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Motivation
Why a new PDE solver?

Codes written in C or FORTRAN have some inherent 
inflexibility
Constant writing of new codes in CTCMS

Institutional memory loss
No distribution mechanism 

Materials scientists: Unique system, ability to pose problems, 
customize, without numerical background

Dendrites

What Are Dendrites:

A vast amount of the products and devices that we use everyday,
everything from aluminum foil and soda cans, to cars, jet engines and
computers, are made from metals and alloys. Early in the creation of all
these products the metals are in a liquid, or molten state, that freezes to
form a solid, just like water freezes to form ice. Now, if you were to look
at some just frozen, or freshly solidified metallic alloy with a strong
magnifying glass you would see that its structure is not uniform, but is
made up of tiny individual crystalline grains. Moreover, If you were able to
look even more carefully at the individual grains through a powerful
microscope, you would see that each grain is made up from what looks like
a bunch of tiny metallic snowflakes crowding and growing into each other.
Scientists and engineers call these tiny metallic snowflakes dendrites. The
picture to the right shows what a surface cut through a "forest" of dendrites in a metal would look like
through a microscope. 

The term dendrite comes from the Greek word "dendron", which means a tree.
This description is appropriate because we often describe the form and structure of
a metallic dendrite as that of a tree (see figure to left), with a main branch or trunk,
from which grow side branches, from which grow smaller side branches, and so
on, until all the main branches and the side branches grow into each other and there
is no room for any more branches to grow. The figure to

the right shows a few dendrites growing out of the surface of a metal. In
fact, almost all freshly crystallized alloys are composed of many thousands,
or even millions of dendritic crystals all stuck together. What's most
important is that the shape, size, and speed of growth of these dendrites are
all factors that profoundly influence the final properties of cast and welded
metals.
For example, the dendrites affect how hard or soft a material is, how
stretchable or springy it behaves, and how much you can bend or stretch it
before it breaks. The dendrites also affect both how long and under what
environmental conditions you can use an alloy before it wears out or rusts.
The dendrites affect whether the material is a good or a poor conductor of electricity. The dendrites
even affect how easily you can weld one piece of metal to another, and what's the best way to do the
welding. In short, the dendritic pattern formed during solidification profoundly influences a material's
mechanical, electrical, and chemical properties. 
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What is FiPy?
FiPy is a computer program written in Python to solve PDEs using the 
Finite Volume method

Python is a powerful object oriented scripting language with tools for 
numerics
The Finite Volume method is a way to solve a set of PDEs, similar to the 
Finite Element or Finite Difference methods
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>>> ## create the mesh
       .....
>>> ## create the field variable
       .....
>>> ## create the viewer
       .....
>>> ## create the equation
       .....
>>> ## create the boundary conditions
       .....
>>> ## solve the equation and plot the results
       .....
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>>> ## create the mesh
>>> from fipy.meshes.grid1D import Grid1D
>>> nx = 1000
>>> L = 1.
>>> mesh = Grid1D(nx = nx, dx = L / nx)

>>> ## create the field variable
       .....
>>> ## create the viewer
       .....
>>> ## create the equation
       .....
>>> ## create the boundary conditions
       .....
>>> ## solve the equation and plot the results
       .....
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>>> ## create the mesh
       .....
>>> ## create the field variable
>>> from fipy.variables.cellVariable import CellVariable
>>> var = CellVariable(mesh = mesh)
>>> var.setValue(0.3, mesh.getCells(lambda cell: 0.4 * L < cell.getCenter() < 0.6 * L))

>>> ## create the viewer
       .....
>>> ## create the equation
       .....
>>> ## create the boundary conditions
       .....
>>> ## solve the equation and plot the results
       .....
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>>> ## create the mesh
       .....
>>> ## create the field variable
       .....
>>> ## create the viewer
>>> from fipy.viewers import make
>>> viewer = make(var, limits = {’datamax’ : 0.31})
>>> viewer.plot()

>>> ## create the equation
       .....
>>> ## create the boundary conditions
       .....
>>> ## solve the equation and plot the results
       .....
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>>> ## create the mesh
       .....
>>> ## create the field variable
       .....
>>> ## create the viewer
       .....
>>> ## create the equation
>>> from fipy.terms.transientTerm import TransientTerm
>>> from fipy.terms.diffusionTerm import DiffusionTerm
>>> eqn = TransientTerm() == DiffusionTerm() + 1.

