MSA SEMINAR: GPUS

Topics and Talks

 Today (21 January): * After that:
CUDA-aware MPI (Jiri Kraus) e OpenACC
e Next (28 January): e SOMA

Arbor (Ben Cumming, CSCYS) «GPU Libraries

« QUDA
«QCD

- https://fz-juelich.de/ias/jsc/msa-seminar « PIConGPU

- https://fz-juelich.de/ias/isc/msa-seminar-slides

Member of the Helmholtz Association J Forschungszentrum


https://fz-juelich.de/ias/jsc/msa-seminar
https://fz-juelich.de/ias/jsc/msa-seminar-slides
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MPI+CUDA

Node O

Node N-1

3 €ANVIDIA.



MPI+CUDA
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MPI+CUDA

Node 0 Node 1 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);

5 ©ANVIDIA.



YOU WILL LEARN

What MPI is

How to use MPI for inter GPU communication with CUDA and OpenACC
What Multi Process Service is and how to use it
How to use NVIDIA tools in an MP| environment

How to hide MPI communication times

6 NVIDIA.



A SIMPLE EXAMPLE

21-



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)

ulx,y) = f(x,y) v(x,y) € 6Q
2D domain decomposition with n x k domains ),0) )1y .:',apfk
e Ran ank Rant
K0 itk ket

8 <INVIDIA.



EXAMPLE: JACOBI SOLVER

Single GPU

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

u new[ix][iy] = 0.0f = 0.25f%( u[ix-1]1[1iy] + ulix+1][iy]
OQPOOOO
Q0O

Ce0000

Swap u_new and u O""O
000000

Next iteration O O O O O O

21-JAN-20 9 <ANVIDIA.
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EXAMPLE: JACOBI SOLVER

Multi GPU

While not converged
Do Jacobi step:
for (int iy=1; iy
for (int ix=1; ix

u newl[ix] [1y]

<

<

ny-1; ++iy)

nx-1; ++ix)

0.0f - 0.25F%(

Exchange halo with 1 to 4 neighbors

Swap u_new and u

Next iteration

ulix=-11[1y] + vu[ix+1][1iy]

+ u[ix][1iy-1]1 + ulix][iy+1]1)

000
@00

O;O
C00000 O
C00000O O6
C00000 .04
0000
0QROOO 8&

Q@00




EXAMPLE JACOBI

Top/Bottom Halo

MPI Sendrecv

(u newtoffset first row| m-2, MPI DOUBLE, t nb, O,

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

MPI_Sendrecv‘

u new+offset top boundars

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

, m-2, MPI DOUBLE, t nb, 1,

MPI COMM WORLD, MPI STATUS IGNORE) ;

000000

O
000OC )
1
O
000000
000000

O
000OC
. 2
O
000000

11 <ANVIDIA.




OpenACC

CUDA

EXAMPLE JACOBI

Top/Bottom Halo

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

MPI Sendrecv{u new+offset first row| m-2, MPI DOUBLE, t nb, O,
u new+offset bottom boundary, m-2, MPI DOUBLE, b nb, 0,
MPI COMM WORLD, MPIT STATUS_IGNORE);
MPI Sendrecv{u new+offset last row,] m-2, MPI DOUBLE, b nb, 1,
u new+offset top boundary, m-2, MPI DOUBLE, t nb, 1,
MPI COMM WORLD, MPI STATUS IGNORE) ;

MPI_Sendrecvduinew7d+offset first rowl m-2, MPI DOUBLE, t nb, O,
u new d+offset bottom boundary, m-2, MPI DOUBLE, b nb, 0,
MPI_COMM WORLD, MPI STATUS IGNORE) ;

MPI_Sendrecv'u new d+offset last rowl m-2, MPI DOUBLE, b nb, 1,

|u new_d+offset_top_boundar , m-2, MPI DOUBLE, t nb, 1,

MPI_ COMM WORLD, MPI_STATUS IGNORE) ;

000000

O
D000 )

1
O
000000
000000

O
OOO0OC
. 2
O
000000

12 <4 NVIDIA.




OpenACC

EXAMPLE: JACOBI

Left/Right Halo

//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+l)*m+1];

#pragma acc host data use device ( from right, to_left ) ({
MPI Sendrecv( to left, n-2, MPI DOUBLE, 1 nb, O,
from right, n-2, MPI DOUBLE, r nb, O,
MPI COMM WORLD, MPI STATUS IGNORE ) ;
}

#pragma acc parallel loop present ( u new, from right )
for ( int i=0; i<n-2; ++i )
u new[(m-1)+(i+1)*m] = from right[i];

13 <ANVIDIA.



