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MPI+CUDA

Node 0 Node 1 Node N-1

//MPI rank O
MPI_Send(sbuf d, size, MPI DOUBLE, n-1, tag, MPI_COMM WORLD) ;

//MPI rank n-1
MPI Recv(rbuf d, size, MPI DOUBLE, 0, tag, MPI COMM WORLD, MPI STATUS IGNORE) ;
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USING MPI FOR INTER GPU COMMUNICATION



MESSAGE PASSING INTERFACE - MPI

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, IBM Platform MPI, Cray MPT, ...

4 NVIDIA.



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 -o myapp myapp.c
S mpirun -np 4 ./myapp <args>
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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) on left and right

o S

Horizontal Stripes
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Periodic boundary conditions on top and bottom boundary

Domain decomposition with stripes




While not converged
Do Jacobi step:
for (int iy

for (int ix

1;

g

EXAMPLE: JACOBI SOLVER

Single GPU

iy < (ny-1); ++1iy)

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

a newl[iy*nx+ix] =

0.25f*((a[ 1y *nx + ix+1]+a[ iy *nx + ix-1]

+al[(iy+]) *nx + ix]

Apply periodic boundary conditions

swap a_new and a

Next iteration

+al(iy-1)*nx + ix]));

O

O
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EXAMPLE: JACOBI SOLVER

Multi GPU

While not converged

0000
o0
0000

0]0]0,
] 1@

O
000000
+a[(iy+l) *nx + ix] +a[(iy-1)*nx + ix])); O““O

Apply periodic boundary conditions and exchange halo with 2 neighbors O ‘ ‘ ' '

OOOO§>
0QROOO
‘9QI'QIA

aY YY Y Ya¥

O

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

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

a newl[iy*nx+ix] = 0.258*%((a[ iy *nx + ix+1]+a[ iy *nx + ix-1]

swap a_new and a

Next iteration




EXAMPLE JACOBI

Top/Bottom Halo
000000

C00000

00000
MPI Sendrecv(a new+iy start*nx, nx, MPI DOUBLE, top, 0O,

a_new+iy end*nx nx, MPI DOUBLE, bottom, 0O

MPI COMM WORLD, , MPI_S%ATUS_I GNORE)’ ; - 8 2 9 2 g 8
000000
000000
000000
OO0O000O0

000000
000000
000000
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EXAMPLE JACOBI

Top/Bottom Halo
000000

OOOQOO

MPI Sendrecv|a new+iy start*nx| nx, MPI DOUBLE, top, 0O,
a new+iy end*nx, nx, MPI DOUBLE, bottom, O,
MPI COMM WORLD, MPI STATUS I GNORE) ; O O O O O O

000000
000000
000000

00000GJG
< Q00000
000000
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MPI Sendrecv

MPI Sendrecv

EXAMPLE JACOBI

(a new+iy start*nx,

a new+iy end*nx,

Top/Bottom Halo

nx, MPI DOUBLE, top, 0,

nx, MPI DOUBLE, bottom, 0,
MPI COMM WORLD, MPI STATUS IGNORE) ;

a new+(iy end-1) *nx,

a new+(iy start-1)*nxj

nx, MPI DOUBLE, top,

MPI COMM WORLD, MPI STATUS IGNORE) ;

nx, MPI DOUBLE, bottom,

1,

1,

| |

000000,

]

000000
000000

OOOOOC2

000000
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HANDLING MULTI GPU NODES

T AN I

DEBE EHEDOE BRI
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HANDLING MULTI GPU NODES

MPI Comm local comm;

MPI Info info;

MPI Info create(&info);

MPI Comm split type(MPI COMM WORLD, MPI_COMM TYPE SHARED, rank, info, &local comm);
int local rank = -1;

MPI Comm rank(local comm,&local rank):;

MPI Comm free(&local comm) ;

MPI Info free(&info);

cudaSetDevice (local rank);
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HANDLING MULTI GPU NODES
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HANDLING MULTI GPU NODES