>>> ## create the boundary conditions
       .....
>>> ## solve the equation and plot the results
       .....
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>>> ## create the mesh
       .....     
>>> ## create the field variable
       .....
>>> ## create the viewer
       .....
>>> ## create the equation
       .....
>>> ## create the boundary conditions
>>> from fipy.boundaryConditions.fixedValue import FixedValue
>>> BCs = (FixedValue(mesh.getFacesLeft(), 0),
 . . .             FixedValue(mesh.getFacesRight(), 0))

>>> ## solve the equation and plot the results
       .....
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>>> ## create the mesh
       .....
>>> ## create the field variable
       .....
>>> ## create the viewer
       .....
>>> ## create the equation
       .....
>>> ## create the boundary conditions
       .....
>>> ## solve the equation and plot the results
>>> for step in range(100):
 . . .       eqn.solve(var, boundaryConditions = BCs, dt = 0.001)
 . . .       viewer.plot()



ϕπ
ϕπ

1

Phase Transformations / Material Interfaces
Typical system consists of:

one non-conservative equation for interface or order parameter
multiple conservative equations for species concentrations and heat

Phase field, level set or sharp interface methods
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>>> ## create a mesh
       .....
>>> ## create a field variable
       .....
>>> ## create the equation
       .....
>>> ## create a solver
       .....
>>> ## create a viewer
       .....
>>> ## solve the equation and plot the results
       .....
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∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

>>> ## create a mesh
>>> from fipy.meshes.grid2D import Grid2D
>>> N = 100
>>> mesh = Grid2D(dx = 2., dy = 2., nx = N, ny = N)
>>>
>>> ## create a field variable
       .....
>>> ## create the equation
       .....
>>> ## create a solver
       .....
>>> ## create a viewer
       .....
>>> ## solve the equation and plot the results
       .....
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>>> ## create a mesh
       .....
>>> ## create a field variable
>>> from RandomArray import random
>>> from fipy.variables.cellVariable import CellVariable
>>> var = CellVariable(mesh = mesh,
>>>                            value = 0.5 + 0.01 * (random(mesh.getNumberOfCells()) - 0.5))
>>> 
>>> ## create the equation
       .....
>>> ## create a solver
       .....
>>> ## create a viewer
       .....
>>> ## solve the equation and plot the results
       .....

Phase Separation

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · D [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

3
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>>> ## create a mesh
       .....
>>> ## create a field variable
       .....
>>> ## create the equation
>>> a = 1
>>> e = 1
>>> D = 1
>>> from fipy.terms.diffusionTerm import DiffusionTerm
>>> from fipy.terms.transientTerm import TransientTerm
>>> eqn = TransientTerm() == DiffusionTerm(D * a**2 * ( 1 - 6 * var * (1 - var))) - \
 . . .                                          DiffusionTerm((D, e**2))
>>> 
>>> ## create a solver
       .....
>>> ## create a viewer
       .....
>>> ## solve the equation and plot the results

Phase Separation
∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · D [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3
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>>> ## create a mesh
       .....
>>> ## create a field variable
       .....
>>> ## create the equation
       .....
>>> ## create a solver
>>> from fipy.solvers.linearLUSolver import LinearLUSolver
>>> solver = LinearLUSolver(tolerance = 1e-10)
>>> 
>>> ## create a viewer
       .....
>>> ## solve the equation and plot the results
       .....

Phase Separation
∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · D [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3
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Phase Separation
∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · D [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

>>> ## create a mesh
       .....
>>> ## create a field variable
       .....
>>> ## create the equation
       .....
>>> ## create a solver
       .....
>>> ## create a viewer
>>> from fipy.viewers import make
>>> viewer = make(vars = var, limits = {'datamin': 0, 'datamax': 1})
>>> viewer.plot()
>>> 
>>> ## solve the equation and plot the results
       .....
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Phase Separation
∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · D [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

>>> ## create a mesh
        .....
>>> ## create a field variable
        .....
>>> ## create the equation
        .....
>>> ## create a solver
        .....
>>> ## create a viewer
        .....
>>> ## solve the equation and plot the results
>>> dexp=-5
>>> from fipy.tools import numerix
>>> for step in range(1000):
 . . .        eqn.solve(var, solver = solver, \
 . . .              dt = min(10, numerix.exp(dexp)))
 . . .        dexp += 0.1
 . . .        viewer.plot()
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∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · D [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

3

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

Phase Separation

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3

>>> ## create a mesh
>>> from fipy.meshes.gmshImport import GmshImporter
>>> mesh = GmshImporter('sphere.msh')
>>> ## create a field variable
       .....
>>> ## create the equation
       .....
>>> ## create a solver
       .....
>>> ## create a viewer
       .....
>>> ## solve the equation and plot the results
       .....
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>>> ## create a mesh
        .....
>>> ## create a field variable
        .....
>>> ## create the equation
        .....
>>> ## create a solver
        .....
>>> ## create a viewer
        .....
>>> ## solve the equation and plot the results
>>> dexp=-5
>>> from fipy.tools import numerix
>>> for step in range(1000):
 . . .        dt = min(10, numerix.exp(dexp))
 . . .        dexp += 0.1
 . . .        eqn.solve(var, solver = solver, dt = dt)
 . . .        viewer.plot()

Phase Separation

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

3
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Range of FiPy examples

Problems modeled with FiPy

Phase separation
Dendrites
Grain growth
Ternary Alloys
Phase field crystals
Kirkendall effect
Electrochemistry
Superconformal electrodeposition
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Design

