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MPI+CUDA

Node 0 Node 1 Node N-1

MEM MEM |

!

CPU

=

[IMPI rank O
MPI_Send(s buf d , size , MPI_CHAR O, tag , MPI_COMM_WOR);.D

/IMPI rank n -1
MPI_Recv(r_buf d , size , MPI_CHARnN- 1, tag , MPI_COMM_WOR|&stat );
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YOU WILL LEARN

What MPI is

How to use MPI for inter GPU communication with CUDA and OpenACC
What CUDAaware MPI is

What Multi Process Service is and how to use it

How to use NVIDIA tools in an MPI environment

How to hide MPI communication times
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MESSAGE PASSING INTERFACHPI

Standard to exchange data between processes via messages
Defines API 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, IBMatform MP1 , Cr ay MPT, &
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MPI- SKELETON
#include < mpi.h >

int main(int argc, char *argv []) {
int rank , size ;
[* Initialize the MPI library */
MPI_Init (&argc ,& argv ),
[* Determine the calling process rank and total number of ranks */
MP1_Comm_rank( MPI_COMM_WORJ&rank );
MP1_Comm_size ( MPI_COMM_WOR|/&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
$ mpirun -np 4 ./ myapp <args >
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A SIMPLE EXAMPLE
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EXAMPLE: JACOBI SOLVER

Solvesthe 2D-Laplace Equation on a rectangle
Yo(ehe) 1 (eh)N m# m

Dirichlet boundary conditions (constant values on boundaries)
JCUDEN CIDREA

2D domain decomposition with n x k domains 310} oi 1€ o
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EXAMPLE: JACOBI SOLVER
Single GPU

While not converged
Do Jacobi step:
for (int iy =1; iy < ny-1; ++iy)
for (int ix =1; ix < nx-1; ++ix)

unew[ix [ iy ] = 00f - 025( *( u[ix-1][ iy ] + u[ix +1][ iy ]

+ u[ix ][ iy -1] + u[ix ][ iy +1]); ?%228

000000

Swapu_new and u O““O
o 000000
Next iteration OOOOOO
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EXAMPLE: JACOBI SOLVER

While not converged
Do Jacobi step:

for (int iy =1; Iy

for (int ix =1; ix

u newl[ix ][ iy ]

<

<

ny-1;

nx-1;

0.0f

Exchangehalo with 2 4 neighbors

Swapu_new and u

Next iteration

++iy )

++iX )

- 0.25f ¥

Multi GPU

ufix -1y [+ ulix +1]0 iy ]

+ufix Ly -1] + ufix ][ iy +1]);
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EXAMPLE JACOBI

Top/Bottom Halo

MPI_Sendrecv (]u_new+offset_first_row m 2, MPI_DOUBLE t nb, O

O
000C )

u_new+orrset_bottom_bounda’lry , m2, MPI_DOUBLE b;nb, 0, 1
O

MPI_Sendrecv

MPI_COMM_WORLDMPI_STATUS_IGNORE

u_new-+offset last row J m2, MPI_DOUBLE b nb, 1,

u new+offset top boundary , m2, MPI_ DOUBLE t nb,

MP]_COMM_WORLDMPI_STATUS_IGNORE

000000

C00000
000000

O
OOOC
L ( 2
1
O
000000
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OpenACC

CUDA

EXAMPLE JACOBI

Top/Bottom Halo

#pragma acc host data use device ( u_ new ) {

MPI_Sendrecv (Ju_new+offset_first_row | m2, MPI_DOUBLE t nb, O,
u_new-+olfset_bottom_boundary , m2, MPI_ DOUBLE b nb, O,
MPI_COMM_WORLDMPI_STATUS_ IGNORE

MPI_Sendrecv (u new+offset last row  ,| m 2, MPI_DOUBLE b nb, 1,
u_new-+offset top boundary , m2, MPI DOUBLE t nb, 1,
MPI_COMM_WORLDMPI_STATUS_IGNORE

}

MPI_Sendrecv (|u_new_d+0ffset_first_row | m 2, MPI_DOUBLE t nb, O,
u_new_d+offset bottom boundary , m2, MPI_DOUBLE b nb, 0,
MPl_COMM_WORLDMP ATUS IGNORIE

