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MULTI GPU PROGRAMMING
With MPI and OpenACC
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//MPI rank O

MPI+OPENACC

Node 1
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Node N-1
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#pragma acc host data use device( sbuf )

MPI Send(sbuf,

//MPI rank n-1

size,

MPI DOUBLE,

n-1,

#pragma acc host data use device( rbuf )

MPI Recv (rbuf,

size,

MPI DOUBLE,

0,

tag, MPI COMM WORLD, MPI STATUS IGNORE) ;

tag, MPI COMM WORLD) ;
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USING MPI FOR
INTER GPU
COMMUNICATION



MESSAGE PASSING INTERFACE - MPI

Standard to exchange data between processes via messages
Defines APl to exchanges messages
Point to Point: e.g. MPI Send, MPI Recv
Collectives: e.g. MPI Reduce
Multiple implementations (open source and commercial)

Bindings for C/C++, Fortran, Python, ...
E.g. MPICH, OpenMPI, MVAPICH, IBM Spectrum MPI, Cray MPT, ...
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MPI - SKELETON

int main(int argc, char *argv[]) {

#include <mpi.h>

int rank,size;

/* Initialize the MPI library */

MPI Init (&argc, &argv);

/* Determine the calling process rank and total number of ranks */
MPI Comm rank (MPI COMM WORLD, &rank) ;

MPI Comm size (MPI COMM WORLD, &size) ;

/* Call MPI routines like MPI Send, MPI Recv, ... */

/* Shutdown MPI library */

MPI Finalize();

return ;
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MPI

Compiling and Launching

$ mpicc -0 myapp myapp.c
S mpirun -np 4 ./myapp <args>
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EXAMPLE: JACOBI SOLVER

Solves the 2D-Poission Equation on a rectangle
Au(x,y) = e 10"+ v (x,y) € Q\6Q

Periodic boundary conditions m
Domain decomposition with stripes ‘ ‘ l ' ‘ ‘ l ' | ‘ ‘ ‘ ‘

Horizontal Stripes
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EXAMPLE: JACOBI SOLVER
Single GPU

While not converged
Do Jacobi step:

for (int iy = 1; iy < ny-1; ++iy)

0QOO0OO0
@00

C00000
C00000

+A[(1y=-1)*nx+ix]+A[ (iy+1) *nx+ix])) ; O““O

Copy Anew to 2 OOOOOO

Apply periodic boundary conditions

for (int ix = 1; ix < nx-1; ++ix)

Anew[iy*nx+ix]=-0.25f*(rhs[iy*nx+ix]-(A[iy*nx+(ix=1)]+A[iy*nx+ (ix+1)]

Next iteration
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EXAMPLE: JACOBI SOLVER

Multi GPU

While not converged

@000
o0

0000

000
] ]@

[ (1y-1)*nx+ix]+A[(1y+]) *nx+ix])) =
+A[ (1y- nx+ix]+A[ (1y+ nx+1ix O“‘.O
Copy Anew to 2 O""

Apply periodic boundary conditions and exchange halo with 2 neighbors O O O O O )

0QOOO
“WQTQIA
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O

Do Jacobi step:

for (int iy = iy start; iy < iy end; ++iy)

for (int ix = 1; ix < NX-1; ++ix) O

Anew[iy*nx+ix]=-0.25f*(rhs[iy*nx+ix]-(A[iy*nx+(ix-1)]+A[iy*nx+ (ix+1)]

Next iteration




EXAMPLE JACOBI

Top/Bottom Halo
000000

#ipragma acc host data use_device ( A ) O““O
{ 0]0]0]0]0]0,

000000
000000

C00000
000000
C00000

0]0]0]0]0)e,

O00000
} 000000

000000



EXAMPLE JACOBI

Top/Bottom Halo
000000

#ipragma acc host data use_device ( A ) O ‘ ‘ ‘ ‘ O

{ 0]0]0]0]0)e,
MPI Sendrecv(A+iy start*nx+l, nx-2, MPI DOUBLE, top, O,
A+iy end*nx+l, nx-2, MPI DOUBLE, bottom, O,