CUDA

EXAMPLE: JACOBI

Left/Right Halo

//right 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, 1 nb, O,
from right d4, n-2, MPI DOUBLE, r nb, 0,
MPI COMM WORLD, MPI STATUS IGNORE ) ;

unpack<<<gs,bs,0,s>>>(u new d, from right d, n, m);

14 <ANVIDIA.



CUDA-AWARE MPI ON JUWELS

module use SOTHERSTAGES
module load Stages/Devel-2019a
ParaStation MPI:

GCC+CUDA:
module load GCC/8.3.0 ParaStationMPI/5.4.2-1-CUDA

PGI+CUDA 10.1:
module load PGI/19.3-GCC-8.3.0 ParaStationMPI/5.4.2-1-CUDA

MVAPICH2-GDR:

GCC+CUDA:
module load GCC/8.3.0 MVAPICH2/2.3.3-GDR

PGI+CUDA 10.1:

module load PGI/19.3-GCC-8.3.0 MVAPICH2/2.3.3-GDR

15 NVIDIA.



LAUNCH MPI+CUDA/OPENACC PROGRAMS

set by module on JUWELS
Launch one process per GPU

ParaStation MPI: 3 =] mpirun -np S$S{np} ./myapp <args>
MVAPICH: $ =] mpirun -np ${np} ./myapp <args>
Open MPI: CUDA-aware features are enabled per default

Cray: MPTICH RDMA ENABLED CUDA

IBM Spectrum MPI: $ mpirun -gpu -np ${np} ./myapp <args>

16 <4 NVIDIA.



HANDLING MULTIPLE MULTI GPU NODES




HANDLING MULTIPLE MULTI GPU NODES

MPI Comm loc comm;

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

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

MPI Comm free(&loc comm) ;

18 NVIDIA.



HANDLING MULTIPLE MULTI GPU NODES

AR

AR

P

! { ! { ! { ! {
pad Lo x L pad Lo x L
f t f f i t f f f t f f i t f f

AR

om -

om -

19 <4 NVIDIA.




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);

20 NVIDIA.



OpenACC

CUDA

EXAMPLE JACOBI

Top/Bottom Halo

#fipragma 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, m-2, MPI DOUBLE, b nb, 0,
MPI COMM WORLD, MPI STATUS IGNORE) ;

MPI Sendrecv(u new+offset last row, m-2, MPI DOUBLE, b nb, 1,
u new+offset top boundary, m-2, MPI DOUBLE, t nb, 1,
MPI COMM WORLD, MPI STATUS IGNORE) ;

#pragma acc update device(u new[offset top boundary:m-2],u new[offset bottom boundary:m-2])

without

CUDA-aware
MPI

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

cudaMemcpy( u_newt+offset first row,

u new d+offset first row, (m-2)*sizeof (double), cudaMemcpyDeviceToHost) ;

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

cudaMemcpy ( u_ngw_d+5ffset_bottgm_bounaary,

u_newtoffset bottom boundary, (m-2)*sizeof(double), cudaMemcpyDeviceToHost);

21 <ANVIDIA.
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UNIFIED VIRTUAL ADDRESSING

No UVA: Separate Address Spaces UVA: Single Address Space

System GPU System GPU
Memory Memory Memory Memory
[

0x0000 o 0000 0x0000
' OXFFFF I ' OXFFFF I ‘

PCl-e PCl-e

23 <ANVIDIA.



UNIFIED VIRTUAL ADDRESSING

No UVA: Separate Address Spaces UVA: Single Address Space

System GPU System GPU
Memory Memory Memory Memory

cPU cPU
. 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. MPI and cudaMemcpy)
Supported on devices with compute capability 2.0+ for

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

24 <ANVIDIA.



NVIDIA GPUDIRECT™

Peer to Peer Transfers

wenhen

MEM

=I

»
»

v



NVIDIA GPUDIRECT™

Support for RDMA




CUDA-AWARE MPI

Example:
MPI Rank 0 MPI Send from GPU Buffer
MPI Rank 1 MPT Recv to GPU Buffer

Show how CUDA+MPI works in principle

Depending on the MPI implementation, message size, system setup, ...
situation might be different

Two GPUs in two nodes

27 NVIDIA.



MPI GPU TO REMOTE GPU

Support for RDMA
MPI Rank 0 MPI Rank 1

MPI Send(s buf d,size,MPI CHAR,1l,tag,MPI COMM WORLD) ;

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

28 <ANVIDIA.



