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MULTI GPU PROGRAMMING WITH MPI

Jiri Kraus and Peter Messmer, NVIDIA
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Node n-1

//MPI rank O
MPI Send(s buf d,size,MPI CHAR,n-1,tag,MPI COMM WORLD) ;

//MPI rank n-1
MPI Recv(r buf d,size,MPI CHAR,0,tag,MPI COMM WORLD, &stat);




WHAT YOU WILL LEARN
= What MPI is

= How to use MPI for inter GPU communication with CUDA and
OpenACC

= What CUDA-aware MPI is

= What Multi Process Service is and how to use it
= How to use NVIDIA Tools in an MPI environment
= How to hide MPlI communication times
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MESSAGE PASSING INTERFACE - MPI

= Standard to exchange data between processes via messages
— Defines APl to exchanges messages
= Pt. 2 Pt.: e.g. MPI_Send, MPI_Recv
= Collectives, e.g. MPI_Reduce
» Multiple implementations (open source and commercial)

— Binding for C/C++, Fortran, Python, ...
— E.g. MPICH, OpenMPI, MVAPICH, IBM Platform MPI, Cray MPT, ...
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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 process rank and total number of ranks */
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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;




MPI - COMPILING AND LAUNCHING

S mpicc —o myapp myapp.c
S mpirun -np 4 ./myapp <args>

) o~

myapp
System
GDDR5 | Memory

K B
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EXAMPLE: JACOBI SOLVER - SINGLE GPU

While not converged
= Do Jacobi step:

for (int i=1; i < n-1; i++)
for (int j=1; j < m-1; J++)
u new[i] [J] = 0.0f - 0.25f*(ul[i-1]1[J] + uli+1][]]
+ uli] [j-1] + uli][3J+1])
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= Swap u new and u 0600000
» Next iteration 000000
000000

000000
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EXAMPLE: JACOBI SOLVER - MULTI GPU

While not converged
= Do Jacobi step:

for (int i=1; i < n-1; i++)

for (int j=1; j < m-1; J++)

u new([i][j] = 0.0f - 0.25f* (u[i-11[3] + uli+1][]]
+ uli] [J-1] + uli]l[3j+1])
» Exchange halo with 2 4 neighbor 8%32‘8
= Swap u new and u 000000 O
= Next iteration 000000 O

C00000 - .04
0000
OROOO 8&

C I 1@




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) € 8Q
= 2D domain decomposition with n x k domains
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EXAMPLE: JACOBI - TOP/BOTTOM HALO
UPDATE

800000
0000

MPI Sendrecv (u new+offset first row}f m-2, MPI DOUBLE, t nb, 0,

u new+offset bottom bondary, m-2, MPI DOUBLE, b nb, 0,

1

MPI COMM WORLD, MPI STATUS IGNORE) ;

O
000000 |
000000

MPI Sendrecv (E_new+offset_last_row| m-2, MPI DOUBLE, b nb, 1, O O O O
[o_new+offset top bondary| m-2, MPI_DOUBLE, t nb, I, 1 2

MPI COMM WORLD, MPI STATUS IGNORE) ;

000000
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EXAMPLE: JACOBI - TOP/BOTTOM HALO

UPDATE

#pragma acc host _data use_device ( u_new ) {
MPI Sendrecv (u newt+offset first row}j m-2, MPI DOUBLE, t nb, O, O““O
O u new+offset bottom bondary, m-2, MPI DOUBLE, b nb,
S() MPI COMM WORLD, MPI STATUS IGNORE) ; OOOO
é MPI_Sendrecv1u_new+offset_last_row m-2, MPI DOUBLE, b nb, 1,
O [u new+offset top bondarﬂ m-2, MPI DOUBLE, t nb, 1,
MPI COMM WORLD, MPI STATUS IGNORE) ;
) OQOOQO
OQCCQO
MPI Sendrecv(u new d+offset first row}) m-2, MPI DOUBLE, t nb, 0,
u new d+offset bottom bondary, m-2, MPI DOUBLE, b nb, OOOO
<QE MPI COMM WORLD, MPI STATUS IGNORE) ;
8 MPI_Sendrecv{u_new_d+offset_last_row m-2, MPI DOUBLE, b nb, 1,
lu new d+offset top bondary} m-2, MPI DOUBLE, t nb, I,
MPI COMM WORLD, MPI STATUS IGNORE) ;
T - OOQQOO
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EXAMPLE: JACOBI - LEFT/RIGHT HALO
UPDATE

OpenACC

Q999 000000

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

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

#pragma acc host data use_device ( from left, to_left ) {
MPI Sendrecv( to left, n-2, MPI DOUBLE, 1 nb, O,
from left, n-2, MPI DOUBLE, 1 nb, 0,
MPI COMM WORLD, MPI STATUS IGNORE ) ;

#pragma acc parallel loop present ( u new, from left )
for ( int i=0; i<kn-=-2; ++i )

u new[(i+1)*m] = from left[i];

0]0]0]0]0]0

OOO0OOO0
0000
0000
0000
0000

00000




EXAMPLE: JACOBI - LEFT/RIGHT HALO
UPDATE Q998 000000

//right neighbor omitted

000
000
000

0]0]0]0]0]0

pack<<<gs,bs,0,s>>>(to_left d, u new d, n, m);

cudaStreamSynchronize (s) ;

MPI Sendrecv( to_left d, n-2, MPI DOUBLE, 1 nb, O,
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from left 4, n-2, MPI DOUBLE, 1 nb, 0,

CUDA

MPI COMM WORLD, MPI STATUS IGNORE ) ;

