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I Project Overview
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I Programming Atmospheric Models

* Very large code base written in Fortran
(mostly F90, some FO3) with MPl and OpenMP
* Key requirement: Performance Portability
— Single unified source code for maintainability

— Extensive optimizations to alleviate memory-
bandwidth bottlenecks

e Early attempts for accelerators

— Proof-of-concept study at Tokyo
Tech (ASUCA on TSUBAME)




High-Level Approach to Performance

Portable Climate Models

Domain Specific
Language

Target-specific code

generation

MPI + OpenMP § MPI + OpenMP MPI + CUDA
for Machine X for Machine Y for Machine Z

} } }
Klvlachine x) KMachine Y) KI\/Iachine z)

Single source code

Decoupling of
algorithms and
implementations

Architecture- and
domain-specific
optimizations



Physis Stencil Framework

[Maruyamall], http://github.com/naoyam/physis
Stencil DSL

void diffusion(int x, int y, int z,

° D | r -l-iv PSGrid3DFloat g1, PSGrid3DFloat g2) {
cClatd € float v = PSGridGet(g1,x,y,2)
o PO rta ble +PSGridGet(g1,x-1,y,z)+PSGridGet(g1,x+1,y,2)

4 +PSGridGet(g1,x,y-1,z)+PSGridGet(g1,x,y+1,2)
 Global-view +PSGridGet(gl,x,y,z-1)+PSGridGet(g1,x,y,z+1);

® C_based }PSGridEmit(gZ,v/7.0);
s> DSL Compiler
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I Physis DSL Overview

* Focus on stencils with regular multi-dimensional grids

e Cwith a small number of custom constructs for stencil
computations

e Consisting of constructs for:
— Grid data structures
— Stencil definitions
— Control logic

ivoid kernel(const int x, const int y, const int z,

| PSGrid3DPoint gl, PSGrid3DDouble g2) {

' double v = PSGridGet(gl,x,y,z).vx

| +PSGridGet(gl,x-1,y,z).vx + PSGridGet(gl,x+1,y,z).vX
: +PSGridGet(gl,x,y-1,z).vy + PSGridGet(gl,x,y+1,z).vy
: +PSGridGet(gl,x,y,z-1).vz + PSGridGet(gl,x,y,z+1).vz;
' PSGridEmit(g2,v/7.0);



I User-Defined Types

Example: 3D grids with multiple fields

struct point {
double vx, vy, vz

DeclareGrid3D(struct point, Point);

void foo() {
PSGrid3DPoint g=PSGrid3dPointNew(N,N,N);

PSGridFree(g);



Data Layout Optimization

e User code always AoS

* Converted to suitable layouts depending on target
architectures

User code (AoS) Generated code for GPU (SoA)
struct Point { struct Point {
float u; float *u;
float v; float *v;
float w; oot

float x[19]; » e
s }: '

DeclareGrid3D(Point, struct Point);

// PSGridGet(g.u, i, j, k);
g->uli+j*nx+k*nx*ny]

// PSGridGet(g.x[2], i, j+1, k);
g->x[i+j*nx+k*nx*ny+*nx*ny*nz];

PSGrid3DPoint g;

PSGridGet(g.u, i, j, k);
PSGridGet(g.x[l], i, j+1, k);



l Performance Results on GPU

7-pt diffusion on Tesla M2050
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I STELLA Stencil DSL

e DSL for the
dynamical core of
the COSMO model
(SwissMeteo)

 Based on C++
meta-programming

e Performance
portability over

CPUs and GPUs
e @Gysietal. (2015)

30
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CSCS

Centro Svizzero di Calcolo Scientifico
Swiss National Supercomputing Centre

// Laplacian stencil
template<typename TEnv>
struct Laplacian

{
static T Do(Context ctx)
{
ctx[data_out::Center()] =
- (T)4.0 % ctx[data_in::Center()]
+ ctx[data_in::At(iplusl)] + ctx[data_in::At(iminusl)]
+ ctx[data_in::At(jplusl)] + ctx[data_in::At(jminusl)]
}
}i
// Apply the Laplacian stencil to domain
StencilCompiler: :Build(
stencil_,
"Laplacian",
calculationDomain,

StencilConfiguration<Real, BlockSize<8,8>>(),
define_loops(
define_sweep<cKIncrement>(
define_stages(
StencilStage<Laplacian,
IJRange<cComplete,9,0,0,0>,
KRange<FullDomain,9,0> >(),
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kernel_02 -‘ WRF 122 46 249,

:I\ ASUCA 115 58 17%

l MITgcm 04 31 299,
kernel_03 ,

-J HOMME = 43 57 21%

.‘ COSMO 35 24 38%
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I Automated Locality Optimization

Expose | Exploit
Hidden — - . ndBeSt . idden
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Transformation
= Types of transformation

