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Abstract This article addresses the performance of scientific applications that use the Python programming language. First, we
investigate several techniques for improving the computational efficiency of serial Python codes. Then, we discuss the basic
programming techniques in Python for parallelizing serial scientific applications. It is shown that an efficient implementation of
the array-related operations is essential for achieving good parallel performance, as for the serial case. Once the array-related
operations are efficiently implemented, probably using a mixed-language implementation, good serial and parallel performance
become achievable. Thisis confirmed by a set of numerical experiments. Python is also shown to be well suited for writing
high-level parallel programs.
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1. Background and introduction

Thereisastrong tradition among computational scientiststo use compiled languages, in particular Fortran 77 and
C, for numerical ssimulation. Demand for increased softwareflexibility during thelast decade has al so popularized the
more advanced compiled languages C++ and Fortran 95. However, in recent years many computational scientists
and engineers have moved away from compiled languages to interpreted problem solving environments, such as
Matlab, Maple, Octave, and R (or S-Plus). Matlab hasin particular been very popular and isregarded asthe preferred
development platform for numerical software by a significant portion of the computational science and engineering
community. It may seem a paradox that computational scientists, who claim to demand as high performance as
possible in their applications, solve lots of their problemsin Matlab.

The success of Matlab and similar interpreted environmentsis dueto (i) asimple and clean syntax of the command
language, (ii) integration of simulation and visualization, (iii) interactive execution of commands, with immediate
feedback, (iv) lots of built-in functions operating efficiently on arrays in compiled code, (v) many numerical
operations that are fast enough in plain Matlab, (vi) arich standardized library of numerical functionality that is
conveniently available, and (vii) very good documentation and help support. Many scientists ssmply feel more
productivein Matlab than with compiled languages and separate visualization tools.

The programming language Python is now emerging as a potentially competitive alternative to Matlab, Octave,
and other similar environments. Python, when extended with numerical and visualization modules, shares many
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of Matlab’s advantages, especialy points (i)—(v) mentioned above. A particular advantage of Python is that the
language is very rich and powerful, especially in comparison with Matlab, Fortran, and C. In particular, Python is
an interpreted object-oriented language that supports operator overloading and offers a cross-platform interface to
operator system functionality. Advanced C++ programmers can easily mirror their software designs in Python and
even obtain more flexibility and elegance. Although Matlab supports object-oriented programming, creating classes
in Python is much more convenient, and convenience seems to be a key issue when scientists choose an interpreted
scripting language over a compiled language today.

Another advantage of Python is that interfacing legacy software written in Fortran, C, and C++ is much simpler
than in most other environments. This is because Python was designed to be extendible with compiled code for
efficiency, and severa tools are available to ease the integration of Python and compiled code. With the properties
(H—(v) above, plus the power of the language, the extensive interfacing capabilities, and the support for parallel
programming, Python represents a promising environment for doing computational science. The language has
already attracted significant interest among computational scientists for some years, and an increasing growth in the
scientific use of Python is taking place at the time of this writing. A key question for the community is then the
numerical efficiency of Python-based computing platforms. The aim of this paper is to quantify such numerical
efficiency.

We should at this point also mention that Python is being used in amuch broader context than scientific program-
ming only. In computer science, the language has a strong and steadily increasing position as a general-purpose
programming tool for diverse areas such as system administration, dynamic Web sites, distributed systems, software
engineering, graphical user interfaces, computational steering, search engines (Google in particular), network com-
munication, education, and even large-scale business applications. The following references [1,4,14,20,26,27,33,
36] give aflavor of Python's versatility.

I nvestigating ascientific problemwith theai d of computersrequires softwarethat performsawiderangeof different
tasks: user interfaces (files, command line, web, graphical windows), I/O management, numerical computing,
data analysis, visualization, file and directory manipulation, and report generation. High (i.e., Fortran 77 aike)
computational efficiency is normally only needed for afew of these tasks, and the number of statements calling for
ultimate efficiency is often just afew percentage of awhole software package. The non-numerical tasks are usually
much more efficiently carried out in a scripting environment like Python than in compiled languages. The classical
scripting approach [15] is to let a Python script call up stand-alone simulation programs and manage the whole
computational and data analysis pipeline. However, as computational scientists and engineers move to the Python
platform, they will probably like to implement the numerics in Python too. In this paper we show how this can be
done, using several techniques with different degrees of programming convenience and computationa efficiency.
More precisely, we shall compare the performance of Python with corresponding implementationsin Fortran 77 and
C. Aswe go along, we shall also point out inefficient constructs in Python programs.

It is fair to say that the core of the Python programming language is not particularly suitable for scientific
applications involving intensive computations. Thisis mainly due to slow execution of long nested loops and the
lack of efficient array data structures. However, the add-on package Numerical Python [18], often referred to as
NumPy, provides contiguous multi-dimensional array structureswith alargelibrary of array operationsimplemented
efficiently in C. The NumPy array computing facilities resemble those of Matlab, with respect to functionality and
computational efficiency. The problem with slow loops can be gresatly relieved through vectorization [16], i.e.,
expressing the loop semantics viaa set of basic NumPy array operations, where each operation involves aloop over
array entries efficiently implemented in C. The same technique is well-known from programming in Matlab and
other interpreted environments where loops run slowly.

Vectorized Python code may still run a factor of 3-10 slower than optimized implementations in pure Fortran
or C/C++. Inthose cases, or in cases where vectorization of an algorithm is cumbersome, computation-intensive
Python loops should be migrated directly to Fortran or C/C++-. InaPython program one cannot distingui sh between
a function implemented in C/C+-+/Fortran and a function implemented in pure Python. With the F2PY tool [9],
coupling Python with Fortran is done almost automatically. As a conclusion, combining core Python with NumPy
and Fortran/C/C++ code migration constitute a convenient and efficient scientific computing environment on serial
computers.

Large-scale scientific applications eventually have to resort to parallel computing. The de facto parallel program-
ming standard, with respect to both speed and portability, is to use the message passing library MPI [10,12,19].
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Among packages that provide Python wrappers to the MPI routines, pypar and pyMPI [22,23] are most widely
used. The pypar package concentrates only on an important subset of the MPI library, offering a simple syntax
and sufficiently good performance. On the other hand, the pyMPI package implements a much larger collection
of the MPI routines and has better flexibility. Both packages are implemented as a wrapper of the corresponding
MPI routines in C. Consequently, some extra overhead arises when invoking such MPI calls in a Python program.
To the authors’ knowledge, the topic of whether the extra MPI-related overhead in Python will severely slow down
a parallel scientific application has not received its deserved attention in the Python community. The follow-up
question of whether it is appropriate to implement parallel scientific applicationsin Python has so far aso remained
unanswered.
The purpose of this article is thus to address the following three issues:

1. How can we achieve Fortran 77 alike computational efficiency in serial Python applications? The use of the
multi-dimensional array objects from the NumPy package is clearly a prerequisite for programming Python
scientific applications. However, careful use of performance enhancing techniques is essential for ensuring
the full efficiency. More specifically, we will quantify the gain of migrating long native Python for-loops to
vectorized form or compiled (Fortran/C) code.

2. Which Python programming structures should be adopted to parallelize scientific applications? We propose an
approach of using array slices as buffers needed in exchanging messages between processors. For limiting the
extraoverhead associated with the parallelization, we will seethat reusing the buffer arraysisnecessary to avoid
the cost of repeatedly constructing new array objects. Moreover, we will also see that collective extraction and
filling of array slices is preferred with respect to efficiency, instead of using for-loops that traverse the array
entries one by one.

3. How efficient are the resulting parallel Python applications? This is studied in detail by measuring represen-
tative parallel applications, comparing Fortran/C implementations and Python involved implementations. The
measurements will show that the Python-related overhead in aparallel applicationis small, aslong as suitable
programming structures are adopted.

Theremainder of thisarticleis organized asfollows. Section 2 discusses several important techniquesfor ensuring
good performance of serial Python computations. Then, Section 3 considers the topic of using Python in parallel
computations, where the issues of data partitioning, inter-subdomain communication, and Python programming
structures are addressed. Later on, Section 4 reports detailed wall-clock time measurements of parallel simulations
for solving two- and three-dimensional wave equations. Both pure C implementations and mixed Python-C and
mixed Python-Fortran implementations are used for the numerical experiments. Finaly, Section 5 concludes the
article with some remarks.

In the forthcoming text we will demonstrate the efficiency of variousarray constructions. Thetimingsin Section 2
were obtained on a 1.2 GHz “Mabile Intel Pentium 111 Processor M” laptop (model IBM X30) with 512 KB L2
cache, running Debian Linux 2.4 with Python 2.3.3, Numeric 23.1, numarray 0.9, F2PY 2.39, and gcc/g77 3.3.3
with -O3 optimization. For the measurements of parallel codes in Section 4 the same software was used, while
the hardware consisted of a small Linux cluster with Pentium |11 1GHz processors, inter-connected through a fast
Ethernet based network, which has atheoretical peak bandwidth of 100 Mbit/s. The version of pypar was 1.9.1.

Thetechnical content of the paper iswritten for readerswith abasic knowledge of Python, say, from the electronic
tutorial [31] or textbooks[13,15]. Knowledge of basic Fortran and C programming is also required. Even without
a Python background, Fortran and C programmers should get a glimpse of Python as a platform for convenient and
efficient numerical computing. We remark that the present paper only concerns the efficiency and optimization of
numerical computations using Python. For other efficiency and optimization issues of Python, such as efficient use
of lists and dictionaries, the readers are referred to [17,24].

