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TODO:

- Rework Hands-on to start with a MPI parallel CPU
version as this will avoid doing MPI and repeate the
stuff we realy want to teach. Furthermore it will
reflect the usual situation better.

- Split Animations over multiple slides to allow
presentation with PDF.
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MPI+OpenACC

//MPI rank O
#pragma acc host data use device( sbuf )

MPI Send(sbuf, size, MPI DOUBLE, n-1, tag, MPI COMM WORLD) ;

//MPI rank n-1
#fpragma acc host data use device( rbuf )

MPI Recv(rbuf, size, MPI DOUBLE, 0O, tag, MPI COMM WORLD, MPI STATUS IGNORE) ;

Multi GPU Programming with MPI and
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What you will learn

« What MPI Is

« How to use MPI for inter GPU communication with
OpenACC

* How to use pgprof for MP1+OpenACC applications
 How to hide MPI communication times

Multi GPU Programming with MPI and
26.10.2016 OpenACC 5
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Message Passing Interface - MPI

« Standard to exchange data between processes via
messages

Defines API to exchanges messages
- Pt. 2 Pt.: e.g. MPI_Send, MPI_Recv
- Collectives, e.g. MPI_Allreduce

« Multiple implementations (open source and
commercial)

Binding for C/C++, Fortran, Python, ...

E.g. MPICH, OpenMPI, MVAPICH, IBM Platform MPI, Cray
MPT, ...

Multi GPU Programming with MPI and
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MPI — A minimal program

#include <mpi.h>

int main(int argc, char *argv[]) {
int rank,size;
/* Initialize the MPI library */
MPI Init (&argc, &argv);
/* Determine the calling 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 0O;

Mitglied der Helmholtz-Gemeinschaft
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MPI — Compiling and Launching

S mpicc -0 myapp myapp.c
S srun -n 4 ./myapp <args>

rank =
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Example: Jacobi Solver

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

Domain decomposition with stripes m

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)
for (int ix = 1; ix < nx-1; ++ix)
Anew[iy*nx+ix]=-0.25f*(rhs[iy*nx+ix]

- (Aliy*nx+ (ix=1)]+A[iy*nx+(ix+1) ]

+A[(iy-1)*nx+ix]+A[ (1iy+]1) *nx+ix])) ;

o0
Ce00eeo

Apply periodic boundary conditions O ‘ ‘ ‘ ‘ O
Next iteration ‘ ' ‘ ‘ O

0]0)0]0)0,

10

Copy Anew to A
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Domain Decomposition

Different ways to split the work between processes:

Minimizes number of neighbors: Minimizes surface area/volume
« Communicate to less ratio:
neighbors « Communicate less data
« Optimal for latency bound « Optimal for bandwidth bound
communication communication
% Horizontal Stripes Vertical Stripes Tiles
S Contiguous if data Contiguous if data
g is row-major is column-major
= 26.10.2016 Multi GPU Programming with MPI and 11
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Example: Jacobi Solver — Multi GPU

While not converged
Do Jacobi step:

for (int iy = 1y start; iy < 1y end; ++1iy)

O

0000
o0

0]0]0)0,

000
] 1@

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

Next iteration O O O O O
OROOO
Iti [ ith d
26.10.2016 Multi GPU Proglrozzrerncl:ng with MPI an ‘ qp
000000

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

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

O

+A[(iy-1) *nx+ix]+A[(1iy+]1) *nx+ix])) ;
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Example: Jacobi — Top/Bottom Halo

#pragma acc host data use_device (A) {

MPI_SendrecvdA+iy start*nx+!} nx-2, MPI DOUBLE, top, 0O,
A+iy end*nx+!, nx-2, MPI DOUBLE, bottom, 0,
MPI COMM WORLD, MPI STATUS IGNORE) ;

000000
000000

0000

MPT Sendrecv ((A+(iv_end-1)*pnx+1] nx-2, MPI DOUBLE, bottom, 1,
|A+(iy_start—1)*nx+u, nx-2, MPI DOUBLE, top, 1,
MPI COMM WORLD, MPI STATUS IGNORE) ;

C0000e0

Multi GPU Programming with MPI and
26.10.2016 OpenACC 13
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Handling GPU Affinity

* Rely on process placement (with on rank per GPU)*

#if OPENACC
acc_device t device type = acc get device type();