MPI COMM WORLD, MPILSTATUS_IGNOI;E) ; , 8 9 9 9 9 8

000000

000000
C00000

0]0]0]0]0)e,

O00000
} 000000

C00000O
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EXAMPLE JACOBI

Top/Bottom Halo
000000

#ipragma acc host data use_device ( A ) O ‘ ' ' ‘ O
{ 0003gO0

100008
000000
000000
000000
50000

MPI Sendrecv[A+iy start*nx+l|, nx-2, MPI DOUBLE, top, O,
A+iy end*nx+1, nx-2, MPI DOUBLE, bottom, 0,
MPI COMM WORLD, MPI_STATUS_IGNORE) g

1

ojelelele
O

C00000O
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EXAMPLE JACOBI

Top/Bottom Halo
000000
#ipragma acc host data use_device ( A )

{
000C
MPI Sendrecv[A+iy start*nx+l|, nx-2, MPI DOUBLE, top, O, 1 2
A+iy end*nx+1, nx-2, MPI DOUBLE, bottom, 0,
MPI COMM WORLD, MPI_STATUS_IGNORE) s O

C00000
000000

MPI Sendrecv[A+(iy end-1)*nx+]}, nx-2, MPI DOUBLE, bottom, 1, O O O C
A+(iy start-1)*nx+]|, nx-2, MPI DOUBLE, top, 1, 2
MPI COMM WORLD, MPI STATUS IGNORE) ; 1

C00000O
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HANDLING MULTI GPU NODES

#pragma acc set device num( devicenum )

// Or using the API:
#if OPENACC

acc_device t device type =

acc_get device type();

int ngpus=acc _get num devices(device type);

int devicenum=rank$ngpus;

acc_set device num(devicenum,device type);

#endif /* OPENACC*/

Alternative (OpenMPI / Spectrum MPI):

int devicenum = atoi(getenv("OMPI COMM WORLD LOCAL RANK")) ;
Alternative (MVAPICH2):

int devicenum = atoi(getenv("MV2 COMM WORLD LOCAL RANK")) :;
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PROFILING OF
MPI+OPENACC APPS



PROFILING MPI+OPENACC APPLICATIONS

Embed MPI rank in output filename, process name, and context name

mplirun -np

pgprof --output-profile profile.%g{OMPI COMM WORLD RANK}.nvvp

OpenMPI / Spectrum MPI: OMPI COMM WORLD RANK

MVAPICH2: Mv2 COMM WORLD RANK

Additionally highlight MPI activity in the timeline

mplrun -np

pgprof —-annotate-mpl openmpl --output-profile ..

OpenMPI / Spectrum MPI : ——annotate-mpi openmpi

MVAPICH2: —-annotate-mpi mpich
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PROFILING MPI+OPENACC APPLICATI

| NON | 5. ssh

X ssh 81

bash-4.2% jsrun —--smpiargs "-gpu" -nl —-g ALL_GPUS -c ALL_CPUS -a4 pgprof —--annotate-mpi openmpi —-cpu-pro
filing off -o /gpfs/wolf/genll@/proj-shared/mathiasw/task2.%q{OMPI_COMM_WORLD_RANK}.nvvp ./poisson2d.solut
ion

==155052== PGPROF 1s profiling process 155052, command: ./poisson2d.solution

==155054== PGPROF is profiling process 155054, command: ./poisson2d.solution

==155055== PGPROF is profiling process 155055, command: ./poisson2d.solution

==155053== PGPROF is profiling process 155053, command: ./poisson2d.solution

==155052== Generated result file: /gpfs/wolf/genl10/proj-shared/mathiasw/task2.3.nvvp
==155054== Generated result file: /gpfs/wolf/genl10/proj-shared/mathiasw/task2.2.nvvp
==155053== Generated result file: /gpfs/wolf/genl10/proj-shared/mathiasw/task2.1.nvvp
==155055== Generated result file: /gpfs/wolf/genll®/proj-shared/mathiasw/task2.0.nvvp
Jacobi relaxation Calculation: 4096 x 4096 mesh

Calculate reference solution and time serial execution.

0, 0.250000
100, 0.249940
200, 0.249880
300, 0.249821
400, 0.249761
500, 0.249702
600, 0.249642
700, 0.249583
800, 0.249524
900, 0.249464

Parallel execution.

0, 0.250000
100, 0.249940
200, 0.249880
300, 0.249821
400, 0.249761
500, 0.249702
600, 0.249642
700, 0.249583
800, 0.249524
900, 0.249464

Num GPUs: 4.