2. Performance of serial Python codes

We will discuss in this section how to program efficient serial scientific applications using Python. In partic-
ular, the issues of using efficient array objects from the NumPy package, the efficiency of Python for-loops, and
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mixed-language programming will be studied. These issues are also of fundamental importance for an efficient
parallelization of scientific applicationsin Python, which isto be addressed later in Section 3.

For any computation-intensive applications that are implemented in a traditional compiled language, such as
Fortran 77 or C, the main data structures are normally composed of arrays. The core of the computations is thus
in the form of traversing the arrays and carrying out computing operations in (nested) loops, such as do-loopsin
Fortran and for-loopsin C. Therefore, our efficiency investigationsin the present section focus on the typical loops
that are used as the building blocks in scientific codes.

Array computing in Python utilizes the NumPy package. This package has a basic module defining the array
data structure and efficient C functions operating on arrays. Two versions of this module exist at present: Numeric
is the classical module from the mid 1990s, while numarray is a new implementation. The latter is meant as a
replacement of theformer, and no further development of Numeric takesplace. However, thereis so much numerical
Python code utilizing Numeric that we expect both modules to co-exist for along time. A lot of scripts written
for Numeric will automatically also work for numarray, since the programming interface of the two modules are
similar. However, there are unfortunately some differences between Numeric and numarray, which may require
manual editing to replace one module by the other. (The py4cs.numpytools modulefrom [15] helpswriting scripts
that can run unaltered with both modules.) Many tools for scientific computing with Python, including the F2PY
program and pypar moduleto be used | ater in this paper, work at present best with (or only with) Numeric. Thevery
useful SciPy package[28] with lots of numerical computing functionality also works best with Numeric. Therefore,
most of the experiments reported in this paper involve Numeric.

All experiments reported in this section are collected in software that can be downloaded from [29] and executed
in the reader’s own computing environment. The source code files from [29] also document precisely how our
experiments are implemented and conducted.

2.1. Computations with one-dimensional arrays

Loops over NumPy Arrays. To illustrate computing with one-dimensional arrays in Python, we first generate an
array of coordinates z; = i/(n — 1), i = 0,...,n — 2, and then we compute y; = sin(z;) cos(z;) + x?. A pure
Python implementation employing a plain for-loop is given next.

Example 1 Filling a one-dimensional array using Python loops.

from Numeric import arange, zeros, Float

n = 1000001

dx = 1.0/(n-1)

x = arange(0, 1, dx) # x = 0, dx, 2*dx,

y zeros(len(x), Float) # array of same length as x, zeros
# as Float (=double in C) entries

from math import sin, cos # scalar sin and math functions

for i in xrange(len(x)): # i=0, 1, 2, ..., length of x - 1

v[i] = sin(x[i])*cos(x[i]) + x[i]**2

The arange function allocates a NumPy array with values from a start value to (but not including) a stop value
with a specified increment. Allocating adouble precision real-value array of length n is done by the zeros(n,Float)
call. Traversing an array can be done by afor-loop as shown, where xrange is a function that returnsindices 0O, 1,
2, and up to (but not including) the length of x (i.e., len(x)) in this case. Indicesin NumPy arrays always start at O.

The for-loop in Example 1 requires about 9 seconds on our test computer for an array length of one million.
As a comparison, a corresponding plain for-loop in Matlab is about 16 times faster than the plain Python for-loop.
Switching from Numeric to numarray increases the CPU time by 32%.

Vectorization. Instead of looping over array entries, which is a slow operation in Python, one should vectorize the
code [16,18], i.e., trandate the loop over a sequence of calls to efficiently implemented array operationsin C. To
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Table 1
Comparison of various implementations of filling a one-dimensional
array of length 10°. The CPU times have been scaled by the fastest

execution
Implementation CPU time

Example 4, loop in F77 1.0
Example 2, vectorized expression, Numeric 24
Example 2, vectorized expression, numarray 24
Example 3, vectorized expression, calling I(x) 2.6
Example 1, plain loop, Numeric 22
Example 1, plain loop, numarray 29
Example 1, plain loop, with sin/ cos from Numeric 120

Example 1, plain loop, with sin/ cos from numarray 210

vectorize the present loop, we simply evaluate the expression sin(x)*cos(x) + x**2 with x asa NumPy array. This
requiresthe sin and cos functions from the Numeric module for arrays, as shown in the next example. Theloopis
thus effectively implemented as calls to five C functions. sin(x), cos(x), x**2, element-wise multiplication of two
arrays, and element-wise addition of two arrays. Each of these five functions uses an efficient loop over the array
entriesimplemented in C. However, five temporary array objects with intermediate results are built behind the scene
when executing the vector expression sin(x)*cos(x) + x**2.

Example 2 Filling a one-dimensional array by vectorized code.

from Numeric import arange, sin, cos

n = 1000001

dx = 1.0/(n-1)

x = arange(0, 1, dx) # x = 0, dx, 2*dx,
y = sin(x)*cos(x) + x**2

In the present example, there is no need to alocate y beforehand, because an array is created by the vector
expression sin(x)*cos(x) + x**2. Table 1 shows performance results for various vectorized versions and other
implementations of the present array computation. From Table 1 we see that this vectorized version runs about 9
times faster than the pure Python version in Example 1.

The reader should notice that the expression sin(x)*cos(x) + x**2 worksfor both scalar and array arguments. (In
contrast, Matlab requires special operators like .* for array arithmetics.) We can thus write a function I(x), which
evaluates the expression for both scalar and array arguments, asillustrated bel ow.

Example 3 Filling a one-dimensional array by calling a function.

from Numeric import arange, sin, cos, Float
n = 1000001; dx = 1.0/(n-1); x = arange(0, 1, dx)

def I(x):
return sin(x)*cos(x) + x**2

y = I(x)

# could also compute with a (slow) loop:
y = zeros(len(x), Float)
for i in xrange(len(x)):
y[il = I(x[i1)
The function cal I(x[i]) in the above for-loop adds an overhead of about 8% compared with inlining the mathe-
matical expressionsin Example 1. In general, function calls in Python are expensive.

Pitfalls. A word of caution is necessary regarding Examples 1 and 3. In the for-loop in Example 3, we call 1(x]i])
with ascalar argument x[i]. However, the sin and cos functionsthat are imported from Numeric are aimed at array
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arguments. When applied to scalar arguments, these versions of sin and cos functions are much slower than the
similar scalar functions from the math module, typically a factor of 10 for Numeric and 20 for numarray for an
operation like sin(1.2) [15, ch. 4]. A common mistake in scalar Python code is thus to import all the functions and
data from the Numeric module;

from Numeric import *
Suppose we run again the code in Example 1 but drop the statement
from math import sin, cos

The omission is allowed since the statement from Numeric import * also imports sin and cos. This time we will
compute sin(x[i])*cos(x[i]) + x[i]**2 by calling up the vectorized Numeric versions of these functions, which are
much slower than their scalar counterparts from math. For Example 1 the CPU time increases by a factor of 5
shown in Table 1. If we apply numarray instead, the factor is 7. The lesson learned is that vectorized functions
speed up array computations significantly, but may slow down scalar operations. The programmer therefore needs
to be careful about importing the right functions.

Migrating the Computationsto Compiled Code. The most efficient way of computing the x array isto implement
the computationsin Fortran 77. For this purpose, we first write a Fortran subroutine:

subroutine loopl(x, n)
integer n, 1i
real*8 x(n), xi

Cf2py intent(in,out) x

do i =1, n
xi = x(i)
x(1) = sin(xi)*cos(xi) + xi**2
end do
return
end

The only non-standard feature of this subroutine is the comment line starting with Cf2py. This helpsthe trandation
tool F2PY [9] with information about input and output arguments. Here, X is specified as both an input and an output
argument. From Python the loop1 function can be called as

y = loopl(x)
# or
loopl(x) # rely on in-place modifications of x

Note that input variables are arguments and output variables are returned. In the case of loop1(x), the Fortran code
overwrites the input array with values of the output array. The length of the array x is needed in the Fortran code,
but not in the Python call because the length is available within the NumPy array x.

In the Python program x is a NumPy array object, while the Fortran code expects a pointer to a contiguous data
segment and the array size. The tranglation of Python data to and from Fortran datais done by awrapper code. The
tool F2PY can read Fortran source code files and automatically generate the wrapper code. It is the wrapper code
that extracts the array size and the pointer to the array data segment from a NumPy array object and sends these to
the Fortran subroutine. In the present example we may store the loop1 subroutine in afile floops.f and run F2PY
like

f2py -m floops -c floops.f

This command creates an extension module floops containing the wrapper code and the loopl subroutine. The
extension module can be imported as any pure Python module as shown in Example 4.

Example 4 Calling a Fortran function to fill an array.
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from Numeric import arange

n = 1000001; dx = 1.0/(n-1); x = arange(0, 1, dx)
from floops import loopl

y = loopl(x)

For this particular example, we see from Table 1 that migration of the loop to Fortran speeds up the code by afactor
of 2.4 compared to vectorization and a factor of 22 compared to the plain Python loops in Example 1. One should
notice that the relative performance of the various programming techniques depends on the type of mathematical
operations performed inside the loop.

Theloop could also be migrated to C. This requires more human work since we need to explicitly translate Python
objects to and from C. There are tools for automatic generation of the wrapper code for C and C++ code too,
SWIG [8] for instance, but none of thetoolsintegrate Python and C/C++ seamlessly with NumPy arraysas function
arguments. We will display an example of migrating loopsto C in Section 2.3.

