()
        toc = af.time()
        self.time_ts += toc - tic

    return

def swss_step(self, dt):
    """
    Advances the system using a SWSS-split scheme. 
    This scheme is 2nd order accurate in time.

    Parameters
    ----------

    dt : double
         Time-step size to evolve the system
    """
    self.dt = dt

    if(self.performance_test_flag == True):
        tic = af.time()

    if(self.physical_system.params.solver_method_in_q == 'FVM'):
        
        if(    self.physical_system.params.solver_method_in_p == 'ASL'
           and self.physical_system.params.EM_fields_enabled == True
          ):
            split.swss(self, op_fvm, op_fields, dt)

        else:
            op_fvm(self, dt)

    # Advective Semi-lagrangian method
    elif(self.physical_system.params.solver_method_in_q == 'ASL'):

        if(self.physical_system.params.EM_fields_enabled == True):
            
            def op_advect_q_and_solve_src(self, dt):
                
                return(split.swss(self, 
                                  op1 = op_advect_q,
                                  op2 = op_solve_src, 
                                  dt = dt
                                 )
                      )

            if(self.physical_system.params.solver_method_in_p == 'ASL'):
                split.swss(self, op_advect_q_and_solve_src, op_fields, dt)

            # For FVM in p-space:
            else: 
                split.swss(self, op_advect_q_and_solve_src, op_fvm, dt)

        else:
            split.swss(self, op_advect_q, op_solve_src, dt)

    check_divergence(self)
    self.time_elapsed += dt 

    if(self.performance_test_flag == True):
        af.sync()
        toc = af.time()
        self.time_ts += toc - tic

    return


def jia_step(self, dt):
    """
    Advances the system using the Jia split scheme.
    reference:<https://www.sciencedirect.com/science/article/pii/S089571771000436X>

    NOTE: This scheme is computationally expensive, and should only be used for testing/debugging

    Parameters
    ----------

    dt : double
         Time-step size to evolve the system
    """
    self.dt = dt

    if(self.performance_test_flag == True):
        tic = af.time()

    if(self.physical_system.params.solver_method_in_q == 'FVM'):
        
        if(    self.physical_system.params.solver_method_in_p == 'ASL'
           and self.physical_system.params.EM_fields_enabled == True
          ):
            split.jia(self, op_fvm, op_fields, dt)

        else:
            op_fvm(self, dt)

    # Advective Semi-lagrangian method
    elif(self.physical_system.params.solver_method_in_q == 'ASL'):

        if(self.physical_system.params.EM_fields_enabled == True):
            
            def op_advect_q_and_solve_src(self, dt):
                
                return(split.jia(self, 
                                 op1 = op_advect_q,
                                 op2 = op_solve_src, 
                                 dt = dt
                                )
                      )

            if(self.physical_system.params.solver_method_in_p == 'ASL'):
                split.jia(self, op_advect_q_and_solve_src, op_fields, dt)

            # For FVM in p-space:
            else: 
                split.jia(self, op_advect_q_and_solve_src, op_fvm, dt)

        else:
            split.jia(self, op_advect_q, op_solve_src, dt)

    check_divergence(self)
    self.time_elapsed += dt 

    if(self.performance_test_flag == True):
        af.sync()
        toc = af.time()
        self.time_ts += toc - tic

    return




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.nonlinear.file_io.dump

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

from petsc4py import PETSc
import numpy as np
import arrayfire as af

def dump_moments(self, file_name):
    """
    This function is used to dump variables to a file for later usage.

    Parameters
    ----------

    file_name : str
                The variables will be dumped to this provided file name.

    Returns
    -------

    This function returns None. However it creates a file 'file_name.h5',
    containing all the moments that were defined under moments_defs in
    physical_system.

    Examples
    --------

    >> solver.dump_variables('boltzmann_moments_dump')

    The above set of statements will create a HDF5 file which contains the
    all the moments which have been defined in the physical_system object.
    The data is always stored with the key 'moments' inside the HDF5 file.
    Suppose 'density', 'mom_v1_bulk' and 'energy' are the 3 functions defined.
    Then the moments get stored in alphabetical order, ie. 'density', 'energy'...:

    These variables can then be accessed from the file using
    
    >> import h5py
    
    >> h5f    = h5py.File('boltzmann_moments_dump.h5', 'r')
    
    >> rho    = h5f['moments'][:][:, :, 0]
    
    >> energy = h5f['moments'][:][:, :, 1]
    
    >> mom_p1 = h5f['moments'][:][:, :, 2]
    
    >> h5f.close()

    However, in the case of multiple species, the following holds:

    >> rho_species_1    = h5f['moments'][:][:, :, 0]
 
    >> rho_species_1    = h5f['moments'][:][:, :, 1]
    