MPI_Sendrecv ([u_new_d-+offset last row ] m2, MPI_DOUBLE b nb, I,

[L_ev_doffset top boundary ], m 2, MP|DOUBLE nb, 1
MPI_COMM_WORLDMPI_STATUS_IGNORE

000000

O
D000 )
1
O
000000
000000

O
OOO0OC
. 2
O
000000
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EXAMPLE: JACOBI

Left/Right Halo

/lright neighbor omitted
#pragma acc parallel loop present ( u_new, to left )
for ( int 1=0; i<n-2; ++i )

to left [i] = u_new[( i+1)* m+1];

#pragma acc host data use device ( from_right , to left ) {
MPI_Sendrecv ( to left , n-2, MPI_DOUBLE | nb, O,
from_right , n-2, MPI_DOUBLE r nb, O,
MPI_COMM_WORLDMPI_STATUS_ IGNORE);

OpenACC

}

#pragma acc parallel loop present ( u_new, from_right )
for ( int 1=0; i<n-2; ++i )
unew[( mL+(i+1)*n] = from_right [i];
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CUDA

EXAMPLE: JACOBI

Left/Right Halo

/lright neighbor omitted
pack <<<gs, bs, 0,s>>>(to left d , u_new_d, n, m);
cudaStreamSynchronize (' S);

MPI_Sendrecv ( to left d , n-2, MPI_DOUBLE | nb, O,
from_right d , n-2, MPI_DOUBLE r nb, O,
MPI_COMM_WORLDMPI_STATUS IGNORE);

unpack <<<gs, bs, 0, s>>>(u_new_d, from_right d , n, m;
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LAUNCH MPI+CUDA/OPENACC PROGRAMS

Launch one process per GPU
MVAPICHMV2 USE_CUDA
$ #1 mpirun -np ${np} ./ myapp <args >
Open MPI. CUDAaware features are enabled per default
Cray: MPICH_RDMA ENABLED CUDA
IBM Platform MPI: PMPI_GPU_AWARE
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HANDLING MULTIPLE MULTI GPU NODES




HANDLING MULTIPLE MULTI GPU NODES

MPI_Commlocal comm ;

MPI_Info info ;

MPI_Info_create (&info );

MPI_Comm_split type (MPI_COMM_WORLDMPI_COMM_TYPE SHAREDank , info , &ocal comm );
int  local_rank = -1

MPI_Comm_rank( local_ commé& local_rank );

MPI_Comm_free (& local_comm );

MPI_Info_free  (&info );
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HANDLING MULTIPLE MULTI GPU NODES

e
B Ba -

e
B @A

é
oA
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HANDLING MULTIPLE MULTI GPU NODES

Use local rank:
int  local_rank = -1;
MPI_Comm_rank(local  comm& local rank );
Int  num_devices =
cudaGetDeviceCount (& num_devices );

cudaSetDevice (local rank % num_devices );
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Runtime (s)
P - =
EaN (o)) [} o N IS

N

o

JACOBI RESULTS (1000 STEPS)

MVAPICHZ2.0b FDR IB- Weak Scaling 4k x 4k per Process

1111

#MPI Rankgd1 CPU Socket with 10 OMP Threads or 1 GPU per Rank

m Tesla K20X
m Xeon E5-2690 v2 @ 3.0Ghz
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OpenACC

CUDA

EXAMPLE JACOBI

#pragma acc update host( u_new|offset_first_row:m - 2], u_new]offset_last_row:m - 2])
MPI_Sendrecv (u_new+offset first_row , m?2, MPI DOUBLE t nb, O,
u_new+offset _bottom_ boundary , m2, MPI_ DOUBLE b nb, O,
MPI_COMM_WORLDMPI_STATUS IGNORE
MPI_Sendrecv (u_new+offset last row , m2, MPI DOUBLE b nb, 1,
u_new-+offset top boundary , m2, MPI DOUBLE t nb, 1,
MPI_COMM_WORLDMPI_STATUS IGNORE
#pragma acc update device( u_new]offset_top_boundary:m - 2], u_new[offset bottom_ boundary:m -2])
//[send to bottom and receive from top top bottom omitted

cudaMemcpy( u_new+offset_first_row :

u_new_d +offset_first row , (m 2)* sizeof (double ), cudaMemcpyDeviceToHost );
MPI_Sendrecv (u_new+offset first_row , m?2, MPI DOUBLE t nb, O,
u_new-+offset_bottom_boundary , m2, MPI_ DOUBLE b nb, O,

