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nl03 - Kernel comparison at ~50s application time
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nl03 - Wallclock Time vs Peak PFLOPS
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nl03 - Wallclock Time vs Number of nodes
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Kernel-Based and Total Performance Analysis of CGYRO on 4 Leadership Systems

Stampede 2
Skylake

Stampede 2
KNL

Cori Piz Daint Titan

CPU model 2 x Xeon 
Platinum 8160

Xeon Phi
7250

Xeon Phi
7250

Xeon 
E5-2690 v3

Opteron
6274

GPU model - - - Tesla P100 Tesla K20x

Threads/node 96 272 (128 used) 272 (128 used) 24 (12 used) + 3584 16 + 2688

TFLOPS/node 3.5 3.0 3.0 4.5 (0.5+4.0) 1.5 (0.2+1.3)

Max. Nodes 1736 4200 9668 5320 18688

Interconnect Intel Omni-Path Intel Omni-Path Cray Aries Cray Aries Cray Gemini

Net. Topology Fat Tree Fat Tree Dragonfly Dragonfly 3D Torus

Compiler Intel Fortran 17 Intel Fortran 17 Intel Fortran 17 PGI Fortran 17 PGI Fortran 17

FFT library Intel MKL Intel MKL FFTW v3.3.6 cuFFT cuFFT

MPI library MPICH v7.6 MPICH v7.6 Cray MPICH v7.6 Cray MPICH v7.6 Cray MPICH v7.6

Tested Leadership Systems

The gyrokinetic model

Collisionless step – Kernels str, nl and field

Collisional step – Kernel coll

Communication and data structures

CGYRO is an Eulerian gyrokinetic solver designed and optimized 
for collisional, electromagnetic, multiscale fusion plasma simulation. 
It is written in Fortran 2008 and was designed to be suitable for 
next-generation computational systems that require high levels of 
parallel concurrency.  The implementation combines 15 years of 
algorithmic lessons learned from GYRO, together with an array 
distribution scheme and loop structure that targets modern 
multicore and accelerated (GPU) architectures. CGYRO was 
designed for operation on Petascale systems, and employs MPI to 
split the problem over a potentially very large number of compute 
processes. Moreover, the in-process parallelization scheme for 
most kernels employs cache-aligned data arrays, OpenMP and 
OpenACC parallelized loops and vectorization-friendly operations.

CGYRO, a novel fusion plasma solver

The US and global economies increasingly depend on reliable sources of energy.  In coming decades, 
these sources must become increasingly low-carbon to mitigate the risks of climate change.  Thus, the 
challenge to harness the virtually inexhaustible potential of fusion energy is being pursued in a coordinated 
worldwide effort.  In parallel with a vibrant global research program (based primarily on the toroidal 
magnetic confinement, or tokamak, concept), numerical simulation serves as a powerful tool for 
accelerating progress. Simulations are used to validate basic theory, plan experiments, interpret results on 
present devices, and ultimately to design future devices.  While the long-term goal of fusion simulation is to 
provide the scientific basis for a demonstration reactor, a near-term goal is to refine our understanding of 
physics issues associated with burning plasmas.  This simulation capability relies on high-performance 
computing, enabling researchers to obtain key insights from fundamental physical models.

Fusion plasma as a low-carbon energy source

Kernel type Compute operation Comm. operation MPI comm.

str loop MPI_ALLREDUCE 1

nl FFT MPI_ALLTOALL 2

field loop MPI_ALLREDUCE 1

coll matrix-vector multiply MPI_ALLTOALL 1

CGYRO kernels
CGYRO can be split in four logical kernels: str, nl, field and coll. 
Each simulation performs many iterations of the above, with MPI 
communication required to maintain a global view.
The problem has been formulated to intentionally push most of the 
computation to the FFT-based nl kernel.

MPI problem splitting
CGYRO operates on a 6 dimensional grid
(3D space + 2D velocity + 1D species), 
which it splits using two orthogonal MPI 
communicators.
MPI communicator 2 size is fixed by the 
problem size; it is always the value of 
N_TOROIDAL (i.e. ky/2).
All the other dimensions are then lumped 
together, and can be distributed along the 
MPI communicator 1.

Igor Sfiligoi, Jeff Candy and Emily Belli – General Atomics, San Diego, CA, USA

Parameter N_RADIAL 2 x N_TOROIDAL N_THETA N_XI N_ENERGY N_SPECIES

Mesh var. kx ky θ ξ v a

nl03 512 2 x   64 = 128 32 24 8 3

nl04 512 2 x 128 = 256 48 24 8 4

Benchmarked configurations
CGYRO can be used for both small-scale simulations of the plasma core and large-scale,
multiscale simulations required for accurately describing the pedestal region. And anything in between.
We present the benchmark results of two test cases that are broadly representative of small multiscale 
simulations.

str nl field coll str_comm nl_comm field_comm coll_comm nodes

Benchmark results - nl03

Stampede 2 Skylake Stampede 2 KNL Cori Piz Daint Titan

str nl field coll str_comm nl_comm field_comm coll_comm nodes

Benchmark results - nl04

Stampede 2 Skylake Stampede 2 KNL Cori Piz Daint Titan

All results have an estimated 5% error rate.
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nl03 - Kernel comparison at ~0.2 Peak PFLOPS
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nl04 - Kernel comparison at 512 nodes
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nl04 - Kernel comparison at ~1.6 Peak PFLOPS
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All results have an estimated 5% error rate.

1k ~75s

● CPU systems perform closer to Peak PFLOPS 
than GPU systems, but scale less 

● Skylake scales better than Xeon Phi KNL
● CPU systems compute dominated by 

FFT-based nl kernel, not so on GPU ones
● MKL FFT library much faster than FFTW
● Intel OmniPath better than Cray Aries network
● Titan networking shows its age

● Limits on CPU systems scaling quite obvious
● GPU systems severely limited on the 

lower end due to small on-board memory
● The GPU advantage in the FFT-based 
nl kernel mostly disappeared
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