    >> energy_species_1 = h5f['moments'][:][:, :, 2]

    >> energy_species_2 = h5f['moments'][:][:, :, 3]
    
    >> mom_p1_species_1 = h5f['moments'][:][:, :, 4]

    >> mom_p1_species_2 = h5f['moments'][:][:, :, 5]

    """
    N_g_q = self.N_ghost_q

    attributes = [a for a in dir(self.physical_system.moments) if not a.startswith('_')]

    # Removing utility functions:
    if('integral_over_v' in attributes):
        attributes.remove('integral_over_v')

    for i in range(len(attributes)):
        if(i == 0):
            array_to_dump = self.compute_moments(attributes[i])[:, :, N_g_q:-N_g_q,N_g_q:-N_g_q]
        else:
            array_to_dump = af.join(1, array_to_dump,
                                    self.compute_moments(attributes[i])[:, :, N_g_q:-N_g_q, N_g_q:-N_g_q]
                                   )

    af.flat(array_to_dump).to_ndarray(self._glob_moments_array)
    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', 'w', comm=self._comm)
    viewer(self._glob_moments)

def dump_distribution_function(self, file_name):
    """
    This function is used to dump distribution function to a file for
    later usage.This dumps the complete 5D distribution function which
    can be used for post-processing

    Parameters
    ----------

    file_name : The distribution_function array will be dumped to this
                provided file name.

    Returns
    -------

    This function returns None. However it creates a file 'file_name.h5',
    containing the data of the distribution function

    Examples
    --------
    
    >> solver.dump_distribution_function('distribution_function')

    The above statement will create a HDF5 file which contains the
    distribution function. The data is always stored with the key 
    'distribution_function'

    This can later be accessed using

    >> import h5py
    
    >> h5f = h5py.File('distribution_function.h5', 'r')
    
    >> f   = h5f['distribution_function'][:]
    
    >> h5f.close()

    Alternatively, it can also be used with the load function to resume
    a long-running calculation.

    >> solver.load_distribution_function('distribution_function')
    """
    N_g_q = self.N_ghost_q
    N_g_p = self.N_ghost_p
    
    N_q1_local = self.f.shape[2]
    N_q2_local = self.f.shape[3]

    # The dumped array shouldn't be inclusive of velocity ghost zones:
    if(N_g_p != 0):
        array_to_dump = self._convert_to_p_expanded(self.f)[N_g_p:-N_g_p, 
                                                            N_g_p:-N_g_p,
                                                            N_g_p:-N_g_p
                                                           ]
        array_to_dump = af.moddims(array_to_dump, 
                                   self.N_p1 * self.N_p2 * self.N_p3,
                                   self.N_species,
                                   N_q1_local,
                                   N_q2_local
                                  )                                           
    
    else:
        array_to_dump = self.f
    
    array_to_dump = af.flat(array_to_dump[:, :, N_g_q:-N_g_q, N_g_q:-N_g_q])
    array_to_dump.to_ndarray(self._glob_dump_f_array)
    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', 'w', comm=self._comm)
    viewer(self._glob_dump_f)

    return

def dump_EM_fields(self, file_name):
    """
    This function is used to EM fields to a file for later usage.
    This dumps all the EM fields quantities E1, E2, E3, B1, B2, B3 
    which can then be used later for post-processing

    Parameters
    ----------

    file_name : The EM_fields array will be dumped to this
                provided file name.

    Returns
    -------

    This function returns None. However it creates a file 'file_name.h5',
    containing the data of the EM fields.

    Examples
    --------
    
    >> solver.dump_EM_fields('data_EM_fields')

    The above statement will create a HDF5 file which contains the
    EM fields data. The data is always stored with the key 
    'EM_fields'

    This can later be accessed using

    >> import h5py
    
    >> h5f = h5py.File('data_EM_fields.h5', 'r')
    
    >> EM_fields = h5f['EM_fields'][:]

    >> E1 = EM_fields[:, :, 0]
    
    >> E2 = EM_fields[:, :, 1]
    
    >> E3 = EM_fields[:, :, 2]
    
    >> B1 = EM_fields[:, :, 3]
    
    >> B2 = EM_fields[:, :, 4]
    
    >> B3 = EM_fields[:, :, 5]

    >> h5f.close()

    Alternatively, it can also be used with the load function to resume
    a long-running calculation.

    >> solver.load_EM_fields('data_EM_fields')
    """
    N_g = self.N_ghost_q
    
    flattened_global_EM_fields_array = \
        af.flat(self.fields_solver.cell_centered_EM_fields[:, :, N_g:-N_g, N_g:-N_g])
    flattened_global_EM_fields_array.to_ndarray(self.fields_solver._glob_fields_array)
    
    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', 'w', comm=self._comm)
    viewer(self.fields_solver._glob_fields)

    return




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.nonlinear.file_io.load

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

from petsc4py import PETSc
import numpy as np
import arrayfire as af

def load_distribution_function(self, file_name):
    """
    This function is used to load the distribution function from the
    dump file that was created by dump_distribution_function.