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

Alternative (JURECA):
int devicenum = atoi(getenv ("MPI LOCALRANKID'")) ;

int devicenum=rank&%ngpus;

#endif /* OPENACC*/

#pragma acc set device num( devicenum )
#if OPENACC // Or using the API:

acc_set device num(devicenum,device type);

#endif /* OPENACC*/

* This assumes the node is homogeneous, i.e. that all the GPUs are the same. If you have different GPUs in the same node then you may need

lex GPU selecti : : .
Some more compiex selection Multi GPU Programming with MPI and

26.10.2016 OpenACC 14
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Profiling MPI+OPENACC applications

Embed MPI rank in output filename, process name, and
context name
srun pgprof --cpu-profiling off
--output-profile profile.%g{PMI RANK} \
—--process-name "rank %g{PMI RANK}" \

--context-name "rank Sg{PMI RANK}"

haft

JURECA: PMI RANK
OpenMPI: OMPI COMM WORLD RANK

MVAPICH2: Mv2 COMM WORLD RANK

Mitglied der Helmholtz-Gemeinsc
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Profiling MPI1+OpenACC applications

" [screen 0: bash] | —T &W
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Profiling MP1+OpenACC applications

~-

L PGPROF
5N Wiew Window Help

¥ New Session Ctrl+n
Open... Ctrl+0
Clone Session Shift+-Ctrl+-C
&l Save
ﬁ Save As...
& save All

= B8 [ Properties 82 = 0

ctrl+s
Select or highlight a single interval to see properties

Shift+Ctrl+s

Ctrl+
(] .
= select files
= : : Al « openACCz Juf Tne A F uj
Select PGPROF prc Impor Import Profile Data for Multiple Processes -
Import profile ¢ Import profile Select| |Places Select PGPROF profile files containing timeline data for multiple E
—Proce’ IQ search E
select an impi O single pro conne| [ Recently Used Connection: Local [ I Manage connect\ons..‘l

m The PGPROF profile files:
[E jkraus jhomeb/zam/jkrausfworkspace/|SC-GPU-Course/OpenACC/Multi-GPU-Programmi fBrnwse..‘gl

Command :
[ Desktop fhomeb/zam/jkrausjworkspace|SC-GPU-Course/OpenACC/Multi-GPU-Programmi FE—
|J File System jhomeb/zam/jkrausfworkspace/|

SC-GPU-Cnurse,‘OpenACC,rMu\tl-GPU-Programm\

X jhomebjzamjjkrausfworkspacef|SC-GPU-Course/OpenACC/Multi-GPU-Programmi
[l Analysis 23 ! i R o W, & O

Mo analysis avails

O Ne [ Normalize each profile file independently

Ll

< Back Next = | Cancel | Einikh

- Lo
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Profiling MPI+OpenACC applications

E PGPROF
Eile View Window Pun Help k
Hm& -9 @lFrIE22
© *poisson2d.solution.0.pgprof &2 = B8 [ Properties & = 8
|ms 7956.5 ms 7957 ms 7957.5 ms 7958 ms
[=] Process "MPI 1" (12423) 2] select or highlight a single interval to see properties

[=| Thread 2643944640
L OpenAcc

- Runtime AP|
L Driver API

- Profiling Overhead
Process "MP| 3" (12425)
Process "MP| 2" (12426)
Process "MP| 0" (12427)
=] [0] Tesla KBO

[=] Context MPI 0 (CUDA)

L 5F MemCpy (HtoD)
L F MemCpy (DtoH)
Compute
Streams

= [1] Tesla KBO

[=| Context MPI 1 (CUDA)

* 57 Memcpy (HtoD) Il |1l
L5 MemCpy (DtoH) | | | |
Compute I | main_150_gpu E ma

Streams

[=| [2] Tesla KBO =l

KT/ =] |
[l Analysis 82 GPU Details E Console Settings W, = 0
No analysis available, Result

I;_

El 4 g ExportP
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Profiling MPI+OpenACC applications

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.