4096x4096: 1 GPU: 1.3687 s, 4 GPUs: 0.5355 s, speedup: 2.56, efficiency: 63.90%
MPI time: 0.0882 s, inter GPU BW: 1.38 GiB/s

bash-4.2% I
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PROFILING MPI+OPENACC APPLICATIONS

Using pgprof
Use the import Wizard

=,

[ 2589;8 ms 2589;9 ms 2599 ms 2590;1 ms 2590‘.2 ms 2590;3 ms 2590‘.4 ms 2590;5 ms 2590‘.6 ms 2590;7 ms 2590;8 ms 2590:9 ms 259]; ms 2591:1 ms

Process "poisson2d.solutio...

rocess "poisson2d.sol
Process "poisson2d.sol

LEEEE R

|=| Process "poisson2d.solutio...
[=| Thread MPI Rank 0
e hcc_compute_con... || acc compute_construct@poisson2... f] acc_compute_co... | || acc compute_construct@poisson... [Jilll acc compute_co.. | || acc compute_constry
[ | | accenqueue_downloada... ] |l acc_enqueue_download@...| Il | accwait@pois..| L] [ accengueue df
i i

* Runtime APl il i 1]
- Driver API | |__cuMemcpyDtoHAsync [ [Jf | custreamsync...| |_cuMemcpyDtoHAsync | | IRl | cuStreamsync...| L[N ] [ cuMemcpyD)
=] Markers and Ranges [ MPLS... [ MPI Se... | | I | 1 |
* Default Domain [pis. [wrise | i [e— ] —
* Profiling Overhead
=] [MPI Rank 0] Tesla V100-SX...
=] Context 1-155368 (CUDA)
- 5 MemCpy (HtoD)
¥ MemCpy (DtoH) | |

" MemCpy (PtoP) Il (| ] | ] |

=/ Compute main_164_gpu | main_149_gpu | main_164_gpu | main_149_gpu | main_164_gpu |

I 49.4% poisson2d...
- 29.5% poisson2d...
© 7 11.2% main_149...
© 7 6.6% main_164..
L 7 2.0% main_91_gpu
L 0.6% poisson2d_...
L r 0.2% poisson2d_.
L 7 0.2% main_156_... | |
L 5F 0.2% poisson2d_...
L5 0.1% main_191_...
|=| Streams
* Stream 19 . || TR | || T I
~ Stream 23 | | [ | | 1
[=I [MPI Rank 1] Tesla V100-5X...
[= Context 1-155370 (CUDA)
5 MemCpy (HtoD)
57 MemCpy (DtoH) | |

LY MemCpy (PtoP) I [ [

|=] Compute main_164_gpu | main_149_gpu | main_164_gpu ] main_149_gpu I main_164_gpu |
L7 55.4% main_149... main_149_gpu main_149_gpu 1 9 @ nVIDIA
L 5F 33.1% main_164... main_164_gpu main_164_gpu main_164_gpu B

5 9.7% main_91_gpu




PROFILING MPI+OPENACC APPLICATIONS

ultiple parallel profiling tools are

enACC-aware
Score-P

Vampir

hese tools are good for discoverin
issues as well as basic OpenACC performance

inhibitors.

Third Party Tools

N Fle Edt Chart Fiter Window Help

Enkeed

Vampir - Trace View - /home/juc kel/PIConGPLY/ trace. otf S
RS
. J LIRTR Trenewrt R demnchonvd vl liis

Function Legend

Function Summary.
AllProcesses, Accumulated Exclusive Time per Function
200s s

Process 0 3024755 deviceMove AndMarkPartcles<b1> -
CUDA[0] 1:2 3020478 deviceMove AndMarkParticles<h0>
cupafi] 21 [EIEEE DeviceDeleteParticies

cupAR] 31 121 602 s [N kernelComputeCurr .. €0 ParticleType0>
cUDA3) 4:1 n8dess kernelComputeCurr... 0 ParticleType1>
Process 6

Process 7 AllProcesses, Accunuated Exclusive Time per Function Group

Process 8

Process 9 NVSMI[351 089 5 UDA_KERNEL [1.234 253 5]

Thread &:3 Pl [490.032 5

Thvead 10:2

Thread 112 CUDA_IDLE [580.704 5

Thread 122 DA_SYNC 1138353 5]