OOO0OOO0
0000
0000
0000
0000

00000

unpack<<<gs,bs,0,s>>>(u_new _d, from left d, n, m);




STARTING MPI+CUDA/OPENACC PROGRAMS

= Launch one process per GPU
— MVAPICH: Mv2 USE CUDA
$ MVZ2 USE CUDA=1 mpirun -np ${np} ./myapp <args>
— Open MPI: CUDA-aware features are enabled per default
— Cray: MPICH RDMA ENABLED CUDA
— IBM Platform MPI: PMPTI GPU AWARE
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JACOBI RESULTS (1000 STEPS)

WEAK SCALING 4K X 4K PER PROCESS

14

Runtime (s)
I o o o N

N

o

MVAPICH2-2.0b FDR IB

1111

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

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



EXAMPLE: JACOBI - TOP/BOTTOM HALO
UPDATE - WITHOUT CUDA-AWARE MPI

#pragma acc update host( u new[l:m-2], u new[(n-2)*m+l:m-2] )

MPI Sendrecv(u newtoffset first row, m-2, MPI DOUBLE, t nb, 0,
u new+offset bottom bondary, m-2, MPI DOUBLE, b nb, 0,
MPI COMM WORLD, MPI STATUS IGNORE) ;

MPI Sendrecv(u newt+offset last row, m-2, MPI DOUBLE, b nb, 1,

OpenACC

u new+offset top bondary, m-2, MPI DOUBLE, t nb, 1,

MPI COMM WORLD, MPI STATUS IGNORE) ;
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#pragma acc update device( u_new[0:m-2], u new[(n-2)*m:m-2] )

//send to bottom and receive from top - top bottom omitted

cudaMemcpy (u new+!, u new _d+!, (m-2)%*sizeof(double), cudaMemcpyDeviceToHost);

MPI Sendrecv(u newtoffset first row, m-2, MPI DOUBLE, t nb, 0,

CUDA

u new+offset bottom bondary, m-2, MPI DOUBLE, b nb, 0,
MPI COMM WORLD, MPI STATUS IGNORE) ;

cudaMemcpy (u_new_d, u new, (m-2)%*sizeof(double), cudaMemcpyDeviceToHost);
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UNIFIED VIRTUAL ADDRESSING

No UVA : Separate Address Spaces UVA : Single Address Space

System GPU System GPU
Memory Memory Memory Memory

.| oxoooo | _I 0x0000 _I ! 0x0000 ‘!
| OXFFFF \ | OXFFFF \ ‘ OXFFFF

| iy |
a2 [~ ]
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UNIFIED VIRTUAL ADDRESSING

No UVA : Separate Address Spaces UVA : Single Address Space
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* One address space for all CPU and GPU memory
— Determine physical memory location from a pointer value

— Enable libraries to simplify their interfaces (e.g. MPI and
cudaMemcpy)

= Supported on devices with compute capability 2.0 for
— 64-bit applications on Linux and on Windows also TCC mode
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System
Memory

MPI+CUDA

Node n-1

With UVA and CUDA-aware MPI No UVA and regular MPI

//MPI rank O //MPI rank O

MPI Send(s buf d,size,..); cudaMemcpy (s buf h,s buf d,size,..

MPI Send(s buf h,size,..);

//MPI rank n-1 //MPI rank n-1
MPI Recv(r buf d,size,..); MPI Recv(r buf h,size,..);

cudaMemcpy (r buf d,r buf h,size,..



NVIDIA GPUDIRECT™

ACCELERATED COMMUNICATION WITH NETWORK & STORAGE DEVICES

GPU1 GPU2
Memory Memory
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NVIDIA GPUDIRECT™

ACCELERATED COMMUNICATION WITH NETWORK & STORAGE DEVICES

GPU1 GPU2
Memory Memory

= |

GPU
1
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NVIDIA GPUDIRECT™

PEER TO PEER TRANSFERS

GPU1 GPU2
Memory Memory
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NVIDIA GPUDIRECT™

PEER TO PEER TRANSFERS

GPU1 GPU2
Memory Memory
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NVIDIA GPUDIRECT™

SUPPORT FOR RDMA

GPU1 GPU2
Memory Memory
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NVIDIA GPUDIRECT™

SUPPORT FOR RDMA

GPU1 GPU2
Memory Memory
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CUDA-AWARE MPI

Example:
MPI| Rank 0 MPI_Send from GPU Buffer
MPI| Rank 1 MPIl_Recv to GPU Buffer
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= Show how CUDA+MPI works in principle

situation might be different
= Two GPUs in two nodes

— Depending on the MPI implementation, message size, system setup, ...



CUDA-AWARE MPI

GPU Buffer
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MPI GPU TO REMOTE GPU

GPUDIRECT SUPPORT FOR RDMA
MPI Rank O

MPI Rank 1

MPI Send(s buf d,size,MPI CHAR

MPI Recv(r buf d,size,MPI CHAR

,1,tag,MPI_COMM WORLD) ;

,0,tag,MPI COMM WORLD, &stat) ;



MPI GPU TO REMOTE GPU

GPUDIRECT SUPPORT FOR RDMA

MPI_Sendrecv
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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 WORLD) ;

MPI Recv(r buf h,size,MPI CHAR,0,tag,MPI COMM WORLD, &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

MPI_Sendrecv

>
e

Y

I
>

Time




MPI GPU TO REMOTE GPU

WITHOUT GPUDIRECT

MPI Rank O MPI Rank 1
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MPI Send(s buf h,size,MPI CHAR,1,tag,MPI COMM WORLD) ;

MPI Recv(r buf h,size,MPI CHAR,0,tag,MPI COMM WORLD, &stat);