2.2. Computations with two-dimensional arrays

Python Loops. One-dimensional arrays appear in aimost all scientific applications, whereas multi-dimensional
arrays are of special interest in linear algebra, image processing, and computations associated with structured grids.
Example 5 below shows how we can compute an array of function values over a uniform two-dimensional grid.

Example5 Evaluating a grid function via loops.

from Numeric import arange, Float

from math import sin, cos

# x[i], y[j]: coordinates of grid point (i,])

u = zeros((len(x), len(y)), Float) # Float array of zeros

def I(x, y):
return sin(x)*cos(y)

for i in xrange(len(x)):
for j in xrange(len(y)):
uli,jl = I(xI[il, yIjl)

Note that a multi-dimensional NumPy array is allocated as a contiguous one-dimensional plain C array. This
enables fast array processing and interfacing with the C code. It isimportant to traverse the array as it is stored in
memory, i.e., row by row. Doing a Fortran-style column by column traversal in Example 5 increases the CPU time
by 15% even in this interpreted |oop, where one might expect lots of other overhead than scattered memory access.
Inlining the 1(x,y) expression showed no efficiency advantage in this particular case.

Vectorization. We may vectorize the code in Example 5 using the same technique as in Example 2. However, the
one-dimensional coordinate arrays x and y must be re-shaped to two-dimensional arrays before the I(x,y) function
can be called with array arguments.

Example 6 Vectorized evaluation of a grid function.

from Numeric import sin, cos
def I(x, y):
return sin(x)*cos(y)

xv = X[:, NewAxis]
yv = y[NewAxis, :]
u = I(xv, yv)
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Table 2
Comparison of various implementations of filling a two-
dimensional grid function of size 1000 x 1000. The CPU
times have been scaled by the fastest execution

Implementation CPU time
Example 9, optimized F77 code 1.0
Example 6, vectorized expression, Numeric 17
Example 6, ctorized expression, numarray 2.7
Example 7, plain double loop in F77 8.2
Example 8, F77 loops with callback to Python 170
Example 5, plain Python loops, Numeric 560
Example 5, plain Python loops, numarray 580

The syntax x[:,NewAXxis] copies the elements in x and adds a second dimension (NewAXxis), such that the array
shape becomes (len(x),1). Similarly, y[NewAXxis,:] makes an array with shape (1,len(y)) where the entries in
the second dimension are a copy of the elements in y. In a three-dimensiona setting we would create yv =
y[NewAXis,:,NewAXxis] with corresponding expressions for the two other coordinate arrays x and z. The same
techniqueis used in Matlab as well. The benefit of vectorization is apparent in Table 2.

Migrating the Computationsto Fortran 77. Filling the two-dimensional array u with function values can be done
in Fortran with the aid of adouble do-loop. Asintheloopl example, wetreat u as an input-output (intent(in,out))
array in the Fortran subroutine. Strictly speaking, u is only an output argument in the present case, but specifying
intent(out) makes the wrapper code allocate the u array in every call. With intent(in,out) we avoid this and get
control of al array memory allocation on the Python side. The Fortran subroutine, here named 1oop2d_1, cals
a Fortran function I(x,y) for evaluating the point values. We refer to [29] for all details regarding the Fortran
implementations used in this paper. In Python, 1oop2d_1 isinvoked as follows.

Example 7 Fortran evaluation of a grid function in Fortran.

from floops import loop2d 1
u = loop2d 1(u, %, V)
Sometimes it would be more flexible to perform a callback to a user-supplied Python function I(x,y), and F2PY
automatically detects such callbacks and provides the necessary code.

Example 8 Fortran evaluation of a grid function in Python.

from floops import loop2d 2
def I(x, vy):

return sin(x)*cos(y)
u = loop2d 2(u, x, y, I)

However, the overhead in doing a callback for every grid point is substantial as can be seenin Table 2.

It turns out that simply moving the Python double loop to Fortran yields a code that is beaten by plain vectorized
NumPy expressions. The vectorized expression I(xv,yv) actually runs 4.8 times faster than the plain Fortran version.
To beat the NumPy code we need to mimic the NumPy operations directly in Fortran. First, we pre-compute
wi" = sina;, thenw{® = cosy;, and finally we invoke a double loop to compute u;,; = wi " w(”. The essenceis
to reduce the number of sin/cos calls to 2n, while the plain double loop in Example 5 (Loop2d_1) needsn 2 calls,
where n is number of coordinates in each space direction. The optimized Fortran subroutine, called 1oop2d_3,
needs scratch arrays, but F2PY has nice support for efficiently creating such scratch arrays only once in the wrapper
code and feeding them to Fortran when needed. From the Python side we invoke the optimized Fortran code (using
internal scratch arrays) exactly as we invoke the plain implementation 1oop2d_ 1:

Example 9 Optimized Fortran evaluation of a grid function in Fortran.
from floops import loop2d 3
u = loop2d 3(u, %, VY)
For the implementation details we refer to the Fortran source code [29]. Table 2 shows that 1oop2d_3 runs

almost twice as fast as the NumPy vectorized code. This example illustrates that migration to compiled code may
not always give a payoff in CPU time unless one is careful with the implementation.
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Table 3
Comparison of various implementations of updating a three-
dimensional, seven-point finite difference stencil on a 100 x 100 x
100 grid. The CPU times have been scaled by the fastest execution

Implementation CPU time

Example 17, stand-alone C program 1.0
stand-alone F77 program 1.0
Example 2.3, loopsin F77 1.0
Example 16, loopsin C 10
Example 2.3, C++ loops with weave.inline 1.0
Example 2.3, vectorized slices with weave.blitz 1.0
Example 12, vectorized slices, Numeric 95
Example 12, vectorized slices, numarray 9.7
Example 11, Psyco-accelerated plain loops, Numeric 340
Example 10, plain loops, Numeric 430
Example 11, Psyco-accelerated plain loops, numarray 1150
Example 10, plain loops, numarray 1330

2.3. Implementation of finite difference schemesin 3D

As another example of array-based computations with grid data, we address the update of a three-dimensional
array using a seven-point stencil. Such computationsfrequently arise in finite difference approximations of Laplace
operators on box-shaped grids. For example, solving the heat equation %1; = V2u by an explicit finite difference
scheme on a uniform box grid leads basically to loops as in Example 10 below.

Plain Python L oops.
Example 10 Python implementation of a seven-point-stencil using for-loops.

for i in xrange(l,nx):
for j in xrange(l,ny):
for k in xrange(l,nz):
uli,j, k] = um[i-1,7j,k]+um[i,j-1,k]+umli,j, k-11 - \
6.0*um[i,j,k]l+um[i+1,j,k]l+um([i,j+1,k]l+umli, ], k+1]

Weremark that theboundary entriesof u, i.e., u(0,j,k), u(nx,j,k), u(i,0,k), u(i,ny,k), u(i,j,0), and u(i,j,nz), typically
need to be updated by some additional computation, but this issue will not be discussed here.

Psyco [21] is akind of just-in-time compiler for pure Python code. We may apply Psyco to the nested loopsin
Example 10 to see if we can gain performance with very little effort. It is assumed that the loopsin Example 10 are
encapsulated in a Python function stencil3D.

Example 11 Psyco-accelerated |oops for a seven-point-stencil.
import psyco

stencil3D psyco = psyco.proxy(stencil3D) # compile
u = stencil3D psyco(u, um) # compute

According to Table 3 the improvement is modest, about 25% when using Numeric arrays and about 15% for
numarray.

Vectorized Stencil. A vectorized version of the plain Python for-loops appears next.

Example 12 Vectorized Python implementation of a seven-point-stencil.
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ul[l:nx,l:ny,1l:nz] = um[0:nx-1,1:ny,1l:nz] +
um[l:nx,0:ny-1,1:nz] +
um[l:nx,1l:ny,0:nz-1] -
6.0*um[l:nx,1l:ny,1:nz]
um[2:nx+1,1:ny,1l:nz] +
um[l:nx,2:ny+1,1:nz] +
um[l:nx,1l:ny,2:nz+1]

~ =+

It should be observed that slicing of array indices, such as 0:nx-1 and 2:nx+1, is heavily used in the above code
segment. Slicing is a powerful property belonging to an array object, useful for extracting a desired portion of the
array entries. We remark that theindex slice 1:nx producesalist containing al theinterior indicesin the z-direction,
i.e, {1,2, ..., nx-1}, so the compact syntax u[1:nx,1:ny,1:nz] means an extraction of all the interior entries of
the three-dimensional array u. Similarly, the index slice 0:nx-1 produces an index list of { 0,1, ..., nx-2}. The
inefficiency of the above vectorized implementation is primarily due to the break-up of the addition into pair-wise
operations and the need for several temporary array objectsto store intermediate results. Thisresultsin overheadin
both execution time and extra memory all ocation/deallocation.

Measurements in Table 3 show that the vectorized implementation in Example 12 is 45 times faster than plain
loops, but still an order of magnitude slower than a pure C or Fortran implementation. Therefore, if the above
seven-point-stencil operation is frequently carried out in a numerical application, the quest for more speed must be
achieved through code migration to a compiled language.