MPI GPU TO REMOTE GPU

Support for RDMA

Py




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) ; 30 SANVIDIA



REGULAR MPI GPU TO REMOTE GPU

memc

D>epspn)
>




MPI GPU TO REMOTE GPU

without GPUDirect
MPI Rank O MPI Rank 1

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

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

32 <ANVIDIA.



MPI GPU TO REMOTE GPU

without GPUDirect

Time




PERFORMANCE RESULTS GPUDIRECT RDMA

14000

12000
—~ 10000
N
g 8000 CUDA-aware MPI with
~ 6000 GPUDirect RDMA*
n;n 4000 -=-CUDA-aware MPI

2000
0 -+regular MPI with staging

N X o (X o A Qo o Ao WD Ab D
Vv QTN
NY K

Message Size (Byte) * UCX RNDV_SCHEME=get zcopy
UCX_RNDV_THRESH=131072

Latency (1 Byte) 20.16 us  19.59 us 34 SANVIDIA



PERFORMANCE RESULTS GPUDIRECT P2P

50000
45000
40000

% 35000
& 30000
= 25000
= 20000
@ 15000
10000
5000

0

N X o (X o A Qo o Ao WD Ab D
Vv QTN
NY K

Message Size (Byte)

Latency (1 Byte)

19.55 us

18.54 us

CUDA-aware MPI with
GPUDirect P2P

-=-CUDA-aware MPI

-+regular MPI with staging

35 NVIDIA.



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

38 NVIDIA.



MULTI PROCESS SERVICE (MPS)

For Legacy MPI Applications

wemss GPU parallelizable part
mmm== CPU parallel part
BN Serial part

With MPS
Available on Tesla/Quadro since CC 3.5
_________________________________________________________________ -
--------------------------------- EEEE--
Il s==a 1100E1E Il S5as TEEEEEEm
[ | H E EEEN EEEEEENR | H EEEN EEEEEEEN
N=1  N=2 N=4 N=8 N=1  N=2 N=4 N=8

Multicore CPU only GPU-accelerated 3 GAnvibia



PROCESSES SHARING GPU WITHOUT MPS

No Overlap

@ NVIDIA Nsight Systems 2019.6.1 - O X

File View Tools Help

Project Explorer x mps.qdrep X |
default.qdrep
[ mpagdrep S A wamings 22 messsges
1;@ +110ms +111ms +112ms +113ms =

~ (8 [62020] /mps_demo

~ Threads (10)

~ V| [62020] MPI Rank 0 ~

Process A Process B

MPI
CUDA API

Profiler overhead

Context A Context B

100.0% Kernels

Name

™ Duration D
63983 ps | - GPUD

dummy_kernel

1.11049s Begins: 1.11069s
Ends: 1.11073s (+63.951 u

dummy_kernel

1110555 9
1.110625 grid: <<<80, 1, 133>

block: <<<1024,1, 1>>>
Lounch Type: Regular

dummy_kernel 65983 s

65.984 s

dummy_kernel

dummy_kernel

1 dummy_kernel 66304ps - GPUO 1.1116s Static Shared Memory: 0 b
es
12 dummy_kernel 63951 ps 7 1.11167s !gynamic Shared Memory:

13 ‘dummy_kernel 65884 - GPUO Stim 7 111174s

Registers Per Thread: 16 |~

=3

Process A Process B

40 <4 NVIDIA.



PROCESSES SHARING GPU WITHOUT MPS

Context Switch Overhead

@ NVIDIA Nsight Systems 2019.6.1 - [m] X
File WView Tools Help
— 1s @ =1107ms +110,75ms +110.8ms +110,85ms +1109~
Project Explorer X | (EETIGIC I Gl mps.qdrep X ~ (8 [62020] /mps_demo
default.qdrep | ~
|| mps.qdrep £ Timeline View - 1 F | Threads (10)
1s @—‘m.ms +110.6ms +110.8ms ~ V| [62020] MPI Rank 0 -
~ (8 [62020] /mps_demc | -
MPI ||
= Threads (10)
- | [62020] MPI Rank0 = Profiler overhead
4l sananzs "
MPI 1 100.0% Kernels i d dummy,_kernel
CUDA ARI . cudaDeviceSynchronize ' IIIIIIIIl q 100.0% Kernels al

Profiler overhead

Al rcanno

)
10007 Kl . e
1000% Kemels # P pr prepr— e

Events View 2
Search... A
# MName ~ | Duration TID GPU Context Start = dummy_kernel =
7 dummy_kernel 65983 us - GPUO Stream 7 | 1.11040s Begins: 1.11069s
Ends: 1.11075s (+65.951 p
E] dummy_kernel 65983 us - GPU O Stream 7 1.11055s 5
9 dummy_kernel 65984 ps - GPUO Stream 7 | 1.11062s gridi <<<80,1,1>>>
block: <<<1024, 1, 1>>>
1 dummy_kernel 66304 ps - GPU O Stream 7| 11116 Static Shared Memory: 0 b
ytes
12 dummy_kernel 65951 pus | - GPUD Stream 7 1.11167s Dynarnic Shared Mermory:
13 dummy_kernel 65984 ps - GRUO Stream 7| 1.11174s 0 bytes