MPI GPU TO REMOTE GPU

WITHOUT GPUDIRECT

MPI_Sendrecv

>

e

>
e

e
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PERFORMANCE RESULTS TWO NODES

OpenMPI 1.7.4 MLNX FDR IB (4X) Tesla K40

7000
6000
£ 5000
£
2 2000
1000

f

——-CUDA-aware MPI with

GPUDirect RDMA
-=-CUDA-aware MPI

256
1024

4096
16384
65536

262144
1048576
4194304

Message Size (byte)

Latency (1 byte)

19.04 us

16.91 us

—-+regular MPI
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MULTI PROCESS SERVICE (MPS) FOR
MPI APPLICATIONS




GPU ACCELERATION OF LEGACY MPI
APPLICATION

= Typical legacy application
— MPI parallel
— Single or few threads per MPI rank (e.g. OpenMP)

= Running with multiple MPI ranks per node
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» GPU acceleration in phases
— Proof of concept prototype, ..
— Great speedup at kernel level

= Application performance misses expectations




E0 GPU parallelizable part
B0 CPU parallel part
B Scrial part
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Multicore CPU only




E0 GPU parallelizable part
B0 CPU parallel part
B Scrial part
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Multicore CPU only




E0 GPU parallelizable part
B0 CPU parallel part
B Scrial part
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N=1 N=2 N=4

Multicore CPU only




E0 GPU parallelizable part
B0 CPU parallel part
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| B Scrial part
=1 N=2 N=4 N=8

N=

Multicore CPU only




E0 GPU parallelizable part
B0 CPU parallel part
B Scrial part
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N=1 N=2 N=4 N=8

Multicore CPU only GPU accelerated CPU




E0 GPU parallelizable part
B0 CPU parallel part
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B Scrial part
| With Hyper-Q/MPS
Available in K20, K40
I II I T Il ouEe seEHEess
=1 N=2 N=4 N=8 N=1 N=2 N=4 N=8

N= = = -

Multicore CPU only GPU accelerated CPU




PROCESSES SHARING GPU WITHOUT MPS:
NO OVERLAP

@ *profile_nomps 4117.0ut 53 > =g

7.33s 734s 7.35s 736s 737s 7.38
' ' " ' '

[=] Process "a.out” (4117}
[=| Thread 293947168

L Runtime APl
L Driver AP ;
L Profiling Overhead
Process A Process B SPRa b
[=] Thread 1718765344
L Runtime API

L Driver API
Context A Context B i

[=] 101 Tesla K20%m

[=] Context 1-4117 (CUDA)

L SF MemCpy (HtoD)

[=] Compute i test_kernel(.., test kernell... test kernel(..

L SF 50.1% test_kernel(d... [[§ est_kernell... test_kernel(... test_kernell...

[=] Streams
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L Default o est_k test_kernel(... test_kernell...
[=] Context 1-4123 (CUDA)
L SF MemCpy (HtoD)
[=] Compute
L SF 49.9% test_kernel(d...
[=] Streams

L Default est_kernell... test_kernel(...

Process A Process B
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GPU SHARING WITHOUT MPS

& *profile_nomps_ 4117.out £3 N - EI]
_ @ [

| 7.33s 7345 7355 736s  DbEmE. /\ |
i i | | 3ms 73534 ms nsf- SRR 73536 ms 73537 ms H

=] Process “a.ou (4117)
5 Thraad 203047168

[ Process "a.out" (4117}

L Runtime APl
[=| Thread 293047168 e
L Profiling Overhead
ke Runtlm Ap‘l [=] Process "a.out” (4123}
b [= Thread 1718765344
L Driver API - Runtime 01
* Drver 49
L Profiling Owverhead L profiing Overead

[=] 10] Tesia k20xm

[—| Process "a.out” (4123)

L MemCpy (HtoD)

[=] Thread 1718765344 Efcee \
L 50.1% test_kernel(d.
L Runtime AP sy ‘
a [=] Context 1-4123 (CUDA)
L Driver API L MemCpy (HtaD) |
[= Compute |
L Profiling Overhead L 49.9% test_kemnellc..
= s \ \
[ 101 Tesla K20Xm L Default

[=] Context 1-4117 (CUDA)
L SF MemCpy [HtoD)

4

[=| Compute test kernell... test_kernelf... test kernell
L 5F 50.1% test_kernel(d... test kernelf... test kernell... test kernel
[—| Streams
L Default test kernel(... test kernell... test kernell... test ke ConteXt

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

[=] Compute -tESt_k'E'I'I'IE'll:... test kernel(.. test;krf-rruellj...

L F 40.9% test_kernel(d... test kernell... “test_kernell... test kernell...

|E| Streams

Switch

L Default test_kernell...

test kernell... test kernelf...
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PROCESSES SHARING GPU WITH MPS:

MAXIMUM OVERLAP

Process B

Process A

Context A Context B

MPS Process

=
% *profile 3916.0ut 53

3.55s 3563
' '

3.57s 3.58s 3.50s
' ' '

[=]| Process "a.out” (3916}
[=| Thread 2387953440
L Runtime API
L Driver API
L profiling Overhead
[=| Pracess "a.out” (3923}
[=] Thread 3202574112
L Runtime API

L Profiling Overhead

[=] 101 Tesia K20%m
[~] Context MPS (CUDA)
L SF MemCpy [HtoD)

=l compute

L S 100.0% test_kernel(...

[=] streams
L Default-3916
L Default-3923

[

| kernel(..

test;kern el

testikern'e\ i

test_. wernell... test_kernelf...

