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The Python ecosystem for science has come a
long way since CiSE ran a Special Issue on “Sci-
entific Python” ten years ago (vol. 13, issue 2).

We can confidently say that Python is a top language
in computational science and engineering, and that
the long-standing concerns about performance have
many answers today. This Special Issue includes six
articles that showcase how researchers are using
Python in high-performance settings with GPU accel-
erators and distributed parallel systems. It is a small
sample of the breadth of innovation in this field, which
has expanded and matured in the last few years to
offer computational scientists a choice of tools and
frameworks that realize high-performance coupled
with high researcher productivity.

We make some key observations of the state and
trends in this field:

› Multidevice, multinode scaling is being achieved
with communication paradigms like MPI that
can handle direct GPU-to-GPU data motion (for
instance “CUDA-aware”MPI).

› Single-device, single-node performance in Python
apps is being achieved through libraries that gener-
ate and compile code specialized for the device.

› Mostly, Python users have picked their two out
of three Ps, settling on productivity and perfor-
mance; portability between accelerator architec-
tures is nascent.

› High-performance I/O libraries such as HDF5
should provide GPU-aware I/O capabilities like
those found already in the Python GPU ecosys-
tem (e.g. using Apache Arrow).

Dalcin and Fang give a status update of the last 12
years of development in the mpi4py project, an early
effort that brought to Python programs the ability to
use parallel distributed computing via message pass-
ing. For its 1.0 release, mpi4py was fully rewritten in
Cython, offering a new degree of maintainability and
extensibility. The next major release brought new fea-
tures added in the MPI-3 specification; to date, nearly
all features up to MPI 3.1 are supported. More recently,
mpi4py implemented support for the CUDA array inter-
face protocol, allowing “MPIþCUDA” programming in
Python with CUDA-aware MPI libraries. Release 3.0 of
mpi4py also added asynchronous task execution, and
the upcoming 3.1 release brings support for large-size
Python objects. In sum, mpi4py is now amature project
and the de facto option for developing MPI-based par-
allel applications in Python. It is used in h5py, the
Python wrapper for the HDF5 library, in the open-
source VTK library for image processing and visualiza-
tion, and in the yt library for analyzing and visualizing
volumetric data, amongmany others.

Bartlett, Uchytil, and Storti document two case
studies of exploiting GPUs to accelerate Python code,
focusing on what one can do with a single GPU. “High-
productivity parallelism with Python plus packages
(but without a cluster)” addresses the problem of effi-
ciently exploiting single-node parallelism using Python.
In the CPU realm, this problem is challenging enough
that for many Python users the default answer is to
just scale up with multiprocessing, a multinode cluster
runtime, or MPI. But the authors show that for certain
common classes of problems, Python already provides
relatively easy access to high performance on a single-
GPU device with open-source tools. Users new to GPU
programming with Python should find this article a
helpful pointer along the road to performance.

Integral equation methods represent an attractive
approach for the solution of exterior boundary value
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problems and many other boundary value problems of
elliptic partial differential equations. A particular chal-
lenge with these methods is their high computational
cost. In this issue, Betcke and Scroggs describe the
evolution of BEMPP, a code with comprehensive func-
tionality in this area, from a “conventional” pure Cþþ
code base, to one that had a Python interface, to one
based on pure Python coupled with code generation,
highlighting in a compelling manner both advantages
gained as well as potential challenges. The authors
discuss specific techniques for attaining good perfor-
mance as well as maintaining separation of concerns.
Preliminary performance data support the exposition,
making the article required reading for academic and
professional users of Cþþ who are considering a simi-
lar evolution of code they are maintaining.

In 2016, a team from Imperial College London was
nominated for the prestigious ACM Gordon Bell Prize
for demonstrating the viability of Python as a platform
for productive, performant, and portable HPC applica-
tions at petascale.1 This watershed moment for HPC
clearly signaled that Python can compete at the high-
est levels of scalability and performance. One member
of that team, Freddie Witherden, contributes to this
issue a considered perspective on Python as a “first-
class language” for HPC (“Python at petascale with
PyFR or: how I learned to stop worrying and love the
snake”). He perceives the trend as being driven by three
key factors. First is the increased emphasis on not just
application performance, but developer and user pro-
ductivity with HPC codes. Second is the growing ten-
dency for HPC applications to rely on third-party APIs.
The third factor is the increasing use of code genera-
tion for addressing performance bottlenecks. Python
can address these factors and more, and in doing so
puts the highest levels of performance on HPC hard-
ware within the grasp of researchers who need it.

Firedrakea is a powerful Python package for solving
PDEs using the finite element method. In the article
“Code generation for productive portable scalable finite
element simulation in Firedrake,” Betteridge, Farell, and
Ham highlight the advantages of a high-level software
framework like Firedrake from the perspective of practi-
cal execution on large HPC machines. The authors first
demonstrate the high-level pure Python interface using
a simple Poisson problem in three-dimensions and then
go on to consider a steady incompressible Navier–
Stokes problem that they executed on three different
HPC systems available in the United Kingdom. They
showhow the performance of the codemay be tuned to

the specifics of a particular platform using a host of dif-
ferent approaches including discretization changes as
well as algorithmic changes. All of these changes are
made at the highest level of the framework using a few
lines of Python. They also discuss in considerable detail
the scalability of the code on three different architec-
tures. This article is a useful resource for readers to
understand both how one may effectively utilize HPC
hardware and also understand how good software
design can facilitate this with relative ease.