— . . . . ) ~ | Registers Per Thread: 16 |+

(<]
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PROCESSES SHARING GPU WITH MPS

Process A
Context A

Maximum Overlap

0 MVIDIA Nsight Systems 2019.6.1

File View Tools Help

ject Explorer X| default.qdrep X

Process B

S 1x Q:-. A3 warnings, 22 messages

1s +108ms.
L L F

+108.2ms
n

+108.4ms +108.6ms +1088ms [~
L L I L Y

= Threads (10}

Context B

- ¥ [61852] MPI Rank 0 ~

MPI
CUDA API

Profiler overhead

¥ [61877] mps_demo ~

100.0% Kernels b d
100.0% Kernels ks

dummy_kernel

Name Duration
dummy_kernel 69.856 ps
dummy_kernel 68.76T ps

dummy_kernel 69.248 ps

dummy_kernel

dummy_kernel 69472 ps
69.023 ps

60567 ps

dummy_kernel

qmm'WM_.n

dummy_kernel

Process A

GPUO
GPU O

GPUO
GPUO
GPUO

7 1.10779s Begins: 1.108s
| Ends: 1.10807s (+68.215 p
1.10786s s

1.10793s grid: <<<80,1,1>>>

block: <<<1024, 1, 1>>>
Launch Type: Regular

1.10807s Static Shared Memory: 0 b
ytes
Stream 1.10814s Dynamic Shared Memory:

0 bytes
Reaisters Per Thread: 16 |+

1.10821s

Kernels from B Kernels from s
Process B

42 <A NVIDIA.



PROCESSES SHARING GPU WITH MPS

No Context Switch Overhead

@ NVIDIA Nsight Systems 2019.6.1 - O X

File View Tools Help

Project Explorer X | | default.gdrep X | mpsqgdrep X

_ default.qdr
mps..qdp = Timeline View - > x TF e M warnings, 22 messages |
1s +107.9ms +108ms, +108.1ms 1s +108.06ms +108.07ms +108.08ms +108.09ms +108.1ms +108.1%
= Threads (10) o
I @ :
= ¥ [61852] MPI Rank 0 ~ ~ CUDA (MPI Rank 0)
- omiaras S T —
cupa AP B HHH] QdBE - 1000% dummy_kernel dummy e e emmykema
Profer overhesd 1000% dummy_kerel cummy_kerne! I emmykeme
V| [61877] mps_demo ~ * () [61853] /mps_demo

~* Threads (10)

100.0% Kemels 5 o) iy ero) Gummy Kerel Gumimy Kete) Qummykere] ___~ V| [61853] MPI Rank 1_~
‘ 100.0% Kernels & owmykeme ) [ dummykema .
L3

Events View 7
Search...
2 Name ~ |Duration TID GPU Context Start E dummy_kernel =
1 dummy_kernel 69.856 pus | - GPUO Stream 7 1.10779s Begins: 1.108s
Ends: 1.10807s (+69.215 p
2 dummy_kernel 68767 ps | - GPUD Stream 7 1.10786s s
3 dummy_kernel 69.248 ps | - GPUD Stream 7 1.10793s gridi <<<80,1,1>>>
block: =< <1024, 1, 1>>>
5 dummy_kernel BOATZ ps | - GPUD Stream 7 1.10807s Static Shared Memory: 0 b
ytes
6 dummy_kernel 69.023 ps | - GPUD Stream 7 1.10814s Dynamic Shared Memory:
7 dummy_kernel 69.567 us | - GPUD Stream 7  1.10821s 0 bytes

~ | Registers Per Thread: 16~

©
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MPS CASE STUDY: RELION

Enables overlap
between copy and

e compute of different

LT processes

0 MNVIDIA Msight Systems 2019.6.1
File View Tools Help

~ Processes (4)
~ [28263] relion_refine_mpi
¥ Threads (3)
¥ CUDA (Tesla V100-5XM2-16GB, 0000:06:00.0)
= [28262] relion_refine_mpi
b Threads (3)

W100-5XM2-16GB, 0000:06:00.0) —

refine_mpi

GPU sharing
between MPI ranks
increases utilization [t

Py =
99.8% Kernels & aaken

34.9% Kernels

grid: =<<B 1, T2>>
block: <<<128 1, 12>>

[SEarch..‘ w..,]
# Mame ~ Duration TID GPU Context Start [« Begins: 0.64867s [«
15 cuda_kemel_backproject3D 62431 ps - GPUD Stresm34 | 06269725 Ends: 0.648733s (+62.208 ps)

44 <4 NVIDIA.