Kernels from
Process A

Kernels from
Process B
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GPU SHARING WITH MP5

e y
& *profile_3916.0ut £3

355s
i

31595 J6s

3.56s 337 s 3.58s
i

[=| Process "a.out” (3916)
[=| Thread 2387953440
L Runtime AP
L Driver API
L Profiling Overhead
[=| Process "a.out” (3923}
[=] Thread 3202574112

L Runtime AP

L Profiling Cverhead
[=| [0] Tesla K20Xm
[=| Context MPS (CUDA)
L 5F MemCpy (HtoD)

[=] compute

L 5 100.0% test_kernel(...

[=| Streams
L Default-3016
L Default-3023

53025 53035 53045 53085 53065 5.307s 5.308 5
[ Process a.out” (3916) Start

NVIDIA Visual Profiler

Fle View Run Help

e | Bne - & @ rEezE
% *profile 3916.0ut 5 = 223 Properties 23

test_kemel(double*)

=

|=| Thread 2387953440 End
- Runtime AP! Duration
- Driver AP Grid Size:
L Profiling Overhesd Block Size
=] Process "a.out” (3923) Registers/Thread

Shared Memory/Block
¥ Occupancy
Theoretical
= Shared Memory Configuration |
Shared Memory Requested!
Shared Memory Executed |

[ Thread 3202574112

=) 19) Testa K20%m
[=] Contaxt MPS (CUDA)

t;z-st_k'ern ell...

test kernell...

kernel(... | test_ kernelf...

Shared Memory Bank Size |
- ——— .
e test_kemel{double”)
= compute
i
ST
L est_kernell...
= streams
* Default 3916

* Defauit-3923

test kernell(... ;

test kemell... |test kernell... test kernel(.. test
est kK

test_kernel[...- ;

753015 (5.300,907.079 ns)
| 5.308'5(5,307,910,268 ns)
| 7.003 ms(7.003,189 ns)
SRS

{112811]

i33

jos

1 75%

48 KiB
a8 KiB
aB




CASE STUDY: HYPER-Q/MPS FOR UMT

& UMT20135enC-1:817648.p 3 Enables overlap
between copy and

= [0] Tesla Ka0c
= Context MPS (CUDA) g
e compute of different
- MemCpy (DtoH)
snswp3d_mod snswp3d mod { snswp3d_mod processes
NGd_SWeep. | N SRR Ca ‘Mod Sweep. “SnsWp3d mod sweep.1LI
~ Compute snswp3d mod sweep snswp3d mod ... snswpid mod s

snswp3d mod

snswp3d mod sweep

snswp3d_mod . snswp3d mod sweep
snswp3d_mod_sweep snswp3d mod SWeep

Sharing the GPU = 2 b
. Bswp3d mod sweep snswp3d mod . snswp3d mod s
between multi MPI "|"
ranks increases GPU i
utilization
~| Streams
- Default-17648

> LU
(N E)
oz
— Ll
O
=
T
w o
—O
-
A
O

sSWp3t. mod sweep

~ Default-17661 nod sweep |

 Default17662 |
Default-17663 |

- Default-17664 & ('l

- Default-17665

- Default-17666

- Default-17667

Q!




HYPER-Q/MPS CASE STUDIES

HACC MP2C VASP ENZO

N
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Speedup vs. 1 Rank/GPU
N w

—

o

m CPU Scaling Speedup  ®m Overlap/MPS Speedup




USING MPS

- No application modifications necessary
- Not limited to MPI applications

- MPS control daemon
- Spawn MPS server upon CUDA application startup
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- Typical setup
export CUDA;VISIBLE_DEVICES=0
nvidia-smi -i 0 -c EXCLUSIVE PROCESS

nvidia-cuda-mps-control -d

- On Cray XK/XC systems

export CRAY CUDA MPS=1




USING MPS ON MULTI-GPU SYSTEMS

- MPS server only supports a single GPU
- Use one MPS server per GPU

- Target specific GPU by setting CUDA_VISIBLE_DEVICES
- Adjust pipe/log directory

export DEVICE=0

export CUDA;VISIBLE_DEVICES=${DEVICE}

export CUDA MPS PIPE DIRECTORY=${HOME}/mps${DEVICE}/pipe
export CUDA MPS LOG DIRECTORY=${HOME}/mps${DEVICE}/log
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cuda_mps_server control -d

export DEVICE=1

- More at http://cudamusing.blogspot.de/2013/07/enabling-
cuda-multi-process-service-mps.html




MPS SUMMARY

= Easy path to get GPU acceleration for legacy applications

» Enables overlapping of memory copies and compute between
different MPI ranks

{1 CUDA Toolkit Documentation

€ @ docs.nvidia.com/cuda/indexhtml

., DEVELOPER CUDA TOOLKIT DOCUMENTA'
nvinia ZLONE
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Y White Papers
Floating Point and IEEE 754 CUDA Documents

Incomplete-LU and Cholesky
Preconditioned Iterative

Methods Release Notes
LibNVVM API CUDA Toolkit from v4.0 to
today.

libdevice User's Guide

NVVM IR EULA

CUPTI i Agreements for the NVIDIA
CUDA Toolkit, the NVIDIA

Debugger API CUDA Samples, the NVIDIA
RASSTOr GPUDirect Display Driver, and NVIDIA
"I Multi Process Servica i NSight (Visual Studio
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TOOLS FOR MPI1+CUDA APPLICATIONS

= Memory Checking cuda-memcheck
» Debugging cuda-gdb
» Profiling nvprof and NVIDIA Visual Profiler
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MEMORY CHECKING WITH CUDA-MEMCHECK

