- GPU COMPUTING
- 2- MULTI GPU'

Mathias Wagner, Lattice Practices 2024




MOTIVATION

Why use multiple GPUs?

Need to compute larger, e.g. bigger networks, car models, ...
Need to compute faster, e.g. weather prediction

Better energy efficiency with dense nodes with multiple GPUs
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EXAMPLE: JACOBI SOLVER

Solves the 2D-Laplace Equation on a rectangle

Au(x,y) =0V (x,y) € Q\6Q

Dirichlet boundary conditions (constant values on boundaries)

u(x,y) = f(x,y) vV (x,y) € 6Q

2D domain decomposition with n x k domains
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EXAMPLE: JACOBI SOLVER

Single GPU
While not converged
Do Jacobi step:
for( 1nt 1y = 1, 1y < ny-1,; 1vy++ )
for( int 1x = 1; 1x < nx-1; 1x++ )
a newl[ly*nx+ix] = =-0.25 * QQQQ
-( a[ 1v *nx+(1x+1)] + a[ 1y *nx+1x-1] ”
+ a[(1y—-1)*nx+ 1x ] + a[(2y+1)*nx+1x ] ) Q “‘Q

0000
90000

Apply periodic boundary conditions OOO0O0O

Swap a new and a

Next 1teration
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DOMAIN DECOMPOSITION

Different Ways to split the work between processes:

Minimize number of neighbors: Minimize surface area/volume ratio:
Communicate to less neighbors Communicate less data
Optimal for latency bound communication Optimal for bandwidth bound communication
Horizontal Stripes Vertical Stripes Tiles
Contiguous if data is Contiguous if data is
row-major column-major
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EXAMPLE: JACOBI SOLVER

Multi GPU

While not converged

Do Jacobi step:
for( Int 1y = 1y start; 1y < 1y end; 1iy++ )
for( int 1x = 1; 1x < nx-1; 1x++ )

a new[iy*nx+ix] = -0.25 *
-( a[ 1v *nx+(1x+1)] + a[ 1y *nx+ix=11]

+ a[(1y-1)*nx+ 1x ] + a[(1y+]l)*nx+1x ] )

Apply periodic boundary conditions
o One-step with ring Q Q
Halo exchange exchange
Swap a new and a and start next iteration
6‘@@Dm.
e Y Y Y Y@




MESSAGE PASSING INTERFACE - MPI

Standard to exchange data between processes via messages

Defines API to exchanges messages

Point to Point: e.g. MPT Send, MPI Recv

Collectives: e.g. MPTI Reduce

Multiple implementations (open source and commercial)
Bindings for C/C++, Fortran, Python, ...

E.g. MPICH, OpenMPI, MVAPICH, IBM Platform MPI, Cray MPT, ...
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include <mpi.h>

MPI| - SKELETON

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

int rank,size;

/* Tnitialize the MPI

MPI Init (&argc, &arqgv) ;

/* Determine the calling process rank and total number o:
k (MPI COMM WORLD,
MPI Comm size (MPI COMM WORLD,

MPI_Comm_ran

/* Call MPI

/* Shutdown MPI library */

MPI_Finalize
return :

()

{

library */

&rank) ;
&size) ;

routines like MPI Send, MPI

- Recv,

*/

ranks */
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EXAMPLE JACOBI

Top/Bottom Halo
00000 O

00000
OO0O0O0OO
MPI Sendrecv(a new+iy start*nx, nx, MPI FLOAT, top , U,
a new+(1y end*nx), nx, MPI FLOAT, bottom, U,
MPI COMM WORLD, MPI STATUS IGNORE) ; OOOOOCU
00000

0000
0000
0000

OO0O0O0O

OO0O00OO0
0000




EXAMPLE JACOBI

Top/Bottom Halo

MPI Sendrecv(a new+iy start*nx,| nx, MPI FLOAT, top , U,
a new+(1y end*nx), nx, MPI FLOAT, bottom, 0,
MPI COMM WORLD, MPI STATUS IGNORE) ;




MPI Sendrecv (

MPI Sendrecv (

EXAMPLE JACOBI

a new+liy start*nx,

Top/Bottom Halo

nx, MPI FLOAT, top , U,

a new+(1y end*nx), nx, MPI FLOAT, bottom, 0,
MPI COMM WORLD, MPI STATUS IGNORE) ;

a_new+(iy_end—1)*nxJ nx, MPI FLOAT, bottom, 0U,

MPI STATUS IGNOR

-T')-
Y

a new, nx, MPI FLOAT, top, O, MPI COMM WORLD,

0000

000
Jelele]o!
1
D00
006

0000
0000
o 1 X .