USING MPS

No application modifications necessary #With Slurm 19.05+

Not limited to MPI applications ?
MPS control daemon #0n Cray systems
Spawn MPS server upon CUDA export CRAY CUDA MPS=1

application startup ,
Manually

nvidia-smi -c EXCLUSIVE PROCESS

nvidia-cuda-mps-control -d

45 NVIDIA.



MPS: IMPROVEMENTS WITH VOLTA

More MPS clients per GPU: 48 instead of 16

Less overhead: Volta MPS clients submit work

directly to the GPU without passing through the ? q Q q
MPS server. e — ll —
CPU Processes l
o . . //[\‘ GPU Execution
More security: Each Volta MPS client owns its T AN

own GPU address space instead of sharing GPU
address space with all other MPS clients.

More control: Volta MPS supports limited
execution resource provisioning for Quality of
Service (QoS). ->

CUDA MPS ACTIVE THREAD PERCENTAGE

CCCCCCC

46
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MPS SUMMARY

Easy path to get GPU acceleration for legacy applications

Enables overlapping of memory copies and compute between different MPI ranks

Remark: MPS adds some overhead!

Multi-Process Service :: GPU Deple

X

U & https://docs.nvidia.com/deploy/mps/

<E DEVELOPER GPU Manacemenr ano DeEproymvenT
ZONE

nvinia

[

"I ¥ Multi-

1.1. AT A GLANCE
1.1.1. MP5
1.1.2. Volta MPS

1.1.3. Intended
Audience

1.1.4. Organization of
This Document

1.2, Prerequisites

1.3. Concepts

Mutti-Process Service (FOF) - vR440 (older) - Last updated M ber 19, 2019 - Send Feedback

Introduction

AT A GLANCE
MPS
The Multi-Process Service (MP5) is an alternative, binary-compatible implementation of the CUDA Application Programming
Interface (API). The MPS runtime architecture is designed to transparently enable co-operative multi-process CUDA
applications, typically MPI jobs, to utilize Hyper-Q capabilities on the latest NVIDIA (Kepler-based) GPUs. Hyper-Q allows

CUDA kernels to be processed concurrently on the same GPU; this can benefit performance when the GPU compute capacity
is underutilized by a single application process.

Volta MPS
Tha VAaltbas vrechtitbmemtFiirm s mbrmediremmedd oo AADC ~amabdli 34 me C ommmm = e A Fm AADCT Arm e A Al db= D e VWAldy= AADCT mrmin doace = Fovar bemar
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DEBUGGING AND PROFILING



TOOLS FOR MPI+CUDA APPLICATIONS

Memory checking: cuda-memcheck
Debugging: cuda-gdb
Profiling: NVIDIA Nsight Systems

49 NVIDIA.



MEMORY CHECKING WITH CUDA-MEMCHECK

cuda-memcheck is a tool similar to Valgrind’s memcheck

Can be used in a MPI environment

mpiexec -np 2 cuda-memcheck ./myapp <args>
Problem: Output of different processes is interleaved

Solution: Use save or log-file command line options
mpirun -np 2 cuda-memcheck
--log-file name.%g{OMPI COMM WORLD RANK}.log
--save name.%q{OMPI COMM WORLD RANK} .memcheck

./myapp <args>

OpenMPI: OMPI COMM WORLD RANK

MVAPICH2: Mv2 COMM WORLD RANK

\

\

50
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MEMORY CHECKING WITH CUDA-MEMCHECK

-

Jkraus@ivb114:-~ fworkspace/qwiklabs/Multi-GPU-MPLitask3

ESIEERTC)

51

NVIDIA.



MEMORY CHECKING WITH CUDA-MEMCHECK

jkraus@ivb114:~ /workspace/qwiklabs/Multi-GPU-MPl/task3 E=RER

52 NVIDIA.



DEBUGGING MPI+CUDA APPLICATIONS

Use cuda-gdb just like gdb

For smaller applications, just launch xterms and cuda-gdb

mpiexec -x -np 2 xterm -e cuda-gdb ./myapp <args>

cuda-gdb | = ﬁ]

MYIDIA (R} CUDA Debugger

5.0 release

Portions Copyright (C) 2007-2012 NYIDIA Corporation

GMU gdb (GIE; 7.2

Copyright (C) 2010 Free Software Foundation, Inc,

Licenge GPLw3+: CMU GPL version 3 or later <http://onu,orglicenses/gpl,html>
Thiz is free software: you are free to change and redistribute it,

There is MO WARRAMTY. to the extent permitted by law, Type “show copying”

and “show warranty" for details,

Thiz GIB was configured as "xBE_B4-unknown-1inux-gnu",

For bug reporting instructions. pleaze see:

<https A fwww, gnu, orgdsoftwares/gdb /bugs/ >, . .