    Parameters
    ----------

    file_name : The distribution_function array will be loaded from this
                provided file name.

    Examples
    --------
    
    >> solver.load_distribution_function('distribution_function')
    
    The above statemant will load the distribution function data stored in the file
    distribution_function.h5 into self.f
    """
    # Obtaining start coordinates for the local zone
    # Additionally, we also obtain the size of the local zone
    ((i_q1_start, i_q2_start), (N_q1_local, N_q2_local)) = self._da_f.getCorners()

    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', 
                                       PETSc.Viewer.Mode.READ, 
                                       comm=self._comm
                                      )
    self._glob_dump_f.load(viewer)

    N_g_q = self.N_ghost_q
    N_g_p = self.N_ghost_p

    # Distribution function non inclusive of the ghost zones in p, q:
    f_no_ghost_zones = af.to_array(self._glob_f_array)
    # Convert to (N_p1, N_p2, N_p3, N_s * N_q):
    f_no_ghost_zones = af.moddims(f_no_ghost_zones, self.N_p1, self.N_p2, self.N_p3,
                                  self.N_species * N_q1_local * N_q2_local
                                 )

    if(N_g_p != 0):
        f_with_ghost_zones_in_p = af.constant(0, self.N_p1 + 2 * N_g_p, 
                                              self.N_p2 + 2 * N_g_p,
                                              self.N_p3 + 2 * N_g_p,
                                              self.N_species * N_q1_local * N_q2_local,
                                              dtype = af.Dtype.f64
                                             )

        f_with_ghost_zones_in_p[N_g_p:-N_g_p, N_g_p:-N_g_p, N_g_p:-N_g_p, :] = \
            f_no_ghost_zones

        f_no_ghost_zones_in_q = af.moddims(f_with_ghost_zones_in_p, 
                                             (self.N_p1 + 2 * self.N_ghost_p)
                                           * (self.N_p2 + 2 * self.N_ghost_p) 
                                           * (self.N_p3 + 2 * self.N_ghost_p),
                                           self.N_species, N_q1_local, N_q2_local
                                          )    
    
    else:
        f_no_ghost_zones_in_q = f_no_ghost_zones

    self.f[:, N_g_q:-N_g_q, N_g_q:-N_g_q] = af.moddims(f_no_ghost_zones_in_q,
                                                         (self.N_p1 + 2 * self.N_ghost_p)
                                                       * (self.N_p2 + 2 * self.N_ghost_p) 
                                                       * (self.N_p3 + 2 * self.N_ghost_p),
                                                       N_q1_local, N_q2_local
                                                      )

    return

def load_EM_fields(self, file_name):
    """
    This function is used to load the EM fields from the
    dump file that was created by dump_EM_fields.

    Parameters
    ----------

    file_name : The EM_fields array will be loaded from this
                provided file name.

    Examples
    --------
    
    >> solver.load_EM_fields('data_EM_fields')
    
    The above statemant will load the EM fields data stored in the file
    data_EM_fields.h5 into self.cell_centered_EM_fields
    """
    viewer = PETSc.Viewer().createHDF5(file_name + '.h5', 
                                       PETSc.Viewer.Mode.READ, 
                                       comm=self._comm
                                      )
    
    self.fields_solver._glob_fields.load(viewer)

    # Obtaining start coordinates for the local zone
    # Additionally, we also obtain the size of the local zone
    ((i_q1_start, i_q2_start), (N_q1_local, N_q2_local)) = self._da_f.getCorners()

    N_g = self.N_ghost_q
    
    self.fields_solver.cell_centered_EM_fields[:, :, N_g:-N_g, N_g:-N_g] = \
        af.moddims(af.to_array(self.fields_solver._glob_fields_array), 
                   6, 1, N_q1_local, N_q2_local
                  )

    return




          

      

      

    

  

    
      
          
            
  Source code for bolt.lib.nonlinear.utils.performance_timings

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

import numpy as np
from petsc4py import PETSc
from mpi4py import MPI
from prettytable import PrettyTable

def print_table(self, N_iters):
    """
    This function is used to check the timings
    of each of the functions which are used during the 
    process of a single-timestep.
    """