∂φ

∂t︸︷︷︸
transient

−∇ · (∇φ)
︸ ︷︷ ︸
diffusion

= 0

∇ · (#uφ)︸ ︷︷ ︸
convection

+∇ · (∇φ)︸ ︷︷ ︸
diffusion

= 0

φ|x=0 = 0 φ|x=L = 1

τφ
∂φ

∂t
− α2∇2φ− φ(1− φ)m2(φ, T ) = 0

∂T

∂t
−DT∇2T − ∂φ

∂t
= 0

︸ ︷︷ ︸
transient

︸ ︷︷ ︸
diffusion

︸ ︷︷ ︸
source

m2(φ, T ) = φ− 1
2
− κ1

π
arctan (κ2T )

∂(ρφ)
∂t︸ ︷︷ ︸

transient

= ∇ · (Γ∇φ)
︸ ︷︷ ︸

diffusion

+ [∇ · (Γi∇)]nφ
︸ ︷︷ ︸

nth order diffusion

+∇ · (#uφ)
︸ ︷︷ ︸
convection

+ Sφ

︸︷︷︸
source

∫

V

∂(ρφ)
∂t

dV

︸ ︷︷ ︸
transient

=
∫

S
Γ(#n ·∇φ) dS

︸ ︷︷ ︸
diffusion

+
∫

S
Γn(#n ·∇ · · · ) dS

︸ ︷︷ ︸
nth order diffusion

+
∫

S
(#n · #u)φ dS

︸ ︷︷ ︸
convection

+
∫

V
Sφ dV

︸ ︷︷ ︸
source

ρφV − (ρφV )old

∆t
︸ ︷︷ ︸

transient

=
∑

face

[ΓA#n ·∇φ]face
︸ ︷︷ ︸

diffusion

+
∑

face

[ΓA#n ·∇ {· · · }]face
︸ ︷︷ ︸

nth order diffusion

+
∑

face

[(#n · #u)Aφ]face
︸ ︷︷ ︸

convection

+ V Sφ

︸︷︷︸
source

1

Term

Solver

BoundaryCondition

Variable Viewer

SparseMatrix

Mesh

Cell

Face

Vertex

$ python setup.py test
running test
import fipy.solvers.test ... ok
import fipy.models.test ... ok
import fipy.terms.test ... ok
import fipy.tools.test ... ok
import fipy.meshes.numMesh.test ... ok
import fipy.variables.test ... ok
import fipy.viewers.test ... ok
...
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Solver
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Variable Viewer
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Mesh
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Design: Mesh
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Design: Terms

Term

Solver

BoundaryCondition

Variable Viewer

SparseMatrix

Mesh

Cell

Face

Vertex

Variable

Term

Solver

BoundaryCondition

FaceTermNthOrderTerm

SparseMatrix

CellTerm

TransientTerm SourceTerm DiffusionTerm ConvectionTerm

cell

adjacent
cell

face

vertex

Standard operators apply 
(__add__, __sub__, etc.) with 
Terms, Variables and numbers

∂φ

∂t︸︷︷︸
transient

−∇ · (∇φ)
︸ ︷︷ ︸
diffusion

= 0

∇ · (#uφ)︸ ︷︷ ︸
convection

+∇ · (∇φ)︸ ︷︷ ︸
diffusion

= 0

φ|x=0 = 0 φ|x=L = 1

τφ
∂φ

∂t
− α2∇2φ− φ(1− φ)m2(φ, T ) = 0

∂T

∂t
−DT∇2T − ∂φ

∂t
= 0

︸ ︷︷ ︸
transient

︸ ︷︷ ︸
diffusion

︸ ︷︷ ︸
source

m2(φ, T ) = φ− 1
2
− κ1

π
arctan (κ2T )

∂(ρφ)
∂t︸ ︷︷ ︸

transient

= ∇ · (Γ∇φ)
︸ ︷︷ ︸

diffusion

+ [∇ · (Γi∇)]nφ
︸ ︷︷ ︸

nth order diffusion

+∇ · (#uφ)
︸ ︷︷ ︸
convection

+ Sφ

︸︷︷︸
source

∫

V

∂(ρφ)
∂t

dV

︸ ︷︷ ︸
transient

=
∫

S
Γ(#n ·∇φ) dS

︸ ︷︷ ︸
diffusion

+
∫

S
Γn(#n ·∇ · · · ) dS

︸ ︷︷ ︸
nth order diffusion

+
∫

S
(#n · #u)φ dS

︸ ︷︷ ︸
convection

+
∫

V
Sφ dV

︸ ︷︷ ︸
source

ρφV − (ρφ)oldV

∆t
︸ ︷︷ ︸

transient

=
∑

face

[ΓA#n ·∇φ]face
︸ ︷︷ ︸

diffusion

+
∑

face

[ΓA#n ·∇ {· · · }]face
︸ ︷︷ ︸

nth order diffusion

+
∑

face

[(#n · #u)Aφ]face
︸ ︷︷ ︸

convection

+ V Sφ

︸︷︷︸
source

1
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Design: Variables

Term

Solver

BoundaryCondition

Variable Viewer

SparseMatrix

Mesh

Cell

Face

Vertex

Term

Variable

CellVariable FaceVariable GradVariable

Viewer Mesh

CellGradVariable FaceGradVariable

Either:

variables set by assignment [:]
set by intermediate calculation

Lazy evaluation

Physical dimensions

Standard operators apply (__add__, 
__div__, etc.) with Terms, Variables and 
numbers
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Efficiency: Run Time Comparison