GPU-affinity

Use local rank:

int local rank = //determine local rank

Needed if
resource manager
handles GPU

int num_devs = 0;

cudaGetDeviceCount (snum devs) ;

affinity

cudaSetDevice (local ranksnum devs) ;
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PROFILING OF MPI+CUDA APPS



PROFILING MPI+CUDA APPLICATIONS

Embed MPI rank in output filename and trace MPI (PMI-2)

srun -n nsys profile —-trace=mpi,cuda,nvtx profile.%g{PMI RANK} \

./application

Slurm (PMI-2): PMI RANK
Slurm (PMIX): PMIX RANK
OpenMPI: OMPI COMM WORLD RANK
MVAPICH2: Mv2 COMM WORLD RANK
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PROFILING MPI+CUDA APPLICATIONS

D kraus1@jwlogin23:i~fworkspace . - O X

[krausl@jwlogin23 solution3]$ make profile
srun ——partition booster -—gres=gpu:4 --time ©8:10:80 —-pty -n 4 nsys profile
srun: job 3682u19 queued and waiting for resources
srun: job 3682419 has been allocated resources
Warning: LBR backtrace method is not supported on this platform. DWARF backtrace method will be used.
WARNING: The command line includes a target application therefore the CPU context-switch scope has been set to process-—tree.
Warning: LBR backtrace method is not supported on this platform. DWARF ba
WARNING: The command line includes a target application therefore the CPU
Warning: LBR backtrace method is not supported on this platform. DWARF ba
WARNING: The command line includes a target application therefore the CPU
wWarning: LBR backtrace method is not supported on this platform. DWARF ba
WARNING: The command line includes a target application therefore the cPuU
Collecting data..
Collecting data...
Collecting data...
Collecting data...
Single GPU jacobi relaxation: 18 iterations on 8192 x 8192 mesh

8, 22.626007
Jacobi relaxation: 18 iterations on 8192 x 8192 mesh
8, 22.626051

Num GPUs: 4.
8192x8192: 1 GPU: ©.8842 s, 4 GPUs: ©.8591 s, speedup: 1.42, effi
Processing events...
Processing events. ..
Processing events...
Processing events...

A raust @jwlogin23:~/workspace X

Saving temporary "/tmp/nsys-report-16c7-1bbb-3c85-299d.qdstrm" file to di

Creating final output files...
Creating final output files...
Saving temporary "/tmp/nsys-report-13u2-dc76-de2f-993d.qdstrm" file to disk...

Saving temporary "/tmp/nsys-report-eu23-udfc-e629-fd9e.qdstrm" file to d

Creating final output files...

Creating final output files...

Processing [

Processing [

Processing [

Processing [

Saved report file /tmp/nsys-report-18c7-1bbb-3c85-299d. qdrep

Saved report file "/tmp/nsys-report-eu23-udfc-e629-fd9e.qdre

Saved report file "/tmp/nsys-report-1342-dc76-de2f-993d.qdrep

Saved report file "/tmp/nsys-report-9c08-6209-133b-ceal.qdrep"

Report file moved "/p/home/jusers/krausl/juwels/workspace/cuda/5-Multi_GPU_MPI/exercises/solution3/jacobi.3.qdrep"
Report file moved "/p/home/jusers/krausl/juwels/workspace/cuda/5-Multi_GPU_MPI/exercises/solution3/jacobi.2.qdrep"

Report file moved "/p/home/jusers/krausl/juwels/workspace/cuda/5-Multi_GPU_MPI/exercises/solution3/jacobi.e.qdrep"

Report file moved "/p/home/jusers/krausl/juwels/workspace/cuda/5-Multi_GPU_MPI/exercises/solution3/jacobi.l.qdrep"

krausi@jwlogin23 solution3]$
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PROFILING MPI+CUDA APPLICATIONS

Using Nsight Systems

&) NVIDIA Nsight Systems 2021.1,1 - [m} X

File View Tools Help

Project Explorer Ll jacobi.0.qdrep

qdrep
T —
2s ~ 116.52ms +416.54ms +416.56ms +416.58ms +416.6ms +416.62ms +416.64ms +416.66ms +416.68ms +416.7ms +416.72ms +416.74ms +416.76m ~
b CPU(96)

