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Nektar++: Objectives

Mathematical Construction
Expose different discretisations (CG, DG) by combining
and reusing low-level elemental mathematical constructs.
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Cross-dimensional support: 1D, 2D and 3D

Retain and exploit domain symmetries and
embeddings (homogeneous, cylindrical, manifold)

Computational Implementation
Challenge high-/low-order boundaries while
maintaining efficiency.
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Bridge current and future hardware diversity.

Achieve flexible HPC scalability and performance
through hybrid parallelism.
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« Build up the spectral/hp element
method systematically
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Nektar++: Design
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Stack of libraries

Build up the spectral/hp element
method systematically

Core mathematical abstractions at
bottom

Complete physical domain
description and operators at top

Encapsulate complexities of the
spectral/hp element formulation at
the top levels to improve
accessibility of methods

Allow users to still engage at
lower level depending on their
requirements (e.g. for methods
research)



Nektar++: Operator construction
Nektar++ is a spectral/hp element toolkit written in C++.

Helmholtz problem: Viu+u=f
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Helmholtz problem: Viu+u=f
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Nektar++: Operator construction

Nektar++ is a spectral/hp element toolkit written in C++.
Helmholtz problem: Viu+ = f
Weak form + IBP: —(Vu, Vv) + A(u,v) + (Vu, v)|aa =((f,v)

N ( LocalRegions h
G Y ; j
{Vel

XX/ ¢p(x)f(w)da

N

1
N
_/ZZ/ p(X°(€)) f(X°(§)) T dE] -1
\e_p 7O

)K-l 151)

( MultiRegions

StdRegions
1)




Nektar++: Operator construction

Nektar++ is a spectral/hp element toolkit written in C++.
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Nektar++: Operator construction

Nektar++ is a spectral/hp element toolkit written in C++.

Helmholtz problem: Viu+ A u=f
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Implementation strategies

Global Strategy
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Global Strategy
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Implementation strategies

Global Strategy

—>

A

‘A‘ Local Strategy

& . Sum-factorisation

Localised Memory Access

Increasing Polynomial Order



Collections: Design
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StdMat

0000
0000

0000
0000

0000
0000

1. Apply Jacobian (L1)

2. L3 Multiply by ref. matrix

Local Matrix

fori=1:N

1. Apply Jacobian (L1)
ref. matrix

2. L2 multiply by

IterPerExp

Collections: Design



Collections: Design

Local Matrix

IterPerExp

1. Apply Jacobian (L1)
2. L2 multiply by
ref. matrix

fori=1:N

{=[EH

StdMat
1. Apply Jacobian (L1)
SEEEEIE = |3 g 0 O |

2. L3 Multiply by ref. matrix

SumFac (Quad)

1. Apply Jacobian (L1)
2. L2 multiply for first dim ref. matrix

3. L2 multiply for second dim ref. matrix
fori = 1:N



Test Case

Intercostal Pair
41k tets
21k prisms
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Test Case

Intercostal Pair
41k tets
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StdMat most effective at low order
Collections less effective at high order for most operators

PhysDeriv benefits from SumFac even at low P

Similar trends observed for Prisms



Collection Size Dependence

Limit size of collections to 10, 100 or 1000 elements

Tet IterPerExp PhysDeriv

25 T T T
Max 10 —2
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Max 1000
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f=
Q
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Negligible dependence on collection size for < 1000 elements

Reduced performance for large numbers of elements



BLAS Implementation

Tet BwdTrans

Tet BwdTrans (OpenBLAS)
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OpenBLAS performs best for large matrix operations

Significant gains for StdMat and SumFac at high P

Importance of auto-tuning




Developer Practice

What development practices support a large multi-plaform
collaborative software project such as Nektar++7?