Comparison with hand tailored 
FORTRAN code (1800 lines) written 

specifically for grain impingement giving 
identical numerical results to FiPy (100 

lines)

π
−π

4

π
−π

4

Grain Orientation

φ




a11 a12

a21 a22
. . .

. . . . . . . . .
. . . ann









φ1

φ2
...

φn




=





b1

b2
...

bn





∂(ρφ)
∂t︸ ︷︷ ︸

transient

+∇ · ($uφ)︸ ︷︷ ︸
convection

= ∇ · (Γ∇φ)︸ ︷︷ ︸
diffusion

+ Sφ︸︷︷︸
source

∫

V

∂(ρφ)
∂t

dV

︸ ︷︷ ︸
transient

+
∫

S
($n · $u)φ dS

︸ ︷︷ ︸
convection

=
∫

S
Γ($n ·∇φ) dS

︸ ︷︷ ︸
diffusion

+
∫

V
Sφ dV

︸ ︷︷ ︸
source

ρφV − (ρφV )old

∆t
︸ ︷︷ ︸

transient

+
∑

face

[($n · $u)Aφ]face
︸ ︷︷ ︸

convection

=
∑

face

[ΓA$n ·∇φ]face
︸ ︷︷ ︸

diffusion

+ V Sφ

︸︷︷︸
source

N FORTRAN (s) Python (s) Penalty
100 0.0619 12.8 ×207
400 0.188 40.2 ×214

1600 0.573 157 ×273
6400 3.06 707 ×231

25600 12.0 4060 ×338
102400 37.3 ??? ×???
409600 148 ??? ×???

N FORTRAN (s) Python (s) Penalty Inlined (s) Penalty
100 0.0619 12.8 ×207 2.45 ×39.6
400 0.188 40.2 ×214 2.95 ×15.3

1600 0.573 157 ×273 5.22 × 9.10
6400 3.06 707 ×231 15.3 × 4.99

25600 12.0 4060 ×338 66.0 × 5.53
102400 37.3 ??? ×??? 243 × 6.50
409600 148 ??? ×??? 1510 ×10.2

Q(φ,∇θ)
∂φ

∂t︸ ︷︷ ︸
transient

= α2∇2φ
︸ ︷︷ ︸
diffusion

− ∂f

∂φ
− ∂g

∂φ
s|∇φ|− ∂h

∂φ

ε2

2
|∇φ|2

︸ ︷︷ ︸
source

P (φ,∇θ)
∂θ

∂t︸ ︷︷ ︸
transient

= ∇ ·
[
hε2∇θ + gs

∇θ

|∇θ|

]

︸ ︷︷ ︸
diffusion

1

φ




a11 a12

a21 a22
. . .

. . . . . . . . .
. . . ann









φ1

φ2
...

φn




=





b1

b2
...

bn





∂(ρφ)
∂t︸ ︷︷ ︸

transient

+∇ · ($uφ)︸ ︷︷ ︸
convection

= ∇ · (Γ∇φ)︸ ︷︷ ︸
diffusion

+ Sφ︸︷︷︸
source

∫

V

∂(ρφ)
∂t

dV

︸ ︷︷ ︸
transient

+
∫

S
($n · $u)φ dS

︸ ︷︷ ︸
convection

=
∫

S
Γ($n ·∇φ) dS

︸ ︷︷ ︸
diffusion

+
∫

V
Sφ dV

︸ ︷︷ ︸
source

ρφV − (ρφV )old

∆t
︸ ︷︷ ︸

transient

+
∑

face

[($n · $u)Aφ]face
︸ ︷︷ ︸

convection

=
∑

face

[ΓA$n ·∇φ]face
︸ ︷︷ ︸

diffusion

+ V Sφ

︸︷︷︸
source

N FORTRAN (s) Python (s) Penalty
100 0.0619 12.8 ×207
400 0.188 40.2 ×214

1600 0.573 157 ×273
6400 3.06 707 ×231

25600 12.0 4060 ×338
102400 37.3 ??? ×???
409600 148 ??? ×???