Migration to C++ via Weave. A very simple and convenient way of utilizing compiled code inside a Python
program is to apply Weave [34], which alows “inling’ C++ code. In the present example we express the three
nested for-loopsin C++ code:

Example 13 C++ code for a seven-point-stencil, using weave.inline.

code = """
for (int i=1; i<nx; i++) {
for (int j=1; j<ny; j++) {
for (int k=1; k<nz; k++) {
u(i,j, k) = um(i-1,3,k)+um(i,j-1,k)+um(i,j, k-1) \
- 6.0%um(i,j,k)+um(i+1,J,k)+um(i, j+1,k)+um(i, j, k+1);

}

nnn
err = weave.inline(code, [‘nx’, ‘ny’, ‘nz’, ‘u’, ‘um’],
type converters=converters.blitz, compiler=‘gcc’)

Specifying type converters=converters.blitz makes NumPy arrays being translated to Blitz++
arrays [5,32] in C++. Therefore, we can apply the Blitz++ array syntax in the above loop, e.g., indexing by
standard parenthesis. The weave.inline function takes the C++ code along with a list of al Python variables to
be transferred to C++, creates an extension module, and runs the external C++ code. In the present exampleu is
modified in-placein the C++ code, but it is also possible to return data structures from C++ to Python.

Weave can also be used to compile vectorized array expressionswith slicesto C++ for possibly increased speed:

Example 14 C++ code for a seven-point-stencil, using weave.blitz.

expr = """u[l:nx,l:ny,1:nz] = um[0:nx-1,1:ny,1:nz] + \
um[l:nx,0:ny-1,1:nz] + \
um[l:nx,1:ny,0:nz-1]1 - \
6.0*um[l:nx,1l:ny,1l:nz] + \
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um[2:nx+1,1:ny,1l:nz] + \

um[1l:nx,2:ny+1,1:nz] + \

um[l:nx,1l:ny,2:nz+1]"""
weave.blitz(expr, check size=0)

Note that the check _size=0 argument turns off some array size checksand should not be used before the code
is thoroughly debugged. Both weave.inline and weave.blitz avoid recompilation of the extension module if the
source code has not changed since the last compilation. Hence, the overhead in compilation is only experienced in
thefirst call.

Migration to Fortran. The loops involving the seven-point stencil can of course easily be coded directly in a
compiled language. With Fortran and F2PY we only need to write the following subroutine:

Example 15 Fortran 77 implementation of a seven-point-stencil.

subroutine stencil(u, um, nx, ny, nz)
integer nx, ny, nz
real*8 u (0:nx, 0:ny, 0:nz)
real*8 um(0:nx, 0:ny, 0:nz)
Cf2py intent(in, out) u
integer i, j, k
do k =1, nz-1
do j =1, ny-1

do i =1, nx-1
u(i,j, k) = um(i-1,3,k) + um(i,j-1,k) + um(i,j, k-1)

& - 6*um(i,j, k) +
& um(i+1,3,k) + um(i,j+1,k) + um(i,j, k+1)

end do

end do

end do
return
end

From Python we typically use stencil asfollows:

from floops import stencil
u = stencil(u, um)

Another point of importancefor the performance of Python-Fortran codesisthedifferent storage of multi-dimensional
arraysin C and Fortran. NumPy arrays are implemented in C and naturally appliesthe C storage scheme, where the
first index hasthe slowest variation, and thelast index hasthefastest variation. Fortran employsthe opposite scheme:
thefirst index has the fastest variation, and the last index has the slowest variation. For atwo-dimensional array this
meansthat any array initialized in C or Python (NumPy) must be transposed before being operated in Fortran. F2PY
hides the difference in storage schemes from the user, in the way that the wrapper code makes a transposed array.
However, this convenient hiding of the storage difference requires allocation of extraarrays behind the scene. Inthe
stencil call above, both u and um are copied to transposed versions, but u is returned, so if we send u to stencil
again, no transposing with copy takes place. The um array, however, will always be copied in each call. This might
be crucia if the stencil subroutinein Example 2.3 is called alarge number of times (asis usud).

Transposing an array is avoided by the F2PY generated wrapper code if the array has Fortran storage. Such
storage can be forced by calling

um = floops.as column major_ storage(um)

u floops.as column major storage(u)
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where um and u are the NumPy array objects and floops is the name of the Fortran extension module. 1t is a good
habit to transpose al the multi-dimensional arrays prior to sending them to Fortran. Fortunately, F2PY can make
extension modules write out a message every time the wrapper code allocates an array. In this way we can easily
monitor unnecessary copying that may degrade performance. We refer to [15] and the F2PY manual [9] for more
detailed information on array storage issues for Python-Fortran applications.

F2PY also copiesarrayswhen calling Fortran subroutineswith incompatible array element types. Assumethat we
allocate an array with Float elementsin Python, say by zeros(n, Float), implying that the elements are of double
precision type. This corresponds to real*8 or double precision in Fortran. If we pass this array on to a Fortran
subroutineexpecting asingle precision array (Fortrantypereal*4 or just real), F2PY will transparently copy the data
back and forth. The code works, but there is a potentially significant performance loss because of the copying. The
right way to interface with single precision Fortran code (from a performance point of view) is to work with single
precision arrays in Python too. The corresponding NumPy element typeis called Float32. As already mentioned,
F2PY can report all copying of data in wrapper functions so performance loss due to undesired copying is easily
discovered.

Migration to C. When combining Python with C or C++ code there are no concerns about different storage
schemes. Hence, we might prefer C or C++ for migration of Python loops with multi-dimensional arrays. There
is, unfortunately, no counterpart to F2PY for Python-C/C+-+ integration when NumPy arrays are used as arguments
in functions. This means that we have to write the wrapper code manually. In Example 16 below we present a
C function, to be called from Python, implementing the seven-point stencil. The amount of details is much larger
than in the straight Fortran code from Example 2.3 since we explicitly must convert data between Python object
representations and plain C datatypes. We refer to [2,3,15,30] for explanation of the Python-C interfacing details.

Example 16 C implementation of a seven-point-stencil.

static PyObject *stencil (PyObject *self, PyObject *args)
PyArrayObject *u array, *um array;
double *u, *um;
int i, j, k, nx, ny, nz, offset0, offsetl, pos;

/* parse the input arguments coming from the Python program */
PyArg ParseTuple(args, "OO", &u array, &um_array);

nx = u_array->dimensions[0]-1;
ny = u_array->dimensions[1]-1;
nz = u_array->dimensions[2]-1;
offset0 = (ny+1)*(nz+1);

offsetl = nz+1;

/* get direct access to the data as 1D C arrays */
u = (double*) u array->data;
um = (double* )um array->data;

pos = offset0 + offsetl; /* for skipping the lower x-dir boundary layer */
for (i=1; i<nx; i++) {
for (j=1; j<ny; j++) {
for (k=1; k<nz; k++) {
++pos;
u[pos] = um[pos-offset0] + um[pos-offsetl] + um[pos-1]
-6.0*um[pos] + um[pos+offset0] + um[pos+offsetl] + um[pos+1];
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pos += 2; /* for skipping the two boundary layers in z-dir */
}

pos += 2*offsetl; /* for skipping the two boundary layers in y-dir */

}

return Py Buildvalue(""); /* return None */

}

One can aso return the u_array to the Python code, if desired, but theu_array dataare modified in-place so
the stencil update is available in Python anyway.

To make stencil accessible in a Python program, we assume that the above implementation of the function is
included in a file named cloops.c, which aso must contain an array of function names and pointers to be called
from Python as well as an initializing function for the module. In this case the name of the moduleis set as cloops,
and the moduleis created by compiling the C file and making a shared library file out of it. For the technical details
on writing C extensions involving array objects, we refer to [2,15]. Finaly, to use the C function stencil inside a
Python program, only two lines of Python code are necessary:

from cloops import stencil
stencil(u, um)
# or u = stencil(u, um) if stencil returns the u array

Writing the C function stencil gives us complete control of all details of the Python-C interface, at |east the details
that are essential for the performance. In particular, it is obvious that only pointers are shuffled, i.e., there is no
copying of array data. The C representation of NumPy array objects also has information about the array element
type such that incompatibility between element typesin Python and compiled code is easy to deal with. Arraysare
also stored in the same way in Python and C. The more comprehensive human work with writing C functions may
outweigh “hidden” array allocation in F2PY-generated wrapper code. The bottom line is that one either needs to
understand the details of Python-C interfaces, or the details of how F2PY treats storage and element type i ssues.

We also remark that the NumPy array data appear in a“flat” C array, i.e., as a contiguous chunk of memory when
we access the array in both C and Fortran.

The overhead in interfacing compiled code is evident from Example 16. First the arguments are packed on the
Python side into a Python object (actually atuple), and then that object must be parsed on the C side to extract the
dataas C types. After having performedthe computationsin C, the C datatypes must be converted to a Python object
again. These behind-the-scene conversion steps are the same whether we apply C, C++, or Fortran. However,
Table 3 shows that the overhead in converting data is negligible in the present application.

Stand-AloneC/F77 Programs. Thelast question of the present section iswhether amixed-languageimplementation,
Python-Fortran or Python-C, is able to produce satisfactory computation speed compared with pure C or Fortran
code. To this end, we implement the seven-point-stencil operation entirely in C in Example 17.

Example 17 Pure C implementation of a seven-point-stencil.

for (i=1; i<nx; i++)
for (§=1; j<ny; j++)
for (k=1; k<nz; k++)
ulil [§]1[k] = um[i-11[3] (k] + um[il [§-1]1[k] +
um[i] [j] [k-1] -6.0*uml[i] [§] [k] +
um [i] [J] [k+1] + um[i] [§+1]1 [k] + um[i+1]1I[71]1 [k];

The corresponding Fortran 77 codeis merely amain program calling the Fortran stencil function. We can observe
from Table 3 that the mixed Python-C/C+-+/F77 implementations give optimal speed for this particular example of
seven-point stencil operation, which is approximately ten times faster than that of the vectorized version. The pure
Python implementation using for-loopsis obviously useless in practice.