-
e ) G=D =D

~ CUDA HW (A100-5XM4-40GE)

—
i T e ]

67.6% Stream 13

e ——-""---
e o ———————— . W—————————————————
=)

15.6% Default stream 7

3 streams hidden... -+ -

~ Threads (8)
~ | [1639] MPI Rank 0 ~

MP1 MPL Allreduce [21.610 5] MPL_Sendrecv [37.090 pss] I MPL_Sendrecy [34.900 5] ]
C  wmee )

cuna Pl L cdvemsmdoee ] (e Gasobiz) (e (o cudeste. )

Profiler overhead

| [1693] jacobi -

4 3
Name - | [ 4
2 ~ Name Start Duration TID L] | =it
i [ WP Init 0.31218s 11795 1639
02 ] MPI_Barrier 2.306425 £1.990 ms 1638
03 [ MPI_ Sendrecy 2.368485 16.863 ms 1633 1
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PROFILING MPI+CUDA APPLICATIONS

Third Party Tools

Multiple parallel profiling tools are CUDA-aware

Score-P
Vampir

Tau

These tools are good for discovering MPI issues
as well as basic CUDA performance inhibitors.

I File Window

sEhkde3s

Edt Chart Fiter

Process 0
cupafo]1:2
cupafi]2 1
cupa] 31

SRS B2 | i

Timalne
s

40s

Vampir - Trace View - /home/juckel/PIConGPU/trace. otf

A 4 . 1

IR

Function Legend
W Appication

70s  80s s 100s  110s

cupaf3] 41
Thread 51
Process 6
Process 7
Process 8

e NS 351,089 ] UDA_KERNEL (1234253 5]
Thread 3 WPI[480.032 o
Thread 10:2
Thread 11:2 CUDA_DLE [550.704 o
Thread 122 DA_SYNC 1 138.353 5]
oA} 132
cubapi a1 Gortert view
CUDA[2] 1511 s 0 0 — ot T 0 D . T tl = . Counter Data Timeine [ o
el T : v R A L Property Vaiue -
CUDAI1]6:1, CUDALZI 7:1, CUDA[3] &1, CUDAID] 8.2, Values of Hetrc "Active Thieads” over Time Ty e G T
150m : rier
1250 I I Locations CUDAI1] &1, CUDA[2] 71, CUDA[3] &:1, CUDA[0] 82
et ‘ i o pi
e | [ Maximum Locations CUDA[2] 71, CUDAT] 61, CLDAI3] 81, CUDA{0] &2
320 | | Average 28877580
35 2

Minimum

0
Minimum Locations  CUDA[2] 7:1, CUDA[1] 6:1

All Processes, Accumulated Exclusive Time per Function Group.

L. AL‘M

Function Summary
AllProcesses, Accumulated Exclusive Time per Function

0s

3024755 deviceMoveAndarkParticles<b> S

502047 5 deviceMoveAndarkParticles<b0>
ETIE DeviceDeletePariicies

121802 5 [ kermelComputeCurr €0 ParticieType0>
18360 s emelCampuicCur...c0 PariceType1 >
86.726's [ DeviceAddParickes

Function Summary

CUDA[3] 8:1, CUDA(0] 82
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OVERLAPPING MPI AND COMPUTATION



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

launch jacobi kernel( a new, a, 12 norm m, 1y start, (iy start+l), nx, halo stream );
launch jacobi kernel( a new, a, 12 norm m, (iy end-1), 1y end, nx, halo stream );
launch jacobi kernel( a new, a, 12 norm m, (iy start+l), (iy end-1), nx, compute stream );
int top = rank > ? rank - : (size-1); int bottom = (rank+1)%size;
//RApply periodic boundary conditions
cudaStreamSynchronize( halo stream );
MPI Sendrecv( a new+liy start*nx, nx, MPI REAL TYPE, top , 0O,

a _new+(iy end*nx), nx, MPI REAL TYPE, bottom, 0O,

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

a _new+(iy start-1)*nx, nx, MPI REAL TYPE, top, O,

MPI COMM WORLD, MPI STATUS IGNORE ))

cudaStreamSynchronize( compute stream );