N FORTRAN (s) Python (s) Penalty Inlined (s) Penalty
100 0.0619 12.8 ×207 2.45 ×39.6
400 0.188 40.2 ×214 2.95 ×15.3

1600 0.573 157 ×273 5.22 × 9.10
6400 3.06 707 ×231 15.3 × 4.99

25600 12.0 4060 ×338 66.0 × 5.53
102400 37.3 ??? ×??? 243 × 6.50
409600 148 ??? ×??? 1510 ×10.2

Q(φ,∇θ)
∂φ

∂t︸ ︷︷ ︸
transient

= α2∇2φ
︸ ︷︷ ︸
diffusion

− ∂f

∂φ
− ∂g

∂φ
s|∇φ|− ∂h

∂φ

ε2

2
|∇φ|2

︸ ︷︷ ︸
source

P (φ,∇θ)
∂θ

∂t︸ ︷︷ ︸
transient

= ∇ ·
[
hε2∇θ + gs

∇θ

|∇θ|

]

︸ ︷︷ ︸
diffusion

1Phase field equation - solved explicitly



ϕπ
ϕπ

1

Efficiency: Run Time Comparison

Comparison with hand tailored 
FORTRAN code (1800 lines) written 

specifically for grain impingement giving 
identical numerical results to FiPy (100 

lines)

π
−π

4

π
−π

4

Grain Orientation

φ




a11 a12

a21 a22
. . .

. . . . . . . . .
. . . ann









φ1

φ2
...

φn




=





b1

b2
...

bn





∂(ρφ)
∂t︸ ︷︷ ︸

transient

+∇ · ($uφ)︸ ︷︷ ︸
convection

= ∇ · (Γ∇φ)︸ ︷︷ ︸
diffusion

+ Sφ︸︷︷︸
source

∫

V

∂(ρφ)
∂t

dV

︸ ︷︷ ︸
transient

+
∫

S
($n · $u)φ dS

︸ ︷︷ ︸
convection

=
∫

S
Γ($n ·∇φ) dS

︸ ︷︷ ︸
diffusion

+
∫

V
Sφ dV

︸ ︷︷ ︸
source

ρφV − (ρφV )old

∆t
︸ ︷︷ ︸

transient

+
∑

face

[($n · $u)Aφ]face
︸ ︷︷ ︸

convection

=
∑

face

[ΓA$n ·∇φ]face
︸ ︷︷ ︸

diffusion

+ V Sφ

︸︷︷︸
source

N FORTRAN (s) Python (s) Penalty
100 0.0619 12.8 ×207
400 0.188 40.2 ×214

1600 0.573 157 ×273
6400 3.06 707 ×231

25600 12.0 4060 ×338
102400 37.3 ??? ×???
409600 148 ??? ×???

N FORTRAN (s) Python (s) Penalty Inlined (s) Penalty
100 0.0619 12.8 ×207 2.45 ×39.6
400 0.188 40.2 ×214 2.95 ×15.3

1600 0.573 157 ×273 5.22 × 9.10
6400 3.06 707 ×231 15.3 × 4.99

25600 12.0 4060 ×338 66.0 × 5.53
102400 37.3 ??? ×??? 243 × 6.50
409600 148 ??? ×??? 1510 ×10.2

Q(φ,∇θ)
∂φ

∂t︸ ︷︷ ︸
transient

= α2∇2φ
︸ ︷︷ ︸
diffusion

− ∂f

∂φ
− ∂g

∂φ
s|∇φ|− ∂h

∂φ

ε2

2
|∇φ|2

︸ ︷︷ ︸
source

P (φ,∇θ)
∂θ

∂t︸ ︷︷ ︸
transient

= ∇ ·
[
hε2∇θ + gs

∇θ

|∇θ|

]

︸ ︷︷ ︸
diffusion

1

φ




a11 a12

a21 a22
. . .

. . . . . . . . .
. . . ann









φ1

φ2
...

φn




=





b1

b2
...

bn





∂(ρφ)
∂t︸ ︷︷ ︸

transient

+∇ · ($uφ)︸ ︷︷ ︸
convection

= ∇ · (Γ∇φ)︸ ︷︷ ︸
diffusion

+ Sφ︸︷︷︸
source

∫

V

∂(ρφ)
∂t

dV

︸ ︷︷ ︸
transient

+
∫

S
($n · $u)φ dS

︸ ︷︷ ︸
convection

=
∫

S
Γ($n ·∇φ) dS

︸ ︷︷ ︸
diffusion

+
∫

V
Sφ dV

︸ ︷︷ ︸
source

ρφV − (ρφV )old

∆t
︸ ︷︷ ︸

transient

+
∑

face

[($n · $u)Aφ]face
︸ ︷︷ ︸

convection

=
∑

face

[ΓA$n ·∇φ]face
︸ ︷︷ ︸

diffusion

+ V Sφ

︸︷︷︸
source

N FORTRAN (s) Python (s) Penalty
100 0.0619 12.8 ×207
400 0.188 40.2 ×214

1600 0.573 157 ×273
6400 3.06 707 ×231

25600 12.0 4060 ×338
102400 37.3 ??? ×???
409600 148 ??? ×???