Reading symbols from Ahomebszam/ jkraus/workspace/JSC-GPU-Courze /CUDA-aware_HPL /e
xercizes tasks/ jacobi_mpitcuda, , ,done,

{cuda—gdb) run

Starting program: Jhomeb/zamd jkraussworkspaces JSC-GPU-Course/CUDA-avare_MP 1 exer
cizes/tasks/ jacobi_mpi+cuda

ﬁThPead debugging using libthread_db enabled]

cuda-gdb | = ﬁ]

WIDIA (R} CUDA Debugger

L0 release

ortions Copyright (C) 2007-2012 NYIDIA Corporation

WU gdb (GIE) 7.2

opyright (C) 2010 Free Software Foundation. Inc.

icenze GPLw3+: CNU GPL wersion 2 or later <http:/fonu,orgslicenses/gpl,html>
hiz is free software: you are free to change and redistribute it,

here iz MO WARRAMTY. to the extent permitted by law, Type “show copying”

hd “show warranty” for details,

hiz GIB was configured as "xBE_B4-unknown-1inux-gnu",

or bug reporting instructions. pleaze see?

http: s www, gnu, orgdsoftuares gdb/bugs . . .

eading symbols from Ahomebszam/ jkraus/workspace/JSC-GPU-Courze /CUDA-aware_HPL /e
ercizes/tasks/ jacobi_mpitcuda, , ,done,

cuda—gdb) run

tarting program: Jhomeb/zamd jkraussworkspaces/ JSC-GPU-Course/CUDA-awvare_MP 1 /exer
izes/tasks  jacobi_mpi+cuda

Thread debugging using libthread_db enabled]

53

NVIDIA



DEBUGGING MPI+CUDA APPLICATIONS

if ( rank == ) |
int 1i=0;
printf ("rank %d: pid %d on %s ready for attach\n.", rank, getpid(),name);
while (0 == i) { sleep(d); }

> 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 0: pid 30034 on judgel(Q07 ready for attach
> ssh judgel07
jkraus@judgel07:~> cuda-gdb --pid 30034
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DEBUGGING MPI+CUDA APPLICATIONS

jkraus@sb077:~/workspace/Jacobi/main/bin |ﬂéj
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DEBUGGING MPI+CUDA APPLICATIONS

With CUDA ENABLE COREDUMP ON EXCEPTION=1 core dumps are generated in
case of an exception:

Can be used for offline debugging
Helpful if live debugging is not possible

CUDA ENABLE CPU COREDUMP ON EXCEPTION: Enable/Disable CPU part of core
dump (enabled by default)

CUDA COREDUMP FILE: Specify name of core dump file
Open GPU: (cuda—-gdb) target cudacore core.cuda

Open CPU+GPU: (cuda-gdb) target core core.cpu core.cuda
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DEBUGGING MPI+CUDA APPLICATIONS
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DEBUGGING MPI+CUDA APPLICATIONS

jkraus@ivbl1d:~ fworkspace/CUDA-aware_MPL/cuda/exercises/solutions |ﬂ|ﬂ_ﬁ]ﬁ
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DEBUGGING MPI+CUDA APPLICATIONS

Allinea DDT debugger

Rogue Wave TotalView

Stacks

Threads |CUDAThreads |Funct|0n |
1] o[ I&main {prefix.cu;193) T ———y
1] o[ 1 Hcudasumrmer {prefix.cu:143) D022 e e B e Y. A

1] 01 ‘*prefixsum {prefic.cu:105) ENRTERNNNN] yupexesi
) R ——— newnd

1] 512 [ =zarro (prefix.cu:g9) s — -

1 . 450 I T ] ]

