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Enhance)programmability)and)
performance)portability)

Overcome)storage)limitaBons)

A)common)benchmark)set)for)
icosahedral)models)(miniapps)�



Programming)Atmospheric)Models �
•  Very)large)code)base)wriden)in)Fortran)
(mostly)F90,)some)F03))with)MPI)and)OpenMP)

•  Key)requirement:)Performance/Portability/
– Single)unified)source)code)for)maintainability)
– Extensive)opBmizaBons)to)alleviate)memoryU
bandwidth)bodlenecks)

•  Early)adempts)for)accelerators)
– ProofUofUconcept)study)at)Tokyo))
Tech)(ASUCA)on)TSUBAME))



HighULevel)Approach)to)Performance)
Portable)Climate)Models�

MPI)+)OpenMP)
for)Machine)X�

MPI)+)CUDA)
)for)Machine)Z�

MPI)+)OpenMP)
for)Machine)Y�
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Physis)Stencil)Framework)

)
)
)

))))

) ) ) )

)
)
)
) Stencil.DSL.

•  DeclaraBve)
•  Portable)
•  GlobalUview)
•  CUbased�

void)diffusion(int)x,)int)y,)int)z,)
))))))PSGrid3DFloat)g1,)PSGrid3DFloat)g2)){)
float)v)=)PSGridGet(g1,x,y,z))
)+PSGridGet(g1,xU1,y,z)+PSGridGet(g1,x+1,y,z))
)+PSGridGet(g1,x,yU1,z)+PSGridGet(g1,x,y+1,z))
)+PSGridGet(g1,x,y,zU1)+PSGridGet(g1,x,y,z+1);)
PSGridEmit(g2,v/7.0);)
})

DSL.Compiler.
•  TargetUspecific))
code)generaBon)
)and)opBmizaBons)

•  AutomaBc)
parallelizaBon)

Physis)

C)
C+MPI)
CUDA)

CUDA+MPI)

[Maruyama11],))hdp://github.com/naoyam/physis�



Physis)DSL)Overview�
•  Focus)on)stencils)with)regular)mulBUdimensional)grids)
•  C)with)a)small)number)of)custom)constructs)for)stencil)
computaBons)

•  ConsisBng)of)constructs)for:)
–  Grid)data)structures)
–  Stencil)definiBons)
–  Control)logic�
void%kernel(const%int%x,%const%int%y,%const%int%z,%
%%%%%%%%%%%%PSGrid3DPoint%g1,%PSGrid3DDouble%g2)%{%
%%double%v%=%PSGridGet(g1,x,y,z).vx%
%%%%+PSGridGet(g1,x=1,y,z).vx%+%PSGridGet(g1,x+1,y,z).vx%
%%%%+PSGridGet(g1,x,y=1,z).vy%+%PSGridGet(g1,x,y+1,z).vy%
%%%%+PSGridGet(g1,x,y,z=1).vz%+%PSGridGet(g1,x,y,z+1).vz;%
%%PSGridEmit(g2,v/7.0);%
}%



UserUDefined)Types�
Example:)3D)grids)with)mulBple)fields�

struct%point%{%
%%double%vx,%vy,%vz%
};%
%
DeclareGrid3D(struct%point,%Point);%
%
void%foo()%{%
%%PSGrid3DPoint%g=PSGrid3dPointNew(N,N,N);%
%%...%
%%PSGridFree(g);%
}%



Data)Layout)OpBmizaBon �
•  User)code)always)AoS)
•  Converted)to)suitable)layouts)depending)on)target)
architectures)

struct)Point){)
))))float)u;)
))))float)v;)
))))float)w;)
))))float)x[19];)
};)
DeclareGrid3D(Point,)struct)Point);)
)
PSGrid3DPoint)g;)
...)
PSGridGet(g.u,)i,)j,)k);)
PSGridGet(g.x[l],)i,)j+1,)k);�

struct)Point){)
))))float)*u;)
))))float)*v;)
))))float)*w;)
))))float)*x;)
};)
...)
//)PSGridGet(g.u,)i,)j,)k);)
gU>u[i+j*nx+k*nx*ny])
//)PSGridGet(g.x[2],)i,)j+1,)k);)
gU>x[i+j*nx+k*nx*ny+l*nx*ny*nz];�

User)code)(AoS)� Generated)code)for)GPU)(SoA)�



Performance)Results)on)GPU�
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•  Basic)local)opBmizaBons)at)
DSL)translaBon)Bme)

•  AutomaBc)GPUUspecific)
opBmizaBons)such)as)data)
layout)conversions)

•  Close)to)handUopBmized)
performance)on)NVIDIA)
GPUs)



STELLA)Stencil)DSL �
•  DSL)for)the)

dynamical)core)of)
the)COSMO)model)
(SwissMeteo))