= Cuda-memcheck is a functional correctness checking suite
similar to the valgrind memcheck tool

= Can be used in a MPI environment

mpiexec -np 2 cuda-memcheck ./myapp <args>

* Problem: output of different processes is interleaved

— Use save, log-file command line options and launcher script
#!/bin/bash
L,OG=$1.$0OMPT COMM WORLD RANK
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#L.0G=$1.$MV2 COMM WORLD RANK

cuda-memcheck --log-file $LOG.log —--save SLOG.memcheck $*

mpiexec -np 2 cuda-memcheck-script.sh ./myapp <args>




Jacobi/main/bin

.
i

[jkrausEsb077 bin]$ MVZ USE CUDA=]1 mpiexec -np 4 ./cuda-memcheck-sgcript.sh ./jacobi cuda aware mjg
pi async -t 2 2 -d 1024 1024 -f=

Topology size: 2 x 2

Local domain =ize (current node): 1024 x 1024

Global domain size (all nodes): 2048 x 2048

Starting Jacobi run with 4 processes:

Error: CUDA result "unspecified launch failure™ for call "cudaDeviceSynchronize ()™ in file "Host
" at line 453. Terminating...

BaD TEEMIHATION OF ONWNE OF YOUR APPLICATICON PROCESSES
EXTIT CCDE: 255

CLEANTHG UF REMATHING PROCESSES
YOO CAN IGHNORE THE BELOW CLE

jJacobi cuda aware mpi async.(0.memchec jacobi cuda aware mpi async.?.memcheck
jacobi cuda aware mpi async.l.memcheck Jjacobi cuda aware mpi async.3.memcheck

[jkraus@Esb077 bin] % cuda-memcheck --read jacobi cuda aware mpi aay:c.&.nemcheckl

2
3




I

Read outputfiles with cuda-memcheck --read

Jkraus@sb07 7~ fworkspace/Jacobi/main/bin

-




DEBUGGING MPI+CUDA APPLICATIONS

USING CUDA-GDB WITH MPI APPLICATIONS
= You can use cuda-gdb just like gdb with the same tricks

= For smaller applications, just launch xterms and cuda-gdb
> mpiexec -xX -np 2 Xterm -e cuda-gdb ./myapp <args>

' il ' il
cuda-gdb [E=RE cuda-gdb [E=RE

VIDIA (R) CUDA Debugger VIDIA (R) CUDA Debugger

W0 releaze W0 releaze

ortions Copyright (C) 2007-2012 NYIDIA Corporation ortions Copyright (C) 2007-2012 NYIDIA Corporation

MU gdb (GDE) 7.2 NU gdb (GIB) 7.2

opyright (C) 2010 Free Software Foumdation, Inc, opyright (C) 2010 Free Software Foumdation, Inc,

icense GPLw3+: GHU GPL verzion 3 or later <httpi//gnu,orglicenses/gpl,html> icense GPLw3+: GHU GPL verzion 3 or later <httpi//gnu,orglicenses/gpl,html>
hiz iz free zoftware: you are free to change and redistribute it, hiz iz free zoftware: you are free to change and redistribute it,

here iz MO WARRANTY, to the extent permitted by law, Type "show copying” here iz MO WARRANTY, to the extent permitted by law, Type "show copying”

nd "show warranty" for details, nd "show warranty" for details,

hiz CDE wag configured as "x86_Bd-unknown-1inux-gnu"., hiz CDE wag configured as "x86_Bd-unknown-1inux-gnu".,

or bug reporting instructionz, please see: or bug reporting instructionz, please see:

http:s Awww, ghu, orgdzof tware/gdb/bugss>, . . http:s Awww, ghu, orgdzof tware/gdb/bugss>, . .

eading symbols from fhomebszamd jkrauzfworkspaces JSC-GPU-Courze/CUDA-aware_HP /e eading symbols from fhomebszamd jkrauzfworkspaces JSC-GPU-Courze/CUDA-aware_HP /e
ercizes/taskss jacobi_mpi+cuda, . .done, ercizes/taskss jacobi_mpi+cuda, . .done,

cuda—gdb) run cuda—gdb) run

tarting program: Jhomebr/zand jkraus/workspaces JSC-GPU-Course/CUDA-aware_MP1/exer tarting program: Jhomebr/zand jkraus/workspaces JSC-GPU-Course/CUDA-aware_MP1/exer
izesdtasks jacobi_mpi+cuda izesdtasks jacobi_mpi+cuda

Thread debugging using libthread_db enabled] Thread debugging using libthread_db enabled]
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DEBUGGING MPI+CUDA APPLICATIONS

CUDA-GDB ATTACH

= CUDA 5.0 and forward have the ability to attach to a running
process
if ( rank == ) |
int 1=0;
printf ("rank %d: pid %d on %s ready for attach\n.", rank, getpid(),name);

while (0 == 1) {
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sleep (5);

}
> mpiexec -np 2 ./jacobi mpi+cuda

Jacobi relaxation Calculation: 4096 x 4096 mesh with 2 processes and one Tesla
M2070 for each process (2049 rows per process).

rank 0O: pid 30034 on judgel07 ready for attach
> ssh judgel07
Jjkraus@judgel07:~> cuda-gdb --pid 30034




I

jkraus@sb07 7~ fworkspace/Jacobi/main/bin




DEBUGGING MPI+CUDA APPLICATIONS

THIRD PARTY TOOLS
= Allinea DDT debugger
= Totalview

= 54284 - Debugging PGl CUDA Fortran and OpenACC on GPUs
with Allinea DDT - Tuesday 4pm LL20D
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Stacks