Regarding user friendliness, we note that all ocating the storage for athree-dimensional array in C requires severa
lines of code (which we did not show in Example 17), in contrast to a single statement in Python. In addition, the
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syntax of indexing one entry in athree-dimensional C array, such as u[i][j][K], is also sightly less user-friendly than
u[i,j,k] in Python.

An efficiency study similar to the one above, but addressing the two-dimensional problem with afive-point stencil,
can befoundin [25].

3. Parallelizing serial Python codes

Before running on any parallel computing platform, aserial program must first be parallelized accordingly. Inthis
section, we will explain how to parallelize seria structured Python computations. Our emphasiswill be on showing
that the high-level programming of Python givesriseto parallel codes of a clean and compact style.

3.1. Message-passing based parallelization

There are several different programming approaches to implementing parallel programs; see e.g. [11,35]. In this
paper, however, we have chosen to restrict our attention to message-passing based parallelization [12,19]. Thisis
because the message-passing approach is most widely used and has advantages with respect to both performanceand
flexibility. We note that a message between two neighboring processors contains smply a sequence of data items,
typically avector of numerical values.

As a concrete example of message passing programming, let us consider the simple case of parallelizing a
five-point-stencil operation, which is in fact a two-dimensional simplification of Example 10. That is, the stencil
operation is carried out on the entries of a two-dimensional global array um, and the results are stored in another
two-dimensional global array u.

Work Load Division. Thefirst step of parallelizing the five-point-stencil operation is to divide the computational
work among P processors, which are supposed to forman N, x N, = P lattice. A straightforward work division
is to partition the interior array entries of u and um digointly into P = N, x N, small rectangular portions,
using horizontal and vertical “cutting lines’. If the dimension of u and um is (n, + 1) x (n, + 1), then the
(ng — 1) x (ny — 1) interior entries are divided into N, x N,, rectangles. For a processor identified by an index
tuple (I,m), where0 < I < N, and 0 < m < N,, it is assigned with (n’, — 1) x (nJ* — 1) interior entries. Load
balancing requires that the processors have approximately the same work amount, i.e.,

nh =1~ (ng —1)/N, and n;’ -1~ (n, —1)/N,.

Local Data Structure. The above work division means that processor (I, m) is only responsible for updating
(nl, —1) x (ny' — 1) entries of u. To avoid having to repeatedly borrow um values from the neighboring processor
when updating those u entries lying immediately beside each internal boundary, as depicted in Fig. 1, the data
structure of the local arrays should include one layer of “ghost entries” around the (n, — 1) x (nJ" — 1) assigned
entries. That is, two local two-dimensional arraysu_1loc andum_loc, bothof dimension (n}, + 1) x (n +1), are
used on processor (I, m). Note that no processor needs to construct the entire u and um arrays, and that computing
the layer of ghost entriesin u_ 1oc isthe responsibility of neighboring processors.

L ocal Computation. Supposethat the dimensionsn!, andn™ arerepresented asvariablesnx_loc andny locin
aPython program. The parallel execution of afive-point-stencil operation, distributed on P = N, x N, processors,
can be implemented as the following Python code segment:

Example 18 Local Python implementation of a five-point-stencil .

u_loc = zeros((nx _loc+l,ny loc+l), Float)
um_loc = ones((nx_loc+l,ny loc+l), Float)
for i in xrange(l,nx loc):
for j in xrange(l,ny loc):
u_loc[i,j] = um loc[i,j-1] + um loc[i-1,3] \
-4*um_loc[i,j] + um loc[i+1,Jj] + um_ loc[i,j+1]
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Fig. 1. An example of “data sharing” on the internal boundaries between neighboring processors for a parallel five-point-stencil operation.

We remark that the difference between Example 18 and its corresponding global implementationisthat nx loc
andny loc replace nx and ny. Moreover, the local array objectsuse a* loc” suffix to their namesto indicate that
they contain only a portion of the global arraysu and um.

Need for Communication. After the code segment in Example 18 is concurrently executed on each processor, we
have only updated the (nl, — 1) x (ny' — 1) interior entriesof u_loc. Inatypica parale application, theu_loc
array will probably participatein later computations, with asimilar role asthat of theum loc array in Example 18.
Therefore, we also need to update the layer of ghost entriesin u_loc. This additional update operation means
that two and two neighboring processors exchange values across their internal boundary. More specifically, when
processor (I, m) hasaneighbor (I + 1, m) in the upper z-direction (i.e., I < N, — 1), processor (I, m) needsto send
avector containing valuesof u_loc [nx_loc-1, :], asamessage, to processor (I + 1,m). In return, processor
(1,m) receives a vector of values from processor (I + 1, m), and these received values are assigned to the entries of
u_loc [nx_loc, :]. This procedure of message exchange across an internal boundary has also to be carried out
with each of the other possible neighbors, i.e., processors (I — 1, m), (I, m + 1), and (I, m — 1).

3.2. Python implementation of parallelization tasks

Although the parallelization example from Section 3.1 is extremely simple, it nevertheless demonstrates the
generic tasks that are present in any parallel numerical code. Using an abstract description, we can summarize these
generic tasks as follows:

1. Work load partitioning, i.e., divide the global datainto local datato be owned exclusively by the processors.

2. Serial computations using only local dataitems on each processor.

3. Preparation of the outgoing messages, i.e., extract portions of some local data into vectors of values, where

each vector works as a message.

M essage exchange between neighboring processors.

5. Extraction of the incoming messages, i.e., update portions of some local data (e.g. the ghost entries) using
values of the incoming messages.

»
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Of the above five generic tasks, the first task normally only needs to be executed once, in the beginning of a
parallel application, whereas the second task concerns purely serial codes. Therefore, under the assumption that the
serial codes have good serial performance, the overall performance of a parallelized application depends heavily on
the last three tasks. We will show in this section how these communication related tasks can be implemented in
Python. The efficiency of the parallel Python implementation is studied by detailed measurementsin Section 4.3.4.

Our attention will be restricted to parallelizing numerical applications that are associated with structured com-
putational meshes. This is because ensuring the parallelization quality of an unstructured computing application
requires the same principles as for a structured computing application. Like a structured computing application,
an unstructured computing application also uses arrays to constitute its data structure. The typical difference is
that an unstructured computing application only uses flat one-dimensional arrays, and traversing the entries of an
array is often in an unstructured fashion, and the number of neighbors may also vary considerably from processor to
processor.

Python MPI Bindings Through Pypar. Let us start with looking at message exchanges between the processors
in a Python program. For the purpose of efficiency, we have chosen the pypar package because of its light-weight
implementation and user-friendly syntax. As we have mentioned before, the pypar package provides a Python
wrapper of a subset of the standard MPI routines. The underlying implementation of pypar is done in the C
programming language, as an extension module that can be loaded into Python. The following is an example of
using the two most important functionsin pypar, namely pypar.send and pypar.receive:

Example 19 An example of sending and receiving messages using pypar.

import pypar # import the pypar module

myid = pypar.rank() # rank of a processor

numprocs = pypar.size() # total number of processors

msg _out = zeros(100, Float) # a NumPy array to be communicated
if myid ==

pypar.send (msg out, destination=1)
msg _in = pypar.receive(numprocs-1)
else:
msg _in = pypar.receive(myid-1)
pypar.send (msg out, destination=(myid+1)%$numprocs)

pypar.finalize() # finish using pypar

In the above ssimple example, each processor sends out a message to its “downstream” neighbor and receives a
message from its “upstream” neighbor. Compared with an equivalent C implementation, we can see that the syntax
of the pypar implementationis greatly simplified. Thereason isthat most of the argumentsto the send and receive
functionsin pypar are optional and have safe default values. Of particular interest to parallel numerical applications,
the above example demonstrates that a NumPy array object can be used directly in the send and receive functions.
However, to invoke the most efficient version of the send and receive commands, which avoidinternal safety checks
and transformations between arrays and strings of characters, we must assign the particular argument bypass with
vaue True. Thatis,

pypar.send (msg out, destination=to, bypass=True)
msg _in = pypar.receive (from, buffer=msg in buffer, bypass=True)

We remark that using bypass=True in apypar.receive function must also be accompanied by specifying amessage
buffer,i.e, msg_in buffer intheabove example. The message buffer is assumed to be an existing Python array
object of appropriate dimension. In this way, we can avoid the situation that pypar creates a new internal array
object with storage allocation every time the receive function isinvoked. In Section 4.3.1, measurements will show
that the pypar-induced overhead of the Python MPI-wrapper is of an acceptable low level.
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Array Slicing in Preparing and Extracting M essages. When parallelizing array-based structured computations,
we only use portions of alocal array (such as its ghost layer) in the message exchanges. The dlicing functionality
of NumPy arraysis very important for both the task of preparing an outgoing message and the task of extracting an
incoming message. The resulting Python implementation is extremely compact and efficient. Let us give a pypar
implementation of the operation that updates the ghost layer of the local two-dimensional array u_loc, whichis
needed after executing the code segment in Example 18.