•  Based)on)C++)
metaUprogramming)

•  Performance)
portability)over)
CPUs)and)GPUs)

•  Gysi)et)al.)(2015) �

STELLA usage STELLA usage 



          do j = JJS-1, JJE
                do i = IIS,   IIE
                   do k = KS, KE
                      num_diff(k,i,j,I_DENS,YDIR) = DIFF4 * CDY(j)**4 &
                           * ( CNDY(1,j+1) * dens_diff(k,i,j+2) &
                           - CNDY(2,j+1)   * dens_diff(k,i,j+1) &
                           + CNDY(3,j+1)   * dens_diff(k,i,j  ) &
                           - CNDY(1,j  )   * dens_diff(k,i,j-1) )
                   enddo
                enddo
             enddo
            do j = JJS,   JJE
                do i = IIS,   IIE
                   do k = KS, KE
                      num_diff(k,i,j,I_MOMZ,ZDIR) = DIFF4 * &    
                           * ( 0.5E0_RP*(CDZ(k+1)+CDZ(k)) )**4 &
                           * ( CNMZ(1,k  ) * MOMZ(k+1,i,j) &
                           - CNMZ(2,k  ) * MOMZ(k  ,i,j) &
                           + CNMZ(3,k  ) * MOMZ(k-1,i,j) &
                           - CNMZ(1,k-1) * MOMZ(k-2,i,j) )
                   enddo
                enddo
             enddo
          do j = JJS,   JJE
                do i = IIS-1, IIE
                   do k = KS, KE-1
                      num_diff(k,i,j,I_MOMZ,XDIR) = DIFF4 * CDX(i)**4 &
                           * ( CNDX(1,i+1) * MOMZ(k,i+2,j) &
                           - CNDX(2,i+1) * MOMZ(k,i+1,j) &
                           + CNDX(3,i+1) * MOMZ(k,i  ,j) &
                           - CNDX(1,i  ) * MOMZ(k,i-1,j) )
                   enddo
                enddo
             enddo
           do j = JJS-1, JJE
                do i = IIS,   IIE
                   do k = KS, KE-1
                      num_diff(k,i,j,I_MOMZ,YDIR) = DIFF4 * CDY(j)**4 &
                           * ( CNDY(1,j+1) * MOMZ(k,i,j+2) &
                           - CNDY(2,j+1)   * MOMZ(k,i,j+1) &
                           + CNDY(3,j+1)   * MOMZ(k,i,j  ) &
                           - CNDY(1,j  )   * MOMZ(k,i,j-1) )
                   enddo
                enddo
             enddo

SAME.ARRAY.

SAME.ARRAY.

kernel_01

kernel_02

kernel_03

kernel_04

SAME.ARRAY.

SAME.ARRAY.

App. No. 
Kernels 

No. 
Arrays 

Redund
ancy 

SCALE 142 64 41% 

WRF 122 46 24% 

ASUCA 115 58 17% 

MITgcm 94 31 22% 

HOMME 43 27 21% 

COSMO 35 24 38% 

Up to 100s Tens 1.2x~1.67x ���
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!  Types of transformation 

!  Problem formulation 
!  Combinatorial optimization problem 
!  Find best fission(s)/fusion(s) among feasible  

!  Using a “performance model” as an objective function 
 

!  Performance model 
!  Lightweight codeless projection 

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

Data 

Kernel 1 Kernel 2 

Kernel 1+2 

Kernel Fusion 

Data 1  Data 2  

Data held in  
on-chip memory 

Data held in  
off-chip memory 

Kernel 1 Kernel 2 

Kernel 1+2 

Kernel Fission 

Data 1  Data 2  

Data 

Transformation�
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Via$Instrumentation$
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Via$Device$Query$$
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Via$Static$Analysis$

GFLOPS'of'K_1' 54'

Run2me'K_1' 1.6'μs'

Threads'per'
Block' 192'

Ac2ve'Blocks''
per'SMX' 16'

Shared'Mem.'
per'Block' 3KB'

Ac2ve'Threads''
per'Block' 512'

Reg.'per'
Thread' 32'

…' …'

Shared'Arr.'in'K_1' V'

Threads'Accessing'
Data'Element' 5'

FLOP(s)'in'K_1' 12'

…' …'

Pe
rf
or
ma
nc
e*
*

Me
ta
da
ta
*

Op
er
at
io
ns
**

Me
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*

Global''
Memory'BW'

214''
GB/S'

Shared'Memory'
per'SM' 48'KB'

No.'SM' 15'

…' …'

De
vi
ce
**

Me
ta
da
ta
*

$//$data$arrays$
*double*V[X][Y[Z];*
$//$kernels$$

*K__1<<<G,B>>>(…);*
*K__2<<<G,B>>>(…);*

'