Threads | CLIDA Threads | Function |
10 ] 0 I:IQmain (prefix.cu:163)
1] ‘ Bcudasurmmer (prefix.cu:143)
10 ] “prefixsum (prefix.cu:105)
100 ] 512 D Ezarro (preficcugs)

1 450 1o (prefic.cu:00)

urrent; @ Process ¢ Thread || Step Threads Together

us on ¢
D)
2]
slock [0 = [ 0 = Thread [0 [0 H [0 o Go Grid size: Bx1 Block size: 54x1x1

BX| = prefix.cu

2[Locals
i < BLOCK_SIZE: 1 <<= 1) out 0x100800
length 500
©EEY 7T (threadlde x + 1 < BLOCK SIZE 8& = + 1 < Tengthy

EERRY in 0x100000

o o S—
o; |1Process:rank 0
1Thread

(Process 0): #2

ce  |512 GPU threads:
67 <==2(0,00,(0,0,0)=== ... <<<(7,0),(63,0,0)= == (512 threads)

Mype: @register int
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DDT: THREAD LEVEL DEBUGGING

Allinea DDT 4.2-34071 (on nid00015)

File Wiew Cortrol Search  Tools  Window  Help

|ofu O FEELEE] ! A-S~

”F::us on currert: (= Process f Thread ||_ Step Threads Together |Etln CUDA threads by: IWarp (default) 'I

Focus  —{EREeae COC:)
gock | o = | o =5 [0 = e |5 5 [ 2 [0 Ga | Grid size: 32:32x1 Black size: 32:32x1

CUDA Threads (gpuTranspose_kernel)

™ main.cu [ | Locals Current Lineis) I Currert Stack | GPU Devices |
42 :I Currert Lineis) =4
43 // Stage Matrix tile to Shared memory :
X P . “ariahle M Val
. 44 tile[threadIdx. y][threadId:. x] = in[j*cols+i]; - '_Ia L LTl IS = I
Breakpoint e ; :
416 _ syncthreads( ) ;
47 J 000G
InSIde 48 i = blockIdx.y * blockDim.y + threadIdx. x; 1024
N j = blockIdx. x * blockDim. x + threadIdx.y; =5 y=22=0}
5
kernel 51 FF Write matrix tile back out, transposed 2
52 | outlj*rows+i] = tilel[threzdidx. x][thresdldx, y];
53
54 [0 void gpuTransposelint rows, int cols, float * in, float * out] {
55 gpuTranspose_kernel<<<dim3| rows/32, cols/32), dim3(32, 32) >>>( rows, cols, in, out};
56 cudaCheckErrar();
57
58
58
60 B int mainiint argc, char** argv)
Bl { _|;|
{ I I D [Type: none selected
Inp... I Bre.. | Wat.. stacks | Ker.. | Ta. | ‘I ?I Evaluate 2 x
Inpurt /Dt g x Expression I\I‘alu! I
Process D: OMP Chreads: 1
Process [: CPU+OMP: Ternel bandwidth: 1.106102 gh/sec
Process 0: err = 0

Type here {Erter' to send): I More r |

[Ready

Launch
configuration

Per thread
variabless



> LU
(N E)
oz
— Ll
O
=
T
w o
O
-
A
O

PROFILING MPI+CUDA APPLICATIONS

USING NVPROF+NVVP
3 Usage modes:
* Embed pid in output filename

mpirun —-np 2 nvprof --output-profile profile.out.53p
= Only save the textual output
mpirun —np 2 nvprof --log-file profile.out.%p

= Collect profile data on all processes that run on a node

nvprof --profile-all-processes —o profile.out.53p
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jkraus@sb07 7~ workspace/Jacobi/main/bin
- ¥
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PROFILING MPI+CUDA APPLICATIONS

USING NVPROF+NVVP

-
& NVIDIA Visual Profiler

View Help

]

Mew Session
Open...

Clone Session...

Save
Save As..
Save All

Import...

Exit

[l Analysis 22 [ Det

@ Export P

Ctrl+N
- Ctrl+0 ~ . = ﬁ](ﬁw 7 = Eﬂ
© import| § Import Nvpro) § Import N{ |, Open s | & Import Nvprof Data [T )
Select Nvprof profile| | Import Pro %' +” » 54| Import Profile Data for Multiple Processes x
Importp| | Import profiled | Select nvpr] g PECSTI— -
e — Select nvprof profile files containing timeline data for multiple processes al @
@) Si . NSight VS Ni i
Select an| | Single proces | Nvprof prof = c Igh 4 Mvprof profile files: SEze
. Cache
type filt - C:/NppFTP/home-2/jkraus/workspace/lacobi/main/bin/jacobi_cuda_aware_my| |: 4
I devrel_share | C:/NppFTP/home-2/jkraus/workspace/lacebi/main/bin/jacobi_cuda_aware_mg| =
H L temp C:/MNppFTP/home-2/jkraus/workspace/lacobi/main/bin/jacobi_cuda_aware_mp
|M Ci/NppFTP/home-2/jkraus/workspace/Jacebi/main/bin/jacebi_cuda_aware_mg 4
4
- Libraries
@ Documents
il Git
J’ Music
@ Perforce
[E5]| Pictures
Subversion
B videos
- Computer
£, 0sDisk ()
5 jkraus (\neta -
[ ! ! =
| <Back || MNed> | Fmsh || Cancel | [[Concel