Example 20 Updating the ghost layer of a local two-dimensional array.

if has upper x neighbor:
pypar.send (u_loc[nx loc-1,:], destination=upper x neighbor id,
bypass=True)
u_loc[nx loc,:] = pypar.receive (upper_ x neighbor id, \
buffer=buffer x, bypass=True)

if has lower x neighbor:
pypar.send (u_loc([l,:], destination=lower x neighbor id, bypass=True)
u_loc[0,:] = pypar.receive (lower x neighbor id, \
buffer=buffer x, bypass=True)

if has upper_ y neighbor:
pypar.send (u_loc[:,ny loc-1], destination=upper y neighbor id,
bypass=True)
u_loc[:,ny loc] = pypar.receive (upper_y neighbor id, \
buffer=buffer y, bypass=True)

if has_lower_ y neighbor:
pypar.send (u_loc[:,1], destination=lower y neighbor id, bypass=True)
u_loc[:,0] = pypar.receive (lower y neighbor id, \
buffer=buffer y, bypass=True)

It should be noted that the above exampl e has merged together the three generic tasks, namely preparing outgoing
messages, exchanging messages, and extracting incoming messages. The actual sequence of invoking the send
and receive commands may need to alternate from processor to processor for avoiding dead locks; see e.g. [12].
It is of vital importance for the performance to use the dlicing functionality to prepare outgoing messages, instead
of using for-loops to copy a desired slice of a multi-dimensiona array, entry by entry, into an outgoing message.
Similarly, extracting the values of an incoming message should also be accomplished by the dicing functionality.
For areceive command that is frequently invoked, it is also important to reuse the same array object as the message
buffer,i.e, buffer xforthez-directioncommunicationandbuffer y forthey-directionin Example20. These
buffer array objects should thus be constructed once and for al, using a contiguous underlying memory storage. The
measurements in Section 4.3.4 will show that the array slicing functionality keeps the extra cost of preparing and
extracting messages at an acceptably low level. Thisisespecially important for parallel three-dimensional structured
computations.

A Simple Python Class Hierarchy. We can observe that four of the five generic tasks in most parallel numerical
applications are independent of the specific serial computations. Therefore, to simplify the coding effort of par-
allelizing array-based structured computations, we have devised a reusable class hierarchy in Python. The name
of its base class is BoxPartitioner, which provides a unified Python interface to the generic task of work load
partitioning (plus internal data allocation) and the three generic communication-related tasks. I1n addition to several
internal variables, two of the major functions in BoxPartitioner are declared as prepare communication
and update internal boundaries. Thefirst function is for dividing the global computational work and
preparing some internal data structures (such as allocating data buffers for the incoming messages), whereas the
latter is meant for the update operation as described in Example 20.
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Based on BoxPartitioner, three subclasses have been developed, namely BoxPartitionerlD, BoxPartitioner2D,
and BoxPartitioner3D. Thesefirst-level subclasses are designed to handl e space dimensi on-specific operations, such
as extending the prepare communication function in class BoxPartitioner. However, all the MPI-related
operations are deliberately left out in the three first-level subclasses. Specific MPI operations are introduced in
concrete second-level subclasses. For example, PyMPIBoxPartitioner2D and PyParBoxPartitioner2D are two
subclasses of BoxPartitioner2D, using the two different M Pl wrapper modules. With the BoxPartitioner hierarchy,
theparallel coding effort isreduced to (1) instantiating an object of asuitable second-level subclassof BoxPartitioner
at the start of the program and (2) inserting calls to the functions of BoxPartitioner at appropriate locations.

As a complete parallelization example, let us consider again the parallel execution of the five-point-stencil
operation. Thistime we assume that the global um array contains the following values:

umy; ; :mf +2y;, m = nzx’ Yj = ﬁ]y

In the following example, we put the code segment from Example 18 into a complete parallel Python program,

where the chosen second-level subclass is PyParBoxPartitioner2D.

Example 21 A complete Python program using PyParBoxPartitioner2D.

from Numeric import arange, zeros, Float
nx = 1000 # number of global cells in x-dir

ny = 1000 # number of global cells in y-dir

Nx = 4 # number of procs in x-dir

Ny = 4 # number of procs in y-dir

dx = 1.0/nx # help variable

dy = 1.0/ny # help variable

from BoxPartitioner import * # pypar is imported inside BoxPartitioner

myid = pypar.rank ()
numprocs = pypar.size ()
box = PyParBoxPartitioner2D (my id=my id, num procs=numprocs, \
global num cells=[nx,ny], num parts=[Nx,Ny])
box.prepare communication () # dividing work load etc

nx_loc,ny loc = box.get num loc cells () # dimensions of local arrays
lo ix0,lo ixl = box.get map lower idx () # local->global mapping info
u_loc = zeros((nx loc+l,ny loc+l), Float) # local array allocation
um_loc= zeros((nx_loc+l,ny loc+l), Float) # local array allocation

for i in xrange(0,nx loc+1): # initialization of um loc
for j in xrange(0,ny loc+1):
xi = (lo_ix0+1i)*dx; yj = (lo_ix1l+j)*dy

um_loc[i,j] = xi**2 + 2.0*yj
for i in xrange(l,nx loc): # local computation
for j in xrange(l,ny loc):
u _loc[i,j] = um loc[i,j-1] + um loc[i-1,3] \

-4*um_loc[i,j] + um_loc[i+1,j] + um_loc[i,j+1]

box.update internal boundaries; # update ghost layer of u loc

In Example 21, get _num loc cells andget map lower idx aretwo small but very useful functions
of BoxPartitioner. They are used to access the work load division results, which become available after the
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prepare communication functionisinvoked. Regardingtheget map lower idx functionin particular,
thereturnvaluelo 1ixo tells, for thez-direction, fromwhich positioninaglobal array thelocal array correspondsto.
(Thereturnvaluelo ix1 isforthey-direction.) Therefore,get num loc cellsandget map lower idx
together determine a mapping from the entriesin alocal array to thosein a (conceptually existing) global array. We
remark thet the values of n, = n, = 1000 and N, = N, = 4 (i.e., P = 16) are hard-coded in Example 21, but it is
straightforward to modify the program to accept arbitrary values of n .., n,,, N, and N,, at runtime.

4. Experimentsand measurements

In this section, the findings from the previous sections will be used in parallelizing a Python program for solving
partia differential equations. Our focus will be on comparing the performance of mixed-language (Python-C
and Python-Fortran) implementations against that of an implementation in pure C. It will be shown that the three
implementations are fully comparable with respect to both serial and parallel performance.

The purpose of this section is to evaluate the performance of parallel Python codein areal scientific application.
Considering numerical solution of partial differential equations by finite difference, volume, or el ement methods on
structured grids, the most important type of operation from a performance point of view is the action of a stencil on
agrid function. This action occursin explicit finite difference schemes, matrix-vector productsin Krylov subspace
methods [ 7] useful for implicit schemes, as well as restriction, prolongation, and smoothers in multigrid solvers or
preconditioners[6]. Even in complicated multi-physics codes, applying a stencil on the grid is usually the primary
performance bottleneck. To study the efficiency of stencil actions we have therefore chosen an application where
this action constitutes the entire computational kernel: alinear wave equation solved by an explicit finite difference
scheme.

We remark that although the chosen mathematical model and numerical schemeare very simple, the measurements
obtained in Section 4.3 are sufficiently representative for parall€elizing array-based structured computations. Thisis
because the generic parallelization-rel ated tasks remain the same for more complicated programs. In fact, asimple
parallel program is best at revealing the communication overhead induced by Python, as more complicated parallel
programstend to have a higher computation/communicationratio.

4.1. Mathematical model and numerical strategy

The mathematical problem reads
O?u(x,t)

ot?
u(x,t) = g(x,t) ono, 2
where ¢ is a constant representing the wave speed, and the coordinates x are in either two or three space dimensions.

The above mathematical model Egs (1)—(2) isto be supplemented with initial conditions of the form:

du(z,0)

ot

The numerical scheme of interest here is of the explicit type, which trandates into the following scheme for
stepping forward one time step in the three-dimensional case:

+1 _ -1 !
Uy g+ 2U

B0,k
2
, At

= AV2%u(z,t) + flx,t) inQ, 1)

=0 and wu(x,0) = I(x). (3)

u

l l l
+c Ax? (Uiij,k - 2ui,j,k + ui+1,j,k)
At?
+ ¢ Ay? (Ué,jq,k - 2ué,j,k + Ué,jq,k) (4)
At?

2 l l l
+¢ o Wiy = 200k + )

+ Ath(xia Yjs 2k lAt)
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Here, we have assumed that the superscript ! indicates the time level and the subscripts i, j, k& refer to a uniform
spatial computational mesh with constant cell lengths Az, Ay, and Az.