Developer Practice

What development practices support a large multi-plaform
collaborative software project such as Nektar++7?

e \Version-control (Git + GitLab) http://gitlab.nektar.info
git clone https://gitlab.nektar.info/nektar/nektar.git




Developer Practice
@ Nektar / Nektar

Project Files Commits Network Graphs Merge Requests & Snippets Settings
Nektar++ - Edit % Star 0 VP Fork5
SSH HTTPS  git@gitlab.nektar.info:nektar/nektar.git @public & Download zip  ~ E

Activity  Readme 7,639 commits 52 branches 7tags  264.27 MB
m Chris Cantwell commented on merge request #475 at Nektar / Nektar 15 minutes ag:

© @ym1008, @y.bao, @d.serson, @dmoxey: Could | remind you to try and complete this review by the end
of today so we can get this merged?

Compare code

Version 4.01

* Spencer Sherwin pushed to branch fix/LowEnergyTransformOpt at Nektar / Nektar a day ag

b3cf8eab First working version of optimised version of Low energy Transforma. Created on Sep 26, 2012

Owned by Nektar group

* Spencer Sherwin pushed to branch fix/LowEnergyTransformOpt at Nektar / Nektar 3 days ag
42541245 Merge branch ‘master’ into fix/LowEnergyTransformOpt
6c3be247 Merge branch ‘feature/threading' into ‘master

and 70 more commits. Compare - 83904242...4a54fad5

Spencer Sherwin pushed to branch fix/LowEnergyTransformOpt at Nektar / Nektar 3 days ag

83904242 Merge branch ‘master’ into fix/LowEnergyTransformOpt
6912992c  Merge branch fix/valgrind-collections-tests' into ‘master

and 988 more commits. Compare - ce561519...83904242

¢ Spencer Sherwin pushed to branch feature/FieldConvertCleanUp at Nektar / Nek... 3 days ag

fb2es59a3 Misesed off on previous commit

Spencer Sherwin pushed to branch feature/FieldConvertCleanUp at Nektar / Nek.. 3 days ag

3d41790d Replaced print with an ASSERTLO

& Spencer Sherwin commented on merge request #475 at Nektar / Nektar 4 days a
© Done




Developer Practice
Q  Nektar/Nektar

Project Files Commits Network Graphs Merge Requests 6 Snippets Settings
master v nektar / + & Download zip | +
Name Last Update Last Commit > 6c3be247 - Merge branch ‘feature/threading' into 'master History
W cmake 11 days ago 1 Spencer Sherwin Merge branch ‘'master" into feature/MeshConvertFullStarinput
™ docs 6 days ago @ Chris Cantwell Merge branch 'feature/MeshConvertFullStarinput' into ‘master’

W library 4 days ago @ Chris Cantwell Merge branch 'feature/threading’ into 'master'

™ pkg 5 months ago @ Chris Cantwell Modified targets file writing for earlier versions of CMake.
™ solvers 7 days ago ¥ David Moxey Merge branch ‘feature/cell-history-points' into 'master’

W templates about a year ago # Kilian Lackhove  LibUtilities must be linked against rt for non-windows-systems
- tests 8 months ago ¥ David Moxey Bump TinyXML to 2.6.2

™ utilities 4 days ago @ Chris Cantwell Merge branch 'feature/threading’ into 'master’

D .gitignore 5 months ago P Kilian Lackhove extend gitignore

[ CMakeLists.txt about a month ago 2 Spencer Sherwin Working version with search for libccmio.a and libadf.a
[ LICENSE 5 years ago @ Chris Cantwell Tidied up PreProcessing utilities

[)README.md 5 months ago % David Moxey Move README -> README.md

[) VERSION 6 months ago @ Chris Cantwell Updated version to 4.0.1
B README.md

Nektar++

Nektar++ is an open-source software framework designed to support the development of high-performance scalable solvers for partial differential
equations (PDEs) using the spectral/hp element method.
This package consists of a set of libraries (the framework) and a number of pre-written PDE solvers for a selection of application domains.

The software and User Guide is available for download from http://www.nektar.info/.