CUDA[D] 13:2

cuaii a1 T -
CUDA[2]15:1 T 0 0 0 0 0 0 > o o " 0 0 T o = i Counter Data Timeiine +
CUDA3]16:1 K o T 0 o 0
property vae -

CUDA1I 51, CUDALZI 41, CUDALI 1, CUDAD] 2, Vs of et "ctve v ver Tme popen ST

1500 ‘ e Carter

j ‘ ! Uocatons CUDAT] 61, CUDAG 71, CLDAG 1, CLOAI 92

ool | ! Ve TS 7asze)

i | ‘ e Locatons CUDAI 1, CUDAI1, CUDADI92

3 | | Average rea

Bt tian

0
Minimum Locations CUDA(2] 7:1, CUDA(1] 6:1, CUDA(3] &:1, CUDA(0] 8:2
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OVERLAPPING

COMMUNICATION
AND COMPUTATION



Runtime [s]

COMMUNICATION + COMPUTATION OVERLAP

OpenMPI 2.1.2 - 2 Quadro GV100

m No overlap mldeal
2.5

N

—_
(]

—

o
v

o

4096x4096 2048x2048 1024x1024
Problem Size



COMMUNICATION + COMPUTATION OVERLAP

Process Whole Domain

No Overlap

Boundary and inner
domain processing can
overlap

Overlap

Process inner domain < Possible gain >

Process boundary
domain

MPI

Dependency
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COMMUNICATION + COMPUTATION OVERLAP

#fpragma acc parallel loop present (A,Anew)

for ( ... ) //Process boundary

fpragma acc parallel loop present (A,Anew) async
for ( ... ) //Process inner domain
#pragma acc host data use device ( A ) {

MPI Sendrecv(A+iy start*nx+l, nx-2, MPI DOUBLE, top, ,
A+iy end*nx+1, nx-2, MPI DOUBLE, bottom, 0,
MPI COMM WORLD, MPI STATUS IGNORE) ;
MPI Sendrecv(A+(iy end-1)*nx+1, nx-2, MPI DOUBLE, bottom, 1,
A+(iy start-1)*nx+l, nx-2, MPI DOUBLE, top, ,
MPI COMM WORLD, MPI STATUS IGNORE) ;
}

#fpragma acc wait //wait for iteration to finish

24 NVIDIA.



COMMUNICATION + COMPUTATION OVERLAP

OpenMPI 2.1.2 - 2 Quadro GV100

mmm No overlap mmmOverlap —Speedup

2.5 1.1
1.08
2
1.06
v, 1.5 1.04
Q
=
)
g 1.02
4 1
1
0.5
0.98
0 0.96

4096x4096 2048x2048 1024x1024
Problem Size

Speedup (Overlap vs. Nooverlap)



MPI-AND UNIFIED
MEMORY



MPI AND UNIFIED MEMORY

Using Unified Memory with a non Unified Memory-aware MP| might break in some
cases, e.g. when registering memory for RDMA, or even worse silently produce wrong
results.

Use a Unified Memory-aware MPI with Unified Memory and MPI

Unified Memory-aware: CUDA-aware MPI with support for Unified Memory
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MPI AND UNIFIED MEMORY

Available Unified Memory-aware MPI implementations
OpenMPI (since 1.8.5)
MVAPICH2-GDR (since 2.2b)
Spectrum MPI

Currently treat all Unified Memory as Device Memory

Good performance if all buffers used in MPI are touched mainly on the GPU.
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MPI AND UNIFIED MEMORY

Only use non Unified Memory Buffers for MPI: cudaMalloc, cudaMallocHost or malloc

Application managed non Unified Memory Buffers also allow to work around current
missing cases in Unified Memory-aware MPI Implementations.
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LOOKING FORWARD
NVSHMEM



GPU FOR COMPUTE OFFLOAD

Compute on GPU
Communication from CPU

Synchronization at boundaries

Performance overheads
Offload latencies
Synchronization overheads

GPU CPU PCle/Network

cuda_kernel<<<>>>

treamSynchronize<<<>>>

|

MPI_lIsend

MP:M
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GPU MASTERS COMMUNICATION

CPU GPU Network

cuda_kernel<<<>>>

Compute - communication overlap w daStream;W:

Easier to write algorithms with inline
communication

Reduce reliance on CPU

Improving performance while making it
easier to program
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Partitioned Global
Address Space

WHAT IS NVSHMEM ?