    # Initializing the global variables(timespent per timestep):
    time_ts = np.zeros(1) 
    time_interp2 = np.zeros(1); time_sourcets = np.zeros(1)
    time_fvm_solver = np.zeros(1); time_reconstruct = np.zeros(1); time_riemann = np.zeros(1)
    time_fieldstep = np.zeros(1); time_fieldsolver = np.zeros(1); time_interp3 = np.zeros(1)
    time_communicate_f = np.zeros(1); time_communicate_fields = np.zeros(1) 
    time_apply_bcs_f = np.zeros(1); time_apply_bcs_fields = np.zeros(1)

    # Performing reduction operations to obtain the greatest time amongst nodes/devices:
    self._comm.Reduce(np.array([self.time_ts/N_iters]), time_ts,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_interp2/N_iters]), time_interp2,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_sourcets/N_iters]), time_sourcets,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_fvm_solver/N_iters]), time_fvm_solver,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_reconstruct/N_iters]), time_reconstruct,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_riemann/N_iters]), time_riemann,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_communicate_f/N_iters]), time_communicate_f,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_apply_bcs_f/N_iters]), time_apply_bcs_f,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_fieldstep/N_iters]), time_fieldstep,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.fields_solver.time_fieldsolver/N_iters]), time_fieldsolver,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.time_interp3/N_iters]), time_interp3,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.fields_solver.time_communicate_fields/N_iters]), time_communicate_fields,
                      op = MPI.MAX, root = 0
                     )
    self._comm.Reduce(np.array([self.fields_solver.time_apply_bcs_fields/N_iters]), time_apply_bcs_fields,
                      op = MPI.MAX, root = 0
                     )
                     
    if(self._comm.rank == 0):

        table = PrettyTable(["Method", "Time-Taken(s/iter)", "Percentage(%)"])
        table.add_row(['TIMESTEP', time_ts[0], 100])
        
        table.add_row(['Q_ADVECTION', time_interp2[0],
                       100*time_interp2[0]/time_ts[0]
                      ]
                     )
        
        table.add_row(['SOURCE_TS', time_sourcets[0],
                       100*time_sourcets[0]/time_ts[0]
                      ]
                     )

        table.add_row(['FVM_SOLVER', time_fvm_solver[0],
                       100*time_fvm_solver[0]/time_ts[0]
                      ]
                     )

        table.add_row(['FIELD-STEP', time_fieldstep[0],
                       100*time_fieldstep[0]/time_ts[0]
                      ]
                     )

        table.add_row(['APPLY_BCS_F', time_apply_bcs_f[0],
                       100*time_apply_bcs_f[0]/time_ts[0]
                      ]
                     )

        table.add_row(['COMMUNICATE_F', time_communicate_f[0],
                       100*time_communicate_f[0]/time_ts[0]
                      ]
                     )
   
        PETSc.Sys.Print(table)

        if(self.physical_system.params.charge_electron != 0):

            PETSc.Sys.Print('FIELDS-STEP consists of:')
            
            table = PrettyTable(["Method", "Time-Taken(s/iter)", "Percentage(%)"])

            table.add_row(['FIELD-STEP', time_fieldstep[0],
                           100
                          ]
                         )

            table.add_row(['FIELD-SOLVER', time_fieldsolver[0],
                           100*time_fieldsolver[0]/time_fieldstep[0]
                          ]
                         )

            table.add_row(['P_ADVECTION', time_interp3[0],
                           100*time_interp3[0]/time_fieldstep[0]
                          ]
                         )

            table.add_row(['APPLY_BCS_FIELDS', time_apply_bcs_fields[0],
                           100*time_apply_bcs_fields[0]/time_fieldstep[0]
                          ]
                         )

            table.add_row(['COMMUNICATE_FIELDS', time_communicate_fields[0],
                           100*time_communicate_fields[0]/time_fieldstep[0]
                          ]
                         )

            PETSc.Sys.Print(table)

        if(self.physical_system.params.solver_method_in_q == 'FVM'):

            PETSc.Sys.Print('FVM_SOLVER consists of:')
            
            table = PrettyTable(["Method", "Time-Taken(s/iter)", "Percentage(%)"])

            table.add_row(['FVM_SOLVER', time_fvm_solver[0],
                           100
                          ]
                         )

            table.add_row(['RECONSTRUCTION', time_reconstruct[0],
                           100*time_reconstruct[0]/time_fvm_solver[0]
                          ]
                         )

            table.add_row(['RIEMANN-SOLVER', time_riemann[0],
                           100*time_riemann[0]/time_fvm_solver[0]
                          ]
                         )

            dfdt_integration = time_fvm_solver - time_reconstruct - time_riemann

            table.add_row(['DFDT_INTEGRATION', dfdt_integration[0],
                           100*dfdt_integration[0]/time_fvm_solver[0]
                          ]
                         )

            PETSc.Sys.Print(table)

        PETSc.Sys.Print('Spatial Zone Cycles/s =', self.N_q1 * self.N_q2 / time_ts[0])
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