4.2. Computational kernels

4.2.1. Pythonimplementations

In a pure Python serial implementation using while- and for-loops, the entire time stepping procedure of the
three-dimensional numerical scheme Eq. (5) looks like:

while t <= tstop:

t_old = t;

t +=

dt

# update all inner points:
for i in xrange(l,nx):
for j in xrange(l,ny):

for k in xrange(l,nz):

#

# i=0, loop
# i=nx, loop
# j=0, loop
# j=ny, loop
# k=0, loop
# k=nz, loop

uli, ]

over
over
over
over
over
over

(k]

all
all
all
all
all
all

# data shuffle before

tmp = um2; u

m2 =

um;

= - um2[i,j, k] + 2*um[i,j, k] + \
Ccx2*(um[i-1,7,k]-2*um([i,J, k] +um[i+1,7,k])+ \
Cy2*(um[i,j-1,k]-2*um([i,j, k] +um[i,j+1,k])+ \
Cz2*(um[i,j,k-11-2*um([i,j, k] +um[i,, k+1]1)+ \
at2*f(x[i1, v[31, =zlkl, t_Old)

enforce boundary condition (real codes not listed):

j,k; uli,j, k] = glxI[i]l, yI[jl, zl[k]l, t)
j,k; uli,j, k]l = gxI[i]l, yI[jl, zlk], t)
i,k; uldi,j, k]l = gxI[il, yI[jl, =z[kl, t)
i,k; uli,j, k]l = gxI[il, yI[jl, zl[kl, t)
i,3; uldi,j, k]l = gxI[il, yI[jl, z[k]l, t)
i,3; uldi,j, k]l = gxI[il, yI[jl, zl[kl, t)

continuing the next time step

um = u; u = tmp

Here, the three-dimensional arrays u, um, and um2 refer to w!*!, !, u!~", respectively. The variables Cx2,
Cy2, Cz2, dt2 contain the constant values c2At? /Ax?, c2At? /Ay?, c2At? /A2, and At?. For simplicity of the
presentation, we have skipped the part of enforcing the boundary condition in the above code segment. Moreover, it
should be noted that on the final line of “ data shuffle”, only the references of the array objects are shuffled, without
actually copying the contents of the arrays between each other.

For a vectorized implementation, the Python code segment will ook like:

while t <= tstop:
t old = t; t += dt

# update all inner points:

ull:nx,1l:ny,1:nz] = - um2[l:nx,1l:ny,1l:nz] + 2*um[l:nx,1l:ny,l:nz]l+ \
Cx2*(um[0:nx-1,1:ny,l:nz]-2*um[l:nx,1l:ny,l:nz]+um[2:nx+1,1:ny,1:nz])+\
Cy2*(um[l:nx,0:ny-1,1:nz]-2*um[l:nx,1l:ny,l:nz]+um[l:nx,2:ny+1,1:nz])+\
Cz2*(um[l:nx,1:ny,0:nz-1]1-2*um[l:nx,1l:ny,l:nz]+um[l:nx,1:ny,2:nz+1]1)+\
dt2*f(xv[l:nx,1l:ny,1l:nz],yv[l:nx,1l:ny,1l:nz],zv[l:nx,1l:ny,1:nz],t old)

# enforce boundary conditions:

i = 0; uli,:,:1 = glxIi],

yi:

,NewAxis], z[NewAxis,:], t)
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i =nx; uli,:,:] = gx[il, yI[:,NewAxis], z[NewAxis,:], t)
j = 0; ul:,3,:] = gxI[:,NewAxis], y[j]l, z[NewAxis,:], t)
j = ny; ul:,3,:] = gx[:,NewaAxis], y[jl, z[NewAxis,:], t)
k = 0; wul:,:,k] = gx[:,NewAxis], y[NewAxis,:], zl[k], t)
k = nz; ul:,:,k] = gx[:,NewAxis], y[NewAxis,:], zl[k], t)

# data shuffle before continuing the next time step
tmp = um2; um2 = um; um = u; u = tmp

wherethe additional three-dimensiona arraysxv,yv, and zv arisefrom “reshaping” three one-dimensional coordinate
arrays x, y, and z as indicated in Example 6. Moreover, we remark that g is a Python function that enforces the
boundary condition (2) and allows vectorized executions.

4.2.2. Mixed-language implementations

As we have learned from Examples 10-17, vectorization will not produce sufficient efficiency for this type of
computations. So further optimization lies in a mixed-language implementation of the computational kernel. This
issimilar to the stencil function in Section 2.3, so we do not list the content of the migrated C or Fortran functions
here.

The main extension in the wave simulation application is that we call the sourceterm f(x, y, z, t) as a part of the
scheme inside the loop. When this f function is implemented in compiled code performance is ensured. However,
it is often convenient to supply such data as a Python function. Callback to Python from Fortran is automatically
generated by F2PY if f isprovided asargument to stencil, whilein the C version of stencil callbacksto Python must
be coded manually. Unfortunately, point-wise callbacks inside loops are extremely expensive [15, ch. 9,10]. There
exist several techniques[15, ch. 9,10] that can rapidly feed f from Python to stencil, but to avoid the complexity of
clever callbacksin the timings of this paper we have simply chosen to specify f in compiled code and by-pass the
whole prablem.

The previously listed while-loops are not much changed after migrating the code to compiled languages: the
Python loops over the internal grid points or the vectorized slice over the same points are replaced by acal like

u = extension module.update interior pts(u, um, um2, X, y, z,
Cx2, Cy2, Cz2, dt2, t_old)

For the Fortran version it is smart to force u, um, and um2 to have column major storage before the first call.
Otherwise there will be some extra copying during the first time steps until al three arrays have been returned from
the extension module function (recall that we switch pointers, e.g., um pointsto u at the end of each time level).

4.2.3. Parallelization

During the parallelization, the principles presented in Sections 3 apply directly to this type of explicit finite
difference schemes. The main ingredients are (1) the global computational mesh is divided into a lattice of
P =N, xNyorP =N, x N, x N, processors, (2) each processor only constructsitslocal array objectsincluding
the ghost layers, (3) during each time step, message preparation-exchange-extraction is carried out after the local
computations are finished.

Using classPyParBoxPartitioner2D or classPyParBoxPartitioner3D, which have been explainedin Section 3.2,
we are able to straightforwardly transform a serial Python wave simulation program into a parallel one. The
parallelization is done in exactly the same way as in Example 21. That is, an object of PyParBoxPartitioner2D
or PyParBoxPartitioner3D isinstantiated in the beginning, whereas the functionsprepare communication,
get num loc cells,andget map lower idx areused to construct the local arrays. Regarding the time
usage by this part of parallelization, the overhead associated with work load division is completely negligible, due
to the ease of load balancing for structured data.

The needed communicationsimply invokestheupdate internal boundaries functionfor thedistributed
u array during each time step. Almost all the MPI details are hidden from the parallel program. On the basis of the
serial Python wave simulation program, the parallel program needs to insert fewer than twenty function calls to the
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Table 4
Comparison between C-version MPI and pypar-layered
MPI on a Linux-cluster, with respect to the latency and
bandwidth

Latency Bandwidth

C-version MPI 133 x 1076s  88.176 Mbit/s
pypar-layered MPI 225 x 10~%s  88.064 Mbit/s

BoxPartitioner class hierarchy. The amount of migrated code is considerably smaller than the remaining code in
Python, and in more complicated programsthe percentage of the migrated code is typically below 10%, where pure
Python handles many “book-keeping” tasks. Regarding the time usage, a dissection of the communication overhead
will be given in Section 4.3.4.

4.3. Measurements

4.3.1. Ping-pong test

First, we compare the actual performance of the C-version MPI and pypar-layered MPI. Two ping-pong test
programs are used, namely pytiming and ctiming.c, which are provided in the pypar distribution [23]. Both test
programs measure the time usage of exchanging messages of different sizes between two processors. Based on the
obtai ned time measurements, the actual values of latency and bandwidth are estimated using aleast squares strategy.
Table 4 thus lists the estimated latency and bandwidth values for C-version MPI and pypar-layered MPI. We can
observe that there is no difference between C and pypar with respect to the actual bandwidth, which is quite close
to the its theoretical peak value. Regarding the latency, it is evident that the extra Python layer of pypar resultsin
larger overhead.

We can also mention that a similarly implemented Python- pyMPI ping-pong test program reports a considerably
larger latency value and a significantly lower bandwidth value. Thisisdueto thefact that pyMPI treats array objects
as ordinary Python objects. The current implementation of pyMPI (version 2.0a5) is evidently not suitable for
high-performance parallel computing yet.

4.3.2. Two-dimensional wave simulations

Two globa computational meshes 1000 x 1000 and 2000 x 2000 are chosen for the two-dimensional simulations.
For each global mesh, the value of P is varied between 1 and 16. Table 5 reports the wall-clock time measurements
(in seconds) of the entire while-loop, i.e., the time-stepping part of solving the wave equation. We remark that
the number of time steps is determined by the global mesh size, independent of P. The speed-up results use the
measurements associated with P = 1 (free of communication overhead) as the reference.

We can observe from Table 5 that the wall-clock time consumptions of all three implementations are of the same
level. The mixed Python-Fortran implementation is best for small values of P, while the performancerelativeto the
Python-C implementation drops for large values of P.