N FORTRAN (s) Python (s) Penalty Inlined (s) Penalty
100 0.0619 12.8 ×207 2.45 ×39.6
400 0.188 40.2 ×214 2.95 ×15.3

1600 0.573 157 ×273 5.22 × 9.10
6400 3.06 707 ×231 15.3 × 4.99

25600 12.0 4060 ×338 66.0 × 5.53
102400 37.3 ??? ×??? 243 × 6.50
409600 148 ??? ×??? 1510 ×10.2

Q(φ,∇θ)
∂φ

∂t︸ ︷︷ ︸
transient

= α2∇2φ
︸ ︷︷ ︸
diffusion

− ∂f

∂φ
− ∂g

∂φ
s|∇φ|− ∂h

∂φ

ε2

2
|∇φ|2

︸ ︷︷ ︸
source

P (φ,∇θ)
∂θ

∂t︸ ︷︷ ︸
transient

= ∇ ·
[
hε2∇θ + gs

∇θ

|∇θ|

]

︸ ︷︷ ︸
diffusion

1Orientation equation - solved implicitly



ϕπ
ϕπ

1

Efficiency: Run Time Comparison

Penalty with pure 
Python and Numeric

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries
$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries
$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

N FORTRAN (s) FiPy (s) Penalty FiPy --inline (s) Penalty
100 0.0008 0.282 ×353 0.230 ×288
400 0.0037 0.402 ×109 0.285 ×77

1600 0.02 0.963 ×48 0.566 ×28
6400 0.19 4.04 ×21 1.94 ×10

25600 1.20 20.2 ×17 9.05 ×8
102400 4.43 81.0 ×18 36.4 ×8

Iteration k of f(xn)

k xk
1 xk

2 xk
3 remarks

0 -0.3 0.6 0.7 -
1 0.47102965 0.04883157 -0.53345964 δ < ε
2 0.49988691 0.00228830 -0.52246185 δ < ε
3 0.49999976 0.00005380 -0.523656 N
4 0.5 0.00000307 -0.52359743
...

...
. . .

...
7 0.5 0.0 -0.52359878 δ < 10−8

3

How do we improve run times?
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Efficiency: Run Time Comparison

Penalty with some C 
inlining

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries
$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries
$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

N FORTRAN (s) FiPy (s) Penalty FiPy --inline (s) Penalty
100 0.0008 0.282 ×353 0.230 ×288
400 0.0037 0.402 ×109 0.285 ×77

1600 0.02 0.963 ×48 0.566 ×28
6400 0.19 4.04 ×21 1.94 ×10

25600 1.20 20.2 ×17 9.05 ×8
102400 4.43 81.0 ×18 36.4 ×8

Iteration k of f(xn)

k xk
1 xk

2 xk
3 remarks

0 -0.3 0.6 0.7 -
1 0.47102965 0.04883157 -0.53345964 δ < ε
2 0.49988691 0.00228830 -0.52246185 δ < ε
3 0.49999976 0.00005380 -0.523656 N
4 0.5 0.00000307 -0.52359743
...

...
. . .

...
7 0.5 0.0 -0.52359878 δ < 10−8

3

>>> class SomeTerm
 . . .
 . . .       def _buildMatrix(self, var, boundaryConditions = (), dt = 1.):
 . . .             from fipy.tools import inline
 . . .             inline._optionalInline(self._buildMatrixIn, self._buildMatrixPy, L, var.getOld(), b, dt, coeffVectors)
 . . .  	    return (L, b)
 . . .
 . . .       def _buildMatrixPy(self, L, oldArray, b, dt, coeffVectors):
                 .....
 . . .
 . . .       def _buildMatrixIn(self, L, oldArray, b, dt, coeffVectors):
 . . .             inline._runInlineLoop1("""
 . . .                 b(i) += oldArray(i) * oldCoeff(i) / dt;
 . . .                 b(i) += bCoeff(i);
                     .....

--inline flag to toggle 
between code variants
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Efficiency:  Profile, N = 102400

Majority of time spent in Term.solve()

90% of time building the matrix not solving

Building is order N

Solving is higher order
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Efficiency:  Profile, N = 102400

44% of time spent calculating variables of which 
58% is spent calculating non-inline variables
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>>> from fipy.meshes.grid1D import Grid1D
>>> nx  = 2
>>> mesh = Grid1D(nx = nx)
>>>
>>> from RandomArray import random
>>> from fipy.variables.cellVariable import CellVariable
>>> vars = [CellVariable(mesh = mesh, value = random(nx)) for i in range(5)]
>>> opVar = vars[0] * (vars[1] * vars[2] + vars[3] * vars[4])
>>>
>>> opVar
(CellVariable(value = ..., mesh = ...) * ((CellVariable(..) * CellVariable(..)) + 
(CellVariable(..) * CellVariable(..)))
>>> print opVar
[ 0.93079731, 0.33666286,]
>>> vars[0].setValue(random(nx))
>>> print opVar
[ 0.81214315, 0.24010101,]