Developer Practice

o [First working version of optimised version [3
,1 [[]Merge branch ‘master into fix/LowEnergyTre
,1 [[]Merge branch ‘master into fix/LowEnergyTre
[[]misesed off on previous commit
[3 Replaced print with an ASSERTL®
[]Removed static variable and made m_fronFiel
[ updated addfield->nfields*spacedin
[ Tidy up after chris' review
[[]Moved member variable of m_coProjectExp int
[[Moved m_fronField to fromField in Process
[ Removed check for file endings and left che

[} updated white spaces to be consistent with

\<Qnerge branch 'feature/threading’ into 'mast

[iminor fixes to code formatting for guidelir
.Add option for setting the output file to f
.Correctly format FieldIOBenchmarker

i Add reduction of data to FieldIOBenchmarker
ix compile error.
nabled Collections autotuning by default.

Fixed ostream OperatorKey output.

il remove use of cbegin/cend




Developer Practice

1C

& assignee: Any v & author: Any v © milestone: Any ¥ sort: Newest v
Feature/field convert clean up feature/FieldConvertCl... > master
#475 authored by @8Chris Cantwell # 56 © v4.1.0

v 8 Merge Request #405 @ ede

- F " -
Feature/bessel o e 0 down
#472 authored by #Michael Barbour © nektarinektarid0s Created by :Davig Moxey 7 months ago
Feature/moving bodies Reynolds stress filter
#448 authored by @ Yan Bao ® 20 This MR adds a Reynolds stress filter.
Assignes: | David Moxey . Milestone: | W10 g

Feature/compressible bl

#439 authored by %3 Gianmarco Mengaldo # 14
You can accept this request automatically.

Add adiabatic wall boundary conditions to CFS _ F @

#430 authored by $ David Moxey # 5 © v4.1.0

1#you st want to merge this request manually - use command line
Reynolds stress filter
#405 authored by  David Moxey # 7 © v4.1.0 mCommits (5)

14048569 Merge branch ‘master into feature/fiterReynoldsSiress

3 David Moxey

S

ba320887 only
 David Moxey

2e4a3a25 Merge branch ‘master” ito feature/fiterReynoldsStress

* David Moxey

[
Spencer Sherwin

apamicpenes 3 B8 & 3

_ e

Browse Code »
5 months ago

Browse Code »
7 months ago
owse Code »
about a year ago

Browse Code »
about a year ago

Browse Code »
about a year ago

David Moxey (imoney 7 monihe g0
Added 574 new commits:
1380851 - Revert "APE: Adjusted test errors and tolerances for 3D cases®
302418¢ - Merge branch 'fiuAPE-tests' into ‘master”
74ebed1f - Switched to using class Timer to do timing
e s
tract surface for 30 CFS solver
9-nn3ae7~ . fx lots of




Developer Practice

What development practices support a large multi-plaform
collaborative software project such as Nektar++7?

e \Version-control (Git + GitLab) http://gitlab.nektar.info
git clone https://gitlab.nektar.info/nektar/nektar.git




Developer Practice

Grid View Iti-plaform
g e . ) F4?
A lab.nektar.info

bot.nektar.info

PR on 53 a3 A bTaa 651



Developer Practice

Home.

Grid View Iti-plaform

3 ?
_ Success

Currently
building

=

Failed

Click for
details

Builders (different OSs / config)




Developer Practice

Builder Ubuntu 12.04 64-bit (full) Build #659

Results: Build Propertie:
I | e vatue source
inch feature/threading Build
builddir Ihome/buildbotinektarisiave/ubuntu-12_04-full slave
SourceStamp: buildername Ubuntu 12.04 64-bit (full) Builder
buildnumber 659 Build
Branch feature/threading codebase Buld
Got Revision 3176edb8fcSbc697a832c660ff0d64662963566d got_revision 3176edb8fc5bc697a832c660ff0d64662963566d - |2;|
ncpus uildSlave
fChris' A build was forced by ‘Chris"
BuildSlave project (O] s i
repository Build
buntu-12 04 revision 8uid
scheduler force Scheduler
slavename ubuntu-12_04 Buildslave
Reason warnings-count - WarmingCountingShellCommand
cdir /homebuildbot/nektar/slave/ubuntu-12_04-full slave (deprecated)
A build was forced by ‘Chris:

Steps and Logfile: Forced Build Properties:

Name Label Value

kowdsts e e
oo e

1 stdio wipe_build Completely wipe build directory False

3 ‘Compile warnings. (1 hrs, 34 mins, 28 secs )