$//$kernels$$
*K__A<<<G,B>>>(…);*
*K__B<<<G,B>>>(…);*

'

Only%Automated%Step%%
in%Manual%Approach%

Performance*
Projection*

Model*

DDG*

OEG*

*Grouped*Genetic**
***Algorithm*

**Best*
Fusions*

New*
DDG*

Original****
**Code*

Metadata*

Extract*

Constraint*

Recommend*

Construct*

New*
Code*

Generate*

Construct*
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Construct*

No 

Yes 

currGen = 0, InitPopulation�

Evaluate Objective Function�

Return overall Best�

cu
rr

G
en

++
 

currGen == maxGen�

Genetic Operators 

Replace Old Individuals�

 
-  Input: CUDA code 
-  Optimized 

 
-  Static analysis 
-  Instrumented run 
-  Written as JSON 

 
-  Kernels are filtered 
-  DAG is optimized 

 
-  Driven by data 

dependency 
-  Can include host 

constraints 
-  Output as .DOT 

 
-  Main component 
-  ~ 10 min. (OMP) 
-  Output as JSON 

 
-  DAG is optimized 

 
-  Output as JSON 

 
-  Code Generator 

outputs CUDA 
-  Readable code 

EndUtoUEnd)TransformaBon �
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App. DescripBon 

SCALE)
[Weather] 

Next generation mesoscale weather model  
[Four years in development] 

HOMME)
[Climate] Dynamical core of Community Atmospheric Model (CAM) 

Fluam)
[Hydrodynamics] 

A fluctuating particle hydrodynamics application based on 
an hybrid Eulerian-Lagrangian approach 

MITgcm)
[Oceanic] 

An oceanic general circulation model relying on a finite 
volume numerical method [18 years in development] 

AWPUODCUGPU)
[Seismic] 

An earthquake wave propagation simulator  
[ACM Gordon Bell finalist] 

BUCALM)
[FDTD] 

A)3DUFDTD)simulator)which)models)the)permiuvity)of)dispersive)
material)

Case)Studies)with)ProducBon)Apps�
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SCALE−LES HOMME Fluam MITgcm AWP−ODC−GPU B−CALM
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Nvidia K40 speedup compared to baseline CUDA version with no kernel fission/fusion  

Note: 
Speedup driven by 

fission 

Problem: 
Filtering latency-
bound kernels Problem: 

Generation of code 

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

Results�



HighULevel)Approach)to)Performance)
Portable)Climate)Models�

MPI)+)OpenMP)
for)Machine)X�

MPI)+)CUDA)
)for)Machine)Z�

MPI)+)OpenMP)
for)Machine)Y�

Domain)Specific)
Language�

Target7specific/code/
genera<on�

Single)source)code�

Decoupling)of)
algorithms)and)
implementaBons)

ArchitectureU)and)
domainUspecific)
opBmizaBons�

Machine)X� Machine)Y� Machine)Z�



HighULevel)Approach)to)Performance)
Portable)Climate)Models)in#Prac(ce�

MPI)+)OpenMP)
for)Machine)X�

MPI)+)CUDA)
)for)Machine)Z�

MPI)+)OpenMP)
for)Machine)Y�

Domain)Specific)
Language�

Target7specific/code/
genera<on�

Single)source)code�

Decoupling)of)
algorithms)and)
implementaBons)

ArchitectureU)and)
domainUspecific)
opBmizaBons�

Machine)X� Machine)Y� Machine)Z�

Barrier#of#adop(on�

Translator#is#highly#
costly#to#develop�



Towards)Sustainable)Programming)
Environment)for)Atmospheric)Models�

Cartesian)
Topology�

Icosahedral)
Topology�

Common)Stencil)DSL))
(à)la)Physis)&)STELLA)�

IndustryUStandard)DirecBveUBased)Language)(à)la)
OpenMP)&)OpenACC))with)Custom)Extensions�

Machine)X� Machine)Y� Machine)Z�

Can#also#be#
compiled#with#

vendor#compilers�

Community<based#
joint#effort�

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

•  Design)a)programming)interface)that)is)compaBble)with)
accepted)standards)(e.g.,)OpenMP))

•  Build)a)community)for)joint)development�

Structured)Atmospheric)Models�

Translator#is#highly#
costly#to#develop�

Barrier#of#adop(on�



Summary�
•  AIMES)joint)project)

–  Extending)icosahedral)climate)
models)with)advanced)
programming)and)I/O)methods)

•  Plan)
–  Joint)effort)to)build)sustainable,)
performanceUportable)
programming)environment)for)
extremeUscale)atmospheric)
models)

•  Expected)outcome)
–  FutureUproof)atmospheric)models)
–  FoundaBon)for)encompassing)
further)aggressive)opBmizaBons)
such)as)kernel)fusion)
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