PROFILING MPI+CUDA APPLICATIONS

USING NVPROF+NVVP

. NVIDIA Visual Profiler [E= e

File View Run Help
o EE Q| ®

L& F RIEEZ 8

*ji = B||E Properties 2 =g
ms 1572;6 ms 1572.‘65 ms 1672;7 ms 1672‘?5 ms 1672;8 ms 1672‘5 Compute
- Profiling Overhead “II" 4 Duration
[=] Process “jacobi_cuda_aware_mpi... Session 19195 (1.
=] Thread 2422758208 Kernels 227501 m..
- Runtime A7 [ A i AT O e 1 Compute Utifzation  113%
= Driver API I | Il I I Il Kermel Invacations 3004

= Profiling Overhead -
=] Process “jacobi_cuda_aware_mpi..
=] Thread 385764160
e I N LT
- orwer s 1 el I I
L Profiling Overhead
[=] [0] Tesla K20Xm
[=| Context 1-23815 [CUDA]
L ¥ MemCpy [HtoD) [ ] [ ]
L S MemCpy (DtoH) '] '] []
¥ MemCpy (DtoD)
L SF 92.3% JacobiCompu...
L S 4.8% ComputeXSide... [ ]
L 7 2.9% ComputeYSide... ]
| S 0.0% memset (0) L4
Streams
[=] [t] Tesla K20Xm
[=] Context 1-23816 (CUDA)
L SF MemCpy (HtoD) | ] [ |
L F MemCpy (DtoH) '] '] [ ]
L 5F MemCpy [DtoD)

[=| Compute e

L ¥ 91.2% JacobiCompu...

m
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Jac g (dauble c i * double® i int2, int?)
JacobiComputeKernel(double const *, double®, double®, int2, int, int2, int2)

L F 5.5% ComputeXSide... [ ]
L SF 3.2% ComputeYSide... [ ]
5 0.0% memset (0} i
< D »
[ Analysis 22~ [l Deta\ls] = Conso\e} ’fmSettmgs] . =8
| [3 Export POF Report Results
1. CUDA Application Analysis

The guided analysis system walks you through the various

analysis stages to help you understand the optimization  ~




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
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Vampir - Trace View - /home/juckel/PIConGPLY trace. otf n [ %
h Fle Edt Chat Fter Window Hebp
u = X
EvLeeTERES & A
Timeine Function Legend Function Summar
0s  10s s s 405 s & 70s s s 19s  M0s AllProcesses, Accumulsted Exclusive Tme per Function
0s
Process 0 deviceMoveAndMiariPariclessbt> a1
cuDap) 1:2 devicelloveAndarkParices <b0=
CUDA[1]21 DeviceDeleteParticles
cuoaR) 31 121802 s [ kernelCompuieCurr . o0 PartceType0>
DA 41 B vT_cuoa 18388 s 1kemelcumpmecun 0 ParticleTypet>
Thresd 51 8672685 [ DeviceAddPartcies |
process & Function Summary
Process AlProcesses, Accumuiated Exclusive Tine per Function Group
rocess L]
Process 9 NVSMI [351.089 g] UDA_KERNEL [1,234.253 5]
Thread &3 11450032 5]
Thread 102
Thread 11:2 ‘CUDA_IDLE [580.704 5]
Thread 122 IDA_SYNC [1,138.353 5]
CUDA[0] 13:2 J
[CUDATI I8 Cantert View
CUDALZI 151 T —— e = i CourterDaaTimeine (3 | ot
oA 161
o . — I A s Bt B B — [vate [}
CUDA[1] 6:1, CUDA(Z] 71, CUDA[3] &1, CUDA(D] 8:2, Values of Metric "Active Threads” over Time Dispiay Courter Deta Tmeline
150M i Type nter
125M 1 Locations CUDA([1] 6:1, CUDA[2] 7:1, CUDA[3] 81, CUDA[0] 9.2
g | s 574
Lam | Maximum Locations CUDA[2] 7-1, CUDA[T] 6:1, CUDA[3] &1, CUDA[0] &:2
ZEm | rage 2887758 M =
ooMm ol Minimum 0
J J Minimum Locations CUDA[2] 7:1, CUDA[1] 6:1, CUDA[3] 8:1, CUDA[0] &:2 -
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NONE-BLOCKING

BLOCKING

BEST PRACTICE: USE NONE-BLOCKING MPI

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

MPI Sendrecv(u newtoffset first row, m-2, MPI DOUBLE, t nb, 0,
u new+offset bottom bondary, m-2, MPI DOUBLE, b nb, 0O,
MPI COMM WORLD, MPI STATUS IGNORE) ;

MPI Sendrecv(u newt+offset last row, m-2, MPI DOUBLE, b nb, 1,
u new+offset top bondary, m-2, MPI DOUBLE, t nb, 1,

MPI COMM WORLD, MPI STATUS IGNORE) ;
}

MPI Request t b reql[4];

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

MPI Irecv(u newt+offset top bondary, req) ;
MPI Irecv(u newt+offset bottom bonda OURLD,t b reg+l);
MPI Isend(u newt+offset last row,m-2, _WORLD,t b reg+?);
MPI Isend(u newt+offset first row,m-2, o,l,MPI_COMM_WORLD,t_b_req+3);
}

MPI Waitall(4, t b req, MPI STATUSES IGNORE) ;




OVELAPPING COMMUNICAITON AND
COMPUTATION

MVAPICH2 2.0b - 8 Tesla K20X - FDR IB
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OVERLAPPING COMMUNICATION AND
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OVERLAPPING COMMUNICATION AND
COMPUTATION

#pragma acc parallel loop present ( u new, u, to left, to right ) async(l)
for ( ... )
//Process boundary and pack to left and to right
#pragma acc parallel loop present ( u new, u ) async(2)
for ( ... )
//Process inner domain
#pragma acc wait (1) //wait for boundary
MPI Request req[8];