) Responsible Users:
1 stdio Timing:
- End Tue jun 9 15:40:44 2015
— i

Resubmit Build:

To force a build, fill out the following fields and push the *Force Build button

Reason fo e unming b
Rebuid using

-~ Q



Developer Practice

Builder Ubuntu 12.04 64-bit (full) Build #659 " aform

Results: Build Propertie: ?
I | e vaue squre
branch feature/threading Build
builddir Ihome/buildbotinektarisiave/ubuntu-12_04-full slave
SourceStam buildername Ubuntu 12.04 64-bit (full Builder €
buildnumber 659 Build
Branch feature/threading . Buld
Got Revision 3176edb8fcSbc697a832c660ff0d64662963566d got_revision 3176edb8fc5bc697a832c660ff0d64662963566d - |§§|
ncpus uildSlave
fChris’ A build was forced by ‘Chris"
BuildSlave project (G e i
repository Build
bunt reticinn i
Aview as text)
Reason: ctest -j2 '--timeout 600' --output-on-failu

in dir /hem-/bu:ldbct/nlktn(/lllvl/uhunnu 12.04-£u11/buila/builds (tinsout 1200 secs)
watching logfiles {}
argv: [‘ctest!, '-j2', *--timeout 600!, '--output-on-failure']

Steps and Logfiles: environmen

Abuild was forced by ‘Chris"

e
> S NS OCHAKE SURDTVPESTRNGRDRBIGN 11 nma 1/ bt 1o

PATH/0pt/Local/bin: /opt/Local/Lib/opannpi /bin: /usz/1Lb/opanspi /bin: /usz/11b64 /openps /bin: /ust/L1b64/npi /goc/opanspt /bin

— 12_04- full build/bui1ds
> = Smrinmin/an.
. 3405036927 1423320811.240864 1156323198
. Tast project /home/buildbot /nektar/alave/ubuntu-12_0d-full/build/builds
E501ver_APE_JDPulae_lieakDG_MODIFIED
APESoLver_APE_JDPulaaHall_WeakDG_MODIFIED
1/463 APESOLver_APE_IDPUlaaHall_NeakDG_MODIFIED ........... 20129 sec
Tnctavierstokaasolver_bEs_tq
2/463 APESOLVer_APE. 3DPU18a_WOAKDG_MODIFIED .. .......es.veeresenss L 349.90 sac
IncNaviersto) Cyl_ndaptivesr
37463 TNCNAVQSEOKESOLVET_BEA_EG «nxrvenesseetreeisieeieesens 152.24 sac!
st MashConvert,_tarTec/Straighti
/463 MashConvert_StarTec/StxaightRi 123,47 sac
TncNavierStokeasolver_bEs. tq._p
5/463 Tnctavierstor Cyl_adapt ivesrD 131,09 sac
N Aomssiver dvact{onSa nia DG b Vare
6/463 t10n30_m12_DG_hex_ Passed  89.24 sec
T ——— st ADRSolver Advact lon3bomla pohen Varp_bar

/463 Passed 113.37 sac
st

8/463 75.62 sec
st _ChanFlow_3DH2D.

9/463 :_ChanF1ow_3DH2D_FFT .... L 68.67 sac
st x

107463 _ChanSEAbiLity . ..uvvruesnrienininns 39.79 sec
s APESOlver_APE_2DPulseWall_WeakDG_MODIFIED

tart 435




Developer Practice

What development practices support a large multi-plaform
collaborative software project such as Nektar++7?

e \Version-control (Git + GitLab) http://gitlab.nektar.info
git clone https://gitlab.nektar.info/nektar/nektar.git

e |Issue tracking (Trac) http://www.nektar.info
e Documentation (PDF + doxygen) http://doc.nektar.info



Documentation

e All documentation versioned with code



Documentation

e All documentation versioned with code

e User guide

Nektar++: Spectral/hp
Element Framework

Version 4.0.1

User Guide

June 22,2015




Documentation

e All documentation versioned with code

e User guide
e |Installation

13 Installing from Source 5

Warning
A Boost version 1.51 has a bug which prevents Nektar++ working correctly. Please

use a newer version.

