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Overview

• NekMesh 

• Mesh correction & optimisation with GPUs 

• Moving meshes for rp-adaptation 

• Summary
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                NekMesh

NekMesh

NekMesh goals
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CAD Flow solution

Single step process from CAD to flow solution 
As little user interaction throughout 

Preserve CAD throughout

Linear mesh 
generation

High-order 
manipulation

Mesh 
optimisation 
+ correction

CFD / 
solvers



• Be capable of generating 3D curvilinear meshes of complex 
geometries with boundary layers 

• CAD interface to different CAD engines 

• Be capable of optimising quality and correcting invalid 
meshes where present 

• Support export and import to/from various external file formats 

• Support high-order manipulation of linear meshes 

• Open source

NekMesh goals



Preprocessing

Input Process Process Output

Nektar++ 
CAD
Nektar 
Gmsh 
Tecplot 
StarCCM+ 
PLY 
VTK 
Semtex

High-order 
smoothing

Boundary 
refinement

Nektar++ 
Gmsh 
VTK (linear)

Mesh translated through pipeline of 
processing modules



NekMesh: workflows & modules
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Input

➡ OpenCascade 
➡ CFI (CADFix) 
➡ Many others 

(Gmsh, Star-CCM+)

Surface 
mesh 

generation

➡ In-house code  
based on octree + triangle 

➡ CFI (CADFix)

Boundary 
layer 

generation

➡ In-house code 
➡ Star-CCM+

Volume 
mesh 

generation

➡ In-house code 
➡ Star-CCM+ 
➡ CFI (CADFix)

Correction & 
optimisation

➡ In-house tools

Output

➡ Nektar++ format 
➡ Gmsh format 
➡ +others?



Road car
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P = 4



Simulations

 8

P = 5     around 1000 million dof      
 BL through Star-CCM+         Re = 50k



PDE solutions

• Non-linear elasticity (Persson & Peraire 2009) 
• Linear elasticity (Xie et al 2013; Hartmann & Leicht 2015) 
• Thermo-elasticity (Moxey et al 2015) 
• Winslow (Fortunato & Persson 2016) 

Direct optimisation

•  Log barrier optimisation (Toulorge et al 2013) 
•  Distortion metric (Roca et al 2014)

Mesh optimisation/correction
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Straight-sided mesh

Boundary  
projection

Deformed mesh

Optimisation & 
correction
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Φ



Recast PDE as energy 
minimisation and solve

Variational approach

Different W give PDE and 
optimisation methods in a 

single framework
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M. Turner, J. Peiró, D. Moxey, Curvilinear mesh generation using a variational framework, 
Computer Aided Design 103 73-91 (2018)
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Figure 1: Notation for mappings used throughout the paper: a triangular element is used for illustration purposes, but the notation is general and
applicable to other element types. On the left we map a standard (reference) element ⌦st onto the straight-sided element ⌦e

I through the mapping
�I : ⌦st ! ⌦e

I and onto the curvilinear element �e : ⌦st ! ⌦e. The deformation mapping � : ⌦e
I ! ⌦e is then defined through the composition

� = �e
M � ��1

I .

y 2 ⌦e
I . These mappings are constructed in an isoparametric fashion, so that the nodes ⇠n that define the Lagrange

basis functions on the standard element map to y
n under �I and x

n under �M . We note that other element types, such
as quadrilaterals in two dimensions and tetrahedra, triangular prisms, pyramids and hexahedra in three dimensions,
may use exactly the same definitions as above.

The energy functional is then defined as the integral

E(r�) =
Z

⌦I

W(r�) dy, (1)

where W depends on the deformation gradient tensor

r�(y) =
@�

@y
;

⇥r�(y)
⇤
i j =
@�i

@y j
,

and its determinant J = detr�, which we hereafter refer to as the Jacobian. In the following section we describe the
di↵erent forms of the energy that we investigate in this article.

2.1. Forms of the energy functional
This section outlines a key contribution of this work, where we show that many of the existing curvilinear mesh

generation methods can be unified in a variational setting through the definition of an energy functional.

2.1.1. Linear elasticity energy
A number of articles have examined the use of a linear elastic analogy in the context of high-order mesh genera-

tion [20, 21, 3]. This takes the form of an elliptic PDE

r · (� tr(E)I + µE) = � f
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Choice of functional

W =
µ

2
(F : F� 3)� µ ln J +

�

2
(ln J)2

W = J�1 (F : F)

W =
1

d
|J |�d/2(F : F)

• Linear elasticity: 

• Non-linear elasticity: 

• Winslow: 

• Distortion:

W =


2
(ln J)2 + µE : E; E =

1

2
(FtF� I)
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F � ˚φ J � detF



Solving the minimisation
• Need to solve non-linear optimisation, where at each 

stage we move the mesh nodes. Can choose 
• Global: move all the nodes of the mesh at the same 

time 
• Local: split into lots of local problems for each node 

(relaxation) 

• Global approach needs nonlinear solver + large matrix 
solves per step but more robust 

• Local approach is much cheaper, maybe less robust + 
more iterations, but extremely parallelisable
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Example: DLR F6 engine
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Speeding up optimisation
• Meshing usually accomplished on a single 

workstation, require many design iterations 

• Optimisation process is resource intensive 

• GPUs have lots of compute density 

• Can we leverage parallelism of the method 
effectively on a GPU? 