15 on current: & Process ¢ Thread |I~ Step Threads Together

k1
2]
slock [0 = [ 0 = Thread [0 [0 H [0 o Go Grid size: Bx1 Block size: 54x1x1
83| preficu | Locals | current Linets) |
r (xS nreauLuc X+ UULKIUX. L BLOLR S 1iE EirEs
TF G < length)
outlx] = inlxl: le Name
__syncthreads0 _| * o
for (int 1= 11 < BLOCKSIZE: 1 <<= 1) out 0100800 apeoue] fpem! Sgen
length 500
(=] ~ 77 (threadlds ¥ + 1 ¢ BLOCK SIZE & ¥ + 1 < lengthy in 0X100000
On this line 1
1Process: rank 0
1Thread (Process 0): #2
512 GPU threads:
<==2(0,00,00,0,0)==>= .. <=<<(7,0),(63,0,0)==> (512 threads)| +|
Sl IType: @register int
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PROFILING MPI+CUDA APPLICATIONS

Trace MPI and embed MPI rank in output filename (OpenMPI)
mpirun -np nsys profile -o profile.%$g{OMPI COMM WORLD RANK} \

--trace=mpi,cuda --mpi-impl openmpi

MVAPICH2: Mv2 COMM WORLD RANK

--mpi-impl mpich
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PROFILING MPI+CUDA APPLICATIONS

E@ prom.nvidia.com - PuTTY - a X
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PROFILING MPI+CUDA APPLICATIONS

Using Nsight Systems

@ NVIDIA Nsight Systems 2019.5.1 - %
File View Tools Help
Project Explorer x
jacobi.profile.0.qdrep — -
£ Timeline View - 1x £\ 8 warnings, 14 messages
1s| J6m: 6.5m: T -
» CPU(80)
~ Threads (10)
P—— |
MPI
Jacobi solve [25.261
o (pilzs2329s] N (i
1
CUDA API Uit I cudaBventSynchronize )
Prc r overheac
V| [58284] jacobi ~
3 threads | ) -
~ CUDA (MPI Rank Q)
¥ 496% Default stream (7)
¥ 33.6% Stream 21
» 16.8% Stream 24 -
4 »
Events View =
# Name ™ Duration TID GPU Context Start

Right-click a timeline row and select "Show in Events View" to see events here
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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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BLOCKING

NON-BLOCKING

BEST PRACTICE: USE NON BLOCKING MPI

#pragma acc host data use device ( u new

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

MPI Sendrecv(u new+offset last row, m-2, MPI DOUBLE, b nb, 1,
u new+offset top boundary, m-2, MPI DOUBLE, t nb, 1,
MPI COMM WORLD, MPI STATUS IGNORE) ;

}

MPI Request t b req[4];
#pragma acc host data use device ( u new ) {
MPI Irecv(u new+offset top boundary,m-2,MPI DO

MPI Irecv(u new+t+offset bottom boundary,m-2,MP < ~\1 reqg+l) ;

MPI Isend(u new+offset last row,m-2,MPI DOUBLE A - \8 O reqg+?);
MPI Isend(u new+toffset first row,m-2,MPI DOUBLE MM WORLD,t b reg+3);

}
MPI Waitall(4, t b req, MPI STATUSES IGNORE) ;
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COMMUNICATION + COMPUTATION OVERLAP

ParaStation MPI 5.4.2-1 JUWELS - Tesla V100 - Jacobi on 18432x18432

= No overlap

3
. )

#GPUs

Runtlme

Source: https://github.com/NVIDIA/multi-gpu-programming-models/ 66 ANVIDIA.
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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

67 <ANVIDIA.



COMMUNICATION + COMPUTATION OVERLAP

process boundary and pack<<<gs b,bs b,0,s1>>>(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(sl) ; //wait for boundary

MPI Request req[8];

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

MPI_Waitall( , req, MPI_STATUSES_IGNORE);

unpack<<<gs s,bs s,0,s2>>>(u new d, from left d, from right d, n, m);

cudaDeviceSynchronize () ; //wait for iteration to finish
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COMMUNICATION + COMPUTATION OVERLAP

OpenACC with Async Queues

#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 ) {
//Exchange halo with left, right, top and bottom neighbor
}
MPI Waitall(8, req, MPI STATUSES IGNORE) ;
#pragma acc parallel loop present ( u new, from left, from right ) async(2)
for ( ... )
//unpack from left and from right
fpragma acc wait //wait for iteration to finish
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COMMUNICATION + COMPUTATION OVERLAP

ParaStation MPI 5.4.2-1 JUWELS - Tesla V100 - Jacobi on 18432x18432

6 1.05

—
o
D

1.