#pragma acc host data use device ( from left, to left, form right, to right, u new )

OpenACC

//Exchange halo with left, right, top and bottom neighbor
}
MPI Waitall(S, req, MPI STATUSES IGNORE) ;
#pragma acc parallel loop present ( u new, from left, from right )
for ( ... )

//unpack from left and from right

#pragma acc wait //wait for iteration to finish

{




OVERLAPPING COMMUNICATION AND
COMPUTATION

process boundary and pack<<<gs b,bs b,0,=1>>>(u new d,u d,to left d,to right d,n,m);

process inner domain<<<gs id,bs id,0,s2>>>(u new d, u d,to left d,to right d,n,m);

cudaStreamSynchronize (=1); //wait for boundary
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MPI Request reql[8];

CUDA

//Exchange halo with left, right, top and bottom neighbor

MPI Waitall (8, req, MPI STATUSES IGNORE) ;

unpack<<<gs_ s,bs s>>>(u new d, from left d, from right d, n, m);

cudaDeviceSynchronize () ; //wait for iteration to finish




OVELAPPING COMMUNICAITON AND
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MPI AND UNIFIED MEMORY

» Unified Memory support for CUDA-aware MPI needs changes to
the MPI implementations

— Check with your MPI implementation of choice for their plans
— It might work in some situations but it is not supported
= Unified Memory and regular MPI

— Require unmanaged staging buffers

> LU
(N E)
oz
— Ll
O
=
T
w o
O
-
A
O

= Regular MPI has no knowledge of managed memory

= CUDA 6 managed memory does not play well with RDMA protocols




HANDLING MULTI GPU NODES
= Multi GPU nodes and GPU-affinity:

— Use local rank:

int local rank = //determine local rank
int num devices = 0;
cudaGetDeviceCount (&num devices) ;

cudaSetDevice(local rank % num devices);

— Use exclusive process mode + cudaSetDevice (0)
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HANDLING MULTI GPU NODES

= How to determine local rank:
— Rely on process placement (with one rank per GPU)

int rank = 0;

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

int num devices = 0;
cudaGetDeviceCount (&num devices); // num devices == ranks per node
int local rank = rank % num devices;

— Use environment variables provided by MPI launcher
= e.g for OpenMPI

int local rank = atoi(getenv("OMPI COMM WORLD LOCAL RANK"));

= e.g. For MVPAICH2

int local rank = atoi(getenv("MV2 COMM WORLD LOCAL RANK"));
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CASE STUDY: B-CALM

= CUDA-aware MPI enabled a easy transition from single node
multi GPU to multi node multi GPU

= Multi node multi GPU version allows to solve problems that
could not be tackled before

* More info at: 54190 - Finite Difference Simulations on GPU
Clusters: How Far Can You Push 1D Domain Decomposition?
(Wed. 03/26)
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CASE STUDY: LBM D2Q37

= CUDA-aware MPI improves strong scalability and simplifies
programming
256x16384 - strong scaling

>
ol

w
N
—

O Ul = U1 N Ul W WU

> LU
(N E)
oz
— Ll
O
=
T
w o
O
-
A
O

N

Speedup vs. 1 GPU

o

1 GPU 2 GPUs 4 GPUs 8 GPUs
—Regular MPI ——CUDA-aware MPI

= More info at: S4186 - Optimizing a LBM code for Compute
Clusters with Kepler GPUs (Wed. 03/26)
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CONCLUSIONS

= Using MPI as abstraction layer for Multi GPU programming
allows multi GPU programs to scale beyond a single node

— CUDA-aware MPI delivers ease of use, reduced network latency and
increased bandwidth

= All NVIDIA tools are usable and third party tools are available

= Multipe CUDA-aware MPI implementations available
— OpenMPI, MVAPICHZ2, Cray, IBM Platform MPI

= Other intressting sessions:

— 54517 - Latest Advances in MVAPICH2 MPI Library for NVIDIA GPU
Clusters with InfiniBand - Tuesday 3pm LL21A

— 54589 - OpenMPI with RDMA Support and CUDA - Thursday 2pm 211B
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OVERLAPPING COMMUNICATION AND
COMPUTATION - TIPS AND TRICKS

= CUDA-aware MPI might use the default stream

— Allocate stream with the non-blocking flag (cudaStreamNonBlocking)

— More info: S4158 - CUDA Streams: Best Practices and Common Pitfalls
Tuesday 03/27)

= |n case of multiple kernels for boundary handling the kernel
processing the inner domain might sneak in
— Use single stream or events for inter stream dependencies via

cudaStreamWaitEvent (#pragma acc wait async) - disables overlapping
of boundary and inner domain kernels

— Use high priority streams for boundary handling kernels - allows
overlapping of boundary and inner domain kernels

= As of CUDA 6.0 GPUDirect P2P in multi process can overlap
disable it for older releases



HIGH PRIORITY STREAMS

= |[mprove sclability with high priority streams
(cudaStreamCreateWithPriority)

— 54158 - CUDA Streams: Best Practices and Common Pitfalls (Thu. 03/27)

» Use-case MD Simulations:
— 54465 - Optimizing CoMD: A Molecular Dynamics Proxy Application Study (Wed. 03/26)
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Stream 1 Comp. Local Forces
j Comp. Non- Ex. Non-
Local Forces local forces

Ex. Non-local

Stream 2

Atom pos.

Stream 1 (LP) Comp. Local Forces <Poss1ble Speedup>

Ex. Non-local Comp. Non- . Non-

Stream 2 (HP)

Atom pos. Local Forces local forces