OO0OC

O

1

D OO
000

0000
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MULTI GPU JACOBI NSIGHT SYSTEMS TIMELINE

MPI1 8 NVIDIA A100 80GB on DGX A100

@ NVIDIA Nsight Systems 2021.1.1
File View Tools Help

Project Explorer - 38 mpi.0.qdrep

B multi_threaded_copy_overla...

B multi_threaded_p2p_opt.qdr = Timeline View M  1x (D 1 error, 1 warning, 16 messages
mpi.0.qdrep 9s v 12.92ms +342.93ms +342.949ms +342.95ms +342.96ms +342.9/ms +342.98ms +342.99ms +343ms +345.01ms +343.02ms +343.03ms +345.09ms =
i 1 F i I H | L ] | 1 i H I i 1 L | | 1 i i I 1 1 L i ] 1 i F I i H L . | 1 i ] | i H Il i i L i i | i i I i | L H i | i 1 Il | i L i ] | F i I i 1 L | i |
» CPU (256)
00000

~ CUDA HW (A100-SXM-80GB)

—]
— —
(Al seams) __ jacobikemel |  Me_| [Me.
_jacobi kemel |

> 90.4% Default stream 7
> 8.5% Stream 20
b 1.1% Stream 23
» <0.1% Stream 24
» <0.1% Stream 25
b <0.1% Stream 21
v Threads (10)

v | [1112037] MPI Rank 0 ~

MPI [ MPI_Sendrecv [32.642 ps] ][ MPI_Sendrecv [29.155 ps] ] | MPIL_Allreduce [14.047 ps] |
NVTX
CUDA API () (cuMemcp.)

Profiler overhead

v [1112076] jacobi -

v [1112137] cuda-EvtHandIr -

7 threads hidden... — -

r

(.
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MPI COMMUNICATION + COMPUTATION OVERLAP

launch jacobi kernel( a new, a, 12 norm d, 1y start, (iy start+!), nx, push top stream );

launch jacobi kernel( a new, a, 12 norm d, (iy end-1), 1y end, nx, push bottom stream );

launch jacobi kernel( a new, a, 12 norm d, (iy start+!), (1y end-1), nx, compute stream );

const 1int top = rank > ? rank - : (size-1);

const 1nt bottom (rank+1)%size;
cudaStreamSynchronize ( push top stream ) ;
MPI Sendrecv( a new+1iy start*nx, nx, MPI REAL TYPE, top , /
a new+(iy end*nx), nx, MPI REAL TYPE, bottom, 0,

MPI COMM WORLD, MPI STATUS IGNORE );

L]

L]

cudaStreamSynchronize ( push bottom stream ) ;

MPI Sendrecv( a new+(1y end-1)*nx, nx, MPI REAL TYPE, bottom, 0,
a new, nx, MPI REAL TYPE, top, 0, MPI COMM WORLD,
MPI STATUS IGNORE ) ;

L]
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MULTI GPU JACOBI NSIGHT SYSTEMS TIMELINE

MPI Overlap 8 NVIDIA A100 80GB on DGX A100

& NVIDIA Nsight Systems 2021.1.1 — O X

File View Tools Help

Project Explorer X | | mpi.0.gdrep X QG RVET

. multi_threaded_copy_overla...

_ : |:: ] :
E multi_threaded p2p optadr.. = Timeline View - | B & 1x . | . | (1} 1 error, 1 warning, 16 messages
. mpi.0.qdrep gg « 328.86ms +358.87ms +358.88ms +358.89ms +358.9ms +358.91ms +358.92ms +358.93ms +358.94ms +358.95ms +358.96ms +358.97ms +358.98ms +358.99ms +359ms +359.01ms +359.02ms +359.03ms [+
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
mpi_overlapp.0.gdrep
» CPU (256)
- -0/
* CUDA HW (A100-5XM-80GE
( ) L .