Quick Start
Open a terminal.
1f you have downloaded the tarball, first unpack it:

tar -zxvf nektar++-4.0.1.tar.gz

Change into the nektar++ source code directory
mkdir -p build && cd build
cemake ../
make install

Detailed instructions

From a terminal:

1. If you have downloaded the tarball, first unpack it

tar -zxvi nektar++-4.0.1.tar.gz




Documentation

e All documentation versioned with code

e e User guide
e |Installation
Solver and Utility usage

Tutorials
Input file reference
FAQs

112 Clhapter 8 Tncomprossiblo Navier-Stoles Sobver

869 Aortic Blood Flow

Figure 8.11 Surface wmesh indicating curved surface elements at  branch location




Documentation

e All documentation versioned with code

Nektar++: Spectral/hp
Element Framework

Version 4.0.1

Developer Guide

June 22,2015

User guide

Installation

Solver and Utility usage
Tutorials

Input file reference
FAQs

Developer guide

Programming concepts
Library design
Nektar++ structures
Nektar++ algorithms
Coding Standard



Documentation

e All documentation versioned with code
Nektar++

Related Pages Namespaces Classes Files Q-
| | '

e User guide
Installation
Solver and Utility usage

Tutorials
Input file reference

FAQs
eveloper guide
Programming concepts
Library design
Nektar++ structures
Nektar++ algorithms
Coding Standard
e Code documentation
e Doxygen
e Detailed implementation
specifics

The Nektar++ library

Nektar++ s an open source software library currently belng developed and designed to provide a
toolbox of data structures and which i element method.
Nektar++ is the continuation and adaptation of the Nektar naw solver. As opposed to its
predecessor which focused on solving fluid dynamics problems, Nektar++ is implemented as a
C++ object-oriented toolkit which allows developers to implement spectral element solvers for a
variety of different engineering problems.

The structure of the Nektar++ library, a collection of different sublibraries, is based upon the
typical structure of a global spectral/hp approximation, which is characterized by:

+ The elemental decomposition of the problem
As for all finite element methods, the computational domain is partitioned into a mesh of
many small or elements. the solution is expanded into
a series of local expansions, each with support on a single element. This elemental
representation enables the treatment of operations on a local elemental basis rather than
on global level. This not only simplifies the formulation but also allows many operations to
be performed more efficiently.

+ The introduction of a standard region
The introduction of a standard region allows the expansion basis to be defined just once,
that is only on the standard region. All other elements then can be considered as the image
of the standard element under a parametric mapping. Consequently, the elemental

of and can all be executed on the standard element,
subject to a proper treatment of the transformation from local (world space) to standard
(reference space) coordinates. For curved-sided elements, the mapping from standard
element to local element is generally done using an iso-parametric representation. In this
case, the local geometry is represented with an expansion of the same form and polynomial
order as the unknown variables.

°
ee o0 U © 0660 00

This structure, supplemented with building blocks such as block matrix linear algebra routines
and automatic data coordinating objects, can be encapsulated in an efficient object-oriented C++
implementation.

This conceptual approach of the software leads to a high user-flexibility, including the selection of
the preferred expansion basis, its polynomial order and the preferred numerical quadrature.

The website of the Nektar++ project can be found on: http://www.nektar.info



Summary
« Design of the Nektar++ framework
- Stack of libraries
- Code design mirrors mathematical formulation
- Encapsulate complexities of spectral/hp element methods
- Improve accessibility
« Collections
- Multiple implementations for achieving performance across P
- Collates action of operators across multiple elements
- Improves efficiency on modern vector-capable CPUs
- Easy to use with auto-tuning
 Developer practice
- Version control (Git + Gitlab)
- Regression tests (also useful as examples!)
- Continuous integration (Buildbot)
Issue tracking (Trac)
- Documentation (LaTeX + Doxygen)
Further information
« http://www.nektar.info
« Nektar++: An open-source spectral/hp element framework,
C. D. Cantwell, D. Moxey, A. Comerford, et al.,
Computer Physics Communications, in press, 2015