Efficiency: Variable Operations
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>>> from fipy.meshes.grid1D import Grid1D
>>> nx  = 2
>>> mesh = Grid1D(nx = nx)
>>>
>>> from RandomArray import random
>>> from fipy.variables.cellVariable import CellVariable
>>> vars = [CellVariable(mesh = mesh, value = random(nx)) for i in range(5)]
>>> opVar = vars[0] * (vars[1] * vars[2] + vars[3] * vars[4])
>>>
>>> opVar
(CellVariable(value = ..., mesh = ...) * ((CellVariable(..) * CellVariable(..)) + 
(CellVariable(..) * CellVariable(..)))
>>> print opVar
[ 0.93079731, 0.33666286,]
>>> vars[0].setValue(random(nx))
>>> print opVar
[ 0.81214315, 0.24010101,]

Efficiency: Variable Operations

4 operations

1 operation due to 
lazy evaluation
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>>> from fipy.meshes.grid1D import Grid1D
>>> nx  = 2
>>> mesh = Grid1D(nx = nx)
>>>
>>> from RandomArray import random
>>> from fipy.variables.cellVariable import CellVariable
>>> vars = [CellVariable(mesh = mesh, value = random(nx)) for i in range(5)]
>>> opVar = vars[0] * (vars[1] * vars[2] + vars[3] * vars[4])
>>>
>>> opVar
(CellVariable(value = ..., mesh = ...) * ((CellVariable(..) * CellVariable(..)) + 
(CellVariable(..) * CellVariable(..)))
>>> print opVar
[ 0.93079731, 0.33666286,]
>>> vars[0].setValue(random(nx))
>>> print opVar
[ 0.81214315, 0.24010101,]

Efficiency: Variable Operations

>>> inline._runInlineLoop1("""
 . . .                 opVar(i) = v0(i) * (v1(i) * v2(i) + v3(i) * v4(i));
 . . .                 """,v0 = vars[0], 
                          .....

Proposed automated C inlining of binary and 
unary variable operators by forming combined 

strings of C code
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>>> from fipy.meshes.grid1D import Grid1D
>>> nx  = 2
>>> mesh = Grid1D(nx = nx)
>>>
>>> from RandomArray import random
>>> from fipy.variables.cellVariable import CellVariable
>>> vars = [CellVariable(mesh = mesh, value = random(nx)) for i in range(5)]
>>> opVar = vars[0] * (vars[1] * vars[2] + vars[3] * vars[4])
>>>
>>> opVar
(CellVariable(value = ..., mesh = ...) * ((CellVariable(..) * CellVariable(..)) + 
(CellVariable(..) * CellVariable(..)))
>>> print opVar
[ 0.93079731, 0.33666286,]
>>> vars[0].setValue(random(nx))
>>> print opVar
[ 0.81214315, 0.24010101,]

Efficiency: Variable Operations

4 operations

1 operation

>>> inline._runInlineLoop1("""
 . . .                 opVar(i) = v0(i) * (v1(i) * v2(i) + v3(i) * v4(i));
 . . .                 """,v0 = vars[0], 
                          .....

Considerable speed 
up when C inlining 

replaces Numeric for 
multiple operations
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Efficiency: Memory Usage

Comparison with hand tailored 
FORTRAN code (1800 lines) written 

specifically for grain impingement giving 
identical numerical results to FiPy (100 

lines)

π
−π

4

π
−π

4

Grain Orientation

Terrible 
overall 

memory use

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

+ ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

= 0

∂φ

∂t
= ∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)

f =
a2

2
φ2(1− φ)2

$n ·∇φ = 0 on all boundaries

$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

N FORTRAN (s) FiPy (s) Penalty FiPy --inline (s) Penalty
100 0.0008 0.282 ×353 0.230 ×288
400 0.0037 0.402 ×109 0.285 ×77

1600 0.02 0.963 ×48 0.566 ×28
6400 0.19 4.04 ×21 1.94 ×10

25600 1.20 20.2 ×17 9.05 ×8
102400 4.43 81.0 ×18 36.4 ×8

N FORTRAN (KB) FiPy (KB) Penalty Python (%) Mesh (%)
100 812 30068 ×37 13 40
400 884 31260 ×35 12 39

1600 1080 34280 ×32 11 40
6400 1920 47864 ×25 8 36

25600 5240 91872 ×18 4 33
102400 18480 269332 ×15 1 32

π
−π

3
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Efficiency: Memory Usage

How do we improve memory usage?