24
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COMMUNICATION + COMPUTATION OVERLAP

1.6

1.4

1.2

Runtime (s)
o o
o o

0.2

8192x8192

4096x4096
Local problem size

2048x2048

ParaStationMP1/5.4.7-1 with UCX 1.8.1 - 4 A100 40GB

1.06 &
|-
1.04 9
1.02 5
=]
13
Q

0.98 &

m== Nooverlap
mm Overlap
—o—Speedup
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HANDS-ON



HANDS-ON MENU

Task 0: Using MPI
Task 1: Handle GPU Affinity
Task 2: Apply Domain Decomposition

Task 3: Overlap MPI and Compute
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TASK 0: USING MPI

taskO

Determine rank (MPI Comm rank) and size (MPI Comm size)

Add MPI Barrier to ensure correct timing

Num GPUs: 1.
8192x8192: 1 GPU: 5.4254 s, 1 GPUs: 5.3043 s, speedup: Look for TODOs

Num GPUs: 1.

8192x8192: 1 GPU: 5.4472 s, 1 GPUs: 5.3302 s, speedup:
Num GPUs: 1.

8192x8192: 1 GPU: 5.4287 s, 1 GPUs: 5.32

Num GPUs: 1.

8192x8192: 1 GPU: 5.4554 s, 1 GPUs: 5.32

https://www.open-mpi.org/doc/current/
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https://www.open-mpi.org/doc/current/

TASK 1: HANDLING GPU AFFINITY

taskl

Run with CUDA VISIBLE DEVICES=0,1,2,3

Handle GPU affinity with MPT COMM TYPE SHARED

Run and report the performance Look for TODOs

900, 0.122885
Num GPUs: 4.
8192x8192: 1 GPU: 25.1564 s, 4 GPUs: 24.4987 s, speedup: 1.03

https://www.open-mpi.org/doc/current/
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https://www.open-mpi.org/doc/current/

TASK 2: APPLY DOMAIN DECOMPOSITION

Calculate first (1y start) and last (1y end) row to be processed by each rank
Use MPI Sendrecv to handle halo updates and periodic boundary conditions

Use MPTI Allreduce to calculate global L2 norm

900, 0.122885
Num GPUs: 4.

8192x8192: 1 GPU: 5.4283 s, 4 GPUs: 5.3205 s, speedup: 1.02
Make Targets:
run: run jacobi with $SNP procs.
jacobi: build jacobi bin (default)
sanitize: run with compute-sanitizer
profile: profile with Nsight Systems

Solution is in solution?2
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TASK 3: OVERLAP MPI AND COMPUTE

Use cudaStreamCreate to create halo processing stream
Split jacobi step in top boundary, bottom boundary and bulk part

Launch top and bottom boundary part in halo processing stream

900, 0.122891
Num GPUs: 4.

8192x8192: 1 GPU: 5.424°7 s, 4 GPUs: 1.4978 s, speedup: 3.62
Make Targets:
run: run jacobi with $SNP procs.
jacobi: build jacobi bin (default)
sanitize: run with compute-sanitizer
profile: profile with Nsight Systems

Solution is in solution3

31 NVIDIA.


https://www.open-mpi.org/doc/current/

SOLUTIONS



TASK 0: USING MPI

int main(int argc, char * argv[]) {
int rank = 0;
int size = 1;
MPI CALL( MPI Init(&argc,&argv) );
MPI CALL( MPI_Comm rank (MPI COMM WORLD, &rank) ) ;
MPI CALL( MPI_Comm size (MPI COMM WORLD, &size) );
// ...
MPI CALL( MPI Barrier (MPI COMM WORLD) );
double start = MPI Wtime();
while ( 12 norm > tol && iter < iter max )
// ...
MPI CALL( MPI Finalize() )

return result correct == e 1y}
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TASK 1: HANDLING GPU AFFINITY

int dev id = =-1;

MPI Comm local comm;

MPI Info info;

MPI CALL( MPI Info create(&info) );