5 b5
N w
lap vs. Nooverlap)

m== Nooverlap
1-01§ mmm Overlap

1 —4—Speedup

Speedup (O

o
0
o

1 2 4 8
#GPUs

Source: https://github.com/NVIDIA/multi-gpu-programming-models/ 70 SANVIDIA.
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HIGH PRIORITY STREAMS

Improve scalability with high priority streams

cudaStreamCreateWithPriority

Use-case: MD Simulations

Stream 1 Comp. Local Forces
j Comp. Non- Ex. Non-
Atom pos. Local Forces local forces
Stream 1 (LP) Comp. Local Forces < Possible gain >
Ex. Non-local Comp. Non- . Non-
stream 2 (HP) e pos. Local Forces

Ex. Non-local

Stream 2
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MPI AND UNIFIED MEMORY

Using Unified Memory with a non Unified Memory-aware MPI might fail with errors or
even worse silently produce wrong results, e.g. when registering Unified Memory for
RDMA.

Use a Unified Memory-aware MPI,

e.g. UCX based MPI (ParaStation, OpenMPI,...) or MVAPICH2-GDR
since 2.2b

NVIDIA.

Unified Memory-aware: CUDA-aware MPI with support for Unified Memory "



MPI AND UNIFIED MEMORY

Unified Memory can be used by any processor in the system

Memory pages of a Unified Memory allocation may migrate between processors
memories to ensure coherence and maximize performance

Different data paths are optimal for performance depending on where the data is:
e.g. NVLink between peer GPUs

The MPI implementation needs to know where the data is,

but it can‘t!
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MPI AND UNIFIED MEMORY

cudaMallocManaged( &array, n*sizeof (double), cudaMemAttachGlobal );

while( ... ) {
foo(array,n) ;
MPI Send(array,...);

foo(array,n);
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MPI AND UNIFIED MEMORY

If foo is a CPU function pages of while( ... ) {
array might migrate to System foo(array,n) ;
Memory

MPI Send(array,...);
If foo is a GPU function pages of foo(array,n) ;
array might migrate to GPU
Memory }

The MPI implementation is not
aware of the application and
thus doesn't know where array is
and what's optimal
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MPI AND UNIFIED MEMORY

The Future with Data Usage Hints

Tell where the application intends to use the data

cudaMallocManaged( &array, n*sizeof (double), cudaMemAttachGlobal );
cudaMemAdvise (array,n*sizeof (double) ,cudaMemAdviseSetPreferredLocation, device) ;

while( ... ) {

foo(array,n);

Array is intended to
MPI Send(array,...); be used on the GPU
with the id device

foo(array,n) ;

}

Remark: Data Usage Hints are available since CUDA 8, but currently not evaluated by any Unified Memory-aware MPI implementation.
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MPI AND UNIFIED MEMORY

The Future with Data Usage Hints

Tell where the application intends to use the data

cudaMallocManaged( &array, n*sizeof (double), cudaMemAttachGlobal );

cudaMemAdvise (array,n*sizeof (double) ,cudaMemAdviseSetPreferredLocation, cudaCpuDeviceld) ;

while( ... ) {

foo(array,n);

) ; Array is intended to
be used on the CPU

MPI Send(array, ...

foo(array,n) ;

}

Remark: Data Usage Hints are available since CUDA 8, but currently not evaluated by any Unified Memory-aware MPI implementation.
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MPI AND UNIFIED MEMORY

Data usage hints can be queried by the MPI Implementation and allow it to take the
optimal data path

If the application lies about the data usage hints it will run correctly but
performance will be affected

Performance tools help to identify missing or wrong data usage hints

Data usage hints are general useful for the Unified Memory system and can improve
application performance.

Remark: Data Usage Hints are only hints to guide the data usage policies of the Unified Memory system. The Unified Memory system might

ignore them, e.g. to ensure coherence or in oversubscription scenarios.
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MPI AND UNIFIED MEMORY

Available Unified Memory-aware MPI implementations
UCX-based MPIs, e.g. OpenMPI and ParaStation MPI
MVAPICH2-GDR (since 2.2b)

Currently both don’t evaluate Data Usage Hints, i.e. all Unified Memory is treated as
Device Memory

Potential performance issues if not all buffers used in MPI are touched mainly on the
GPU.
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MPI AND UNIFIED MEMORY

Only use non Unified Memory Buffers for MPI: cudaMalloc, cudaMallocHost or malloc

Application managed non Unified Memory Buffers also allow to work around current
missing cases in Unified Memory-aware MPI Implementations.
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DETECTING CUDA-AWARENESS

ParaStation MPI and OpenMPI (since 2.0.0) via mpi-ext.h

Macro:
MPIX CUDA AWARE SUPPORT

Function for runtime decisions
MPIX Query cuda support ()
See

ParaStation MPI: MPI_INFO_ENV
MPI Info get(MPI INFO ENV, “cuda aware”,
sizeof (1s cuda aware)-1,1s cuda aware,

&apl available);
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