| ) 5
Vampir - Trace View - /home/juc kel/ PIConGPU/trace otf X - [olx BEvsissis DisSeNG Fae S8, "
) HES =5 ) |11 14 s
SN GO TR 2D 53 7 .| umssesiiilidealesiaiodsobieoionlosnsibiastabis ot
o0s 10s  20s  30s  40s 0s  e0s  70s  80s  90s 1008 M0s W Application Al Processes, Accumuiated Exclusive Time per Function
Process 0 AlLE 3024755 deviceMoveAndMarkParticles<t> a
'CUDA[0] 1:2 DA SYNC deviceMoveAndMarkParticles<b0>
CUDA[1] 21 Pl DeviceDeleteParticles
CUDAL2) 31 sl 121802 [ emelCamputeCurr . &0 ParticieTyps0>
CUDA[3] 41 B vT_cupA 1868 kemelComputeCurr...e0 ParticleType1>
Process § NVSMI[351 089 3] UDA_KERNEL [1,234 253 5]
Thread 2.3 P [490.032 5]
(Theesd $1:2 CUDA_IDLE [580.704 5|
Thread 12:2 DA_SYNC [1,138.353 5]
CUDA[0] 13:2
(CUDA[1] 14:1 Context View
CUDAL2] 151t = L. Counter Data Timeine [ o
'CUDA[3] 16:1
CUDA[1] 61, Display Courter Data Timeline
1251 | Locations CUDA[1]6:1, CUDAJ2] 7:1, CUDA[3] &1, CUDAD] &:2
1on Warinam 7esiom
LomE Maximum Locations CUDA[2] 71, CUDA[1] 61, CUDA3] &1, CUDAD] &:2
oom | i Minimum 0
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Communication + Computation Overlap

MVAPICH2-GDR 2.2b — PGI 16.9 - 2 Tesla K80
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Communication + Computation Overlap

Q
Q
C
: 3
2 Process whole domain MP]
o
o
i
Boundary and inner
domain processing
= can overlapp
©
t . .
v Process inner domain Possible Speedup
o

Process
boundary domain

Dependency
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Communication + Computation Overlap

#fpragma acc parallel loop
for ( ... )

//Process boundary

#pragma acc parallel loop async
for ( ... )

//Process inner domain

#pragma acc host data use device ( A )

{
//Exchange halo with top and bottom neighbor

MPI Sendrecv( A.);
// ..
}

//wait for iteration to finish

#pragma acc wait

Mitglied der Helmholtz-Gemeinschaft

Multi GPU Programming with MPI and
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Scalability Metrics For Success

e Serial Time: Ts:

How long it takes to run the problem with a single process
« Parallel Time: Tp

How long it takes to run the problem with multiple processes
 Number of Processes: P

The number of Processes operating on the task at hand
« Speedup: S=Ts/Tp

How much faster is the parallel version vs. serial. (optimal is P)
« Efficiency: E= S/P

How efficient are the processors used (optimal is 1)

Multi GPU Programming with MPI and

26.10.2016 OpenACC
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Task 1: Apply domain decomposition

Handle GPU affinity

Halo Exchange

S make
mpicc —-c —-DUSE DOUBLE -Minfo=accel -fast -acc -ta=tesla poiss
[...]

srun ./poisson2d

Jacobi relaxation Calculation: 4096 x 4096 mesh

[...]

Num GPUs: 4.

4096x4096: 1 GPU: 18.9390 s,
MPI time: 0.0001 s, inter G

Multi GPU Programming with MPI and
OpenACC

24
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Task 2: Hide MPlI communication time

Start copy loop asynchronously Look for TODOs

Wait for async copy loop after MPI comm. is done

make
mpicc —-c¢ -DUSE DOUBLE -Minfo=accel -fast -acc -ta=tesla poiss
[...]
srun ./poisson2d
Jacobi relaxation Calculation: 4096 x 4096 mesh

[...]
Num GPUs: 4.

4096x4096: 1 GPU:  4.6780 s, [j{aKeTareets:

MPI time: 0.0846 s, inter G run: run poisson2d (default)
poisson2d: build poisson2d binary
profile: profile with pgprof

* solution: same as above with solution
(poisson2d.solution. *)

Multi GPU Programming with MPI and
OpenACC

26.10.2016 25
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Task 1: Initial Version

" [screen 0: bash] | = | B (i \
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Task 1: Solution

//Initialize MPI and determine rank and size
MPI Init(&argc, &argv);

MPI Comm rank(MPI COMM WORLD, &rank):;