MPI_COMM_WORLDMPI_STATUS IGNORE
cudaMemcpy( u_new_d+offset bottom_boundary :
u_new+offset bottom_boundary , (m 2)* sizeof (double ),

cudaMemcpyDeviceToHost );

24
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UNIFIED VIRTUAL ADDRESSING

No UVA: Separate Address Spaces UVA: Single Address Space

System GPU System GPU
Memory Memory Memory Memory
H

0x0000 0xoooo 0xoooo
’ OXFFFF I ’ OXFFFF | ‘ OXFFFF

i [l
\E \H\

PCle PCle
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UNIFIED VIRTUAL ADDRESSING

No UVA: Separate Address Spaces UVA: Single Address Space

System GPU System GPU
Memory Memory Memory Memory

W | |

L L J
| PCl-e | PCl-e

Determine physical memory location from a pointer value

One address space for all CPU and GPU memory

Enable libraries to simplify their interfaces (e.g. MPl and cudaMemcpy)
Supported on devices with compute capability 2.0+ for

64-bit applications on Linux and Windows (+TCC)
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NVIDIAGPUDIRECE

Peer to Peer Transfers

v vew

MEM

EI

»
»




NVIDIAGPUDIRECE

Support for RDMA




CUDAAWARE MPI

Example:
MPI Rank OMPI_Send from GPU Buffer
MPI Rank IMPI_Recv to GPU Buffer

Show how CUDA+MPI works in principle

Depending on the MPI
situation might be different

Two GPUSs in two nodes

| mpl ement ati on,

30
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MP|I GPU TO REMOTE GPU

Support for RDMA
MPI Rank O MPI Rank 1

MPI_Send(s_buf d , size , MPI_CHAR 1, tag , MPI_COMM_WOR)D

MPI_Recv (r_buf d , size , MPI_ CHAR O, tag , MPI_COMM_WORJ&stat );
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MP|I GPU TO REMOTE GPU

Support for RDMA

»»»» Time




REGULAR MPI GPU TO REMOTE GPU

MPI Rank O MPI Rank 1

cudaMemcpy(s buf h ,s buf d , size , cudaMemcpyDeviceToHost );
MPI_Send(s buf h , size , MPI_CHAR 1, tag , MPI_COMM_WORYD

MPI_Recv (r_buf h , size , MPI_CHAR O, tag , MPI_COMM_WOR|&stat );
cudaMemcpy(r _buf d ,r buf h | size , cudaMemcpyHostToDevice );
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REGULAR MPI GPU TO REMOTE GPU

memcpy H->D

memcpy D- >H

Time

D>epspn)
>
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MP|I GPU TO REMOTE GPU

without GPUDirect
MPI Rank O MPI Rank 1

MPI_Send(s buf h , size , MPI_CHAR 1, tag , MPI_COMM_WORD

MPI_Recv(r_buf h , size , MPI_CHAR O, tag , MPI_COMM_WOR|&stat );
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MP|I GPU TO REMOTE GPU

without GPUDirect

Time




PERFORMANCE RESULTEHUDIRECRDMA

OpenMPI11.10.4 MLNX FDR IB (4X) Tesla P100 PE! 16GB

6000
5000
© 4000
m
= 3000
% 2000
1000
0

N N © o} A6 W Ao P
N~ %5»@%%%%%”\}&4@0
'\,‘°,\Qb;\°‘

Message Size (Byte)

Latency (1 Byte) 15.65us 16.50 us

—-—-CUDA-aware MPI with
GPUDirect RDMA

-=-CUDA-aware MPI

—+regular MPI
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PERFORMANCE RESULTEFUDIRECTP2P

20000
18000
16000
% 14000
m 12000 CUDA-aware MPI with

= 10000 .
= 8000 GPUDirect P2P

m 6000 -=-CUDA-aware MPI
4000
2008 —-+reqgular MPI
N * o X o * Jo Ao % Ao )
N ) A X O
AN