• How do we do this in a code-friendly way?
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Node colouring
Parallelisation strategy

Figure 4: Node colouring scheme for a domain of six triangular elements



Parallelisation strategy

Figure 4: Node colouring scheme for a domain of six triangular elements
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Node colouring



Parallelisation strategy

Figure 4: Node colouring scheme for a domain of six triangular elements

 18

Node colouring



Parallelisation strategy

Figure 4: Node colouring scheme for a domain of six triangular elements
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Node colouring



Parallelisation strategy

Figure 4: Node colouring scheme for a domain of six triangular elements
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Node colouring



Parallelisation strategy

Figure 4: Node colouring scheme for a domain of six triangular elements
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Node colouring



Parallelisation strategy

Figure 4: Node colouring scheme for a domain of six triangular elements
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Node colouring



Parallelisation strategy

Figure 4: Node colouring scheme for a domain of six triangular elements
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Node colouring
For each node solve 

local minimisation  
problem 

Calculate functional + 
gradients 

Uses multi-level threading 
to exploit GPU hierarchy 

Iterate until global 
functional residual 

is small



Frameworks
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Implementing Kokkos

Kokkos abstraction layers

C++ code base

PthreadsOpenMP CUDA

CPUs Xeon Phi’s GPUs

Investigated use of Kokkos framework 
to integrate with existing C++ infrastructure



Results: CPU scaling
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Example domain for performance tests

Figure 5: Four spheres in a box, meshed with tetrahedral elements,

Ne = 22k
Four spheres in a box, 33k tetrahedra, ~400k nodes 

at p = 5
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Figure 6: Strong scaling of the parallel part of di↵erent manycore implementations of the variational high-order mesh optimisation method executed
on a Knights Landing (KNL) accelerator.

Kokkos version. Using the full number of threads, the full Kokkos version is 1.42 times faster than the initial Pthreads
implementation and 2.48 times faster than the intermediate version.

For the strong scaling test using the full Kokkos version and one thread, 18.32% of the theoretical FLOPs (consid-
ering AVX2 and FMA) have been achieved, and still 3.54% using 48 threads. These numbers have been calculated
as

%(peak FLOPs) =
achieved FLOPs

peak FLOPs
maximum threads

utilised threads
. (10)

Again, it becomes clear that the new Kokkos data structures are far more e�cient than the initial associative ones
using arrays of shared pointers. This is an even better result, considering that we used a portable programming model
and did not optimise the algorithm or data structures for a specific architecture.

4.5. Strong scaling on a manycore accelerator
As a final test, we repeat the strong scaling exercise using the same mesh on the manycore accelerator. The

averaged timings of our three CPU implementations are shown in Figure 6. In this manycore environment, which is
additionally hindered by stronger memory bandwidth restrictions, the e↵ect of using simpler data structures can clearly
be seen, with the full Kokkos implementation being by far the best performing. With the Kokkos thread scheduling and
data structures a di↵erence of one order of magnitude with a 9.5 times lower runtime than with the native Pthreads
version is achieved. This indicates the suitability of the Kokkos data arrays for highly parallel shared memory systems.
Up to 64 threads (1 thread per core) we obtain a very good scaling of 44% for the full Kokkos version, compared with
16% for the native version. Further, only the full Kokkos version can benefit from hyper-threading using up to 256
threads, whereas it is found counter-productive for the other two versions.

4.6. Performance comparison between architectures
Using the portable Kokkos programming model, we already achieved better performance on the CPU, compared to

our initial implementation. The second main point to assess is if further performance benefits can be realised running
the same algorithm on GPUs. We emphasize that, asides from specifying some arrays to be loaded to texture memory
and others to shared memory (which can be specified using the Kokkos-syntax), no specific GPU optimisation has been
undertaken. This section therefore aims to compare the suitability of CPU vs GPU systems, using the Kokkos-CUDA
version on three di↵erent GPUs and the best performing CPU implementation, the full Kokkos-OpenMP version, on
the CPU system and an Intel Xeon Phi of the Knights Landing architecture.
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Results: CPU scaling
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Figure 5: Strong scaling of the parallel part of di↵erent CPU implementations of the variational high-order mesh optimisation method.