Comparing the mixed Python-C implementation with the pure C implementation, we can see that the parallel
performance of mixed Python-C scales slightly better than that of pure C for these two-dimensional simulations.
There are at least two reasons for this somewhat unexpected behavior. First, the Python-C implementation has a
better computation/communication ratio, due to the overhead of repeatedly invoking a C function and executing the
while-loop in Python. We note that this type of overhead is also present when P = 1. Regarding the overhead
associated only with communication, we recall that it consists of three parts: preparing outgoing messages, message
exchange, and extracting incoming messages, see Section 3.2. The larger latency value of pypar-MPI (than that
of C-MPI) thus concerns only the second part, it may have an amost invisible impact on the overall performance.
In other words, care should be taken to implement the message preparation and extraction work efficiently, and the
index dlicing functionality of Python arrays clearly has sufficient efficiency for these purposes; see Section 4.3.4.
Second, the better speed-up results of the mixed Python-C implementation may sometimes be attributed to the cache
effects. To understand this, we have to realize that any mixed Python-C implementation always uses more memory
than its pure C counterpart. Consequently, the mixed Python-C implementation has a better chance of letting bad
cache use “spoail” its seria (P = 1) performance, and it will thus scale better in some special caseswhen P > 1.
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Table5
A comparison of the two-dimensional performance between three different implementa-
tions: mixed Python-Fortran, mixed Python-C, and pure C

Mixed Python-Fortran Mixed Python-C Pure C
P Wall-time  Speedup Wall-time  Speedup Wall-time  Speedup
ng = ny = 1000; 2828 time steps
1 220.02 N/A 268.62 N/A 229.64 N/A
2 115.56 1.90 146.62 1.83 119.66 1.92
4 90.21 244 88.69 3.03 73.76 311
8 46.36 475 39.83 6.74 43.27 531
12 32.71 6.73 26.44 10.16 24.03 9.56
16 26.22 8.39 23.00 11.68 23.39 9.82
ng = ny = 2000; 5656 time steps
1 1727.99 N/A 2137.18 N/A 1835.38 N/A
2 885.41 1.95 1116.41 191 941.59 1.95
4 673.98 2.56 649.06 3.29 566.34 324
8 347.90 4.97 371.98 5.75 327.98 5.60
12 195.08 8.86 236.41 9.04 227.55 8.07
16 197.23 8.76 193.83 11.03 175.18 10.48
Table 6

A comparison of performance between amixed Python-C
implementation and a pure C implementation for simula-
tions of athree-dimensional wave eguation

Mixed Python-C PureC
P Wall-time  Speedup Wall-time  Speedup
ng = ny = n. = 100; 346 time steps
1 47.75 N/A 50.11 N/A
2 29.62 161 32.30 155
4 16.47 2.90 16.16 3.10
8 10.59 451 9.97 5.03
12 8.49 5.62 8.55 5.86
16 7.31 6.53 7.27 6.89
ng = ny = n, = 200; 692 time steps
1 735.89 N/A 746.96 N/A
2 426.77 172 44151 1.69
4 259.84 2.83 261.39 2.86
8 146.96 5.01 144.27 5.18
12 112.01 6.57 109.27 6.84
16 94.20 7.81 89.33 8.36

4.3.3. Three-dimensional wave simulations

Similar to the two-dimensional simulations, two global computational meshes 100 x 100 x 100 and 200 x 200 x
200 are used for the three-dimensional simulations. Table 6 reportsthe corresponding wall-clock time measurements
(in seconds).

It can be observed from Table 6 that the wall-clock time consumption associated with the mixed Python-C
implementation is again of the same level as the pure C implementation. The exceptionally good seriad (P = 1)
performance of the mixed Python-C implementation is due to the relatively expansive triple indexing used in the
pure C implementation (such as u[i][j][k] in Example 17) against the single indexing used in the migrated C function
(see Example 16). For the seria three-dimensional simulations, this disadvantage of the pure C implementation
is clearly larger than Python-C implementation’s overhead of repeatedly invoking a C function and executing the
while-loop in Python. When P > 1, the pure C parallel implementation scales better than the mixed Python-C
parallel implementation for these three-dimensional cases, unlike the two-dimensional results reported in Table 5.
Also as expected, the speed-up results associated with the 200 x 200 x 200 global mesh are better than those
associated with the 100 x 100 x 100 mesh. We must remark that the relatively poor speed-up results, for both pure
C and mixed Python-C implementations, are due to the relatively small computation/communication ratio in these
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three-dimensional simulations, plus the use of blocking MPI send/receive routines [10]. The slow communication
speed of the Linux cluster also considerably affects the scalability.

4.3.4. Dissection of the communication cost

To understand better the speed-up results obtained in Tables 5 and 6, | et us“ dissect” the communication overhead
of update internal boundaries, according to the three generic communication-related tasks described in
Section 3.2:

— Task 3: preparing the outgoing messages, for which a 3D example of filling an outgoing message can be:
upper x out msg = u[nx loc-1,:,:]
Weremark that upper x out msgisatemporary 2D array providing only anew “view” of the 3D array u.
No storage allocation or data copying takes place.
— Task 4: exchanging the messages using pypar, for which a 3D example can be:
pypar.send (upper_ x_out msg, destination=upper x neighbor id, \
bypass=True)
pypar.receive (upper x neighbor id, buffer=x in buffer, \
bypass=True)
Note that the array entries that are pointed by upper x out msg are not contiguous in memory, the
pypar.send command thus needsto internally copy the content of upper x out_ msg into acontiguous 1D
array beforesendingit out. Thisresultsin larger overhead than sending amessage with contiguous storage, such
asmeasured in Section 4.3.1. Wealsoremark that x_in buffer isapre-allocated 2D array with contiguous
storage, which is allocated once and for all by the prepare communication function.
— Task 5: extracting the incoming messages, for which a 3D example of handling an incoming message can be:
ulnx loc,:,:] = x in buffer

Table 7 shows such adissection of the communication overhead dueto theupdate internal boundaries
function. The table investigates how the time consumption of each update internal boundaries cal is
divided into the three generic tasks, as P varies. As a comparison, we aso show the dissection of a corresponding
C-MPI implementation of update internal boundaries. In respect of programming, the Python-pypar
implementation is much more compact, because the C-MPI implementation uses explicit for-loops for preparing
and extracting the messages. |n respect of performance, the C-MPI implementation is understandably better, but
not by much. Thisis due to the efficient array slicing functionality and that the additional overhead of the pypar
MPI wrapper is of alimited size (see Table 4). It can be observed in Table 7 that the difference between the C-MPI
implementation and the Python- pypar implementation is smaller for the 3D case, because alarger volume of data
is exchanged (despite an often larger number of messages). We aso remark that the favorable Python- pypar
measurements for Task 3 (especially in 3D) are due to the fact that the cost of data copying is hidden in Task 4 of
the Python- pypar implementation.

4.3.5. Some comments

It should be noted that non-blocking communication routines can in principle be used for improving such smple
parallel applications. For example, in the pure C implementation, routinessuch asMPI_Isend and MPI Irecv
may help to overlap communication with computation and thus hide the overhead of communication. At the
moment of this writing, the pypar package has not implemented such non-blocking communication routines,
whereas pyMPI has non-blocking communication routines but with slow performance. Since the experimentsin
this paper are meant to provide a precise understanding of the size of the Python-induced communication overhead,
we have deliberately sticked to blocking communication routines in our pure C implementations, which give the
matching measurements for comparison. Besides, non-blocking communication has limited use in the general
case of unstructured computations, so investigating the efficiency of blocking communication routinesin Python is
important for real-life applications.

Regarding the parallelization of unstructured computations, we believe that the array slicing functionality should
also be used for efficiency, instead of writing for-loops in pure Python. The task of work partitioning and load
balancing will become more difficult, for which a mixed language implementation is necessary. This is because
there already exist several high-quality partitioning software packagesin Fortran or C.
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Table 7
Dissecting the communication overhead (in seconds) of each update internal boundaries call
into three generic tasks

Python + pypar C+ MPI
P Task3 Task4 Task5 Sum Task3 Task4 Task5 Sum
update internal boundariesin2D;n; = ny = 2000
2 9495 341e3 120e4 3.63e3 7.0le5 323e3 950e5 3.39%3
4 96765 4493 364e4 4.96e3 158e-4 3.69e-3 2194 4.06e-3
8 7.33e5 467e3 234e4 4.98e3 942e-4 26le3 6.54e4 4.20e3
12 7.67e5 3353 357e4 3.78e3 7.06e-4 217e3 525e4 3.40e3
16 1.72e4 3.04e3 253e4 3.47e3 3194 2353 12le4 2793
update internal boundariesin3D;n; = ny = n. = 200
2 4894 586e2 3233 6.23e2 382e-3 587e2 348e3 6.60e-2
4 773e4 62562 36le3 6.6%2 4.00e-3 59662 3.10e3 6.68e-2
8 131e3 530e2 573e3 6.00e2 1.00e-3 4.84e-2 383e3 532e2
12 1.3%3 b565e2 4.17e3 6.20e2 145e-3 525e2 3.05e-3 5.70e2
16 1.30e3 546e2 1.70e-3 5.66e-2 8.27e-4 50562 143e3 5.28e2

5. Concluding remarks

The discussion and analysis presented in Sections 2 and 3, together with the measurements in Section 4.3, have
given us reasonsto believe that Python is sufficiently efficient for scientific computing. However, “Python” implies
in this context the core language together with the Numerical Python package (plus other useful scientific packages)
and frequent migration of nested loops to C/C++ and Fortran extension modules. In addition, one must avoid
expensive constructs in Python. That is, data structures should use Python arrays and computation-intensive code
segments should be implemented and carried out in compiled code, either in aready-madelibrary such as Numerical
Python or in tailored C/C++ or Fortran code. Moreover, the fully comparable measurements of Python-related
parallel wave simulations against a pure C implementation also encourage the use of Python in developing parallel
applications.

The results obtained in this paper suggest a new way of creating future scientific computing applications. Python,
withitsclean and simplesyntax, its high-level statements, itsnumerouslibrary modules, its vectorization capabilities,
and its bindings to MPI, can be used in large portions of an application where performanceis not first priority or
when vectorized expressions are sufficient. Thiswill lead to shorter and more flexible code, which is easier to read,
maintain, and extend. The parts dealing with nested loops over multi-dimensional arrays can, when necessary, be
migrated to a compiled extension module. Our performance tests show that such mixed-language applications may
be as efficient as applications written entirely in low level C or Fortran 77.
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