GPU O GPU 1 GPUn
(PE 0) (PE 1) (PE n)
Private

Experimental implementation of OpenSHMEM for NVIDIA GPUs, 1 PE/GPU

shared memory: shmem_malloc
private memory: cudaMalloc

shmem communication APls: shared->shared or private->shared

34
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DEVICE-INITIATED COMMUNICATION

Thread-level communication APls

PE i-1 Allow finer grained control and overlap
HERERN
$ $ $ $ $ $ Maps well onto NVLink fabric — DGX-1/DGX-2
1 ------ __global__ void stencil_single_step (float *u, ...)
{
int ix = threadldx.x, iy = threadldx.y;
PE i
/ /compute
ny
------ / /data exchange
n ] if (iy==ny) {
$ X$ $ $ $ $ shmem_float_p (u + ny*nx + ix, u + ix, top_pe);

}
PE i+1 HEEEEE if (iy==1){

shmem_float_p (u + nx + ix, u + (ny+1)*nx + ix, bottom_pe);

}
}
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IN-KERNEL SYNCHRONIZATION

PE i-1 Allows inter-kernel synchronization

Data transfer ‘ + $ Synchronization Can offload longer running and cooperating CUDA kernels

------ __global__ void stencil_uber (u, ...)
{

PE i while (iter=0; iter<N; iter++) {
//compute

/ /data exchange

------ shmem_float_put_block_nbi (u + ny*nx, u, nx, top_pe);

+
‘ $ shmem_float_put_block_nbi (u + nx, u+ (ny+1)*nx, nx,

BE is1 ------ bottom_pe);

shmem_barrier_all();

} 37 <ANVIDIA.



CUDA STREAM ORDERED EXTENSIONS

Not all communication can be moved into a CUDA kernels
Not all compute can be fused in to a single kernel
Synchronization or communication at kernel boundary is still required
Extension to offload CPU-initiated SHMEM operations onto a CUDA stream
Eg:

kernell<<<.., stream>>> (..)

shmemx barrier all on stream(stream) //can be a collective or p2p operation

kernel2<<<.., stream>>> (...)
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NVSHMEM FROM HOST

#include <nvshmem.h>

#include <nvshmemx.h>

// Initalize NVSHMEM with MPI
MPI Comm mpi comm = MPI COMM WORLD;
nvshmemx init attr t attr;
attr.mpi comm = &mpi comm;

nvshmemx init attr (NVSHMEMX INIT WITH MPI COMM, &attr);

// Allocate symmetric memory and tell OpenACC to use it as device memory
real *d A = (real *)nvshmem malloc(nx * ny * sizeof(real));

acc map data(A, d A, nx * ny * sizeof(real)); // part of openacc.h header
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NVSHMEM FROM HOST

#fpragma acc parallel loop present (A,Anew)

for ( ... ) //Process boundary

#fpragma acc parallel loop present (A,Anew)

for ( ... ) //Process inner domain

#pragma acc host data use device ( A ) {

nvshmem double put((double *) (A + iy end top * nx + ix start),
(double *) (A + iy start * nx + ix start), (ix end - ix start), top);
nvshmem double put ((double *) (A + (iy start bottom - 1) * nx + ix start),
- - (double *) (A + (iy:end - ) * nx + ix start), ?ix_end - 1x start), bottom);

nvshmem barrier all(); // wait that data has been transferred

}

#fpragma acc wait //wait for iteration to finish
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NVSHMEM STATUS

Research vehicle for designing and evaluating GPU-centric workloads
Early access available - apply at
Main Features

NVLink and PCle support

InfiniBand

X86 and Power9 support

Interoperability with MPl and OpenSHMEM libraries
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http://develop.nvidia.com/nvshmem

NVSHMEM IMPROVES SCALING

Strong scaling Lattice QCD Wilson operator (QUDA) on DGX-2

400,000

== half GDR =@~ half NVSHMEM
=&= single GDR =i single NVSHMEM
- @ -double GDR - ® -double NVSHMEM

300,000

200,000

100,000

............ @:ccssscssssss@iosnnss 643x128 global volume

16 32 64 128 256 512 1024
#GPUs
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