The timings obtained for the three CPU versions have been scaled with the exact numbers of elements of each
mesh and are given in Figure 4. The main observation is the superior performance of the new Kokkos-OpenMP
implementation, which reduces execution time by a factor of two on a single core. The scaling, however, is worse
than the initial Pthreads implementation, so that 24 threads result in about equal run times. The intermediate Kokkos
version shows a similar scaling to the full Kokkos version, but the run times are in general at least two times slower.
Comparing the intermediate to the initial implementation, the run time is slightly faster with one thread, but due to the
ine�ciency of the scaling, the performance gap increases as more threads are used. It shows that the thread-scheduling
of Kokkos performs worse than our native Pthreads thread-scheduler. This could be caused by the di↵erence between
the dynamic thread scheduling of the native Pthreads version and the fork-join thread scheduling of the Kokkos
versions. The execution times using one thread, however, show that the Kokkos thread scheduling overhead is at least
on par with Pthreads. Hence the Kokkos infrastructure allows for similar performance, but the thread-scheduling
could be improved. The performance deficit might be much smaller in cases with well balanced loads per thread, but
in our case of varying work sizes per node-colour group the e↵ect is significant.

A second important observation is that the new data layout results in faster run times, due to an improved memory
e�ciency. The improved e�ciency can be assigned both to the e↵ects of the polymorphic Kokkos view layout, but also
to the general re-factoring of the data structures, that has been a precondition for using Kokkos views. The change from
the associative data layout of shared pointers to flat data arrays will in itself result in faster memory access. Moreover,
using 32 or 48 threads and thus in the domain of hyper-threading, the new Kokkos-OpenMP version performs far
better than the two other versions. Utilizing the full number of threads on our CPU machine, the full Kokkos version
is 1.62 times faster than our initial implementation and 4.18 times faster than the intermediate version.

4.4.2. Strong scaling on CPUs
For the strong scaling exercise we use an initially valid, but non-optimised mesh of 33K elements and 400K

degrees of freedom, using again 1 to 48 threads. The elements are third-order tetrahedra and an over-integration of
fourth order is applied. The timings for all three CPU versions can be found in Figure 5.

The overall results of the relative performance between the three versions are similar to the characteristics seen in
the weak scaling tests. We clearly observe that the scaling of all versions is roughly linear, but with di↵erent slopes.
The negative e↵ect of using hyper-threading on the native Pthreads version is more pronounced than with the weak
scaling. Up to 24 threads (1 thread per core), this version achieves a very good scaling of 64%, but no further speed-
up using hyper-threading can be realised. The full Kokkos implementation achieves a scaling of 20%. Throughout
the range the intermediate Kokkos version shows a similar scaling, but 2 to 2.5 times slower run times than the full
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2 x Intel E5-2670v3 
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Xeon Phi 7210 
KNL node



Results: many-core
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Runtimes on di↵erent parallel architectures
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Results: many-core
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Costs vs runtime comparison
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Lessons learned
• Good performance on CPU and GPU 

• Execution cost and time savings to GPU 

• Significant code reworking to get functioning 
efficiently 

• Potential for thread scheduling improvements in 
Kokkos to enhance performance on CPU 

• Kokkos certainly not the only choice
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Towards solver interaction

• A key goal of NekMesh is to bring CAD and solver 
closer together 

• Enable dynamic mesh movement even for complex 
geometries 

• Small wrapper around CAD to enable different CAD 
systems 

• Example application: shock capturing

 30



Towards solver interaction

• Want to combine: 

• r-adaptation (moving mesh) to resolve shock 

• p-adaptation to add additional resolution where 
required 

• Aim to achieve highly efficient compressible flow 
simulations with shocks 

• Problem: how do we deal with complex geometries?
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Adapting to element size
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Adapting to element size
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Results: NACA 0012 transonic

 34

Starting mesh Initial simulation



Results: NACA 0012 transonic
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Discontinuity sensor Artificial viscosity



Results: NACA 0012 transonic
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Calculate target size 
& do r-adaptation

Pressure plots

Missing

figure

Figure 4: Pressure plots in the vicinity of the shocks before and after r -adaptation.

Figure 5: Magnified view of boundary elements with CAD sliding enabled nodes: suction
side (left) and pressure side (right).

13

Use of CAD sliding



Results: NACA 0012 transonic
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Translate to variable p Improved shock capturing



Summary
• Promising route to efficient computational performance 

on many-core architectures 

• Careful thought required on architecting code 

• Combination of r and p adaptation provides good 
accuracy at reduced degree of freedom 

• CAD sliding crucial for dealing with complex 
geometries 

• Lots to do!
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Other talks

Nektar++ talk in MS38 

Today, 5:00-5:30pm (Room 200) 

Chris Cantwell 
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Thanks for listening!

https://davidmoxey.uk/        @davidmoxey 

d.moxey@exeter.ac.uk 

www.nektar.info

https://davidmoxey.uk/
mailto:d.moxey@exeter.ac.uk
http://www.nektar.info