-
(Al Streams] L eebilemd ) [ -l __

¥ 74.0% Default stream 7
P 22.9% Stream 20

+ 20% Seam23 1 s R - e
P <0.1% Stream 24

 <0.1% Siream 25 Jacobi_kemel

P <0.1% Stream 26 m
2 streams hidden... —_ m

w Threads (10)

« || [1114417] MPI Rank 0 -

MPI | MPL_Allreduce [15.119 .| [ MPI_Sendrecy [34.596 ps] | MPI_Sendrecy [28.795 ps] ]

MVTX

CUDA API . cudaSteamSynchonze | [cud..| || (sacobi_kemel]  [jacobi.] [jaco.] [‘cuda.cu..

Profiler averhead

v [1114536] cuda-EviHandir -

V| [1114432] jacobi ~

7 threads hidden... e

= : -

-
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MP]

Compiling and Launching

S mplcc -0 myapp myapp.c

S mpirun -np 4 ./myapp <args>
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HANDLING MULTI GPU NODES

How to determine the local rank? - MPI-3

int local rank = -1;

MPI Comm local comm;
MPI Comm split type(MPI COMM WORLD, MPI_COMM_TYPE_SHARED, rank, MPI_ INFO NULL, &local comm));

MPI_Comm_rank(local_comm, &local_rank);
MPI Comm_free(&local comm);
int num devices = 0;

cudaGetDeviceCount (&num devices);

cudaSetDevice(local rank % num devices); // modulo just for cases when more ranks than GPUs
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HANDLING MULTI GPU NODES

Q@ @ Emm Q@

LD LERDT LERD e

TN TSNP

/] \ /

ol ]z]s K K2 K0 B

Slide 19 <A NVIDIA



SOME TERMINOLOGY
P2P, CUDA aware, GPU Direct RDMA

P/P: direct exchange between GPUs

B — NVLink — PCle — QPI

21 <A NVIDIA.



SOME TERMINOLOGY
P2P, CUDA aware, GPU Direct RDMA

P/P: direct exchange between GPUs

CUDA aware MPI: MPI can take GPU pointer

can do batched,
overlapping transfers

(high bandwidth)

Time

— — NVLink PCle —— QP!
22 <A NVIDIA.



SOME TERMINOLOGY
P2P, CUDA aware, GPU Direct RDMA

l l

CPUD CPUT

i
B H

AL L

3 Switches PCle Switches

. direct exchange between GPUs

CUDA aware MPI: MPI can take GPU pointer

can do batched,
overlapping transfers

(high bandwidth)

Time

D>
N

>
>

>s

GPU Direct RDMA: (implies CUDA aware MPI)

RDMA transfer from/to GPU memory
here NIC <-> GPU

— — NVLink PCle —— QP!
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NCCL

Optimized inter-GPU communication

NCCL ¢ NVIDIA Collective Communication Library

Communication library running on GPUs, for GPU buffers.

NVLink
PCI
Shared memory

C——

Sockets
InfiniBand
Other networks

Binaries : https://developer.nvidia.com/nccl and in NGC containers
Source code : https://github.com/nvidia/nccl
Perf tests : https://github.com/nvidia/nccl-tests 24 SAnvibia



https://developer.nvidia.com/nccl
https://github.com/nvidia/nccl
https://github.com/nvidia/nccl-tests

NVSHMEM

[ 15t nvshmem_malloc

2" nyshmem_malloc

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Partitioned Global
Address Space

Implementation of OpenSHMEM, a Partitioned Global Address Space (PGAS) library

Symmetric objects are allocated collectively with the same size on every PE
Symmetric memory: nvshmem malloc (..) ; Private memory: cudaMalloc(..) ;

CPU (blocking and stream-ordered) and CUDA Kernel interfaces
Read: nvshmem get (..) ; Write: nvshmem put (..) ; Atomic: nvshmem atomic add(..);
Flush writes: nvshmem quiet () ; Order writes: nvshmem fence () ;

Synchronize: nvshmem barrier () ; Poll: nvshmem wait until (..);

Interoperable with MPI

25 <A NVIDIA.
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