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

#pragma acc set device num( rank )

real* restrict const A = (real*) malloc(nx*ny*sizeof (real));

real* restrict const Aref = (real*) malloc(nx*ny*sizeof (real));
real* restrict const Anew = (real*) malloc(nx*ny*sizeof (real));
real* restrict const rhs = (real*) malloc(nx*ny*sizeof (real))

Multi GPU Programming with MPI and

26.10.2016 OpenACC
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Task 1: Solution

// Ensure correctness if ny%size != 0
int chunk size = ceil( (1.0%*ny)/size );
int 1y start = rank * chunk size;

int 1y end = iy start + chunk size;

// Do not process boundaries

ly start = max( iy start, 1 );

iy end = min( iy end, ny - 1 );

Mitglied der Helmholtz-Gemeinschaft
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Task 1: Solution

int top = (rank == 0) ? (size-1) : rank-1;
int bottom = (rank == (size-1)) ? 0 : rank+1;
#pragma acc host data use device( A ) {

//1. Sent row iy start (first modified row) to top receive lower boundary (iy end)

//from bottom

MPI Sendrecv( A+iy start*nx+ix start, (ix end-ix start), MPI REAL TYPE, top , 0O,
A+iy end*nx+ix start, (ix end-ix start), MPI REAL TYPE, bottom, 0O,
MPI COMM WORLD, MPI STATUS IGNORE ) ;

//2. Sent row (iy end-1) (last modified row) to bottom

//receive upper boundary (iy start-1) from top

MPI Sendrecv( A+(iy end-1)*nx+ix start, (ix end-ix start), MPI REAL TYPE, bottom, O,
A+ (iy start-1)*nx+ix start, (ix end-ix start), MPI REAL TYPE, top , 0,
MPI COMM WORLD, MPI STATUS IGNORE ) ;

Multi GPU Programming with MPI and

26.10.2016 OpenACC
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Task 1: Solution

" [screen 0: bash] | = | B (i \
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Task 2: Initial Version

PGPROF
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View Window Bun Help |

HEE=SS - R alfFri@ed
§ *poisson2d.0.pgprof 2 =g g
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Process "MPI 0" (25936)
Process "MPI 1" (25937)
Process "MPI 3" (25933)
Process "MPI 2" (25935)
[=] [0] Tesla K80
= Context MP| 0 (CUDA) |
L 57 MemCpy (HtoD) I 1 | 111
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L5 MemCpy (HtoD) 11 | 111
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Streams | ‘
=] [2] Tesla KBO
[=] Context MP| 2 (CUDA)
L 5F MemCpy (HtoD) | [ 111
L 57 MemCpy (DtoH) 11 | I 1
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Streams | ‘
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L 5F MemCpy (HtoD) I I | I I |
L 5F MemCpy (DtoH) | | [ I 1
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Task 2: Solution

#pragma acc parallel loop present (A,Anew)
for( int ix = ix start; ix < ix end; ix++ ) {
Al (iy start)*nx+ix] = Anew[(iy start)*nx+ix];
Al(iy end-1)*nx+ix] = Anew[(iy end-1)*nx+ix];
}
#pragma acc parallel loop present (A,Anew) async
for (int iy = iy start+l; iy < iy end-1; iy++) {
for( int ix = ix start; ix < ix end; ix++ ) {
Aliy*nx+ix] = Anew[iy*nx+ix];
}}
int top = (rank == 0) ? (size-1) : rank-1;
int bottom = (rank == (size-1)) ? 0 : rank+1l;
#pragma acc host data use device( A )
{
MPI Sendrecv( A+iy start*nx+ix start, (ix end-ix start), MPI REAL TYPE, top , 0,
A+iy end*nx+ix start, (ix end-ix start), MPI REAL TYPE, bottom, O,
MPI COMM WORLD, MPI STATUS IGNORE )
MPI Sendrecv( A+(iy end-1)*nx+ix start, (ix end-ix start), MPI REAL TYPE, bottom, O,
A+ (iy start-1)*nx+ix start, (ix end-ix start), MPI REAL TYPE, top , O,
MPI COMM WORLD, MPI STATUS IGNORE )

}

#pragma acc wait

Mitglied der Helmholtz-Gemeinschaft
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Task 2: Solution
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Communication + Computation Overlap

MVAPICH2-GDR 2.2b — PGI 16.9 - 2 Tesla K80
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