Kernel Fusion Kernel Fission

= Prdefern [foterellation Semsltxe

= | Combinatoridi‘optimization problere
= Find-best fission(s)/fusion(s) among feasible
*  Usdngia+perfoymance modélasan ohjeciyefunction

: Data Data 1 Data 2
= Periormmance-model
Rata hejd) . Pat j ST
Ligmﬁngelgmﬁﬁﬁﬁgss projection

on-chip Ip Memo

M. Wahib and N. Maruyama, Scalable Kernel Fusion for Memory-Bound GPU Applications, SC’14
15



I End-to-End Transformation

Extract

4

Metadata

Construct

Performance

// data arrays AN
double V[X][Y[Z];
// Rernels
K__1<<<G,B>>>(..);
K 2<<<G,B>>>(..);
GFLOPS of K_1] 54 [ w1 Shared Arr. in K_1| V H
. C (O
Runtime K_1 ]1.6 pg .g 4&; Threads Accessing| 5
Threads per 192 o Data Element
Block 2 S
B Active Blocks 16 I3 -lq__: FLOP(s) in K_1 12
3o} per SMX Q. =
-% Shared Mem. 3KB © C
42| per Block Via Static Analysis
QU .
= |Active Threads 512 Global >14
per Block (0] oba
v Memory BW GB/S
Reg. per 32 U (O
Thread .~ O | Shared Memory 48 KB
5 4‘3 per SM
a ég No. SM 15
Hi

Via Instrumentation

Via Device OQuery

Output as .DOT
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Case Studies with Production Apps

“

SCALE Next generation mesoscale weather model
[Weather] [Four years in development]
HOMME : : :
[Climate] Dynamical core of Community Atmospheric Model (CAM)
Fluam A fluctuating particle hydrodynamics application based on
[Hydrodynamics] an hybrid Eulerian-Lagrangian approach
MITgcm An oceanic general circulation model relying on a finite
[Oceanic] volume numerical method [18 years in development]
AWP-ODC-GPU An earthquake wave propagation simulator
[Seismic] [ACM Gordon Bell finalist]
B-CALM A 3D-FDTD simulator which models the permittivity of dispersive

[FDTD] material

1L



I Results
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M. Wahib and N. Maruyama, Automated GPU Kernel Transformations in Large-Scale Production
Stencil Applications, HPDC’15



High-Level Approach to Performance

Portable Climate Models

Domain Specific
Language
Target-specific code
generation
MPI + OpenMP § MPI + OpenMP MPI + CUDA
for Machine X for Machine Y for Machine Z

l l l

KMachine X) KMachine Y) KI\/Iachine Z)

Single source code

Decoupling of
algorithms and
implementations

Architecture- and
domain-specific
optimizations



High-Level Approach to Performance
Portable Climate Models in Practice

Single source code
Domain Specific
Language Decoupling of
Target-specific code fa\lgorlthms ar-1d
generation implementations
j Barrier of adoption }

MPI + OpenMP § MPI + OpenMP MPI + CUDA
for Machine X for Machine Y for Machine Z i

l l l Architecture- and

domain-specific
optimizations

KMachine X) KMachine Y) kMachine Z) - I e
| | j ranslator is hig yJ

costly to develop




Towards Sustainable Programming
Environment for Atmospheric Models

* Design a programming interface that is compatible with
accepted standards (e.g., OpenMP)
e Build a community for joint development

Structured Atmospheric Models /[ Barrier of adoption J

I
Industry-Standard Directive-Based Language (a la [ Can fl’ls; b'eh
OpenMP & OpenACC) with Custom Extensions | compiie W'.t
| vendor compilers
I
I
I

------

Common Stencil DSL Cartesian | lcosahedral Translator is hiahl
(a la Physis & STELLA) Topology Topology gnly
] costly to develop

Community-based

kMachlne X) kl\/lachlne Y) KMachme Z) joint effort

Note: Under discussion with CSCS. Not necessarily reflect the final design.




I Summary

* AIMES joint project ”
— Extending icosahedral climate @) | | T

models with advanced AICS
programming and I/0 methods

* Plan <= DKRZ

— Joint effort to build sustainable,

ECOLE
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performance-portable | %
programming environment for 4@, cscs werrant s aus s o )
extreme-scale atmospheric 5 < i e
hadiels B NCAR
* Expected outcome v (D R
: ; .
— Future-proof atmospheric models DulL

— Foundation for encompassing
further aggressive optimizations
such as kernel fusion

CRANY



Acknowledgments

Hisashi Yashiro, Mohamed Wahib, Ryuji
Yoshida, Hirofumi Tomita (AICS)

Takayuki Aoki (Tokyo Tech)
Lucas Benedicic, William Sawyer (CSCS)

Julian Kunkel (DKRZ), Thomas Dubos (Ecole

Polytechnique)