Message Size (Byte)
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MULTI PROCESS SERVICE (MPS) FOR MPI
APPLICATIONS



GPU ACCELERATION OF LEGACY MPI APPS

Typical legacy application
MPI parallel
Single or few threads per MPI rank (e.g. OpenMP)
Running with multiple MPI ranks per node
GPU acceleration in phases
Proof of concept prototype, &
Great speedup at kernel level

Application performance misses expectations
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MULTI PROCESS SERVICE (MPS)

For Legacy MPI Applications

s GPU parallelizable part

= CPU parallel part
BN Serial part

With Hyper-Q/MPS
Available on Tesla/ Quadro with CC 3.5+

(e.g. K20, K40, K80, M40,

N=4 N=8 N=1  N=2 N=4 N=8

Multicore CPU only GPUaccelerated
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PROCESSES SHARING GPU WITHOUT MPS

No Overlap

% *profile_nomps 4117.out £2 > =0

733s 734s 735s 736s 7.37s 7.38
' ' " ' |

[=] Process "a.out” (4117)
[=| Thread 293047168

L Runtime API
L Driver APl ;
L Profiling Overhead
ProceSS A Process B [=] Process "a.out” (4123)
[=] Thread 1718765344
L Runtime API

L Driver APl
Context A Context B e
[=] 101 Tesla k20xm
|=| Context 1-4117 (CUDA)
L SF MemCpy (HtoD)
[=] Compute test_kernelf... test kernel(.. ell.. test =l

L SF 50.1% test_kernel(d... |[[B% test_kernel(... test kernel(.. test_kernell
[=] Streams
L Default st_kernell... test_kernell.. test_kernel(

=] Context 1-4123 (CUDA)
L SF MemCpy (HtoD)

[=] Compute =t ke < test kernelf...
L S 40.9% test_kernel(d... " .

[=] Streams
L Default est_kernell... cernell... test_kernel...
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PROCESSES SHARING GPU WITHOUT MPS

Context Switch Ove

rhead

% *profile_nomps 4117 .out 53 &

7.33s 7.34s 7.35s 7.36s
' ' ' '

[=] Process "a.out” (4117)
[=] Thread 293047168
L Runtime API
L Driver APl ;
L Profiling Overhead
[=] Process "a.out” (4123)
[=] Thread 1718765344
L Runtime API
L Driver APl
L Profiling Overhead
[=] 101 Tesla K20%m
|E| Context 1-4117 [CUDA)
L SF MemCpy (HtoD)
IE‘ Compute

L 5F 50.1% test_kernel(d...

[=] Streams
L Default
|=| Context 1-4123 (CLDA)
L S MemCpy (HtoD)
[~ Compute

- 5F 49.9% test_kernelid...

IE‘ Streams
L Default

7.% 'pmleﬁmmn 17.0ut 88

73534 ms 7351[“\ 7353.6ms

e |

test_kernel(...

test_kernel(...
test_kernel(... test_kernel(.. '

test_kernel(... test_kernel(.. test_kernel(...

test-_l-.'ernel o
) test kernel(...

'test_kernellf... test_kermel(..

tE'_'?t_k'E'I'nE'll:.... 'tﬁ-st_k_r-_-rnelf_...

test_kernel(... test_kernel(...

test_kernel(...

=) Process "a.out” (4117)
[=] Thraad 293947168
L Runtime API
L Driver APl
L Profiling Overhead
=] Process “a.out” (4123)
[ Thread 1718765344
L Runtime API
L Driver AP
- Prafiling Overhead
= 101 Tesla K20%m

L § MemCpy (HtoD)
= Compute
L 50.1% test_kernei(a..

[} Context 14123 (CUDA} [
L Y MemCpy (HtoD)
5 Compute |
L Y 29.9% test_kemelld...

test kernel(]

test;kern ell

test kernel(

Context
Switch
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PROCESSES SHARING GPU WITH MPS

Maximum Overlap

Process A Process B
Context A Context B

MPS Process

Kernels from Kernels from
Process A Process B

44 <4 NVIDIA.