In “Stencil solvers for PDEs on GPUs: An example
from cosmology,” Weiner explains the design principles
of Pystella, a prime example of the vast potential
unlocked by code generation, giving researchers access
to heterogeneous high-performance systems while
experiencing high productivity. Pystella is a framework
for stencil solvers targeting partial differential equations
(PDEs), which can serve as a backend for simulation driv-
ers written in Python. Its motivating application was the
set of nonlinearly coupled hyperbolic PDEs arising from
mathematical models in cosmology. Pystella adopts
OpenCL as its underlying compute language, uses the
Loopy Python package for code transformation and gen-
eration, and offers message-passing parallelism via
mpi4py. It provides users with a symbolic representation
of scalar and vector fields, keeping track of the indexing
and offsets for the shared “halo” boundary points
between neighboring parallel subdomains. Expressing
arbitrary stencil operations is reduced to a few lines of
Python and Pystella methods, which include element-
wise operations and symbolic differentiation routines.
Python programmers in the target domains are granted a
path to high-performance execution without having to
think about the details of the target hardware and how to
extract performance from it.

The authors of this Special Issue were all invited to
submit, and eachmanuscript received three independent
peer reviews. We are grateful for the contributions of our
expert group of reviewers: Alex Barnett (Flatiron Insti-
tute), Steffen Boerm (Kiel University), Jed Brown (Univer-
sity of Colorado Boulder), Jeff Hammond (Nvidia), Kyle
Mandli (Columbia University), Thomas Nicholas (Colum-
bia University), Luke Olson (University of Illinois), Graham
Pullan (Cambridge University), Andreas Schreiber
(German Aerospace Center, DLR), Gopalakrishnan Shiva-
subramanian (Indian Institute of Technology Bombay),
Laurie Stephey (National Energy Research Scientific
Computing Center, NERSC), Garth N. Wells (Cambridge
University), and Freddie Witherden (Texas A&M Univer-
sity). Without their thoughtful and timely reviews, this
issuewould not have been possible. Thank you!

In combination with this year’s March/April issue,
dedicated to Jupyter in Computational Science, thisahttps://firedrakeproject.org
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issue focuses our attention on the modern approach
to enabling scientific progress with computers. We
cannot escape the mounting complexity of high-per-
formance computing, with rapidly evolving and diverse
hardware accelerators. Accessing this computational
power via high-productivity languages like Python,
however, not only lets us manage this complexity but
offers a wide door for entry in the field. A large fraction
of STEM students today are learning Python as under-
graduates, while the rich community activity of the
open source model is helping spread these skills
broadly. Python and Jupyter have become a decidedly
popular combination in education and industry set-
tings, and are now taking hold in computational sci-
ence.2 We hope reading these articles will whet your
appetite!

REFERENCES
1. P. Vincent, F. Witherden, B. Vermeire, J. S. Park, and

A. Iyer, “Towards green aviationwith python at petascale,”

inProc. Int. Conf. for High Perform. Comput., Netw.,

Storage Anal., 2016, pp. 1–11, doi: 10.1109/SC.2016.1.

2. L. A. Barba, “The Python/Jupyter ecosystem: Today’s

problem-solving environment for computational

science,” Comput. Sci. Eng., vol. 23, no. 3, pp. 5–9,

Jul./Aug. 2021. doi: 10.1109/MCSE.2021.3074693.

LORENA A. BARBA is currently a professor of mechanical

and aerospace engineering at the George Washington Uni-

versity, Washington, DC, USA. Her research interests include

computational fluid dynamics, biophysics, and high-perfor-

mance computing. Barba received the PhD degree in aero-

nautics from the California Institute of Technology,

Pasadena, CA, USA. She is the Editor-in-Chief of Computing

in Science & Engineering (CiSE), Co-Editor of the CiSE Repro-

ducible Research Track, Associate Editor for the ReScience

journal, Steering Committee member for the Journal of Open

Source Software, and Editor-in-Chief of the Journal of Open

Source Education. For more information, see https://

lorenabarba.com. Contact her at labarba@gwu.edu.

ANDREAS KL€OCKNER is currently an associate professor in

the scientific computing area with the Department of Com-

puter Science, University of Illinois at Urbana-Champaign,

Champaign, IL, USA. His research focuses on high-order

accurate integral equation methods and fast algorithms for

elliptic boundary value problems as well as code transforma-

tion for high-performance scientific computing. In support of

his research, he has released numerous scientific software

packages, including PyCUDA, PyOpenCL, and Loopy, among

others. Contact him at andreask@illinois.edu.

PRABHU RAMACHANDRAN is a member of the faculty with

the Department of Aerospace Engineering, and with the

Centre for Machine Intelligence and Data Science, Indian

Institute of Technology Bombay, Mumbai, India. His research

interests include particle methods and meshfree methods for

computational fluid dynamics, scientific computing, parallel

and high-performance computing, machine learning for

numerical computation, and applied scientific data visualiza-

tion. He has developed many Python-based open-source proj-

ects, including Mayavi, and PySPH, among others. Contact

him at prabhu@aero.iitb.ac.in.

ROLLIN THOMAS is currently a data architect at the

National Energy Research Scientific Computing Center

(NERSC), Lawrence Berkeley National Laboratory, Berkeley,

CA, USA. He focuses on solving strategic challenges at the

interface between user productivity and high-performance

computing. He is the originator of NERSC’s scalable Python

support strategy, the creator of its Exascale Applications

Readiness Program for Data, and is the chief architect of

NERSC’s Jupyter interface to its supercomputing resources.

Prior to joining NERSC, in 2015, he was a computational astro-

physicist working in the areas of numerical radiative transfer,

spectroscopy, supernova cosmology, and computational

infrastructure for cosmology experiments. Contact him at

rcthomas@lbl.gov.

July/August 2021 Computing in Science & Engineering 7

GUEST EDITORS’ INTRODUCTION

http://dx.doi.org/10.1109/SC.2016.1
http://dx.doi.org/10.1109/MCSE.2021.3074693
https://lorenabarba.com
https://lorenabarba.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