MPI CALL( MPI_ Comm split type (MPI COMM WORLD, MPI COMM TYPE SHARED,
rank, info, &local comm) );

MPI CALL( MPI_Comm rank(local comm,&dev_id) );

MPI CALL( MPI Comm free(&local comm) );

MPI CALL( MPI Info free(&info) );

int num devs = 0;

CUDA RT CALL( cudaGetDeviceCount( &num devs ) );

dev_id = dev_1id % num devs;

CUDA RT CALL( cudaSetDevice( dev_1id ) );
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TASK 2: APPLY DOMAIN DECOMPOSITION

// Ensure correctness if ny%size != 0

int chunk size = std::ceil( ( *ny) /size );
int 1y start = rank*chunk size;

int iy end = 1y start+chunk size;

// Do not process boundaries
iy start = std::max( 1y start, ) ;

iy end = std::min( iy end, ny - ) ;
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TASK 2: APPLY DOMAIN DECOMPOSITION

//RApply periodic boundary conditions
CUDA RT CALL( cudaStreamSynchronize( compute stream ) );

PUSH RANGE ("MPI",5)
MPI CALL( MPI Sendrecv( a new+iy start*nx, nx, MPI REAL TYPE, top , O,
a new+(iy end*nx), nx, MPI REAL TYPE, bottom, 0O,

MPI COMM WORLD, MPI STATUS IGNORE ))

MPI CALL( MPI Sendrecv( a new+(iy end-1)*nx, nx, MPI REAL TYPE, bottom, 0O,
a new+(iy start-1)*nx, nx, MPI REAL TYPE, top, 0O,
MPI COMM WORLD, MPI STATUS IGNORE ))

POP_RANGE

36
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TASK 2: APPLY DOMAIN DECOMPOSITION

CUDA RT CALL( cudaStreamSynchronize( compute stream ) );
MPI CALL( MPI Allreduce( 12 norm m, &l2 norm, 1, MPI REAL TYPE,
MPI SUM, MPI COMM WORLD ) );

12 norm = std::sqgrt( 12 norm );
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TASK 3: OVERLAP MPI AND COMPUTE

launch jacobi kernel( a new, a, 12 norm d,

iy start, (iy_ start+l), nx, halo stream ) ;
launch jacobi kernel( a new, a, 12 norm d,

(iy end-1), iy end, nx, halo _stream );
launch jacobi kernel( a new, a, 12 norm d, (iy start+l),

(iy end-1), nx, compute stream );
int top = rank > ? rank - : (size-1),; int bottom = (rank+1l)%size;
//RApply periodic boundary conditions
CUDA RT CALL( cudaStreamSynchronize( halo stream ) );
PUSH RANGE ("MPI",5)
MPI CALL( MPI Sendrecv( a new+iy start*nx,

38
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TASK 3: OVERLAP MPI AND COMPUTE

Solution

&) NVIDIA Nsight Systems 2021.1,1 - O x
File View Tools Help
Project Explorer
E Qi ;“:“ (%) 2 errors, 1 warning, 16 messages
2s ~ 116.52ms +416.54ms +416.56ms +416.58ms +416.6ms +416.62ms +416.64ms +416.66ms +416.68ms +416.7ms +416.72ms +416.74ms +416.76m ~

b CPU(96)

= —y
a8 [ G0 el

~ CUDA HW (A100-5XM4-40GE)

—
i T e ]

67.6% Stream 13

e o

15.6% Default stream 7

3 streams hidden... -+ -

~ Threads ()

~ | [1639] MPI Rank 0 ~

MPI ( MPL_Sendrecy [37.090 ps] I MPI_Sendrecy [34.900 ps] ]
o T wmene
cupa 471 L cdesheomSynchoonee | (o) Gacobiz2) (e (o) cudastr.| \ @ cdestemsynchonee

Profiler overhead

| [1693] jacobi -

Name - |
+ “ Name Start Duration D B |(E==iEEEm
[t I MP_tnit 0312185 11795 1639
2 [I 1PI_Barrier 2306425 61990 ms 1639
03 | MPI_Sendrecy 2.368485 16.863 ms 1639 -
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