∂φ

∂t
−∇ · D∇

(
∂f

∂φ
− ε2∇2φ

)
= 0

f =
a2

2
φ2(1− φ)2
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$n ·∇3φ = 0 on all boundaries

∂φ

∂t︸︷︷︸
transient

−∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion
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︸ ︷︷ ︸
4th order diffusion
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(
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− ε2∇2φ
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2
φ2(1− φ)2
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∂t︸︷︷︸
transient

= ∇ · Da2 [1− 6φ (1− φ)]∇φ
︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

N FORTRAN (s) FiPy (s) Penalty FiPy --inline (s) Penalty
100 0.0008 0.282 ×353 0.230 ×288
400 0.0037 0.402 ×109 0.285 ×77

1600 0.02 0.963 ×48 0.566 ×28
6400 0.19 4.04 ×21 1.94 ×10

25600 1.20 20.2 ×17 9.05 ×8
102400 4.43 81.0 ×18 36.4 ×8

N FORTRAN (KB) FiPy (KB) Penalty Python (%) Mesh (%)
100 812 30068 ×37 13 40
400 884 31260 ×35 12 39

1600 1080 34280 ×32 11 40
6400 1920 47864 ×25 8 36

25600 5240 91872 ×18 4 33
102400 18480 269332 ×15 1 32

π
−π

3Memory usage breakdown

~30-40 % Mesh
~40-50 % Variable (estimate)
sparse matrix, deleted after build.
other Numeric arrays
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Efficiency: Memory Usage

How do we improve memory usage?

More efficient caching of mesh arrays

Specialized grid meshes

Considerable memory usage improvement
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Efficiency: Memory Usage

>>> opVar = vars[0] * (vars[1] * vars[2] + vars[3] * vars[4])
>>>
>>> opVar
(CellVariable(value = ..., mesh = ...) * ((CellVariable(..) * CellVariable(..)) + 
(CellVariable(..) * CellVariable(..)))

How do we improve memory usage?

Do not store intermediate 
values for operator 

variables

Lose some benefits (but not all) of lazy evaluation

Will be implicit for C inlined variable operations

Many variables recalculated every time step anyway

Considerable memory usage improvement
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︸ ︷︷ ︸

2nd order diffusion

− ∇ · D∇ε2∇2φ
︸ ︷︷ ︸
4th order diffusion

N FORTRAN (s) FiPy (s) Penalty FiPy --inline (s) Penalty
100 0.0008 0.282 ×353 0.230 ×288
400 0.0037 0.402 ×109 0.285 ×77

1600 0.02 0.963 ×48 0.566 ×28
6400 0.19 4.04 ×21 1.94 ×10

25600 1.20 20.2 ×17 9.05 ×8
102400 4.43 81.0 ×18 36.4 ×8

N FORTRAN (KB) FiPy (KB) Penalty Python (%) Mesh (%)
100 812 30068 ×37 13 40
400 884 31260 ×35 12 39

1600 1080 34280 ×32 11 40
6400 1920 47864 ×25 8 36

25600 5240 91872 ×18 4 33
102400 18480 269332 ×15 1 32

π
−π

3
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Sparse Matrices / Linear Solvers

What are the options?

Pysparse
scipy.linalg
Pytrilinos
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Pysparse

Pysparse

Straightforward to install and test
Adequate documentation
Sparse matrices interact with 
solvers
Standard solvers available
Subsequently wrapped sparse 
matrix module for standard 
python operations in 
_SparseMatrix class

>>> from fipy.tools.sparseMatrix import _SparseMatrix
>>> L = _SparseMatrix(size = 3)
>>> L
    ---        ---        ---    
    ---        ---        ---    
    ---        ---        ---   
>>> L.put((2., 2., 2.), (0, 1, 2), (0, 1, 2))
>>> L.put((-1., -1.), (0, 1), (1, 2))
>>> L.put((-1., -1.), (1, 2), (0, 1))
>>> L
 2.000000  -1.000000      ---    
-1.000000   2.000000  -1.000000  
    ---         -1.000000   2.000000
>>> L * L
 5.000000  -4.000000   1.000000  
-4.000000   6.000000  -4.000000  
 1.000000  -4.000000   5.000000 
>>> from fipy.tools import numerix
>>> x = numerix.zeros(3, 'd')
>>> from fipy.solvers.linearLUSolver import LinearLUSolver
>>> LinearLUSolver()._solve(L, x, numerix.array((0, 0, 1)))
>>> print x
[ 0.25, 0.5 , 0.75,]
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scipy.linalg

scipy.linalg

Straightforward to install and test 
No useful documentation
Sparse Matrices?
Some scipy solvers implemented in FiPy

wrapped with LinearScipyLUSolver and linearScipyGMRESSolver
Currently requires conversion of sparse matrix to numeric arrays
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Pytrilinos

Pytrilinos

Installation?
Documentation?
Mailing list?
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Future Work

Efficiency improvements

Adaptive meshes

Algebraic multigrid

Cell-centered finite volume

Spectral methods

Repair/improve support for physical dimensions
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Summary

Cross-platform, Open Source code for solving phase transformation 
problems

Capable of solving multivariate, coupled, non-linear PDEs

Extensive documentation, dozens of examples, hundreds of tests

Python syntax both easy to learn and powerful

Object-oriented structure easy to adapt to unique problems

Slower to run than hand-tailored FORTRAN or C…

…but much faster to write

www.ctcms.nist.gov/fipy/
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